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Different adaptation of IGF-I and its IGFBPs
in dairy cows during a negative energy balance
in early lactation and a negative energy balance
induced by feed restriction in mid-lactation
E.C. Kessler, J.J. Gross, R.M. Bruckmaier
Veterinary Physiology, Vetsuisse Faculty, University of Bern, Bern, Switzerland
ABSTRACT: Control of metabolic pathways is a major task of the somatotropic axis and its constituents. Insulinlike growth-factor binding proteins (IGFBPs) bind IGF-I and -II and act as carriers and regulators of their activities
in blood, body fluids and tissues. Over two periods of physiological adaptation, this study investigated the binding pattern of IGF-I to IGFBPs in the plasma of 50 multiparous Holstein dairy cows and identified relationships
with the hepatic mRNA abundance of IGFBPs and plasma IGF-I during the lactational negative energy balance
(NEB) and during a deliberately induced NEB by feed restriction. Period 1 lasted from week 3 antepartum (a.p.)
to week 12 postpartum (p.p.) and period 2, the period of feed restriction, started at around 100 DIM and lasted
for three weeks with a control (C) and a restricted group (R). Blood samples and liver biopsies were collected in
week 3 a.p., and in weeks 1 and 4 p.p. of period 1 and in weeks 0 and 3 of period 2. For column chromatography of
IGFBPs, plasma samples of all animals were pooled by group and time points of sampling. Plasma IGF-I dropped
from week 3 a.p. to week 1 p.p. and thereafter increased until week 0 (period 2) and did not change up to week 3
of period 2. The binding of IGF-I to plasma IGFBP-1 and -2 increased in period 1 from week 3 a.p. to week 4 p.p.,
while at the same time it decreased for IGFBP-3. During period 2, the binding of IGF-I to plasma IGFBP-1 and -2
decreased for both groups, but less for R cows. In C cows, the IGF-I binding to IGFBP-3 in plasma increased from
week 0 to week 3 of period 2, whereas R cows showed a slight decrease. In period 1, hepatic mRNA abundance
of IGFBP-3 followed the plasma IGFBP-3 binding in contrast to the mRNA abundances of IGFBP-1 and -2. The
latter increased from week 3 a.p. to week 1 p.p. and decreased afterwards whereas IGF-I binding to IGFBP-1 and
-2 increased. In week 3 of period 2, the binding of IGF-I to IGFBP-1 and -2 and their hepatic mRNA abundance
were higher in R cows compared to C cows. Hepatic mRNA abundance of IGF-I was consistently positively correlated with plasma IGF-I, especially pronounced during the NEBs in week 1 p.p. (period 1) and in week 3 (period
2) in R cows. While no distinct relation between mRNA abundance of IGFBP-1 and plasma IGF-I was evident, the
mRNA abundance of IGFBP-2 was inversely related to plasma IGF-I over all experimental time points independent of treatment. The mRNA abundance of IGFBP-3 was particularly correlated with plasma IGF-I during the 2
experimental stages of a NEB. Obviously IGFBP-3, but not IGFBP-1 and -2, binding in plasma closely followed the
respective pattern of hepatic mRNA abundance during the entire experimental period. The fact that changes in
the different plasma IGFBPs during altering metabolic stages in different stages of lactation do not always strictly
follow their mRNA abundance in liver suggests tissues other than the liver flexibly contributing to the IGFBP pool
in plasma as well as a partially post-transcriptional regulation of IGFBP synthesis.
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When initiation and establishment of lactation
at the end of pregnancy take place, the metabolic
priority is to provide enough nutrients and energy
to the mammary gland. Thus, around parturition metabolism changes from an anabolic to a

