
Introduction

Establishment of pregnancy in pigs relies on the physical
alteration of conceptus morphology and the increase in
conceptus steroidogenic enzymes necessary for synthesis of
oestrogen during elongation of the trophoblast throughout
the uterine horns (Geisert and Yelich, 1997). Days 11–12 of
gestation in pigs clearly delineate the period of transition
from a cyclic endometrium to a tissue receptive to placental
attachment and maintenance of secretions for continued
growth and development of conceptuses. The presence of
elongating conceptuses within the uterine lumen of pigs
correlates directly with increased uterine release of calcium
(Geisert et al., 1982), endometrial proteins that include
uteroferrin and retinol binding protein (Roberts and Bazer,
1988; Vallet et al., 1998), and enzymes such as cathepsins
(Roberts et al., 1976; Geisert et al., 1997), tissue kallikrein
(Vonnahme et al., 1999) and metalloproteinases (Menino et
al., 1997). Uterine production and release of several growth
factors is also associated temporally with conceptus

elongation and steroidogenesis (see Geisert and Yelich,
1997). Endometrial synthesis of insulin-like growth factors
(IGF) (Simmen et al., 1992; Green et al., 1995), heparin
binding-epidermal growth factor (Brigstock et al., 1990),
colony-stimulating factor 1 (Tuo et al., 1995), keratinocyte
growth factor (Ka et al., 2000) and connective tissue growth
factor (CTGF) (Harding et al., 1998) has been characterized
in pig uterus.

IGF-I is one of the most studied and well-characterized
growth factors in pig uterus. The greatest uterine luminal
content of IGF-I occurs during the period of conceptus
elongation (Simmen et al., 1992) and has been proposed 
to increase oestrogen synthesis through stimulation of
conceptus aromatase gene expression (Green et al., 1995).
Biological activity of IGF-I in tissues is regulated not only
through its synthesis and release, but also the presence or
absence of IGF-binding proteins (IGFBPs) can affect its
availability to interact with IGF receptors (Rechler, 1993).
Currently, six IGFBPs have been described in the regulation
of IGF action (Rechler, 1993; Jones and Clemmons, 1995).
Gene expression for IGFBP-2–6, but not IGFBP-1, has been
detected in pig endometrium (Simmen et al., 1992; Song et al.,
1996). IGFBP-2 and -3 are detected in uterine flushings by
ligand and western blotting (Lee et al., 1998) and are the
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During early pregnancy, pig conceptuses initiate the
synthesis of oestrogens and on day 12 their trophoblastic
membranes undergo a rapid expansion throughout the
uterine horns. The insulin-like growth factor (IGF) system
may be involved with conceptus development and
steroidogenesis in pigs. Changes in uterine luminal IGF,
insulin-like growth factor binding proteins (IGFBPs) and
enzymatic activity for cleavage of IGFBPs during the
oestrous cycle and early pregnancy were investigated.
Uterine luminal content of IGF-I and IGF-II in uterine
flushings from pigs on day 12 of pregnancy were two and
three times greater, respectively, compared with uterine
flushings collected from gilts during the oestrous cycle. Both
IGF-I and -II content decreased on day 15 of gestation but
content of IGF-II in uterine flushings remained three times

greater than that of cyclic gilts. IGFBP-2 and -3 were the
predominant binding proteins present in uterine flushings
during days 0–10 of the oestrous cycle or day 10 of
pregnancy. No IGFBPs were detected in the uterine flushings
of either cyclic or pregnant pigs after day 10 by ligand
blotting. Incubation of [125I]-labelled IGFBPs with various
protease inhibitors indicated that cleavage of [125I]-labelled
IGFBP-2 and -3 in uterine flushings involved serine proteases
such as tissue kallikrein and matrix metalloproteinases. The
results of the present study indicate that an increase in tissue
kallikrein activity on day 12 of the oestrous cycle and preg-
nancy in pigs can directly, or indirectly through activation of
matrix metalloproteinases, cleave IGFBP-2 and -3, thus
allowing uterine release of IGF-I and -II in the uterine lumen
to stimulate conceptus development.
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predominant IGFBPs in the uterine flushings of pregnant
gilts before the period of conceptus elongation. However,
there is a marked decline to complete absence of uterine
IGFBP binding of radiolabelled IGF-II after the elongation of
pig conceptuses on day 12 of gestation (Lee et al., 1998).
These investigators proposed that protease activity was
induced by the developing conceptuses; however, changes
in IGFBPs were not evaluated in uterine flushings collected
from contemporary females during the oestrous cycle. Lee
et al. (1998) indicated that loss of IGFBP-3 in the uterine
lumen during pregnancy was not the result of decreased
gene expression, but rather of proteolysis. The IGFBP
protease could be inhibited by EDTA and may involve a
group of cation-dependent enzymes and possibly serine
proteases. 

