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The liver is the major source of circulating insulin-like growth factor-l and -il (IGF-I and IGF-Il) and several of their binding
proteins (BPs). This study examined the effects of end-stage liver disease (ESLD) and subsequent liver transplantation (LT) on
serum levels of these growth factors and their BPs in four children and six adults for up to 2 years. Serum IGF-l and IGF-ll were
quantified by radioimmunoassay (RIA}, IGFBP-3 by immunoradiometric assay (IRMA), and changes in IGFBP-1, -2, -3, and -4
were estimated by Western ligand blotting (WLB). In severe hepatic disease, serum concentrations of IGF-1 {10 = 5 ng/mL) and
IGF-ll (126 = 32 ng/mL} were significantly (P < .01) less than in normal controls (170 = 37 and 590 + 41 ng/mL, respectively).
One year following LT, the mean levels of IGF-I (344 + 55 ng/mL) and IGF-ll (627 + 38 ng/mL) were within normal limits and
remained so for the duration of the study. Patients exhibited considerable variation not only in the rate of achieving normal
IGF-1 and IGF-ll concentrations, but also in the ultimate height and stability of these peptide levels. Serum IGFBP-3 in hepatic
failure (580 + 140 ng/mL} was significantly (P < .05) lower than in controls (2,900 + 220 ng/mL) and increased to normal levels
(3,650 = 360 ng/mL) 2 to 14 weeks after LT. Serum levels of IGFBP-1, -2, and -4 before and after LT were variable but usually
remained within normal limits compared with control sera. The decreases observed in IGF-I, IGF-Il, and IGFBP-3 in patients
with hepatic failure and their subsequent restoration after LT probably result primarily from the reduced number of functional
hepatocytes in ESLD and their subsequent replacement by healthy hepatic tissue. These changes may also result from
hormonal alterations and nutritional deficiencies known to exist in patients with severe liver dysfunction, which are corrected
by LT. We conclude that LT in patients with severe hepatic insufficiency enhances the potential for normal cell growth and
replication by restoring serum IGF-l, IGF-Il, and IGFBP-3 concentrations to normal concomitantly with the improvement in

hormonal and nutritional status.
Copyright © 1998 by W.B. Saunders Company

HE LIVER IS THE PRINCIPAL SITE for the synthesis
and secretion of circulating insulin-like growth factor-I
and -II (IGF-I and IGF-II) and several of their binding proteins
(BPs).16 Consequently, one would expect hepatic dysfunction
to be associated with some alteration in the concentration of
these proteins in the circulation. Indeed, several investigators
have reported reduced serum levels of IGF, or somatomedin,
both in animals and in humans with severe hepatic insuffi-
ciency.”13 Moreover, when hepatic failure occurs in children, it
is usually associated with severe impairment of growth.!416 The
successful transplantation of cadaveric livers into human recipi-
ents has provided the opportunity to study not only the effects of
severe hepatic disease on serum IGF-I, IGF-II, and IGFBPs, but
also what changes, if any, occur after liver transplantation (LT).
We have evaluated 10 patients (four children and six adults) for
up to 2 years after LT, noting that the markedly reduced
preoperative serum levels of IGF-I, IGF-II, and IGFBP-3
significantly increase following transplantation. Some of these
data have already been presented in abstract form.!7-18

