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INTRODUCTION

Reproductive performance is a significant produc-
tion parameter in sheep, especially when the goal is 
to produce milk and meat (Ali et al., 2019). Parameters 
for reproductive function in an animal or herd include 
lambing rate, fertility rate, and age of the first fertility 
(Assan, 2020). Nutrition has a vital impact on numerous 
reproductive functions, including the hypothalamic-
pituitary-gonadal (HPG) axis (Mugabe et al., 2017). 
Flushing or using proper diets before or during the mat-
ing season can improve ovulation rate, twinning rate, 
fertility rate, and lower the risk of miscarriage in early 
pregnancy (Burritt et al., 2012).

Vitamin E, L-carnitine, and omega-3 have been 
shown to have effects on fertility. Fish oil has received a 
lot of attention in recent years because of the abundance 
of omega-3 polyunsaturated fatty acids (PUFA-ω3) 
(DURMUŞ, 2018). A diet rich in PUFA-ω3 positively af-
fects fertility by affecting ovule quality and embryo im-
plantation (Nehra et al., 2012). Omega-3 fatty acids have 
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ABSTRACT

This study was performed to evaluate the effects of vitamin E, L-carnitine, and fish oil on the 
numbers of follicles, pregnancy, Reactive Oxygen Species (ROS) expression, and expression of 
several ovarian genes in sheep. For this purpose, 256 sheep were randomly divided into eight 
experimental groups. They were given a diet supplemented with vitamin E, L-carnitine, and 
fish oil alone and in combination. FBS, estradiol levels, size of the follicles, and pregnancy rate 
were observed. Expressions of Superoxide Dismutase 1 (SOD1), Superoxide Dismutase 2 (SOD2), 
Transforming Growth Factor –β (TGF-β), and Peroxisome Proliferator-Activated Gamma Receptor 
(PPAR-γ) genes were measured using Reverse Transcription-Polymerase Chain Reaction (RT-PCR), 
and ROS was measured using fluorescence microscope. At the time of mating and pregnancy, the 
highest number of follicles and pregnant ewes were observed in the groups supplemented with 
fish oil and antioxidants (p<0.01). The lowest numbers of follicles and pregnancy was observed in 
the group supplemented with fish oil alone (p<0.01). The highest expressions of SOD1 and TGF-β 
genes (p<0.01) as well as SOD2 and PPAR-γ (p<0.05) were observed in the group of concomitant use 
of fish oil with antioxidants. The highest amount of ROS was found in fish oil group (p<0.01), and 
the lowest was found in the groups supplemented with fish oil and antioxidant (p<0.01). The use of 
fish oil along with vitamin E and L-carnitine improved follicle function and increased pregnancy rate 
by reducing ROS in ewes’ ovaries as well as increasing the expression of SOD1, SOD2, TGF-βRI, and 
PPAR-γ genes. The use of fish oil along with antioxidants increases follicles and improves fertility in 
sheep.
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been shown to improve ovule growth (Moallem et al., 
2013). PUFAs are essential for cell proliferation during 
the formation of antral follicles (Ruiz-Sanz et al., 2019). 
Vitamin E is one of the most effective nutrients known 
for immune system function. This effect is partly due 
to its protective effect against PUFA oxidation (Lewis 
et al., 2019). α-Tocopherol is the most common form of 
vitamin E in tissues (Torquato et al., 2020). Vitamin E is 
a major fat-soluble antioxidant that scavenges peroxyl 
radicals and prevents PUFA oxidation. In the presence 
of vitamin E, peroxyl radicals react with α-tocopherol 
instead of lipid hydroperoxide, preventing further oxi-
dation (Lee & Han, 2018; Alemi et al., 2014). L-Carnitine 
(4-N-trimethylammonium-3-hydroxybutyric acid) is a 
natural compound that facilitates the transfer of fatty 
acids to the mitochondria for β-oxidation (Ishikawa et 
al., 2014). L-carnitine can improve mitochondrial func-
tion by maintaining the mitochondrial wall under stress 
(Li & Yu, 2012). L-Carnitine is an effective inhibitor of 
free radicals (Surai, 2015). In addition, L-carnitine can 
reduce liver fat peroxidation since it has a protective 
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role against reactive oxygen species (ROS) by applying 
antioxidant properties (Jin et al., 2019).

Some important genes in ova maturation and ova 
fertility are peroxisome proliferator-activated gamma 
receptor (PPAR-γ), superoxide dismutase 1 (SOD1), su-
peroxide dismutase 2 (SOD2), and transforming growth 
factor beta (TGF-β). The expression of these genes had 
previously been established in sheep ovaries (Minge et 
al., 2008; Kala, 2017; Yang et al., 2019).  The activity of 
PPAR nuclear receptors controls steroidogenesis, tissue 
regeneration, angiogenesis, lipid metabolism, activation 
of immune cells, and production of proinflammatory 
mediators. All three PPAR isotypes are active in sheep 
ovaries (Blitek & Szymanska, 2019; Vitti et al., 2016). 
PPAR-γ is expressed in granulosa cells to produce estra-
diol and regulate follicular fluid content and luteal cells 
to produce progesterone. PPAR-γ expression increases 
during follicle growth (Vitti et al., 2016). In a study 
with PPAR-γ deletion (in animals), regular ovulation 
was observed. Still, the level of progesterone secretion 
and consequently the embryo implantation rate was 
significantly reduced (Cui et al., 2002). Furthermore, the 
close relationship between PPAR and polycystic ovary 
syndrome has been reported (Rostamtabar et al., 2021). 
TGF-β plays a vital role in normal follicular growth and 
fertility. Ewes with mutations in the TGF-β family be-
came infertile due to the abnormal development of fol-
licles after the initial stage (Galloway et al., 2000). TGF-β 
has been shown to play an essential role in the process 
of follicular growth within the ovary (Monsivais et al., 
2017).

The superoxide dismutase is active in eliminating 
superoxide dismutase anion radicals from extracellular 
stimuli (McCord & Fridovich, 1969). In addition to the 
human gene, the complete genomic sequences of the 
SOD1 and SOD2 genes have been isolated and identi-
fied for the other species of animals as well as for sheep 
(Mishra et al., 2017). Oxidative stress indicates an imbal-
ance between the production and emergence of oxygen 
free radicals and the ability of the biological system to 
detoxify or repair their destructive effects (Reuter et al., 
2010; Ďuračková, 2010). ROS include several oxygen-
induced chemical reactive molecules used in balanced 
concentrations for better cell function. ROS causes DNA 
damage to the ovarian epithelium or cell apoptosis. 
However, it modulates cell oxidative status, follicular 
growth, corpus luteum formation, endometrial differ-
entiation, and embryonic growth (Ghasemzadeh et al., 
2013).

At high concentrations, ROS can be an essential me-
diator of damage to the structure of lipids, proteins, and 
nucleic acids that eventually cause a condition called 
oxidative stress (Huang et al., 2016). Free radicals have 
high energy due to free electrons and can damage tis-
sues and cells (Kehrer & Klotz, 2015). To stop a reaction, 
the newly formed radical must react with another free 
radical to remove the unpaired electron or react with the 
free radical scavenger (Gülcin et al., 2002). 

However, no study has examined the relationship 
between fish oil as a source of omega-3 and antioxidants 
on genes involved in improving fertility in the ovary 
and ROS. This study was performed to evaluate the ef-

fect of vitamin E, L-carnitine, and omega-3 on fertility, 
ROS expression, and some ovarian genes in sheep. We 
assume that fish oil and antioxidants increase follicles 
and improve fertility in sheep.

