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Abstract

Despite the increasing therapeutic use of recombinant human
growth hormone (rhGH), its metabolic clearance has not been
investigated in detail. To evaluate the kinetics of rhGH as a
possible function of GHplasma concentration and glomerular
filtration rate (GFR), we investigated the steady state meta-
bolic clearance rate (MCR), disappearance half-life, and appar-
ent volume of distribution of rhGH at low and high physiologi-
cal as well as supraphysiological plasma GHlevels during phar-
macological suppression of endogenous GHsecretion in human
subjects with normal and reduced renal function. GHin plasma
and urine was determined by an immunoradiometric assay, and
GFRby inulin clearance. In all subjects MCRdecreased and
plasma half-life increased with increasing plasma GHconcen-
trations (P < 0.001 ). MCRof rhGH was approximately half in
patients with chronic renal failure at each GHlevel and plasma
half-life was increased by 25-50%. Allowing for the linear de-
pendence of MCRon GFRand assuming single-compartment
distribution, the estimated renal fraction of total MCRwas
25-53 and 4-15% in controls and patients, respectively. Satura-
tion of extrarenal disposal of GHwas suggested by an inverse
hyperbolic relationship between extrarenal MCRand plasma
GHconcentrations in all subjects. Fractional GHexcretion was
up to 1,000-fold higher in patients than in controls. Wecon-
clude that MCRof hGHis a function of plasma GHconcentra-
tions and GFR. Extrarenal elimination is saturable in the upper
physiological range of GHconcentrations, whereas renal MCR
is independent of plasma GHlevels. The kidney handles GH
like a microprotein involving glomerular filtration, tubular
reabsorption, and urinary excretion. (J. Clin. Invest. 1994.
93:1163-1171.) Key words: growth hormone * pharmacokinet-
ics * renal failure * metabolic clearance * half-life

Introduction

In renal failure plasma concentrations of growth hormone
(GH)' both in the fasting state and after stimulation are ele-
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mone; GH-BP, growth hormone-binding protein; IRMA, immunora-
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human growth hormone; VD, volume of distribution.

vated ( 1-3). It has usually been assumed that this reflects ab-
normal secretion, but so far the role of impaired renal function
has not been directly addressed. Clinical interest has recently
focused on the metabolic fate of GH, since recombinant hu-
man GH(rhGH) has become available for the treatment of
children with renal failure (4, 5). However little published in-
formation is available on the pharmacokinetic properties of
rhGH to date (6).

In previous studies the metabolic clearance rate (MCR) of
exogenous GHin healthy human subjects ranged from 143 to
329 ml/min (6-12), and plasma half-life ranged from 15 to 51
min (7, 12-15). In patients with reduced renal function, re-
duced MCR(12, 16) and normal (17) or prolonged (12)
plasma half-lives of GHhave been reported. The validity of
these studies may be questioned on methological grounds since
endogenous GHsecretion was not suppressed, a potential con-
centration dependence of the MCRof GHwas not assessed
thoroughly, the relative contribution of renal vs. extrarenal
elimination was not quantitated, and the radioimmunoassays
used were of limited specificity. Furthermore, most studies
used extracted pituitary or radiolabeled GH(7-16) of unde-
fined purity. The equivalence of these compounds to endoge-
nous GHwith respect to clearance kinetics has not been deter-
mined. Further complexity is added by the recent evidence that
GHis bound to one or more circulating GHbinding proteins
( 18-20) and that intact GHis also eliminated in human urine
(21 ). In this study we used several new methological accom-
plishments, such as a highly specific and sensitive immunora-
diometric assay (IRMA) and suppression of endogenous GH
secretion by a somatostatin analogue to investigate the pharma-
cokinetics of unlabeled rhGH in healthy human volunteers
and in subjects with various degrees of renal failure. To assess a
possible concentration dependence of rhGH kinetics, a
stepped-dose steady state infusion protocol was applied to eval-
uate the MCRat three steady state plasma levels, encompass-
ing a range of low physiological to pharmacological GHcon-
centrations.

Methods

Subjects
Weexamined 24 healthy adult volunteers without evidence of renal
disease (12 male, 12 female, median age, 29 yr [range, 18-62 yr];
glomerular filtration rate [GFR], 127 [range, 83-166] ml/min per
1.73 M2). None of the subjects was on medication. Nicotine, caffeine,
and alcohol were stopped 5 d before the study. Furthermore, we exam-
ined 12 patients, i.e., 6 children (age, 8 (4-14) years) and 6 adults (age
56 (41-66) years) with chronic renal failure. Six patients (five of whom
children) were in preterminal renal failure and six patients were on

dialysis with considerable residual GFR. Underlying renal diseases and
individual GFRsare listed in Table I.