SUBJECTS AND METHODS
Subjects

The study was approved by the Institutional Review Board of the
University of Wisconsin Medical School, and all 10 patients (or their
parents) provideéd informed consent to participate in the investigation.
These subjects (five females and five males aged 4 months to 63 years)
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were referred to the Transplant Service of the Department of Surgery
because of end-stage liver disease (ESLD). Causes of hepatic failure
included biliary atresia (n = 3), posthepatitis cirrhosis (n = 2), polycys-
tic liver disease (n = 1), primary biliary cirrhosis (n = 1), Laennec’s
cirrhosis (n = 1), cholangiolitic carcinoma (n = 1), and cystic fibrosis
(n=1) (Table 1). Following baseline studies, orthotopic LT was
performed on all subjects (patient no. 2 received a second liver after
failure of the first). Postoperatively, all patients were evaluated at
weekly, biweekly, and then monthly intervals until they were clinically
and biochemically stable. Blood samples were drawn in the morning 2
to 3 hours postprandially for routine pretransplant and posttransplant
chemistry analyses that included, among other things, hepatic enzymes,
albumin, bilirubin, prothrombin time, hematocrit, and creatinine; in
addition, the sera were kept frozen at —70°C to be assayed later for
IGF-I, IGF-II, and IGFBPs. After LT, all patients were placed on a
standard immunosuppressive protocol consisting of azathioprine 1 to 2
mg/kg/d, cyclosporine 4 to 6 mg/kg/d, and prednisone 10 mg/d.
‘Weaning of prednisone to every other day was attempted in all children
to encourage growth. Rejection episodes were treated with methylpred-
nisolone 1 g/d for 2 days, followed by a rapid taper. Cyclosporine levels
were measured with a polyclonal polarized immunofluorescence assay,
with target levels of 200 to 400 ng/mL.. Each subject served as his or her
own control, since blood samples were obtained before and at 1- to
2-month intervals up to 22 months after LT, at which time alt laboratory
determinations were relatively stable. In addition, 16 normal individuals
(aged 23 to 62 years) served as controls for serum concentrations of
IGF-1, IGF-II, and IGFBPs in adult patients. Although we did not
include sera from normal children as controls for our four youngest
patients, previous studies of serum IGF-I and IGF-II in normal and
diabetic subjects in our laboratory were used for comparison.!? The
mean IGF-I level of age-matched controls for the two younger children
and the two older children is approximately one third and half,
respectively, the level of normal adults. We used commercial IGFBP-3
immunoradiometric assay (IRMA) kit age-related levels as controls for
this BP in children.

Assays

Routine blood chemistry analyses were performed by the hospital
clinical laboratory using established methods. Serum IGF-I and IGF-II
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Table 1. Clinical Characteristics of the ESLD Patients Undergoing LT

Patient No. Age*/Sex Diagnosis

1 4 mo/M Biliary atresia
2 8 mo/F Biliary atresia
3 6 yr/M Biliary atresia
4 7 yr/M Cystic fibrosis
5 33 yr/M Cholangiolitic carcinoma
6 51 yr/F Primary biliary cirrhosis
7 52 yr/F Posthepatitic cirrhosis
8 53 yr/F Laennec’s cirrhosis
9 62 yr/F Polycystic liver

10 63 yr/M Posthepatitic cirrhosis

*Age attime of LT.

levels were measured by double-antibody radicimmunoassay (RIA)
after separating these peptides from their BPs by high-performance
liquid chromatography (HPLC) as previously described.?’ Briefly, 75
uL serum was added to 450 pl. sample preparation buffer (0.1 mol/L.
trimethylamine hydrochloride and 0.2 mol/L acetic acid) and acidified
to pH 2.8 with 3.3 pL 2.0-mol/L. HC1. The sample was incubated for 30
minutes at 4°C and centrifuged for 10 minutes at 3,000 rpm, and 250 pL
supernatant was injected into a 10-mL HPLC protein purification
column (Protein-pak 125; Waters, Milford, MA) using degassed sample
preparation buffer as the mobile phase. Serum IGF-I and IGF-II levels
were measured in duplicate by specific RIAs that have been previously
described in detail>22 using recombinant human IGF-I (Chiron,
Emeryville, CA) and IGF-II (Eli Lilly, Indianapolis, IN) for standards.
Intraassay and interassay coefficients of variation for these assays are
5.0% and 10.5%, respectively. Serum levels of IGFBP-3 were deter-
mined by a specific IRMA purchased from Diagnostic Systems
Laboratories (Webster, TX), using recombinant DNA~derived nongly-
cosylated human IGFBP-3 as the standard. It is reported to have less
than 0.01% cross-reactivity with IGFBP-2 and -4,'? although it may
measure some immunoreactive proteolytic fragments of IGFBP-3. The
intraassay coefficient of variation is 6.0%.

