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Purpose. Insulin-like growth factor 1 (IGF-1) is predominantly bound
to its specific binding proteins (IGFBPs) in circulating plasma. In the
present study, pharmacokinetic analysis of IGF-1 was performed
in healthy volunteers to characterize the effect of interactions with
IGFBPs on IGF-1 disposition.
Methods. Plasma concentration profiles of both free and bound
IGF-1 were examined at several doses. An in vitro plasma protein
binding was also analyzed.
Results. The total body clearance (CLtotal) for the free IGF-1 was
much higher than the creatinine clearance, suggesting that the major
elimination pathway is by a route other than renal glomerular filtra-
tion. The CLtotal for the free IGF-1 exhibited a dose-dependent re-
duction whereas that for the sum of unbound and bound IGF-1 in-
creased on increasing the dose. The data obtained fitted closely a
one-compartment model that involved the binding and dissociation of
IGF-1, as well as its biosynthesis and elimination. The estimated pa-
rameters suggest that IGF-1 exhibits high affinity binding to IGFBPs,
the rate-limiting step in the overall elimination being the dissociation
from IGFBPs.
Conclusions. The saturation of both the plasma protein binding and
elimination accounts for the nonlinear pharmacokinetic profile. The
binding to IGFBPs markedly limits both the distribution and elimi-
nation of IGF-1.

KEY WORDS: IGF-1; IGFBP; pharmacokinetics; healthy volun-
teers.

INTRODUCTION

Insulin-like growth factor 1 (IGF-1) is a polypeptide with
a molecular weight of 7.6 kDa. IGF-1 is a pleiotropic growth
factor with a variety of pharmacologic effects, including the
ability to promote of glucose uptake in peripheral tissues,
reduce plasma free fatty acids, and exert a significant growth-
promoting action (1,2). IGF-1 is synthesized and secreted
mainly in the liver, and its gene transcription is primarily
regulated by growth hormone (GH). Thus, IGF-1 is consid-
ered to mediate the biologic action of GH. Its exogenous
administration markedly stimulates physical growth, espe-
cially in growth hormone resistance syndrome.

Unlike many other cytokines, IGF-1 in circulating
plasma is bound predominantly to its specific binding proteins
(IGFBPs). IGFBPs are categorized into two groups as far as
their affinity for IGFs is concerned, high-affinity (IGFBPs1-6)
and low-affinity (IGFBPs7 and 8) genes (3). Among these,
IGFBP3 is a major determinant of the circulating levels of
IGF-1 in plasma and it forms a 150 kDa tertiary complex with
both IGF-1 and an acid-labile subunit (4,5). Considering the
great difference in the molecular size of unbound (free) and
bound IGF-1, it is reasonable to suppose that its pharmaco-
kinetics could be significantly affected by such plasma protein
binding.

The pharmacokinetics of IGF-1 has been analyzed both
in animals (6,7) and humans, including healthy volunteers and
patients with growth hormone receptor deficiency, those un-
dergoing peritoneal dialysis or suffering from chronic renal
failure, and those with partial IGF-1 gene deletion (8–11).
To obtain further information on its disposition characteris-
tics in humans, we performed a kinetic analysis of the plasma
disappearance of free and bound IGF-1 at several doses
based on simple mathematical modeling techniques (Fig. 1).
Recently, Boroujerdi et al. (5,12) established a pharmacoki-
netic model for IGF-1 that involves the binding of IGF-1 to
IGFBPs in circulating plasma, passage of only free IGF-1
across the capillary endothelial barriers, and its receptor bind-
ing in peripheral tissues. In the present study, we attempted to
establish a simpler model that can fully describe IGF-1 kinet-
ics in humans because of the limited amount of actual data
available for fitting to the more complex model. Blum (13)
proposed a one-compartment model taking into account bio-
synthesis, IGFBP binding, and elimination of IGF-1. How-
ever, this model was applied only to endogenous levels, and
the parameters for the latter two factors were held constant.
In the present study, we examined the disposition of free and
bound IGF-1 in healthy volunteers. The profiles obtained can
be fitted to the one-compartment model, giving us informa-
tion on the kinetics of the plasma protein binding, distribu-
tion, and elimination of free and bound IGF-1.

