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Context: An increased prevalence of acromegaly was found some years ago in a highly polluted
area in North-Eastern Sicily, where high concentration of nonmethane hydrocarbons, volatile
organic compounds, and cadmium was found. Aryl hydrocarbon receptor (AHR) pathway has a key
role in detoxification of these compounds and in tumorigenesis.

Objective: We correlated the occurrence of AHR and/or AHR-interacting protein (AIP) gene variants
with acromegaly severity according to pollution exposition.

Design, Setting, and Patients: This was an observational, perspective study conducted over 7 years
in four Italian referral centers for pituitary diseases in which 210 patients with acromegaly were
enrolled between 2008 and 2015.

Interventions: Genetic screening of patients for AHR and AIP variants.

Main Outcome Measures: Clinical, biochemical, and radiological data of patients with and without
AIP and/or AHR gene variants, living in polluted (high-risk for health, [HR]) or nonpolluted (NP)
areas of five Italian regions were evaluated and compared.

Results: Among the 23 patients from HR areas, nine showed AHR or AIP variants. Mean IGF-I levels
and pituitary tumor diameter were significantly higher in these nine patients (HR/VAR�) than in
the other 14 (HR/VAR�) and in the 187 from NP areas (44 NP/VAR�). Somatostatin analogs signif-
icantly decreased mean GH and IGF-I levels in patients from NP areas and in HR/VAR� (GH P � .05;
IGF-I times the upper limit of normal P � .01) but not in HR/VAR� group.

Conclusions: Genetic variants potentially inducing functional abnormalities of the aryl hydrocar-
bon receptor (AHR) pathway are associated with a more severe acromegaly, increased pituitary
tumor size, and somatostatin analog resistance in patients living in HR areas. (J Clin Endocrinol
Metab 101: 1872–1879, 2016)

Acromegaly is a rare endocrine disease caused by a
GH-secreting pituitary tumor, which occurs in less

than 125 individuals per one million inhabitants (1, 2).

Increased prevalence of acromegaly was demonstrated by
some of us in a district of the province of Messina (Sicily,
Italy), identified as high-risk for health (HR) area by the
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Abbreviations: AHR, aryl hydrocarbon receptor; AIP, aryl-hydrocarbon interacting protein;
ARPA, Regional Agency for Environment Protection; cpm, cases per million inhabitants;
FIPA, familial isolated pituitary adenomas; HR, high-risk for health; NP, nonpolluted; NS, not
significant; PAH, polycyclic aromatic hydrocarbon; SIN, area of national interest for envi-
ronmental risk; SSa, somatostatin analog; TCDD, the 2,3,7,8-tetrachlorodibenzo-p-dioxin;
�ULN, times upper limit of normal; VAR, variant.
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Italian government on the basis of high atmospheric con-
centrations of nonmethane hydrocarbons and volatile or-
ganic compounds (3). The prevalence of acromegaly in
this polluted area (where 47 554 peoples are living)
reached 210 cases per million inhabitants (cpm) and the
relative risk of developing this disease was 8-fold higher,
in comparison with a reference area, in the same province
of Messina, characterized by low industrial density (3).
Subsequent unpublished investigations in the polluted
area suggest that the current prevalence is 330 cpm.

Recent preliminary in vitro studies showed that long-
term incubation with some endocrine disruptors, eg, phe-
nol and bis-(2-ethylhexyl)-phthalate, increases energy
content and proliferation of adenomatous and normal pi-
tuitary cells, in rats as well as in humans (4). In addition,
the long-term benzene exposition increased GH synthesis
in GH3 cells, and this effect was associated with decreased
aryl-hydrocarbon interacting protein (AIP) and increased
aryl-hydrocarbon receptor (AHR) expression (5). In the
same study, exposition to benzene also increased the ex-
pression of the somatostatin receptor subtype 2 but de-
creased ZAC1 expression, effect in accordance with a po-
tential impairment of the sensitivity to somatostatin
analogs (SSa) (5). Moreover, a very recent study demon-
strated that polychlorobiphenyls could affect apoptosis in
mouse pituitary gland cells through an AHR or thyroid
receptor–dependent mechanism (6).

The AHR pathway has a key role in cellular detoxifi-
cation mechanisms and several studies suggest that it is
implicated in tumorigenesis (7, 8). In contrast, inactivating
mutations of the AIP gene, encoding for a cochaperone
cytoplasmic protein involved in the regulation of AHR
activity and in many other intracellular interactions, have
been found in 40% of patients with isolated familial so-
matotropinomas. These mutations are also found in up to
13% of cases with sporadic GH-secreting pituitary mac-
roadenomas diagnosed under 30 years of age and in up to
4% of cases with sporadic acromegaly regardless of tumor
size and age of disease onset (9–12).

