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Abstract

To date, the value of fasting plasma acylated ghrelin (AG) and unacylated ghrelin (UAG) 

as potential novel biomarkers in patients with neuroendocrine tumors (NETs) is unknown. 

The aims of this study are to (i) compare fasting AG and UAG levels between nonobese, 

nondiabetic NET patients (N = 28) and age- (±3 years) and sex-matched nonobese, 

nondiabetic controls (N = 28); and (ii) study the relationship between AG, UAG, and  

AG/UAG ratios and biochemical (chromogranin-A (CgA) and neuron-specific enolase (NSE) 

levels) and clinical parameters (age at diagnosis, sex, primary tumor location, carcinoid 

syndrome, ENETS TNM classification, Ki-67 proliferation index, grading, prior incomplete 

surgery) in NET patients. Fasting venous blood samples (N = 56) were collected and directly 

stabilized with 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride after withdrawal. 

Plasma AG and UAG levels were determined by ELISA. Expression of ghrelin was examined in 

tumor tissue by immunohistochemistry. There were no significant differences between NET 

patients and controls in AG (median: 62.5 pg/mL, IQR: 33.1–112.8 vs median: 57.2 pg/mL,  

IQR: 26.7–128.3, P = 0.66) and UAG in levels (median: 76.6 pg/mL, IQR: 35.23–121.7 vs median: 

64.9, IQR: 27.5–93.1, P = 0.44). No significant correlations were found between AG, UAG, and  

AG/UAG ratios versus biochemical and clinical parameters in NET patients with the exception 

of age at diagnosis (AG: ρ = −0.47, P = 0.012; AG/UAG ratio: ρ = −0.50, P = 0.007) and baseline 

chromogranin-A levels (AG/UAG ratio: ρ = −0.44, P = 0.019). In our view, fasting plasma 

acylated and unacylated ghrelin appear to have no value as diagnostic biomarkers in the 

clinical follow-up of patients with NETs.
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Introduction

Ghrelin is a gut–brain hormone that is produced 
predominantly by gastric X/A-like neuroendocrine cells 
(1, 2). Ghrelin exists in two forms: acylated ghrelin 
(AG) and unacylated ghrelin (UAG). About 50% of 
circulating ghrelin is in the acylated form (3, 4) and 

exerts its functions through the growth hormone 
secretagogue receptor type 1a (GHSR1a) (5, 6). Acylation 
of ghrelin, which is required for its ability to activate 
the GHSR1a in vivo, is performed by the enzyme 
ghrelin O-acyltransferase (GOAT) (5, 7, 8). UAG does 
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not activate the GHSR1a at physiological concentrations 
(5, 9). Therefore, UAG has been considered as an inactive 
degradation product of ghrelin (2, 10). However, as 
recently reported, UAG could also act as a separate 
hormone in several physiological and pathophysiological 
conditions, independent from AG (9).

AG seems to be involved in different endocrine 
and nonendocrine processes (2, 11, 12, 13, 14, 15, 16). 
Neoplastic effects of ghrelin have been reported as well 
including: cell proliferation, cell migration, cell invasion, 
inflammation, apoptosis, and angiogenesis (17, 18, 19).

Neuroendocrine tumors (NETs) are rare tumors 
characterized by the hypersecretion of several bioamines 
and peptides (20, 21). NETs can also express ghrelin and 
its receptors (14, 22). Although most NETs release ghrelin, 
hyperghrelinemia has been reported in only 11 patients 
with NETs (23, 24, 25, 26, 27).

The function of ghrelin in NETs is not well understood. 
It has been suggested that ghrelin could be responsible 
for the striking maintenance of body mass index (BMI) 
that can be observed in NET patients (15, 28). Although 
total serum ghrelin levels in NET patients were reported 
to be positively correlated with tumor burden (29), total 
plasma ghrelin seems not to be a useful biomarker since 
total plasma ghrelin levels did not discriminate between 
patients with NETs and healthy controls (23). Currently, 
there are no data on the clinical usefulness of the two 
isoforms of ghrelin, AG and UAG, as potential biomarkers 
in patients with NETs. Examining the relationship between 
these two isoforms has relevance, since it is becoming 
clearer that levels of ghrelin acylation are regulated and 
not constant (4). For example, the ratio of AG/UAG has 
been found to be linked with metabolic status (30, 31).

