
0031 -3WW94/3604-0528S03.00/0 
PEDIATRIC RESEARCH 
Copyright Q 1994 International Pediatric Research Foundation, Inc. 

Vol. 36. No. 4. 1994 
Pn'nred in U. S.A. 

Ontogeny of Insulin-Like Growth Factor-Binding 
Protein-1, -2, and -3: Quantitative Measurements 

by Radioimmunoassay in 
Human Fetal Serum 

PETER BANG, MAGNUS WESTGREN,' JURG SCHWANDER, WERNER F. BLUM, 
RON G. ROSENFELD, AND MAGNUS STANGENBERG1 

Department of Endocrinology, Karofimka Hospital [P. B.] and Department of Obstetrics and 
Gynecology, Huddinge University Hospital [M. W., M. S.], Karolinska Institute, Stockholm, 

Sweden; Department of Pediatrics, Division of Endocrinology, Stanford University School of 
Medicine, Stanford, California 94305 IP. B., R. G. R.]; Department of Internal Medicine, 
Kantonspital, Basel, Switzerland /J.S.L and Department of Paediatrics, Eberhard-Kark 

University, Tiibingen, Germany / W. F. B. ] 

There is evidence for a role for IGF-I in the endocrine 
control of human fetal growth despite the low serum IGF-I 
concentrations. The formation in serum of binary com- 
plexes between IGF-I or -11 and either of six IGF binding 
proteins (IGFBP-1 to -6) and, in particular, of long-lived 
ternary complexes between IGF-I or -11, IGFBP-3, and 
acid-labile subunit is thought to regulate IGF-I bioavailabil- 
ity by increasing its serum half-life. The present study 
assesses the bioavailability of circulating IGF-I in 19- to 
35-wk gestation human fetuses in utem I) by quantitative 
RIA measurements of IGF and IGFBP in serum and 2) by 
examining whether serum proteolysis of IGFBP-3 may 
further increase IGF-I bioavailability. Fetal serum concen- 
trations of IGFBP-3, IGF-I, and IGF-I1 were low with 
marked or only modest increases with gestational age ( p  < 
0.001, p < 0.005, and p < 0.05, respectively). The mean 
molar ratio between IGF-I plus -11 and IGFBP-3 demon- 
strated a molar excess of IGF (50%) similar to that in 
adolescents but in contrast to the 1:l molar ratio in adults. 
The median IGFBP-2 concentration was 3-fold elevated to 
a molar concentration similar to that of IGFBP-3 (adult 
serum displays 10-fold higher IGFBP-3 concentrations). 

IGF-I and IGF-I1 are important paracrinelautocrine fetal 
growth factors with potential actions as  early as during 
human embryogenesis (1-5). In addition, IGF-I may be an 
important endocrine growth factor regulating generalized 
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The median serum IGFBP-1 concentration was not ele- 
vated as previously reported in newborns. IGFBP-3 prote- 
ase activity was not increased in fetal serum, in contrast to 
pregnancy serum and amniotic fluid. Nevertheless, 
IGFBP-3 protease activity did interfere with IGFBP-3 de- 
terminations by Western ligand blotting, and IGFBP-1 and 
IGFBP-2 levels obtained by this technique did not correlate 
with concentrations determined by RIA, stressing the im- 
portance of quantitative IGFBP measurements. In sum- 
mary, increased IGF-I bioavailability in the human fetus is 
suggested by the molar excess of IGF over IGFBP-3 and 
the increase in IGFBP-2, which do not form a long-lived 
ternary complex. The lack of suppression of fetal serum 
IGFBP-1 may suggest that the delivery of IGF-I to the 
tissues is normal. (Pedidr Res 36: 528-536, 1994) 

Abbreviations 
ALS, acid-labile subunit 
IGFBP, IGF binding protein 
IUGR, intrauterine growth retarded 
TBS, Tris-buffered saline 
AU, absorbance unit 

fetal growth later in gestation. Although fetal serum IGF-I 
concentrations are low, they correlate with fetal weight or 
bone length measures of 15- to  37-wk gestation human 
fetuses in utero (6, 7). In newborn cord serum, IGF-I 
concentration correlates with birth weight, and serum 
IGF-I concentrations are decreased in preterm and IUGR 
newborns (tL12). In contrast, serum IGF-I1 levels d o  not 
correlate with fetal weight or length (6, 7, 11). 