None of the patients was on barbiturates or on other agents interfer-
ing with hepatic or renal elimination of peptides. In all patients liver
disease was excluded by abdominal sonography and by blood chemis-
try. Malnutrition was excluded by anthropometric measurements. Inu-
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Iin clearance was measured using the steady state infusion technique
(22). Height was in the lower third percentile for age in all children.
GH secretion was evaluated immediately before the study. Normal
stimulation with L-arginine (> 10 ,gg/liter) and a normal night time
GHprofile (at least three peaks above 10 ttg/liter GH) were found in
each child.

Study design
The protocol was approved by the ethical committee of the University
of Heidelberg. Participants or parents gave informed written consent.
The subjects were examined after an overnight fast in a supine position
from 7 a.m. to 10 p.m. (see Fig. 1). Two intravenous catheters were
placed into the forearms, one for blood sampling and the other for
infusions. After blood had been taken for baseline investigations, a
continuous infusion of octreotide (2 ftg/ 1.73 m2 per h; SANDOSTA-
TIN@; Sandoz Co., Ntirnberg, Germany) was started to suppress endog-
enous GHsecretion. After a baseline period of 60 min, during which
endogenous GHconcentrations dropped below the detection limit in
each subject, rhGH was infused in three 3-h periods (I-III) separated
by wash out periods (Fig. 1 ). Blood samples were withdrawn at 1 5-min
intervals during the baseline and the infusion periods; at least nine
measurements were performed during the wash out periods. A single
batch of rhGH (GENOTROPINO;Kabi Pharmacia, Stockholm, Swe-
den) was used for infusion in all subjects. It was confirmed by our
IRMA used for the determination of rhGH that one bottle of GENO-
TROPINOcontained 4 mgof rhGH. 4 mg of rhGH was dissolved in
500 ml isotonic NaCl. One single infusion set and a pump delivering
with a precision of± 1% (PERFUSOR®;Braun Co., Melsungen, Ger-
many) were used throughout the study. In the healthy volunteers the
infusion rate was increased in a stepwise fashion, i.e., 50, 180, and 310
tug/M2 per h. In a pilot study we noted that renal clearance accounted
for 50% of total metabolic clearance at plasma GHconcentrations
of 40-60 tsg/liter. To achieve similar plasma GHconcentrations in
healthy controls and in subjects with renal failure, the amount of rhGH
administered was therefore adjusted to the estimated GFR, i.e., endoge-
nous creatinine clearance before the study, by multiplying the above
infusion rate for healthy volunteers with a coefficient (c):

estimated GFR
c= 0.5 + 0.5X

normal GFR'

assuming a normal GFRof 125 ml/min per 1.73 M2. As shown in Fig.
1, measurement of actual inulin clearance (Ci.) at the time of the study
was performed during the first and last period of rhGH infusion. A diet
of low protein content (0.3 g/kg per d) was administered to both
healthy volunteers and subjects with renal failure on the day of the
study to prevent diet-induced fluctuations of GFR.

Assays
Plasma and urine GHwas measured using an IRMA as previously
described (23). In brief, anti-human GH antiserum was raised in
goats. The gammaglobulin fraction was covalently coupled to poly-
acrylamide beads (Bio-Rad Laboratories, Richmond, CA) and used in
a first step for immunoextraction of the biological samples (urine or
plasma). After a washing step a '25I-labeled monoclonal antibody
against human GH(Medix Biochemica, Paris) was added in the sec-
ond incubation. All measurements were performed in triplicate. The
assay was linear within the range used in the study. The detection limit
was 0.1 tg/liter in plasma and 0.3 ng/liter in urine. The detection limit
was defined as the two-step incubation sensitivity of standard 2 pg per
tube, multiplied by volume of the unknown used in the first incuba-
tion. For the plasma GHdetermination, the median intraassay coeffi-
cient of variation (CV) calculated from the actual triplicate measure-
ments was 4.8% in the range of 1-10Ig/ liter, 4.9% at 10-40 ug/liter,
and 4.8% at 40-110 Ag/liter. The median CV for the urine measure-
ments was 10.5% at a mean concentration of 23 ng/liter (range,
3-480). All samples of any one study were determined in the same
batch. Interassay CVs in plasma and urine were < 11.4%.

