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ABSTRACT

Some in vitro and in vivo studies have demonstrated 
protective effects of conjugated linoleic acid (CLA) 
isomers against oxidative stress and lipid peroxidation. 
However, only a few and conflicting studies have been 
conducted showing the antioxidant potential of essen-
tial fatty acids. The objectives of the study were to 
compare the effects of CLA to other essential fatty acids 
on the thiol redox status of bovine mammary epithelia 
cells (BME-UV1) and their protective role against oxi-
dative damage on the mammary gland by an in vitro 
study. The BME-UV1 cells were treated with complete 
medium containing 50 µM of cis-9,trans-11 CLA, 
trans-10,cis-12 CLA, α-linolenic acid, γ-linolenic acid, 
and linoleic acid. To assess the cellular antioxidant re-
sponse, glutathione, NADPH, and γ-glutamyl-cysteine 
ligase activity were measured 48 h after addition of 
fatty acids (FA). Intracellular reactive oxygen species 
and malondialdehyde production were also assessed in 
cells supplemented with FA. Reactive oxygen species 
production after 3 h of H2O2 exposure was assessed to 
evaluate and to compare the potential protection of 
different FA against H2O2-induced oxidative stress. All 
FA treatments induced an intracellular GSH increase, 
matched by high concentrations of NADPH and an 
increase of γ-glutamyl-cysteine ligase activity. Cells 
supplemented with FA showed a reduction in intracel-
lular malondialdehyde levels. In particular, CLA iso-
mers and linoleic acid supplementation showed a better 
antioxidant cellular response against oxidative damage 
induced by H2O2 compared with other FA.
Key words: conjugated linoleic acid, essential fatty 
acids, oxidative status, bovine mammary cells

INTRODUCTION

Lipids contained in dietary fat are known to be an 
excellent source of energy, and studies undertaken in 

the first quarter of the 20th century demonstrated that 
they were necessary for growth and normal physiologi-
cal function (Spector and Kim, 2015). In recent years, 
interest has grown in the health properties of functional 
fatty acids, such as long-chain n-3 and n-6 fatty ac-
ids and CLA, because of their biological roles in cells 
(Bauman and Lock, 2006; Lunn and Theobald, 2006). 
Omega-6 and n-3 fatty acids are regarded as essential 
fatty acids (EFA) because mammals cannot synthesize 
them and they must be obtained from diet. Essential 
fatty acids form an important constituent of all cell 
membranes and confer to membranes properties of flu-
idity, thus determining and influencing the behavior of 
membrane-bound enzymes and receptors (Das, 2006). 
Among n-6 fatty acids, linoleic acid (LnA; 18:2n-6) 
is the most common n-6 PUFA, whereas α-linoleic 
acid (aLnA), belonging to cis n-3 PUFA, is the most 
prevalent n-3 fatty acid. Linoleic acid is often found 
in nature and is present in the seeds of most plants, 
except for coconut, cocoa, and palm. α-Linoleic acid, 
on the other hand, is found in the chloroplasts of green 
leafy vegetables and in the seeds of flax, rape, chia, 
perilla, and in walnuts (Lunn and Theobald, 2006; Si-
mopoulos, 2008). It is from these 2 parent EFA that the 
n-3 and n-6 fatty acid families are derived through a 
series of enzyme-catalyzed desaturation and elongation 
reactions, which generally take place in the cell cytosol 
or in the mitochondria. α-Linoleic acid is metabolized 
to docosahexaenoic acid (22:6n-3) via eicosapentaenoic 
acid (EPA; 20:5n-3) and docosapentaenoic acid (22:5n-
3), whereas LnA is metabolized to arachidonic acid 
(ArA; 20:4n-6) via γ-linolenic acid (gLnA; 18:3n-6) 
or eicosadienoic acid (20:2n-6), as 2 pathways are ac-
tive (Lunn and Theobald, 2006). Arachidonic acid, the 
derivative of LnA, can be converted into the 2-series of 
thromboxanes and the 4-series of leukotrienes. These 
are very important, active, and short-lived hormones 
termed eicosanoids, which are involved in various 
patho-physiological processes concerning inflammatory 
conditions such as atherosclerosis, obesity, and inflam-
matory bowel disease. In contrast, the aLnA derivate, 
such as EPA, gives rise to an entirely different set of 
eicosanoids. These are the 3-series prostaglandins and 
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thromboxanes and the 5-series leukotrienes, which are 
considered to be less inflammatory or even anti-inflam-
matory in comparison to the eicosanoid family derived 
from ArA (Patterson et al., 2012).