Therefore, the aims of this study are to (i) compare 
fasting AG and UAG levels between nonobese, nondiabetic 
NET patients (N = 28) and age- (±3 years) and sex-matched 
nonobese, nondiabetic controls (N = 28); and (ii) study 
the relationship between AG, UAG, and AG/UAG ratios 
and biochemical (chromogranin-A (CgA) and neuron-
specific enolase (NSE) levels) and clinical parameters (age at 
diagnosis, sex, primary tumor location, carcinoid syndrome, 
ENETS TNM classification (32, 33), Ki-67 proliferation 
index, grading, prior incomplete surgery) in NET patients.

Subjects and methods

NET patients

Between March 2014 and March 2015, 28 Caucasian, 
nonobese, nondiabetic patients who were referred with 

a newly diagnosed neuroendocrine tumor were recruited. 
The diagnosis of an NET was based on biochemical, 
histological, and clinical parameters. The primary NETs 
were originating from the small intestine, pancreas, 
stomach, lung, or had an unknown origin.

Patients were eligible for the study if they were 
medical treatment naive, were not obese, and had neither 
metabolic syndrome nor diabetes mellitus. Prior surgery 
with incomplete removal of the NET was permitted for 
inclusion into the study.

All NET patients gave written informed consent 
before inclusion in this study, which was approved by the 
Medical Ethics Committee of the Erasmus University MC 
in Rotterdam.

Controls

All patients with NETs were sex- and age-matched to 
28 healthy Caucasian, nonobese, nondiabetic controls 
(within a range of ±3 years of age). Patients were paired 
with age-matched controls since a study in men found 
an age-dependent decline in AG concentrations (34). 
Controls were healthy volunteers from Erasmus MC, 
Rotterdam. All controls were recruited prospectively 
between January 2015 and March 2015.

Exclusion criteria for the controls were the following: 
past or existent malignancies; endocrine disorders 
including diabetes mellitus, acromegaly, Cushing 
syndrome; metabolic syndrome; any active use of 
glucocorticoids; active inflammatory or infectious disease; 
past gastric surgery, kidney, or liver function abnormalities; 
epilepsy; and psychiatric and eating disorders.

Controls gave their written informed consent before 
inclusion into the study.

Materials

Vacutainers were obtained from Becton Dickinson 
(Breda, Netherlands; cat# 367899; 6 mL K2 EDTA). 
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride 
(Pefabloc, SC AEBSF) was purchased from Roche Applied 
Science (cat# 11429876001; Almere, Netherlands). Stock 
solutions of AEBSF were prepared in distilled water to give 
a final concentration of 200 mg/mL AEBSF.

Human AG and UAG are determined by a 
double-antibody sandwich technique. The enzyme 
immunoassay (EIA) kits were obtained from Bertin 
Pharma (Montigny-le-Bretonneux, France; A05106 and 
A05119, respectively).
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Blood collection, AEBSF treatment, and storage

Overnight fasting venous blood samples for the measure-
ment of plasma AG and plasma UAG were withdrawn and 
collected in EDTA tubes. One 6 mL EDTA tube per patient 
or control was collected.

Immediately after withdrawal, AEBSF (dilution 
1:100) was directly added to all blood samples to prevent 
des-acylation of AG (3, 35). Whole blood was carefully 
mixed by inversion and stored on water ice (4°C) until 
centrifugation at 2500 g at 4°C for 5 min. Plasma of 
these venous blood samples was then rapidly aliquoted, 
four 1.5 mL Eppendorf tubes with 300 mL each. All 
plasma samples were stored at −80°C until the assay was 
performed. AEBSF was stored for a maximum of 1 month 
after dilution.

Acylated and unacylated ghrelin EIAs

After thawning on ice, plasma samples of all NET patients 
(N = 28) and sex- and age-matched controls (N = 28) were 
centrifuged for 1 min at 1500 g, 4°C and kept on ice before 

Table 1  Patient and tumor characteristics (N = 28). Data are 

expressed as median ± interquartile range (IQR).

