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Abstract

Background

The reduction of insulin-like growth factor 1 (IGF-1) plasma levels is associated with the

degree of liver dysfunction and mortality in cirrhotic patients. However, little research is

available on the recovery of the IGF-1 level and its prognostic role after liver transplantation

(LT).

Methods

From April 2010 to May 2011, 31 patients were prospectively enrolled (25/6 M/F; mean age

±SEM: 55.2±1.4 years), and IGF-1 serum levels were assessed preoperatively and at 15,

30, 90, 180 and 365 days after transplantation. The influence of the donor and recipient

characteristics (age, use of extended criteria donor grafts, D-MELD and incidence of early

allograft dysfunction) on hormonal concentration was analyzed. The prognostic role of IGF-

1 level on patient survival and its correlation with routine liver function tests were also

investigated.

Results

All patients showed low preoperative IGF-1 levels (mean±SEM: 29.5±2.1), and on postoper-

ative day 15, a significant increase in the IGF-1 plasma level was observed (102.7±11.7 ng/ml;

p<0.0001). During the first year after LT, the IGF-1 concentration remained significantly

lower in recipients transplanted with older donors (>65 years) or extended criteria donor

grafts. An inverse correlation between IGF-1 and bilirubin serum levels at day 15 (r = -0.3924,

p = 0.0320) and 30 (r = -0.3894, p = 0.0368) was found. After multivariate analysis, early
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(within 15 days) IGF-1 normalization [Exp(b) = 3.913; p = 0.0484] was the only prognostic

factor associated with an increased 3-year survival rate.

Conclusion

IGF-1 postoperative levels are correlated with the graft’s quality and reflect liver function.

Early IGF-1 recovery is associated with a higher 3-year survival rate after LT.

Introduction
The liver plays a pivotal role in the homeostasis of the growth hormone (GH)/insulin growth
factor-1 (IGF-1) axis and also secretes more than 90% of circulating IGF-1 and mediates the
effects of GH on cellular cycle regulation and metabolism[1, 2]. It is known that serum IGF-1
concentration is dependent on several factors, such as general endocrine balance and nutri-
tional status, as exhibited by the wide range of normal values and the age-related decline in
healthy individuals[3, 4]. In the case of liver cirrhosis, the impaired synthetic capacity of the
hepatocellular mass, combined with the reduction of GH liver receptors lead to a decrease in
IGF-1 and insulin growth factor 1 binding proteins (IGFBPs) serum levels[5–7]. Because of the
lack of a negative feedback blockade from circulating IGF-1, a simultaneous increased secretion
of GH is also observed[8]. Several authors demonstrated that the degree of hormonal imbal-
ance is directly related to the severity of liver dysfunction, as expressed by the Model for End
Stage Liver Disease (MELD) and Child-Pugh scores[9–11], and have identified IGF-1 as a reli-
able prognostic tool in patients with chronic liver disease[11, 12].

Studies on pediatric and adult patients have demonstrated a dramatic recovery of the GH/
IGF-1 axis after liver transplantation (LT), which suggests that IGF-1 serum levels can be useful
in monitoring the graft’s function in the postoperative period[13–16]. Bassanello and col-
leagues observed an increase in IGF-1 serum levels starting 30 minutes after reperfusion of the
graft and a normalization of hormonal values between one week and 1 month after surgery,
accompanied with a complete hepatic recovery of the 15 recipients included in the study[17].

Immediate and long-term function of the liver graft after transplantation is directly corre-
lated with the quality of the donor liver, as well as multiple host-related variables that may
affect the intraoperative course and the initial posttransplant recovery period[18]. Serial mea-
surements of routine liver function tests, such as liver specific transaminases and prothromin
activity (PT), are useful in discriminating an initial graft’s poor function, but they may be inad-
equate for identifying more subtle changes in liver synthetic capability, resulting in a failure to
predict the long-term outcome of the transplant.

The aim of this study is to test the reliability of IGF-1 in estimating the graft’s functional
reserve during the first year after LT. The kinetics of recovery of normal IGF-1 plasma levels
was also investigated to identify a new prognostic tool for predicting the medium-term out-
come of LT.

Materials and Methods
From April 2010 to May 2011, 44 adult liver transplant candidates were prospectively consid-
ered for this study. Subjects with human immunodeficiency virus (HIV) infection (8 patients),
those with acute liver failure (ALF, 3 patients), and those who were listed for re-LT (1 patient)
or were affected by any endocrine disorders not related to liver disease (1 patient) were
excluded. Thirty-one cirrhotic patients were enrolled and followed for 3 years after surgery. In
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Table 1, the demographic and clinical characteristics of the study population in terms of age,
sex, primary diagnosis for LT, presence of hepatocellular carcinoma (HCC), waiting list time
before LT, Child-Pugh and Model for End Stage Liver Disease (MELD) scores are reported.
Every transplant procedure was performed preserving the retrohepatic vena cava according to
the piggyback technique, and immunosuppression was initially based on a once daily dose of
Tacrolimus associated with Everolimus starting on postoperative day 14. Steroid therapy was
discontinued 3 months after transplantation. The graft’s quality was defined according to the
cumulative number of risk factors proposed by Gruttadauria et al.[19]. In particular, an
extended criteria donor (ECD) was defined when 2 or more of the following risk factors were
present: (1) age> 60 years; (2) macrovesicular steatosis> 30%; (3) prolonged intensive care
unit stay (> 7 days); (4) hemodynamic risk factors, including prolonged hypotension (systolic
blood pressure>60 mmHg for more than 2 hours), use of dopamine>10 μg/kg/minute for
more than 6 hours to sustain blood pressure, and need for 2 inotropic drugs to sustain donor
blood pressure for more than 6 hours; (5) cold ischemic time>12 hours; and (6) hypernatre-
mia (Na peak>160 mEq/L) before aortic cross clamp. The donor risk index[20] (DRI) and the
donor age x recipient MELD score (DMELD)[21] were also calculated. Peripheral venous
blood samples were collected 4–6 hours prior to transplantation and on postoperative days
(POD) 15, 30, 90, 180 and 365. The assays were performed within 24 h from blood collection.
GH and IGF-1 serum levels were measured by a solid-phase, enzyme-labeled chemilumines-
cent immunometric assay (Immulite 2000, Siemens). IGF-1 kit was calibrated against the
World Health Organization International Reference Reagent for IGF-I (87/518), and reference
ranges were established according to the study performed by Elmlinger and colleagues[22].
Human GH kit was calibrated against the World Health Organization International Reference

Table 1. Baseline recipients’ and donors’ characteristics. Continuous values are expressed as the
mean ± standard error of the mean. LT, liver transplantation; MELD, Model for End-Stage Liver Disease;
PBC, primary biliary cirrhosis; ECD, extended criteria donor; DMELD, donor age x recipient MELD.