Vonnahme et al. (1999) reported an increase in
enzymatic activity of the serine protease kallikrein in the
uterine lumen after day 10 of the pig oestrous cycle or
pregnancy. Tissue kallikrein may function to assist in
stabilization of the uterine epithelium extracellular matrix
through the cleavage of inter-α-trypsin heavy chain 4
(IαIH4) and facilitate bradykinin release from kininogen
(see Geisert and Yelich, 1997). The role of kallikrein in the
release of bradykinin from kininogen, activation of growth
factors and alteration of the extracellular matrix indicates
that kallikreins may be involved with the various events of
implantation in rats (Corthorn and Valdes, 1994; Chan et
al., 1999). Uterine kallikrein activity is associated with
oestrogen activation of implantation events in rats (Corthorn
et al., 1997). As initiation of kallikrein activity in the uterine
lumen parallels the time of elongation of pig conceptuses,
oestrogen synthesis and proteolysis of uterine luminal
IGFBPs, it is possible that tissue kallikrein could be involved
with IGFBP cleavage during early pregnancy of pigs. The
present study was undertaken to investigate the changes in
uterine luminal content of IGF-I and -II, IGFBPs and IGFBP
protease activity during the oestrous cycle and early preg-
nancy of gilts. The role of kallikrein in IGFBP proteolysis
was evaluated though specific enzyme inhibitors to
kallikrein and addition of the enzyme to uterine flushings
containing IGFBPs.

Materials and Methods

Animals

Sexually mature crossbred gilts of similar ages (8–10
months) and body weight (100–130 kg) were checked twice
a day for oestrous behaviour with intact boars. Onset of
oestrous activity was considered day 0 of the oestrous cycle.
Gilts assigned for mating were mated naturally with fertile
boars at the onset of oestrus and 12 h later. Uterine flushings
were collected from the uterine horns immediately after
hysterectomy of cyclic gilts (n = 16) on days 0, 5, 10, 12 and
15 of the oestrous cycle and from pregnant gilts (n = 9) on
days 10, 12 or 15 of pregnancy. After surgical removal of
the uterus as described by Gries et al. (1989), one uterine

horn was isolated and flushed with 20 ml PBS (pH 7.4).
Uterine flushings were placed on ice until centrifugation (at
2500 g for 10 min, 48C) to remove cell debris and conceptus
tissue from pregnant animals. The supernatant was divided
into aliquots in sterile tubes and stored at –808C until
thawed for analysis.

Ligand blotting

Uterine flushing samples were prepared for ligand blotting
by concentrating 4 ml sample using Centricon 10 concen-
trators (Amicon, Beverly, MA) with a cut-off molecular
weight of 10 000. Protein content in concentrated uterine
flushing samples was determined by the method of Lowry 
et al. (1951) using BSA as a standard. IGFBPs in uterine
flushings were analysed by one-dimensional SDS–PAGE, as
described by Echternkamp et al. (1994). In brief, 50 µg
uterine flushing protein was mixed with 21 µl non-reducing
denaturation buffer (BIORAD, Hercules, CA). In addition to
uterine flushing samples, coloured molecular mass markers
(Sigma Chemical Co, St Louis, MO) and 4 µl bovine
follicular fluid were used to identify band size and IGFBPs.
The samples were denatured by heating at 100°C for 3 min,
centrifuged at 4657 g for 3 min and separated using 12%
(w/v) PAGE for about 18–20 h, at a constant current and
variable voltage. After separation, proteins in the gels were
transferred to nitrocellulose paper (Midwest Scientific, St
Louis, MO) by electrophoresis for 2.5–3.0 h and ligand-
blotted overnight with [125I]-labelled IGF-II. Tris-buffered
saline (TBS) with 0.1% (v/v) Tween was used to wash the
nitrocellulose blots. The nitrocellulose blots were dried 
and exposed to X-ray film at –808C for 14 days. The 
X-ray film was then developed and band intensity on auto-
radiographs was determined using scanning densitometry
with Molecular Analyst (BIORAD).

