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Introduction

In the dairy cow, late gestation and early lactation

are periods marked by profound changes in the

plasma concentrations of homeorhetic hormones

such as placental lactogen, prolactin and growth hor-

mone. In addition, changes also occur in sensitivity

and responses of tissue to homeostatic hormones

including insulin and catecholamines (Bauman

and Currie, 1980; Ingvartsen and Andersen, 2000).

Insulin is one of the key factors regulating systemic

energy homeostasis through the storage, mobiliza-

tion and utilization of free fatty acid and glucose in

adipose tissue, liver and skeletal muscle (Ruan and

Lodish, 2003). However, during late gestation and

in early lactation, maternal insulin sensitivity

is reduced to ensure that an adequate supply of

nutrients is provided to the foetus and to

mammary tissues (McDowell et al., 1987; Sano

et al., 1993). Reduced insulin sensitivity, as part of
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Summary

Gene expression of adipose factors, which may be part of the mecha-

nisms that underlie insulin sensitivity, were studied in dairy cows

around parturition. Subcutaneous fat biopsies and blood samples were

taken from 27 dairy cows in week 8 antepartum (a.p.), on day 1 post-

partum (p.p.) and in week 5 p.p. In the adipose tissue samples, mRNA

was quantified by real-time reverse transcription polymerase chain reac-

tion for tumour necrosis factor alpha (TNFa), insulin-independent glu-

cose transporter (GLUT1), insulin-responsive glucose transporter

(GLUT4), insulin receptor, insulin receptor substrate 1 (IRS1), insulin

receptor substrate 2 (IRS2), regulatory subunit of phosphatidylinositol-3

kinase (p85) and catalytic subunit of phosphatidylinositol-3 kinase.

Blood plasma was assayed for concentrations of glucose, b-hydroxy-

butyric acid, non-esterified fatty acids (NEFA) and insulin. Plasma

parameters followed a pattern typically observed in dairy cows. Gene

expression changes were observed, but there were no changes in TNFa
concentrations, which may indicate its local involvement in catabolic

adaptation of adipose tissue. Changes in GLUT4 and GLUT1 mRNA

abundance may reflect their involvement in reduced insulin sensitivity

and in sparing glucose for milk synthesis in early lactation. Unchanged

gene expression of IRS1, IRS2 and p85 over time may imply a lack of

their involvement in terms of insulin sensitivity dynamics. Alternatively,

it may indicate that post-transcriptional modifications of these factors

came into play and may have concealed an involvement.
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the homeorhetic adaptations in the periparturient

cow, has been ascribed to multiple factors, including

an important role of growth hormone (Smith et al.,

1997). However, several new potential mediators

have recently been reported, including tumour

necrosis factor (TNFa), adiponectin, resistin and non-

esterified fatty acids (NEFA; Havel, 2002; Kirwan

et al., 2002; Pires et al., 2007). Notably, many of

these factors are secreted by adipose tissue.

Adipose tissue provides the energy that allows

most tissues to overcome the negative energy bal-

ance occurring during early lactation. Free fatty acids

are released into the circulation, in response to this

negative energy balance, may reduce peripheral tis-

sue insulin sensitivity (Van Epps-Fung et al., 1997;

Pires et al., 2007). The adverse effect of elevated

NEFA concentration on peripheral tissue insulin sen-

sitivity has been observed to be more pronounced in

obese rats than in normal rats (Noshiro et al., 1997),

as well as in p.p. cows that were overfed prepartum

and calved overconditioned [body condition score

(BCS)>4] compared with thinner cows (Holtenius

et al., 2003). These studies additionally indicate that

overweight is related to tissue insulin sensitivity, not

only because it may determine the rate of lipolysis

in cows at calving (Busato et al., 2002), but also

because the mass of adipose tissue is acknowledged

to be a metabolically active tissue, with endocrine,

paracrine and autocrine functions. Hence, adipose

tissue itself is an important determinant of whole

body insulin sensitivity.