Variable All patients (n° 31)

Recipient Age at LT (years) 55.2 ± 1.4

Recipient Male Gender (n°;%) 25 (80.6)

Biochemical MELD Score 15.3 ± 0.9

Child-Pugh Class

A (n°;%) 5 (16.1)

B (n°;%) 16 (51.6)

C (n°;%) 10 (32.3)

Etiology of Cirrhosis

HCV (n°;%) 14 (45.2)

HBV (n°;%) 6 (19.3)

Alcoholic (n°;%) 4 (12.9)

Cryptogenic (n°;%) 4 (12.9)

PBC (n°;%) 3 (9.7)

Presence of HCC (n°;%) 11 (35.5)

Donor Age (years) 67.2 ± 2.1

ECD-score � 2 (n°;%) 16 (51.6)

Donor Risk Index 1.9 ± 0.04

Cold Ischemia Time (hours) 7.7±0.4

Warm Ischemia Time (minutes) 32.8 ± 0.02

DMELD 1029.1 ± 78.3

doi:10.1371/journal.pone.0133153.t001
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Reagent for GH (98/574), and reference intervals were up to 3 ng/mL for males and up to
8 ng/mL for females according to the Immunolite 2000 user manual[23]. Other routine liver
function tests (LFTs), including aspartate aminotransferase (AST), alanine aminotransferase
(ALT), serum albumin, total bilirubin, gamma-glutamyl transferase (gGT), alkaline phospha-
tase (ALP) and prothrombin time (PT), were collected every day during the patient’s hospital
stay and then at every scheduled visit. A correlation analysis between postoperative IGF-1
levels and routine LFTs was carried out at each of the time points considered. The following
clinically relevant postoperative complications were recorded: time and cause of death, acute
cellular rejection (ACR), primary nonfunction (PNF), early allograft dysfunction[24] (EAD)
and biliary complication (BC). The influence of every clinical or donor-related variable on
postoperative hormonal plasma levels was analyzed. The prognostic role of the early (within
15 days) recovery of IGF-1 normal levels and the impact of the following variables on patient
survival were also tested by univariate analysis: recipient age>60 years, donor age>65 years,
ECD score�2, detectable HCV-RNA at transplantation, presence of HCC, total ischemia time
longer than 10 hours, occurrence of EAD, DRI>1.7 and DMELD>1300. The Ethical Commit-
tee of "Ospedali Riuniti" Hospital approved this study. The Ethical Committe stated that writ-
ten consent was not needed because there was no intervention proposed by the researchers,
and blood samples were taken at the time prescribed by routine clinical practice. None of the
transplant donors was from a vulnerable population, and all donors or next of kin provided
written informed consent that was freely provided.

Statistics
Continuous variables were reported as the mean and standard error of the mean (SEM) or
median and range as appropriate. Categorical variables were reported as numbers and percent-
ages and were compared with the Fisher’s exact test. Differences between continuous variables
were compared with Student’s t test. The statistical analysis of the GH/IGF-1 axis changes over
time was performed using Student’s t test for paired samples. The Pearson’s r correlation test
was employed to assess the association between IGF-1 levels and LFTs. Patient survival was cal-
culated from the day of surgery to death or to the last follow-up visit. The impact of each vari-
able on patient survival was analyzed by Kaplan Meier methods, and subgroups were
compared with the Log-rank test. The risk factors affecting survival with a P value equal to or
less than 0.2 after univariate analysis were included in a multivariate Cox proportional hazard
regression model to identify the independent prognostic factors. A two-sided P value equal to
or less than 0.05 was considered statistically significant in all cases. Statistical analysis was per-
formed using MedCalc software for Windows (version 12.5.0).

Results

Hormonal trend during the first year after LT and correlation with LFTs
Nineteen (61.3%) out of 31 patients had high preoperative GH plasma levels (mean±SEM:
6.3±0.9 ng/mL). On postoperative day 15, GH levels showed an abrupt reduction (mean±SEM:
1.5±0.2 ng/mL) and remained substantially stable afterward (Fig 1A). One year after LT, 3 (12.5%)
out of 24 survivor patients had pathological GH levels. All patients showed low preoperative
IGF-1 levels (mean±SEM: 29.5±2.1 ng/mL). The etiology of liver cirrhosis did not influence
basal IGF-1 levels, but a significant inverse correlation between the degree of liver dysfunction
assessed by the MELD score and IGF-1 values before LT was observed (r coefficient = -0.3616;
p = 0.0456). On day 15, a significant increase in IGF-1 plasma levels was noticed (102.7±11.7
ng/mL; p<0.0001), and 18 out of 31 recipients corrected the IGF-1 levels to normal values. IGF-1
levels continued to rise, reaching a peak 3 months after LT (173.1±16.9 ng/mL), but from then
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on, a decrease in mean hormonal values was observed (Fig 1B). By the end of 1 year, the
mean serum IGF-1 levels was 126.3±9.6 ng/mL, and 21 of the 24 surviving patients main-
tained normal IGF-1 levels according to reference hormonal ranges. No significant correla-
tion was observed between GH and IGF-1 serum levels at any of the considered time points.
The results of the correlation analysis between postoperative IGF-1 levels and main LFTs
are shown in Table 2. Within the first month after LT, a significant inverse correlation
between IGF-1 and bilirubin serum levels on postoperative day 15 (r = -0.392, p = 0.0320)
and 30 (r = -0.389, p = 0.0368) was observed. Moreover, a positive correlation was noticed
between IGF-1 and serum albumin on POD 30 (r = 0.595 p = 0.001) and 90 (r = 0.555;
p = 0.003). No other statistically significant correlation was found for AST, gGT, ALP and
PT at any of the considered time points.