catabolic state, leading to mobilisation of body fat
reserves (Svennersten-Sjaunja and Olsson 2005).
Homeorhetic processes that are controlled by different endocrine factors such as insulin and the
somatotropic axis including insulin-like growth
459
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factors (IGFs), and their binding proteins (IGFBPs)
cause a directed nutrient flow towards the mammary gland while the nutrient uptake by other peripheral tissues is inhibited.
IGF-I and IGF-II are ca. 7.5 kDa peptides with
similar chemical structures (Rinderknecht and
Humbel 1978a,b). Since the plasma concentration
of IGF-II is not affected as much as the plasma
concentration of IGF-I at different stages of lactation (Vicini et al. 1991), regulation of the bioavailability of IGF-I is also mediated by IGFBPs.
IGF-I is mainly synthesised in the liver, but is also
produced in numerous other tissues and organs
(Renaville et al. 2002).
The IGFBP family consists of six homologous
proteins (Baxter 2000) with variable molecular
sizes and characterised by high affinities for IGF-I
and IGF-II. The majority of circulating IGFs (ca.
99%) are bound to these proteins while circulating in plasma (Hintz and Liu 1977; McGuire et al.
1992). The IGFBPs have diverse functions in the
regulation of the endocrine functions of IGFs such
as a role in reducing the plasma clearance of IGFs.
This elevates their half-life, inhibits insulin-like effects, and regulates the rate of transport of serum
IGFs from the vasculature to extracellular fluids
(Zapf et al. 1986; Rajaram et al. 1997).
In dairy cows, the binding pattern of IGF-I to
IGFBPs in plasma was studied by Ronge and Blum
(1989) during the last one to two weeks of the dry
period and during the lactational negative energy
balance (NEB) at four weeks postpartum (p.p.).
However, until now the binding pattern of IGFs
to their binding proteins and relationships among
the constituents of the somatotropic axis, including
the mRNA abundance of these factors, during a
NEB at two different physiological stages of lactation (directly after parturition when tremendous
changes occur and near 100 days in milk (DIM)
without periparturient endocrine adaptations) has
not been examined.
The aim of this study was therefore to provide
further insights into the adaptation of constituents
of the somatotropic axis during the NEB at the onset of lactation and during a deliberately induced
NEB by feed restriction at mid-lactation. Unlike
earlier studies, we have investigated relationships
between the binding pattern of IGF-I to IGFBPs
in plasma as well as IGF-I and mRNA abundance
of IGFBPs in the liver. The hypothesis tested was
that the binding pattern of IGF-I to its IGFBPs in
plasma and the relationships to the hepatic mRNA
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abundances of IGFBPs react differently to a NEB
during early lactation compared to a deliberately
induced NEB at around 100 days in milk.