Growth hormone binding protein (GH-BP) in plasma was mea-
sured by radioligand binding as previously described (24). In a first
step, plasma was incubated with 1251-hGH. After filtration through a
0.45-mm minifilter (Millipore Corp., Bedford, MA), the entire incu-
bation mixture was injected into a HPLCProtein Pak 300 sw column
(Waters Co., Milford MA). Isocratic elution was carried out using de-
gassed buffers (pumping rate 0.5 ml/min). The binding of GHwas
expressed as the radioactivity in the individual peak divided by the total
radioactivity (peaks I, II, and III). To evaluate nonspecific binding to
peak II-BP, 5 Ag GHwas added to the incubation.

IGF I and IGF II were determined using highly specific RIAs after
extraction procedures as previously described (25, 26). IGF-BP3 was
determined by a specific RIA using an antibody against the pure acid-
stabile 53-kD binding subunit extracted from plasma Cohn fraction
IV (27).

Calculations
Metabolic clearance rate. The MCRof rhGH, standardized for body
surface area, was calculated as (7, 28):

MCR(ml/min per M2)

infusion rate of rhGH (ug/min per M2)
steady state plasma GHconcentration (,ug/ml)'

In a pilot study we observed that steady state was achieved after 150
min as indicated by a slope of zero for linear regression of at least nine
measurements. In the final study, steady state concentrations were cal-
culated from the last three measurements of the respective infusion
period.

Plasma half-life (t,,2). After the end of each infusion period,
plasma half-life was calculated from the decay rate of plasma GHcon-
centration using a monoexponential regression model. The assump-
tion of a monoexponential decay was confirmed by R2 values close to 1
(0.975±0.025, 0.983±0.017, 0.986±0.014 for the three elimination pe-
riods).

Volume of distribution (VD). The apparent VDwas calculated ac-
cording to Zilversmit (29) using the following formula:

VD (liters/M2) =
MCR(ml/min per M2) X 10-3

ln 2/t112(min)

Fractional urinary excretion. Fractional urinary excretion of GH
was calculated as the ratio of GHurinary clearance and inulin clear-
ance.

Statistics
Normality of distribution was checked for each variable by the Shapiro
Wilk statistic. Since all kinetic parameters were normally distributed,
one-way analysis of variance (ANOVA) was performed for all group
comparisons. Duncan's test was used for multiple between-subject
comparisons; t tests were performed to check for individual within-sub-
ject differences. Statistical differences were considered significant for P
c 0.05. Software of the SAScomputer package' was used for ANOVA,
regression, and correlation procedures (30).

Results

GH-dependent proteins at baseline and after infusion of rhGH.
A summary of the GH-dependent protein concentrations be-
fore and immediately after the study is given in Table II. Base-
line fasting plasma GHconcentrations and GHbinding activ-
ity at 7 a.m. did not differ significantly between patients and
controls. Of importance for the kinetic analysis below, plasma
GHbinding activity did not change significantly during rhGH
infusions. Baseline and poststudy plasma IGF-I concentrations
were also similar in patients and controls. In concordance with
previous reports (31, 32), the baseline concentration of IGF-
BP3 was significantly elevated in uremic subjects. Plasma IGF-
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Table I. Clinical Data of 12 Patients with Chronic Renal Failure

Treatment
Age Gender C,. modality Underlying renal disease

yr mil/min per 1. 73m2

41 m 6 CAPD Chronic GN
54 m 7 CAPD Chronic GN
55 m 8 HD Membranous GN
58 m 8 HD IgA-GN
14 m 8 CAPD Membranoproliferative GN
66 m 11 HD Obstructive uropathy

4 m 17 CT Renal vein thrombosis
14 m 19 CT Focal segmental

glomerulosclerosis
8 m 22 CT Renal dysplasia

57 f 29 CT Polycystic kidney disease
11 m 31 CT Nephronophthisis
10 m 42 CT Chronic interstitial nephritis

CAPD, continuous ambulatory peritoneal dialysis; HD, hemodialysis;
CT, conservative treatment; GN, glomerulonephritis; m, male; f,
female.

BP3 failed to increase significantly in either group during the
720 min infusion of rhGH.