In dairy cows, it has been observed that dietary LnA 
and aLnA supplementation can be a nutritional strat-
egy to improve reproductive performance and increase 
the percentage of pregnancies in lactating cows (Diran-
deh et al., 2013). This is because EFA can stimulate 
the follicular growth and steroid production (Leroy et 
al., 2013). Furthermore, LnA and aLnA are able to 
modulate the inflammation and the immune response 
in dairy cows (Lessard et al., 2003; Caldari-Torres et 
al., 2011).

Conjugated linoleic acids are a group of constitution 
and conformation isomers of LnA that are formed in the 
course of biohydrogenation in the rumen and later en-
dogenous conversion from vaccenic acid (Schmid et al., 
2006; Bauman et al., 2008). The isomers that contain a 
double bond in the trans configuration are biologically 
active. The most studied bioactive CLA are the cis-
9,trans-11 isomer and the trans-10,cis-12 isomer. The 
role of CLA on health has been investigated in animal 
and human studies (Pires and Grummer 2008; Mele 
et al., 2013). It was observed that CLA might play an 
important protective role in cancer, cardiovascular dis-
eases, obesity, osteoporosis, and in immune and inflam-
matory responses (Benjamin and Spener, 2009; Moraes 
et al., 2012; Oliveira et al., 2012; Du et al., 2014).

Ruminants have evolved to feed on fresh grass and 
leaves. According to their feed preferences, Hofmann 
and Stewart (1972) classified them as concentrate 
selectors, intermediate-mixed feeders, or grass and 
roughage eaters. The dairy cow belongs to the group 
of grazer or roughage eaters, such as Bos primigenius 
(aurochs), relying on grasses and roughage. Modern 
TMR diets differ significantly from the natural diet of 
a cow (e.g., in its ruminal production of CLA). Elg-
ersma et al. (2004) showed that milk from cows feeding 
on fresh grass quickly decreases in CLA when the diet 
was changed to the more modern silage or concen-
trate TMR type. In a review, Elgersma et al. (2006) 
concluded, in general, that cows on fresh grass (e.g., 
pasture) produce milk with a significant higher level of 
CLA. This observed difference in CLA content in milk 
triggered extensive research into increasing CLA levels 
in milk from TMR-fed cows, with the focus being on 
human health. However, these studies (Elgersma et al., 
2004, 2006) triggered only limited interest considering 
CLA as a nutrient and the wellbeing of the cow in the 
first place. Studies on farm animals showed that some 
CLA isomers decrease milk fat synthesis, and may thus 
improve energy balance and alleviate energy demands 
in lactating dairy cattle. It has been routinely observed 

that CLA reduce milk fat percentage, increase milk 
yield, improve reproduction in early lactation, reduce 
incidence of metabolic disorders during early lactation 
(ketosis), and reduce negative effects of inflammatory 
processes during the periparturient period (Bauman 
et al., 2008; Galamb et al., 2016). Some studies have 
shown the protective effects of CLA isomers against 
oxidative stress and lipid peroxidation in animal models 
(Andreoli et al., 2010; Chinnadurai et al., 2013). Gess-
ner et al. (2015) in cows, and in dairy ewes, Zeitz et 
al. (2015) demonstrated significantly higher vitamin E 
and A concentrations in milk from CLA-supplemented 
animals. Changes in the oxidative metabolism occur in 
the transition period of dairy cows, and several stud-
ies have suggested that oxidative stress increases the 
susceptibility of dairy cattle to diseases (Bernabucci 
et al., 2005; Castillo et al., 2005; Sordillo and Aitken, 
2009). Nevertheless, results regarding the effects of 
supplementing antioxidants (vitamins and trace ele-
ments) on dairy cow health and performance have been 
inconsistent, because, in most cases, the antioxidant 
potential of the animals was not assessed beforehand 
and the nutritional strategies were not planned accord-
ingly (Abuelo et al., 2015). Therefore, reviewing the 
redox balance in dairy cattle could help establish new 
nutritional strategies that could improve transition cow 
health.

Our recent study (Basiricò et al., 2015) showed that 
CLA isomers have an antioxidant role by developing 
a significantly high redox status in bovine mammary 
cells. Only a few and contradictory reports have been 
published regarding the protective potential of aLnA, 
LnA, and gLnA (Arab et al., 2006b). Fagali and Catalá 
(2008) demonstrated in an in vitro study that CLA 
exhibited greater free radical quenching activity than 
LnA or aLnA. Therefore, the aim of the current study 
was to compare the effects of CLA with other EFA on 
the thiol redox status of cells and their protective activ-
ity against oxidative damage on mammary gland by 
an in vitro model based on bovine mammary epithelial 
cells (BME-UV1).

