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Abstract 

Introduction: The transition period is the most challenging time for dairy cattle, which is characterised not only by negative 

energy balance but also by fatty tissue mobilisation. Material and Methods: The efficiency of energy pathways, β-oxidation in 

WBC and glycolysis in RBC (based on deoxyglucose transmembrane transport) were estimated. Insulin in blood plasma was 

determined using ELISA. Results: After calving and up to one month after delivery, a significant drop in blood plasma level was 

noticed, simultaneously with a rise in β-oxidation from 18.93 ±3.64 to 30.32 ±5.28 pmol/min/mg protein in WBC. A strong negative 

correlation between these two indices (r = -0.68) was found. During the period of transition to lactation an increase in glucose 

cross-membrane transportation from 41.44 ±4.92 to 50.49 ±6.41 μmol/h/g Hb was observed. A strong positive correlation between 

glucose transportation in RBC and β-oxidation in WBC (r = 0.71) was noticed. These data are in agreement with results of studies 

on dairy cows using liver slices from dairy cows in late pregnancy and different stages of lactation, in which changes in gene 

expression were analysed. Conclusion: It seems that measuring fatty acids oxidation and glycolysis using isolated blood cells may 

be an adequate and relatively simple method for energy state analysis to estimate the state of dairy cow metabolism and animal 

health. 
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Introduction 

During the transition period cows undergo many 

physiological changes leading to negative energy 

balance (NEB). High-yielding dairy cows enter a state 

of NEB just before calving and it may take up to 20 

weeks to regain a positive energy balance (24). NEB is 

caused by a rapid rise in energy requirement, which is 

for milk production, and is connected with a decrease in 

dry matter intake taking place a week before parturition 

(5, 15). In early lactation in high-producing cows, the 

appearance of NEB leads to the overproduction of free 

fatty ac ids (FFA) and their release into the blood and 

transfer to the liver. An increased rate of lipolysis causes 

overproduction of FFA and at the same time the rate of 

glycolysis is diminished. An increase in FFA in blood 

plasma was observed, as well as a fall of blood glucose 

concentration in dairy cows in early lactation (23). The 

basic problem during ketosis is glucose deficiency, 

caused firstly by the increasing needs of the developing 

calf, and subsequently after parturition by the needs of 

lactose and milk fat production: to synthesise 1 l of milk 

ca. 80 g of glucose is needed. To cover these rapidly 

increased energy requirements, lipolysis is stimulated in 

muscles and liver, but to metabolise the high amount of 

FFA in the β-oxidation process, also a high amount of 

oxaloacetate is needed, which is the carbon carrier of the 

tricarboxylic acid cycle. However, in such circum-

stances a part of oxaloacetate is hydrogenated to malate 

from which glucose is synthesised. The limiting factor 

for proper FFA oxidation is likely oxaloacetate. 

Deficiency of this metabolic intermediate slows down 

the TCA cycle and would favour the accumulation of 

ketone bodies (acetone, acetoacetate, and β-hydroxy-
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butyrate). Ketone bodies present in exhaled air have an 

easy-to-detect smell, usually described as fruity, sweet, 

or acetone-like. The first sign of ketosis is the decline of 

appetite (cows often consume grass and hay but do not 

eat grain or silage) connected with a decrease in milk 

yield. Some cows develop neurological signs including 

movement incoordination, aimless wandering, saliva-

tion, and sometimes aggressive behaviour. Very often 

the first signs of ketosis occur within two to three weeks 

after calving, but cows fed component feed and housed 

in individual stalls appear to develop ketosis three to six 

weeks after parturition. The studies by Duffield et al. (9) 

show that in some herds the incidence of ketosis may 

reach 40%–60% of cows. Also Knob and Cernescu (14) 

suggest that at the beginning of lactation, at least 50% of 

all dairy cows have a temporary period of subclinical 

ketosis. 

To elucidate the energy status of dairy cows, 

estimation of glycolysis and β-oxidation efficacy was 

performed and insulin concentration in blood plasma 

was measured. In separated red blood cells (RBC) cross-

membrane deoxyglucose transportation was used as  

a measure of glucose uptake and in isolated leukocytes 

the process of β-oxidation was estimated using tritiated 

palmitic acid.  