Six IGFBP have been characterized (13) and demon- 
strated t o  b e  widely expressed in human fetal tissues 
(14-16). The IGFBP are thought t o  modulate I G F  actions 
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at the cellular level by regulating IGF binding to the type 
1 IGF receptor. In addition, IGFBP regulate the bioavail- 
ability of circulating IGF by increasing IGF half-life (17) 
and by modulating IGF capillary transport and tissue 
distribution (18, 19). In adult human serum, IGF are 
predominantly bound with high affinity to IGFBP-3, 
which subsequently associates with an ALS to form a 
150-kD ternary complex (20). IGF are more bioavailable 
when bound in the 44-kD binary complex to any of the 
other IGFBP, which do not associate with ALS (17). 
Proteolysis of IGFBP-3, demonstrated in term pregnancy 
serum and amniotic fluid (21-23), may offer an additional 
mechanism for regulation of IGF availability, presumably 
by altering binary and ternary complex formation. How- 
ever, the source of pregnancy IGFBP-3 protease and 
whether it affects the fetal compartment are not known. 
IGFBP-2 and IGFBP-3 levels in fetal and newborn serum 
have been previously determined by Western ligand blot- 
ting. This technique, however, is semiquantitative at best 
and may be further invalidated by the presence of pro- 
teolytic IGFBP fragments (23,24). Specific transcapillary 
transport of IGFBP-1 in response to insulin makes this 
IGFBP particularly interesting as a carrier of IGF-I (18, 
19). IGFBP-1 concentrations are elevated in newborn 
serum (25-27), suggesting that IGFBP-I accumulates and 
IGF-I transport may be decreased. However, it is un- 
known whether serum IGFBP-I levels are also elevated 
in the human fetus in utero. 

In the present study, fetal serum concentrations of 
IGF-I and IGF-I1 were measured by RIA after acid chro- 
matography. To assess IGF availability, serum IGFBP-1, 
-2, and -3 levels in the human fetus in utero were mea- 
sured by Western ligand blotting as well as by RIA to 
determine the relative quantities of IGFBP. Further- 
more, IGFBP-3 proteolysis, which may have additional 
impact on fetal IGF availability, was assessed. 

METHODS 

Subjects 

The study included 34 human fetuses who had under- 
gone cordocentesis due to rhesus isoimmunization of the 
mothers. Cordocentesis was performed according to the 
original technique described by Daffos et al. (28) if mater- 
nal antibody titers were higher than 1:32 or if the obstetric 
history included perinatal mortality or severe morbidity. 
Kleihauer-Betke stain was performed on all specimens, 
and only those that contained 100% fetal blood were in- 
cluded in the study. Of the 34 fetuses, nine were designated 
as not affected after typing of fetal blood. All blood sam- 
ples were kept on ice until centrifuged. Plasma and serum 
were stored at -20°C until analyzed. Hematologic indices 
were analyzed in EDTA plasma using an automatic ana- 
lyzer (Coulter Counter 5 Plus 3, Coulter Electronics, Hi- 
aleah, FL). The quantity of serum obtained from each fetus 
was limited, and in some cases not all analyses could be 
completed. The study had departmental ethical approval 
from the King Faisal Specialist Hospital, where the re- 

search program of rhesus isoimmunization of mothers was 
carried out, and informed written consent was obtained 
from the pregnant women. 

Materials 

Recombinant human IGF-I, IGF-11, des(1-3)IGF-I, 
and IGFBP-1 were gifts from KabiGen (Kabi-Pharmacia, 
Stockholm, Sweden), and these peptides were iodinated 
as previously described (30). Recombinant human glyc- 
osylated and nonglycosylated IGFBP-3 were kindly do- 
nated by Celtrix (Santa Clara, CA) and nonglycosylated 
IGFBP-3 was iodinated as previously described (29). 

RIA 

ZGF-Z and ZGF-ZI. Serum concentrations of IGF-I and 
IGF-I1 were determined by RIA after acid gel filtration to 
exclude interference of IGFBP (30). Des(1-3)IGF-I, 
which has reduced affinity for IGFBP, was used as radi- 
oligand in the IGF-I RIA. The recovery of unlabeled 
IGF-I was 95% and the intra- and interassay coefficients 
of variation were 5 and 11%, respectively. The lowest 
detectable quantity of IGF-I was 0.02 ngltube. Cross- 
reactivitywith insulin was less than 0.1% and with IGF-I1 
less than 2%. In the IGF-I1 RIA, the least detectable 
quantity was 0.05 ngltube. The intra- and interassay co- 
efficients of variation were 4 and 12%, respectively. 
Cross-reactivity with IGF-I was less than 2% and with 
insulin less than 0.1%. 

ZGFBP-I. Serum IGFBP-1 concentrations were deter- 
mined by RIA as described by Povoa et al. (31). The 
intra- and interassay coefficients of variation were 3 and 
11%, respectively, and the detection limit was 3.0 pglL. 
Cross-reactivity with IGFBP-2 and IGFBP-3 was less 
than 0.5 and 0.05%, respectively. 