MATERIALS AND METHODS

BME-UV1 Culture Conditions

The BME-UV1 cell line was created at the University 
of Vermont from primary bovine mammary epithelial 
cells in culture by stable transfection with SV40 large 
T-antigen; BME-UV1 cells were provided by Antonella 
Baldi (Department FENS, University of Milan, Italy). 
Cells were routinely cultivated into 75-cm2 tissue cul-
ture flasks (Costar, Corning, NY), in a mixture of 50% 
DMEM-F12, 30% RPMI-1640, and 20% NCTC-135 
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(Sigma-Aldrich, St. Louis, MO), supplemented with 
10% fetal bovine serum, 0.1% lactose, 0.1% lactalbumin 
hydrolysate, 1.2 mM glutathione, 1 µg/mL of insulin, 
5 µg/mL of transferrin, 1 µg/mL of hydrocortisone, 
0.5 µg/mL of progesterone, 10 µg/mL of l-ascorbic 
acid, and antibiotics (penicillin 100 IU/mL; streptomy-
cin 100 µg/mL). All medium supplements were from 
Sigma-Aldrich. The cells were maintained at 37°C in a 
humidified 5% CO2 incubator. Cells used in the present 
work were at passage number between 39 and 41.

Experimental Design

To examine the role of fatty acids (FA) on meta-
bolic and oxidative status of bovine mammary gland, 
BME-UV1 cells were resuspended in complete culture 
medium and, after 24 h of incubation, medium was 
removed and cells were treated for 48 h with complete 
medium containing 50 µM of cis-9,trans-11 CLA, trans-
10,cis-12 CLA, aLnA (18:3n-3), gLnA (18:3n-6), and 
LnA (18:2n-6). Control cells were not treated. Essential 
fatty acids were first dissolved in ethanol 95%, and the 
dilutions of the stock solution were made into aqueous 
buffers (culture medium) before performing biological 
experiments. To ensure that the residual amount of 
organic solvent was insignificant, as organic solvents 
may have physiological effects at low concentrations, 
a control test of cell viability was performed and no 
cytotoxic effects or biological differences were observed 
(data not shown).

To test the potential protection of FA against H2O2-
induced oxidative stress, cells were treated as described 
followed by incubation at 37°C for 3 h with H2O2 (50 
µM); the content of reactive oxygen species (ROS) 
and malondialdehyde (MDA) concentration were also 
determined. Cell viability after 48 h from addition of 
FA was determined. Reactive oxygen species and MDA 
were also determined in cells after 48 h exposure to 
single FA. The fatty acids tested were purchased from 
Larodan (Malmo, Sweden). The experiments included 
at least 3 replicates per treatment and were repeated 
at least twice.

Cellular Antioxidant Response and Cell Protection

Cell Viability Assay. Cell viability after 48 h 
of incubation with FA was determined using XTT 
assay with Cell Proliferation kit II [XTT: sodium 
30-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis 
(4-methoxy-6-nitro) benzene sulfonic acid hydrate; 
Roche Applied Science, Indianapolis, IL] according 
to the manufacturer’s instructions. Briefly, cells were 
seeded into 96-well microplates at an optimal density (5 
× 105 cells/mL) and were incubated in the same condi-

tions described above. For each treatment, after 48 h of 
exposure, 50 µL of XTT labeling mixture was added to 
each well. After 24 h of incubation at 37°C, absorbance 
was measured at 450 nm.

Thiol Redox Status. The reduced (GSH) and the 
oxidized form of glutathione (GSSG) and the reduced 
form of NADPH contents as well as the activity of 
γ-glutamate cysteine ligase (γGCL) were determined 
for assessing the thiol redox status of BME-UV1 cells. 
For the determination of GSH, GSSG, and NADPH, 
adherent cells were detached using trypsin/EDTA solu-
tion and centrifuged at 4,500 × g for 5 min at 4°C. The 
pellet was resuspended in 200 µL of PBS and lysed by 2 
cycles of sonication lasted (100 W for 30 s), centrifuged 
(15,000 × g for 5 min at 4°C), and stored at −80°C until 
analysis. In cell extracts, the GSH-to-GSSG ratio and 
NADPH concentration were determined by colorimet-
ric assays (BioAssay Systems, Hayward, CA). Optical 
density was measured by a spectrophotometer at 405 
and 540 nm for GSH/GSSG and NADPH, respectively.