Western Ligand Blotting

IGFBP concentrations were estimated by a modification?® of the
Western ligand blotting (WLB) method originally described by Hossen-
lopp et al.?* Briefly, 2 pL serum or standard were electrophoresed in
Laemmli buffer first in a 4% polyacrylamide stacking gel for approxi-
mately 1.5 hours at 100 V before entering a 7.5% to 15% gradient
sodium dodecy! sulfate-polyacrylamide separation gel for approxi-
mately 5 hours at 200 V. The protein bands were then transferred to
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nitrocellulose (NC) paper using an electroblot box with 150 mA
constant current for 12 to 14 hours. The NC was air-dried, prehybridized
in saline buffer containing 1 mol/L Tris, 0.5% sodium azide, and 0.1%
Tween 20 (pH 7.4) for 30 minutes, and hybridized overnight in 10 mL
buffered saline containing '25I-IGF-1 (~400,000 cpm). The filter paper
was then washed, blotted dry, and exposed to Kodak X-Omat (Eastman
Kodak, Rochester, NY) film placed between two intensifying screens
for 7 to 14 days at —70°C. Using this method, the following IGFBPs
(and their apparent kd) are detectable: IGFBP-1 (30 kd), IGFBP-2 (34
kd), IGFBP-3 (39-42 kd), and IGFBP-4 (24 kd).

Statistical Analysis

Results are expressed as the mean + SEM both when the data for all
10 patients are summarized and when data for the four children and six
adults are analyzed separately. Student’s ¢ test was used to compare
mean serum {evels of IGF-I, IGF-II, and IGFBP-3 before and after LT,
with significance defined as P less than .05.

RESULTS

All patients were in hepatic failure at the time of LT, with a
range for disease duration of 4 months in one child with biliary
atresia to approximately 15 years in an adult with polycystic
liver disease. Results reported in this study are for the period
from 1 to 8§ weeks before and 1 to 2 years after L'T. A summary
of pretransplant and posttransplant biochemical data for all 10
patients shows that the mean values markedly improved and
often normalized after LT (Table 2). Despite this overall
successful outcome, hepatic function did decrease in several
patients during transient periods of rejection, although these
episodes were reversible and the patients usually responded
promptly to adjustments in immunosuppressive therapy.

In general, the marked improvement in serum hepatic
enzyme concentrations following LT was associated with
significant increases in serum IGF-I and IGF-I levels. These
data for the four children and six adults are summarized
separately in Fig 1. Approximately 2 months after LT, the mean
serum IGF-I (222 % 42 ng/mL) in all 10 patients was increased
more than 20-fold over the pretransplant concentration (10 = 5
ng/mL), which was only 5.9% of the normal control levels
(170 = 37 ng/mL). By the end of 1 year, the mean serum IGF-I
(344 = 55 ng/mL) remained relatively constant at approxi-
mately twice the control value, although this difference did not

Table 2. Biochemical Data for the ESLD Patients Undergoing LT

Normal Pre-LT Post-LT {mo)
Parameter Range (N = 10} 2 12 24

Albumin (g/dL) 3.0-5.0 2.9 +0.2 3.1x02 35+0.2 3602
Prothrombin time (s} 11-13 13.2 £ 04 12.1+ 05 11.6 £ 0.3 11.9 = 0.2
Total bilirubin {(mg/dL) 0-1.4 7.8 22 1.2+03 0.8 0.2 0.7 £ 0.1
Alkaline phosphatase (U/L)} 75-375% 428 + 117 280 + 104 361 = b4 324 = 84

35-130t 243 + 86 141 + 34 133 34 152 £ 37
Aspartate aminotransferase (U/L) 0-45 116 = 29 56 £ 17 78 = 30 45 + 6.9
Alanine aminotransferase {U/L) 0-35 84 + 31 156 + 54 133 = 51 53 £ 13
Gamma glutamyl transferase (U/L) 0-65 419 = 176 318 = 156 276 *+ 124 163 = 72
Lactate dehydrogenase (U/L) 200-326* 316 = 86 209 + 29 386 = 119 203 =+ 61