ZGFBP-2 Serum IGFBP-2 concentrations were deter- 
mined by an RIA recently described by Schwander and 
Mary (32). Human recombinant IGFBP-2 produced in 
Chinese hamster ovary cells was used as a reference 
preparation and as an immunogen to raise antibodies in 
rabbits. The sensitivity was 0.2-0.5 ngltube and the 
cross-reactivity with IGFBP-1 and IGFBP-3 was less 
than 1 and 0.01%, respectively. The intra- and interassay 
coefficients of variation were 6 and 12%, respectively. 

ZGFBP-3. IGFBP-3 concentrations were determined in 
serum by RIA as described earlier (33). The intra- and 
interassay coefficients of variation were 3.5 and 7.3%, 
respectively, and the detection limit was 0.03 ngltube. 
Cross-reactivity with IGFBP-1 and IGFBP-2 was less 
than 0.05% for each. 

Western Ligand Blot Analysis 

Analysis of IGFBP in fetal serum by Western ligand 
blotting was performed as originally described by Hos- 
senlopp et al. (34) with minor modifications. Briefly, 
serum (2.5 pL) was diluted with nonreducing SDS sample 
buffer (0.5 M Tris, pH 6.8; 69% glycerol; 4% SDS) and 
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processed by SDS-PAGE (10% or 12% gels) at 45 V 
overnight. Prestained molecular weight standards were 
diluted in SDS sample buffer containing 1 mM DTT and 
processed in parallel. Separated proteins were electrob- 
lotted onto nitrocellulose filters (0.45-pm pore size) in a 
Hoefer Semi-dry Transphor unit (Hoefer Scientific In- 
struments, San Francisco, CA) at 200 mA. Filters were 
treated with 3% NP40 in TBS (0.1 M Tris, 0.15 M NaCI, 
pH 7.4) for 20 min, and blocked with 1% BSA in TBS for 
120 min at 20°C. Filters were probed with '25~-labeled 
IGF-I1 or a mixture of '25~-labeled IGF-I and IGF-I1 in 
TBS containing 1% BSA (2 x lo6 cpmJ25 mL) wernight 
at 4°C. Thereafter, filters were washed with 0.1% Tween 
20 in TBS for 1 x 20 min and 1 x 120 min. Nitrocellulose 
filters were dried and visualized by autoradiography. 
Autoradiography films were quantified by densitometry 
using an Ultrascan densitometer (LKB Instruments, 
Inc., Gaithersburg, MD). Densitometry values were cor- 
rected for interassay variability by comparison with three 
internal reference sera. 

Western ligand blot IGFBP bands were identified by 
processing recombinant human IGFBP in parallel (50 ng 
of IGFBP-1,50 ng of IGFBP-2 (32), or 50 ng of glycosy- 
lated IGFBP-3; data not shown) or by prior immunopre- 
cipitation with specific IGFBP antibodies as previously 
described (35), with minor modifications. Briefly, 5 pL of 
fetal serum and 5 p L  of the undiluted antiserum (a-HEC 
for IGFBP-2 (35) or a-IGFBP-3-gl for IGFBP-3 (23) were 
mixed with 40 p,L of SAC 1 buffer (0.01 M Tris, 0.15 M 
sodium chloride, 0.5% NP40, pH 8.0) and incubated 
wernight at 4°C. The IGFBP-antibody complexes were 
precipitated after the addition of 50 p,L of Pansorbin 
(Calbiochem, San Diego, CA) washed in SAC 1 buffer 
and incubation for 2 h at 20°C. The pellet was washed 
three times and, after the addition of nonreducing SDS 
sample buffer, the pellet was boiled for 5 min. The su- 
pernatant was processed by Western ligand blotting as 
described below. 

IGFBP-3 Protease Assay 

Fetal serum was assessed for proteolytic activity 
capable of degrading radiolabeled IGFBP-3 according 
to the method of Lamson e t  al. (29). Briefly, 2 pL  of 
serum were incubated with 30 000 cpm of 125~-labeled 
IGFBP-3 (nonglycosylated) in a total volume of 50 pL 
of 0.1 M Tris for 5 h at 37°C. After addition of nonre- 
ducing SDS sample buffer, the samples were processed 
by SDS-PAGE (15% gels) as described under Western 
ligand blot analysis. After electrophoresis, the SDS- 
polyacrylamide gel was dried in a gel dryer and exposed 
to x-ray film at -70°C overnight. Films were evaluated 
by laser densitometry (LKB Instruments, Inc.). Prote- 
ase activity was defined as the absorbance of the sum of 
fragments of 125~-labeled IGFBP-3 with molecular mass 
lower than 30 kD (intact labeled peptide) relative to the 
total density in the lane. To correct for interassay 
variability, the quantity of proteolysis was expressed as 

a percentage of the protease activity observed with a 
control serum pool from healthy adults, which was 
given an arbitrary value of 100%. 

