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ABSTRACT

Oxidative stress and inflammation, as natural parts 
of metabolic adaptations during the transition from 
late gestation to early lactation, are critical indicators 
of dairy cows’ metabolic health. This study was de-
signed to investigate the effects of abomasal infusion 
of essential fatty acids (EFA), particularly α-linolenic 
acid, and conjugated linoleic acid (CLA) on plasma, 
erythrocyte, and liver markers of oxidative stress 
in dairy cows during the transition period. Rumen-
cannulated German Holstein cows (n = 38) in their 
second lactation (11,101 ± 1,118 kg milk/305 d, mean 
± standard deviation) were abomasally infused with 
one of the following treatments from d −63 antepar-
tum until d 63 postpartum (PP): CTRL (n = 9; 76 
g/d coconut oil); EFA (n = 9; 78 g/d linseed plus 4 
g/d safflower oil); CLA (n = 10; isomers cis-9,trans-11 
and trans-10,cis-12 CLA; 38 g/d); and EFA+CLA (n 
= 10; 120 g/d). Hematological parameters as well as 
markers of oxidative status were measured in plasma, 
erythrocytes, and liver before and after calving. Im-
munohematological parameters, including erythrocyte 
number, hematocrit, hemoglobin, mean corpuscular 
hemoglobin, leukocytes, and basophils, were affected 
by time, and their peak levels were observed on the day 
after calving. The oxidative stress markers glutathione 
peroxidase 1 and reactive oxygen metabolites in plasma 
and erythrocytes were both affected by time, exhibit-
ing the highest levels on d 1 PP, whereas β-carotene, 
retinol, and tocopherol were at their lowest levels at 
the same time. Immunohematological parameters were 
only marginally affected by fatty acid treatment in 

a time-dependent manner. As such, lymphocyte and 
atypical lymphocyte counts were both significantly 
highest in the groups that received EFA at d 1 PP. 
Moreover, EFA supplementation increased the mean 
corpuscular volume and showed a trend for induction 
of mean corpuscular hemoglobin compared with the 
CLA group during the transition period. The PP mean 
thrombocyte volume was higher in the EFA than in 
the CLA group (except for d 28) and both EFA and 
CLA reduced number of thrombocytes and thrombocrit 
at distinct time points. Hepatic mRNA abundance of 
markers related to oxidative status, including gluta-
thione peroxidase (GPX-1) and catalase (CAT), was 
lower (P < 0.05) in EFA-treated than non-EFA-treated 
cows at d 28 PP. Dairy cows at the onset of lactation 
were characterized by induced markers of both oxida-
tive stress and inflammation. Supplementing EFA and 
CLA had minor and time-dependent effects on markers 
of oxidative stress in plasma, erythrocytes, and liver. 
A comparison of EFA supplementation with CLA or 
CTRL showed higher immunohematological response 
at d 1 PP and lower hepatic antioxidant levels by d 28 
PP. Supplementation with EFA+CLA had only a minor 
effect on oxidative markers, which were more similar to 
those with the EFA treatment. Altogether, despite the 
time-dependent differences, the current findings show 
only minor effects of EFA and CLA supplementation 
in the prevention of early lactation-induced oxidative 
stress.
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INTRODUCTION

Dairy cows fed with TMR for high milk production 
often experience a state of systemic inflammation, im-
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mune system malfunction, negative energy balance, 
and oxidative stress during the transition period, all 
of which are intrinsically linked with poor health and 
production outcomes (Drackley, 1999; Lopreiato et 
al., 2020). To compensate for negative energy balance, 
dairy cows mobilize their body reserves predominantly 
from adipose tissue in the form of nonesterified fatty 
acids, which increases the production of reactive oxy-
gen species (ROS) and induces redox signaling path-
ways (Abuelo et al., 2019; Abou-Rjeileh and Contreras, 
2021). Cellular oxidative stress, occurring as a result of 
excessive ROS production beyond the capacity of the 
antioxidative system, causes damage to DNA, proteins, 
and lipids (Birben et al., 2012). A positive feedback 
loop between oxidative stress and inflammatory media-
tors can occur under certain physiological conditions 
whereby a permanent pro-oxidative feature may induce 
a subclinical systemic proinflammatory state leading 
to chronic systemic damage, termed “OxInflammation” 
(Valacchi et al., 2018). Although dairy cows undergo 
a state of systemic inflammation during the transition 
period (Horst et al., 2021), there is no evidence that 
inflammation markers are linked to oxidative stress. 
Thus, it would be interesting to assess their relation-
ship, particularly during the transition period, to deter-
mine whether OxInflammation can be used to monitor 
dairy cow metabolic health.

Fatty acids (FA), in particular n-3 FA and CLA, can 
exhibit antioxidative and anti-inflammatory properties 
depending on their chemical structure (number and 
localization of their double bonds) as well as their ratio 
in relation to other FA (n -6: n -3; Kaska et al., 2014). 
α-Linolenic acid (C18:3 n-3, ALA), as a precursor of 
the long chain n-3 FA, is an essential FA (EFA) for 
mammals that is highly concentrated in fresh grass and 
whole linseed (Elgersma, 2015). Supplementing ALA in 
mice with induced brain oxidative stress markedly re-
duced ROS and proinflammatory cytokine [interleukin-
1b (IL-1β)] production (Alam et al., 2021). In another 
study, colostrum enriched with n-3 FA and α-tocopherol 
reduced indicators of oxidative stress (oxidant status 
index) in newborn calves (Opgenorth et al., 2020). 
Moreover, studies in dairy cows reported that n-3 FA 
supplements increased the levels of n-3 FA in both red 
blood cells (RBC) and white blood cells (Revskij et 
al., 2019; Gnott et al., 2020), which was associated with 
lower levels of inflammatory biomarkers such as soluble 
interleukin-6 (IL-6) and tumor necrosis factor receptor 
2 (Fontes et al., 2015). The term CLA refers a group of 
octadecadienoic acids with 2 conjugated double bonds, 
primarily consisting of the 2 major isomers, trans-
10,cis-12, and cis-9,trans-11 CLA, specifically formed 
by ruminal biohydrogenation of PUFA. Conjugated 
linoleic acid isomers have proven immune-modulating 

and antioxidative properties (for review, see Bionaz et 
al., 2020). For instance, in bovine mammary epithelial 
cells exposed to oxidative stress, CLA reduced ROS 
production by enhancing the expression of superoxide 
dismutase (SOD-1), glutathione peroxidase, and glu-
tathione S-transferase and inhibiting the transcription 
of proinflammatory cytokines (Dipasquale et al., 2018; 
Ma et al., 2021).