Analysis of proteolysis of IGFBP-2 and -3 in uterine
flushings

IGFBP-2 and -3 were iodinated by a modification of the
chloramine-T method (Spicer et al., 1999). Recombinant
human IGFBP-2 (31 kDa) was obtained from Austral
Biologicals (San Ramon, CA) and recombinant human
IGFBP-3 (47 kDa) was obtained from Upstate Biotech-
nology Inc (Lake Placid, NY). IGFBP-2 and -3 (2 µg) were
incubated independently with 1 mCi Na[125I] (Amersham
Pharmacia Biotech, Arlington Heights, IL) in the presence of
3.2 µg chloramine-T for 30 s at 258C. The reaction was
stopped by addition of 6 µg sodium meta-bisulfate. [125I]-
labelled IGFBP-2 and -3 were purified from the reaction
mixtures by Sephadex G-50 gel chromatography (Sigma
Chemical Co).

Uterine flushings from day 10, 12 and 15 cyclic and
pregnant gilts (25 µg) were incubated at 378C for 5 h with
60 000 c.p.m. of either recombinant human [125I]-labelled
IGFBP-2 or -3 mixed in 20 µl Dulbecco’s modified Eagle’s
medium–Ham’s F12 medium (1:1; DMEM–F12). The various
[125I]-labelled IGFBPs and their proteolytic fragments were
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separated by 12% (w/v) one-dimensional SDS–PAGE. Before
gel electrophoresis, samples were boiled for 3 min to
denature proteins and then added to the wells in the gel. Gels
were dried onto filter paper with a vacuum and exposed to X-
ray film at –808C for 48 h. Labelled IGFBP and proteolytic
fragments were detected from the X-ray film. The resultant
breakdown products or bands were determined using
scanning densitometry with Molecular Analyst (BIORAD).

Evaluation of protease inhibitors to IGFBP degradation

Inhibition of uterine flushing protease activity to IGFBP
was evaluated by pre-incubating (30 min) 60 000 c.p.m. of
either recombinant human [125I]-labelled IGFBP-2 or -3 
in 30 µl of DMEM–F12 medium with either 0.1 mmol
aprotinin l–1, 1 mmol leupeptin l–1, 1 mmol phenylmethane-
sulphonyl fluoride (PMSF) l–1, 1 mmol E-64 l–1 (Boehringer
Mannheim, Indianapolis, IN), 5 mmol 1,10-phenanthroline
l–1, 1 mmol deoxycycline l–1, 1 mmol cyclohexylacetyl-
Phe-Arg-Ser-Val-Gln amide (CAA) l–1 or 5 mmol EDTA l–1

(Sigma Chemical Co). After pre-incubation of protease
inhibitors, 25 µg protein from a pool of day 12 and day 15
cyclic and pregnant uterine flushings was added, the tubes
were gently vortexed and the sample mixture was incubated
at 378C for 5 h. Addition of PBS containing 25 µg BSA and
25 µg protein from a pool of day 10 cyclic and pregnant
uterine flushings served as a control to monitor IGFBP
breakdown during incubation. Samples were separated by
12% (w/v) one-dimensional SDS–PAGE and subjected to
autoradiography as described earlier.

Analysis of kallikrein, tissue plasminogen activator and
matrix metalloproteinase 3 enzyme activity on IGFBP-2
and -3

Direct proteolysis of IGFBPs was evaluated by incubating
60 000 c.p.m. of either recombinant human [125I]-labelled
IGFBP-2 or -3 in 30 µl of DMEM–F12 medium with 3 µg of
either pig kallikrein (pig pancreas), tissue plasminogen
activator (Calbiochem-Novabiochem Corp, La Jolla, CA) or
matrix metalloproteinase 3 (MMP-3) (Sigma Chemical Co)
in the presence or absence of 25 µg protein from a pool 
of day 10 pregnant and cyclic uterine flushings. As a posi-
tive control, a pooled sample of day 12 and 15 concen-
trated uterine flushing protein (25 µg) was incubated with
either recombinant human [125I]-labelled IGFBP-2 or -3.
Samples were incubated at 378C for 5 h, followed by one-
dimensional 12% (w/v) SDS–PAGE and autoradiography as
described earlier.

Inhibition of uterine IGFBP proteolysis with inhibitors to
kallikrein and MMPs

Protein (25 µg) from a pooled sample of day 10 cyclic
gilts in 30 µl DMEM–F12 media was co-incubated with
12.5 µg protein from day 15 uterine flushings at 378C for 5 h
in the presence or absence of 2 mmol CAA (kallikrein
inhibitor), 1 mmol deoxycycline (MMP inhibitor) or CAA

plus deoxycycline. Samples of protein from day 10 and day
15 uterine flushings were incubated alone and served as
controls. After incubation, samples were run on a one-
dimensional 12% (w/v) SDS–PAGE and ligand blotted with
[125I]-labelled IGF-II as described earlier.