Statistics 

Values are presented as median and range, if not oth- 
erwise stated. IGF-I and IGF-I1 concentrations, which 
conformed to a log-normal distribution, were log trans- 
formed before regression analysis. Linear regression and 
multiple regression analyses were performed using a 
computer program (SOLO, BMDP Statistical Software, 
Inc., Los Angeles, CA). 

RESULTS 

The median gestational age of the human fetuses at the 
time of blood sampling was 28 wk (range, 19-35 wk). The 
median Hb concentration of all fetuses was 88 g/L, (range, 
28-141 g/L). The percentage of the normal median Hb 
value for that particular week of gestation according to 
Rodech and Nicolini (36) was 75% (range, 21-105%). In 
the group of affected fetuses, the median Hb concen- 
tration was 71 g/L (28-135 g/L) or 53% (21-102%) of 
control values. Estimates of fetal size in utero were 
complicated by fetal edema in affected fetuses and com- 
plete data were not available. The median infant birth 
weight was 2472 g (1050-3880 g), and the median gesta- 
tional age at delivery was 37 wk (27-41 wk) for the 25 
affected fetuses, which were all delivered at King Faisal 
Specialist Hospital. All infant sizes were regarded as 
normal for gestational age according to national stan- 
dards. Four of the affected fetuses were born dead. Infant 
birth weight and gestational age at delivery are not known 
for the nine unaffected fetuses, which were delivered at 
regional hospitals. 

IGF and IGFBP RIA 

IGF-I. The median of the serum IGF-I concentrations 
in human fetuses of 19 to 35 wk gestation was 53 pg/L 
(range, 20-107 pg/L). The IGF-I concentration in- 
creased significantly with gestational age (r = 0 . 5 2 , ~  < 
0.005) from a mean of 40 pg/L at 20 wk to 75 kg/L at 35 
wk with a predicted concentration of 90 pg/L at term 
(Fig. 1.4). There was a strong positive correlation be- 
tween log-transformed IGF-I and Hb (r = 0.57, p < 
0.001). Multiple regression analysis revealed that IGF-I 
correlated with gestational age and Hb with an r value 
of 0.68 ( p  < 0.001) (Table 1). Multiple regression anal- 
ysis demonstrated that the birth weights of affected 
fetuses were correlated with serum IGF-I concentra- 
tions at the time of cordocentesis (r = 0.54, p = 0.05) 
when covariation with the gestational age at birth (r = 
0.88, p < 0.001) and the gestational age at the time of 
cordocentesis (r = 0.39, p = NS) were excluded (com- 
bined r = 0 . 9 1 , ~  < 0.001) (Table 1). 

IGF-II. The median fetal serum IGF-I1 concentration 
was 236 pgL (range, 135-367 pglL). IGF-I1 levels in- 
creased slightly with gestational age (r = 0.36, p < 0.05), 
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A 
200 IGFBP-I. IGFBP-1 concentrations displayed large vari- 

r ~ 0 . 5 2  v ability, with a median of 25 p g L  (range, 6-222 pgL). As 
pc0.005 shown in Figure 24, IGFBP-1 was inversely correlated with 

IGF-I the IGF-I concentration (r = -0.53, n = 33,p < 0.005). 
(tJg/l) 50 IGFBP-2. The median IGFBP-2 concentration was 640 

v 
2  5  

l o O i  &/ , v , v v , , , correlated = -0.56, n to = the 26, log-transformed p < 0.005) (Fig. IGF-I 28). concentration A significant (r 

pg/L (range, 130-1530 pg/L). IGFBP-2 was inversely 

inverse correlation between IGFBP-2 and Hb ( p  < 0.05) 

B was found by multiple regression analysis to be explained 
by the covariation of Hb and IGF-I. 

IGF-II . v IGFBP-3. The median IGFBP-3 concentration was 960 
r-0.36 
pco.05 

p g L  (range, 550-1590 pgL). IGFBP-3 increased with in- 
creasing gestational age of the fetus (r = 0.68, n = 27, p < 

5  0  0.001) from a mean of 800 p g L  at 20 wk to about 1400 p g L  
at 35 wk of gestation (Fig. 1C). IGFBP-3 was correlated with 
the log-transformed IGF-I concentration (p < 0.05). How- 

C ever, this relationship was found by multiple regression anal- 

1500 - p<O.OOl 
ysis to be due to covariation between IGF-I and gestational 
age. IGFBP-3 was not correlated with log-transformed 

IGFBP-3 
1000 - IGF-I1 concentrations (Table 1). 