Parameters Total

Age at diagnosis (range) 56 (35–81)
Sex – male (%) 15 (53.6)
Primary tumor location
  Small intestine 19 (67.8)
  Pancreas 3 (10.7)
  Stomach 1 (3.6)
  Lung 4 (14.3)
  Unknown 1 (3.6)
Carcinoid syndrome – yes (%) 15 (53.6)
Baseline serum CgA (µg/L) (IQR) 155.5 (56.0–493.8)
Baseline serum NSE (µg/L) (IQR) 83.0 (24.0–398.3)
Mean 24 h urinary 5-HIAA excretion/

creatinine ratio (mmol/mol)
14.9 (12.4–22.8)

Disease stage (%)
  Stage I 1 (3.6)
  Stage IIA 2 (7.1)
  Stage IIIB 6 (21.4)
  Stage IV 19 (67.9)
ENETS TNM classification (%)
  M0 11 (39.3)
  M1 17 (60.7)
Ki-67 proliferation index (IQR) 3 (2.0–10.0)
Grading (%)
  G1 9 (32.1)
  G2 17 (60.7)
  G3 1 (3.6)
  Unknown 1 (3.6)
Prior incomplete surgical  

resection – yes (%)
18 (64.3)

Figure 1
Plasma acylated ghrelin (AG), plasma unacylated ghrelin (UAG), and 
acylated ghrelin/unacylated ghrelin (AG/UAG) ratio in Caucasian, 
nonobese, nondiabetic NET patients (N = 28) versus sex- and age-matched 
healthy Caucasian, nonobese, nondiabetic controls (N = 28). Data are 
expressed as median ± interquartile range (IQR).
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transferring to the assay plates. All samples were measured 
in duplicate (50 µL/well) according to the manufacturer’s 
protocol (3).

A cubic polynomial fitting was used to determine 
concentrations from the calibration curves. This resulted 
in r2 values >0.99 in the majority of the assays. The intra-
assay percent coefficient of variation (%CVs) for AG was 

Figure 2
Primary tumor localization in patients with neuroendocrine tumors 
(NETs), and the distribution of plasma acylated ghrelin (AG), plasma 
unacylated ghrelin (UAG), and acylated ghrelin/unacylated ghrelin  
(AG/UAG) ratio. Data are expressed as median ± interquartile range (IQR).

Figure 3
Plasma acylated ghrelin (AG) and plasma unacylated ghrelin (UAG) in 
Caucasian, nonobese, nondiabetic NET patients (N = 28) distributed according 
to tumor grading. Data are expressed as median ± interquartile range (IQR).
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5.8 and for UAG 1.8. Interassay %CVs for AG was 14.7 
and for UAG 17.3.

Immunohistochemistry

Protein expression of total ghrelin was investigated in a 
small intestine NET tissue sample of one patient. Normal 
stomach tissue was used as a positive control. Mounted 
sections were deparaffinized, blocked for endogenous 
peroxidase activity, and rinsed with water. Following 
antigen retrieval, sections were incubated overnight at 
4°C with the antiacylated ghrelin antiserum (N-terminal 
antibody (#404,4-4); dilution 1:2000), which was kindly 
provided by Professor Hiroshi Hosoda. Next, sections were 
incubated with Brightvision poly-HRP-Anti Ms/Rb/Rt 
IgG kit (Immunologic, Duiven, The Netherlands), and 
the peroxidase activity was developed with 0.07% 
3,3-diaminobenzidine tetrahydrochloride (Sigma-Aldrich 
Chemie BV, Zwijndrecht, The Netherlands). Finally, 
sections were counterstained with hematoxylin.

Clinical and tumor characteristics

Clinical data of NET patients, including age at diagnosis, 
sex, primary tumor location, carcinoid syndrome, baseline 

serum CgA levels, baseline serum NSE levels, ENETS TNM 
classification, Ki-67 proliferation index, grading, and 
prior incomplete surgery, were collected from patient’s 
medical records.

Statistical analysis

Analyses were performed using SPSS software (version 
21 for Windows; SPSS) and GraphPad Prism Version 
6.04 (GraphPad Software). Comparisons between NET 
patients and controls were analyzed by Wilcoxon signed-
ranks tests, Mann–Whitney tests, and Fisher’s exact 
tests. Correlation analyses were done using Spearman’s 
rank correlation test. The results are expressed as 
median ± interquartile range (IQR). P-values of <0.05 
were considered to be statistically significant.

Results

Characteristics of the NET patients and their tumors are 
summarized in Table 1. Patients with NETs were matched 
with their controls by age and sex. Patients had a median 
age of 57.5 years (IQR: 50.3–66.5) and controls had 58.0 
years (IQR: 50.0–64.0).