IGF radioimmunoassay of uterine flushings

Uterine content of IGFs in cyclic and pregnant females
was determined in uterine flushings collected on days 10,
12 and 15. Concentration of IGF-I in of uterine flushings
was determined in a single assay by radioimmunoassay
after acid–ethanol extraction (16 h at 48C) as described by
Echternkamp et al. (1990). The intra-assay coefficient of
variation was 9.0%. Concentration of IGF-II in uterine
flushings was determined in a single assay by radio-
immunoassay as described by Spicer et al. (1995). The 
intra-assay coefficient of variation was 9.2%.

Statistical analysis

Data were analysed statistically by least squares ANOVA
using the General Linear Models procedure of SAS (SAS,
1988). The statistical model used to analyse uterine flushing
enzymatic activity to IGFBP cleavage, and IGF-I and -II
content in uterine flushings included effects of day, repro-
ductive status and day by reproductive status interaction.

Results

IGFBPs in uterine flushings during the oestrous cycle and
early pregnancy

Presence of IGFBPs in the uterine lumen of cyclic and
pregnant gilts as evaluated through ligand blot analyses with
[125I]-labelled IGF-II is shown (Fig. 1). An intense IGFBP
band at approximately 34 kDa, putative IGFBP-2 (Lee et al.,
1998), was present at oestrus (day 0) with detection of two
lighter bands between 40 kDa and 46 kDa. The major band
of IGFBP-2 was absent in day 5 uterine flushings from cyclic
gilts with only faint detection of the two bands > 40 kDa.
The two bands from 40–46 kDa, which are variants of
IGFBP-3 in pig serum (Lee et al., 1998), were the major
IGFBP present in uterine flushings of both cyclic and
pregnant gilts. However, bands of 34 and 30 kDa were also
detectable in uterine flushings from both pregnant and cyclic
gilts with a faint band at 26 kDa. With the exception of one
day 12 uterine flushing from a cyclic gilt, no discrete bands
were present in either cyclic or pregnant uterine flushings
collected on days 12 and 15. A faint band of 34 kDa was
visible on day 15 of the oestrous cycle which was absent in
uterine flushings from pregnant pigs.

Enzymatic cleavage of [125I]-labelled IGFBP-2 and -3 by
uterine flushings from cyclic and pregnant gilts

After 5 h incubation with uterine flushings from day 
10 cyclic or pregnant gilts, neither recombinant human
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[125I]-labelled IGFBP-2 (Fig. 2a) nor [125I]-labelled IGFBP-3 
(Fig. 2b) showed significant enzymatic cleavage compared
with incubation of the [125I]-labelled-IGFBP alone. However,
with the exception of one day 12 cyclic gilt, incubation of
day 12 and 15 concentrated uterine flushing protein from
cyclic and pregnant gilts with [125I]-labelled IGFBP-2 
(Fig. 2a) or -3 (Fig. 2b) resulted in cleavage (P < 0.01) of the
IGFBPs into two distinct bands of approximately 18 and
12 kDa for IGFBP-2, and 25 and 16 kDa for IGFBP-3.

Prevention of cleavage of human recombinant IGFBP-2
and -3 by kallikrein and MMP inhibitors

Enzymatic activity in the pooled sample of day 12 and 15
cyclic and pregnant uterine flushings to the recombinant
human [125I]-labelled IGFBP-3 was suppressed or inhibited
by PMSF, 1,10-phenanthroline, deoxycycline, EDTA and
CAA (Fig. 3). However, only deoxycycline was able to
decrease proteolysis of [125I]-labelled IGFBP-2 after a 5 h
incubation with the concentrated uterine flushing protein
(Fig. 4). Presence of 5 mmol EDTA did not inhibit uterine
flushing enzyme activity for human [125I]-labelled IGFBP-2
(Fig. 4). Although pre-incubation of 0.4 mmol CAA, which
is a specific kallikrein inhibitor, did not inhibit uterine
flushing enzyme cleavage of human [125I]-labelled IGFBP-2,
decreasing the amount of uterine flushing protein and
increasing the amount of kallikrein inhibitor (CAA) to
2 mmol l–1 decreased proteolysis with complete inhibition
at 5 mmol l–1 (Fig. 5).