Analysis of GHkinetics. Table III summarizes the steady
state plasma GHconcentrations and the calculated kinetic pa-
rameters for each infusion period in the patient and control
group, respectively. We found no significant differences in
MCRbetween males and females in the control group (MCR
at plasma GHconcentrations of - 50 ,g/liter: males, 1 12±5.2
vs. 113±4.8 ml/min per m2 in females; NS). Wealso failed to
observe a sex-related difference in postinfusion elimination
half-life and in the apparent volume of distribution of GH
(data not given).

60

MCRof GHdecreased with rising GHsteady state concen-
trations in patients and controls (P < 0.001 ). This point is
further illustrated in Fig. 2 a. MCRdecreased with increasing
GHsteady state concentration in each individual subject of the
control and patient groups, respectively. At each given GH
infusion rate, higher steady state levels were observed in pediat-
ric patients than in adult patients and controls. The nonlinear
regression equations fitting the relationship between plasma
GHand MCRwere almost identical in uremic children and
adults. A significant difference in MCRbetween controls and
uremic patients was found at each level of GHinfusion (P
< 0.001 ). The lower MCRobserved in uremic children than in
uremic adults (Table III) was entirely attributable to the higher
average GHsteady state levels achieved.

In the controls a hyperbolic relationship was noted between
MCRand GHconcentration at every given infusion period.
This is the predictable mathematical consequence of the fact
that an identical infusion rate per unit body surface was given
to all healthy individuals. By necessity MCRwas inversely pro-
portional to plasma GHconcentration.

Postinfusion elimination half-life (t112) of plasma GHin-
creased significantly (P < 0.001 ) with increasing mean steady
state GHconcentrations from infusion period I to III both in
controls and in uremic patients. A positive relationship was
observed between steady state plasma GHconcentration and
t112 during the post-steady state elimination periods in both
patients (r = 0.67, P < 0.0001) and controls (r = 0.65, P
< 0.0001). For each infusion period, t1/2 was significantly (P
< 0.001 ) prolonged in uremic patients. There was a negative
overall relationship between postinfusion tl/2 and Cin for each
infusion period (infusion period I: r = -0.56, P < 0.001; II: r
= -0.61, P < 0.0001; III: r = -0.64, P < 0.0001 ). Cim did not
change significantly between infusion periods I and III (not
given).

As a consequence of the concentration-dependent changes
in MCRand t612 the VD decreased significantly (P < 0.01)
from infusion period I to II, with no further change from infu-

III
rhGH

11
rhGH

rhGH

0 100 200 300 400 500 600 700 800 900
time (min)

Octreotide

Cin Cin

Figure 1. Illustration of study protocol
(case no. 10). Endogenous GHsecretion
was suppressed by octreotide (2 Ag/ 1.73
m2 per h) throughout the experiment.
rhGH was administered at stepped-dose
infusion rates, i.e., 50 ,ug/m2 per h from
minutes 60 to 240 (infusion period I), 180
,Ag/M2 per h from minutes 300 to 480 (in-
fusion period II), and 310 Ug/m2 per h
from minutes 600 to 780 (infusion period
III). Each infusion period was followed by
a wash-out period of 60 (I) or 120 (II, III)
min. In uremic individuals the amount of
rhGH infused was adjusted to GFRas de-
scribed in the text. Measurement of actual
inulin clearance (Ci,) was performed dur-
ing the first and last period of rhGH infu-
sion.
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Table II. GH-dependent Proteins at Baseline and after Infusion of rhGH

GH GH-BP activity* IGF I IGF II IGF-BP3

,g/liter % uglliter zggliter uglgliter

Controls (n = 24)
Baseline 1.3± 1.0 44.6±9.8 200±80.9 539±94.5 3,368±713
End of infusion 45.6±7.1 42.5±9.5 236±79.5§ 542±95.4 3,382±697
Period H11*

Patients
Adults (n = 6)

Baseline 1.5±1.4 42.5±10.5 216±83.2 638±183 4,785±1,425"
End of infusion 50.1±7.5 38.5±10.4 288±96.5' 676±179 4,348±1,286"
Period 111t

Children (n = 6)
Baseline 1.4±1.3 38.3±9.5 157±56.7 528±102 4,701±946"
End of infusion 85.5±8.7 35.7±6.8 190±51.3' 508± 127 4,827+1,053"
Period IlP1

* GH-BP activity refers to peak II of HPLCelution profile. * Postinfusion GH-BP activity was measured at the end of elimination period III.
§ Significant difference, end of infusion period III vs. baseline, P < 0.001. "l Significant difference, patients vs. controls P < 0.05. ' Significant
difference, end of infusion period III vs. baseline, P < 0.05.

sion period II to III (Table III). At comparable GHlevels (e.g.,
infusion period III in adult uremics and controls vs. infusion
period II in uremic children) there was no significant difference
between controls and uremic children and adults respectively.