MATERIALS AND METHODS

Volunteers and Study Design

Forty-two healthy male volunteers were recruited for this
study. The study protocol was approved by the Institutional
Review Board of Kyushu Clinical Pharmacology Research
Clinic. Informed consent was obtained from all volunteers.
Volunteers were assigned to six treatment groups. Each
group consisted of five subjects given IGF-1 and two subjects
given physiologic saline. The volunteers given physiologic sa-
line were omitted from the pharmacokinetic analysis. The
characteristics of volunteers given IGF-1 are listed in Table I.
Each treatment group received 5, 10, or 20 mg/h/kg by intra-
venous (i.v.) infusion for 3 h, 20 mg/h/kg by i.v. infusion for
6 hours, or 60 or 120 mg/kg by subcutaneous (s.c.) bolus in-
jection. Recombinant human IGF-1 was supplied by Genen-
tech, Inc. (South San Francisco, CA). Before administration
and at designated times thereafter, serial blood samples were
collected. EDTA plasma was harvested after centrifugation at
approximately 1800g × 20 min and stored at −20°C until
IGF-1 determination was performed.
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Assays

The plasma concentration of IGF-1 was measured by
conventional radioimmunoassay (RIA). The presence of se-
rum binding proteins interferes with the RIA of IGF-1.
Therefore, the total plasma concentration of IGF-1 was mea-
sured by RIA after separation from binding proteins by acid/
ethanol extraction (14,15). The recovery of IGF-1 in the

RIA method after acid/ethanol extraction ranged from 100
to 116%. The extracts were neutralized, appropriately di-
luted, and subjected to RIA. Free IGF-1 was separated by
high-performance gel filtration chromatography using a TSK
gel G2000SW column (Toso, Tokyo). The separated free
IGF-1 fractions were measured by RIA. Anti rhIGF-1 poly-
clonal rabbit antiserum was provided by Genentech, Inc.
125I-labeled IGF-1 was purchased from Amersham (Bucking-
hamshire, UK). The detection limits for total and free IGF-1
were 10 and 0.5 ng/mL, respectively. The intra- and inter-
assay variation (C.V.) in total IGF-1 was less than 10.2 and
10.8%, respectively. The intra- and inter-assay variation
(C.V.) in free IGF-1 was less than 18.0 and 13.2%, respec-
tively. Plasma and urine creatinine was determined by the
Jaffe method (16).

In Vitro Plasma Protein Binding

IGF-1 was dissolved in phosphate buffer (pH 7.4) con-
taining 0.025% Tween 20 and diluted with pooled blank hu-
man plasma to a final IGF-1 concentration of 3 to 50 nM.
After a 1-h incubation at 37°C, an aliquot of the incubation
mixture was collected, and free IGF-1 was determined as de-
scribed above. A pilot experiment was carried to check that
the plasma protein binding of IGF-1 reached a steady state
after the 1-h incubation (data not shown). The concentrations
of bound IGF-1 (Cb) were calculated by subtracting the mea-
sured free IGF-1 concentration (Cf) from the total IGF-1

Table I. Characteristics and Pharmacokinetic Parameters in Healthy Volunteers

Intravenous infusion Subcutaneous injection

15 mg/kg/3 hr 30 mg/kg/3 h 60 mg/kg/3 h 120 mg/kg/6 h 60 mg/kg 120 mg/kg

Volunteers
Age (years) 22.0 ± 1.9 20.6 ± 0.5 23.4 ± 1.7 21.2 ± 0.8 22.8 ± 2.2 22.4 ± 1.1
BW (kg) 64.5 ± 3.7 63.0 ± 3.5 63.1 ± 7.4 60.0 ± 4.1 61.1 ± 3.0 68.1 ± 4.3
Ccr (mg/dL) 0.82 ± 0.08 0.90 ± 0.19 0.98 ± 0.08 1.00 ± 0.07 0.92 ± 0.13 0.94 ± 0.09
CLcr (mL/h/kg) NEa NEa NEa NEa 115 ± 11 107 ± 10

Total IGF-1
C0 (ng/mL) 181 ± 59 208 ± 51 178 ± 52 189 ± 36 195 ± 26 171 ± 50
Tmax (h) NAb NAb NAb NAb 4.2 ± 1.1 4.8 ± 1.8
Cmax (ng/mL) 319 ± 65 483 ± 127 472 ± 63 684 ± 104 428 ± 34 525 ± 52
DCmax (mg/mL) 138 ± 20 275 ± 80 294 ± 114 495 ± 74 233 ± 19 354 ± 23
DAUC (ng ? h/mL) 2006 ± 658 3028 ± 694 3960 ± 1295 6809 ± 887 4233 ± 473 5689 ± 556
CLtotal (mL/h/kg) 8.1 ± 2.6 10.3 ± 2.3 16.3 ± 4.6 17.9 ± 2.2 14.3 ± 1.8e 21.3 ± 2.1e