Fig 1. (A) Serum levels of growth hormone (GH) and (B) insulin-like growth factor 1 (IGF-1) before and after liver transplantation. Values are
expressed as the mean ± standard error of the mean. Student’s t test for paired samples was employed to investigate significant differences in hormonal
values over time. * p <0.05 compared with the previous value; Ω p <0.01 compared with the pre-LT value. Abbreviations: IGF-1, insulin-like growth factor 1;
LT, liver transplantation; GH, growth hormone.

doi:10.1371/journal.pone.0133153.g001
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Correlation between donor’s characteristics and IGF-1 postoperative
values
The mean donor age was 67.2±2.1 years, and 20 (64.5%) out of 31 liver grafts were procured
from donors aged greater than 65 years. Starting from the first month after LT, IGF-1 serum
levels remained significantly lower in recipients transplanted with older donors (>65 years),
and this difference was maintained for up to 1 year after transplantation (Fig 2A). According to
the ECD score, 4 (12.9%) patients received a liver from a donor considered to be ideal, 11
(35.5%) patients were transplanted with liver grafts with 1 risk factor, and the remaining 16
(51.6%) donors had 2 or more criteria of marginality. As presented in Fig 2B, IGF-1 plasma
concentration was noticeably impaired in patients who received a donor with an ECD score
�2 starting from POD 90. Twenty-five (80.6%) out of 31 donors had a DRI equal to or greater
than 1.7 (mean±SEM: 1.9±0.04), and the mean DMELD value was 1029.1±78.3. No correlation
between these prognostic models and postoperative IGF-1 levels was found.

Clinical outcome and IGF-1 plasma levels
The minimum follow-up of each patient included in the present study was 3 years, and none of
the patients died within 15 days of transplantation or was retransplanted during the follow-up
period. Twenty-nine (93.5%) out of 31 patients were discharged after a median time of 16 days
after surgery (range: 8–70 days), and the median hospital stay was shorter for 18 patients who
had early (within 15 days) recovered normal IGF-1 values (11 vs 18 days, p = 0.0589). Accord-
ing to the definition of Olthoff and colleagues[24], 11 (35.5%) patients experienced an EAD.
Although a lower IGF-1 serum level was noticed in the EAD-group on postoperative days 15
(86.7±18.4 vs 111.9±15.0 ng/mL; p = 0.3073) and 30 (126.3±21.5 vs 164.0±20.7 ng/mL;
p = 0.2580), this difference was not statistically significant at any of the considered time points.
Six (19.4%) out of 31 patients experienced a biopsy-proven ACR after LT, at a median time of
17 days post-LT (range: 5–165). A mild histological ACR was diagnosed in the majority of
cases (5/6, 83.3%), and treatment was based on steroid pulse therapy. Biliary stenosis was diag-
nosed in 5 (16.1%) patients after a median time from LT of 98 days (range: 11–297). Stenosis

Table 2. Correlation analysis betweenmain liver function tests and IGF-1 plasma levels at different time points. IGF-1, insulin-like growth factor 1;
POD, postoperative day; C.I. confidence interval.

Liver Function Test Preoperative POD 15 POD 30 POD 90 POD 180 POD 365

r value
(95% C.I.)

p
value

r value
(95% C.I.)

p
value

r value
(95% C.I.)

p
value

r value
(95% C.I.)

p
value

r value
(95% C.I.)

p
value

r value
(95% C.I.)

p
value

Prothrombin time
(%)

-0.260
(-0.562–
0.104)

0.158 0.316
(-0.049–
0.607)

0.088 0.185
(-0.195–
0.516)

0.338 0.352
(-0.032–
0.646)

0.072 0.323
(-0.131–
0.645)

0.164 0.323
(-0.103–
0.649)

0.133

Total Bilirubin (mg/
dL)

-0.071
(-0.415–
0.290)

0.703 -0.392
(-0.659–
0.037)

0.032 -0.389
(-0.661–
0.027)

0.037 -0.166
(-0.508–
0.220)

0.398 0.110
(-0.363–
0.537)

0.655 -0.097
(-0.490–
0.328)

0.660

Serum Albumin (g/
dL)

-0.172
(-0.496–
0.194)

0.354 0.230
(-0.142–
0.545)

0.230 0.595
(0.293–
0.790)

0.001 0.555
(0.213–
0.775)

0.003 0.235
(-0.207–
0.597)

0.292 0.218
(-0.214–
0.578)

0.318

Aspartate
aminotransferase
(U/L)

0.240
(0.124–
0.548)

0.192 -0.245
(-0.556–
0.127)

0.192 0.128
(-0.250–
0.472)

0.508 -0.281
(0.550–
0.180)

0.281 0.354
(-0.079–
0.675)

0.106 -0.223
(-0.589–
0.219)

0.318

γ-glutamyl
transpeptidase (U/L)

-0.080
(-0.423–
0.282)

0.668 -0.077
(-0.426–
0.291)

0.684 -0.245
(-0.561–
0.133)

0.199 -0.097
(-0.460–
0.294)

0.631 -0.163
(-0.547–
0.277)

0.468 -0.023
(-0.440–
0.402)

0.919

doi:10.1371/journal.pone.0133153.t002
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was treated conservatively by endoscopic retrograde cholangiopancreatography in all cases. By
the end of one year, neither the presence of biliary stenosis (129.6±10.1 vs 103.3±33.2 ng/mL),
nor the incidence of a biopsy-proven ACR (122.0±10.6 vs 142.6±23.4 ng/mL), significantly
affected the IGF-1 plasma levels (p = 0.3791 and p = 0.3968, respectively).