In this regard, alterations in concentrations of a

number of adipokines, such as TNFa, resistin and

adiponectin, have been implicated as contributing

causes of decreased insulin sensitivity, both locally

and systematically (Ruan and Lodish, 2003).

Although TNFa is synthesized and secreted by a

number of tissues, including the placenta (Chen

et al., 1991), adipose tissue, and cells of the immune

system, the main source of circulating TNFa during

pregnancy remains incompletely understood. How-

ever, adipocyte-derived TNFa is thought to act

mainly in an autocrine or paracrine manner (Ofei

et al., 1996; Ronti et al., 2006). In this respect, adi-

pose tissue mass seems, again, to be a relevant fac-

tor, as observed by Daniel et al. (2003), who found

higher circulating concentrations of TNFa in obese in

relation to normal sheep.

To our knowledge, changes in gene expression of

TNFa, insulin receptor (INSR) and INSR signalling

proteins in adipose tissue of late gestation and early

lactation dairy cows are largely unknown. Therefore,

in this explorative study, we investigated the

changes in expression of TNFa, INSR, INSR signalling

proteins and glucose transporters in subcutaneous

adipose tissue, and their relationship with blood

parameters in late gestation, around parturition

and in early lactation in dairy cows. Our objective

was to study changes in gene expression of dairy

cow adipose factors that have recently emerged as

being part of the potential explanation for reducing

peripheral tissue insulin sensitivity in human and

laboratory animals.

Materials and methods

Animals

Twenty-seven multiparous dairy cows entering their

third or greater lactation were used in the present

study. Breed types were Holstein (n = 9), Red Hol-

stein (n = 9) and Swiss Fleckvieh (Simmental·Red

Holstein, n = 9). The study covered the period from

week 8 (drying off) before the anticipated calving

through week 7 after calving. All experimental pro-

cedures followed the Swiss Law on Animal Protec-

tion and were approved by the Committee of

Animal Experiments of the Canton Fribourg, Swit-

zerland. All cows were kept in a free stall barn at

the Swiss Federal Research Station, Agroscope Liebe-

feld-Posieux (ALP) (Posieux, Switzerland) during the

entire study period. The mean body weight (BW) of

the experimental cows was 694 ± 15.2 kg at the start

of the study. After that, BW was measured on day 1

p.p. and in week 5 p.p. Body condition score was

evaluated in week 8 a.p., on day 1 p.p. and in week

3 p.p., and daily milk yield of each cow was

recorded up to week 7 p.p.

The animals in the present study were used simul-

taneously in a feeding trial to assess the fatty acid

profile of milk fat. This feeding trial involved treat-

ments in a 2 · 2 factorial arrangement, in which

two sources of fat in the concentrate mix of the a.p.

diet (animal fat vs. sunflower seed) were fed, and a

p.p. feeding treatment (control vs. feed restriction of

10 MJ/day/cow less than predicted energy intake up

to week 5 after parturition) was applied. Ingredients

and nutrient composition of the diets fed during the

experimental period were similar, as described in a

previous study (Van Dorland et al., 2009).

Adipose tissue collection, RNA extraction and quantitative

real-time reverse transcription polymerase chain reac-

tion (RT-PCR)

Subcutaneous adipose tissue was collected in week 8

a.p., on day 1 p.p. and in week 5 p.p. from alternate
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sides of the tail head from each cow, under local

anaesthesia with lidocaine hydrochloride (2%).

Immediately after collection, adipose tissue samples

(approximately 1–2 g) were cut into smaller pieces

(<0.5 cm in any single dimension) and placed into

an RNA stabilization reagent (RNAlater� from Am-

bion, Applied Biosystems, Austin, TX, USA), to allow

effective penetration of the solution into the tissue.

Within 1–1.5 h after collection in RNAlater, the sam-

ples were stored at +4 �C for one day, followed by

storage at –20 �C until extraction of RNA.