MATERIALS AND METHODS

This experiment was approved by the Ethics 
Committee of Animal Care and Use of Islamic Azad 
University, Arak Branch, according to the guidelines 
of the National Research Council for the care and use 
of laboratory animals (P.O. BOX: 9655645613-ARAK-
IRAN). This study was performed in winter. In total, 256 
3-4 years old sheep were used in this study. We used a 
completely randomized design for our experiment. The 
experimental sheep were randomly divided into eight 
experimental groups, and four replicates in each experi-
mental group, and eight ewes in each replication. The 
groups were divided according to parity, age, weight, 
and body condition score so that the mean of the groups 
was the same.

The experimental ewes were divided into eight 
groups, which include: 1) control (Con) (Base diet), 
2) Base diet enriched with 800 international units/
day of vitamin E (E) (Hill et al., 2009), 3) Base diet 
enriched with L-carnitine (L) (500 mg/kg dry matter) 
(Foroozandeh et al., 2014), 4) Base diet enriched with 
vitamin E + L-carnitine (EL), 5) Base diet enriched with 
Fish oil (F) (35 g/kg dry matter) (Ferreira et al., 2014), 
6) Base diet enriched with fish oil + Vitamin E (FE), 7) 
Base diet enriched with fish oil + L-carnitine (FL), and 8) 
Base diet enriched with fish oil + vitamin E + L-carnitine 
(FEL). According to NRC (2007), treatment diets were 
adjusted and the structures of diets are shown in Table 
1. 

In the current study, the experimental sheep were 
adapted for ten days. The sheep were fed with the 
treatment diet for 20 days. The diets were given to the 
experimental ewes in four meals with 6 hours intervals. 
Estrus synchronization was then performed. CIDRs 
(Source of progesterone) were used to synchronize the 
estrus cycles of experimental ewes. The CIDRs were 
placed in the vaginal area for 14 days, and after remov-
ing the CIDRs, PG-600 (400 IU PMSG + 200 IU hCG) 
were injected for all groups of experimental ewes and 
mating was done. After mating, the diet was continued 
for another 25 days. In this study, blood sampling and 
ultrasound were performed before the adjustment pe-
riod for the health of sheep. Sonography was performed 
before mating, where the number of follicles above 3 
mm was counted. Thirty-five days after the mating, an 
ultrasound was performed with a 7.5 MHz abdominal 
probe to diagnose pregnancy. Blood samples were taken 
from the jugular vein of the ewes before the acclimati-
zation period and at the time of mating. Blood samples 
were collected in tubes containing anticoagulant EDTA. 
Plasma samples were stored in the freezer after cen-
trifugation to measure the amount of FBS and estradiol 
using the ELISA kit. Data were analyzed using SAS soft-
ware (version 9.4). Kolmogorov-Smirnoff normality test 
and the comparison of mean treatments were performed 
by Duncan test.
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Procedure for Expression of Ovarian Genes and 
Intracellular ROS Levels 

At the time of added rams, four sheep were selected 
from each treatment for slaughtering. One sheep was 
selected from each replication and a total of 32 sheep 
were sacrifized. After slaughtering, ovarian biopsy was 
performed to evaluate SOD1, SOD2, PPAR-γ, TGF-βRI 
genes and intracellular ROS levels. Samples were im-
mediately stored in liquid nitrogen at -196 °C.

The frequency of transcription of SOD1, SOD2, 
PPAR-γ, TGF-βRI genes were measured using Reverse 
Transcriptase PCR (RT-PCR) followed by a real-time 
quantitative PCR (qPCR) for relative expression level. 
Gene-specific Forward and Reverse primers used in 
this study were designed from sequences in NCBI using 
Primer 3 plus software (Table 2).

RNA Extraction

Before the RNA isolation, samples were washed 
with 0.25% Trypsin-EDTA solution. The total RNA of 
the samples was isolated by Trizol method according 
to the manufacturer’s instructions (Invitrogen, Life 
Technologies, Carlsbad, CA, USA). Briefly, the samples 
were mixed with 200 μL of Trizol and incubated for 
10 minutes. They were then incubated for 10 minutes 
by adding 50 μL of chloroform again. The sample 
mixture was centrifuged at 4 °C for 15 minutes. The 
upper aqueous phase was collected and transferred to 
a new RNAse-free tube, then the sample was dried by 
incubation. 

Evaluation of cDNA

The integrity of total RNA was checked on 1% 
agarose gel electrophoresis using 1x TAE buffer. Total 
RNA purity was assessed using a nanodrop with OD 
260: OD 280 values, which was more than 1.8. Reverse 
Transcription (RT) using SuperScript III FirstStrand 
Synthesis Kit (Invitrogen, Life Technologies, Carlsbad, 
CA, USA) was performed according to the manufac-
turer’s instructions. The synthesized cDNA was stored 
at -20 °C until being used for RT-PCR and qPCR.

Procedure for Reverse Transcription PCR (RT-PCR) 

RT-PCR for all genes were carried out with 1.25 U 
Taq DNA polymerase, 2.5 mM MgCl2, 0.4 mM dNTP 
mix, and 5 pM both forward and reverse primers. 

The PCR reaction performed is as follows: A cycle 
of 95 °C for 15 minutes with 30-45 cycles of denaturation 
at 95 °C for 15 seconds, annealing at 59-64 °C for 30 sec-
onds, extension at 72 °C for 15 seconds, and final exten-
sion of 72 °C for 5 minutes. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as the reference 
gene in this study (Figure 1).

Procedure for Quantitative PCR (qPCR)

The relative expression level of genes in oocytes 
were quantified by qPCR using step one plus qPCR 
system (Applied Biosystem, Foster City, CA, USA). 
Relative quantification method was used to analyze the 
expression level of genes. The Maxima SYBR Green/
Rox qPCR (2X) combination was used for qPCR reac-

Table 1. Feed ingredients and chemical composition of treatment diets (% of diet dry matter)

Feedstuff
Treatments1

Con E L EL F FE FL FEL
Alfalfa (%) 40.00 40.00 40.00 40.00 35.00 35.00 35.00 35.00
Wheat straw (%) 45.00 45.00 45.00 45.00 50.00 49.92 49.95 49.87
Milled barley (%) 3.00 3.00 3.00 3.00 2.50 2.50 2.50 2.50
Milled corn (%) 7.50 7.42 7.45 7.37 4.50 4.50 4.50 4.50
Soybean meal (%) 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
Molasses beet sugar (%) 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Beet sugar pulp (%) 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
Mineral and vitamin supplements2 (%) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Vitamin E (%) - 0.08 - 0.08 - 0.08 - 0.08
L-carnitine (%) - - 0.05 0.05 - - 0.05 0.05
Fish oil (%) - - - 3.50 3.50 3.50 3.50
Chemical composition of the feed:

Dry matter intake (g/d) 1150 1150 1150 1150 1150 1150 1150 1150
Metabolizable energy (Mcal/kg) 2.09 2.09 2.08 2.08 2.12 2.12 2.12 2.11
Crude protein (%) 11.12 11.12 11.12 11.12 10.42 10.92 10.92 10.91
Neutral detergent fiber (%) 54.72 54.72 54.72 54.75 55.26 56.23 56.25 56.19
Acid detergent fiber (%) 39.74 39.74 39.74 39.75 40.65 40.98 41.00 40.95
Calcium (%) 9.41 9.41 9.41 9.41 8.76 8.76 8.76 8.76
Phosphorus (%) 2.55 2.55 2.55 2.57 2.37 2.37 2.37 2.37