At the end of follow-up, the survival rate of the entire cohort was 71%. The causes of death
included graft dysfunction complicated by sepsis (3 cases), HCV recurrence (2 cases), late graft
dysfunction (2 cases), thrombotic thrombocytopenic purpura associated with graft dysfunction
(1 case) and late portal vein thrombosis due to an unspecified thrombophilic disorder (1 case).
Interestingly, 7 out of 9 patients had abnormal IGF-1 levels at the scheduled visit before death
occurred. Patients who promptly recovered normal IGF-1 plasma levels showed a statistically
significant survival advantage of 3 years after LT (83.3% vs 53.8%, p = 0.0386; Fig 3). Consider-
ing the clinical variables shown in Table 3, early (within 15 days) IGF-1 normalization (Exp(b):
3.913; p = 0.0484) was the only independent prognostic factor associated with an increased
3-year actual survival rate.

Fig 2. Differences in insulin-like growth factor 1 (IGF-1) serum levels after liver transplantation according to (A) donor age and (B) extended
criteria donor (ECD) score. Values are expressed as the mean ± standard error of the mean. Student’s t test for unpaired samples was employed to
investigate significant differences between hormonal values at different time points.Abbreviations: IGF-1, insulin-like growth factor 1; LT, liver
transplantation; ECD, extended criteria donor.

doi:10.1371/journal.pone.0133153.g002
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Discussion
Changes in the GH/IGF-1 axis are well-documented in cirrhosis, and the peptides involved
have been proposed as markers of hepatocellular dysfunction, malnutrition and survival in this
category of patients[11, 25, 26]. Low IGF-1 circulating levels in parenchymal liver disease are
mainly due to an impaired production associated with severe GH hepatic hormonal resistance
[5, 9]. Our prospective study showed that LT recovers the normal GH/IGF-1 serum levels in
most patients within the first year after surgery. Moreover, IGF-1 accurately reflected the graft’s
functional reserve during the postoperative period, and for the first time, the prognostic role of
hormonal recovery on patient survival was demonstrated in our series.

Within the context of liver cirrhosis, several studies have highlighted the strong correlation
between basal and stimulated IGF-1 serum levels and the degree of liver failure, as expressed by
the Child Pugh[11, 27] or MELD-score[9], serum albumin or INR. All patients included in our
study had low IGF-1 plasma levels, and as recently observed by Castro and colleagues[16], a
significant inverse correlation was observed comparing preoperative values and the uncor-
rected MELD score. Neither the etiology of liver disease nor the Child Pugh score correlated
significantly with preoperative IGF-1 levels in our study.

Fig 3. Actual 3-year survival analysis in patients showing normal (solid line) or low (dotted line) IGF-1 plasma levels on postoperative day 15.
Survival differences were investigated by the Log Rank test.Abbreviations: IGF-1, insulin-like growth factor 1; LT, liver transplantation; POD, postoperative
day.

doi:10.1371/journal.pone.0133153.g003
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The dramatic metabolic change represented by LT leads to a complete recovery of the GH/
IGF-1 axis in adult and pediatric patients with end-stage liver disease[13–16, 28]. Based on our
experience, we believe that the rise of IGF-1 plasma levels can be directly correlated with the
graft’s functional recovery. To this regard, we noticed a significant correlation with common
biochemical indicators of liver function, such as serum bilirubin and albumin, during the first
months after LT. Even if some authors suggest that this hormonal increase could be an expres-
sion of hepatocyte damage or GH hyperstimulation[29], no significant correlation was found
between IGF-1 and AST or GH at any of the time points considered in our study. In the current
study, we did not investigate the modulatory activity of IGF-1 binding proteins (IGFBPs) after
LT; however, two reports have demonstrated that the mean values of IGFBP-3, which is the
most represented binding protein, increase to the high-normal range, which is consistent with
IGF-1 restoration[16, 30]. This finding suggests that the total amount of IGF-1 in circulation
determined by laboratory assays represents approximately a multiple of the unbound active
IGF-1.

With regards to LT, most of the studies were focused on blood samples taken from months
to years after surgery; therefore, no correlation between hormonal recovery and liver functional
capacity could be investigated in the early postoperative period. For the first time, Bassanello
et al. observed an immediate rise in IGF-1 levels after the graft’s reperfusion and the obtaining
of the normal range within 1 month after surgery[17]. In that study, the 15 patients enrolled
showed a complete hepatic recovery. As stated by the authors, the primary endpoint of that
study was to explore IGF-1 dynamics in the early stages after LT, giving the same chance to
every enrolled patient of achieving a GH/IGF-1 axis recovery. Consequently, strict inclusion
criteria were applied, and cases with long ischemia time, elevated intraoperative blood loss and
patients who received an ECD graft were excluded. For this reason, together with the short fol-
low-up period, no certain conclusions could be drawn about the real capacity of IGF-1 to
reflect the graft’s functional reserve and predict transplant outcome in the medium-term. In
the era of the shortage of organs for transplantation, the use of “marginal” livers (retrieved
from older, steatosic and unstable donors) is mandatory, and the reliability of a new marker of
a graft’s quality should be tested over a heterogeneous population of donors while taking into
account the main transplant variables related to the donor, recipient and postoperative course.
In our series, the characteristics of liver donors (mean age of 67.2 years and more than half

Table 3. Univariate andmultivariate analysis of risk factors affecting patient survival. IGF-1, insulin-like growth factor 1; LT, liver transplantation; ECD,
extended criteria donor; DMELD, donor age x Model for End Stage Liver Disease; EAD, early allograft dysfunction; DRI, Donor Risk Index; HCV, hepatitis C
virus; HCC, hepatocellular carcinoma; POD, postoperative day.