T1/2 (h) 31.2c 35.0c 24.1c 30.7c 28.7 ± 6.9 22.2 ± 3.1
Free IGF-1

C0 (ng/mL) 1.7 ± 1.6 1.1 ± 1.5 <QLd <QLd 3.2 ± 0.5 2.4 ± 0.5
Tmax (h) NAb NAb NAb NAb 1.8 ± 0.4 2.0 ± 0.0
Cmax (ng/mL) 14.4 ± 3.5 23.8 ± 6.7 61.4 ± 16.1 81.9 ± 10.3 53.9 ± 11.2 98.9 ± 18.0
DCmax (ng/mL) 12.7 ± 2.2 22.7 ± 7.1 61.4 ± 16.1 81.9 ± 10.3 50.7 ± 11.0 96.5 ± 18.2
DAUC (ng ? h/mL) 32.5 ± 3.9 65.4 ± 12.8 175.1 ± 60.6 504.7 ± 64.0 183.5 ± 31.2 455.6 ± 50.6
CLtotal (mL/h/kg) 468 ± 58 475 ± 106 385 ± 154 240 ± 27 334 ± 56e 266 ± 28e

T1/2 (h) 0.59 ± 0.14 0.50 ± 0.26 0.34 ± 0.06 0.34 ± 0.05 1.77 ± 0.41 2.14 ± 0.31

Note. Data are expressed as mean ± SD of five volunteers. C0, endogenous (predose) concentration; Cmax, maximum concentration; DCmax,
Cmax above the endogenous level calculated as “Cmax − C0”; DAUC, area under the curve above the endogenous level; CLtotal, total body
clearance calculated as dose/DAUC; T1/2, elimination half-life.
a Not examined.
b Not applicable.
c Determined from the mean concentration of five subjects.
d Below quantitation limit.
e Assuming that the bioavailability is unity based on kinetic analysis (Table II).

Fig. 1. Pharmacokinetic model describing the plasma concentration
profiles of free and bound IGF-1 in humans.
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concentration, which was the sum of the measured endog-
enous total IGF-1 and added IGF-1. The data obtained for
free and bound IGF-1 were fitted to Eq (1) by the WinNon-
Lin program (Scientific Consulting, Inc.).

Cb = Rt*Cf /(Kd + Cf) (1)

where Kd and Rf are the equilibrium dissociation constant
and maximum binding capacity of IGF-1, respectively.

Model-Independent Analysis

The endogenous IGF-1 level (Co), which was determined
in a plasma sample collected just before administration, the
maximum concentration of IGF-1 after administration (Cmax)
and the time of Cmax (Tmax) were the observed values. To
calculate the exogenous IGF-1 concentration, assuming the
endogenous IGF-1 level was not changed by administration of
IGF-1, the C0 was subtracted from each measured concentra-
tion. The Cmax for exogenous IGF-1 (DCmax) was calculated
as Cmax − C0. The area under the concentration-time curve
for exogenous IGF-1 (DAUC) was calculated by the trapezoi-
dal rule up to 24 h after administration. The total body clear-
ance (CtotalL) of free or total IGF-1 was calculated as Dose/
DAUC. The elimination half-life of IGF-1 was estimated from
the apparent rate constant (k) as ln2/k. The creatinine clear-
ance that followed s.c. administration was determined as the
ratio of the amount excreted into urine, from 12 h before to
24 h after the s.c. injection, to the AUC of creatinine during
the same period.

Model-Dependent Analysis

Bound IGF-1 was calculated by subtracting free IGF-1
from total IGF-1. The plasma concentration of free (Cf) and
bound (Cb) IGF-1 during intravenous infusion was fitted to
Eqs (2) and (3), respectively.