MATERIAL AND METHODS
Animal trial. Fifty multiparous Holstein dairy
cows were studied during two physiologically different periods with a NEB. Period 1 lasted from
week 3 a.p. to week 12 p.p. and included the spontaneous NEB occurring directly after parturition.
During period 1, all cows were treated similarly.
After 100 DIM (= start of period 2; the week before feed restriction was designated as week 0),
cows were separated in two groups: a control group
(C cows) and a feed restricted group (R cows).
Period 2 lasted three weeks (until week 3 of period 2) with R cows undergoing a NEB of almost
50% of their requirements induced by feed restriction while C cows were fed according to their needs.
Details about the animal trial and the feeding regimen were described previously (Gross et al. 2011a).
Collection of blood and liver samples, analyses
of hormones in plasma and hepatic gene expressions. Blood samples and liver biopsies were collected in period 1 (week 3 a.p., week 1 and 4 p.p.) and
in period 2 (week 0 and week 3) between 7:30 and
9:00 a.m. before feeding. Blood obtained from the
jugular vein was collected in K3EDTA-coated evacuated tubes (Greiner, Frickenhausen, Germany),
immediately cooled on wet ice and centrifuged for
15 min at 2000 × g to harvest plasma. Aliquots of
plasma were stored at –20 °C until analysis of IGF-I
using a radioimmunoassay in all individual samples
as described by Vicari et al. (2008).
In parallel to the obtained blood samples, liver
sampling was performed by blind percutaneous
needle biopsy (14G × 152 mm; Dispomed Witt
oHG, Gelnhausen, Germany) under local anaesthesia. Liver tissue (40–60 mg) was incubated
with an RNA stabilisation reagent (RNAlater;
Ambion, Applied Biosystems, Austin, TX, USA),
kept at +4 °C for 24 h, and stored at –20 °C until
analysis. RNA isolation was performed with peqGOLD TriFast (PEQLAB Biotechnologie GmbH,
Erlangen, Germany). The RNA integrity was verified by the optical density (OD) ratio at wavelengths
of 260 and 280 nm. This OD 260 : OD 280 absorption ratio was between 1.7 and 2.1 for all samples.
Extracted total RNA (1 µg) was reverse transcribed
into cDNA with Moleney Murine Leukaemia
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Virus Reverse Transcriptase RNase H Minus, Point
Mutant (Promega Corp., Madison, WI, USA) using
random hexamer primers (Invitrogen, Leek, the
Netherlands). Quantitative RT-PCR for determination of the mRNA abundance of IGF-I, IGFBP-1,
IGFBP-2, and IGFBP-3 genes was performed on all
individual liver samples with a Rotor-Gene 6000
(Corbett Research, Sydney, Australia) equipped
with the software version 1.7.40. Ubiquitin (UBQ)
and GAPDH were used as housekeeping genes as
they were most stably expressed in liver over the
course of the experiment. For further details on the
methods mentioned above and the used primers
see Gross et al. (2011b).
[ 125 I]IGF-I binding to plasma samples and
column chromatography. Sephadex gel filtration
was performed in order to separate and to identify
IGF-I and IGFBPs by molecular size with larger
molecules running faster compared to smaller ones.
Because the huge number of plasma samples did
not allow gel chromatography on individual samples, the samples of all animals were pooled by
group and time points of the experiment.
Chromatography was performed under neutral
pH conditions at a pH of 7.4 on a 75 ml column
filled with a Sephadex G-200 gel and run at +4 °C
with Dulbecco’s Buffer (8 g NaCl, 0.2 g KCl, 0.1 g
MgCl2 × 6H2O, 0.2 g NaN3, 1.15 g Na2HPO4 × 2H2O,
0.2 g KH2PO4 dissolved in 1 l double-distilled water
at pH 7.4). Two hundred µl of pooled plasma were
incubated with 200 µl Dulbecco’s Buffer and 35 µl
[125I]IGF-I (ca. 200 000 counts per minute (cpm),
5.85 ng IGF-I) overnight at +4 °C and then passed
over the column. Collected fractions (10 drops,
0.5 ml each, resp.) were transferred to a gamma
counter (2470 Wizard2 Automatic gamma counter,
PerkinElmer Inc., Waltham, Massachusetts, USA)
to measure the radioactivity expressed as cpm. The
sum of activities of all collected individual fractions
was set to 100% of the total activity per pooled
sample measured.
In order to demonstrate the specific binding of IGF-I to the IGFBPs, 200 µl of plasma,
200 µl Dulbecco’s Buffer and 35 µl [125I]IGF-I (ca.
200 000 cpm, 5.85 ng IGF-I) were incubated with
100 µl IGF-II (10 000 ng IGF-II) overnight at +4 °C
and then passed over the column (Figure 1). In addition to the excess of supplied IGF-II, IGF-II has a
higher affinity to IGFBPs and competes with IGF-I
for binding sites of IGFBPs (Rajaram et al. 1997).
When incubated with an excess of IGF-II, IGF-I is
blocked from IGFBPs and all labelled IGF-Is are
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Figure 1. Sephadex G-200 gel filtration of pooled plasma
samples at two different time points (A = week 1 p.p. of
period 1; B = week 0 of period 2) incubated with [125I]
IGF-I and of IGF-II given in cpm in % of total cpm. The
bars indicate the molecular weights of the standard proteins used for the characterisation of the column

found in the peak of free IGF-I (Figure 1) (Zapf et
al. 1989). Thus, the observed binding of IGF-I in
the peaks before free IGF-I is very likely due to the
binding to IGFBPs (Figure 1).
The separation behaviour of the column was characterised with a gel filtration marker kit for proteins (Sigma-Aldrich; range of molecular weights
from 29 000 up to 700 000 Da) (Figure 1). Carbonic
Anhydrase (29 kDa), albumin (66 kDa), alcohol
dehydrogenase (150 kDa), β-amylase (200 kDa),
apoferritin (443 kDa) and thyroglobulin (669 kDa)
were used as standards. From here, the collected
fractions containing the different IGFBPs and free
IGF-I could be identified by molecular weight and
the relative occurrence of [125I]IGF-I in the different fractions was calculated as a percentage of total
125
I-activity (cpm, Figure 1). According to the molecular weights of the IGFBPs and to the literature,
the peaks resulting from the column chromatography could be assigned to different IGFBPs. Peak 2
461
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RESULTS
Endocrine factors of the somatotropic axis,
mRNA abundances of IGF-I and IGFBPs themselves and their role in energy deficient dairy cows,
were described in Gross et al. (2011b). Many studies
present data only at the stage of gene expression,
but the effective distribution and activity take place
at the haematological level. In this study it was of
main interest to delineate both the changes in the
pattern of IGF-I binding to the IGFBPs as well as
the interactions between the molecular and haematological level of binding proteins and regulating
endocrine factors.
462