The γGCL activity was determined by a fluorescence 
assay, as described by Chen et al. (2010). The BME-
UV1 cells were detached using trypsin/EDTA solution 
and centrifuged at 4,500 × g for 5 min at 4°C. The 
pellet was resuspended in 100 µL of TES/SB buffer 
(wt/vol, 1/4) consisting of 20 mM Tris, 1 mM EDTA, 
250 mM sucrose, 20 mM sodium borate, and 2 mM 
serine. The cells were sonicated at 100 W for 60 s and 
then centrifuged at 10,000 × g at 4°C for 10 min. The 
supernatants were collected and centrifuged again at 
15,000 × g at 4°C for 20 min. The supernatants were 
collected and the protein concentrations were deter-
mined using a BCA Protein Assay Kit from Pierce 
(Rockford, IL), with BSA used as the standard. For the 
γGCL activity assay, aliquots of 30 µL of supernatant 
were mixed with 30 µL of γGCL reaction cocktail (400 
mM Tris, 40 mM ATP, 40 mM l-glutamic acid, 2 mM 
EDTA, 20 mM sodium borate, 2 mM serine, and 40 
mM MgCl2). Following incubation at 37°C for 5 min, 30 
µL of cysteine solution (30 mM; dissolved in TES/SB 
buffer) was added and the mixtures were incubated at 
37°C for 13 min. The enzymatic reaction in the mixture 
was stopped by precipitating proteins with 200 mM 
5-sulfosalicylic acid. After placing on ice for 20 min, the 
mixtures were centrifuged at 2,000 × g at 4°C for 10 
min. Following centrifugation, 20 µL of each superna-
tant containing γ-glutamylcysteine (γGC) was added 
to a 96-well plate designed for fluorescence detection. 
For each assay, 20 µL of γGC standards, containing 5 
µL of γGC reaction cocktail [5 µL of 5-sulfosalicylic 
acid (200 mM), 5 µL of H2O, and 5 µL of γGC standard 
solution (0, 20, 40, 60, 80, 100, 120, and 140 µM in 
TES/SB buffer)] was added to each well of the same 
96-well plate to generate a standard curve. Next, 180 
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µL of 2,3-naphthalenedicarboxyaldehyde was added to 
each well. Following incubation in the dark at room 
temperature for 30 min, the formation of 2,3-naph-
thalenedicarboxyaldehyde–γGC was measured (472 
nm excitation/528 nm emission) using a fluorescent 
plate reader (Multimode Detector DTX 880, Beckman 
Coulter Inc., Fullerton, CA). The production of γGC in 
each sample was calculated using the standard curve. 
Values were expressed in micromoles per minute per 
microgram of total proteins.

Measurement of MDA Production. For the 
determination of MDA, adherent cells were detached 
using trypsin/EDTA solution and centrifuged at 4,500 
× g for 5 min at 4°C. The pellet was resuspended in 
200 µL of PBS and lysed by 2 cycles of sonication at 
100 W for 30 s, centrifuged at 15,000 × g for 5 min at 
4°C, and stored at −80°C until analysis. In cell extracts 
MDA concentrations were determined by colorimetric 
assays (Abcam, Cambridge, UK). Optical density was 
measured by a spectrophotometer at 540 nm.

Measurement of ROS Production. To determine 
ROS concentration, cells were washed twice with PBS 
and incubated with 20 µM 2′,7′-dichlorodihydrofluo-
rescin diacetate probe (DCFH-DA) in PBS at 37°C for 
40 min. Fluorescence was measured at 485 (excitation) 
and 535 nm (emission) wavelengths on a microplate 
reader (Multimode Detector DTX 880, Beckman Coul-
ter Inc.).

Statistical Analysis

All data of the experiment are presented as least 
squares means and standard error of the means. The 
data were analyzed by ANOVA using Statistica-7 
Software package (StatSoft Inc., Tulsa, OK). The sig-
nificance of the differences was assessed by the Fisher’s 
least square difference (LSD) test. Significance was 
declared at P < 0.05.

RESULTS

Effect of FA on Cell Viability in BME-UV1

Cell viability was carried out using the XTT assay 
and was evaluated after 48 h of FA exposure. As shown 
in Figure 1, no FA treatment reduced cell viability, and 
no differences were observed between treatments. This 
assay indicated that the exposure to different FA did 
not show any cytotoxic effect.