Univariate analysis Multivariate analysis

Risk factors 3-years actual
survival rate (%)

HR (95% C.I.) Log Rank p value Exp(b) (95% C.I.) p value

Recipient Age � 60 years 81.8 vs 65.0 0.5022 (0.129–1.954) 0.3806

DMELD score � 1300 57.1 vs 75.0 2.059 (0.396–10.698) 0.2956

HCV-RNA positive before LT 58.3 vs 78.9 2.058 (0.535–7.916) 0.2715

Presence of HCC 63.6 vs 75.0 1.410 (0.362–5.493) 0.6063

Total Ischemia Time > 600 minutes 70.8 vs 71.4 0.948 (0.202–4.461) 0.9481

Early Allograft Dysfunction 63.6 vs 75.0 1.735 (0.425–7.078) 0.4050

ECD-score � 2 80.0 vs 62.5 2.035 (0.551–7.518) 0.3039

DRI-score � 1.7 72.0 vs 66.7 0.790 (0.146–4.262) 0.7679

Donor Age > 65 years 60.0 vs 90.9 5.587 (1.481–21.077) 0.0664 4.131 (0.492–34.652) 0.1912

Abnormal IGF-1 plasma levels on P.O.D. 15 53.8 vs 83.3 3.858 (0.973–15.300) 0.0386 3.913 (1.012–15.749) 0.0484

doi:10.1371/journal.pone.0133153.t003
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with 2 or more criteria of marginality) allowed us to recognize two different IGF-1 serum pro-
files between standard and ECD grafts during the first year after LT. The IGF-1 recovery curve
was more sensitive in distinguishing the graft’s functional capacity from the third month up to
1 year after LT than the other LFTs that progressively returned to normal. Even if a successful
LT can be often performed with ECD grafts to decrease overall waiting list mortality[31], it is
to be expected that the liver functional reserve, and consequently graft survival in the long-
term, could be different compared to when an optimal donor is employed. We found that IGF-
1 is a reliable and clinically feasible method to monitor a graft’s function in this subcategory of
patients.

In our experience, neither biliary complication nor acute cellular rejection significantly
affected postoperative IGF-1 serum levels. As described, biopsy-proven ACR was classified as
mild in 5 of the 6 patients, and treatment required exclusively steroid pulse therapy with no
cases of steroid-resistant acute rejection. Similarly, biliary stenosis was promptly recognized in
5 of the 31 patients, and LFTs returned to normal within a few days after successful endoscopic
treatment. The limited impact on the functionality of the graft of the aforementioned compli-
cations can explain the lack of significant modifications of IGF-1 levels in these patients.

The evaluation of liver functional reserve remains a critical issue before and after LT[18].
Standard liver biochemistry tests and clinical criteria may be controversial during this period,
and new methods for evaluating graft status and patient prognosis early after transplantation
are needed. In experimental and clinical studies, the amount of bile production has long been
recognized as an important clinical parameter to predict EAD or PNF and to discriminate a
graft’s quality between older (or ECD) and standard donors[32–34]. In our series, no signifi-
cant differences in bile output emerged in patients receiving ECD or standard grafts. Recently,
a study by Sutton and colleagues focused on normothermic perfused livers showed that a
higher biliary secretion of bilirubin was found in grafts with high bile output. This finding sug-
gests that bile quality, not only the volume, reflects the viability of the transplanted livers[35].
Thus, the determination of biliary IGF-1 concentration could be an attractive option to assess
functional reserve and prognosis in future investigations. Other experimental methods, such as
determination of liver fatty acid-binding protein (L-FABP)[36] and complement fragment 4d
deposition[37], are suggested to be indicators of hepatocyte damage and predictors of initial
poor function of the graft. Unfortunately, the majority of these techniques is time-consuming,
hardly reproducible and cannot be routinely used in clinical practice. Similarly, even if several
studies have shown that an impaired Indocyanine green clearance can predict early postopera-
tive complications and transplant outcome, this method fails to provide relevant prognostic
information on an individual patient basis because the uptake and excretion of Indocyanine
green are influenced by many factors, such as cholestasis or hyperbilirubinemia in the periop-
erative phase[38–40]. The serum IGF-1 quantitative measurement, which is performed using
chemiluminescent immunometric assay, is a standardized, reproducible and quickly available
procedure. In addition, the presence of conjugated and unconjugated bilirubin has no effect on
the test’s reliability, and the cost for each sample is approximately 9 euro.

Recently, Salso and colleagues explored the IGF-1 restoring process in 30 transplanted
patients and demonstrated a positive correlation between cholesterol serum levels and the pre-
dictive value of IGF-1 for short-term survival (3 months) after LT[41]. The considerable fol-
low-up of the patients included in our study (3 years) suggests that the recovery of IGF-1
within the second week after surgery identifies patients with favorable prognosis in the long-
term period. In addition, multivariate analysis showed that IGF-1 early recovery was an inde-
pendent predictor of outcome, independent of the quality of the graft (ECD-score or DRI),
early postoperative graft function (according to the definition of Olthoff and colleagues) or
other prognostic models such as DMELD.
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In conclusion, this study is the first to demonstrate that a prompt recovery of IGF-1 serum
levels is associated with long-term patient survival and shorter hospital stay in LT recipients.
This marker was also confirmed to be a reliable index of hepatocellular functional reserve and
was able to identify different patterns of recovery between standard and ECD liver grafts. Obvi-
ously, a larger number of patients is needed to confirm the clinical and prognostic significance
of GH/IGF-1 axis recovery in the context of LT; however, on a purely speculative basis, our
findings suggest that IGF-1 could represent a new donor-specific qualitative assay, identifying
those grafts who are unable to withstand the injuries associated with procurement, cold preser-
vation, and reperfusion and that result in a higher risk of graft failure.

Author Contributions
Conceived and designed the experiments: DN FM GPMV. Performed the experiments: DN
MB GP. Analyzed the data: DN RMGF. Contributed reagents/materials/analysis tools: MB AT
MC. Wrote the paper: DN FM GP ARMV.

References
1. Baruch Y. The liver: a large endocrine gland. Journal of hepatology. 2000; 32(3):505–7. PMID:

10735622.

2. DaughadayWH, Rotwein P. Insulin-like growth factors I and II. Peptide, messenger ribonucleic acid
and gene structures, serum, and tissue concentrations. Endocrine reviews. 1989; 10(1):68–91. doi: 10.
1210/edrv-10-1-68 PMID: 2666112.