To further elucidate the relative contributions of renal and
extrarenal metabolic clearance to diminished overall metabolic
clearance in uremic patients, estimates of the two components
were calculated. In healthy subjects a linear relationship was
noted between total MCRand Cim during each infusion period
(I: r = 0.65, P < 0.05; II: r = 0.67, P < 0.01; III: r = 0.73, P

< 0.001; see also Fig. 3). When the regression line calculated
between Ci, and MCRin normal subjects was extrapolated to
the Cim range of the patients with renal failure, the observed
MCRvalues closely fitted those predicted by the regression line
established in the normal GFRrange. The mean coefficient of
variation of the estimate in infusion periods I-III was 20, 16,
and 15%, respectively.

The regression slope between MCRand Ci. in infusion pe-
riod 3 (Y = 89 + 0.80 X X) is consistent with a glomerular
sieving coefficient of 0.8. The calculated sieving coefficients in

Table III. Pharmacokinetics of rhGH in 24 Healthy Subjects and 12 Patients with Chronic Renal Failure

Patients

Controls Adults Children
(n = 24) (n = 6) (n = 6)

Infusion period I (minutes 60-240) GHconcentration steady state (hg/liter) 3.7±1.3* 3.2±0.8* 7.2±1.2*
MCR(ml/min per m2) 206±60.4* 175±29.7t 109±21.5§
t,12 (min) 13.0±3.8* 18.7±4.7t 24.7±3.9§
VD (liters/M2) 3.76±1.21" 4.38±1.31 3.53±0.74
(% body weight) 10.9±4.33" 11.6±3.96 12.9±3.21

Infusion period II (minutes 300-480) GHconcentration steady state (jug/liter) 25.2±4.2* 26.3±5.4* 43.8±6.3t
MCR(ml/min per M2) 124±21.8* 94±17.6$ 58±5.5§
t,12 (min) 18.0±5.3* 24.8±2.8t 29.1±2.7§
VD (liters/M2) 3.09±0.86* 3.06±0.24* 2.29±0.1 1t
(% body weight) 8.21±3.07" 7.86±1.74 7.13±1.43

Infusion period III (minutes 600-780) GHconcentration steady state (iAg/liter) 45.6±7.1 * 50.1±7.5* 85.5±8.7t
MCR(ml/min per M2) 113±17.1* 68±5.8t 47±1.5§
t,/2 (min) 20.5±4.5* 28.1±3.0* 31.8±2.5t
VD(liters/M2) 3.13±0.98" 2.65±0.21 2.13±0.19
(% body weight) 8.33±3.5111 6.80±0.94 6.51±1.56

MCR, metabolic clearance rate evaluated by steady state infusion; t1/2, plasma disappearance half-life after withdrawal of rhGH infusion; VD,
apparent volume of distribution. Different footnote symbols within a row denote significant differences between the groups (P < 0.05). 11 NS.
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Figure 2. Total MCRand calculated extrarenal MCRas a function of steady state plasma GHconcentrations in controls and uremic subjects. (a)
Total MCRwas expressed as a power function of steady state GHconcentration (Y = A X XB) in controls (solid line) and in uremic patients
(dotted line). Controls: Y = 280 x X-0.253; r = -0.88; P < 0.0001. Uremic patients: Y = 243 X-0371; r = -0.92; P < 0.0001. (b) Extrarenal
MCRwas estimated as the difference between total MCRand renal MCR. It was identical in controls and uremic patients (see text). Extrarenal
MCR(Y) was a power function function of steady state GHconcentration (X): Y = 309 x X-0478; r = -0.86; P < 0.0001.

infusion periods I and II were 0.65 and 0.8, respectively. Using
these sieving coefficients, renal clearances ([Cj./ 1.73] X siev-
ing coefficient) were calculated and subtracted from total MCR.