Effect of FA on Thiol Redox Status in BME-UV1

Oxidized and Reduced Glutathione. The levels of 
nonenzymatic antioxidants, such as GSH, are depicted 
in Figure 2. Compared with the control, an increase (P 
< 0.01) of reduced GSH was showed in cells treated 
with cis-9,trans-11 CLA, aLnA, gLnA, LnA, and with 

Figure 1. Cell viability of bovine mammary epithelia cells (BME-UV1) cells evaluated after 48 h of exposure to fatty acids. Data are reported 
as LSM ± SEM (n = 6). c = cis; t = trans; aLnA = α-linolenic acid; gLnA = γ-linolenic acid; LnA = linoleic acid.
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trans-10,cis-12 CLA (P < 0.05; Figure 2A). Among 
treatments, values of reduced GSH were significantly 
higher (P < 0.01) in cells treated with aLnA and LnA 
compared with cis-9,trans-11 CLA, gLnA, and trans-
10,cis-12 CLA. Reduced GSH levels in cells treated 
with cis-9,trans-11 CLA and gLnA were not different, 
but differed significantly (P < 0.01) from those treated 
with trans-10,cis-12 CLA. No differences in the level of 
oxidized GSH were noted for cells treated with FA com-
pared with the control culture (Figure 2B). The ratio of 
GSH to GSSG showed the same trend of reduced GSH 
(Figure 2C).

Quantitative Determination of NADPH. Con-
centrations of a redox coenzyme NADPH are reported 
in Figure 3. Compared with the control, a greater 
level of NADPH was observed in cells treated with cis-
9,trans-11 CLA, aLnA, gLnA, LnA (P < 0.01), and 
trans-10,cis-12 CLA (P < 0.05). The cis-9,trans-11 
CLA showed greater (P < 0.01) concentration of 
NADPH than all other FA; the values of NADPH were 
not significantly different between aLnA, gLnA, and 
LnA, whereas NADPH in the trans-10,cis-12 CLA-
treated cells was significantly lower (P < 0.05) than 
cells treated with aLnA and LnA.

γ-GC Ligase Activity. Thiol redox status was also 
assessed by measuring γGCL activity (Figure 4). After 
the 48 h, all FA induced a strong antioxidant response 
by increasing (P < 0.01) the intracellular γGCL activity 
compared with the control. Among treatments, higher 
γGCL activity (P < 0.01) was observed in gLnA treat-
ment compared with other FA. The enzyme activity 
was not different between cis-9,trans-11 CLA, aLnA, 
and LnA treatments, and was lower (P < 0.01) in cells 
treated with trans-10,cis-12 CLA compared with other 
FA.

Intracellular ROS and MDA. Intracellular ROS 
production by dichlorofluorescein (DCFH-DA) fluores-
cence measurement was assessed in cells supplemented 
with FA (Figure 5A). Cells treated with FA showed 
an increase (P < 0.01) of ROS production compared 
with the control. Cells treated with gLnA showed the 
greatest levels (P < 0.01) of ROS compared with the 
other FA. Both CLA isomers showed the same and 
lower levels (P < 0.01) of ROS production compared 
with other FA treatments.

Cell concentrations of MDA are shown in Figure 5B. 
All FA reduced (P < 0.01) the MDA level compared 
with untreated cells. Among treatments, cells treated 
with trans-10,cis-12 CLA and LnA showed similar 
MDA levels and much more lower (P-value ranged from 
<0.05 to <0.01) than the other FA. Malondialdehyde 
in cells treated with aLnA was not different than trans-
10,cis-12 CLA, but was greater (P < 0.01) compared 

with LnA. The MDA values of cis-9,trans-11 CLA was 
greater (P < 0.01) than trans-10,cis-12 CLA, aLnA, 
and LnA. Cells treated with gLnA showed greater (P < 
0.01) levels of MDA compared with other FA.

Figure 2. Intracellular concentration of reduced glutathione (GSH; 
A), oxidized glutathione (GSSG; B), and GSH-to-GSSG ratio (C) in 
bovine mammary epithelia cells (BME-UV1) after 48 h of exposure to 
fatty acids. Data are reported as least squares means ± SEM (n = 6). 
Significant differences among control and treatments are represented 
by different letters (a–d = P < 0.05; A–C = P < 0.01). c = cis; t 
= trans; aLnA = α-linolenic acid; gLnA = γ-linolenic acid; LnA = 
linoleic acid.
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Figure 3. Intracellular concentration of NADPH after 48 h of exposure to fatty acids. Data are reported as least squares means ± SEM (n 
= 6). Significant differences among control and treatments are represented by different letters (a–d = P < 0.05; A–D = P < 0.01). c = cis; t = 
trans; aLnA = α-linolenic acid; gLnA = γ-linolenic acid; LnA = linoleic acid.