The aim of this study was to estimate the energy 

metabolism in dairy cows in late pregnancy, early 

lactation, and one to three months after parturition using 

separated blood cells. 

Material and Methods 

Experimental animals. The study was performed 

on 40 clinically healthy Holstein-Friesian dairy cows 

chosen from three dairy farms. The farms were located 

in southwest Poland and husbanded 200–300 cows fed  

a TMR diet and housed in open free-stall barns with 

concrete floors covered with straw and rubber mats. 

Lactating cows were milked twice a day in a parallel 

parlour system with eight milking units. The duration of 

lactation periods was on average 300 ±15 d and the milk 

yield calculated per lactating cow was 8,000–9,000 l.  

Blood sampling. Blood samples were taken from 

the jugular vein and collected in tubes containing EDTA. 

The appointed stages for sampling were before 

parturition, during the first month after calving, and one 

to three months after parturition. The samples were 

placed on ice and centrifuged for 10 min at 3,000 g. The 

plasma obtained was stored at –80ºC until insulin 

analysis was performed.  

Analysis. Erythrocytes (RBC) and leukocytes 

(WBC) were separated by centrifugation of whole blood 

on the gradient of HISTOPAQUE-1077. RBC formed  

a pellet, whereas WBC were located on the 

HISTOPAQUE/plasma border. The cells were washed 

twice with cold PBS and resuspended in medium equal 

to the initial volume of blood. 

Insulin was assayed using an Alpco Diagnostics 

ELISA-kit for bovine insulin (USA). The method is  

a sandwich-type immunoassay using mouse monoclonal 

antibodies specific for bovine insulin. The sensitivity of 

the assay was 0.1 ng/ml and within-run variation was 

3.5%. 

The glycolysis value in RBC was evaluated by 

estimation of glucose transport across cell membranes. 

Uptake of (3H)deoxyglucose in erythrocytes incubated 

for 10 min in HEPES solution was determined using the 

method described by Lee et al. (17) with slight 

modification (7). After incubation of the cells (15 min) 

with 0.1 µCi 2-deoxyglucose (Moravek Biochemicals, 

USA), RBC were centrifuged for 10 min at 1,000 g, then 

the pellet was washed with cold physiological saline, 

dissolved in 2 mmol NaOH, and counted in a Packard 

TriCarb scintillation counter (PerkinElmer, USA). 

Results were expressed as µmol Gl/g of haemoglobin 

per 1 h. Haemoglobin was estimated by Drabkin’s 

cyanmethaemoglobin method.  

Fatty acid degradation was examined in WBC 

using the method of Manning et al. (18) and the 

modification of Kuryl et al. (16). The cells were 

incubated for 1 h with 0.1 µCi of (9,10-3H) palmitic acid 

(Moravek Biochemicals, USA) and after incubation 

were precipitated with 10% TCA and centrifuged for 10 min 

at 2,000 g. Supernatant was collected, alkalised, and 

passed through a Bio-Rad AG-1 X8 ionic exchange resin 

column (Bio-Rad, USA). Effluent containing tritiated 

water was counted in the Packard TriCarb scintillation 

counter. Results were expressed as pmol of palmitic acid 

decomposed per mg of WBC protein during 1 h.  

Statistics. Statistical analysis was performed using 

Statistica software (Statsoft, Poland), adhering to the 

ANOVA method. The possible impact of certain 

independent variables (factors) on the value of the 

dependent variable (the variable being tested and 

measured) was checked. The independent variable in 

statistical analysis was the moment of sampling. Fisher’s 

Least Significance Difference (LSD) and the F-ratio 

(obtained in an F-test) for different groups were 

calculated. The F-ratio expresses the ratio of variability 

between groups to variability within groups. The larger 

the F-value is, the more certain is the difference between 

groups. The Pearson correlation coefficient between the 

obtained values was also calculated. 