Total RNA was extracted from adipose tissue

samples with RNeasy Lipid Tissue Mini Kit (QIAGEN

Sciences, Germantown, MD, USA) according to

the manufacturer’s instructions, and quantified by

spectrophotometry with a BioPhotometer (Eppen-

dorf-Netheler-Hinz GmbH, Hamburg, Germany). The

purity of the RNA was assessed by the ratio of

the reading at 260 and 280 nm (A260/A280) in

10 mmol Tris–HCl, pH 7.5 (the value was high, with

a ratio of 1.9 on average for all samples).

The reverse transcription reaction was carried out

with 1 lg of extracted total RNA using 200 U Molo-

ney Murine Leukemia Virus Reverse Transcriptase

RNAase H Minus, Point Mutant (Promega Corpora-

tion, Madison, WI, USA) and 100 pmol random hex-

amer primers (Invitrogen, Leek, The Netherlands)

according to the manufacturers’ instructions.

The mRNA abundance in subcutaneous adipose

tissue was quantified for TNFa, insulin independent

(GLUT1) and responsive (GLUT4) glucose transport-

ers, INSR, insulin receptor substrate 1 (IRS1), insulin

receptor substrate 2 (IRS2), regulatory subunit of

phosphatidylinositol-3 kinase (p85), catalytic subunit

of phosphatidylinositol-3 kinase (p110). Exon span-

ning primers were designed wherever the limitations

of the primer design allowed (i.e. TNFa, GLUT1,

p85). For primer pairs that were not exon spanning

(i.e. INSR, IRS1, IRS2, p110), we performed a DNA

control (without a RT step). In addition, a gel was

made for each parameter to test the pool, composed

of all the samples, to verify that no genomic DNA

was present in the samples.

The PCR quantification was performed with a

Roter-Gene� 6000 (Corbett Research, Sydney, Aus-

tralia), using the software version 1.7.40. Fluores-

cence take off was calculated with the ‘second

derivative maximum’ program option. A master mix

of the following reaction components was prepared:

1.8 ll water, 1.0 ll forward primer (5 pmol), 1.0 ll

reverse primer (5 pmol), 0.2 ll 50 · SYBR-Green

(20 pmol) and 5.0 ll 2 · SensiMix (1 mM MgCl2)

(2 · SensiMix NoRef DNA Kit). Nine microlitres of

master mix and 1 ll sample, containing 20 ng of

cDNA, were used. The temperature profile of real-

time PCR was as follows: denaturation step for

10 min at 95 �C, followed by 40 amplification cycles

(each consisting of 15 s at 95 �C, the primer-specific

annealing temperature for 30 s (see Table 1),

and extension at 72 �C for 20 s with fluorescence

Table 1 PCR primer information, the anneal-

ing temperature and the PCR product length
Gene Sequences 5¢–3¢

GenBank

accession no.

Annealing

temperature (�C) Length

TNFa for CCACGTTGTAGCCGACATC AF011926 60 155

TNFa rev CCCTGAAGAGGACCTGTGAG

GLUT1 for GCTTCTCCAACTGGACTTCG NM_174602 60 225

GLUT1 rev ACAGCTCCTCAGGTGTCTTG

GLUT4 for GACTGGTACCCATGTACGTG D63150 60 242

GLUT4 rev CCGGATGATGTAGAGGTAGC

INSR for TCCTCAAGGAGCTGGAGGAGT XM_590552 60 127

INSR rev GCTGCTGTCACATTCCCCA

IRS1 for GCAAGACCATCAGCTTCGTG XM_581382 60 229

IRS1 rev CGGAACTCATCGCTCATGGC

IRS2 for GTTCCAAGCTGTCCATGGAG NM_003749 60 238

IRS2 rev CTCATGAGCACGTACTGGTC

p85 for GCAACAAGCTTCCACTCTCC M61745 63 190

p85 rev CAAGGAGGCGGTATCACAAT

p110 for CAGGAGATGTGTTACAAGGC NM_006218 60 173

p110 rev TACTCCAAAGCCTCTTGCTC

TNFa, tumour necrosis factor a; GLUT1, insulin-independent glucose transporter; GLUT4, insulin-