Note= 1Treatments: Con= control, E= vitamin E, L= L-carnitine, EL= Vitamin E + L-carnitine, F= Fish oil, FE= Fish oil + Vitamin E, FL= Fish oil + 
L-carnitine, FEL= Fish oil + Vitamin E + L-Carnitine. 2Vitamin-mineral supplement= 6.19% calcium, 6.9% phosphorus, 1.7% sodium, 9.1% mag-
nesium, 0.3% iron, 0.03% copper, 0.2% manganese, 100 ppm cobalt, 100 ppm iodine, 0.1 ppm selenium, 50×105 international units of vitamin A, 
10×105 international units of vitamin D, no vitamin E.  
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tions (Fermentas, Thermo Fisher Scientific, Waltham, 
MA, USA). In each reaction, 5-μL qPCR master mix, 5 
pM forward and reverse gene primers, and 2 μL cDNA 
samples were used. Temporal and temperature program 
used in PCR reaction includes: initial denaturation at 95 
°C for 10 minutes with 40 cycles of denaturation at 95 
°C for 15 seconds, and then annealing and expansion 
at 60 °C for 1 minute. The expression of each gene was 
measured relative to GAPDH.

Statistical Analysis
 
To determine the relative expression level of each 

mRNA from Ct (threshold cycle for target amplification) 
using the method 2-ΔΔCt (normalized expression ratio) 
was used. The ΔCt = Ct (target gene) - Ct (housekeeping 
gene) and ΔΔCt = ΔCt (target gene sample) - ΔCt (cali-
brator). The RT-PCR and qPCR amplicons of genes were 
confirmed by ethidium bromide (0.5 μg/mL) stained 
2% agarose gel electrophoresis. Gene expression levels 
in tissues were analyzed by ANOVA statistical analysis 

Table 2.  Sequences of primers used to amplify GAPDH genes as reference genes and SOD1, SOD2, TGF-βRI, and PPAR-γ in ewe 
ovaries

Gene Primer Product size Annealing temperature (°C)
GAPDH TGACCCCTTCATTGACCTTC 184 bp 62.6

CACGTACTCAGCACCAGCAT
SOD1 TTCGAGGCAAAGGGAGATAA 226 bp 59.7

CAATGGCAACACCATTTTTG
SOD2 GGAAGCCATCAAACGTGACT 186 bp 63.6

AGCAGGGGGATAAGACCTGT
TGF-βRI GCAAAGGTCGTTTTGGAGAA 207 bp 62.0

CTGACACCAACCAGAGCTGA
PPAR-γ GATAAAGCGTCAGGGTTCCA 187 bp 62.9

TATGAGACATCCCCACAGCA
Note:  GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase, SOD1: Superoxide Dismutase 1, SOD2: Superoxide Dismutase 2, TGF-β: Transforming 

Growth Factor–β, PPAR-γ: Peroxisome Proliferator-Activated Gamma Receptor. 

Figure 1. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) expression pattern as a reference gene and 
Superoxide Dismutase 1 (SOD1), Superoxide Dismutase 2 (SOD2), Transforming Growth Factor–β (TGF-
βRI), and Peroxisome Proliferator-Activated Gamma (PPAR-γ) genes on several treatments in ewes ovaries. 
Note: control (Con), vitamin E (E), L-carnitine (L), vitamin E + L-carnitine (EL), Fish oil (F), Fish oil + Vitamin 
E (FE), Fish oil + L-carnitine (FL), Fish oil + Vitamin E + L-Carnitine (FEL).
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using Graphpad Prism 5 (San Diego, CA, USA). p<0.05 
was considered significant (Livak & Schmittgen, 2001). 
All experiments were performed in triplicates. 

Expression of Reactive Oxidative Species (ROS)

Intracellular ROS levels was measured using 
fluorescent markers 2’, 7’dichlorodihydrofluorescein di-
acetate was determined according to the manufacturer’s 
instructions (Figure 2). The samples were incubated 
for 30 minutes in phosphate-buffered saline solution 
(PBS) with ten mM DCFH-DA solution at 37 °C in the 
dark. This marker has a high sensitivity to H2O2. After 
incubating and washing twice, ROS analysis was done 
using epifluorescence microscope with UV filters of 460 
nm.  DA-DCFH actively enters the cell, and by the ac-
tion of cellular esterase, the diacetate group is cleaved, 
and the non-fluorescent compound DCFH is formed. In 
the presence of hydrogen peroxide, DCFH is oxidized to 
DCF, leading to an intense green fluorescence. This com-
pound is not able to leave the cell and can be evaluated 
by fluorescence microscope. The fluorescence intensities 
of oocytes were analyzed by ImageJ software. 

RESULTS

According to the results, the amount of FBS in 
the blood at the time of first blood sampling before 

adaptation (FBS1) and second blood sampling at 
the time of mating (FBS2) were not affected by the 
experimental treatments (p>0.05). In addition, the level 
of estradiol in the blood at the time of the first blood 
sampling (Est1) and the second blood sampling (Est2) 
did not show a significant change (p>0.05) (Table 3). The 
number of follicles in the first sonography (Sono1) was 
not affected by the experimental treatments. However, 
in the second sonography (Sono2), the number of 
follicles in the FEL, FE, FL groups showed a significant 
increase. In groups E and L, no change was observed 
compared to the control group, but group F had the 
lowest number of follicles. The highest pregnancy rate 
was observed in FE, FL, and FEL groups, and the lowest 
pregnancy rate was observed in group F (p<0.01) (Table 
4). The presence of fish oil alone reduced pregnancy, 
which was improved with antioxidants. The highest 
level of ROS expression was observed in group F (23.01), 
and the lowest expression was observed in E, L, EL, 
FEL groups (13.80, 13.49, 13.51, 14.12) compared to the 
control group (p<0.01) (Figure 3). The use of fish oil 
alone has increased the amount of ROS in the tissue, 
which can be observed by adding antioxidants to the 
diet. Fish oil alone decreased the expression of genes in 
the ovaries by increasing the level of ROS in the tissue 
(Figure 2). Also, the highest level of SOD1 expression 
was found in the groups fed with antioxidants and fish 
oil, and the lowest gene expression was found in the 

Table 3.  Fasting blood sugar and blood estradiol (mg/dL) in pre-adaptation (1) and pre-mating (2) periods in ewes treated with 
vitamin E, L-Carnitine, and fish oil

Item
Treatments1

Con E L EL F FE FL FEL SEM p-Value
FBS (1)2 62.57 50.96 51.60 52.90 59.03 66.22 66.14 66.78 2.22 0.308
FBS (2) 57.28 54.74 55.26 55.08 55.16 56.61 58.08 56.87 0.59 0.852
Estradiol (l)3 94.96 92.95 93.37 93.56 90.94 87.68 87.75 83.73 2.16 0.935
Estradiol (2) 106.26 102.55 102.81 99.37 91.44 86.14 86.39 86.55 2.65 0.260

Note:  ¹Treatments: Con= control, E= Vitamin E, L= L-carnitine, EL= Vitamin E + L-carnitine, F= Fish oil, FE= Fish oil + Vitamin E, FL= Fish oil + 
L-carnitine, FEL= Fish oil + Vitamin E + L-Carnitine. ²FBS= Fasting blood sugar. ³Estradiol levels.