Vf(dCf /dt) = − kon(Rt − Cb)*Cf*Vb + koff*Cb*Vb

− [PSnon + Vmax /(Km + Cf)]*Cf + Vsyn + Inf
(2)

Vb(dCb /dt) = kon(Rt − Cb)*Cf*Vb − koff*Cb*Vb

− CLtotal,b*Cb (3)

where Vf, Vb, PSnon, Vmax, Km, Vsyn, Inf, and CLtotal,b are the
distribution volume for free IGF-1, the distribution volume
for bound IGF-1, the non-saturable clearance for IGF-1, the
maximum velocity of saturable elimination, the Michaelis
constant for saturable elimination, the synthesis rate of en-
dogenous IGF-1, the infusion rate, and the total clearance for
bound IGF-1, respectively. Because we assumed that Vsyn is
not affected by IGF-1 infusion, Vsyn can be estimated as:

Vsyn = [PSnon + Vmax /(Km + Co,f)]*Co,f (4)

where C0,f is the endogenous free IGF-1 concentration, taken
as the mean value of five volunteers in each treatment group
(Table I). The plasma concentration of free and bound IGF-1
after the end of intravenous infusion was fitted to Eqs (2) and
(3), respectively, whereas in Eq. (2) the last term on the right-
hand side of the equation (+Inf) has been deleted. After sub-
cutaneous injection, the plasma concentration of free and

bound IGF-1 after intravenous infusion was fitted to Eqs (5)
and (3), respectively:

Vf(dCf /dt) = − kon(Rt − Cb)*Cf*Vb + koff*Cb*Vb

− [PSnon + Vmax /(Km + Cf)]*Cf + Vsyn

+ ka*F*exp(−ka*t) (5)

where ka and F are the absorption rate constant and the bio-
availability, respectively. Simultaneous fitting was performed
using all the data from the intravenous infusion of four doses
and two doses after s.c. injection using an iterative nonlinear
least-squares method with a Napp program (17). The input
data were weighted as the reciprocal of the square of the
observed values and the algorithm used for the fitting was the
Damping Gauss Newton Method. Initial values of fitted pa-
rameters were estimated as follows: F was estimated from the
ratio of the AUC after sc injection to that after i.v. injection;
Km was estimated as the dissociation constant of IGF-1 from
its receptor (18) ; Vmax was estimated from Km, PSnon, and
CLtotal of free IGF-1 after i.v. infusion at 15 mg/kg/3h. The
initial value of CLtotal,b was varied from ×1 to ×1/1000 of the
clearance for free IGF-1 (PSnon + Vmax/Km). Vf and Vb were
estimated as the extracellular volume and the plasma volume
(19), respectively.

RESULTS

Disposition Profile of IGF-1

To analyze the plasma protein binding, distribution, and
elimination of IGF-1 in humans, IGF-1 was infused i.v. or
injected s.c. into healthy male volunteers and both the free
and total IGF-1 in plasma were determined. The pharmaco-
kinetic parameters estimated by model-independent analysis
are listed in Table I. The time- courses of free and bound
IGF-1 are illustrated in Figs. 2 and 3. The endogenous total
and free IGF-1 did not change following administration
of physiologic saline (Fig. 2E). During infusion, both the free
and bound IGF-1 concentrations increased, and the form-
er increased more rapidly than the latter (Fig. 2). After the
end of infusion, the plasma free IGF-1 fell rapidly whereas
the reduction in bound IGF-1 was not so obvious (Fig. 2).
After s.c. injection, free IGF-1 also increased rapidly, fol-
lowed by a decrease, whereas the bound IGF-1 concentration
changed relatively slowly (Fig. 3). In this case the disappear-
ance of free IGF-1 was relatively slow (Fig. 3A) compared
with that after intravenous administration (Fig. 2A). In both
the i.v. infusion and sc injection studies, the CLtotal for total
IGF-1 increased on increasing the dose (Table I). However,
the CLtotal for free IGF-1 decreased in a dose-dependent
manner (Table I).