3. O'Connor KG, Tobin JD, Harman SM, Plato CC, Roy TA, Sherman SS, et al. Serum levels of insulin-
like growth factor-I are related to age and not to body composition in healthy women and men. J Geron-
tol A Biol Sci Med Sci. 1998; 53(3):M176–82. Epub 1998/05/23. PMID: 9597048.

4. Nikolic JA, Todorovic V, Bozic M, Tosic L, Bulajic M, Alempijevic T, et al. Serum insulin-like growth fac-
tor (IGF)-II is more closely associated with liver dysfunction than is IGF-I in patients with cirrhosis. Clin-
ica chimica acta; international journal of clinical chemistry. 2000; 294(1–2):169–77. Epub 2000/03/23.
PMID: 10727682.

5. Donaghy AJ, Delhanty PJ, Ho KK, Williams R, Baxter RC. Regulation of the growth hormone receptor/
binding protein, insulin-like growth factor ternary complex system in human cirrhosis. Journal of hepa-
tology. 2002; 36(6):751–8. PMID: 12044524.

6. Shen XY, Holt RI, Miell JP, Justice S, Portmann B, Postel-Vinay MC, et al. Cirrhotic liver expresses low
levels of the full-length and truncated growth hormone receptors. The Journal of clinical endocrinology
and metabolism. 1998; 83(7):2532–8. PMID: 9661639.

7. Dehghani SM, Karamifar H, Hamzavi SS, Haghighat M, Malek-Hosseini SA. Serum insulinlike growth
factor-1 and its binding protein-3 levels in children with cirrhosis waiting for a liver transplant. Experi-
mental and clinical transplantation: official journal of the Middle East Society for Organ Transplantation.
2012; 10(3):252–7. PMID: 22631062.

8. Moller S, Juul A, Becker U, Flyvbjerg A, Skakkebaek NE, Henriksen JH. Concentrations, release, and
disposal of insulin-like growth factor (IGF)-binding proteins (IGFBP), IGF-I, and growth hormone in dif-
ferent vascular beds in patients with cirrhosis. The Journal of clinical endocrinology and metabolism.
1995; 80(4):1148–57. doi: 10.1210/jcem.80.4.7536200 PMID: 7536200.

9. Assy N, Pruzansky Y, Gaitini D, Shen Orr Z, Hochberg Z, Baruch Y. Growth hormone-stimulated IGF-1
generation in cirrhosis reflects hepatocellular dysfunction. Journal of hepatology. 2008; 49(1):34–42.
doi: 10.1016/j.jhep.2008.02.013 PMID: 18456366.

10. Volzke H, Nauck M, Rettig R, Dorr M, Higham C, Brabant G, et al. Association between hepatic steato-
sis and serum IGF1 and IGFBP-3 levels in a population-based sample. European journal of endocrinol-
ogy / European Federation of Endocrine Societies. 2009; 161(5):705–13. doi: 10.1530/EJE-09-0374
PMID: 19690083.

11. Wu YL, Ye J, Zhang S, Zhong J, Xi RP. Clinical significance of serum IGF-I, IGF-II and IGFBP-3 in liver
cirrhosis. World journal of gastroenterology: WJG. 2004; 10(18):2740–3. PMID: 15309731.

12. Caregaro L, Alberino F, Amodio P, Merkel C, Angeli P, Plebani M, et al. Nutritional and prognostic sig-
nificance of insulin-like growth factor 1 in patients with liver cirrhosis. Nutrition. 1997; 13(3):185–90.
PMID: 9131676.

IGF-1 and Liver Transplantation

PLOS ONE | DOI:10.1371/journal.pone.0133153 July 17, 2015 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/10735622
http://dx.doi.org/10.1210/edrv-10-1-68
http://dx.doi.org/10.1210/edrv-10-1-68
http://www.ncbi.nlm.nih.gov/pubmed/2666112
http://www.ncbi.nlm.nih.gov/pubmed/9597048
http://www.ncbi.nlm.nih.gov/pubmed/10727682
http://www.ncbi.nlm.nih.gov/pubmed/12044524
http://www.ncbi.nlm.nih.gov/pubmed/9661639
http://www.ncbi.nlm.nih.gov/pubmed/22631062
http://dx.doi.org/10.1210/jcem.80.4.7536200
http://www.ncbi.nlm.nih.gov/pubmed/7536200
http://dx.doi.org/10.1016/j.jhep.2008.02.013
http://www.ncbi.nlm.nih.gov/pubmed/18456366
http://dx.doi.org/10.1530/EJE-09-0374
http://www.ncbi.nlm.nih.gov/pubmed/19690083
http://www.ncbi.nlm.nih.gov/pubmed/15309731
http://www.ncbi.nlm.nih.gov/pubmed/9131676


13. Holt RI, Baker AJ, Jones JS, Miell JP. The insulin-like growth factor and binding protein axis in children
with end-stage liver disease before and after orthotopic liver transplantation. Pediatric transplantation.
1998; 2(1):76–84. PMID: 10084765.

14. Infante D, Tormo R, Castro de Kolster C, Potau N, Martinez V, Broto J, et al. Changes in growth, growth
hormone, and insulin-like growth factor-I (IGF-I) after orthotopic liver transplantation. Pediatric surgery
international. 1998; 13(5–6):323–6. PMID: 9639608.

15. Seehofer D, Steinmueller T, Graef KJ, Rayes N, WiegandW, Tullius SG, et al. Pituitary function test
and endocrine status in patient with cirrhosis of the liver before and after hepatic transplantation. Annals
of transplantation: quarterly of the Polish Transplantation Society. 2002; 7(2):32–7. PMID: 12416470.

16. Castro GR, Coelho JC, Parolin MB, Matias JE, de Freitas AC. Insulin-like growth factor I correlates with
MELD and returns to normal level after liver transplantation. Annals of transplantation: quarterly of the
Polish Transplantation Society. 2013; 18:57–62. doi: 10.12659/AOT.883819 PMID: 23792502.