Binding pattern of IGF-I to IGFBPs
in pooled plasma samples
The binding of IGF-I to binding proteins of peak 2
decreased gradually from week 3 a.p. to week 4 p.p.
in period 1 (Figure 2). In period 2, from week 0 to
week 3 the binding of IGF-I to binding proteins of
peak 2 increased in C cows, while R cows showed
a slight decrease.
The binding of IGF-I to binding proteins of peak 3
increased steadily from week 3 a.p. (period 1) to
week 0 (period 2) (Figure 2). From week 0 to week 3
in period 2, IGF-I binding to proteins of peak 3 in
both groups decreased and was even less in C cows
compared to R cows.

Relation between IGF-I plasma
concentration and hepatic mRNA
abundance of IGF-I and IGFBPs
The hepatic expression of IGF-I was positively
correlated with plasma IGF-I in week 3 a.p., week 1
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was associated with IGFBP-3, peak 3 represented
IGFBP-1 and -2, and unbound IGF-I was allocated
to peak 4.
Besides pooled plasma samples, a subset of individual samples was applied to the Sephadex gel
filtration. This may give an idea about the underlying variation of the newly created data. However,
it must be mentioned that this subset represents
only four animals characterised by their distinct
deviation from the experimental average in hepatic mRNA abundance of IGF-I and IGFBPs. In
peak 2, values ranged from 6.0 to 14.2% and between 56.5 to 63.3% in peak 3. Simultaneously, CT
values of mRNA abundances varied from 12.8 to
20.7 (IGFBP-1), from 16.6 to 22.9 (IGFBP-2) and
from 8.6 to 12.1 (IGFBP-3). Thus, pooled samples
may represent the mean of single samples when
considering the concomitant high variation in single PCR data.
Statistical analysis. Column chromatography for
determination of the binding pattern of IGF-I to
IGFBPs in plasma was performed with pooled samples representing mean values at the time-points
of simultaneous liver biopsies. Therefore, no SEM
can be provided for this data and comparisons
with IGF-I and the respective mRNA abundance
of IGFBPs are based on descriptive statistics only.
However, the high specific binding pattern allows
gradual changes in column data (pooled samples
without giving individual variation) to reflect true
means of data approaching closest.
The CORR procedure of SAS (Version 9.2, SAS
Institute, Cary, NC, USA) was used to determine
Pearson correlation coefficients between IGF-I
concentrations in plasma and mRNA abundances
of IGFBP-1, -2 and -3 measured in liver.
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Figure 2. Binding of [125I]IGF-I to IGFBPs in peak 2
(IGFBP-3) and peak 3 (IGFBP-1 and -2) in % of total cpm
at the different time points in period 1 (week 3 a.p. to
week 4 p.p.) and period 2 (week 0 and week 3)
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Table 1. Correlations between mRNA abundances of IGFBP-1, -2 and -3 and plasma IGF-I concentration
Period 1

Period 2
week 0

week 3

week 3
a.p.

week 1
p.p.

week 4
p.p.