Results  

The results of the study and statistical values of 

LSD are presented in Table 1. The lowest level of  

β-oxidation in WBC was noticed in dairy cows before 

parturition. In these cells a significant rise in efficacy of 

this pathway was observed after calving. A similar trend 

for glycolysis was found in RBC. An increase in across-

membrane transport of deoxy-glucose was also detected 

in cells isolated from blood taken from cows after 

calving (compared to the prepartum period). In cows one 

to three months after parturition both β-oxidation and 

glycolysis were slightly lower, but statistical differences 

were still significant. The insulin concentration was the  
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Table 1. Values of β-oxidation in leukocytes, glucose transport across red blood cells and serum insulin concentrations in dairy 

cows before and after parturition.  n = 40  

Indices 

Blood sampling              Statistics 

0–1 month 
before 

parturition 

0–1 month 

after parturition 

1–3 months 

after parturition 

LSD 

value 

F-test 

value 

β-oxidation 

(pmol/ min/mg protein) 
18.93 ±3.64a 30.32 ±5.28b 28.63 ±4.64b 1.98 72.4 

Glucose transport 

(μmol/h/g Hb) 
41.44±4.92a 50.49 ±6.41c 47.17 ±5.99b 2.57 24.9 

Insulin 

(μg/l) 
1.36 ±0.21c 0.85 ±0.17a 1.25 ±0.15b 0.08 86.6 

Means ± SD 

Means in rows not sharing the same superscript letter differ at p≤0.05 

 

Fig. 1. Dependence between insulin concentration in blood plasma and 
β-oxidation in WBC of cows in one month before calving to one month 

postpartum 

 

Fig. 2. Dependence between glucose transmembrane transport in RBC 
and β-oxidation in WBC of cows in one month before calving to one 

month postpartum 

 

Fig. 3. Dependence between insulin concentration in blood plasma and 
glucose transmembrane transport in RBC of cows in one month before 

calving to one month postpartum 

highest at prepartum and a significant drop was observed 

in the first month after calving. The statistical 

relationship between variables is given in Figs 1–3. 

Correlatedness between groups of results was lower by 

about 20% when values obtained in the period one to 

three months after parturition were included. For the 

calculation of the correlation coefficient only the results 

obtained within the period of one month before birth to 

one month after calving were used. The linear trend of 

this correlation is shown in Fig. 1. A strong negative 

correlation (r = -0.68) was observed between β-oxidation in 

leukocytes and the insulin concentration in blood plasma 

(Fig. 1). The highest positive correlation coefficient  

(r = 0.71) was found between β-oxidation of fatty acids 

in leukocytes and glucose transport through the cell 

membrane (Fig. 2). A lower correlation (r = –0.51) was 

observed between glucose transportation in RBC and 

plasma insulin concentration (Fig. 3). 

Discussion  

In dairy cows energy metabolism during late 

pregnancy and the month after calving plays a crucial 

role. To evaluate the influence of pregnancy and 

lactation on the energy metabolism of dairy cows we 

chose the determination of β-oxidation of palmitic acid 

and transmembrane transport of glucose (as a measure 

of glycolysis). The main energy production takes place 

in the liver and muscles, but for the isolation of cells 

from these organs the use of proteases would be 

necessary, which is time-consuming and involves a great 

risk that the procedure would significantly affect cell 

metabolism. It was the reason why we decided to 

estimate the efficacy of energy pathways in RBC and 

WBC. Schaff et al. (21) found that dairy cow muscle 

samples reveal an increased expression of genes 

involved in fatty acid transport and oxidation after 

parturition. It is in agreement with the hepatic oxidation 

theory, showing increased hepatic fatty acid oxidation 

during early lactation. However, the increased oxidation 

of FA may prolong the depression of feed intake (2). 

Perdomo et al. (19) suggested that increased β-oxidation 

in muscles exerts an insulin-sensitising effect caused by 

intramuscular accumulation of FA derivate. The effect 

of β-oxidation stimulation postpartum was also observed 

in this experiment in WBC of dairy cows (Table 1). We 

observed 60% higher β-oxidation in early lactation 
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compared with the efficiency of this pathway in cows 

before calving. Simultaneously a fall in plasma insulin 

is observed which causes a strong negative correlation 

between the rate of β-oxidation and blood plasma insulin 

concentration (Fig. 1). Liver uptake of nonestrified fatty 

acids (NEFA) is proportional to their concentration in 

blood, which is the highest in cows’ milk during the 

lactation period in days 3–30. Abuelo et al. (1) observed 

that the rise of NEFA in early lactation was much higher 

in organically managed cows comparing with those 

conventionally managed. In the liver NEFA may be used 

for energy supply via β-oxidation, metabolised to 

ketones or re-estrificated to triacylglycerols (25). 