17. Bassanello M, De Palo EF, Lancerin F, Vitale A, Gatti R, Montin U, et al. Growth hormone/insulin-like
growth factor 1 axis recovery after liver transplantation: a preliminary prospective study. Liver transplan-
tation: official publication of the American Association for the Study of Liver Diseases and the Interna-
tional Liver Transplantation Society. 2004; 10(5):692–8. Epub 2004/04/27. doi: 10.1002/lt.20111 PMID:
15108263.

18. Shaked A, Nunes FA, Olthoff KM, Lucey MR. Assessment of liver function: pre- and peritransplant eval-
uation. Clinical chemistry. 1997; 43(8 Pt 2):1539–45. PMID: 9265906.

19. Gruttadauria S, Vizzini G, Biondo D, Mandala L, Volpes R, Palazzo U, et al. Critical use of extended cri-
teria donor liver grafts in adult-to-adult whole liver transplantation: a single-center experience. Liver
transplantation: official publication of the American Association for the Study of Liver Diseases and the
International Liver Transplantation Society. 2008; 14(2):220–7. doi: 10.1002/lt.21359 PMID: 18236398.

20. Feng S, Goodrich NP, Bragg-Gresham JL, Dykstra DM, Punch JD, DebRoy MA, et al. Characteristics
associated with liver graft failure: the concept of a donor risk index. American journal of transplantation:
official journal of the American Society of Transplantation and the American Society of Transplant Sur-
geons. 2006; 6(4):783–90. doi: 10.1111/j.1600-6143.2006.01242.x PMID: 16539636.

21. Halldorson JB, Bakthavatsalam R, Fix O, Reyes JD, Perkins JD. D-MELD, a simple predictor of post
liver transplant mortality for optimization of donor/recipient matching. American journal of transplanta-
tion: official journal of the American Society of Transplantation and the American Society of Transplant
Surgeons. 2009; 9(2):318–26. doi: 10.1111/j.1600-6143.2008.02491.x PMID: 19120079.

22. Elmlinger MW, Kuhnel W, Weber MM, Ranke MB. Reference ranges for two automated chemilumines-
cent assays for serum insulin-like growth factor I (IGF-I) and IGF-binding protein 3 (IGFBP-3). Clinical
chemistry and laboratory medicine: CCLM / FESCC. 2004; 42(6):654–64. doi: 10.1515/CCLM.2004.
112 PMID: 15259383.

23. Siemens Healthcare Diagnostics Inc. Immunolite 2000 Growth Hormone (hGH). User Manual. 2013.

24. Olthoff KM, Kulik L, Samstein B, Kaminski M, Abecassis M, Emond J, et al. Validation of a current defi-
nition of early allograft dysfunction in liver transplant recipients and analysis of risk factors. Liver trans-
plantation: official publication of the American Association for the Study of Liver Diseases and the
International Liver Transplantation Society. 2010; 16(8):943–9. doi: 10.1002/lt.22091 PMID: 20677285.

25. De Palo EF, Bassanello M, Lancerin F, Spinella P, Gatti R, D'Amico D, et al. GH/IGF system, cirrhosis
and liver transplantation. Clinica chimica acta; international journal of clinical chemistry. 2001; 310
(1):31–7. PMID: 11485752.

26. Bonefeld K, Moller S. Insulin-like growth factor-I and the liver. Liver international: official journal of the
International Association for the Study of the Liver. 2011; 31(7):911–9. doi: 10.1111/j.1478-3231.2010.
02428.x PMID: 21733081.

27. Zietz B, Lock G, Plach B, Drobnik W, Grossmann J, Scholmerich J, et al. Dysfunction of the hypotha-
lamic-pituitary-glandular axes and relation to Child-Pugh classification in male patients with alcoholic
and virus-related cirrhosis. European journal of gastroenterology & hepatology. 2003; 15(5):495–501.
doi: 10.1097/01.meg.0000059115.41030.e0 PMID: 12702906.

28. Weber MM, Auernhammer CJ, Lee PD, Engelhardt D, Zachoval R. Insulin-like growth factors and insu-
lin-like growth factor binding proteins in adult patients with severe liver disease before and after orthoto-
pic liver transplantation. Hormone research. 2002; 57(3–4):105–12. doi: 57960. PMID: 12006706.

29. Russell WE,D'Ercole AJ, Underwood LE. Somatomedin C/insulinlike growth factor I during liver regen-
eration in the rat. The American journal of physiology. 1985; 248(5 Pt 1):E618–23. PMID: 4039537.

30. Schalch DS, Kalayoglu M, Pirsch JD, Yang H, Raslich M, Rajpal S. Serum insulin-like growth factors
and their binding proteins in patients with hepatic failure and after liver transplantation. Metabolism: clin-
ical and experimental. 1998; 47(2):200–6. PMID: 9472971.

31. Barshes NR, Horwitz IB, Franzini L, Vierling JM, Goss JA. Waitlist mortality decreases with increased
use of extended criteria donor liver grafts at adult liver transplant centers. American journal of

IGF-1 and Liver Transplantation

PLOS ONE | DOI:10.1371/journal.pone.0133153 July 17, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/10084765
http://www.ncbi.nlm.nih.gov/pubmed/9639608
http://www.ncbi.nlm.nih.gov/pubmed/12416470
http://dx.doi.org/10.12659/AOT.883819
http://www.ncbi.nlm.nih.gov/pubmed/23792502
http://dx.doi.org/10.1002/lt.20111
http://www.ncbi.nlm.nih.gov/pubmed/15108263
http://www.ncbi.nlm.nih.gov/pubmed/9265906
http://dx.doi.org/10.1002/lt.21359
http://www.ncbi.nlm.nih.gov/pubmed/18236398
http://dx.doi.org/10.1111/j.1600-6143.2006.01242.x
http://www.ncbi.nlm.nih.gov/pubmed/16539636
http://dx.doi.org/10.1111/j.1600-6143.2008.02491.x
http://www.ncbi.nlm.nih.gov/pubmed/19120079
http://dx.doi.org/10.1515/CCLM.2004.112
http://dx.doi.org/10.1515/CCLM.2004.112
http://www.ncbi.nlm.nih.gov/pubmed/15259383
http://dx.doi.org/10.1002/lt.22091
http://www.ncbi.nlm.nih.gov/pubmed/20677285
http://www.ncbi.nlm.nih.gov/pubmed/11485752
http://dx.doi.org/10.1111/j.1478-3231.2010.02428.x
http://dx.doi.org/10.1111/j.1478-3231.2010.02428.x
http://www.ncbi.nlm.nih.gov/pubmed/21733081
http://dx.doi.org/10.1097/01.meg.0000059115.41030.e0
http://www.ncbi.nlm.nih.gov/pubmed/12702906
http://www.ncbi.nlm.nih.gov/pubmed/12006706
http://www.ncbi.nlm.nih.gov/pubmed/4039537
http://www.ncbi.nlm.nih.gov/pubmed/9472971


transplantation: official journal of the American Society of Transplantation and the American Society of
Transplant Surgeons. 2007; 7(5):1265–70. doi: 10.1111/j.1600-6143.2007.01758.x PMID: 17359503.