C cows

R cows

C cows

R cows

IGF-I mRNA/IGF-I

0.26

0.68

0.27

0.17

0.33

0.17

0.47

P-value

0.0807

<0.0001

0.600

0.4366

0.1144

0.4470

0.0323

0.19

0.37

0.05

0.3654

0.0925

0.8235

IGFBP-1 mRNA/IGF-I
P-value
IGFBP-2 mRNA/IGF-I
P-value
IGFBP-3 mRNA/IGF-I
P-value

–0.14
0.3647
–0.35
0.0195
–0.16
0.2839

–0.17
0.2463
–0.28

–0.06

–0.38

0.6900
–0.23

0.0675
–0.34

–0.50

0.0569

0.1159

0.1076

0.0124

0.26

0.21

–0.20

0.24

0.0778

0.1457

0.3457

0.2529

p.p. and in R cows in week 3 of period 2 (Table 1).
The correlations were highest during periods of
negative energy balance in week 1 p.p. (period 1)
and in R cows in week 3 of period 2 (r = 0.68; P <
0.05 and r = 0.47; P < 0.05). Data on energy balance
was shown previously (Gross et al. 2011a).
The IGFBP-1 expression showed no consistent
relationship to plasma IGF-I for both groups at any
time points (Table 1).
Hepatic mRNA of IGFBP-2 was inversely correlated with plasma IGF-I during both experimental
periods (Table 1). The correlation of plasma IGF-I
with IGFBP-2 mRNA abundance decreased from
week 3 a.p. to week 4 p.p. (period 1) and increased
in both groups from week 0 to week 3 (period 2).
Hepatic mRNA abundance of IGFBP-3 was correlated with plasma IGF-I in week 1 in period 1 and
in week 3 in R cows (Table 1).

DISCUSSION
The role of the somatotropic axis in growth and development has been studied since the first postulation
of IGFs in the late 1950s (Froesch et al. 1986). Despite
its local mode of action on individual cells, the systemic mediation of regulatory effects on metabolism
is one of the main tasks of the somatotropic axis and
its constituents as reviewed by Rajaram et al. (1997).
At the onset of lactation, the mammary gland
gains the highest metabolic priority for nutrient
flow to support and maintain milk production
(Bauman and Currie, 1980; Svennersten-Sjaunja
and Olsson 2005). Usually, dairy cows cannot meet
their energetic requirements during early lactation