To examine the contribution of the glomerular filtration
rate (GFR) to the overall elimination of IGF-1, we calculated
the CLcr and compared it with the CLtotal for free IGF-1. The
plasma creatinine levels of all volunteers were within the
normal range (Table I). The CLcr estimated for s.c. adminis-
tration did not vary as much, 115 ± 11 mL/h/kg for the 60
mg/kg group and 107 ± 10 mL/h/kg for the 120 mg/kg group,
whereas a relatively large inter-individual variability was
found in the CLtotal for free IGF-1 within each dose group
(Table I). The mean CLtotalof each dose group ranged from
240 to 475 mL/h/kg and was at least twice as great as the CLcr.
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Estimation of Pharmacokinetic Parameters

To characterize the kinetics of IGF-1 disposition, a math-
ematical model-dependent analysis was performed based on
the one-compartment model described in Fig. 1. To increase
the accuracy of the parameters, all the data for the plasma
concentrations at several doses were simultaneously fitted to

Eqs (2) to (5) to estimate the parameters (Table II). The
fitted lines could basically be superimposed on the actual data
for each injection route (Figs. 2 and 3). The obtained value for
F was close to unity (Table II), which was compatible with a
previously reported finding (9). The estimated CLtotal,b was
much smaller than the elimination clearance for free IGF-1
(Vmax/Km+PSnon) (Table II). Although the absolute value of

Fig. 2. Plasma concentration of free (m) and bound (j) IGF-1 after intravenous infusion. Male volunteers received an intravenous
infusion of 15 (A), 30 (B), and 60 (C) mg IGF-1/3h/kg, 120 mg IGF-1/6h/kg (D), and saline (E). The free and total plasma IGF-1
concentrations were determined and bound IGF-1 was calculated. Data represent mean ± SE of five volunteers. The solid line
represents the fitted line based on the mathematical model shown in Fig. 1.
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the CLtotal,bwas not very reliable because of its large calcu-
lated SD, such a calculated SD value was also much smaller
than the clearance (Vmax/Km+PSnon) for free IGF-1 clear-
ance, suggesting that the CLtotal,b could be considered to be
negligible.

Plasma Protein Binding Examined In Vitro

To verify the binding parameters obtained in vivo, the
plasma protein binding of IGF-1 was also examined in vitro
under equilibrium conditions. The data obtained were fitted
to the Langmuir-type equation, Eq (1). The estimated Kd and
Rt were 4.75 ng/mL (0.6 nM) and 253 ng/mL (33 nM), i.e.,
there was no more than a two-fold difference compared with
the values found in vivo (Table II).

DISCUSSION

In the present study, we analyzed the disposition of
IGF-1 in humans based on a kinetic model (Fig. 1). Although
this model was a simple one, describing only one site for
plasma protein binding, one compartment each for free and
bound IGF-1, and two types (linear and nonlinear) of elimi-
nation route, the actual data generally fit this model (Figs. 2
and 3). Considering the variety of pharmacologic activities
exhibited by IGF-1, care needs to be taken to keep its clinical
plasma concentration steady. Therefore, the present analysis
may be a suitable means of monitoring IGF-1 concentrations.
The two- to three-fold difference between Vf and Vb suggests
that free IGF-1 can be distributed into a larger space than the
IGF-1 bound to IGFBPs. Because the Vb is almost exactly the
same as the plasma volume (approximately 40 mL/kg body
wt) (19), IGFBPs limit the distribution of IGF-1 and retain it
within the circulating plasma. The maximum binding capacity
for IGF-1 (Rt), estimated as 548 ng/mL (72 nM), was close to
the plasma IGFBP3 concentration in healthy men (70–140
nM) (5). This may be reasonable when we consider that the
major form of IGF-1 in plasma is the 150 kDa ternary com-
plex with IGFBP3 and an acid-labile subunit, which is too
large to easily penetrate the capillary endothelial cells in most
organs. Exogenously administered IGF-1 forms not only such
a 150 kDa complex, but also a 50 kDa complex that is as-
sumed to bind to IGFBP1 (20). Therefore, incorporation of
two binding sites into kinetic models may be physiologically
preferable, like the models reported by Boroujerdi et al.
(5,12). However, the plasma IGFBP1 level (1–15 nM) is much
lower than that of IGFBP3 (5), and so our model with only
one binding site may be sufficient in practical terms to de-
scribe the plasma concentration-time profile.

The present analysis also suggests that IGFBPs limit the
elimination of IGF-1 from the circulation. The elimination
half-life of free IGF-1 ranged from 0.34 to 0.59 h after i.v.
infusion (Table I), indicating its rapid elimination, whereas
the dissociation half-life (ln2/koff) for bound IGF-1 was 17 h
(Table II). Although the elimination clearance of bound
IGF-1 (CLtotal,b) was included in our model, the estimated
CLtotal,bwas much smaller than the elimination clearance of
free IGF-1 (Vmax/Km + PSnon) (Table II). Thus, plasma pro-
tein binding results in marked retention of IGF-1 by avoiding
its rapid elimination and the rate-limiting step of IGF-1 elimi-
nation is its dissociation from IGFBPs.