Recently, some of us showed that the AHR gene
rs2066853 polymorphism is significantly more frequent
in acromegalic patients, compared with controls, and is
associated with increased disease aggressiveness as well as
with increased prevalence of some secondary tumors, eg,
those of the thyroid or the bladder (13). Moreover, some
authors demonstrated an increased plasma concentration
of organ-halogenated compounds, such as polycloroby-
phenils and other substances with estrogen-like activity, in
domestic acromegalic cats, thus suggesting an impairment
of the xenobiotic metabolizing enzymatic system (14).

This study aimed to correlate the occurrence of AHR
and/or AIP genes variants in acromegalic patients with

disease severity and/or with the response to SSa treatment
according to pollution exposition. For this purpose, we
collected clinical, biochemical, and imaging data and per-
formed germline AHR and AIP genotyping of a cohort of
acromegalic patients who had lived for a long time before
diagnosis, and in almost all cases even after, in HR or
nonpolluted (NP) areas of five Italian regions (Veneto
Region, Marche Region, Apulia, Calabria Region, and
Sicily).

Materials and Methods

Subjects
We enrolled 210 consecutive acromegalic patients (79 men;

age 47.0 � 1.0 y; range, 26–88 y), recruited at the Endocrinology
Units of the University Hospitals of Messina (Sicily), Padua
(Veneto Region), and Ancona (Marche Region), and at the In-
ternal Medicine Unit of the General Hospital of Montebelluna
(Treviso, Veneto Region) between 2008 and 2015. Inclusion
criteria were: 1) acromegaly diagnosed after the age of 20 years,
2) active disease, 3) availability of information concerning birth
place and permanent address during the 20 years before diag-
nosis, and 4) consent for DNA sampling and genetic studies.
Exclusion criteria were: 1) foreign nationality, 2) relocation dur-
ing the 20 years before diagnosis, and 3) previous specific treat-
ments for acromegaly (surgery, SSa, dopamine agonists, pegvi-
somant, radiotherapy). Acromegaly was diagnosed according to
the current diagnostic guidelines (15).

Twenty-three of 210 patients had lived for at least 20 years
before diagnosis in HR areas, reported in the list of the areas
of national interest for environmental risk (SIN) identified by
the Department of Environment of the Italian Government
(www.minambiente.it) on the basis of data collected by the Re-
gional Agencies for Environment Protection (ARPAs).

All patients gave their informed consent and the study was
approved by the Ethical Committee of the University Hospital of
Messina.

Hormonal assays
Serum GH and IGF-I levels were assayed by commercial

methods in each referral center. Serum IGF-I levels were pre-
sented as times upper limit of normal (�ULN) to normalize hor-
mone levels in patients with different ages. In each case, IGF-I
�ULN values were calculated as mean of three determinations
collected in three different days over 2 weeks. Serum IGF-I
�ULN was calculated on the basis of the age-specific reference
range routinely used in each Endocrine Unit participating in the
study. Serum GH and IGF-I values were measured in all patients
at diagnosis, and after first-line SSa treatment (octreotide long-
acting release, 20 mg im or lanreotide, 90 mg autogel sc every
28 d for 6 mo) in 160 cases. In this study, patients were consid-
ered resistant to SSa when serum IGF-I levels did not decrease
below 1.3 �ULN and serum GH concentrations were greater
than 2.5 �g/L at the end of treatment.

Genotype analyses
We evaluated all the exons and paraexonic introns of AIP

gene, and the exon 10 of the AHR gene searching for polymor-
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phisms rs2066853 and rs4986826. The sequencing was re-
stricted to exon 10 of the AHR gene according to the results of
our previous study (13). Genomic DNA extraction and genetic
analyses were carried out as previously described (13, 16). Prim-
ers and annealing temperatures used in the PCR reactions are
listed in Supplemental Table 1.

Statistical analysis
Values are expressed as mean � SE and categorical variables

as number and percentage. Clinical characteristics of patients
(sex, age at diagnosis, presence of a micro- or macroadenoma,
resistance to SSa treatment) were compared using the Pearson’s
�2 test. The nonparametric Mann-Whitney U test was used to
compare the adenoma diameter, serum levels of GH, and IGF-I
�ULN at diagnosis and at the last visit, because these variables
did not present the normal distribution as verified by Kolmogo-
rov-Smirnov test. P values were considered significant at a level
of�.05. Statistical analysis was performed using StatSoft version
11.0 (StataCorp).