Compared with TMR, pasture feeding systems re-
sulted in higher levels of ALA and CLA in ruminant 
milk (reviewed by Moscovici Joubran et al., 2021), plas-
ma (La Terra et al., 2010), muscle, and adipose tissue 
(Wang et al., 2019). As such, supplementing TMR diets 
with ALA and CLA is a strategy to not only reduce 
negative energy balance but also to increase antioxida-
tive defense capacity during challenging time points. In 
this regard, we have shown previously that CLA sup-
plementation in transition cows improved energy bal-
ance (Vogel et al., 2020) but exhibited proinflammatory 
effects, whereas EFA had anti-inflammatory properties, 
and the combination of EFA and CLA was less effec-
tive on markers of inflammation (Gnott et al., 2020). 
Additionally, EFA and CLA supplementation affected 
markers of oxidative stress (GPX-1 activity), but not 
inflammation, in mid-lactating dairy cows (Haubold et 
al., 2020). We concluded that FA supplementation has 
little effect on markers of oxidative and inflammatory 
status during mid-lactation when cows are not meta-
bolically and immunologically challenged. Additionally, 
we have previously reported that maternal supplemen-
tation with EFA or CLA, or both, affected the inflam-
matory response and the oxidative and antioxidative 
status of their calves after birth, which includes lower 
plasma total bilirubin, cholesterol, IL-1β, and ferric 
reducing antioxidant power (FRAP; more pronounced 
with maternal EFA supplementation; Liermann et al., 
2021).

In the present study, we aimed to investigate the he-
matological and immunological traits, as well as mark-
ers of oxidative stress, in blood plasma, erythrocytes, 
and hepatic samples from dairy cows supplemented 
with EFA or CLA, or both, during various time points 
around parturition. Dairy cows were fed corn silage 
TMR formulated to provide low amounts of ALA and 
CLA during late gestation and early lactation. There-
fore, we hypothesized that abomasal infusion of ALA 
and CLA would improve the antioxidative capacity 
and alleviate markers of oxidative stress at challeng-
ing time points around parturition. This study under 
the same experimental design is complementary to our 
previously published work on the effects of EFA and 
CLA supplementation on inflammatory markers in 
transition dairy cows [haptoglobin (HP), fibrinogen, 
paraoxonase, bilirubin, IL-1β, and IL-6; Gnott et al., 
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2020]. In addition, the correlation between oxidative 
stress and inflammatory markers was calculated to in-
vestigate their relationship.

MATERIALS AND METHODS

Animals, Housing, Feeding, and Supplementation

The experimental procedures were conducted under 
the previously described animal experiment by Vo-
gel et al. (2020) and according to the animal welfare 
guidelines approved by the local authority of the State 
Mecklenburg-Western Pomerania, Germany (LALLF 
M-V/TSD/7221.3-1-038/15). Briefly, 38 German Hol-
stein cows in their second lactation (expected milk yield 
~11,000 kg/305 d, mean ± SD) from the experimental 
animal facility for cattle of the Research Institute for 
Farm Biology (FBN, Dummerstorf, Germany) were 
equipped with a rumen cannula (10-cm inner diameter 
cannula; Bar Diamond Inc.) and an abomasal infusion 
line. Animals were housed in freestall barns with ad 
libitum access to a corn silage-based TMR formulated 
according to recommendations provided by the Soci-
ety for Nutrition Physiology (GFE, 2001, 2008, 2009) 
and the German Agricultural Society (Deutsche Land-
wirtschaftliche Gesellschaft; DLG, 2013), which was 
adapted for the dry period [wk −6 to 0 antepartum 
(AP), dry period] or lactation period [wk −10 to −7 
AP and wk 1 to 8 postpartum (PP)]. The amounts of 
daily infused oil supplements, ingredients and chemical 
compositions of the experimental diets and a summary 
of the performance data were first published by Vogel et 
al. (2020) and are provided in Supplemental Tables S1, 
S2, and S3 (https://doi.org/10.5281/zenodo.7539752; 
Veshkini et al., 2023), respectively. Briefly, the energy 
content of the lactation diet was 7.1 MJ NEL/kg DM, 
and during the dry period, the energy content of the 
diet was 6.5 MJ NEL/kg DM. The chemical composi-
tion of the lactation diet consisted of 23 g/kg DM crude 
fat, 173 g/kg DM crude fiber and 146 g/kg DM crude 
protein (21, 219, and 141 g/kg DM in the dry period 
diet, respectively). Cows had free access to water and 
were milked twice per day at 0630 and 1800 h dur-
ing late and early lactation. From d −63 AP to 63 
PP, cows were infused into the abomasum with one of 
the following treatments: CTRL (control) group (n = 
9), coconut oil (Bio-Kokosöl #665, Kräuterhaus Sanct 
Bernhard, KG; 76 g/d); EFA group (n = 9), a combina-
tion of linseed oil (DERBY Leinöl #4026921003087, 
DERBY Spezialfutter GmbH; 78 g/d) and safflower oil 
(GEFRO Distelöl, GEFRO Reformversand Frommlet 
KG; 4 g/d); conjugated linoleic acid (CLA) group (n = 
10), Lutalin; cis-9,trans-11, 10 g/d trans-10,cis-12 CLA, 
BASF SE; 38 g/d); and EFA+CLA group (n = 10), 

a combination of linseed oil, safflower oil, and Lutalin 
in amounts reported for EFA and CLA, respectively. 
Dairy cows were assigned to groups according to their 
BW (662 ± 56 kg, mean ± SD) and milk yield (17.8 ± 
4.0 kg/d, mean ± SD) on d −70 AP. Supplementation 
of daily dose was performed in equal portions twice 
per day, after morning milking (0700 h) and before the 
milking process in the afternoon (1630 h). During the 
dry period, each dose was halved (Vogel et al., 2020).

Blood Sampling, Immunohematological,  
and Antioxidative Status Analyses

Blood samples were taken on d 42, 35, 28, 21, and 10 
before expected calving and on d 1, 7, 14, 21, 28, 35, 42, 
and 56 PP from the jugular vein into evacuated tubes 
(Vacuette, Greiner Bio-One International AG) contain-
ing either lithium-heparin (12–30 IU heparin per 10 
mL) or K3EDTA (1.8 g/L). Blood was collected in 
the morning after milking and before subsequent feed-
ing. After collection, blood samples were immediately 
transferred to the laboratory on ice, and an aliquot of 
each was centrifuged for 20 min at 1,500 × g at 4°C. 
The plasma fraction was extracted and stored at −80°C 
until analysis.

Using an automatic hematology analyzer (ABX 
Pentra 60, Horiba ABX SAS), the hematocrit (HCT) 
and hemoglobin (HGB) concentrations in whole blood 
as well as specific blood cell parameters including the 
total counts of erythrocytes; red cell distribution width 
(RDW); mean corpuscular volume of erythrocytes 
(MCV); mean corpuscular hemoglobin of erythrocytes 
(MCH); mean corpuscular hemoglobin concentration 
of erythrocytes (MCHC); total counts of leukocytes, 
lymphocytes, atypical lymphocytes, basophilic granu-
locytes, and thrombocytes; mean thrombocyte volume; 
thrombocrit; and immature cells were determined in 
the blood of dairy cows on d −63, −42, and −21 AP, as 
well as at 1, 28, and 56 PP.