Table 4.  Number of follicles above 3 mm before adaptation (Sono1) and before mating (Sono2), and the percentage of pregnancy (%) 
in ewes during the flushing period treated with vitamin E, L-Carnitine, and fish oil

Item
Treatments1

Con E L EL F FE FL FEL SEM P-Value
Sono12 1.12 1.13 1.14 1.08 1.05 1.14 1.1 1.11 0.024 0.993
Sono2 1.03b 1.14b 1.15b 1.22b 0.81c 1.50a 1.46a 1.67a 0.058 0.000**

Pregnancy 55.87b 60.04b 59.97b 62.33b 40.31c 80.23a 78.38a 85.23a 3.26 0.000**

Note:  ** and *, respectively= the probability level of 1% and 5% and the superscript of each number indicates a significant order. ¹Treatments: Con= 
control, E= Vitamin E, L= L-carnitine, EL= Vitamin E + L-carnitine, F= Fish oil, FE= Fish oil + Vitamin E, FL= Fish oil + L-carnitine, FEL= Fish oil + 
Vitamin E + L-Carnitine. ²Sonograph. 

Figure 2. Detection of Reactive Oxygen Species (ROS) activity level on treatments control (Con), Vitamin E (E), L-carnitine (L), vita-
min E + L-carnitine (EL), Fish oil (F), Fish oil + Vitamin E (FE), Fish oil + L-carnitine (FL), Fish oil + Vitamin E + L-Carnitine 
(FEL) in ewes ovaries.
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groups fed with fish oil diet (p<0.01). The expression 
levels of the SOD2 gene in FL, FE, and FEL groups 
(0.979, 0.991, and 0.993, respectively) showed the highest 
expression rate compared to control and F groups (0.676 
and 0.662) (p<0.01). The expression level of the TGF-β 
gene in FL, FE, and FEL groups showed a significant 
increase compared to the other treatments. In addition, 
the highest amount of PPAR-γ was observed in FE and 
FEL groups (1.991 and 1.995), and the lowest amount 
of PPAR-γ expression was observed in F group (1.356) 
(p<0.05). In this study, the use of antioxidants did not 
affect the expression of genes; the reason can be related 
to the dose of antioxidants used. Still, the addition of 

fish oil as a source of omega-3s and antioxidants was 
able to increase the expression of genes and improve 
fertility and follicle count.

DISCUSSION

The use of fish oil in the basal diet showed a sig-
nificant decrease in the percentage of pregnancy and 
the number of follicles. Fish oil is rich in omega-3 fatty 
acids (Olsen et al., 1992). High levels of unsaturated fatty 
acids in fish oil expose it to peroxidation (Sherratt et al., 
2020), which results in oxidative stress. Oxidative stress 
leads to the development and spread of cellular dam-

Figure 3.  Reactive Oxygen Species (ROS) and expression of Superoxide Dismutase 1 (SOD1), Superoxide Dismutase 2 (SOD2), 
Transforming Growth Factor–β (TGF-βRI), and Peroxisome Proliferator-Activated Gamma (PPAR-γ) genes after RT-PCR in 
ewes ovaries treated with vitamin E, L-Carnitine, and fish oil. Note: control (Con), vitamin E (E), L-carnitine (L), vitamin E 
+ L-carnitine (EL), Fish oil (F), Fish oil + Vitamin E (FE), Fish oil + L-carnitine (FL), Fish oil + Vitamin E + L-Carnitine (FEL). 
(** and * respectively the probability level of 1 and 5% and the superscript of each diagram specifies a significant order).
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ages, including plasma membrane peroxidation (Hao et 
al., 2006), amino acid oxidation (Heinecke, 2002), nucleic 
acid oxidation (Sung et al., 2013), apoptosis (Lee et al., 
2014), and necrosis (Manickam et al., 2017).

We also saw the highest expression level of ROS 
gene was found in the group of sheep fed with fish 
oil diet. ROS is involved in various physiological 
reproductive functions such as ovule maturation, ovar-
ian steroidogenesis, ovulation, implantation, blastocyst 
formation, and corpus luteum function (Zhang et al., 
2005). ROS can regulate cell function by activating and 
controlling biological activity production and activating 
key cell-signaling pathways (Li et al., 2017). Excessive 
ROS production has detrimental effects on cell function 
and may endanger reproduction and fertility (Adeoye 
et al., 2018). It has been shown that ROS is produced in 
the follicle during the ovulation process. ROS can risk 
the ovulation process by rupturing the follicle (Lu et al., 
2018).

In the present study, the reduction of ROS produc-
tion was observed by adding antioxidants to fish oil as 
a source of omega-3. Vitamin E consumption signifi-
cantly increases the activity of antioxidant enzymes and 
reduces the level of fat peroxide (Jia et al., 2017). The 
antioxidant effect of L-carnitine is related to the direct 
accumulation of free radicals. L-Carnitine can effectively 
reduce lipid peroxidation and free radicals (Shokrzadeh 
et al., 2013). L-carnitine prevents lipid peroxidation by 
helping to maintain mitochondrial integrity and reduce 
the chance of ROS production (Kumaran et al., 2005). 
The presence of SOD enzyme in the cells and tissues 
keeps the superoxide anion concentration at a very low 
level. The activity of SOD in the cells and extracellular 
environments is vital for the prevention of oxidative 
stress-related diseases and the prevention of various 
disorders (Matsuzawa & Ichijo, 2008; Wiemer, 2011). 
One study showed that ROS levels decreased with the 
activation of SODs (Sun et al., 2012). SODs act as the first 
line of antioxidant defense to prevent oxidative stress 
(Ighodaro & Akinloye, 2018). SODs are also the first 
line of defense and among the most important defenses 
against ROS (Gill et al., 2015). 

This study, using vitamin E and L-carnitine as anti-
oxidants, showed that the groups of experimental ewes 
which received antioxidants had lower ROS and higher 
SOD levels. In addition, the highest number of follicles 
and pregnancy was found in the groups of experimental 
ewes that had lower ROS levels, and the highest num-
ber of follicles and pregnancy was found in the groups 
of ewes fed with antioxidants and fish oil containing 
omega-3 diet, which is consistent with previous studies. 
Adding vitamin E to the diet was associated with reduc-
ing ROS (Cam et al., 2004). Also, by adding L-carnitine 
to the diet, the production of ROS decreased, and the 
relative expression level of SOD1 and SOD2 genes in 
sheep ovarian tissue increased (Mishra et al., 2016). 
The decreased ROS levels in female follicular fluid 
increased the number of follicles and increased fertility 
(Attaran et al., 2000; Elizur et al., 2014). The presence of 
vitamin E along with omega 3 in the diet can play a role 
in boosting follicle growth (Nateghi et al., 2019). In the 
present study, it was shown that the use of vitamin E 

and L-carnitine increased the expression of TGF-β in the 
ovary, which led to the improved follicle function and 
pregnancy; this could be due to the improved inflam-
mation in the tissue as well as the better function of the 
ovary. The ability of collagen to proliferate will promote 
the growth of follicles; TGF-β is involved in cell prolif-
eration, differentiation, metabolism, fibroblasts, collagen 
synthesis, and extracellular matrix formation; collagen 
is essential for follicular growth. Various cytokines 
regulate it, TGF-β has been shown to have a regulatory 
effect on follicular collagen, and collagen plays an im-
portant role in follicular development (Zhou et al., 2021). 
Activation of TGF-β is due to protein oxidation to ROS 
(Sun et al., 2017). TGF-β proteins play an essential role 
in gonadal growth and follicular growth (Rosairo et al., 
2008). In mammals, TGF-β is known to regulate repro-
duction, including ovarian function (Raja-Khan et al., 
2014). TGF-β and its receptors are present in the ovarian 
follicles. In addition, a positive effect on oocyte growth 
has been shown in vitro (Rodrigues et al., 2014).