–0.53
0.0106
–0.02
0.9218

–0.66
0.0011
0.41
0.0690

and undergo a negative energy balance (time points
week 1 p.p. and week 4 p.p. of period 1 in the present
study; Gross et al. 2011a), which becomes positive
again in mid lactation (week 0 of period 2 in the
present study; Gross et al. 2011a). The required
metabolic changes for the adaptation to lactation
are mediated, amongst other endocrine systems, by
the growth hormone – IGF-axis. According to BoniSchnetzler et al. (1989) and Fenwick et al. (2008),
the liver is the most important source of plasma
IGF-I. However, D’Ercole et al. (1984) showed in
their study that many extra-hepatic tissues are able
to synthesise IGF-I. In the present study, the highest correlations were found at time points during
an obvious NEB, such as in week 1 p.p. (period 1)
and in R cows in week 3 (period 2). Thus, the liver
is an indisputable source of IGF-I, especially during
stages of energy deficiency. It is evident, however,
that extra-hepatic tissues may also contribute considerably to the IGF-I plasma pool.
IGFBPs are carrier proteins in plasma and play
a key role in the regulation of circulating IGF bioavailability (Baxter 2000). In the present study, the
method of column chromatography was used to
investigate the binding pattern of IGF-I to its binding proteins. Since this method is very laborious
and time consuming, the considerable numbers of
samples were pooled by group and time point for
measurement. Pooled samples provide an estimation of the closest true mean of individual samples.
In the present study, gel chromatography showed
four major peaks. Peak 4 was assigned to IGF-I
because of different aspects: when labelled IGF-I
was passed over the column with only buffer, a peak
of free IGF-I was found in the same fractions (data
463
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not shown) as when plasma was incubated with an
excess of IGF-II blocking the binding of IGF-I to
IGFBPs. Additionally, when IGF-I was incubated
with plasma, a peak of unbound IGF-I was found
in the fractions which represented peak 4. Peak 3
involved different IGFBPs since six IGFBPs have
molecular weights between 29 and 66 kDa (Hwa et
al. 1999). The serum concentrations of IGFBP-4, -5
and -6 are quite low and, besides IGFBP-3, IGFBP-1
and -2 are the other major forms of IGFBPs in serum (Clemmons 1997). IGFBP-1 and IGFBP-2 form
binary complexes with IGF-I of estimated weights
of 33 and 45 kDa (Clemmons 1997; Hwa et al. 1999).
IGFBP-3 (acid-stable subunit) forms a 150 kDa
complex, termed “ternary complex”, with IGF-I
and an 80 kDa acid labile subunit (ALS) (Baxter et
al. 1989), thus forming peak 2 in the column chromatography. According to Daughaday et al. (1982),
most of the IGF-I in serum is bound to IGFBP-3.
However, in the present study, the principal carriers of IGF-I in plasma were the IGFBPs in peak 3,
IGFBP-1 and -2. The second most abundant IGF-Icarrier was the binding protein in peak 2, IGFBP-3.
These results are in agreement with Hossner et al.
(1988) and Ronge and Blum (1989). In their column
chromatography studies, the most abundant binding of IGF-I to BPs was also detected at molecular
weights between 29 and 67 kDa, comparable to our
peak 3, including IGFBP-1 and 2. The discrepancy
between studies defining the binding capacity of
IGFBPs seems to be due to the used methods. More
pre-analytical processing steps and the acidic treatment of samples in the previous study of Daughaday
et al. (1982) may have altered the binding characteristics of IGF-I to IGFBPs in plasma compared
to the present study, where native plasma was directly incubated with labelled IGF-I and applied
to column chromatography. As the preparation of
samples and the chromatography protocol in the
present study followed Hossner et al. (1988) and
Ronge and Blum (1989), IGF-I was mostly bound
to IGFBP-1 and -2 located between 29 and 66 kDa.
Since IGFBP-1 and -2 have inhibiting effects
on IGF-I (Rajaram et al. 1997), they decrease the
bioavailability of IGF-I for the peripheral tissues
(Vandehaar et al. 1995). In the present study, the
binding affinity of IGF-I for IGFBP-1 and -2 increased steadily during the lactational NEB and
consequently prevented the insulin-like activities
of IGF-I, which might facilitate the glucose uptake
from blood by the mammary gland during early
lactation when plasma glucose concentration is low
464
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anyway (Gross et al. 2011a). An increasing plasma
concentration of IGFBP-2 during the NEB postpartum was also demonstrated by Vicini et al. (1991).
In contrast, during period 2, both groups showed
a decreased binding of IGF-I to IGFBP-1 and -2,
although the extent was smaller in R cows. This
higher binding of IGF-I to BP-1 and -2 in R cows
during the deliberately induced NEB seems to be
aimed at restricting the insulin-like activities of
IGF-I during this catabolic state (Breier 1999), although to a lesser degree than during the lactational NEB. The decreased binding of IGF-I to IGFBP-1
and -2 in week 3 in C cows is likely a consequence
of a priority shift in metabolism. In mid-lactation,
the nutrient supply of the mammary gland is not
as highly ranked as in early lactation and thus the
inhibitory effect of IGFBP-1 and -2 on IGF-I is no
longer needed.
Insulin seems to be an important regulator of
IGFBP-1 and -2. When plasma insulin concentrations are low during early lactation (Gross et al.