Markers of oxidative and antioxidative status were 
measured in plasma samples collected on d −42, 1, 
28, and 56 relative to calving. Derivatives of reactive 
oxygen metabolites (ROM) in K3EDTA plasma were 
measured by the spectrophotometric method patented 
by Diacron (ROM test; Diacron; Cesarone et al., 1999; 
Bernabucci et al., 2002). The results of the analyses 
were expressed in Carratelli units (U.CARR). The 
value of 1 U.CARR corresponds to a concentration of 
0.8 mg/L hydrogen peroxide. The biological antioxi-
dant potential of plasma samples (BAP) was measured 
by colorimetric determination using a commercial kit 
(BAP test) based on the method described by Benzie 
and Strain (1996) using the ascorbic acid concentration 
as a calibrator. The results were expressed in µmol/L. 
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The plasma oxidative stress index was calculated as 
the ratio of ROM to BAP. According to Benzie and 
Strain (1996) and using Trolox (a water-soluble analog 
of vitamin E) as a calibrator, FRAP in plasma was 
determined with intra- and interassay coefficients of 
variability of 2.7 and 2.6%, respectively, and expressed 
as µmol/L. It is important to note that even though 
both the BAP and FRAP methods are based on fer-
ric reduction to ferrous, their reagents and calibrators 
differ to cover both hydrophilic and hydrophobic anti-
oxidant potential.

Plasma thiol groups (SH) were determined by titra-
tion with 5,5-dithiobis-2-nitrobenzoic acid by using a 
commercial kit (SHp test, Diacron; Bernabucci et al., 
2005) and were expressed in µmol/L. Plasma GPX-1 
activity was determined by a colorimetric commercial 
assay kit (EGPX-100 EnzyChrom Glutathione Per-
oxidase Assay Kit, BioAssay Systems) as previously 
described by Bernabucci et al. (2005). The GPX-1 ac-
tivity is expressed in U/L, and one unit is the amount 
of enzyme that produces 1 micromole of oxidized gluta-
thione per min at pH 7.6 and room temperature.

Plasma concentrations of β-carotene, α-tocopherol, 
and retinol were measured according to a previously 
described method (Liermann et al., 2021). Briefly, 
after extraction of vitamins from frozen aliquots with 
hexane, the concentrations of β-carotene, α-tocopherol, 
and retinol in lithium-heparin plasma were measured 
by reverse-phase high-performance liquid chromatog-
raphy (HPLC, LC4000, JASCO Europe Ltd.) using 
a Zorbax Eclipse Plus C18 column, 3.5 µm, in a 150 
× 4.6 mm column (Agilent Technologies), with a UV 
detector set at 290 nm (for α-tocopherol), 325 nm (for 
retinol), and 460 nm (for β-carotene), using methanol: 
tetrahydrofuran (80:20) as the mobile phase.

The method of Cao and Prior (1999) was used to 
measure the oxygen radical absorbance capacity 
(ORAC), which measures a fluorescent signal from a 
probe (fluorescein) that decreases in the presence of 
radical damage in lithium-heparin plasma (Haubold et 
al., 2020).

Markers of oxidative status [ROM, GPX-1, SOD-1, 
and malondialdehyde (MDA)] were measured in eryth-
rocytes on d −42 AP and on d 1, 28, and 56 PP. The 
separation of erythrocytes from blood was performed 
following the method reported by Bernabucci et al. 
(2002, 2005). Briefly, erythrocytes were obtained by 
centrifuging 0.5 mL of blood at 2,200 × g at 4°C for 
10 min. Erythrocytes were then washed 4 times with 3 
mL of 0.9% NaCl solution by centrifuging for 10 min 
at 2,200 × g at 4°C. After the final wash, the RBC 
were lysed by hypotonic shock using 2.0 mL of cold 
redistilled water. The hemolysate was treated with 10 
µL of butylhydroxytoluol (2%) as an antioxidant and 

stored at −80°C until analyses. The activity of SOD-1 
(international units per milliliter) in erythrocytes was 
measured after diluting the lysates by 50-fold in 0.01 
mmol/L phosphate buffer at pH 7.0 using a commercial 
kit (RANSOD, by Randox Laboratories). The methods 
for the determination of ROM and GXP-1 were as de-
scribed above. The MDA concentration was measured 
by using a colorimetric kit (lipid peroxidation assay kit, 
ab118970, Abcam; Essid et al., 2012).

Hepatic Relative Transcript Abundance Analysis

Transcript abundance analysis was performed on 
liver biopsies collected on d −21, 1, 28, and 63 relative 
to calving using real-time PCR (LightCycler, Roche 
Molecular Biochemicals) and SYBR green I detec-
tion (Gnott et al., 2020). The procedures for sample 
collection, RNA extraction and measurement, primer 
product verification, real-time PCR, melting curve 
analysis, and reference mRNA identification were per-
formed according to the MIQE guidelines (Bustin et 
al., 2009) and were previously described by Gnott et 
al. (2020). Briefly, RNA was extracted from homog-
enized liver tissue using an RNeasy Mini Kit (Qiagen 
GmbH) and checked for RNA yield quality (1.8–2) 
and the RIN factor (>6) using an optical density via a 
spectrophotometer (NanoPhotometer, Implen GmbH) 
and Agilent 2100 Bioanalyzer (Agilent Technologies). 
Reverse transcription was performed using 750 ng of 
RNA, 200 U RevertAid reverse transcriptase (Thermo 
Fisher Scientific), and 250 pmol random hexamer 
primers (Metabion International AG). The quality con-
trols, normalization, and quantification of the target 
genes, including GPX-1, SOD-1, and catalase (CAT), 
and identified reference genes, including low-density 
lipoprotein receptor-related protein 10 (LRP10) and 
Hippocalcin-like 1 (HPCAL1), were performed in 
qBASE+ version 3.1 (Biogazelle; Supplemental Table 
S4, (https://doi.org/10.5281/zenodo.7539752; Veshkini 
et al., 2023). Gene expression results are presented as 
the ratio between the target gene copy number and the 
geometric mean of the reference genes.