However, transport of triacylglycerols from the liver to 

muscles by low density lipoproteins is not very efficient 

and it may lead to hepatic triacylglycerol accumulation. 

This accumulation is observed in early lactation and 

causes the major metabolic disorder called “fatty liver”. 

Cows suffering fatty liver have increased susceptibility 

to infectious diseases and fertility problems (26). 

Currently ultrasonic and proteomic techniques may be 

helpful in detection of this metabolic disorder in dairy 

cattle (5). Determination of liver functionality index 

and/or rumination time can also be used to identify cows 

at a greater risk of developing diseases (6). We noticed 

a strong positive correlation of β-oxidation with glucose 

transmembrane transportation (as a glycolysis rate 

marker) (Fig. 2) showing significant increase in energy 

production at the beginning of lactation. 

The concentration of glucose and insulin in dairy 

cows were the lowest after calving and in early lactation, 

then they increased steadily (1, 13). However, in high-

producing cattle, the high milk yield is related to the 

lower glucose and insulin concentrations (11). In early 

lactation we observed a significant drop of insulin 

concentration in plasma from 1.36 ±0.21 to 0.85 ±0.17 μg/L 

(Table 1). However, the study of Beck-Nielsen et al. (4) 

demonstrated a decrease in insulin binding to leukocytes 

of pregnant women. It is possible that high plasma 

insulin concentration might not be so effective. In dairy 

cows the lowering of insulin level following calving 

seems to be one of the adaptation changes occurring 

around calving time to support the start of lactation (20). 

Lower plasma insulin concentration and diminished 

glucose uptake by insulin-responsive peripheral tissues 

cause more glucose to be utilised by the insulin-

independent mammary gland (3). In period of one month 

before calving to one month postpartum we observed  

a negative correlation of transmembrane glucose 

transport in RBC with plasma insulin concentration (Fig. 3). 

The findings of Terao et al. (25) suggest low insulin 

sensitivity in peripheral tissues in early lactation in 

cows. Significant variation of peripheral tissue 

sensitivity to insulin and of insulin to glucose infusions 

was found among cattle breeds (12). 

Seider and Kim (22), who estimated transport of  

a glucose analogue (3-O-methyl-glucose), found that 

bovine RBC exhibit a comparatively low glycolytic rate, 

which may be stimulated by different nucleosides and 

nucleotides, e.g. inosine or adenosine. It was shown that 

2–3 µmol/mL of lactate is formed in cows’ RBC per 

hour (13). Glucose transmembrane transport is an 

insulin-independent mechanism of facilitated diffusion 

through glucose transporters (GLUT-1) (10). Although 

glucose transport is insulin-independent we observed  

a moderate negative correlation of RBC glucose 

transmembrane transport with plasma insulin 

concentration (Fig. 3). In glycolysis an energy-

conversion pathway ATP is produced and reduction of 

NAD+ occurs. The pentose phosphate shunt, parallel to 

glycolysis, generates NADPH (β-nicotinamide adenine 

dinucleotide 2’-phosphate) which is necessary for 

glutathione reduction. Adult RBC do not possess any 

mitochondria so anaerobic glycolysis supplies only two 

molecules of ATP per molecule of glucose utilised. In 

liver slices of high-producing dairy cows it was found 

that insulin tended to decrease palmitate oxidation, but 

this effect was diminished by carnitine (8).  

Elevated lipolysis and high energy production 

occurring in the transition period in dairy cattle have 

been shown to be associated with increased risk of 

disorders and reduced milk yield. The evaluation of the 

energy metabolism of cows using isolated blood cells 

during the transition period and early lactation may be  

a significant step towards recognising high-risk cows 

and a good method of improving herd management. 
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