Blocking of cleavage of uterine flushing IGFBPs by
kallikrein and MMP inhibitors

Ligand blotting of a pool of day 10 uterine flushings with
[125I]-labelled IGF-II detected the presence of the
predominant bands of IGFBP-3 and a faint band of IGFBP-2

(Fig. 6). Co-incubation of the day 10 uterine flushings with
day 15 uterine flushings resulted in complete loss of the
IGFBP bands. Loss of the IGFBPs in the day 10 uterine
flushings mixed with day 15 uterine flushings protein was
inhibited with either specific kallikrein inhibitor (CAA) or
deoxycycline.

Cleavage of recombinant human IGFBP-2 and -3 with
kallikrein and MMP-3

Incubation of recombinant human [125I]-labelled IGFBP-
2 with a pool of day 12 and day 15 uterine flushing protein
resulted in complete cleavage of the IGFBP-2 (Fig. 7a).
Addition of pig pancreatic kallikrein to the culture medium
resulted in proteolysis similar to that of the day 12 and 
15 uterine flushing protein. Proteolysis of [125I]-labelled
IGFBP-2 was also observed with coculture of tissue
plasminogen activator and MMP-3. Although the molecular
masses of cleavage products were similar among the three
enzymes, the profiles of cleavage products were different.
Only kallikrein effectively cleaved [125I]-labelled IGFBP-3
(Fig. 7b). Both tissue plasminogen activator and MMP-3 had
little effect on proteolysis of IGFBP-3.

Presence of day 10 uterine flushing protein in culture
media greatly decreased the cleavage of [125I]-labelled
IGFBP-2 by kallikrein. A major kallikrein cleavage product
of approximately 22 kDa, similar to culture of MMP-3 alone
with [125I]-labelled IGFBP-2, was present when IGFBP-2
was cultured with day 10 uterine flushings but was not
detected in the absence of uterine flushings (Fig. 7a). Day
10 uterine flushing protein suppressed MMP-3 cleavage 
of IGFBP-2 with no proteolysis observed with tissue
plasminogen activator. Presence of day 10 uterine flushing
protein inhibited proteolysis of [125I]-labelled IGFBP-3 by
all three enzymes used in the experiment (Fig. 7b).
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Fig. 1. Ligand binding of [125I]-labelled IGF-II (insulin-like growth factor II) to insulin-like growth
factor binding proteins (IGFBPs) in concentrated uterine flushings of individual gilts collected on
selected days of the oestrous cycle (days 0, 5, 10, 12 and 15; cyclic) and early pregnancy (days 10,
12 and 15; pregnant). Pre-stained coloured markers were used to define the sizes of the bands and
bovine follicular fluid (bFF) served as a positive control, as well as a marker to identify the various
IGFBPs.
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IGF-I and -II content in the uterine flushings of cyclic and
pregnant gilts

Total content of IGF-I in uterine flushings was affected by
status (P < 0.01) and day (P < 0.001). Uterine content of
IGF-I was similar in cyclic and pregnant gilts on day 10, but
there was a two times increase (P < 0.01) in IGF-I content in
the uterine flushings of pregnant gilts on day 12 (Fig. 8a). On
day 15, total IGF-I content in uterine flushings of pregnant
gilts decreased eight times and was not significantly
different from that of cyclic gilts.

Uterine IGF-II content was approximately five times
lower than IGF-I content. A significant status by day
interaction (P < 0.01) was detected for IGF-II content in
uterine flushings of cyclic and pregnant gilts (Fig. 8b). IGF-II
content in uterine flushings decreased from day 10 to 
day 15 of the oestrous cycle but this decrease was not

significant. In contrast to cyclic gilts, IGF-II content increased
almost three times (P < 0.01) in uterine flushings by day 12
of pregnancy. Although the total content of IGF-II decreased
in uterine flushings of pregnant gilts on day 15, uterine
flushing IGF-II content remained three times greater than
that of cyclic gilts.

Discussion

Establishment of epitheliochorial pregnancy in pigs is
dependent on rapid conceptus expansion throughout the
uterine horns and release of oestrogen (Geisert and Yelich,
1997). Clearly, these alterations in conceptus development
and steroidogenesis are associated temporally with a
marked transition of the secretions within the uterine
lumen. Of the many growth factors present, endometrial
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Fig. 2. Proteolysis of (a) recombinant human [125I]-labelled insulin-like growth factor binding
protein 2 (IGFBP-2) and (b) recombinant human [125I]-labelled IGFBP-3 by individual gilt uterine
flushings collected on days 10, 12 and 15 of the oestrous cycle (cyclic) and pregnancy (pregnant).
Concentrated uterine flushing protein (25 µg) was incubated with recombinant human [125I]-
labelled IGFBP-2 or IGFBP-3 at 378C for 5 h. Control: incubation of recombinant human 
[125I]-labelled IGFBP-2 with BSA.
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synthesis and release of IGF-I has been demonstrated to be
tightly coupled to the time of conceptus elongation and
oestrogen synthesis (Simmen et al., 1995).