responsive glucose transporter; INSR, insulin receptor; IRS1, insulin receptor substrate 1; INSR2,

insulin receptor substrate 2; p85, regulatory subunit of phosphatidylinositol-3 kinase; p110,

catalytic subunit of phosphatidylinositol-3 kinase.
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measurement), and finally a melting curve program

from 60 to 95 �C. The mRNA abundance was pre-

sented as delta cycle threshold (CT) values (�log2).

The mRNA abundance was calculated relative to the

expression of glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) as a reference gene; i.e. the calcula-

tion of the ratio of the linear expression levels was

based on the difference between the CT values of

the target gene and the housekeeping gene, which

was observed to be stable across time-points

(16.0 ± 0.2, 16.4 ± 0.2 and 16.5 ± 0.1 delta CT log2

in week 8 a.p., on day 1 p.p. and in week 5 p.p.

(p < 0.05) respectively). In addition, for the calcula-

tion of the real-time PCR efficiency (E) of one cycle,

dilutions with PCR water were carried out from

100%, to 50%, to 25% and to 12.5%. The real-time

PCR efficiency (E) rates of the investigated tran-

scripts ranged from 1.87 to 1.97.

Blood sampling and analysis

Blood samples were collected between 8:00 and

9:00 hours via the jugular vein, using evacuated

tubes containing tripotassium ethylenediaminetetra-

acetic acid. Sampling was carried out in weeks 8 and

3 before the expected calving date, on day 1 after

calving, and in week 3, 5 and 7 after calving. All

blood tubes were immediately placed in wet ice, and

were centrifuged within 1 h at 1500 g for 15 min.

The plasma was recovered and frozen (–20 �C) until

analysis.

Plasma concentrations of metabolites were mea-

sured enzymatically using kits, as described by Vicari

et al. (2008). Plasma concentrations of glucose were

determined by kit no. 61270 (BioMérieux, Marcy

l’Etoile, France). Concentrations of NEFA were mea-

sured with kit no. 994-75409 (Wako Chemicals,

Neuss, Germany), and plasma concentrations of b-

hydroxybutyric acid (BHBA) were measured using a

commercial kit no. RB1007 (Randox Laboratories,

Ibach, Switzerland). The plasma insulin and TNFa
concentrations were determined by radioimmunoas-

say, according to the method described by Vicari

et al. (2008) and Blum et al. (2000) respectively.

Concentrations of TNFa were only measured on day

1 p.p. and in week 7 p.p. The limit of detection for

the TNFa assay was set at 50 pg/ml.

Statistical analysis

Preliminary data analysis involved the evaluation of

the effects from the original feeding trial and breed

type on the variables measured in this study. This

evaluation was performed with the proc mixed pro-

cedure of SAS (2001), using repeated measures with

first-order autoregressive covariance structure in

time. The model included biopsy time-point, concen-

trate type (animal fat or vegetable oil), feeding man-

agement (feed restriction or no feed restriction) and

breed type as fixed effects. ‘Cow’ was used as the

repeated subject. The outcome of this preliminary

statistical evaluation did not show any significant

effect of concentrate type, feeding management and

breed type on the tested variables in this study.

Therefore, concentrate type, feeding management

and breed type were disregarded as effects in the

model for the final statistical analysis of the collected

data on blood parameters, and on mRNA abundance

(delta CT log2) of adipose genes in this study.

Spearman rank correlation coefficients were

derived in order to identify possible (numerical) cor-

relations between the measured variables. A thresh-

old of significance was set at p < 0.05; trends were

declared at 0.05 < p < 0.15.