2011b), the binding of IGF-I to IGFBP-1 and -2
increases. These results are in accordance with
Clemmons and Underwood (1991), who showed
that low plasma insulin increases the IGFBP-1 and
-2 plasma concentration. Likewise, in early lactation, during the period of feed restriction in midlactation with a lower plasma insulin concentration
for R cows (Gross et al. 2011b), the binding of IGF-I
to IGFBP-1 and -2 was observed to be increased
in R cows compared to C cows. Another hormone
involved in the regulation of IGFBP-1 and -2 is
GH which was reported to be inversely related to
IGFBP-2 plasma concentration (Clemmons 1997).
The results of the present study are in agreement with this author since the binding of IGF-I
to IGFBP-1 and -2 increased from week 1 p.p. to
week 0 of period 2 whereas plasma GH decreased
(Gross et al. 2011b).
The hepatic mRNA abundances of IGFBP-1 and
-2 have been shown to be elevated in week 1 p.p.
and decrease thereafter (Gross et al. 2011b). At the
same time, the binding of IGF-I to IGFBP-1 and -2
increased steadily from week 3 a.p. to a maximum
in week 0 of period 2. IGFBP-1 and -2 in circulation originate mainly from hepatocytes (Kelley
et al. 1996; Clemmons 1997). During the very low
NEB at the onset of lactation, the liver seems to be
the main contributor of IGFBP-1 and -2. However,
during later stages of lactation, IGFBP-1 and -2
might also be produced by other organs or tissues.
In week 3 of period 2, a higher hepatic expression of
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IGFBP-1 and -2 was observed in R cows compared
to C cows (Gross et al. 2011b) and the binding of
IGF-I to BP1- and -2 was also higher in R cows than
in C cows. Thus, in periods of very low NEB, like
in week 1 p.p. (period 1) and week 3 (period 2) for
R cows, the liver seems to increase the synthesis
of IGFBP-1 and -2.
The binding of IGF-I to IGFBP-3 decreased in
period 1 from week 3 a.p. to a nadir in week 4
p.p., where the NEB was present. Simultaneously,
the IGF-I plasma concentration dropped (Gross et
al. 2011a,b). These results are in agreement with
Renaville et al. (2000), who observed a decrease
in plasma concentrations of IGF-I and IGFBP-3
during feed restriction. This major decrease in
IGFBP-3 during the NEB at the onset of lactation
might be an attempt to maximise the availability of
remaining IGF-I to the tissues (Breier 1999). During
period 2, the binding of IGF-I to IGFBP-3 increased
in C cows. This change suggests that the insulinlike effects of IGF-I increase in mid lactation since
prolonging the half-life of IGF-I in the circulation
is a major function of IGFBP-3 (Clemmons 1997).
However, in R cows the slight decrease of the binding of IGF-I to IGFBP-3 during the deliberately
induced NEB can be interpreted as a slight reduction of the insulin-like effects of IGF-I.
An important mechanism for maintaining an
adequate reservoir of IGF-I in the circulation is
a coordinated regulation of IGF-I and IGFBP-3
(Camacho-Hubner et al. 1991; Clemmons 1997).
According to Clemmons et al. (1989), IGF-I is also
able to directly elevate the plasma IGFBP-3 concentration. In the present study, IGF-I was positively
correlated with the hepatic IGFBP-3 mRNA abundance only in periods of a NEB. When IGF-I plasma
concentration decreased (Gross et al. 2011b), IGF-I
bound less to IGFBP-3 and vice versa. Furthermore,
the hepatic mRNA abundance of IGFBP-3 and
the IGFBP-3 binding pattern in plasma showed
a close relationship during the entire experimental period. Hence, IGF-I might be able to directly
induce IGFBP-3 only during stages of a negative
energy balance. In contrast, IGFBP-2 seems to be
suppressed by IGF-I. The hepatic expression of
IGFBP-2 was negatively correlated with plasma
IGF-I over all time points supporting an inverse
regulation of IGFBP-2 by IGF-I.
Aside from IGF-I, GH has also been implicated in
the regulation of hepatic IGFBP synthesis. GH acts as
a repressor of IGFBP-1 synthesis (Seneviratne et al.
1990) and as a stimulator of IGFBP-3 synthesis (Kelley
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et al. 1996). However, in the present study, neither
the hepatic expressions of IGFBP-1 and -2, nor the
IGFBP-3 mRNA abundance were related to GH.

CONCLUSIONS
In conclusion, clear relationships between hepatic gene expression of IGFBPs and plasma IGF-I
concentrations were identified at all time points for
IGFBP-2 and during stages of negative energy balance for IGFBP-3. The binding pattern of IGF-I to
IGFBP-1, -2 and -3 during the deliberately induced
NEB was similar to the binding pattern during the
lactational NEB, though to a lesser extent. In contrast
to IGFBP-1 and -2, the binding of IGF-I to IGFBP-3
in plasma closely followed the respective hepatic
expression pattern during both experimental periods. Furthermore, the hepatic mRNA abundances of
IGFBP-1 and -2 were elevated during the lactational
NEB in week 1 p.p. and during the NEB induced by
feed restriction in week 3 of period 2 in R cows. The
fact that changes in plasma IGFBP-1 and -2 do not
strictly follow the mRNA abundance in liver suggests
that, (a) especially in stages of positive EB, tissues
other than the liver contribute to the IGFBP-1 and -2
pool in plasma or (b) post-transcriptional regulation
of the hepatic synthesis of IGFBP-1 and -2.
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