One study showed that PPAR-γ may be used as 
an anti-inflammatory in various types of inflamma-
tion (Kim et al., 2012). Therefore, in the present study, 
PPAR-γ can improve reproductive function by affecting 
inflammation and follicles (Hara et al., 2013). PPAR-γ 
activation can regulate inflammatory responses (Kielian 
& Drew, 2003). Although omega-3s may be a small part 
of the fatty acids in the follicles, the relative frequency 
of omega-3s in the granulosa cells is physiologically 
higher than in the ovule. Therefore, it can be suggested 
that omega-3 fatty acids regulate ovule maturation and 
growth mainly by altering the metabolism and function 
of granulosa cells via PPAR (Zarezadeh et al., 2019). 
Vitamin E can act as ligands for PPAR-γ activating 
receptors (De Pascale et al., 2006). As a result, the pres-
ence of antioxidants (vitamin E or L-carnitine) and fish 
oil (omega-3s) improves the function of reproductive 
activity in the ovaries. We recommend the simultaneous 
use of fish oil and antioxidants to improve reproductive 
performance in sheep.

CONCLUSION

The use of fish oil along with vitamin E and 
L-carnitine improved follicle function and increased 
pregnancy rate by reducing ROS in ewes' ovaries as 
well as increasing the expression of SOD1, SOD2, TGF-
βRI, and PPAR-γ genes. The use of fish oil along with 
antioxidants increases follicles and improves fertility in 
sheep.

CONFLICT OF INTEREST

We have no conflict of interest to declare.

REFERENCES

Adeoye, O., J. Olawumi, A. Opeyemi, & O. Christiania. 2018. 
Review on the role of glutathione on oxidative stress 
and infertility. JBRA Assist. Reprod. 22:61-66. https://doi.
org/10.5935/1518-0557.20180003

Alemi, M., F. Samadi, & S. Samadi. 2014. Effect of Artichoke 

https://doi.org/10.5935/1518-0557.20180003
https://doi.org/10.5935/1518-0557.20180003


420     December 2022

HATAMI ET AL. / Tropical Animal Science Journal 45(4):413-422

(Cynara scolymus L.) leaf powder and vitamin E on perfor-
mance and some blood parameters of meat type Japanese 
quail. Anim. Prod. 16:147-155. 

Ali, A., D. R. Derar, & M. Alshahed. 2019. Management strate-
gies, reproductive performance and causes of infertility in 
sheep flocks in the central region of Saudi Arabia. Trop. 
Anim. Health Prod. 52:1-7. https://doi.org/10.1007/
s11250-019-02182-9

Assan, N. 2020. Weaning age/time based model influencing per-
formance in goats and sheep meat production. Agricultural 
Advances 9:537-544. 

Attaran, M., E. Pasqualotto, T. Falcone, J. M. Goldberg, K. F. 
Miller, A. Agarwal, & R. K. Sharma. 2000. The effect of 
follicular fluid reactive oxygen species on the outcome of 
in vitro fertilization. Int. J. Fertil. Womens Med. 45:314-320.

Blitek, A. & M. Szymanska. 2019. Regulation of expression 
and role of peroxisome proliferator-activated receptors 
(PPARs) in luminal epithelial and stromal cells of the por-
cine endometrium. Theriogenology 127:88-101. https://doi.
org/10.1016/j.theriogenology.2019.01.002

Cam, K., F. Simsek, M. Yuksel, L. Turker, G. Haklar, S. Yalcin, 
& A. Akdas. 2004. The role of reactive oxygen species and 
apoptosis in the pathogenesis of varicocele in a rat model 
and efficiency of vitamin E treatment. Int. J. Androl. 27:228-
233. https://doi.org/10.1111/j.1365-2605.2004.00476.x

Cui, Y., K. Miyoshi, E. Claudio, U. K. Siebenlist, F. J. Gonzalez, 
J. Flaws, K. U. Wagner, & L. Hennighausen. 2002. Loss of 
the peroxisome proliferation-activated receptor gamma 
(PPARγ) does not affect mammary development and pro-
pensity for tumor formation but leads to reduced fertil-
ity. J. Biol. Chem. 277:17830-17835. https://doi.org/10.1074/
jbc.M200186200

De Pascale, M. C., A. M. Bassi, V. Patrone, L. Villacorta, A. 
Azzi, & J. M. Zingg. 2006. Increased expression of trans-
glutaminase-1 and PPARγ after vitamin E treatment in 
human keratinocytes. Arch. Biochem. Biophys. 447:97-106. 
https://doi.org/10.1016/j.abb.2006.02.002

Ďuračková, Z. 2010. Some current insights into oxidative 
stress. Physiol. Res. 59:459-469. https://doi.org/10.33549/
physiolres.931844

Durmuş, M. 2018. Fish oil for human health: Omega-3 fat-
ty acid profiles of marine seafood species. Food Sci. 
Technol. 39:454-461. https://doi.org/10.1590/fst.21318

Elizur, S. E., O. Lebovitz, R. Orvieto, J. Dor, & T. Zan-Bar. 2014. 
Reactive oxygen species in follicular fluid may serve as 
biochemical markers to determine ovarian aging and fol-
licular metabolic age. J. Gynaecol. Endocrinol. 30:705-707. 
https://doi.org/10.3109/09513590.2014.924100

Ferreira, E. M., A.V. Pires, I. Susin, R. S. Gentil, S. Gilaverte, 
M. D. O. M. Parente, M. V. Biehl, & C. V. D. M. Ribeiro. 
2014. Lamb performance, milk production and composi-
tion from ewes supplemented with soybean oil partially 
replaced by fish oil blend. Livest. Sci. 163:51-61. https://doi.
org/10.1016/j.livsci.2014.02.009

Foroozandeh, A. D., H. R. Amini, G. R. Ghalamkari, M. 
Shahzeydi, & S. M. Nasrollahi. 2014. The effect of fat type 
and l-carnitine administration on growth, feed digestibili-
ty and blood metabolites of growing Afshari lambs. Livest. 
Sci. 164:67-71. https://doi.org/10.1016/j.livsci.2014.03.019

Galloway, S. M., K. P. McNatty, L. M. Cambridge, M. P. 
Laitinen, J. L. Juengel, T. S. Jokiranta, R. J. McLaren, K. 
Luiro, K. G. Dodds, G. W. Montgomery, & A. E. Beattie. 
2000. Mutations in an oocyte-derived growth factor gene 
(BMP15) cause increased ovulation rate and infertility in 
a dosage-sensitive manner. Nat. Genet. 25:279-283. https://
doi.org/10.1038/77033

Ghasemzadeh, A., L. Farzadi, A. Khaki, & S. K. Ahmadi. 2013. 
Effect of Allium cepa seeds ethanolic extract on experi-
mental polycystic ovary syndrome (PCOS) apoptosis in-
duced by estradiol-valerate. Life Sci. J. 10:170-175. 