Figure 4
Immunohistochemistry: section of normal stomach 
tissue (panel A, magnification 10×), 
immunohistochemical staining of ghrelin on 
normal stomach tissue (panel B, magnification 
10×), section of small intestine NET tissue (panel C 
magnification 20×), and immunohistochemical 
staining of ghrelin small intestine NET tissue 
(panel D, magnification 20×). The scale bar is set 
on 1 mm.
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Plasma AG and UAG levels in NET patients (N = 28) 
and their sex- and age-matched controls (N = 28) are 
shown (Fig. 1). Levels of plasma AG (Fig. 1A) and plasma 
UAG (Fig. 1B) showed a wide range in both patients and 
controls. Healthy controls had ‘reference levels’ of AG 
that ranged from 10 to 273 pg/mL and plasma UAG levels 
of 8–331 pg/mL. Median plasma AG levels in NET patients 
and controls were 62.5 (IQR: 33.1–112.8) and 57.2  
(IQR: 26.7–128.3, P = 0.66), respectively (Fig. 1A). Median 
plasma UAG levels in NET patients and controls were 76.6 
(IQR: 35.2–121.7) and 64.9 (IQR: 27.5–93.1, P = 0.44), 
respectively (Fig.  1B). The highest observed AG level of 
973.2 pg/mL and highest UAG level of 311.2 pg/mL were 
observed in the same patient with a small intestine NET.

The AG/UAG ratios in NET patients and the control 
population are provided (Fig. 1C). The median AG/UAG 
ratios in NET patients were 1.1 (IQR: 0.7–1.6), which were 
not significantly different from the median AG/UAG 
ratios in controls (1.0, IQR: 0.7–2.0, P = 0.86).

Figure  2A shows the primary tumor localization in 
NET patients and the distribution of plasma AG. Plasma 
UAG levels are shown in Fig.  2B, and AG/UAG ratio in 
Fig.  2C. All data are expressed as median ± interquartile 
range (IQR).

In Fig.  3A, tumor grading in NET patients and the 
distribution of plasma AG is shown. Plasma UAG levels and 
tumor grading are shown in Fig. 3B, and the AG/UAG ratio 
in Fig. 3C. All data are expressed as median ± interquartile 
range (IQR).

There were no significant differences in plasma 
AG levels (P = 0.60), plasma UAG levels (P = 0.55), and 
AG/UAG ratio (P = 0.53) between NET patients who did 
not undergo surgery and those who did undergo surgery 
with incomplete tumor removal.

We found no statistically significant correlations 
in NET patients between plasma AG, UAG, and  
AG/UAG ratios versus biochemical and clinical parameters 
with the exception of AG and AG/UAG ratio versus age 
at diagnosis (ρ = −0.47, P = 0.012; P = 0.46;  ρ = −0.50, 
P = 0.007) and AG/AUG/ratio versus baseline CgA levels 
(P = 0.88, P = 0.15;  ρ = −0.44, P = 0.019): sex (P = 0.46, 
0.41, P = 0.41), primary tumor location (P = 0.41, P = 0.38, 
P = 0.19), carcinoid syndrome (P = 0.46, P = 0.41, P = 0.41), 
baseline serum NSE levels (P = 0.47, P = 0.36, P = 0.10), 
ENETS TNM classification (P = 0.39, P = 0.39, P = 0.39), 
Ki-67 proliferation index (P = 0.92, P = 0.99, P = 0.65), 
grading (P = 0.40, P = 0.40, P = 0.86), and prior incomplete 
surgery (P = 0.47, P = 0.41, P = 0.42).

Immunohistochemistry was performed on a small 
intestine NET tissue sample of the patient with the 
highest plasma AG and UAG levels. Staining showed no 
immunoreactive NET cells for ghrelin (Fig. 4).

Discussion

This is the first study in which we measured fasting 
plasma acylated and unacylated ghrelin levels in a series 
of Caucasian, nonobese, nondiabetic NET patients and 
healthy sex- and age-matched Caucasian, nonobese, 
nondiabetic controls, using a sensitive assay.

Recently, we published the results of a 
noninterventional study in which we compared two 
different, commercially available, ELISA formats of 
AG and UAG in venous plasma stabilized or not with 
4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF) 
and stored for 0–6  months at −20°C or −80°C (3). We 
observed that when measured in AEBSF-stabilized plasma, 
the AG/UAG ratio is markedly higher than previously 
described and that UAG is a physiological component 
of the circulation. This highlights the importance of 
immediately stabilizing blood samples on collection 
for determination of both AG and UAG concentrations 
and provides a valuable tool for their measurement in 
physiological and interventional studies (3).