Table II. Pharmacokinetic Parameters Estimated for IGF-1 Disposi-
tion in Healthy Volunteersa

Vf (mL/kg) 168 ± 15
Vb (mL/kg) 54.8 ± 10.3
kon (ng/mL/h) 0.00971 ± 0.00143
koff (h−1) 0.0409 ± 0.0079
KD (ng/mL) 4.21b

Rt (ng/mL) 542 ± 29
PSnon (ml/h/kg) 111c

Km (ng/mL) 90.5 ± 38.1
Vmax (ng/h/kg) 2.53 × 104 ± 0.59 × 104

CLtotal,b (mL/h/kg) 1.81 × 10−10 ± 6.29 × 10−3

ka (h−1) 0.310 ± 0.020
F 1d

a Data represent mean ± calculated SD.
b Calculated as koff/kon.
c In terms of the mean measured creatinine clearance for volunteers

receiving a subcutaneous injection.
e This parameter was calculated to be 1.05 ± 0.06 and was greater

than 1.

Fig. 3. Plasma concentration of free (m) and bound (j) IGF-1after
subcutaneous injection. Male volunteers received a subcutaneous bo-
lus injection of IGF-1 at 60 (A) and 120 (B) mg/kg. Free and total
plasma IGF-1 concentrations were determined and bound IGF-1 was
calculated. Data represent mean ± SE of five volunteers. The solid
line represents the fitted line based on the mathematical model
shown in Fig. 1.
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Considering that the molecular weight of free IGF-1 (7.6
kDa) is such that free IGF-1 is able to undergo glomerular
filtration in the kidney, we compared the CLtotalfor free
IGF-1 with CLcr because this comparison will identify the
contribution of such filtration to the overall clearance. The
CLtotal for free IGF-1 decreased dose-dependently and was at
least two-fold greater than the CLcr (Table I). Therefore, the
major clearance mechanism for free IGF-1 is not glomerular
filtration. Although the exact elimination mechanism is still
unknown, Kimura et al. (6) reported the greatest accumula-
tion of 125I-rhIGF-1 in the kidneys and an almost 90% reduc-
tion in the total clearance of IGF-1 during renal vasculature
ligation in rats. Therefore, it is likely that the kidney is the
major organ responsible for IGF-1 clearance. If so, an effi-
cient elimination mechanism should be present on the baso-
lateral side in the kidney because the CLtotal is much great-
er than the GFR. With this in mind, two components were
considered in the elimination of IGF-1 (Fig. 1). Because the
CLtotal for free IGF-1 exhibited a slight nonlinearity as the
dose increased (Table I), one of the components was assumed
to be a saturable pathway whereas the PSnon was fixed as the
mean creatinine clearance, corresponding to the glomerular
filtration rate, of all the volunteers (111 mL/h/kg). The Km in
the saturable clearance of free IGF-1 was estimated as 90.5
ng/mL (12 nM). This value was comparable with the disso-
ciation constant (∼9 nM) of IGF-1 from its receptors trans-
fected in Xenopus laevis oocytes (18), suggesting that the
saturable clearance may be governed by receptor-mediated
endocytosis which is the major elimination mechanism for
certain types of growth factors, such as epidermal growth
factor, hepatocyte growth factor, erythropoietin, and granu-
locyte colony stimulating factor (21–24). Because the IGF-1
receptor is widely expressed in many different organs, includ-
ing the kidney, receptor-mediated endocytosis in the kidney
may be involved in IGF-1 elimination (1,25,26).

The level of IGFBPs in the circulation is known to
change in various conditions. For example, plasma IGFBP3
levels are higher in chronic renal failure (18, 27) and lower in
growth hormone deficiency (27) or in Laron-type dwarfs (28,
29) than in normal subjects. Because the present analysis was
performed in healthy volunteers, the pharmacokinetic param-
eters obtained in the present study may be different from
those in such conditions and further studies are needed to
analyze the disposition of IGF-1 in such conditions.