500 - Stoichiometry of IGF and IGFBP Concentrations 

0 4/ I I 1 Figure 2C shows that the total molar concentration of 
20 25 30 35 40 IGF-I plus IGF-I1 was significantly correlated with the 

GESTATIONAL AGE (WEEKS) molar concentration of IGFBP-3 (r = 0.55. u < 0.005). . 
Figure 1. The correlation of immunoreactive serum IGF-I (A), IGF-I1 ~h~ median of the molar ratio be&,een [IGF-I + IGF-~I]  
(B),  and IGFBP-3 (C) concentrations with gestational age of human 
fetuses of rhesus-isoimmunized pregnancies. Immunoreactive peptides and [IGFBP-31 was 1.5 (0.8-2.8). The ratio between 
were determined by specific RIA in fetal serum obtained from the umbil- IGFBP-3 and IGFBP-2 concentrations averaged and - 
ical cord in utero. The correlation coefficients were r = 0.52 ( p  < 0.005, displayed a positive correlation with gestational age (r = 
n = 3 4 ) , r =  0.36(p < 0.05,n = 34),andr = 0.68(p < 0.001,n = 27) 0 . 7 0 , ~  < 0.001). 
between gestational age and IGF-I, IGF-I1 and IGFBP-3, respectively. 

Western Ligand Blot Analysis of IGFBP 
with the mean IGF-I1 concentration rising from 200 p g L  at 
20 wk to 275 p g L  at 35 wk and with a predicted concen- Western ligand blot analysis of fetal serum (Fig. 3) 
tration of 310 pgL at term (Fig. 1B). No correlation be- revealed IGFBP bands at 40 kD and 38 kD comigrating 
tween IGF-I1 and Hb concentrations was displayed. with recombinant human glycosylated IGFBP-3 (data not 

Table 1 .  Correlations between serum concentrations o f  IGF-I and -II and IGFBP-1, -2, and -3 and various other parameters* 

Dependent Birth 
variable log IGF-I log IGF-11 IGFBP-3 IGFBP-2 IGFBP-1 weight 

Linear Gest age: Gest age: Gest age: log IGF-I: log IGF-I: 
regressions vs r = 0.52t 

HB: 
r = 0.575 

Multiple Gest age: 
regression vs r = 0.52** 

Hb: 
r = 0.57t 

Combined: r 
= 0.685 

r = 0.36$ r = 0.685 
Hb: IGF-I + IGFIII: 

r = 0.1711 r = 0.557 
Gest age: 

r = 0.685 
IGF-I: HB: 

r = 0.3911 r = -0.38I 
IGF-11: 

r = 0.3111 
Combined: 

r = 6.638 

r = 0.56t r = 0.53t 
HB: 

r = -0.38$ 
log IGF-I: log IGF-I: 

r = 0.56$ r = 0.54$ 
Gest age: 

r = 0.885 
Combined: Gest age: 

r = 0.51$ r = 0.3911 
Combined: 

r = 0.915 
-- 

* Gest age, gestational age; Gest age,, gestational age at birth. 
t p  < 0.005. 
$ p  < 0.05. 
§ p  < 0.001. 
lip = NS. 
ll Molar concentrations. 
**p < 0.01. 



532 BANG ET AL. 

20 1 0 
'[IGF-I]+[IGF-Ill 

4 1 1 ' (rnrnol/l) 
20 30 40 50 60 

Figure 2. The correlation of immunoreactive IGFBP-1 (A) and 
IGFBP-2 (B) concentrations with the IGF-I concentration and the 
correlation of the molar concentration of IGFBP-3 with the total molar 
concentration of IGF-I and IGF-I1 (C) in serum from human fetuses of 
rhesus-isoimmunized pregnancies. Immunoreactive peptides were de- 
termined by specific RIA in fetal serum obtained from the umbilical 
cord in utem. The correlation coefficients were r = -0.53 ( p  < 0.005, 
n = 33) and r = -0.56 (p < 0.005, n = 26) between IGF-I and IGFBP-I 
and IGFBP-2, respectively. The correlation coefficient between 
[IGFBP-31 and [IGF-I] + [IGF-111 was r = 0.55 ( p  < 0.005). 