Statistical Analysis

Statistical analyses were performed using SAS for 
Windows, release 9.4 (SAS Institute Inc.). Markers 
in whole blood, blood plasma, erythrocytes, and liver 
tissue were analyzed using the MIXED procedure by 
repeated-measures ANOVA containing EFA (level: yes, 
no), CLA (level: yes, no), time (levels: day relative to 
calving), block (levels: 1 to 5), and the respective inter-
actions (EFA × CLA; EFA × time; CLA × time; and 
EFA × CLA × time) as fixed effects. The calving inter-
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val and projected milk yield during the second lacta-
tion were used as covariates. In addition, measurements 
before the beginning of the FA supplementation were 
included as covariates when available (hematological 
measurements, vitamins, and FRAP and ORAC). Re-
peated measures on each cow were considered by using 
the repeated statement of the MIXED procedure with 
compound symmetry (timeline day or week) covariance 
structure. Gene expression results were normalized to 
reference genes and analyzed using the 2−ΔΔCT method. 
The least squares means (LSM) and their standard er-
rors were computed for each fixed effect in the ANOVA 
model to display the results, and all group differences 
in the LSM were tested by the Tukey–Kramer proce-
dure. The SLICE statement of the MIXED procedure 
was used to assess partitioned analyses of the LSM for 
interactions. Statistical significance was declared at 
P < 0.05, with trends applied to values at P < 0.1. 
The Pearson correlation between the obtained markers 
and our previously reported measurements (Gnott et 
al., 2020; Vogel et al., 2020) was calculated using the 
corrplot package in R (Version 4.0).

RESULTS

Hematological and Immunological Parameters  
in Transition Dairy Cows Supplemented  
with EFA and CLA

Hematological parameters for transition dairy cows 
under various FA treatments are illustrated in Figures 
1 and 2. The erythrocyte cell count and HCT as well as 
MCV were affected by time (P < 0.05). They gradually 
increased AP, peaked at d 1 PP, and then gradually 
decreased PP (Figure 1A–C). On d −21 AP and d 28 
and 56 PP, MCV was lower (P < 0.05) in CLA-treated 
cows than in non-CLA-treated cows, and on d 28 PP, 
MCV was lower (P < 0.05) in CLA-treated cows than 
in EFA-treated cows (Figure 1C). Moreover, RDW de-
creased over time (P < 0.05), but it was not affected 
by the treatment or interaction effects (Figure 1D). 
The concentration of HGB was only affected by time  
(P < 0.05) and increased during the AP period to its 
peak at parturition when it then gradually decreased 
afterward (Figure 2A). Both MCH and MCHC were 
affected by time (P < 0.05), being highest and lowest 
on the first day of PP, respectively (Figure 2B and C). 
There were also significant time-dependent differences 
in MCH and MCHC among the FA treatment groups. 
Dairy cows treated with CLA had lower (P < 0.05) 
MCH on d −21 AP and tended to have lower (P < 0.1) 
MCH over the entire experimental period than non-
CLA-treated cows. On d 28 PP, MCHC was lower (P 

< 0.05) in EFA-treated cows than in non-EFA-treated 
cows and was higher (P < 0.05) in CLA-treated than in 
EFA+CLA-treated cows.

Figures 3 and 4 illustrate the immune cell counts 
and their related parameters. Leukocytes, lympho-
cytes, and atypical lymphocytes were affected by time  
(P < 0.05). These parameters increased until partu-
rition and then gradually decreased (Figure 3A–C). 
Leukocytes showed an overall trend for a CLA effect  
(P < 0.1), and on d 56 PP, they were lower (P < 0.05) 
in EFA-treated cows than in non-EFA-treated cows 
and were lower (P < 0.05) in EFA+CLA-treated cows 
than in CTRL cows. Lymphocytes showed a trend  
(P < 0.1), while atypical lymphocytes had a significant 
EFA × time interaction, and both cell types were higher  
(P < 0.05) in EFA-treated cows than in non-EFA-
treated cows on d 1 PP (Figure 3B and C). There were 
no significant time, treatment, or interaction effects on 
basophil counts (Figure 3D). Thrombocytes, thromb-
ocrit, and mean platelet volume were affected by time 
(P < 0.05), as well as the interaction of time and EFA 
treatment (P < 0.05; Figure 4A–C). Thrombocytes  
(d −42 AP and d 1 and 56 PP) and thrombocrit (d 
1 PP) were lower (P < 0.05), whereas mean platelet 
volume (all time points) was higher (P < 0.05) in EFA-
treated cows than in non-EFA-treated cows. In addition, 
thrombocytes and thrombocrit were lower (P < 0.05) 
in CLA-treated cows than in non-CLA-treated cows on 
d 56 PP. Thrombocytes and thrombocrit were lower  
(P < 0.05) in EFA and CLA than in CTRL on d −42 
AP and were lower (P < 0.05) in EFA+CLA-treated 
cows than in CTRL cows on d 56 PP. On d −21 AP, 
EFA treatment decreased (P < 0.05) the proportion 
of large immature cells, and the cell number was lower 
in the EFA and EFA+CLA groups than in the CTRL 
group (Figure 4D).

Plasma Markers of Oxidative Status in Transition 
Dairy Cows Supplemented with EFA and CLA

Figures 5, 6, and 7 illustrate the markers of oxidative 
status in plasma. The plasma concentration of ROM 
was affected by time (P < 0.05) but not by treatments 
or the interaction of time and treatments (Figure 5A). 
The highest plasma ROM concentration was observed 
at d 1 PP and then decreased (P < 0.05) during d 
28 to 56 PP, except for the EFA+CLA group, where 
a numerical increase was seen from d 28 to d 56 PP. 
The plasma concentration of BAP decreased continu-
ously during the transition period from d −42 to d 28 
in all groups (P < 0.001; Figure 5B). There was an 
overall EFA treatment effect, and the concentration of 
BAP was lower (P < 0.05) in EFA than in non-EFA-
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treated cows on d 56 PP. Compared with CTRL, EFA 
treatment tended to reduce plasma BAP at d 28 PP 
(P < 0.1). The calculated plasma oxidative stress index 
(OSI = ROM/BAP) increased (P < 0.05) from AP to 
PP in all groups (Figure 5C) and was increased by EFA 
treatment when compared with non-EFA treatment on 
d 56 PP.

The concentration of plasma SH fluctuated over time 
(P < 0.05), initially increasing from d −42 AP to d 1 
PP (Figure 6A). There was a trend for higher SH values 