Results

Clinical and biochemical characteristics and tumor size of
the 210 patients with acromegaly are summarized in Table
1. Overall, 187 patients were from NP and 23 from HR
areas. Age at diagnosis (47.2 � 1.0 vs 45.3 � 3.1 y) and
sex distribution (35.8 vs 52.2% of males) were not sig-
nificantly different between the two groups, as well as
mean serum GH (19.2 � 3.3 vs 11.7 � 3.6 �g/L) and IGF-I
levels at presentation (2.8 � 0.1 vs 2.8 � 0.2 �ULN),
prevalence of macroadenomas (69.0 vs 65.2%), and mean
tumor diameter (16.4 � 1.2 vs 20.1 � 5.5 mm). Respon-
siveness to SSa treatment was evaluated in 142/187 and
18/23 cases, respectively. The percentages of patients who

normalized IGF-I levels (56.3 vs 38.8%) or decreased
baseline GH levels more than 50% (77.4 vs 38.8%), and
the percentage of GH reduction (68.4 � 2.7 vs 62.3 �

9.6%) were not significantly different between the two
groups.

AIP genotyping
Heterozygous variants of AIP gene were detected in 7

of 210 patients (AIP�, 3.3%), two familial and five spo-
radic cases. We found a p.R304Q mutation (c.911G�A)
or a p.R304* nonsense mutation (c.910C�T) in three and
one patients, respectively, and a nucleotide substitution
in the donor splice site of intron 3 (IVS3�1 G�A) in one
patient, and a p.R16H change (c.47G�A) in the remain-
ing two cases. Two patients were from HR areas of
the Marche Region (p.R304Q) and Veneto Region
(p.R304*), respectively. At diagnosis, microadenomas
were detected in the two cases from HR and in 1 from NP
areas, whereas macroadenomas were present in the other
ones (Table 2). Among six patients treated with SSa for at
least 6 months, four (66.7%) decreased baseline GH levels
more than 50% and normalized IGF-I levels. In these six
patients, mean GH and IGF-I values were lower at last visit
than at diagnosis (GH 14.22 � 8.9 vs 3.8 � 0.9 ng/mL; P �

not significant [NS]; IGF-I, 3.1 � 0.5 vs 1.8 � 0.3 �ULN;
P � NS). The percentages of cases that normalized IGF-I
levels (66.7 vs 53.8%) or decreased baseline GH levels
more than 50% (66.7 vs 73.4%) and the percentage of GH
reduction (41.3 � 15.1 vs 68.0 � 2.6%) were not signif-
icantly lower in the AIP� than in the AIP� patients. Mean
IGF-I levels at last visit were also not significantly different
between the two groups (1.8 � 0.3 vs 2.6 � 1.1 �ULN).
Resistance to treatment was demonstrated in one patient
from HR areas and in one of four cases from NP areas.
Overall, AIP mutations were found in 8.7% of patients
from HR areas and in 2.7% of the other cases (P � NS).

AHR genotyping
Overall, rs2066853 (c.1661G�A) AHR polymor-

phism was found in homozygosis in one patient and in
heterozygosis in 46 cases (AHR�, 22.4%). Moreover,
heterozygous rs4986826 (c.1708G�A) AHR change was
detected in six cases with rs2066853 AHR polymorphism
(2.9%), one in homozygosis and five in heterozygosis.
Other variants of the AHR gene were not found. Among
the patients with AIP mutations, rs2066853 polymor-
phism was detected in only one woman with the p.R16H
variant (Table 2). In AHR� patients, the percentage of
males (42.5 vs 36.2%), mean age (46.3 � 2.4 vs 47.0 �

1.1 y), GH values (24.0 � 9.4 vs 17.1 � 2.9 ng/mL), IGF-I
levels (2.7 � 0.2 vs 2.8 � 0.1 �ULN), prevalence of mac-
roadenomas (70.2 vs 68.0%), and mean tumor diameter

Table 1. Clinical and Biochemical Characteristics of
Acromegalic Patients Stratified According to the Areas
Where They Had Lived During the 20 Years Before
Diagnosis

Characteristic Overall NP Areas HR Areas P

Patients, n 210 187 23
Male sex, n 79 67 12 NS
Age at diagnosis, y 47.0 � 1.0 47.2 � 1.0 45.3 � 3.1 NS
Mean GH levels at

diagnosis, �g/L
18.6 � 3.0 19.2 � 3.3 11.7 � 3.6 NS

Mean IGF-I levels
at diagnosis,
�ULN

2.8 � 0.1 2.8 � 0.1 2.8 � 0.2 NS

Mean pituitary
tumor diameter,
mm

17.1 � 1.2 16.4 � 1.2 20.1 � 5.5 NS

Macroadenomas,
%

68.6 69.0 65.2 NS

AIP-mutated
patients

7 (3.3%) 5 (2.7%) 2 (8.7%) NS

FIPA 5 (2.4%) 4 (2.1%) 1 (4.3%) NS
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(17.3 � 2.1 vs 16.9 � 1.4 mm) at diagnosis were not
significantly different than in the AHR� ones (Table 3). In
addition, SSa treatment significantly decreased GH and
IGF-I levels in both groups of patients (AHR� P � .05 and
P � 0.0001; AHR� P � .0001 and P � 0.0001, respec-
tively). SSa induced normalization of IGF-I levels in 47.5
and 56.6%, and reduced baseline GH levels more than
50% in 75.0% of AHR� and in 72.5% of AHR� patients,
respectively (P � NS). The percentage of GH reduction
(68.3 � 5.4 vs 67.9 � 2.9%) and mean IGF-I levels at last
visit (1.5 � 0.1 vs 1.4 � 0.1 �ULN) were similar between
the two groups of patients.