Uterine luminal content of IGF-I increases as pig
conceptuses undergo the transition from spherical to

filamentous morphology between day 11 and day 12 of
pregnancy (Letcher et al., 1989; Ko et al., 1994; Green 
et al., 1995). An increase in conceptus oestrogen synthesis
occurs after conceptuses reach the 5–6 mm spherical stage
of development (Geisert and Yelich, 1997). Green et al.
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Fig. 4. Protease activity of a pooled day 12 and 15 concentrated
sample of uterine flushing protein (25 µg) incubated at 378C for 5 h
with recombinant human [125I]-labelled insulin-like growth factor
binding protein 2 (IGFBP-2) in the presence of either 1 mmol E-64
l–1(lane 2), 0.1 mmol aprotinin l–1 (lane 3), 1 mmol leupeptin l–1

(lane 4), 1 mmol phenylmethane-sulphonyl fluoride l–1 (lane 5),
5 mmol 1,10-phenanthroline l–1 (lane 6), 1 mmol deoxycycline l–1

(lane 7), 5 mmol EDTA l–1 (lane 8) or 0.4 mmol cyclohexylacetyl-
Phe-Arg-Ser-Val-Gln amide l–1 (lane 9). Controls for the incubation
were recombinant human [125I]-labelled IGFBP-2 in presence of
BSA (lane 1) or with the pooled day 12 and 15 concentrated
sample of uterine flushing protein (lane 10).
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Fig. 5. Protease activity of a pooled day 12 and 15 concentrated
sample of uterine flushing protein (12.5 µg) incubated at 378C for
5 h with recombinant human [125I]-labelled insulin-like growth
factor binding protein 2 (IGFBP-2) in the presence of 1 (lane 3), 2
(lane 4) and 5 (lane 5) mmol cyclohexylacetyl-Phe-Arg-Ser-Val-
Gln amide l–1. Controls for incubation were recombinant human
[125I]-labelled IGFBP-2 with BSA (lane 1) and the pooled day 12
and 15 concentrated sample of uterine flushing protein (lane 2).
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Fig. 6. Ligand binding of [125I]-labelled IGF-II (insulin-like growth
factor II) to insulin-like growth factor binding proteins (IGFBPs) in a
day 10 pool of concentrated (100 µg) uterine flushings (lane 1), a
pool of day 12 and 15 uterine flushings (lane 2) and after co-
incubation of day 10 uterine flushing protein with day 12 and 15
uterine flushings (12.5 µg) in the absence (lane 3) or presence (lane
4) of 2 mmol cyclohexylacetyl-Phe-Arg-Ser-Val-Gln amide (CAA)
l–1, 1 mmol deoxycycline l–1 (lane 5) or CAA plus deoxycycline
(lane 6). 
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Fig. 3. Protease activity of a pooled day 12 and day 15
concentrated sample of uterine flushing protein (25 µg) incubated
at 378C for 5 h with recombinant human [125I]-labelled insulin-like
growth factor binding protein 3 (IGFBP-3) in the presence of either
1 mmol E-64 l–1 (lane 1), 1 mmol leupeptin l–1 (lane 2), 0.1 mmol
aprotinin l–1 (lane 3), 1 mmol phenylmethane-sulphonyl fluoride
l–1 (lane 4), 5 mmol 1,10-phenanthroline l–1 (lane 5), 1 mmol
deoxycycline l–1 (lane 6), 5 mmol EDTA l–1 (lane 7) or 0.4 mmol
cyclohexylacetyl-Phe-Arg-Ser-Val-Gln amide l–1 (lane 8). Controls
for the incubation were recombinant human [125I]-labelled IGFBP-
3 in media alone (lane 9), BSA (lane 10) or with the pooled day 12
and 15 concentrated sample of uterine flushing protein (lane 11). 
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(1995) suggested that the close association of conceptus
development and the increase in luminal IGF-I content
during early pregnancy might form a positive conceptus–
endometrial loop whereby oestrogen synthesis by the
conceptus stimulates luminal release of endometrial IGF-I
that enhances gene expression for oestrogen synthesis. In
vitro, IGF-I increases P450 aromatase gene expression of
filamentous conceptuses (Green et al., 1995). The two times
increase in uterine luminal IGF-I content on day 12 of
pregnancy observed in the present study is consistent with
previous reports (Letcher et al., 1989; Ko et al., 1994; Green
et al., 1995). In addition, a coincident six times increase in
uterine luminal IGF-II content was observed. The increase
in luminal IGF-I and -II content on day 12 of pregnancy
appears to be induced by the conceptuses, as the increase
in IGF-I did not occur in contemporary cyclic females.
Increase in IGF-I content is temporary, as concentrations