Figure 4. Intracellular activity of γ-glutamate cysteine ligase (γGCL) after 48 h of exposure to fatty acids. Data are reported as least squares 
means ± SEM (n = 6). Significant differences among control and treatments are represented by different letters (A–D = P < 0.01). c = cis; t 
= trans; aLnA = α-linolenic acid; gLnA = γ-linolenic acid; LnA = linoleic acid.
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Effect of FA on Protection of Cells Against  
Oxidative Stress

To evaluate and to compare the potential protection 
of different FA against H2O2-induced oxidative stress, 
ROS test after 3 h to H2O2 exposure was assessed. As 
shown in Figure 6, all FA were not able to enhance 
cell resistance against oxidative stress at 48 h. The 
CLA-treated cells showed a ROS production similar to 

the control and significantly lower (P < 0.01) than the 
other FA. The ROS production was greater (P < 0.01) 
in cells treated with, aLnA, gLnA, and LnA compared 
with the control. Cells treated with gLnA showed a 
greater (P < 0.01) concentration of ROS compared 
with the other FA. All FA showed lower (P < 0.01) 
MDA levels compared with control cells (Figure 7). 
Among FA, aLnA and gLnA showed higher (P < 0.05) 
MDA levels compared with their counterparts.

Figure 5. Intracellular production of reacting oxygen species by dichloro-dihydro-fluorescein diacetate assay (DCFH-DA) and malondialde-
hyde (MDA; B) in bovine mammary epithelia cells (BME-UV1) cells after 48 h of exposure to fatty acids. Data are reported as least squares 
means ± SEM (n = 6). Significant differences among control and treatments are represented by different letters (A–E = P < 0.01). c = cis; t 
= trans; aLnA = α-linolenic acid; gLnA = γ-linolenic acid; LnA = linoleic acid.

Figure 6. Intracellular production of reacting oxygen species by dichloro-dihydro-fluorescein diacetate assay (DCFH-DA). After 48 h of 
exposure to fatty acids, cells were treated for 3 h with H2O2 (50 µM). Data are reported as least squares means ± SEM (n = 6). Significant 
differences among control and treatments are represented by different letters (A–C = P < 0.01). c = cis; t = trans; aLnA = α-linolenic acid; 
gLnA = γ-linolenic acid; LnA = linoleic acid.
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DISCUSSION

In the present report we investigated the effect of 
several FA (cis-9,trans-11 CLA, trans-10,cis-12 CLA, 
aLnA, gLnA, and LnA) on the cellular antioxidant re-
sponse and on lipoperoxidation in BME-UV1 cells. Our 
results have shown that the bovine cell line BME-UV1 
has different susceptibilities to treatment with different 
EFA and CLA.

In our experimental conditions, the exposure to 50 
µM FA for 48 h strengthened the cellular defenses 
against to oxidative damage compared with control 
cells. We observed that the cell supplementation of FA 
induced higher levels of reduced GSH, matched by high 
activity of γGCL and an increase of NADPH concen-
tration; in particular, GSH synthesis was upregulated 
by different PUFA, mainly through an induction of 
γGCL. The data presented here are consistent with our 
previous study (Basiricò et al., 2015) and with other 
findings indicating an improved antioxidant status in 
cells treated with CLA and EFA (Arab et al., 2006b; 
Espinosa-Diez et al., 2015).

Reduced glutathione plays a primary role in the 
maintenance of intracellular redox homeostasis by af-
fording protection against reactive oxygen and nitrose 
species as well as electrophilic xenobiotics. Under 
normal cellular redox conditions, the major portion of 
this redox regulator is in the form of GSH, whereas 
GSSG concentration increases during oxidative stress. 
Reduced glutathione is synthesized from its constituent 

AA, forming a tripeptide thiol; this synthesis requires 2 
ATP-dependent steps. The first and limiting synthesis 
is catalyzed by γGCL and the second step is mediated 
by GSH synthetase. Above all, an induction of γGCL 
is characteristic of an antioxidant response (Lee et al., 
2003; Rahman, 2005). Moreover, NADPH is essential in 
GSH recycling and related antioxidant functions, and 
the ratio of the reduced to total pyridine nucleotide 
pool is generally accepted as an indicator of the cellular 
redox status (Adams et al., 2001).