Fig. 2 b gives the resulting differences between total MCR
and calculated renal clearance, i.e., extrarenal MCR, in con-

trols and patients, respectively. Whereas total MCRwas lower
in uremic patients at any given level of plasma GH(Fig. 2 a),
extrarenal MCRwas in the same range as in controls (Fig. 2 b).
A curvilinear relationship was noted between extrarenal MCR
and plasma GH. Using a power function (Y = A X XB), a

highly significant relationship was found in controls and in
patients, respectively. Such a relationship is compatible with
the assumption of a saturation mechanism for extrarenal dis-
posal of GH with half-maximal saturation occurring at a

plasma GHconcentration of 12 ,tg/liter.
The estimated renal fraction of total MCRincreased with

increasing plasma GHsteady state concentration from infu-
sion period I to III (P < 0.01 ). For the three infusion periods, it
amounted to 25 (I), 46 (II), and 53% (III) in the control group,

and 4 (I), 12 (II), and 15% (III) in the patient group.

Fig. 4 shows the proportion of infused GHexcreted in the
urine per GFRin controls and in uremic patients, respectively.
During each of the three stepped-dose infusion periods frac-
tional excretion was significantly (P < 0.001 ) greater in uremic
patients than in controls. The proportion of filtered GHex-

creted in the urine was < 10-4 in controls and ranged from
10 -4 to 10-' in uremic patients.

Discussion

This study provides new information on the metabolism of
recombinant human GHin humans. In contrast to previous
investigations on this topic, endogenous GHsecretion was sup-

pressed and a highly sensitive and specific IRMA was used to
measure GH. This allowed us to measure MCRand elimina-
tion half-life over a wide range of GHconcentrations, from
physiological baseline to pharmacological levels. Wewere able
to demonstrate that GHclearance is inversely related to total
GHplasma concentrations, a finding consistent with dose-de-
pendent saturation of GH-binding protein, saturation of extra-
renal elimination mechanisms, or a combination of the two.
Moreover, a linear relationship between MCRand GFR in
subjects with normal renal function and a reduction of MCR
by 50% in patients with chronic renal failure were observed,
suggesting that the kidney is an important route of elimination.
In contrast, estimated extrarenal metabolic clearance was not
significantly altered in uremic patients. The apparent volume
of GHdistribution was similar in subjects with normal and
reduced renal function. Commensurate with the changes in
MCR, postinfusion elimination half-life of rhGH was posi-
tively correlated with the steady state plasma GH level, and
inversely correlated with GFR.

The observed dose and GFRdependence of GHelimina-
tion resolves previous contradictory findings with respect to
possible sex- or age-related differences of GHMCR(6, 9, 10).
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tubular secretion of GHis small and only degradation products
of GHmay return to the circulation (33, 34). The assumed
glomerular sieving coefficient for GHwas 0.65 in the low physi-
ological and 0.8 in the high physiological and supraphysiologi-
cal GHconcentration range. Free filtration ofGH (sieving coef-
ficient = 1.0) may be inhibited by partial restriction at the
filtration barrier and/or binding of GHto its circulating bind-
ing protein. Baumann et al. (20) found a sixfold higher elimina-
tion constant for unbound than for complexed human GHin
the rat. Partial saturation of the GH-binding protein (GH-BP),
resulting in an increase in the free GHfraction at the upper
physiological and supraphysiological concentration level, may
explain the observed rise of the assumed sieving coefficient
with increasing plasma GHconcentrations. It should be em-
phasized that the GHkinetics presented here are based on total
plasma GH, comprising both protein-bound and -free GH
fractions. More sophisticated analyses, requiring knowledge of
the GH-GH-BPbinding and dissociation constants in uremia,
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Figure 3. Relationship between inulin clearance and total MCRof
GHin 24 healthy individuals. A significant linear correlation was
found: Y = 89 + 0.8 x X; r = 0.73; P < 0.001. Cin and MCRwere
calculated from measurements at the end of infusion period III.

When correcting for plasma GH levels, GHkinetics did not
differ between male and female subjects nor between uremic
adults and uremic children. Urinary GHexcretion was in-
creased markedly in patients with chronic renal failure. Under
the assumption that the renal handling of GHresembles that of
other microproteins of similar size, including glomerular filtra-
tion and tubular reuptake and degradation, this observation
suggests saturation of tubular uptake in subjects with reduced
functional renal mass.