Gill, S. S., N. A. Anjum, R. Gill, S. Yadav, M. Hasanuzzaman, 
M. Fujita, P. Mishra, S. C. Sabat, & N. Tuteja. 2015. 
Superoxide dismutase—mentor of abiotic stress tolerance 
in crop plants. Environ. Sci. Poullt. Res. 22:10375-10394. 
https://doi.org/10.1007/s11356-015-4532-5

Gulcin, I., M. E. Buyukokuroglu, M. Oktay, & O. I. 
Kufrevioglu. 2002. On the in vitro antioxidative proper-
ties of melatonin. J. Pineal Res. 33:167-171. https://doi.
org/10.1034/j.1600-079X.2002.20920.x

Hao, F., X. Wang, & J. Chen. 2006. Involvement of plasma-mem-
brane NADPH oxidase in nickel-induced oxidative stress 
in roots of wheat seedlings. Plant Sci. 170:151-158. https://
doi.org/10.1016/j.plantsci.2005.08.014

Hara, S., T. Takahashi, M. Amita, K. Matsuo, H. Igarashi, & 
H. Kurachi. 2013. Pioglitazone counteracts the tumor ne-
crosis factor-α inhibition of follicle-stimulating hormone-
induced follicular development and estradiol production 
in an in vitro mouse preantral follicle culture system. J. 
Ovarian. Res. 6:1-8. https://doi.org/10.1186/1757-2215-6-69

Heinecke, J. W. 2002. Oxidized amino acids: Culprits in human 
atherosclerosis and indicators of oxidative stress. Free 
Radic. Biol. Med. 32:1090-1101. https://doi.org/10.1016/
S0891-5849(02)00792-X

Hill, T. M., H. G. Bateman II, J. M. Aldrich, & R. L. Schlotterbeck. 
2009. Effects of changing the essential and functional fatty 
acid intake of dairy calves. J. Dairy Sci. 92:670-676. https://
doi.org/10.3168/jds.2008-1368

Huang, W. J., X. I. A. Zhang, & W. W. Chen. 2016. Role of oxida-
tive stress in Alzheimer’s disease. Biomed. Rep. 4:519-522. 
https://doi.org/10.3892/br.2016.630

Ighodaro, O. M. & O. A. Akinloye. 2018. First line defence 
antioxidants-superoxide dismutase (SOD), catalase (CAT) 
and glutathione peroxidase (GPX): Their fundamental 
role in the entire antioxidant defence grid. Alexandria J. 
Med. 54:287-293. https://doi.org/10.1016/j.ajme.2017.09.001

Ishikawa, H., A. Takaki, R. Tsuzaki, T. Yasunaka, K. Koike, 
Y. Shimomura, H. Seki, H. Matsushita, Y. Miyake, F. 
Ikeda, & H. Shiraha. 2014. L-carnitine prevents progres-
sion of non-alcoholic steatohepatitis in a mouse model 
with upregulation of mitochondrial pathway. PLoS ONE 
9:e100627. https://doi.org/10.1371/journal.pone.0100627

Jia, Y., Q. Jing, H. Niu, & B. Huang. 2017. Ameliorative effect 
of vitamin E on hepatic oxidative stress and hypoim-
munity induced by high-fat diet in turbot (Scophthalmus 
maximus). Fish Shellfish. Immunol. 67:634-642. https://doi.
org/10.1016/j.fsi.2017.06.056

Jin, M., T. Pan, X. Cheng, T. T. Zhu, P. Sun, F. Zhou, X. Ding, & 
Q. Zhou. 2019. Effects of supplemental dietary L-carnitine 
and bile acids on growth performance, antioxidant and 
immune ability, histopathological changes and inflamma-
tory response in juvenile black seabream (Acanthopagrus 
schlegelii) fed high-fat diet. Aquaculture 504:199-209. 
https://doi.org/10.1016/j.aquaculture.2019.01.063

Kala, M. 2017. Role of stress and stress hormones on ovula-
tion and implantation in mice involvement of adrenals. 
Institute of Pharmacy, Nirma University. http://hdl.han-
dle.net/10603/188038

Kehrer, J. P. & L. O. Klotz. 2015. Free radicals and related re-
active species as mediators of tissue injury and disease: 
Implications for health. Crit. Rev. Toxicol. 45:765-798. 
https://doi.org/10.3109/10408444.2015.1074159

Kielian, T. & P. D. Drew. 2003. Effects of peroxisome prolifera-
tor-activated receptor-γ agonists on central nervous sys-
tem inflammation. J. Neurosci. Res. 71:315-325. https://doi.
org/10.1002/jnr.10501

Kim, J. C., Y. H. Lee, M. K. Yu, N. H. Lee, J. D. Park, G. Bhattarai, 
& H. K. Yi. 2012. Anti-inflammatory mechanism of PPARγ 
on LPS-induced pulp cells: Role of the ROS removal activ-
ity. Arch. Oral. Biol. 57:392-400. https://doi.org/10.1016/j.
archoralbio.2011.09.009

https://doi.org/10.1007/s11250-019-02182-9
https://doi.org/10.1007/s11250-019-02182-9
https://doi.org/10.1016/j.theriogenology.2019.01.002
https://doi.org/10.1016/j.theriogenology.2019.01.002
https://doi.org/10.1111/j.1365-2605.2004.00476.x
https://doi.org/10.1074/jbc.M200186200
https://doi.org/10.1074/jbc.M200186200
https://doi.org/10.1016/j.abb.2006.02.002
https://doi.org/10.33549/physiolres.931844
https://doi.org/10.33549/physiolres.931844
https://doi.org/10.1590/fst.21318
https://doi.org/10.3109/09513590.2014.924100
https://doi.org/10.1016/j.livsci.2014.02.009
https://doi.org/10.1016/j.livsci.2014.02.009
https://doi.org/10.1016/j.livsci.2014.03.019
https://doi.org/10.1038/77033
https://doi.org/10.1038/77033
https://doi.org/10.1007/s11356-015-4532-5
https://doi.org/10.1034/j.1600-079X.2002.20920.x
https://doi.org/10.1034/j.1600-079X.2002.20920.x
https://doi.org/10.1016/j.plantsci.2005.08.014
https://doi.org/10.1016/j.plantsci.2005.08.014
https://doi.org/10.1186/1757-2215-6-69
https://doi.org/10.1016/S0891-5849(02)00792-X
https://doi.org/10.1016/S0891-5849(02)00792-X
https://doi.org/10.3168/jds.2008-1368
https://doi.org/10.3168/jds.2008-1368
https://doi.org/10.3892/br.2016.630
https://doi.org/10.1016/j.ajme.2017.09.001
https://doi.org/10.1371/journal.pone.0100627
https://doi.org/10.1016/j.fsi.2017.06.056
https://doi.org/10.1016/j.fsi.2017.06.056
https://doi.org/10.1016/j.aquaculture.2019.01.063
https://doi.org/10.3109/10408444.2015.1074159
https://doi.org/10.1002/jnr.10501
https://doi.org/10.1002/jnr.10501
https://doi.org/10.1016/j.archoralbio.2011.09.009
https://doi.org/10.1016/j.archoralbio.2011.09.009


December 2022      421    

HATAMI ET AL. / Tropical Animal Science Journal 45(4):413-422

Kumaran, S., K. S. Panneerselvam, S. Shila, K. Sivarajan, & C. 
Panneerselvam. 2005. Age-associated deficit of mitochon-
drial oxidative phosphorylation in skeletal muscle: Role 
of carnitine and lipoic acid. Mol. Cell. Biochem. 280:83-89. 
https://doi.org/10.1007/s11010-005-8234-z

Lee, G. Y. & S. N. Han. 2018. The role of vitamin E in immunity. 
Nutrients. 10:1614. https://doi.org/10.3390/nu10111614

Lee, Y. H., F. Y. Cheng, H. W. Chiu, J. C. Tsai, C. Y. Fang, C. W. 
Chen, & Y. J. Wang. 2014. Cytotoxicity, oxidative stress, 
apoptosis and the autophagic effects of silver nanoparti-
cles in mouse embryonic fibroblasts. Biomaterials 35:4706-
4715. https://doi.org/10.1016/j.biomaterials.2014.02.021

Lewis, E. D., S. N. Meydani, & D. Wu. 2019. Regulatory role of 
vitamin E in the immune system and inflammation. IUBMB 
Life. 71:487-494. https://doi.org/10.1002/iub.1976

Li, J. & X. Y. Yu. 2012. Effects of exogenous carnitine on func-
tion of respiratory chain and antioxidant capacity in mi-
tochondria of myocardium after exhaustive running in 
rats. Zhongguo Ying Yong Sheng Li Xue Za Zhi. 28:405-409.