shown) and precipitated by anti-IGFBP-3 antibody (a- 
IGFBP-3-gl; Fig. 4); at 26 kD, comigrating with recom- 
binant human IGFBP-I (not shown); and at 24 kD, pre- 
sumably representing IGFBP-4 (37). In addition, the 31- 
to 28-kD molecular mass range displayed at least two 
bands, not completely resolved, of which the upper band 
comigrated with recombinant human IGFBP-2 and was 
precipitated by a-HEC antibody as was the 40- to 38-kD 
doublet (a-HEC antibody has a weak affinity for 
IGFBP-3) (Fig. 4). The predominant [ l Z S ~ ] ~ ~ ~  binding 
capacity in fetal serum was displayed by IGFBP-3, with 
a mean (2 SEM) absorbance level of 7.2 & 9.0 AU x mm 
(n = 31). The 31- to 28-kD band, partially attributable to 
IGFBP-2, had a mean absorbance level of 3.26 2 2.60 AU 
x mm, whereas the 26-kD and 24-kD bands had mean 
absorbance levels of 0.50 & 0.54 and 0.38 + 0.21 AU x 
mrn, respectively. IGFBP-3 determined by Western li- 
gand blotting correlated significantly with immunoassay- 
able IGFBP-3 (r = 0.63, p < 0.005) and was inversely 
correlated with the IGFBP-3 protease activity (r = 
-0.57, p < 0.005) (see below). Multiple regression anal- 
ysis displayed a combined correlation coefficient of r = 

0.77, withp < 0.001 (r = 0.55 andp < 0.005 for IGFBP-3 
by Western ligand blotting and by RIA; r = -0.43 andp 
< 0.01 for IGFBP-3 by Western ligand blotting and 
IGFBP-3 protease activity). As seen in Figure 3, one fetal 
serum (the third lane at 29 wk gestation) displayed very 
faint bands, suggesting the presence of proteolytic activ- 
ity, either intrinsic or from contaminating amniotic fluid. 
This serum displayed the highest proteolytic activity of 
all the fetal serum samples (156% of that of a control adult 
serum pool; see below). In contrast, Western ligand blot 
determinations of the 31-kD band, attributable to 
IGFBP-2, and the 26-kD IGFBP-1 band did not display 
significant correlations with immunoassayable IGFBP-2 
and IGFBP-I, respectively. The 24-kD IGFBP-4 band did 
not correlate significantly with any of the parameters 
reported here. 

IGFBP-3 protease activity. To determine whether in- 
creased IGFBP-3 proteolytic activity in maternal serum 
and amniotic fluid also affects the fetal compartment, the 
IGFBP-3 proteolytic activity in fetal serum was deter- 
mined. Figure 5 shows a representative protease assay of 
19- to 24wk gestation human fetal sera. Densitometric 
analysis of all fetal sera demonstrated a median IGFBP-3 
protease activity of 96% (range, 21-156%) of a control 
serum pool from healthy adults, which was given an arbi- 
trary value of 100%. Human pregnant serum, by compar- 
ison, displayed an IGFBP-3 protease activity of 256% of 
the control serum pool (median of four determinations). 

DISCUSSION 

Serum concentrations of immunoreactive IGF-I in- 
creased exponentially with gestational age in human fe- 
tuses of 19 to 35 wk gestation, whereas IGF-I1 displayed 
only a slight increase. Our results are in agreement with 
the changes in IGF-I and IGF-I1 concentrations with 
gestational age reported in serum obtained in utero from 
normal human fetuses of 15-23 (6) and 20-37 wk gestation 
(7), although the absolute concentrations in the latter 
report are somewhat higher. The predicted serum IGF-I 
and IGF-I1 concentrations at term are in accordance with 
those determined in healthy newborns, using the same 
assays (26). These notions are important, because they 
may suggest that there was no major effect on the IGF- 
IGFBP axis in fetuses affected by rhesus isoimmuniza- 
tion in the present study. 

The low serum IGF-I levels during rapid fetal growth 
may seem to challenge the role of IGF-I as an endocrine 
growth factor. However, IGF-I bioavailability in fetal 
serum is likely to be increased. In fetal serum, the mean 
IGFBP-3 concentration was 4-fold decreased relative to 
adult concentrations and the mean molar ratio of [IGF-I] 
+ [IGF-11] to [IGFBP3] was 1.5:1,50% higher than that 
reported in adults (33, 38). Serum IGFBP-2 concentra- 
tions, on the other hand, were 3-fold elevated. Rapid 
pubertal growth is also associated with an increased IGF 
to IGFBP-3 ratio (39). Because less IGF-I is bound by 
IGFBP-3, which has a 10-fold higher affinity for IGF-I 
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GESTATIONAL AGE (WEEKS) 