If the glomerular sieving coefficient of a substance is
known, glomerular elimination can be quantified from the
GFR, and extrarenal MCRmay be estimated by substraction
of renal from total metabolic clearance. In perfusion studies of
isolated rat kidneys, Johnson and Maack (33) found a glomer-
ular sieving coefficient of 0.58-0.72 for rat GH. In this study,
we observed a linear relationship between MCRand glomeru-
lar filtration of GH. If one assumes that GHis cleared intrare-
nally exclusively by way of glomerular filtration and that fil-
tered GHdoes not reenter the circulation, then the slope of the
regression line between GFRand MCRequals the glomerular
sieving coefficient. These assumptions appear to be justified
since, at least in experimental animals, peritubular uptake and
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Figure 4. Fractional urinary excretion of GHduring the three con-

secutive infusion periods. Median and range of the proportion of the
amount of infused GHexcreted in the urine is shown. To compare
measurements in controls and uremic patients, values were factored
for GFR. The additional abscissa gives the median steady state GH
concentrations at the end of the infusion periods. All differences be-
tween the two groups were statistically significant (P < 0.001).
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would be necessary to differentiate the kinetics of free and
complexed GH(35).

While the renal elimination rate constant apparently in-
creased in the high physiological and supraphysiological range
of GHconcentrations, a dose-dependent decrease in estimated
extrarenal MCRwas observed in both normal and uremic sub-
jects. Experimental studies suggest that the main site of extrare-
nal disposal of GHis the liver (33). Hepatic GHuptake occurs
by receptor-mediated endocytosis followed by lysosomal degra-
dation (36, 37). Saturation of receptor-mediated binding
would be a suitable explanation for the gradual decrease in
extrarenal MCRwith increasing plasma GHconcentrations.
According to the study design the highest dose of GHwas al-
ways given last in the 15 h of the study period. Wecannot
totally exclude the possibility that decreased extrarenal MCR,
as seen during the second and third infusion period, was due to
a sequence and/or a circadian effect. We feel however, that
these explanations are less likely since plasma GHlevels de-
creased to < 0.1 tg/liter in each elimination period. Further-
more, supraphysiological plasma GHconcentrations were not
reached before the third infusion period. Wetherefore favor
the interpretation that decreased extrarenal MCRis a function
of, and caused by, increased GHconcentrations.

In agreement with previous studies using extracted native
(12) or radiolabeled (16) pituitary GH, the total MCRof
rhGH was decreased by 50% in the uremic subjects. Whenthe
regression line calculated between GFRand MCRin normal
subjects was extrapolated to the GFRrange of the patients with
renal failure, the observed MCRvalues closely fitted those ex-
pected from a strictly linear relationship between GFRand
MCR. In contrast, the estimated extrarenal MCRof rhGH did
not differ between subjects with normal and reduced renal
function. This is of interest in view of the previously reported
reduction in hepatic GHbinding sites on liver tissue of uremic
rats (38), and the reported decrease in extrarenal clearance
of other peptide hormones in uremia, e.g., parathyroid hor-
mone (39).

The apparent VDof GHexceeded the average plasma vol-
ume (i.e., - 5%of body weight [40]), but was smaller than the
extracellular volume (i.e., - 20% of body weight [40]). This
may be explained by binding of GHto GH-BP. The reported
progressive saturation of GHbinding above a plasma concen-
tration of 20 ,ug/liter (41 ) may contribute to the apparent de-
crease of the volume of distribution at increasing steady state
plasma GHconcentrations. In addition VD of GHmay be
reduced by decreasing extrarenal MCRdue to progressive satu-
ration of receptor-mediated uptake of GH. In contrast to an
earlier report using extracted pituitary GH( 12), we observed
no difference in the VDof rhGH between normal controls and
patients with renal failure.

The study setting allowed us to accurately determine the
removal rate of rhGH from plasma after the end of each steady
state infusion. Since the VD could be considered to be com-
pletely saturated at the time of rhGH withdrawal, a monocom-
partment elimination model was applied. Although redistribu-
tion of GHfrom subcompartments such as the GH-BPwas not
allowed for, the excellent explained variance obtained by the
monoexponential model suggests that valid estimates of total
GH plasma half-life were achieved. The calculated mean
plasma half-life of 18 min observed after infusion period II is
very close to the figure calculated by a biexponential model

from endogenous GHpulses induced by sequential administra-
tion of GHRHand somatostatin (42). As a direct confirma-
tion of the MCRresults, we observed a positive relationship
between GHhalf-life and the plasma GHlevels present at the
time when the infusion was stopped. This observation, which
was noted in both control and uremic subjects, has potential
implications for the mathematical algorithms used for estima-
tion of GHsecretion and elimination rates in spontaneous GH
concentration time series. If the rate of GHremoval after a
secretory burst is not stable, but dependent on the instanta-
neous plasma GHconcentration, this factor should be allowed
for in respective computerized models.