90-200t 568 + 146 241 + 37 233+ 25 205 + 33
Hematocrit (mL/dL) 35-45 38.3 £9.0 33211 34910 35.0 = 1.2
Creatinine (mg/dL) 0.4-1.2 17 *+0.5 1.4 £ 0.2 1.6 = 0.1 1.3+0.2

NOTE. Results are the mean = SEM for all 10 subjects except when normal and patient data are expressed separately for children (n = 4)* and

adults (n = 6)T.
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Fig1. Serum IGF-llevels in 10 patients before and after LT. Mean +
SEM values for 4 children (Z) and 6 adults {H} are shown separately
and compared against values in 16 control subjects (EE). Blood
samples were drawn before (time 0) and 2, 4, and 12 months after LT.

reach statistical significance because of considerable variation.
The mean IGF-I levels in the four children were lower than in
the six adults at all time points. Serum IGF-II in all patients,
summarized separately for the four children and six adults in
Fig 2, increased after LT more slowly than IGF-I, and at
approximately 2 months the mean level (441 = 66 ng/mL) was
significantly less (P < .05) than for the normal controls
(590 = 41 ng/ml). This represented less than a fourfold
increase over the pretransplant level (126 * 32 ng/mL), which
was 21.4% of the level in normal subjects. By the end of 1 year,
the mean serum IGF-II (627 * 38 ng/ml.) reached and subse-
quently remained within the normal range. Again, mean levels
for the four children were less than for the six adults at all time
points. Although the mean posttransplant level of both IGF-I
and IGF-II increased significantly in all patients, considerable
variation occurred between subjects during the period of study.
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Fig 2. Serum IGF-ll levels in 10 patients before and after LT.
Mean + SEM values for 4 children (Z) and 6 adults (H) are shown
separately and compared against values in 16 control subjects (E).
Blood samples were drawn before {time 0) and 2, 4, and 12 months
after LT.
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These values in individual subjects are shown in Fig 3 for
children and Fig 4 for adults.

Serum concentrations of IGFBP-3 measured by IRMA were
markedly reduced in ESLD (580 + 140 ng/mL, n = 10), being
only 20% of the control levels (2,900 % 220 ng/mL). This BP
increased significantly (P < .05) during the 6 months after LT
to a mean level (3,650 * 360 ng/mL) that was indistinguishable
from normal. The variability in individual serum levels for
seven of 10 patients is shown in Fig 5. These findings were also
confirmed by WLB, which showed marked differences in both
the concentration and rate of change in serum IGFBP-3 in these
patients. Estimations of the relative change in the levels of
IGFBP-1, -2, -3, and -4 in sequential serum samples can best be
made by WLB, and representative blots for two adults (Fig 6)
and two children (Fig 7) are presented. A normal concentration
was seen as soon as day 14 in one adult (Fig 6), but not until day
201 in one child (Fig 7). In a few patients, a marked but
transient decrease in the concentration of most or all IGFBPs
was exhibited in the fourth week after LT (Figs 6 and 7). Of
note, serum IGFBP-1 was normal or, in some cases, slightly
elevated in our patients with hepatic failure, and remained
normal or even slightly decreased following transplantation.
Two of four children before LT and the youngest (age 23 years)
of the control subjects had clearly higher serum IGFBP-2
concentrations than the other normal controls. Pretransplant
serum IGFBP-4 levels were mainly diminished or, in some
cases, normal, usually demonstrating a slight and variable
decrease after LT, mirroring the changes in IGFBP-1.