In conclusion, we performed a pharmacokinetic analysis
of IGF-1 in human volunteers. This analysis revealed that the
overall disposition of IGF-1 can be described by a one-
compartment model involving the saturation of both plasma
protein binding and elimination. IGFBPs play a key role in
keeping free IGF-1 in the circulation by limiting its systemic
distribution and elimination.

ACKNOWLEDGMENTS

This study was supported in part by a Grant-in-Aid for
Scientific Research provided by the Ministry of Education,
Science and Culture of Japan. The authors would like to
thank Dr Yasuhiro Fujinuki (NIKKEN CHEMICALS CO.,
LTD.) and Dr Jindow Itoh and Dr Satoru Murayama (Mit-
subishi-Tokyo Pharmaceuticals, Inc.) for their cooperation.
We also thank Genentech, Inc. for supplying materials and
helpful comments during the preparation of this manuscript.

REFERENCES

1. N. Ruderman, A. C. Moses, and D. E. Moller. Insulin, insulin-like
growth factors, and their receptors. In I. M. Arias IM, J. L. Boyer,
N. Fausto, W. B. Jakoby, D. A. Schachter, D. A. Shafritz (eds.),
The Liver: Biology and Pathobiology, 3rd Ed. Raven Press, New
York, 1994 pp. 969–996.

2. D. R. Clemmons. Role of insulin-like growth factor-1 in reversing
catabolism. J. Clin. Endocrinol. Metab. 75:1183–1185 (1992).

3. H. Kim, S. R. Nagalla, Y. Oh, E. Wilson, C. T. Roberts, Jr., and
R. G. Rosenfeld. Identification of a family of low-affinity insulin-
like growth factor binding proteins (IGFBPs): Characterization
of connective tissue growth factor as a member of the IGFBP
superfamily. Proc. Natl. Acad. Sci. USA 94:12981–12986 (1997).

4. R. S. Vicki and K. Hall. Insulin-growth factors and their binding
proteins. Am. J. Physiol. 70:591–614 (1990).

5. M. A. Boroujerdi, R. H. Jones, P. H. Sonksen, and D. L. Russell-
Jones. Simulation of IGF-I pharmacokinetics after infusion of
recombinant IGF-I in human subjects. Am. J. Physiol 273: E438–
E447 (1997) .

6. T. Kimura, Y. Kanzaki, Y. Matsumoto, M. Mandai, Y. Kurosaki,
and T. Nakayama Disposition of recombinant human insulin-like
growth factor-I in normal and hypophysectomized rats. Biol.
Pharm. Bull. 17:310–315 (1994) .

7. S. C. Hodgkinson, S. R. Davis, B. D. Burleigh, H. V. Henderson,
and P. D. Gluckman. Metabolic clearance rate of insulin-like
growth factor-I in fed and starved sheep. J. Endocrinol. 115:233–
240 (1987).

8. J. L. Walker, J. J. Van Wyk, and L. E. Underwood. Stimulation
of statural growth by recombinant insulin-like growth factor I in
a child with growth hormone insensitivity syndrome (Laron
type). J. Pediatr. 121:641–646 (1992).

9. A. Grahnen, K. Kastrup, U. Heinrich, M. Gourmelen, M. A.
Preece, M. A. Vaccarello, J. Guevara-Aguirre, R. G. Rosenfeld,
and A. Sietnieks. Pharmacokinetics of recombinant human insu-
lin-like growth factor I given subcutaneously to healthy volun-
teers and to patients with growth hormone receptor deficiency.
Acta. Paediatr. Scand. Suppl. 82:391:9–14(1993).

10. D. Fouque, S. C. Peng, and J. D. Kopple. Pharmacokinetics
of recombinant human insulin-like growth factor-1 in dialysis
patients. Kidney Int. 47:869–875 (1995).

11. R. Rabkin, F. C. Fervenza, H. Maidment, J. Ike, R. Hintz, F. Liu,
D. C. Bloedow, A. R. Hoffman, and N. Gesundheit. Pharmaco-
kinetics of insulin-like growth factor-1 in advanced chronic renal
failure. Kidney Int. 49:1134–1140 (1996).

12. M. A. Boroujerdi, P. H. Sonksen, and R. H. Jones. A compart-
mental model for simulation of IGF-I kinetics and metabolism.
Meth. Inform. Med. 33:514–521 (1994).