Figure 3. Western ligand blot analysis of serum IGFBP in 19- to 35-wk gestation human fetuses of rhesus-isoimmunized pregnancies. Fetal serum 
was obtained from the umbilical cord in utero and processed by SDS-PAGE under nonreducing conditions, electroblotted to nitrocellulose, and 
probed with a mixture of '=I-labeled IGF-I and IGF-I1 (see Methods). For the designation of bands to specific IGFBP, see Figure 4 and Methods. 
Laser densitometric scanning was used to quantitate the bands. 

than does IGFBP-2 (40), potentially less IGF-I will be 
"trapped" in the ternary complex and more IGF-I will be 
bound by IGFBP-2 in the binary complex. Therefore, 
IGF-I availability is likely to be increased, given that the 
IGF-I half-life in the ternary complex is 15 h, compared 
with 0.5 h in the binary complex [based on data from 
adult human serum (17)l. This conclusion is in agreement 
with previous studies showing that the distribution of 
IGF between the binary and ternary complexes is altered 
in human (7, 41) and sheep fetal serum (42), with an 

IP: (-1 NI HEC B P 3  
IUU 

Fiyrc 4. Western ligand blotting of fetal serum without (-) or with 
prior immunoprecipitation with nonimmune rabbit serum (NI), anti- 
IGFBP-2 antibody; a-HEC (HEC), which also has a low affinity for 
IGFBP-3; or anti-IGFBP-3 antibody, a-IGFBP-3 g-1 (BP3). Serum (5 
pL) was incubated with 5 p L  of the undiluted antiserum in a total 
volume of 50 p L  of SAC 1 buffer overnight at 4°C. After precipitation 
of immune complexes with Pansorbin and subsequent washes, IGFBP 
were released by boiling in nonreducing SDS sample buffer for 5 min. 
The supernatant was processed by Western ligand blotting as described 
in Figure 3 and Methods. 

increased fraction of total IGF in the binary complex. 
The increase in IGF-I availability may be even more 
pronounced in the early gestation human fetus because 
serum IGFBP-3 concentrations as well as the IGFBP- 
3:IGFBP-2 ratio increase with gestational age, as also 
previously reported (43). 

In addition to functioning as short- and longer-term 
storage for IGF-I, IGFBP may act as transcapillary car- 
riers of IGF-I, regulating IGF-I availability and seques- 
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Figure 5. IGFBP-3 protease activity in fetal serum determined by 
IGFBP-3 protease assay. A representative gel of fetal serum from 19- to 
24-wk gestation human fetuses of rhesus-isoimmunized pregnancies is 
shown. Briefly, 2 ILL of serum were incubated with nonglywsylated 
[ ' 2 5 1 ] - I G ~ ~ ~ - 3  (30 000 cpm) for 5 h at 3PC and then processed by 
SDS-PAGE. Gels were dried and autoradiographed. The IGFBP-3 
protease activity was defined as the absorbance of ['=I]IGFBP-3 frag- 
ments with molecular mass less than 30 kD (intact peptide). To correct 
for interassay variability, the protease activities in individual fetal 
serum samples were expressed as a percentage of the protease activity 
in a control pool of adult serum (aHS), which was given an arbitrary 
value of 100%. [1251]IGFBP-3 incubated with pregnancy human serum 
( p H s )  or assay buffer ('BP3) was processed in parallel for comparison. 
Molecular mass markers in kD are shown on the left. 
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tration in the tissues. IGFBP-1 has been suggested to act 
as such an IGF carrier, and this process may be increased 
by insulin both in rats (18, 19) and in humans (44). IGF-I 
and human IGFBP-1 infused in equi-molar ratios to rats 
was not as potent as IGF-I alone, and human IGFBP-1 
infused alone (reaching 50-fold the normal rat IGFBP-1 
concentration) may block the actions of endogenous IGF 
(45). It is not clear from that study, however, whether 
normal physiologic concentrations of rat IGFBP-1 may 
play a role as a transcapillary carrier of IGF-I. However, 
it is tempting to hypothesize that increased IGFBP-1 
concentrations reported in serum from IUGR newborns 
(12, 26, 27) may signify an accumulation of IGFBP-1 in 
the circulation, resulting in decreased transport of IGF to 
target tissues and decreased growth. Similarly, IGFBP-1 
concentrations in cord serum from term newborns have 
been reported to be high, although variable (12, 25-27), 
which may suggest that IGF-I transport and availability 
are decreased immediately after birth in accordance with 
the temporary lack of growth. Importantly, in the rapidly 
growing human fetus in utero, serum IGFBP-1 concen- 
trations, which have not previously been measured by 
RIA, were not generally increased. Serum IGFBP-1 ex- 
pression is inhibited by insulin postnatally (46), and 
IGFBP-1 concentrations are increased rapidly by short- 
term fasting (4749). Whether factors like low maternal 
nutritional intake before delivery and restricted placental 
blood and nutrient flow during delivery and stress (50) 
may result in increased serum IGFBP-1 in the newborn is 
not known. IGFBP-1 and IGFBP-2 were inversely corre- 
lated with the fetal serum IGF-I concentration. These 
correlations are expected from the findings of increased 
serum IGFBP-1 and IGFBP-2 levels by Western ligand 
blotting and decreased IGF-I in IUGR newborns (21, 27, 
43). IGF-I has been reported to inhibit IGFBP-1 produc- 
tion in Hep G-2 cells (51), which, similar to the fetal liver 
but unlike the adult liver, display high expression of the 
type 1 IGF receptor (2,52). Because the fetal human liver 
is the major production site for IGFBP-1 and IGFBP-2 
(14, 15), IGF-I may regulate their expression in the hu- 
man fetus. 