in the EFA group compared with the CTRL group at 
d 56 PP (P = 0.08). Plasma GPX-1 was only affected 
by time (P < 0.05), whereas treatment and interaction 
effects were not significant (Figure 6B). Plasma GPX-
1 was substantially increased and reached peak levels 
at d 1 PP (P < 0.001). The concentration of FRAP 
(Figure 6C) continuously decreased in all groups during 
AP and then peaked at parturition, with a sudden drop 
at d 14 and 28 PP, followed by a gradual increase on d 
42 and d 56 (P < 0.01). In addition, ROM/FRAP has 
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Figure 1. Blood hematological parameters including (A) erythrocyte count (T/L), (B) hematocrit (HCT, %), (C) mean corpuscular volume 
of erythrocytes (MCV, fL), and (D) red blood cell distribution width (RDW, %) in dairy cows that received fatty acids (● CTRL, control, n 
= 9; ▲ EFA, essential fatty acids, n = 9; ▼ CLA, n = 10; ◆ EFA + CLA, n = 10) during the transition from late gestation to early lactation. 
Data are presented as the LSM ± SE; LSM with different letters (a, b) differ (P < 0.05) at the respective time point. Y = CLA effect at the 
respective time point. Statistically significant (P < 0.05) effects for erythrocytes (time), HCT (time), MCV (time, CLA), and RDW (time). 
T/L: tera (1012 cells)/liter; fL = femtoliter.
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also been calculated to better understand the oxida-
tive stress status, but this ratio was not affected by 
time, treatment, or the interaction of the 2 (results not 
shown). The plasma ORAC concentration was affected 
by time (P < 0.05), with variable changes during late 
gestation and early lactation (Figure 6D). There were 
trends for EFA × CLA and EFA × time interactions 
(P < 0.1). Furthermore, the ORAC concentration 
was lower (P < 0.05) in the CLA group than in the 
CTRL group on d −21 AP and 42 PP and was lower  
(P < 0.05) in EFA+CLA-treated cows than in CTRL 
cows on d 42 PP. In addition, the plasma ORAC con-

centration was reduced by CLA treatment (P < 0.05) 
when compared with non-CLA treatment on d −21 AP 
and 42 PP.

Plasma concentrations of β-carotene, retinol, and 
tocopherol were affected by time, initially decreasing 
in all groups toward calving and then continuously in-
creasing again during lactation (P < 0.001, Figure 7). 
The concentration of β-carotene was higher (P < 0.05) 
in EFA-treated cows than in non-EFA-treated cows at 
d −42 and −35 AP (Figure 7A). The plasma retinol 
concentration was higher (P < 0.05) in CLA-treated 
cows than in EFA-treated cows on d 21 and 56 PP, 
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Figure 2. Blood hematological parameters including (A) hemoglobin (HGB, mmol/L), (B) mean corpuscular hemoglobin of erythrocytes 
(MCH, pg), and (C) mean corpuscular hemoglobin concentration of erythrocytes (MCHC, g/L) in dairy cows that received fatty acid supple-
mentation (● CTRL, control, n = 9; ▲ EFA, essential fatty acids, n = 9; ▼ CLA, n = 10; ◆ EFA + CLA, n = 10) during the transition from 
late gestation to early lactation. Data are presented as the LSM ± SE; LSM with different letters (a, b) differ (P < 0.05) at the respective time 
point. X = EFA effect at the respective time point. Y = CLA effect at the respective time point. Statistically significant (P < 0.05) effects for 
HGB, MCH, and MCHC (time).
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was higher (P < 0.05) in CLA-treated than non-CLA-
treated cows at d −28 and −21 PP, and was lower  
(P < 0.05) in EFA-treated than non-EFA-treated cows 
at d 21 and 28 PP (Figure 7B). The retinol/β-carotene 
ratio indicated a significant EFA × CLA interaction 
during the whole experiment but no time-specific treat-
ment effect (Figure 7C). The retinol/β-carotene ratio 
tended to be higher (P < 0.1) in CLA-treated cows 
than in CTRL cows at all time points. The plasma 
tocopherol concentration was lower (P < 0.05) in EFA-
treated cows than in CTRL cows at d 56 PP and was 

lower (P < 0.05) in CLA-treated than in non-CLA-
treated cows at d 1 PP (Figure 7D).

Erythrocyte Markers of Oxidative Status  
in Transition Dairy Cows Supplemented  
with EFA and CLA

Figure 8 shows the erythrocyte markers of oxidative 
status in dairy cows treated with various FA supple-
ments. The concentration of ROM increased (P < 0.05) 
in all groups (Figure 8A). The ROM concentration was 
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Figure 3. Blood immune cells including (A) leukocytes (g/L), (B) lymphocytes (g/L), (C) atypical lymphocytes (g/L), and (D) basophils 
(g/L) in dairy cows that received fatty acid supplementation (● CTRL, control, n = 9; ▲ EFA, essential fatty acids, n = 9; ▼ CLA, n = 10; ◆ 
EFA + CLA, n = 10) during the transition from late gestation to early lactation. Data are presented as the LSM ± SE; LSM with different let-
ters (a, b) differ (P < 0.05) at the respective time point. X = EFA effect at the respective time point. Statistically significant (P < 0.05) effects 
for leukocytes (time), lymphocytes (time), and atypical lymphocytes (time, EFA × time).
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not affected by EFA but tended to be reduced with CLA 
treatment (P < 0.1). The GPX-1 concentration tended 
to be affected by time (P < 0.1), with the lowest concen-
tration observed before calving and by CLA treatment 
(Figure 8B). The activity of SOD-1 was not affected by 
time or by treatment (Figure 8C). The concentration of 
MDA was not affected by time but was affected by treat-
ment (Figure 8D). There was a significant EFA × CLA 
interaction (P < 0.01) and a trend (P < 0.1) for a CLA 
effect throughout the experimental period for MDA.

Hepatic mRNA Abundance of Oxidative Status 
Markers in Transition Dairy Cows Supplemented 
with EFA and CLA

Figure 9 shows the hepatic relative expression of oxi-
dative markers in response to supplemented FA. The 
relative expressions of SOD-1, GPX-1, and CAT were 
affected (P < 0.05) over time. On d 28 PP, the mRNA 
abundance of GPX-1 and CAT was lower (P < 0.05) 
in EFA-treated cows than in non-EFA-treated cows 
(Figure 9B and C).
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Figure 4. Blood cells and plasma markers including (A) thrombocytes (103/mm3), (B) thrombocrit (%), (C) mean platelet volume (MPV, 
fL), and (D) large immature cells (%) in dairy cows that received fatty acid supplementation (● CTRL, control, n = 9; ▲ EFA, essential fatty 
acids, n = 9; ▼ CLA, n = 10; ◆ EFA + CLA, n = 10) during the transition from late gestation to early lactation. Data are presented as the 
LSM ± SE; LSM with different letters (a–c) differ (P < 0.05) at the respective time point. X = EFA effect at the respective time point. Y = 
CLA effect at the respective time point. Statistically significant (P < 0.05) effects for thrombocytes (time, EFA × time), thrombocrit (time, 
EFA × time), MPV (time, EFA), and large immature cells (time).
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Pearson Correlation of Oxidative Status  
and Inflammation Markers with Plasma Metabolites