32. Markmann JF, Markmann JW, Desai NM, Baquerizo A, Singer J, Yersiz H, et al. Operative parameters
that predict the outcomes of hepatic transplantation. Journal of the American College of Surgeons.
2003; 196(4):566–72. doi: 10.1016/S1072-7515(02)01907-5 PMID: 12691933.

33. Uemura T, Randall HB, Sanchez EQ, Ikegami T, Narasimhan G, McKenna GJ, et al. Liver retransplan-
tation for primary nonfunction: analysis of a 20-year single-center experience. Liver transplantation: offi-
cial publication of the American Association for the Study of Liver Diseases and the International Liver
Transplantation Society. 2007; 13(2):227–33. doi: 10.1002/lt.20992 PMID: 17256780.

34. Imber CJ, St Peter SD, Lopez de Cenarruzabeitia I, Pigott D, James T, Taylor R, et al. Advantages of
normothermic perfusion over cold storage in liver preservation. Transplantation. 2002; 73(5):701–9.
PMID: 11907414.

35. Sutton ME, op den Dries S, Karimian N, Weeder PD, de Boer MT, Wiersema-Buist J, et al. Criteria for
viability assessment of discarded human donor livers during ex vivo normothermic machine perfusion.
PloS one. 2014; 9(11):e110642. doi: 10.1371/journal.pone.0110642 PMID: 25369327; PubMed Central
PMCID: PMC4219693.

36. Monbaliu D, de Vries B, Crabbe T, van Heurn E, Verwaest C, Roskams T, et al. Liver fatty acid-binding
protein: an early and sensitive plasmamarker of hepatocellular damage and a reliable predictor of graft
viability after liver transplantation from non-heart-beating donors. Transplantation proceedings. 2005;
37(1):413–6. doi: 10.1016/j.transproceed.2004.12.103 PMID: 15808662.

37. Silva MA, Mirza DF, Murphy N, Richards DA, Reynolds GM, Wigmore SJ, et al. Intrahepatic comple-
ment activation, sinusoidal endothelial injury, and lactic acidosis are associated with initial poor function
of the liver after transplantation. Transplantation. 2008; 85(5):718–25. doi: 10.1097/TP.
0b013e3181663366 PMID: 18337666.

38. Barthel E, Rauchfuss F, Hoyer H, Habrecht O, Jandt K, Gotz M, et al. Impact of stable PGI(2) analog ilo-
prost on early graft viability after liver transplantation: a pilot study. Clinical transplantation. 2012; 26(1):
E38–47. doi: 10.1111/j.1399-0012.2011.01516.x PMID: 21919966.

39. Escorsell A, Mas A, Fernandez J, Garcia-Valdecasas JC. Limitations of use of the noninvasive clear-
ance of indocyanine green as a prognostic indicator of graft function in liver transplantation. Transplan-
tation proceedings. 2012; 44(6):1539–41. doi: 10.1016/j.transproceed.2012.05.023 PMID: 22841207.

40. Stockmann M, Malinowski M, Lock JF, Seehofer D, Neuhaus P. Factors influencing the indocyanine
green (ICG) test: additional impact of acute cholestasis. Hepato-gastroenterology. 2009; 56(91–
92):734–8. PMID: 19621693.

41. Salso A, Tisone G, Tariciotti L, Lenci I, Manzia TM, Baiocchi L. Relationship between GH/IGF-1 axis,
graft recovery, and early survival in patients undergoing liver transplantation. BioMed research interna-
tional. 2014; 2014:240873. doi: 10.1155/2014/240873 PMID: 24804205; PubMed Central PMCID:
PMC3988744.

IGF-1 and Liver Transplantation

PLOS ONE | DOI:10.1371/journal.pone.0133153 July 17, 2015 13 / 13

http://dx.doi.org/10.1111/j.1600-6143.2007.01758.x
http://www.ncbi.nlm.nih.gov/pubmed/17359503
http://dx.doi.org/10.1016/S1072-7515(02)01907-5
http://www.ncbi.nlm.nih.gov/pubmed/12691933
http://dx.doi.org/10.1002/lt.20992
http://www.ncbi.nlm.nih.gov/pubmed/17256780
http://www.ncbi.nlm.nih.gov/pubmed/11907414
http://dx.doi.org/10.1371/journal.pone.0110642
http://www.ncbi.nlm.nih.gov/pubmed/25369327
http://dx.doi.org/10.1016/j.transproceed.2004.12.103
http://www.ncbi.nlm.nih.gov/pubmed/15808662
http://dx.doi.org/10.1097/TP.0b013e3181663366
http://dx.doi.org/10.1097/TP.0b013e3181663366
http://www.ncbi.nlm.nih.gov/pubmed/18337666
http://dx.doi.org/10.1111/j.1399-0012.2011.01516.x
http://www.ncbi.nlm.nih.gov/pubmed/21919966
http://dx.doi.org/10.1016/j.transproceed.2012.05.023
http://www.ncbi.nlm.nih.gov/pubmed/22841207
http://www.ncbi.nlm.nih.gov/pubmed/19621693
http://dx.doi.org/10.1155/2014/240873
http://www.ncbi.nlm.nih.gov/pubmed/24804205