Results

Bodyweight, BCS and milk yield of the cows

Cows had a BW of 694 ± 15, 648 ± 15 and

644 ± 13 kg in week 8 a.p., on day 1 p.p. and in

week 5 p.p. respectively. The BW of the cows was

significantly lower after parturition than before par-

turition (p < 0.05). The BCS was also higher

(p < 0.001) before parturition (3.16 ± 0.08 in week

8 a.p.) compared with after parturition (2.84 ± 0.06

on day 1 p.p. and 2.83 ± 0.06 in week 3 p.p.).

Mean milk production per cow was 41.5 ± 1.4,

43.0 ± 1.5 and 42.2 ± 1.6 kg/day in week 3, 5 and 7

p.p. respectively. A tendency for a higher milk yield

was observed in week 5 p.p., followed by the milk

yield in week 7 p.p., compared with week 3 p.p.

(p = 0.08).

mRNA abundance of genes in the adipose tissue

The mRNA abundance of TNFa changed during the

course of the study, being higher on day 1 p.p. and

in week 5 p.p., compared with week 8 a.p. (p < 0.05;

Table 2). The mRNA encoding GLUT1 was highest in

abundance in week 8 a.p., followed by week 5 p.p.

and lowest on day 1 p.p. (p < 0.05). The mRNA

abundance of GLUT4 was lower on day 1 p.p. than

in week 8 a.p. and week 5 p.p. (p < 0.05). There was

a trend (p = 0.13) for higher mRNA abundance of

INSR on day 1 p.p. and in week 5 p.p., compared

with week 8 a.p. There were no significant differ-
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ences observed for mRNA abundance of IRS1, IRS2

and p85 during the course of the study. A tendency

(p = 0.06) was observed for higher p110 mRNA

abundance in week 5 p.p. compared with 8 week

a.p. No significant effect of time was observed for the

ratio of mRNA abundance of p85 to p110.

Plasma metabolites, hormones and TNFa

In week 8 a.p., glucose concentrations were higher

than at other biopsy time-points (p < 0.05; Fig. 1).

Mean plasma concentrations of insulin were highest

in week 5 p.p. compared with the other biopsy

time-points (p < 0.05; Fig. 1). On day 1 p.p., highest

concentrations of NEFA were measured compared

with the other biopsy time-points (p < 0.05; Fig. 2).

Concentrations of BHBA in week 5 p.p. were

significantly higher compared with the other biopsy

time-points. Plasma TNFa concentrations were 92 ±

13 pg/ml on day 1 p.p. and 85 ± 12 pg/ml in week 7

p.p., but these were not significantly different.

Correlations between concentrations of plasma

variables and mRNA abundance of genes in the

adipose tissue

Correlation analysis revealed a tendency for a nega-

tive correlation between GLUT4 mRNA abundance

and plasma NEFA concentration (r=–0.32, p = 0.10)

in week 8 a.p. A negative correlation between

plasma BHBA concentration and mRNA abundance

of GLUT1 (r=–0.42, p = 0.03) was observed on day 1

p.p.