Correlations between oxidative and inflammatory pa-
rameters and metabolites are presented in Supplemen-
tal Figure S1 https://doi.org/10.5281/zenodo.7539752; 
Veshkini et al., 2023). In this study, plasma GPX-1 lev-
els (r = −0.38, P < 0.001) and erythrocyte SOD-1 (r = 
−0.6, P < 0.001) were negatively correlated with eryth-
rocyte GPX-1, whereas SH was positively correlated (r 
= 0.47, P < 0.001) with erythrocyte GPX-1. There was 
a positive correlation between tocopherol and high-den-
sity lipoprotein (HDL; r = 0.58, P < 0.001), low-density 

lipoprotein (LDL; r = 0.59, P < 0.001), and cholesterol  
(r = 0.57, P < 0.001), as well as between retinol and HDL  
(r = 0.64, P < 0.001), LDL (r = 0.68, P < 0.001) 
and cholesterol (r = 0.6, P < 0.001). Additionally, to-
copherol (r = 0.7, P < 0.001) and retinol (r = 0.48,  
P < 0.001) were positively correlated with β-carotene. 
The plasma HP level was negatively correlated 
with retinol (r = −0.62, P < 0.001) and tocopherol  
(r = −0.58, P < 0.001) and positively correlated with 
plasma GPX-1 (r = 0.55, P < 0.05). Moreover, there 
was a positive correlation between retinol and insulin-
like growth factor (IGF)-I (r = 0.44) and a negative 
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Figure 5. Plasma markers of oxidative status including (A) reactive oxygen metabolites (ROM, Carratelli units: U.CARR), (B) biological 
antioxidant potential (BAP, µmol/L), and (C) oxidative stress index (OSI: ROM/BAP) in dairy cows that received fatty acid supplementation 
(● CTRL, control, n = 9; ▲ EFA, essential fatty acids, n = 9; ▼ CLA, n = 10; ◆ EFA + CLA, n = 10) during the transition from late gestation 
to early lactation. Data are presented as the LSM ± SE; X = EFA effect at the respective time point. Statistically significant (P < 0.05) effects 
for the concentration of ROM (time), BAP (time, EFA), and OSI (time).

https://doi.org/10.5281/zenodo.7539752
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correlation between β-carotene and SH (r = −0.42,  
P < 0.001).

DISCUSSION

Oxidative stress and inflammation are 2 integral and 
intimately linked parts of the transition period, which 
are often compromised in high-yielding dairy cows fed 
maize silage-based TMR (Trevisi and Minuti, 2018). 
This study demonstrated the positive correlation be-
tween oxidative stress and inflammation during the 
transition to lactation in dairy cows, although further 
studies are needed to verify their chronic relation-

ship (or OxInflammation). Supplementing diets with 
natural anti-inflammatory and antioxidative substances 
could enhance metabolic and immunological responses 
and decrease the incidence of disorders and diseases 
in transition dairy cows. Herein, we investigated the 
effects of supplementation with EFA (ALA) or CLA, 
or both, on the markers affecting oxidative stress and 
hematological markers in transition dairy cows.
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Figure 6. Plasma markers of oxidative status including (A) thiol groups (SH, µmol/L), (B) glutathione peroxidase 1 (GPX-1, U/L), (C) 
ferric reducing antioxidant power (FRAP, µmol/L), and (D) oxygen radical absorbance capacity (ORAC; TE = trolox equivalent; µmol/L × 
1,000) in dairy cows that received fatty acid supplementation (● CTRL, control, n = 9; ▲ EFA, essential fatty acids, n = 9; ▼ CLA, n = 10; ◆ 
EFA + CLA, n = 10) during the transition from late gestation to early lactation. Data are presented as the LSM ± SE; Y = CLA effect at the 
respective time point. a,b: LSM with different letters differ (P < 0.05) at the respective time point. Statistically significant (P < 0.05) effects 
for the concentration of SH, GPX-1, FRAP, and ORAC (time).
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Immunohematological and Oxidative Status of Dairy 
Cows During the Transition from Pregnancy  
to Lactation

It should be noted that the obtained hematological 
results were in the range suggested as reference values 
for hematological parameters of dairy cows during the 
transition period (Moretti et al., 2017; Vallejo-Timarán 
et al., 2020). Plasma HCT and HGB levels, as well 
as leukocyte and erythrocyte counts, peaked the day 
after calving but suddenly dropped at d 28 PP. It is 
not unexpected to observe an erythrocyte peak at d 1 
PP because HCT and HGB levels are directly propor-
tional to erythrocyte counts. In accordance, there was a 

gradual increase in MCV and MCH observed from AP 
to calving and then a gradual decline from calving to d 
56 PP. Higher MCV and MCH reflect higher HGB. A 
rise in the level of HGB in response to increased oxygen 
demand in the body stimulates the production of eryth-
rocytes and erythropoietin in kidney tissue (Pittman, 
2011). Our results agree with Lamp et al. (2015), who 
reported decreased HCT at d 22 PP compared with d 
−21 AP.

The profound immunohematological change around 
parturition was indicative of systemic inflammation, 
resulting in erythrocyte release from the spleen the day 
after calving (Engan and Schagatay, 2015). In healthy 
individuals, heme is largely intracellular and complexed 
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Figure 7. Plasma concentration of lipid-soluble antioxidants consisting of (A) β-carotene (µg/mL), (B) retinol (µg/100 mL), (C) retinol/β-
carotene ratio, and (D) tocopherol (µg/mL) in dairy cows that received fatty acid supplementation (● CTRL, control, n = 9; ▲ EFA, essential 
fatty acids, n = 9; ▼ CLA, n = 10; ◆ EFA + CLA, n = 10) during the transition from late gestation to early lactation. Data are presented as 
the LSM ± SE; LSM with different letters (a, b) differ (P < 0.05) at the respective time point. X = EFA effect at the respective time point. Y 
= CLA effect at the respective time point. Statistically significant (P < 0.05) effects for the concentration of plasma β-carotene (time), retinol 
(time, EFA), retinol/β-carotene ratio (time, EFA × CLA), and tocopherol (time).
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to hemoglobin within erythrocytes (Kell and Pretorius, 
2018). After erythrocytes are lysed, HGB and heme are 
released into the circulation, where HP and hemopexin 
capture them, respectively (Kell and Pretorius, 2018). 
As previously reported, HP is elevated immediately 
after parturition in dairy cows, which may contribute 
to HGB elimination (Gnott et al., 2020). Extracellular 
HGB has been previously suggested to be an initiator of 
inflammation in association with injuries (Fang et al., 
2013) and diseases (Gram et al., 2013). Spontaneous 
autooxidation of ferrous (Fe2+) HGB to ferric (Fe3+) 
HGB, superoxide, and ferryl (Fe4+) HGB releases free 
heme and ROS, which in turn induce bilirubin genera-

tion as a result of heme degradation by heme oxygenase 
and biliverdin reductase (Gram et al., 2013). HGB and 
free heme are involved in the humoral compartment 
of the innate immune system, immunoglobulins, and 
complement system regulation (Repessé et al., 2012; 
Anderson et al., 2018), and their accumulation in 
plasma enhances the production of ROS by activating 
the Toll-like receptor 4 signaling pathway (Nader et al., 
2020). In this regard, we have previously reported that 
the plasma concentration of bilirubin was at the highest 
level in early lactation dairy cows (Gnott et al., 2020).