Li, Z., X. Xu, X. Leng, M. He, J. Wang, S. Cheng, & H. Wu. 2017. 
Roles of reactive oxygen species in cell signaling pathways 
and immune responses to viral infections. Arch. Virol. 
162:603-610. https://doi.org/10.1007/s00705-016-3130-2

Livak, K. J. & T. D. Schmittgen. 2001. Analysis of relative 
gene expression data using real-time quantitative PCR 
and the 2−ΔΔCT method. Methods 25:402-408. https://doi.
org/10.1006/meth.2001.1262

Lu, J., Z. Wang, J. Cao, Y. Chen, & Y. Dong. 2018. A novel and 
compact review on the role of oxidative stress in female re-
production. Reprod. Biol. Endocrinol. 16:1-18. https://doi.
org/10.1186/s12958-018-0391-5

Manickam, V., M. Periyasamy, V. Dhakshinamoorthy, L. 
Panneerselvam, & E. Perumal. 2017. Recurrent exposure 
to ferric oxide nanoparticles alters myocardial oxida-
tive stress, apoptosis and necrotic markers in male mice. 
Chem. Biol. Interact. 278:54-64. https://doi.org/10.1016/j.
cbi.2017.10.003

Matsuzawa, A. & H. Ichijo. 2008. Redox control of cell fate 
by MAP kinase: Physiological roles of ASK1-MAP ki-
nase pathway in stress signaling. Biochim. Biophys. 
Acta Gen. Subj. 1780:1325-1336. https://doi.org/10.1016/j.
bbagen.2007.12.011

McCord, J. M. & I. Fridovich. 1969. Superoxide dismutase 
an enzymic function for erythrocuprein (hemocupre-
in). Journal Biological Chemistry. 244:6049-6055. https://
doi.org/10.1016/S0021-9258(18)63504-5

Minge, C. E., R. L. Robker, & R. J. Norman. 2008. PPAR gam-
ma: Coordinating metabolic and immune contributions 
to female fertility. PPAR. Res. 2008:243791. https://doi.
org/10.1155/2008/243791

Mishra, A., I. J. Reddy, P. S. P. Gupta, & S. Mondal. 2016. l-car-
nitine mediated reduction in oxidative stress and altera-
tion in transcript level of antioxidant enzymes in sheep 
embryos produced in vitro. Reprod. Domest. Anim. 51:311-
321. https://doi.org/10.1111/rda.12682

Mishra, A., I. J. Reddy, P. S. P. Gupta, & S. Mondal. 2017. 
Expression of apoptotic and antioxidant enzyme genes 
in sheep oocytes and in vitro produced embryos. Anim. 
Biotechnol. 28:18-25. https://doi.org/10.1080/10495398.201
6.1193743

Moallem, U., A. Shafran, M. Zachut, I. Dekel, Y. Portnick, & 
A. Arieli. 2013. Dietary a-linolenic acid from flaxseed oil 
improved folliculogenesis and IVF performance in dairy 
cows, similar to eicosapentaenoic and docosahexaenoic 
acids from fish oil. Reproduction 146:603-614. https://doi.
org/10.1530/REP-13-0244

Monsivais, D., M. M. Matzuk, & S. A. Pangas. 2017. The TGF-β 
family in the reproductive tract. Col. Spr. Har. Per. Bio. 
9:022251. https://doi.org/10.1101/cshperspect.a022251

Mugabe, L. C., A. R. Bagaldo, L. P. Barbosa, F. L. D. Araújo, B. 
Y. D. S. Oliveira, R. V. M. M. Silva, R. L. Oliveira, & E. E. 
G. Pinheiro. 2017. Biochemical and seminal parameters of 
lambs fed palm kernel cake under grazing system. Revista 
Brasileira de Zootecnia 46:670-677. https://doi.org/10.1590/
s1806-92902017000800007

Nateghi, R., A. Alizadeh, Y. J. Ahangari, R. Fathi, & A. Akhlaghi. 
2019. Stimulatory effects of fish oil and vitamin E on ovar-
ian function of laying hen. Ital. J. Anim. Sci. 18:636-645. 
https://doi.org/10.1080/1828051X.2018.1551071

Nehra, D., H. D. Le, E. M. Fallon, S. J. Carlson, D. Woods, Y. 
A. White, A. H. Pan, L. Guo, S. J. Rodig, J. L. Tilly, & B. 
R. Rueda. 2012. Prolonging the female reproductive lifes-
pan and improving egg quality with dietary omega-3 fatty 
acids. Aging Cell. 11:1046-1054. https://doi.org/10.1111/
acel.12006

Olsen, S. F., J. D. Sørensen, N. J. Secher, M. Hedegaard, T. B. 
Henriksen, H. S. Hansen, & A. Grant. 1992. Randomised 
controlled trial of effect of fish-oil supplementation on 
pregnancy duration. Lancet. 339:1003-1007. https://doi.
org/10.1016/0140-6736(92)90533-9

Raja-Khan, N., M. Urbanek, R. J. Rodgers, & R. S. Legro. 2014. 
The role of TGF-β in polycystic ovary syndrome. Reprod. 
Sci. 21:20-31. https://doi.org/10.1177/1933719113485294

Reuter, S., S. C. Gupta, M. M. Chaturvedi, & B. B. Aggarwal. 
2010. Oxidative stress, inflammation, and cancer: How are 
they linked. Free Radic. Biol. Med. 49:1603-1616. https://
doi.org/10.1016/j.freeradbiomed.2010.09.006

Rodrigues, G. Q., M. J. Bertoldo, I. R. Brito, C. M. G. Silva, 
A. D. Sales, S. V. Castro, N. Duffard, Y. Locatelli, P. 
Mermillod, C. H. Lobo, & C. C. Campello. 2014. Relative 
mRNA expression and immunolocalization for trans-
forming growth factor-beta (TGF-β) and their effect on in 
vitro development of caprine preantral follicles. In Vitro 
Cell. Dev. Biol. Anim. 50:688-699. https://doi.org/10.1007/
s11626-014-9775-9

Rosairo, D., I. Kuyznierewicz, J. Findlay, & A. Drummond. 
2008. Transforming growth factor-β: its role in ovarian fol-
licle development. Reproduction 136:799-809. https://doi.
org/10.1530/REP-08-0310

Rostamtabar, M., S. Esmaeilzadeh, M. Tourani, A. Rahmani, 
M. Baee, F. Shirafkan, K. Saleki, S. S. Mirzababayi, S. 
Ebrahimpour, & H. R. Nouri. 2021. Pathophysiological 
roles of chronic low-grade inflammation mediators in 
polycystic ovary syndrome. J. Cell. Physiol. 236:824-838. 
https://doi.org/10.1002/jcp.29912

Ruiz-Sanz, J. I., I. Pérez-Ruiz, S. Meijide, M. Ferrando, Z. 
Larreategui, & M. B. Ruiz-Larrea. 2019. Lower follicu-
lar n-3 polyunsaturated fatty acid levels are associated 
with a better response to ovarian stimulation. J. Assist. 
Reprod. Genet. 36:473-482. https://doi.org/10.1007/
s10815-018-1384-1

Sherratt, S. C., M. Lero, & R. P. Mason. 2020. Are dietary fish oil 
supplements appropriate for dyslipidemia management? 
A review of the evidence. Curr. Opin. Lipidol. 31:94-100. 
https://doi.org/10.1097/MOL.0000000000000665

Shokrzadeh, M., N. Ahangar, M. Zargari, Z. Gilani, A. 
Shadboorestan, & M. Omidi. 2013. Protective effect of 
L-carnitine on level of malondialdehyde in diazinon-in-
duced lipid peroxidation in rats. Jou. Maz. Uni. Med. Sci. 
22:198-206.