DISCUSSION

The liver plays a key role in many metabolic processes and is
in part hormonally regulated. It is recognized as an essential
organ in synthesizing numerous constitutive and secretory
proteins, reversibly converting glucose to glycogen under
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Fig 3. Individual serum IGF-l and IGF-Il levels in 4 children before
and after LT. Blood samples were drawn before ({time 0) and =13
months after LT.
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Fig 4. Individual serum IGF-l and IGF-Il levels in 6 adults before
and after LT. Blood samples were drawn before ({time 0} and =22
months after LT. (—--) Mean IGF- and IGF-ll levels for 16 normal
controls.

hormonal regulation, and serving an integral role in lipid
metabolism. When it was discovered that the liver, primarily
under growth hormone (GH) control, was the major site for the
production of circulating IGF-I and IGF-II, it assumed a new
role as an endocrine organ as well.I"* Understandably, since
IGF-1 and IGF-1I mediate many of the growth-promoting effects
of GH, the liver occupies a vital place in regulating tissue
growth and repair. It follows therefore that hepatic dysfunction
may lead to disordered growth through a variety of mechanisms
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Fig 5. Individual serum IGFBP-3 levels in 4 children and 3 adults
before and after LT. Blood samples were drawn before (time 0) and
=7 months after LT, Serum IGFBP-3 concentrations in children (solid
symbols) and adults (open symbols) were measured by IRMA. (-----)
Mean = 2 SD IGFBP-3 levels for 8 normal adults.
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Fig 6. Serum IGFBPs in control subjects and 2 adults before and
after LT. WLB was used to estimate the relative concentration of
IGFBPs in 4 representative control subjects (A) and 2 adults before
and after LT (B and C}.

including, among others, a reduction in the production of IGF-I
and IGF-II and, as recently shown, changes in some of the
IGFBPs.>12:15

This study examines the effects of hepatic failure on these
important growth regulators in relation to alterations in the
common biochemical indicators of liver function. Well-known
changes in the latter prevailed in all 10 subjects before
transplantation, and marked improvements, if not complete
normalization, followed LT. As might be expected, hepatic
failure was associated with a marked reduction in serum levels
of IGF-I, IGF-II, and their predominant BP, namely IGFBP-3. It
seems more likely that these decreased levels result from
diminished production rather than increased degradation. These
changes probably reflect primarily a reduction in the mass of
functional hepatic parenchyma, but may also result from altered
GH, insulin, and/or cortisol effects on the liver, illness-imposed
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Fig 7. Serum IGFBPs in 2 children before and after LT. WLB was
used to estimate the relative concentration of IGFBPs in 2 representa-
tive children before and after LT (A and B). Compare with control
subjects in Fig 5.

nutritional deficiencies, or a combination of hormonal and
nutritional factors, all of which might be associated with a
generalized reduction in anabolic activity occurring in chronic
illness.

Clearly, the marked improvement in the clinical status of
these patients after LT was associated with significant hor-
monal, biochemical, and nutritional changes reflecting complex
interrelationships. Although we did not measure serum insulin,
GH, or cortisol levels in these subjects, previous studies have
shown that patients with hepatic failure due to cirrhosis usually
exhibit fasting hyperinsulinemia, insulin resistance, and a
reduced clearance rate for this hormone.?>?7 Since insulin is
known to enhance the synthesis of IGF-T and IGF-TI,?>22 hepatic
production might actually be expected to be augmented by
hyperinsulinemia under more favorable conditions. Basal serum
GH, like insulin, also has been reported to be elevated in hepatic
insufficiency,'>?%3! and this is probably due, at least in part, to
reduced negative feedback regulation resulting from decreased
IGF-I and IGF-II levels. Despite significant increases in both
insulin and GH in patients with hepatic insufficiency, the very
low serum IGF-I and IGF-II concentrations seen in our patients
suggest that the hormonal milieu favoring their production is
surely less important than the reduced mass of functional
hepatocytes in these patients.