In contrast to term pregnancy serum and amniotic fluid 
(21-23), increased IGFBP-3 protease activity could not 
be demonstrated in human fetal serum. Thus, the human 
fetal compartment is protected from the IGFBP-3 serum 
protease(s) [or contains the appropriate protease inhibi- 
tor(~)], suggesting that IGFBP-3 protease(s) is not in- 
volved in regulating IGF-I availability in human fetal 
serum. Although not increased, IGFBP-3 proteolysis did 
interfere with IGFBP-3 determinations by Western ligand 
blotting, as demonstrated by the inverse correlation be- 
tween IGFBP-3 proteolytic activity and IGFBP-3 levels 
determined by Western ligand blotting. The loss of 
IGFBP-3 detection by Western ligand blotting has been 
explained by decreased affinity of proteolytic IGFBP-3 
fragments for radiolabeled IGF (53). However, the inter- 
ference was moderate because IGFBP-3 levels by RIA 
and Western ligand blotting remained significantly corre- 

lated. Furthermore, the lack of correlations between RIA 
and Western ligand blot determinations of IGFBP-1 and 
IGFBP-2 may be explained by the small quantities of 
IGFBP-1 in serum and the lack of resolution of the 
IGFBP-2 band from other IGFBP bands in the 30-kD 
molecular mass range (i-a. glycosylated IGFBP-4, 
IGFBPd, or IGFBP-6). These findings emphasize the 
problems of quantitation by Western ligand blotting pre- 
viously demonstrated by others (23, 24). 

It is debatable whether anemic fetuses, affected by 
rhesus isoimmunization of the mothers, have a restricted 
growth rate. In a limited number of cases of rhesus 
isoimmunization, it was reported that a fetal Hb concen- 
tration less than 30% of normal was associated with a 
decreased fetal growth rate (54). However, these findings 
could not be confirmed in less-affected fetuses (55). In the 
present study, which included five fetuses with Hb less 
than 30% of normal, fetal sizes at birth were regarded as 
normal for gestational age, perhaps because the affected 
fetuses were treated with blood transfusions in utero. 
There was a strong positive correlation between IGF-I 
and Hb, which suggests that erythroblastosis and anemia 
are associated with decreased circulating IGF-I levels, 
even in less severe cases. Furthermore, there was a 
significant correlation between the birth weights and fetal 
serum IGF-I levels, regardless of when they were mea- 
sured. Correlations between fetal size and serum IGF-I 
concentrations in utero and in the newborn have been 
previously reported (6, 7, 9-12). Therefore, it could be 
speculated that impaired growth in anemic human fetuses 
at least partially results from low serum IGF-I levels. In 
the present study, neither IGFBP-1 nor IGFBP-3 was 
significantly correlated with Hb, and the correlation be- 
tween IGFBP-3 and Hb was due to covariation between 
Hb and gestational age, as revealed by multiple regres- 
sion analysis. 

In conclusion, increased IGF-I bioavailability in hu- 
man fetal serum is suggested by the increased quantita- 
tive importance of IGFBP-2, which, in contrast to 
IGFBP-3, does not form a long-lived ternary complex 
with IGF-I and ALS. Furthermore, fetal serum IGFBP-1 
concentrations were not elevated as previously reported 
in newborn serum, which may be of importance for the 
normal delivery of IGF-I to the tissues. Although the fetal 
circulation is not affected by increased IGFBP-3 proteol- 
ysis, as previously demonstrated in pregnancy serum and 
amniotic fluid, additional studies are needed to assess 
ternary complex formation. Finally, the present study 
points out some problems associated with the detection 
of IGFBP by Western ligand blotting and stresses the 
importance of IGFBP determinations by specific, quan- 
titative techniques in fetal serum. 
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