decrease on day 15 and are not different from the lower
amounts in the uterine lumen of cyclic gilts as has been
reported previously (Letcher et al., 1989). In contrast,
although uterine luminal IGF-II content decreases on day 15
of pregnancy, the concentrations remain significantly
greater than those of cyclic females. The presence of
oestrogen receptors in the uterine surface and glandular
epithelium on day 12 (Geisert et al., 1993), coupled with
the close association for increased uterine luminal IGF-I and
-II during conceptus elongation and oestrogen release
(Green et al., 1995; present study), support a positive
feedback loop system for uterine IGF and conceptus
oestrogen secretion that was proposed by Green et al.
(1995).

The biological actions of IGFs can be regulated through
the presence or absence of IGFBPs (Rechler, 1993). Lee 
et al. (1998) detected the presence of IGFBP-2, -3 and an
unidentified 26 kDa IGFBP in uterine flushings obtained
between day 10 and day 11 of pregnancy. In the present
study, IGFBP-3 was the predominant IGFBP present in the
uterine flushings from both pregnant and cyclic gilts.
Changes in the predominance of IGFBP-2 and -3 occurred
during the oestrous cycle. During the oestrous cycle,
IGFBP-2 was clearly the most abundant binding protein
during oestrus, declining on day 5 with IGFBP-3 becoming
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Fig. 7. Proteolysis of (a) recombinant human [125I]-labelled
insulin-like growth factor binding protein 2 (IGFBP-2) and (b)
recombinant human [125I]-labelled IGFBP-3 after incubation at
378C for 5 h with 3 µg of either pig pancreatic kallikrein (lanes 3
and 6), tissue plasminogen activator (lanes 4 and 7) or matrix
metalloproteinase 3 (MMP-3) (lanes 5 and 8) in the presence (lanes
3–5) or absence (lanes 6–8) of a day 10 pool of concentrated
uterine flushing protein. Incubation of a concentrated day 12 and
15 pooled uterine flushing sample (lane 1) and the pooled day 10
uterine flushing protein (lane 2) served as a positive and negative
control, respectively.
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Fig. 8. Total (a) insulin-like growth factor I (IGF-I) and (b) IGF-II
content in uterine flushings from cyclic (h) and pregnant (j) gilts.
A status (P < 0.01) and day (P < 0.001) effect were detected for
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(P < 0.01) was detected for total IGF-II content. Values are least
squares means. abcColumns without a common letter are
significantly different (P < 0.01 for IGF-I and P < 0.05 for IGF-II).
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the more dominant IGFBP by day 5 through to day 10.
Ligand blotting did not detect any of the IGFBPs on day 12
of the oestrous cycle or early pregnancy. Lee et al. (1998)
indicated that the loss of IGFBPs was associated with
transition of the conceptuses during elongation of the
trophoblast and oestrogen release. These authors suggested
that the elongating conceptuses were responsible for
inducing IGFBP protease activity, which would then allow
an increase in the bioavailability of IGF to the conceptuses
and uterine tissue. The results of the present study indicate
that the loss of the uterine luminal IGFBPs cannot be
attributed solely to the presence of conceptuses. Although
elongating pig conceptuses secrete plasminogen activator
(Fazleabas et al., 1983) and MMPs (Menino et al., 1997)
that function to cleave IGFBPs, the IGFBPs were also clearly
absent from uterine flushings of day 12 cyclic gilts. The
results of the present study indicate that the timing for
proteolysis of uterine IGFBPs may be influenced by
progesterone stimulation as has been proposed for secretion
of many pig uterine proteins and enzymes (Trout et al.,
1992; Roberts et al., 1993; Geisert et al., 1997). Alteration
in uterine protein secretion in pigs follows downregulation
of surface and glandular epithelial progesterone receptors
on day 10 of either the oestrous cycle or pregnancy (Geisert
et al., 1994). 