Sun, S., F. Xie, Q. Zhang, Z. Cui, X. Cheng, F. Zhong, K. He, 
& J. Zhou. 2017. Advanced oxidation protein products 
induce hepatocyte epithelial–mesenchymal transition via 
a ROS-dependent, TGF-β/Smad signaling pathway. Cell. 
Biol. Int. 41:842-853. https://doi.org/10.1002/cbin.10792

Sun, W. H., F. Liu, Y. Chen, & Y. C. Zhu. 2012. Hydrogen 
sulfide decreases the levels of ROS by inhibiting mito-
chondrial complex IV and increasing SOD activities in 

https://doi.org/10.1007/s11010-005-8234-z
https://doi.org/10.3390/nu10111614
https://doi.org/10.1016/j.biomaterials.2014.02.021
https://doi.org/10.1002/iub.1976
https://doi.org/10.1007/s00705-016-3130-2
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1186/s12958-018-0391-5
https://doi.org/10.1186/s12958-018-0391-5
https://doi.org/10.1016/j.cbi.2017.10.003
https://doi.org/10.1016/j.cbi.2017.10.003
https://doi.org/10.1016/j.bbagen.2007.12.011
https://doi.org/10.1016/j.bbagen.2007.12.011
https://doi.org/10.1016/S0021-9258(18)63504-5
https://doi.org/10.1016/S0021-9258(18)63504-5
https://doi.org/10.1155/2008/243791
https://doi.org/10.1155/2008/243791
https://doi.org/10.1111/rda.12682
https://doi.org/10.1080/10495398.2016.1193743
https://doi.org/10.1080/10495398.2016.1193743
https://doi.org/10.1530/REP-13-0244
https://doi.org/10.1530/REP-13-0244
https://doi.org/10.1101/cshperspect.a022251
https://doi.org/10.1590/s1806-92902017000800007
https://doi.org/10.1590/s1806-92902017000800007
https://doi.org/10.1080/1828051X.2018.1551071
https://doi.org/10.1111/acel.12006
https://doi.org/10.1111/acel.12006
https://doi.org/10.1016/0140-6736(92)90533-9
https://doi.org/10.1016/0140-6736(92)90533-9
https://doi.org/10.1177/1933719113485294
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://doi.org/10.1007/s11626-014-9775-9
https://doi.org/10.1007/s11626-014-9775-9
https://doi.org/10.1530/REP-08-0310
https://doi.org/10.1530/REP-08-0310
https://doi.org/10.1002/jcp.29912
https://doi.org/10.1007/s10815-018-1384-1
https://doi.org/10.1007/s10815-018-1384-1
https://doi.org/10.1097/MOL.0000000000000665
https://doi.org/10.1002/cbin.10792


422     December 2022

HATAMI ET AL. / Tropical Animal Science Journal 45(4):413-422

cardiomyocytes under ischemia/reperfusion. Biochem. 
Biophys. Res. Commun. 421:164-169. https://doi.
org/10.1016/j.bbrc.2012.03.121

Sung, C. C., Y. C. Hsu, C. C. Chen, Y. F. Lin, & C. C. Wu. 
2013. Oxidative stress and nucleic acid oxidation in pa-
tients with chronic kidney disease. Oxid. Med. Cell. 
Longev. 2013:301982. https://doi.org/10.1155/2013/301982

Surai, P. F. 2015. Antioxidant action of carnitine: Molecular 
mechanisms and practical applications. EC. Vet. Sci. 
2:66-84.

Torquato, P., R. Marinelli, D. Bartolini, & F. Galli. 2020. Vitamin 
E: Nutritional aspects. Mol. Nut. 2020:447-485. Mol. Nutr. 
https://doi.org/10.1016/B978-0-12-811907-5.00019-1

Vitti, M., G. D. Emidio, M. D. Carlo, G. Carta, A. Antonosante, 
P. G. Artini, A. Cimini, C. Tatone, & E. Benedetti. 2016. 
Peroxisome proliferator-activated receptors in female re-
production and fertility. PPAR. Res. 2016:4612306. https://
doi.org/10.1155/2016/4612306

Wang, Q. L., J. L. Yuan, Y. Y. Tao, Y. Zhang, P. Liu, & C. H. Liu. 
2010. Fuzheng Huayu recipe and vitamin E reverse renal 
interstitial fibrosis through counteracting TGF-β1-induced 
epithelial-to-mesenchymal transition. J. Ethnopharmacol. 
127:631-640. https://doi.org/10.1016/j.jep.2009.12.011

Wiemer, E. A. 2011. Stressed tumor cell, chemosensitized 
cancer. Nat. Med. 17:1552-1554. https://doi.org/10.1038/
nm.2593

Yang, J., Y. Zhang, X. Xu, J. Li, F. Yuan, S. Bo, J. Qiao, G. Xia, 
Y. Su, & M. Zhang. 2019. Transforming growth factor-β is 
involved in maintaining oocyte meiotic arrest by promot-
ing natriuretic peptide type C expression in mouse granu-
losa cells. Cell Death Dis. 10:558. https://doi.org/10.1038/
s41419-019-1797-5

Zarezadeh, R., A. Mehdizadeh, J. L. Leroy, M. Nouri, S. Fayezi, 
& M. Darabi. 2019. Action mechanisms of n-3 polyun-
saturated fatty acids on the oocyte maturation and de-
velopmental competence: Potential advantages and dis-
advantages. J. Cell. Physiol. 234:1016-1029. https://doi.
org/10.1002/jcp.27101

Zhang, X., R. K. Sharma, A. Agarwal, & T. Falcone. 2005. Effect 
of pentoxifylline in reducing oxidative stress-induced 
embryotoxicity. J. Assist. Reprod. Genet. 22:415-417.  
https://doi.org/10.1007/s10815-005-7202-6

Zhou, S., Y. Ma, J. Yao, A. Zhao, C. Xie, Y. Mi, & C. Zhang. 
2021. TGF-β1-induced collagen promotes chicken ovarian 
follicle development via an intercellular cooperative pat-
tern. Cell. Biol. Int. 45:1336-1348. https://doi.org/10.1002/
cbin.11580

https://doi.org/10.1016/j.bbrc.2012.03.121
https://doi.org/10.1016/j.bbrc.2012.03.121
https://doi.org/10.1155/2013/301982
https://doi.org/10.1016/B978-0-12-811907-5.00019-1
https://doi.org/10.1155/2016/4612306
https://doi.org/10.1155/2016/4612306
https://doi.org/10.1016/j.jep.2009.12.011
https://doi.org/10.1038/nm.2593
https://doi.org/10.1038/nm.2593
https://doi.org/10.1038/s41419-019-1797-5
https://doi.org/10.1038/s41419-019-1797-5
https://doi.org/10.1002/jcp.27101
https://doi.org/10.1002/jcp.27101
https://doi.org/10.1007/s10815-005-7202-6
https://doi.org/10.1002/cbin.11580
https://doi.org/10.1002/cbin.11580