Discussion

In dairy cows, late gestation and early lactation peri-

ods are characterized by a moderate degree of

reduced peripheral tissue insulin sensitivity. This

promotes the mobilization of NEFA and amino acids

and facilitates the preferential utilization of nutrients

by the foetus and mammary tissue (Bell, 1995; Bell

and Bauman, 1997). Decreased insulin sensitivity

may be a consequence of adjustments at the pre-

receptor, receptor or post-receptor level; however,

the underlying molecular mechanisms responsible

Table 2 Mean ± SEM of mRNA abundance (log2) of TNFa, glucose

transporters and insulin signalling-related genes in the adipose tissue

before and after parturition in dairy cows

Adipose

gene

Time relative to parturition*

p value–8 week +1 day +5 week

TNFa 10.5 ± 0.27b 11.2 ± 0.20a 11.4 ± 0.22a 0.006

GLUT1 15.9 ± 0.35a 13.9 ± 0.15c 15.0 ± 0.29b <0.001

GLUT4 15.8 ± 0.20a 15.3 ± 0.15b 16.1 ± 0.14a 0.006

INSR 13.6 ± 0.27 14.0 ± 0.15 14.1 ± 0.14 0.13

IRS1 16.0 ± 0.19 16.0 ± 0.09 16.3 ± 0.12 0.28

IRS2 13.3 ± 0.28 13.5 ± 0.21 13.6 ± 0.17 0.60

p85 14.8 ± 0.33 15.3 ± 0.15 15.2 ± 0.17 0.28

p110 15.6 ± 0.23 15.9 ± 0.12 16.1 ± 0.12 0.06

p85/p110 0.95 ± 0.01 0.96 ± 0.01 0.94 ± 0.008 0.41

TNFa, tumour necrosis factor a; GLUT1, insulin-independent glucose

transporter; GLUT4, insulin-responsive glucose transporter; INSR, insu-

lin receptor; IRS1, insulin receptor substrate 1; INSR2, insulin receptor

substrate 2; p85, regulatory subunit of phosphatidylinositol-3 kinase;

p110, catalytic subunit of phosphatidylinositol-3 kinase.

*mRNA abundance was calculated relative to the expression of the

GAPDH gene as reference gene, means within a row with different

superscripts (a, b) differ (p < 0.05).
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for reducing insulin sensitivity in adipocytes and

skeletal muscles during late gestation and early lacta-

tion in dairy cows are not yet well understood.

Recent studies in human and laboratory animals

have been focused on unravelling the molecular

mechanisms of reduced insulin sensitivity observed

during pregnancy and type II diabetes. These studies

have now identified a variety of factors that may

either be independent of, or co-exist with, defects in

insulin signal transduction. We based our choices of

adipose factors for evaluation on these findings;

thus, the present study focused on TNFa, INSR, glu-

cose transporters (GLUT1, GLUT4), proteins of the

insulin signalling pathway (IRS1, IRS2, p85 and

p110).

Studying these factors by gene expression mea-

surements allowed a large number of genes to be

studied from only a small sample of tissue. However,

even though gene expression data can provide reli-

able information about up- and downregulation of

genes under different physiological situations, it is

important to note that mRNA abundance may not

always correlate with protein concentrations and

protein activity. Our evaluation was performed using

tail head subcutaneous fat, which is very active and

readily mobilized during the early lactation. There-

fore, it should also be noted that findings from this

study apply to subcutaneous fat, and may not be

representative of other body fat deposits, such as

abdominal fat.

Tumour necrosis factor is a multifunctional regu-

latory cytokine that is involved in inflammation,

cell apoptosis and production of other cytokines, as

well as reduction of insulin sensitivity in animal

models of obesity and insulin resistance (Uysal

et al., 1997). Kirwan et al. (2002) showed that

reduced insulin sensitivity during late gestation is

significantly correlated with changes in circulating

TNFa, irrespective of fat mass in women with

normal glucose tolerance and gestational diabetes

mellitus. The main source of TNFa during preg-

nancy remains unclear, although it is synthesized

and secreted from the placenta (Chen et al., 1991),

adipose tissue and cells of the immune system. Sub-

stantially decreased plasma TNFa concentrations are

observed after delivery of placenta, indicating that

the placenta may be the major source of circulating

TNFa during late pregnancy (Kirwan et al., 2002).

However, as there are significant differences

between human and ruminant placenta types (dis-

coid vs. cotyledonary), the major source of circulat-

ing TNFa during pregnancy may differ in ruminants

compared with humans.

Adipocyte-derived TNFa is thought to act primarily

in an autocrine or paracrine manner in adipose tis-

sue (Ofei et al., 1996; Ronti et al., 2006). In the

present study, upregulation of TNFa mRNA abun-

dance was observed in adipose tissue during the p.p.

period. Simultaneously, very low concentrations of

plasma TNFa were observed in p.p. cows, as previ-

ously reported by Winkelman et al. (2008). There-

fore, we assume that adipocyte-derived TNFa may

act locally in adipose tissue during early lactation,

as has been reported previously (Ofei et al., 1996;

Ronti et al., 2006).