In vivo study on rats fed oils with high levels of aLnA 
improved the antioxidant status of hepatic tissue with 
the increase of GSH content and the GSH-to-GSSG ra-
tio without modification of the levels of GSSG (Rincón-
Cervera et al., 2016). Ramos and Colquhoun (2003) 
observed that gLnA and EPA in rat C6 glioma cell 
increased NADPH production, permitting the main-
tenance of adequate intracellular reduced glutathione 
concentrations and limiting rates of lipid peroxidation 
and ROS generation. Bergamo et al. (2011) reported 
that isomeric mixture of CLA (cis-9,trans-11 and trans-
10,cis-12) administration in MGFD mice resulted in a 
significant enhancement of GSH content and upregu-
lated the expression of the γGCL mRNA and protein. 
The upregulation of γGCL and glutathione reductase 
was observed in human fibroblast cells treated for 24 
and 48 h with docosahexaenoic acid (n-3 PUFA; Arab 
et al., 2006a). Mollica et al. (2014) showed that cis-
9,trans-11 CLA supplementation to rats improves the 
GSH-to-GSSG ratio in the liver, and nuclear factor 

Figure 7. Intracellular production of malondialdehyde (MDA). After 48 h of exposure to fatty acids, cells were treated for 3 h with H2O2 
(50 µM). Data are reported as least squares means ± SEM (n = 6). Significant differences among control and treatments are represented by 
different letters (a,b = P < 0.05; A,B = P < 0.01). c = cis; t = trans; aLnA = α-linolenic acid; gLnA = γ-linolenic acid; LnA = linoleic acid.
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erythroid 2-related factor 2 (Nrf2) activity. Cui et al. 
(2016), in primary mouse hepatocytes treated with dif-
ferent FA (saturated and unsaturated, including LnA, 
aLnA, and AA) for 24 h, observed an enhancement 
of Nrf2 transcription factor at the mRNA and protein 
levels. Bergamo et al. (2008), in murine dendritic cells, 
demonstrated the ability of cis-9,trans-11 CLA to acti-
vate cytoprotective mechanisms induced via Nrf2/ARE 
(antioxidant response element).

These results provide a basis for the hypothesis that, 
in our experiments, the capacity of FA to positively 
stimulate the availability of antioxidant enzyme could 
be related to the ability in activating the Nrf2 transcrip-
tion factor. The Nrf2 pathway is the major regulator of 
cytoprotective responses to oxidative and electrophilic 
stress (Abuelo et al., 2015; Espinosa-Diez et al., 2015). 
Under basal conditions, Nrf2 is sequestered in the 
cytosol by a Keap1 homodimer, which facilitates the 
ubiquitination and proteasomal degradation of Nrf2. 
Inducers react with specific cysteine residues in Keap1, 
leading to the release of Nrf2, owing its nuclear trans-
location. In the nucleus, Nrf2 heterodimerizes together 
with small Maf proteins and binds to the antioxidant 
response element, activating the expression of a battery 
of cytoprotective genes, such as NAD(P)H:quinone oxi-
doreductase (NQO1), glutathione S-transferases, and 
γGCL (Lee et al., 2003).

On BME-UV1 cells, in addition to the evaluation 
of antioxidants, ROS amount and MDA concentration 
were measured. Although the amount of free radicals 
was higher in all cells treated with FA compared with 
the control, the cells treated with cis-9,trans-11 CLA 
and trans-10,cis-12 CLA showed lower levels of ROS 
production than the other FA. Espinosa-Diez et al. 
(2015) reported that low or moderate concentrations 
of ROS, historically considered as cellular damaging 
agents, are also involved in physiological responses as 
part of signaling processes, such as activation or de-
activation cycles of redox metabolism and expression 
of antioxidant enzymes expression that are essential to 
maintain oxidant-antioxidant balance in the cells. In 
fact, ROS protects the cell against ROS damage by 
inducing different antioxidant responses and re-estab-
lishing or maintaining redox homeostasis. Moreover, 
ROS can activate Nrf2 (Nair et al., 2008), which in 
turn counteracts proinflammatory signaling pathways 
(Kim et al., 2010). These results support the hypothesis 
that the treatment of BME-UV1 with FA might initiate 
cellular antioxidant responses through Nrf2-mediated 
activation of antioxidant and detoxifying enzymes.