An oxidative stress state is evident at calving by in-
duced ROM and plasma OSI and decreased BAP com-
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Figure 8. Erythrocyte markers of oxidative status including (A) reactive oxygen metabolites (ROM, Carratelli units: U.CARR), (B) gluta-
thione peroxidase 1 (GPX-1, U/L), (C) superoxide dismutase (SOD-1, U/mL), and (D) malonaldehyde (MDA, nmol/mL) in dairy cows that 
received fatty acid supplementation (● CTRL, control, n = 9; ▲ EFA, essential fatty acids, n = 9; ▼ CLA, n = 10; ◆ EFA + CLA, n = 10) 
during the transition from late gestation to early lactation. Data are presented as the LSM ± SE. A statistically significant (P < 0.05) effect 
was observed for the plasma ROM concentration (time) and MDA (EFA × CLA).
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pared with AP. The results are consistent with some of 
the previous studies reporting induced oxidative stress 
during early lactation in dairy cows (Bernabucci et al., 
2002, 2005; Castillo et al., 2006; Abuelo et al., 2013; 
Rizzo et al., 2013; Gong and Xiao, 2016; Tsuchiya et 
al., 2020). There was an increase in the antioxidant 
indicators FRAP, SH, and GPX-1 in PP compared 
with AP, partly because of an increase in oxygen status 
postcalving and partly as a consequence of an altered 
PP diet. Previously, it was suggested that there is a 
relationship between bilirubin and FRAP (Liermann et 
al., 2021). However, bilirubin was not correlated with 

FRAP in this study but was correlated with plasma 
GPX-1 (Supplemental Figure S1). Unlike OSI, there 
was no significant effect of treatment, time, or their 
interaction on the ROM/FRAP ratio (results not 
shown). There was no significant correlation between 
BAP and FRAP assays, which is consistent with previ-
ous report that found no statistically significant cor-
relation between the 2 assays in human plasma (Jansen 
and Ruskovska, 2013).

Erythrocyte GPX-1 increased and stayed constant in 
PP, whereas ROM gradually increased in PP until d 
56. In contrast, MDA and SOD-1 markers were not 
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Figure 9. Relative transcript abundance of (A) superoxide dismutase (SOD-1), (B) glutathione peroxidase 1 (GPX-1), and (C) catalase 
(CAT) in the liver of dairy cows that received fatty acid supplementation (blue bars, CTRL, control, n = 9; green bars, EFA, essential fatty acids, 
n = 9; red bars, CLA, n = 10; purple bars, EFA + CLA, n = 10) during transition from late gestation to early lactation. Data are presented as 
the LSM ± SE of fold-change normalized to the geometric mean of the reference gene. X = EFA effect at the respective time point. Statistically 
significant (P < 0.05) effects for the relative hepatic mRNA expression of SOD-1, GPX-1, and CAT (time).
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affected by time. SOD-1 and GPX-1 are 2 intercon-
nected enzymatic antioxidants (Irato and Santovito, 
2021) that protect periparturient cows against exces-
sive oxidative stress. In accordance, Bernabucci et al. 
(2005, 2009) reported increased plasma GPX-1 as well 
as erythrocyte SH and SOD-1 around calving compared 
with the dry-off period, which is associated with a high-
er degree of oxidative stress at parturition. However, 
the selected time points are not exactly matched to 
our experimental design; therefore, a direct comparison 
cannot be made.

During the early PP period, there was a lower con-
centration of lipid-soluble antioxidants in the plasma 
compared with AP. The serum concentrations of retinol 
(>20 µg/100 mL), tocopherol (>2 mg/100 mL), and 
β-carotene (>0.3 µg/mL) were within healthy limits, 
according to McMurray and Rice (1982) and Herdt and 
Stowe (1991). Decreased concentrations of vitamins 
might be reflective of reduced feed intake and disrupted 
lipid metabolism but might also be a result of systemic 
inflammation. The association of inflammation with 
antioxidant vitamins has also been established in hu-
man studies; for instance, inflammation causes impaired 
retinol absorption and retinol deficiency (Rubin et al., 
2017). The reduction in plasma retinol during inflam-
mation is mainly caused by the impaired synthesis of its 
carrier (retinol binding protein), as previously observed 
(Bertoni and Trevisi, 2013), while the reduction in vi-
tamin E and β-carotene during inflammation is partly 
explained by the reduced synthesis of lipoproteins as 
the main carriers for their distribution in peripheral 
tissues (Bertoni et al., 2008).

Time-affected markers support our hypothesis that 
transition dairy cows were in a state of systemic inflam-
mation and oxidative stress peaking at calving time. 
This is in line with Horst et al. (2021), who suggested 
that early lactation dairy cows experience a state of 
inflammation and immune activation due to tissue 
damage and remodeling in critical tissues such as the 
liver, uterus, mammary glands, and adipose tissues at 
parturition. During parturition, enzymatic antioxidant 
activity increased, while nonenzymatic antioxidants 
activity decreased.

Immunohematological and Oxidative Status of Dairy 
Cows Affected by Abomasal Infusion of EFA or CLA, 
or Both

Supplementing EFA or CLA, or both, had minor 
effects on the immunohematological parameters and 
markers of oxidative status compared with CTRL, but 
the main differences were observed between the EFA 
and CLA groups themselves. In agreement, previous 
studies reported that in vivo proliferation of rats RBC 

(Nnamonu et al., 2020) and in vitro proliferation of 
bovine peripheral blood mononuclear cells (Lacetera et 
al., 2007) were not affected by n-3 FA administration. 
Moreover, other studies reported that various dosages 
of CLA did not affect mitogen-stimulated cell prolifera-
tion in bovines (Renner et al., 2012) or RBC and white 
blood cells proliferation in pigs (Bassaganya-Riera et 
al., 2001). Nevertheless, an in vitro study demonstrated 
a dose-dependent (20 to 148 µmol/L FA mixture con-
taining palmitic acid, palmitoleic acid, stearic acid, and 
oleic acid) antiproliferative effect of FA (in general) on 
bovine PMBC (Renner et al., 2013). In particular, a 
recent in vitro study showed that CLA (10–500 µM 
50:50 mixtures of trans-10,cis-12, and cis-9,trans-11 
CLA) had immunomodulatory effects and interacted 
synergistically to reduce apoptosis and increase inflam-
matory respiratory bursts in bovine monocytes under 
inflammatory conditions but did not affect chemotaxis, 
phagocytosis, or killing activity of immune cells (Ávila 
et al., 2020). Inconsistent results could be explained 
by the differences in experimental design and in the 
particular FA dosages.