A number of studies with murine 3T3-L1 prea-

dipocytes have described direct and indirect roles for

TNFa in the pathophysiology of reduced insulin sen-

sitivity. Tumour necrosis factor is thought to act by

interfering with insulin signalling via repression of

IRS1 gene expression, by slightly decreasing the

amount of INSRs, by repressing of GLUT4 gene tran-

scription, and by decreasing GLUT4 mRNA stability

(e.g. Stephens et al., 1997). It blocks insulin signal-

ling by increasing serine phosphorylation of IRS1

and decreasing IRS1-associated phosphatidylinositol-

3 kinase (PI3-K) activity (Hotamisligil et al., 1996).

In addition, TNFa is reported to induce lipolysis in

adipocytes and to increase levels of circulating NEFA

(Ruan et al., 2002). Whether TNFa acts in the same

manner in dairy cows is currently unknown; how-

ever, the observed upregulation of TNFa expression

during the p.p. period in the present study may

reflect a contribution of this cytokine in the shifting

of adipose tissue metabolism towards catabolism.

Although a negligible amount of glucose is used

for lipogenesis in ruminants (Ingle et al., 1972), gen-

eration of NADPH2 and a-glycerophosphate from

direct oxidation of glucose, via the hexose mono-

phosphate shunt, is indispensible for lipogenesis

(Smith, 1983). Therefore, reduced abundance of

GLUT4 and GLUT1 mRNA on day 1 p.p. may reflect

a physiological adaptation in adipose tissue towards

mobilization of NEFA in place of triglyceride accu-

mulation. Komatsu et al. (2005) reported no signifi-

cant differences in the abundance of GLUT4 mRNA

in the adipose tissue among the peak-, late- and

non-lactating cows, and suggested that the change

in insulin-dependent glucose uptake in lactation is

not regulated by GLUT4 expression. Our observa-

tions in the present study are in agreement, as there

were no significant changes in the expression of

GLUT4 between week 8 a.p. and week 5 p.p. We did

observe a downregulation of GLUT4 expression on

day 1 p.p., but the previous study of Komatsu et al.

(2005) did not include cows around calving.

H. Sadri et al. Insulin sensitivity in adipose tissue of dairy cows

Journal of Animal Physiology and Animal Nutrition. ª 2010 Blackwell Verlag GmbH e199



This downregulation of GLUT4 expression in subcu-

taneous adipose tissue may indicate that the change

in insulin-dependent glucose uptake around parturi-

tion is regulated in part by GLUT4.

Interestingly, the mRNA encoding for GLUT1,

which is an insulin-independent glucose transporter,

followed a similar pattern to that observed for

GLUT4. A negative correlation between blood BHBA

and mRNA abundance of GLUT1 was observed on

day 1 p.p. Thus, the decrease in GLUT1 expression

in adipose tissue around parturition may act to sup-

ply extra glucose for vital organ function and to sup-

port milk production. Whether or not similar

mechanisms control the downregulation of GLUT4

and GLUT1 expression on day 1 p.p. is not known;

however, suppression of GLUT4 expression by TNFa
(Stephens et al., 1997) and impairment of GLUT4

transporter activity by elevated NEFA concentration

(Van Epps-Fung et al., 1997) appear to be likely

mechanisms for the observed downregulation of

GLUT4. In the present study, the decrease in mRNA

abundance of GLUT4 coincided with the increase in

mRNA abundance of TNFa and the highest concen-

tration of plasma NEFA. Therefore, on the basis of

these previous studies and on our observations,

TNFa and elevated NEFA quite possibly contribute

to downregulation of GLUT4 expression around

parturition.