Serum cortisol levels are usually normal® or slightly ele-
vated?? in patients with hepatic insufficiency, probably second-
ary to a prolongation of the t;,, of serum cortisol.3* Corticoste-
roids have been shown to enhance hepatic IGF-I but not IGF-II
production,® while actually decreasing IGF bioactivity.?637
Since all patients received 10 mg prednisone daily after LT for
immunosuppression, it was not possible to compare the effects
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of steroids in the pretransplant and posttransplant periods.
However, a recent study?® reported that serum levels of IGF-I
and IGF-II were normal in children treated with prednisone
following renal transplantation. In any clinical disorder, hor-
monal {evels per se do not permit one to predict their effects on
target organs or tissues without knowing whether there is a
change in the number of specific cell receptors or in the
postreceptor pathways. As mentioned, before LT, most of our
patients consumed somewhat nutritionally deficient diets. Rel-
evant to this, Maes et al*® and Clemmons et al* have shown that
reduced serum IGF-1 levels in malnourished rats are due to both
a decrease in hepatic GH receptor number and a postreceptor
defect. Likewise, Scheiwiller et al*! have demonstrated that GH
has little effect in stimulating hepatic IGF-I production in
undernourished rats with poorly controlled diabetes. Clearly,
the regulation of IGF-I and IGF-II production is multifactorial,
and after LT, the marked increase in the serum level of these
growth factors in our patients is a reflection of the restoration of
hepatic function. Our observations confirm the recent data from
Holt et al'? in children with hepatic failure who underwent LT.
Emerging data indicate that IGFBPs play an important role in
regulating the biologic actions of IGF-I and IGF-IL.*? Thus, the
effects of hepatic dysfunction and subsequent LT on these BPs
may significantly influence the growth-promoting properties of
these peptides. The most consistent finding in our patients with
hepatic failure was a reduction in IGFBP-3, the most abundant
serum BP binding IGF-I and IGF-II. This is also in agreement
with the data from studies of children with ESLD by Holt et al.12
These investigators noted no difference in protease activity
before and after LT, suggesting that the reduced serum IGFBP-3
in liver failure was due to decreased production rather than
increased degradation. Since the mean percent reduction of
IGFBP-3 before LT was considerably less than that of IGF-I
(although almost identical to that of IGF-II), the increase in the
IGFBP-3/IGF-1 + IGF-II molar ratio would serve to further
decrease the biological effects of these two mitogenic peptides
in patients with hepatic insufficiency. Following LT, the mean
IGFBP-3 concentration in our patients usually increased to the
high-normal range, consistent with the elevated levels posttrans-
plant reported by others.!>!> While the marked increase in this
BP after LT is undoubtedly mainly due to an increase in
functional hepatic tissue, it is well known that GH, IGF-I, and
glucocorticoids all increase serum levels of IGFBP-3.33:4043
Serum IGFBP-1 was usually normal or only slightly elevated
in patients with hepatic insufficiency, and it often decreased, as
did IGFBP-4, after LT. Using a specific RIA for IGFBP-1,
others!244 have noted a 2.5-fold to fourfold increase in this BP
in patients with hepatic failure before LT, but the patients had
fasted for 4 hours or longer before blood sampling. Fasting is
known to markedly increase serum IGFBP-1 levels, while
insulin decreases them.*>*7 On the other hand, glucocorticoids
appear to increase IGFBP-1 synthesis,”® and this probably
occurs at the level of gene transcription.®® Two of the four
children we studied exhibited increased IGFBP-2 levels before
LT, as did the youngest control subject. Although the reasons for
this finding are unknown, Pucilowska et al®® reported that in
undernourished children IGFBP-2 levels were twice the values
in control subjects. From our data and the results reported by
other groups, it is obvious that the regulation of the synthesis
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and secretion, and perhaps also the degradation, of IGFBPs is
complex and is linked, at least in part, to the regulation of IGF-I
and IGF-II production, as well.

In summary, our data serve to indicate what the serum levels
of IGF-I, IGF-II, and IGFBP-1, -2, -3, and -4 are before and
after LT in patients with ESLD, although they do not reveal the
mechanism(s) that mediate the changes observed. Further
studies must be performed to determine the precise causes and
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their relative importance for the diminished production of these
important growth factors and BPs during hepatic insufficiency,
and their restoration after LT. These changes probably result
from a reduced number of hepatocytes per se. However, they
undoubtedly also result from impaired signal transduction
mediating the actions of GH, insulin, and/or cortisol, and
perhaps from nutritional deficiencies concomitant with severe
hepatic insufficiency.
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