Malondialdehyde concentration has been employed 
for some time as a biomarker for lipid peroxidation of 
n-3 and n-6 FA (Ayala et al., 2014). Lipid peroxidation 
can be described generally as a process under which ox-

idants, such as free radicals, take electrons from lipids. 
Lipid peroxidation is a chain reaction initiated by the 
hydrogen abstraction or addition of an oxygen radical, 
resulting in the oxidative damage of PUFA (Repetto 
et al., 2012). In our study, all FA supplementation de-
creased the cellular concentration of MDA compared 
with the control. This would demonstrate a protective 
effect of FA against the lipoperoxidation. In fact, the 
lowest presence of end-products such as MDA can be 
translated into a lower concentration of peroxyl radical 
and hydroperoxyl, both triggering factors of lipid oxi-
dation. The reduced concentration of oxidizing agents 
may be linked to the enhanced GSH content and rely 
on γGCL and NADPH induction.

Finally, the measurement of ROS and MDA pro-
duction in the presence of H2O2 were used as further 
tests to check and compare the potential protection 
of different FA against H2O2-induced oxidative stress. 
The protective effects of the 5 FA studied were not 
identical in mammary cells, and FA induced different 
ROS and MDA levels in bovine mammary epithelial 
cells. Hydrogen peroxide challenge of cells, which were 
preincubated with LnA, aLnAn or gLnAn produced 
oxidative damage beyond the control group whereas 
the same challenge of the cells with CLA isomers did 
not differ from the control cells in terms of oxidative 
stress. This might also be explained by extracellular 
formed lipid(per)oxidation products.

All FA strongly reduced the lipoperoxidation in cells 
after H2O2 exposure. Both CLA and LA seem to have a 
better protective effect compared with aLnA and gLnA. 
The antioxidative effect of CLA against lipoperoxida-
tion has been recently demonstrated in lactating dairy 
cows (Hanschke et al., 2016).

This is an interesting finding, considering the fact 
that in the course of evolution cows developed the abil-
ity to alter EFA through biohydrogenation, leading to 
the synthesis of CLA, which may play a more signifi-
cant role than the EFA ingested from dietary sources. 
Conjugated linoleic acid protection seems to be medi-
ated not only to the levels of GSH, as reduced GSH and 
GSH-to-GSSG ratio and the activity of γGCL enzyme 
were lower compared with other FA. In addition, Arab 
et al. (2006b) reported that, among the 8 FA tested, 
CLA was the only PUFA able to have a protective ac-
tion against oxidative insult in human skin fibroblasts. 
Richard et al. (2008) reported that supplementation of 
human aortic endothelial cells with PUFA of the n-3 
series resulted in lower formation of ROS as compared 
with cells supplemented with SFA, MUFA, or PUFA of 
the n-6 series. Furthermore, because of varying protec-
tive mechanisms by different FA on intracellular oxida-
tive stress and cell response, the expressions of ROS 
production, with or without H2O2, did not show the 
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same variation tendency for all FA. Interestingly, the 
results indicated that, in BME-UV1 cells, gLnA was 
more potent in inducing ROS production and MDA 
than other UFA. A possible explanation could be that 
gLnA, being a precursor of ArA, can be quickly used as 
inflammatory mediator.

The capability to mitigate the negative effects of H2O2 
by CLA isomers better compared with other FA can be 
explained, in part, by the fact that lactating cows have 
the ability to endogenously synthesize CLA. In particu-
lar, the mammary gland plays a role of primary im-
portance in the endogenous synthesis of cis-9,trans-11 
CLA. Differences in cellular uptake, incorporation, and 
metabolization of CLA compared with EFA probably 
play a significant role in the effect of these different 
compounds on cell response. Given the results of this 
and of other studies, we conclude that CLA isomers are 
more effective on cellular level than EFA because they 
are natural and more familiar to ruminant cells.

CONCLUSIONS

We investigated the effect of several FA on the cel-
lular antioxidant response and on lipoperoxidation in 
BME-UV1 cells. Results indicate that all FA were able 
to upregulate the γ-GCL activity and enhance GSH 
synthesis and reduce lipoperoxidation. It is worth not-
ing that CLA isomers supplementation, compared with 
other EFA, does not contribute to further increase of 
H2O2-induced ROS production. The increase of GSH 
synthesis observed in cells treated with all FA is not 
sufficient to control H2O2 production induced by H2O2. 
In this study, the increased availability of GSH was 
probably used by other pathways, including reactions 
of transferases with xenobiotics or with lipid peroxi-
dation products. As ruminants have a natural supply 
of CLA, further research should consider whether this 
feature is an evolutionary advantage for the cow.
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