Lee et al. (1998) demonstrated that loss of IGFBP-3 in day
12 uterine flushings is not the result of decreased
endometrial gene expression but rather increased protease
activity in the uterine lumen. Proteolysis was inhibited with
EDTA but the inhibition was not zinc ion-dependent,
indicating that metal-dependent MMPs may not be
involved. Partial inhibition of protease activity with
aprotinin indicated that a serine protease might be involved
with IGFBP degradation. In the present study, protease
activity of uterine flushings to human recombinant IGFBP-3
was suppressed or inhibited by PMSF (serine protease
inhibitor) and CAA (a specific inhibitor to the serine
protease kallikrein). Differences in results from enzyme
inhibitors with the present study may be related to the
shorter (5 h) incubation period used in the present study.
Shorter incubation periods allowed suppression of
proteolysis to be evaluated before complete degradation of
the IGFBPs had occurred. Cleavage of human recombinant
IGFBP-2 by uterine flushings was also suppressed with the
kallikrein specific inhibitor. The kallikrein inhibitor was also
effective in suppressing day 12 and 15 uterine flushing
protein cleavage of IGFBPs in day 10 uterine flushings.
Human recombinant IGFBP-2 and -3, which have > 75%
amino acid homology to pig IGFBP-2 and -3, were cleaved
with pig pancreatic kallikrein, indicating that kallikrein can
have a direct proteolytic effect on both IGFBPs. Members of
the kallikrein gene family degrade IGFBP-2 (Elmlinger et al.,
1999) and -3 (Cohen et al., 1992). Use of pancreatic
kallikrein demonstrated that a source of pig kallikrein is
proteolytic to IGFBP-2 and -3. Kallikrein belongs to a
multigene family of serine proteases, which consists of
approximately 15 related genes in rats (Gauthier et al.,

1992) and humans (Yousef et al., 2000). The kallikrein
family has diverse substrate specificity and variable
sensitivities to inhibitors such as aprotinin (Gauthier et al.,
1992); however, the genes have extensive homology to
each other and among species (Clements, 1997). Although
the specific tissue kallikrein in the uterus of pigs was not
isolated in the present study, the results indicate clearly that
kallikrein is a serine protease involved in IGFBP proteolysis.

Uterine secretion of active tissue kallikrein is an
attractive model that fits the biological changes that occur
in IGFBPs during the oestrous cycle and early pregnancy.
Vonnahme et al. (1999) indicated that kallikrein activity in
pig uterus increases on day 12 of the oestrous cycle and is
also closely associated with transition of the conceptuses to
filamentous morphology, which is consistent with the loss
of the IGFBPs in the study of Lee et al. (1998). Kallikrein is
most noted for its function in the release of bradykinin from
kininogen (Bhoola et al., 1992) and has been implicated in
the events of implantation in rats (Corthorn and Valdes,
1994; Chan et al., 1999; Murone et al., 1999). Uterine
bradykinin increases during days 12–18 of pregnancy but
not during the oestrous cycle in pigs (M. J. Allen and R. D.
Geisert, unpublished). 

Proteolysis of uterine IGFBPs may also occur through
activation of latent forms of MMPs. Protease activity of the
uterine flushings to IGFBP-3 was suppressed by the metal
chelator, 1,10-phenanthroline, and EDTA. Deoxycycline, a
broad-spectrum MMP inhibitor, inhibited degradation of
IGFBP-2 and -3 (Golub et al., 1991). Wu et al. (1999)
suggested that serine proteases activate latent MMP
precursors, which then function to cleave IGFBP-3. Pig
endometrium expresses genes for MMP-2 and MMP-9
(Menino et al., 1997) and gelatin zymography of uterine
flushings produced bands of 72 and 92 kDa corresponding
to MMP-2 and MMP-9, respectively (Hillier et al., 1999). An
increase in kallikrein activity within the uterine lumen on
day 12 could activate these MMPs as tissue kallikrein
activates the latent forms of MMP-2 and MMP-9 (Tschesche
et al., 1989; Desrivieres et al., 1993).

In conclusion, the results of the present study indicate
that loss of uterine luminal IGFBPs during the oestrous cycle
and early pregnancy in pigs is probably regulated by
progesterone. Loss of the IGFBPs in the uterine lumen on
day 12 of the oestrous cycle or pregnancy results from
increased activity of tissue kallikrein and activation of
MMPs. Removal of the IGFBPs may allow an increase 
in IGF-I and -II bioavailability to stimulate conceptus
steroidogenesis and endometrial development for the
establishment of pregnancy. 
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