A lower level of hematological markers was observed 
in the CLA-treated groups, suggesting that CLA was 
more effective than EFA at reducing early lactation 
systemic inflammation and erythrocyte release from 
the spleen. This was clearly shown by the induction of 
lower lymphocyte and atypical lymphocyte concentra-
tions in the CLA group than in the EFA group. More-
over, recent research on human patients with coronary 
artery disease has proposed that mean platelet volume, 
combined with RDW and platelet count, are predic-
tors of joint inflammation and oxidative stress status 
(Vukicevic et al., 2021), which also supports lower oxi-
dative stress status in the CLA group compared with 
the EFA group.

There was no strong evidence that FA treatments al-
tered plasma or RBC oxidative markers, although EFA 
supplementation compared with non-EFA decreased the 
relative expression of oxidative markers at the hepatic 
level in a time-dependent manner. We have previously 
reported in mid-lactation dairy cows that the plasma 
markers of oxidative and immune status, including 
BAP, ROM, ROM/BAP ratio, MDA, FRAP, ORAC, 
SH, and GPX-1, were not affected by EFA or CLA 
treatment (Haubold et al., 2020). There is controversy 
over the effect of EFA on oxidative stress markers. For 
instance, a previous study showed that a high dosage 
of flaxseed (5–15%, as a rich source of ALA) supple-
mentation did not alter the plasma concentrations of 
GPX-1 and CAT in dairy cows (Schogor et al., 2013). 
However, the authors suggested that flaxseed supple-
mentation can improve the oxidative status of dairy 
cows through decreased thiobarbituric acid-reactive 
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substance (TBARS) production and the induction of 
nuclear factor (erythroid-derived 2)-like 2 (NFE2L2) 
transcript abundance in mammary tissue (Schogor et 
al., 2013). These markers, TBARS and NFE2L2, were 
not measured in our study. In another study, plasma 
GPX-1 activity tended to decrease, and the mam-
mary mRNA abundance of CAT, GPX-1, GPX-3, and 
SOD-3 was lower in dairy cows infused daily into the 
abomasum with 500 g of flax oil (Côrtes et al., 2012). 
In contrast, Ponnampalam et al. (2019) reported that 
dietary flax meal or flaxseed supplementation in sheep 
was positively correlated with GPX-1 and SOD-2 
gene expression and enzyme activity in muscles. En-
hanced antioxidative capacity and cell protection were 
observed in bovine mammary epithelial cells treated 
with a 50 µmol/L cis-9,trans-11 CLA, trans-10,cis-12 
CLA, and CLA mixture (50:50 CLA isomers; Basiricò 
et al., 2015). In a recent study by Ma et al. (2021), the 
pretreatment of bovine mammary epithelial cells with 
50 µmol/L cis-9,trans-11 CLA reduced the formation 
of ROS and TBARS and enhanced the expression of 
antioxidative enzymes such as heme oxygenase 1 and 
the mRNA expression of NAD(P)H quinone dehydroge-
nase 1, thioredoxin reductase, and glutathione-disulfide 
reductase when exposed to LPS-induced oxidative chal-
lenge. Furthermore, a very recent study showed that 
intrajugular infusion of fish oil (rich in EPA and DHA) 
lowered plasma HP concentrations at d 2 and 3 PP, 
suggesting an anti-inflammatory effect (Mezzetti et al., 
2022). Other plasma inflammation-related biomarkers, 
including plasma concentrations of bilirubin, aspartate 
aminotransferase – glutamate oxaloacetate transami-
nase and γ-glutamyl transferase, alkaline phosphatase, 
globulin, ceruloplasmin, albumin, paraoxonase, and 
thiol groups, were not affected by treatment (Mezzetti 
et al., 2022). These inconsistencies may have been at-
tributed to the FA composition of the basal diet, the 
FA concentration of the supplements, the duration 
of the treatment, and the physiological status of the 
cow and may vary in different tissues. In this regard, 
a recent study reported that a mixture of cis-9,trans-11 
and trans-10,cis-12 CLA at the chosen dosage, formula-
tion, and application period had marginal antioxidative 
activity in lactating dairy cows (Hanschke et al., 2016).

Immediately after calving, the production of oxida-
tive molecules increases dramatically in dairy cows as a 
consequence of the calving process and the huge increase 
in milk synthesis (Castillo et al., 2003). In this context, 
it is important to buffer the oxidative molecules with 
endogenous and exogenous molecules. From our results, 
we have not found any improvement in the availabil-
ity of antioxidant molecules in plasma with EFA and 
CLA supplements. A trend toward a higher retinol to 
β-carotene ratio was observed with CLA supplemen-

tation in the whole experiment. Nevertheless, CLA 
treatment seems to have increased circulating retinol 
levels more quickly, suggesting a better resilience of the 
liver during the physiological distress of PP. These data 
support that inflammatory processes in CLA treatment 
seem less severe and have not impaired the synthesis of 
common liver proteins such as retinol binding protein, 
resulting in a higher level of retinol in peripheral tis-
sues (Bertoni et al., 2008; Trevisi and Minuti, 2018). 
However, CLA treatment did not affect the plasma 
concentration of albumin that is synthesized in large 
amounts in the liver (L. Vogel, M. Gnott, and H. M. 
Hammon, unpublished data). β-Carotene, a precursor 
of vitamin A, is a lipid-soluble antioxidant capable of 
quenching ROS and reducing oxidative stress (Nishino 
et al., 2017). Accordingly, we have previously suggested 
that EFA treatment may have stabilized the β-carotene 
plasma concentration to protect against oxidative dam-
age (Haubold et al., 2020). Nevertheless, the current 
results revealed that it is not effective during early 
lactation oxidative stress, as EFA-treated groups did 
not differ in their β-carotene concentrations from the 
other groups.

One possible explanation for the lower effectiveness 
of EFA and CLA in the prevention of the oxidative situ-
ation around parturition relates to the pathophysiology 
of lactation and the transition period. According to 
Mezzetti et al. (2020) and Horst et al. (2021), systemic 
inflammation around parturition is an integral part of 
the metabolic and immune adaptations that induce and 
then further amplify oxidative damage through positive 
feedback. In the transition period, constant oxidative 
reagent production is a natural outcome of metabolic 
adaptation and could explain the ineffectiveness of FA 
supplementation in reducing oxidative markers. The 
validity of this hypothesis will, however, require further 
studies under specific experimental designs.

CONCLUSIONS

Collectively, the results revealed that early lactation 
dairy cows were in an oxidative stress state as an in-
tegral part of metabolic and immune adaptation that 
disappeared after a few weeks of lactation. Oxidative 
stress and inflammatory markers showed a strong posi-
tive correlation. In terms of immunohematological and 
oxidative status markers, EFA and CLA had a minor 
time-dependent effect. Compared with CLA, supple-
mentation with EFA increased immunohematological 
peak levels at the onset of lactation and induced lower 
expression of antioxidant markers in the liver during 
the PP period. Despite time-dependent differences be-
tween groups, we found no strong evidence that EFA 
or CLA supplementation improved antioxidant and im-
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munohematology parameters in dairy cows during the 
transition period.
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