Commensurate with the change of MCR,plasma disappear-
ance half-life of rhGH was consistently prolonged by - 40%
during each postinfusion period in uremic compared with nor-
mal adults. These findings confirm some ( 12) though not all
( 17) previous GHhalf-life estimates in uremic subjects. They
are also in general agreement with the results obtained by de-
convolution analysis of endogenous GHsecretory bursts in pa-
tients with chronic renal failure (43, 44), although, probably
due to dynamic changes in VDsaturation during spontaneous
GHrelease and to sampling frequency-related limited preci-
sion of burst analysis, a wider variability has been observed in
these investigations.

Differences in GH kinetics between children and adults
have been reported (6). Weobserved an inverse overall rela-
tionship between MCRand age in healthy adults (r = -0.5, P
< 0.05). However, this association may be spurious, since both
variables were significantly correlated with GFR; the latter de-
creased with age (r = -0.47, P < 0.05). If GFRis taken into
account, in adults age per se is no longer a significant determi-
nant of MCR. Although it is tempting to extrapolate this con-
clusion to children and adolescents, it has to be pointed out
that children with normal renal function were not evaluated.
However, we also failed to see a significant difference of MCR
between uremic children and adults at comparable plasma GH
levels.

In normal subjects, only a minute proportion of filtered
GH(- 0.01%) is excreted in the final urine (45). In agree-
ment with previous observations in uremic children and adults
(46, 47), we noted increased urinary GHexcretion in subjects
with renal failure. This may be explained by partial saturation
of tubular reabsorption/degradation (33), as reported for
other microproteins such as #2-microglobulin (48) and others
(49). Urinary GHexcretion is increasingly used as an index of
GHsecretion (50, 5 1 ). In patients with chronic renal failure,
the use of urinary GHexcretion for quantitating circulating
GHis restricted by its GFRdependence. Although the amount
of GHexcreted in the urine increases in renal failure by two
orders of magnitude, the absolute contribution of urinary ex-
cretion to renal MCRremains small (i.e., - 0.3%). Moreover,
the modification of postglomerular handling should not affect
overall renal clearance of the hormone, provided that, as dis-
cussed above, enhanced tubular secretion is not a major mecha-
nism of GHelimination in uremia (33).

The cumulative dose of GHinfused during the study in the
controls exceeded by approximately fivefold the expected en-
dogenous GHproduction rate based on published estimates
(52). GHstimulates the production of IGF I, which in turn
stimulates GFR(53). In this study, only a modest increase in
IGF I and no change in GFRwas observed, which may be due
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to the short duration (720 min) of rhGH infusion. GHbinding
activity did not change significantly. Thus it appears unlikely
that the GHinfusions during the study period had a significant
effect on GFRand, in consequence, GHkinetics.

In the treatment of stunted children with chronic renal fail-
ure, a dose of 1.33 mgrhGH/m2 per d is usually administered
subcutaneously once daily. This leads to peak plasma GHcon-
centrations in the range of 80 ,gg/liter 4 h after injection (54).
Besides the reduced renal MCRin these patients, our findings
indicate that extrarenal MCRis also saturated at such peak
plasma GH concentrations. Although no accumulation has
been observed with 1.33 mg rhGH/m2 per d (54), treatment
with even higher doses, as presently discussed for nonre-
sponders and pubertal patients, may be critical. Moreover, the
observed GFRdependence of rhGH MCRshould be taken
into account when tailoring individual GHdosages in subjects
with chronic renal failure. At a given dose of rhGH standard-
ized for body surface area, the time-averaged concentrations of
GHthat the target tissues are exposed to will be directly in-
versely related to GFR. This may in part explain the large in-
traindividual differences in growth response to rhGH in chil-
dren with chronic renal failure (55, 56). Finally, if receptor-
mediated hepatic uptake of the hormone is the major
mechanism of extrarenal rhGH clearance, it may be altered
during long-term rhGH administration by changes in receptor
expression. Therefore, longitudinal studies of rhGH kinetics
should be performed in treated patients.
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