13. W. F. Blum. Insulin-like growth factors (IGFs) and IGF binding
proteins in chronic renal failure: Evidence for reduced secretion
of IGFs. Acta Paediatr. Scand. Suppl. 379:24–31 (1991) .

14. H. D. William, K. Milan, and M. Ida. Serum somatomedin bind-
ing proteins: Physiologic significance and interference in radioli-
gand assay. J. Lab. Clin. Med. 109:355-363 (1987).

15. W. H. Daughaday, I. K. Mariz, and S. L. Blethen. Inhibition of
access of bound somatomedin to membrane receptor and immu-
nobinding sites: A comparison of radioreceptor and radioimmu-
noassay of somatomedin in native and acid-ethanol-extracted
serum. J. Clin. Endocrinol. Metab. 51:781–788 (1980).

16. R. W. Bonsnes and H. H. Tausky. On the colorimetric determi-
nation of creatinine by the jaffe reaction. J. Biol. Chem. 158:581–
591 (1945).

17. A. Hisaka and Y. Sugiyama. Notes on the inverse gaussian dis-
tribution and choice of boundary conditions for the dispersion
model in the analysis of local pharmacokinetics. J. Pharm. Sci.
88:1362–1365 (1999).

18. M. S. Taghon and S. E. Sadler. Insulin-like growth factor 1 re-
ceptor-mediated endocytosis in Xenopus laevis oocytes. A role
for receptor tyrosine kinase activity. Devel. Biol. 163:66–74
(1994).

19. K. B. Bischoff, R. L. Dedrick, D. S. Zaharko, and J. A. Long-
streth. Methotrexate pharmacokinetics. J. Pharm. Sci. 60:1128–
1133 (1971) .

Mizuno et al.1208



20. C. Schmid and E. R. Froesch. Inshulin-like growth factors I and
II in healthy man. Estimation of half-lives and production rate.
Acta Endocrinol. 121:753–758 (1989).

21. Y. Kato, H. Sato, M. Ichikawa, H. Suzuki, Y. Sawada, M.
Hanano, T. Fuwa, and Y. Sugiyama. Existence of two pathways
for the endocytosis of epidermal growth factor by rat liver:
Phenylarsine oxide-sensitive and -insensitive pathways. Proc.
Natl. Acad. Sci. USA 89: 8507-8511 (1992).

22. K. Liu, Y. Kato, M. Kato, T. Kaku, T. Nakamura, and Y. Sugi-
yama. Existence of two nonlinear elimination mechanisms for
hepatocyte growth factor in rats. Am. J. Physiol. 273: E891–E897
(1997) .

23. M. Kato, Y. Kato, and Y. Sugiyama. Mechanism of the upregu-
lation of erythropoietin-induced uptake clearance by the spleen.
Am. J. Physiol. 276: E887–E895 (1999).

24. T. Kuwabara, T. Uchimura, H. Kobayashi, S. Kobayashi, and Y.
Sugiyama. Receptor-mediated clearance of G-CSF derivative
nartograstim in bone marrow of rats. Am. J. Physiol. 269: E1–E7
(1995).

25. E. Chin, J. Zhou, and C. A. Bondy. Renal growth hormone re-
ceptor gene expression: Relationship to renal insulin-like growth
factor system. Endocrinology 131:3061–3066 (1992).

26. T. Tsao, F. W. Hsu, and R. Rabkin. IGF-I receptor binding,
autophosphorylation, and kinase activity in kidney and muscle of
acutely uremic rats. Am. J. Physiol. 272:F325–F332 (1997).

27. R. C. Baxter and J. L. Martin. Radioimmunoassay of growth
hormone-dependent insulin like growth factor binding protein in
human plasma. J. Clin. Invest. 78:1504–1512 (1986).

28. M. Gourmelen, L. Perin, and M. Binoux. Effects of exogenous
insulin-like growth factor 1 on insulin-like growth factor binding
proteins in a case of growth hormone insensitivity (Laron-type).
Acta Paediatr. Scand. Suppl. 377:115–117 (1991).

29. H. Kenty, A. Karasik, B. Klinger, A. Silbergbeld, and Z. Laron.
Long-term treatment of Laron type dwarfs with insulin-like
growth factor-1 increases serum insulin-like growth factor bind-
ing protein-3 in the absence of growth hormone activity. Acta
Endocrinol. 128:144–149 (1993).

Pharmacokinetics of Insulin-Like Growth Factor 1 in Humans 1209