Trivedi and coworkers (36) showed that AEBSF may 
inhibit acetylcholinesterase (AChE) activity from the kits 
and thus may change AG levels. However, this problem of 
AEBSF suppressing AChE activity is circumvented using 
the applied processing method and Bertin Pharma EIA 
kits described by Delhanty and coworkers (3). Therefore, 
it is unlikely that because of technical issues, AG and UAG 
overlap and have almost the same reference range in both 
controls and NET groups.

Using an AEBSF-stabilized assay, our results are of 
interest as we found no significant differences in plasma 
AG levels and plasma UAG levels between NET patients 
and their matched controls. Therefore, we are quite certain 
that fasting plasma AG and UAG levels are no suitable 
diagnostic biomarkers in patients with NETs. Although 
the study was performed with a relatively small group of 
NET patients, we suspect that lack of power does not play 
a major role in our study.

We have also shown in this paper that incorrect 
processing of blood samples leads to raised UAG levels 
likely through conversion of AG to UAG. Also, we get 
roughly similar low levels of AG and UAG, and AG/UAG 
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ratios to that described by Tong and coworkers (37) using 
a different two-site sandwich ELISA that does not use 
AChE as an indicator.

We observed in our series of NET patients significant 
negative correlations of AG and the AG/UAG ratio 
versus age at diagnosis. These data are in accordance 
with the observation of an age-dependent decline of AG 
concentrations found in men by Nass and coworkers. 
Additionally, we detected in NET patients a significant 
negative correlation of the AG/AUG ratio versus baseline 
CgA levels. However, these AG/UAG ratios were not 
significantly different between patients and controls. 
Our hypothesis is that AG/UAG ratios reflect a favorable 
metabolic status for NETs. AG/UAG ratio were not 
significantly different between users of proton pump 
inhibitors (PPIs) and patients not taking PPIs (P = 0.42).

Healthy controls had ‘reference levels’ of AG that 
ranged from 10 to 273 pg/mL and plasma UAG levels of 
8–331 pg/mL. This is not an unusual finding in fasted 
subjects. For example, Liu and coworkers (4) find a range 
of 43–366 pg/mL for AG in four volunteers using a similar 
method of blood sample stabilization.

In one NET patient, the fasting plasma AG and UAG 
levels of 973.2 and 311.2 pg/mL, respectively, exceeded 
the control ’reference values’ of plasma AG and plasma 
UAG.

This particular 37-year-old male patient is the first 
case report of hyperghrelinemia associated by a small 
intestinal NET. He has a stage IIA, grade 2 NET that 
was found accidently after a short period of abdominal 
pain and fever. At the time of referral, he had no other 
clinical symptoms. Laboratory examination showed 
a normal baseline CgA level and normal 24 h urinary 
5-hydroxyindoleacetic acid (5-HIAA) excretion, but an 
elevated baseline NSE level (21.1 µg/L, maximum reference 
value: 16.2 µg/L). IHC on his small intestinal NET biopsy 
showed no immunoreactivity for ghrelin, however. 
This finding suggests that the NET does not seem to be 
directly responsible for the hyperghrelinemia. Although 
immunohistochemical staining on a nonrepresentative 
incidentally ghrelin-negative tumor area from a tumor 
with ghrelin in other areas could not be excluded.

In the literature, only 11 NET patients with 
elevated total and/or acylated ghrelin levels have been 
described (23, 24, 25, 26, 27). Of these patients, only 
one patient had clinical symptoms of hypersecretion of 
vasoactive products by the NET. This particular patient 
was especially suffering from diarrhea, tiredness, and 
anemia, and he developed diabetes mellitus as well. 

According to the authors, these symptoms were caused 
by the patient’s ghrelinoma. However, overproduction 
of other more common hormones including 
gastrin, glucagon, vasoactive intestinal peptide, and 
5-hydroxyindoleacetic acid which could explain the 
signs and symptoms was not excluded. Therefore, 
we could not confirm that ghrelin overproduction is 
of clinical importance and a ‘ghrelinoma syndrome’ 
probably does not exist. This is based on our finding that 
plasma AG and UAG levels are not significantly different 
between sex- and age-matched healthy individuals and 
NET patients. In addition, we found no significant 
correlations between plasma AG and UAG levels versus 
biochemical and clinical parameters. We suggest that 
the elevated AG and UAG levels in the particular NET 
patient were caused by nontumoral-related processes in 
which ghrelin plays a role.

In conclusion, we observed that, using a sensitive 
AEBSF-stabilized ghrelin assay, fasting plasma AG and 
UAG are useless as clinical diagnostic biomarkers in 
patients with an NET.
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