In the present study, a tendency for an

increased mRNA abundance of INSR was observed

p.p., compared with 8 week a.p. This shows that

INSR is not strongly involved in reduction of insu-

lin sensitivity in subcutaneous adipose tissue

around parturition. Upon insulin stimulation, the

phosphorylated IRS proteins interact and activate

PI3-K. PI3-K, in turn, initiates its dependent path-

way, resulting in translocation of GLUT4 from

intracellular sites to the plasma membrane (Saltiel

and Kahn, 2001; Saltiel and Pessin, 2002). Mice

lacking IRS1 (Tamemoto et al., 1994) and IRS2

(Withers et al., 1998) exhibit a reduction in

peripheral tissue insulin sensitivity. Our study

showed no changes in mRNA abundance of IRS1

over time; however, it has also been reported that

serine phosphorylation of IRS1 can reduce its abil-

ity to bind to the INSR and initiate downstream

signalling (Aguirre et al., 2002). Therefore, further

studies that include measurement of tyrosine and

serine phosphorylation of IRS1 are needed to con-

firm this hypothesis.

PI3-K consists of a p85 regulatory subunit and a

p110 catalytic subunit, with a p85–p110 heterodimer

being responsible for PI3-K activity. Results from

recent human and mice studies have led to the pro-

posal that increases in p85 can cause a competition

between the p85 monomer and the p85–p110 hete-

rodimer for the same binding sites on tyrosine phos-

phorylated IRS1. This would effectively prevent

further insulin signalling downstream (Barbour

et al., 2004, 2005). We found no changes in the

expression of p85 or in the ratio of mRNA abun-

dance of p85 to p110 over time, implying that

changes in adipose tissue insulin sensitivity in late

gestation and early lactation are not mediated by

p85 expression. The reason for a tendency for p110

mRNA abundance to increase in week 5 p.p. com-

pared with week 8 a.p. is not known.

Gradual increases in the plasma NEFA concentra-

tion during the last weeks of gestation were con-

firmed by the observed changes in BCS, with a peak

concentration on day 1 p.p., in agreement with pre-

vious reports (Grummer, 1993). The increases in the

plasma NEFA concentration during late gestation

and early lactation are the result of the orientation

of adipose tissue towards mobilization of NEFA in

place of lipid deposition (McNamara, 1991). This

change is mediated by alterations in the concentra-

tions of placental derived hormones, cortisol, insulin,

growth hormone, catecholamines, and by changes in

tissue responsiveness to these hormones (Bell and

Bauman, 1997). Alterations in concentrations of adi-

pose tissue-derived endocrine and autocrine/para-

crine factors, such as adiponectin and TNFa are also

involved, but the identity of the initiating factor(s)

that triggers the observed increases in NEFA concen-

trations is unclear. Van Epps-Fung et al. (1997)

reported that elevated NEFA concentrations were

associated with substantial decreases in insulin-

induced glucose transport in adipose tissue cell lines.

In the present study, downregulation of GLUT4 and

upregulation of TNFa expression, which coincided

with increased in plasma NEFA concentration, may

confirm previous reports concerning the orientation

of adipose tissue towards mobilization of NEFA

rather than lipid deposition at the onset of lactation.

In conclusion, understanding the regulation of

insulin responsiveness of adipose tissue, a major

insulin-responsive tissue and of the molecular mech-

anisms involved in the reduction of insulin sensitiv-

ity during late gestation and early lactation, becomes

increasingly important, given the therapeutic poten-

tial of improving insulin sensitivity and reducing

lipid-related metabolic disorders. In dairy cows, the

cause of reduced insulin sensitivity during late gesta-

tion and early lactation seems to be multifactorial.

This study provides the first analysis of expression of
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genes encoding INSR signalling proteins in adipose

tissue of dry and early lactation dairy cows. Further

studies that include protein expression and activity

of selected factors may provide additional clues to

the involvement of factors in, and the mechanisms

underlying, the reduced insulin sensitivity during

late gestation and in early lactation in dairy cows.
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