Genetic changes and pollution exposition
Among the 23 patients from HR areas, seven showed

AHR polymorphisms (30.4%) and two were found with
AIP mutations (8.7%). Mean IGF-I levels and pituitary
tumor diameter were significantly higher in these nine pa-
tients (HR/VAR�) than in the other 14 (HR/VAR�)
(Table 4). On the contrary, mean GH levels were lower,

although not statistically significantly, in the former group
than in the latter one (Table 4). Mean age at diagnosis was
not significantly lower in the HR/VAR� than in the HR/
VAR� group (41.0 � 6.2 vs 47.5 � 3.6 yrs, P � NS).
Gender and macroadenoma prevalence were not different
between the two groups. HR/VAR� patients showed sig-
nificantly higher IGF-I levels and tumor diameter at diag-
nosis also in comparison with those from NP areas, re-
gardless of whether they were carriers of AHR and/or AIP
variants (NP/VAR�) or not (NP/VAR�) (Table 4). Treat-
ment with SSa normalized IGF-I levels in six of 11 HR/
VAR� patients but in only one of seven HR/VAR� cases
(�2 2.9; P � NS) (Figure 1A). The prevalence of patients
who decreased baseline GH levels more than 50% was
14.2% in HR/VAR� and 54.5% in the other HR group
(P � NS) (Figure 1A). SSa significantly decreased
mean GH and IGF-I levels in HR/VAR� (GH: 3.4 � 1.7 vs
15.5 � 5.5 ng/mL, P � .05; IGF-I: 1.4 � 0.4 vs 2.5 � 0.2
�ULN, P � .01) but not in HR/VAR� (GH: 2.1 � 0.8 vs
5.8 � 1.9 ng/mL, P � NS; IGF-I: 3.2 � 0.9 vs 4.3 � 0.1
�ULN, P � NS) group (Figure 1B). In NP/VAR� and
NP/VAR� groups, 56.4 and 56.3% normalized IGF-I lev-
els and 71.7 and 79.6% of patients decreased GH levels
more than 50%, respectively. In both groups, mean GH
and IGF-I levels were significantly lower during treatment
than at baseline (Figure 1A). SSa treatment normalized
both IGF-I and GH levels in none of the HR/VAR� pa-
tients and in 54.5% of HR/VAR�, but in 25.6 and 50.5%
of NP/VAR� and NP/VAR� groups, respectively (P � NS)
(Figure 1A).

Discussion

The present study suggests that acromegaly is more bio-
chemically severe and resistant to SSa treatment in patients
from HR areas, if they also carry specific AHR and/or AIP
gene variants. Indeed, patients in HR/VAR� group
showed higher IGF-I levels and bigger GH-secreting pitu-

Table 2. Clinical and Biochemical Characteristics of Patients With AIP Gene Variants

Case
No.

HR
Area

Sex,
M/F Agea

Adenoma,
m/M

GH,
�g/La

IGF-I,
�ULNa AIP Variant FIPA

AHR
Variant

SSa,
S/R

1 Yes M 32 m 4.2 4.1 p.R304* Yes R
2 Yes F 53 m 4.4 3.1 p.R304Q No S
3 No F 26 m 1.1 1.1 p.R16H Yes rs2066853b NA
4 No F 62 M 4.4 1.9 p.R304Q No R
5 No M 50 M 58 5.1 p.R16H No S
6 No F 67 M 13.3 3.4 p.R304Q No S
7 No F 28 M 35 3.3 IVS3 � 1G�A No S

Abbreviations: m/M: micro- or macroadenoma; NA, not applicable; R, resistant; S, sensible.
a At diagnosis.
b rs2066853 heterozygous AHR gene variant.

Table 3. Clinical and Biochemical Characteristics of
Acromegalic Patients, Overall and Stratified on the basis
of the Occurrence of rs2066853 AHR Polymorphism

Characteristics Overall AHR� AHR� P

Patients, n 210 47 163
Male sex, n 79 20 59 NS
Age at diagnosis, y 47.0 � 1.0 46.3 � 2.4 47.0 � 1.1 NS
Mean GH levels at

diagnosis, �g/L
18.6 � 3.0 24.0 � 9.4 17.1 � 2.9 NS

Mean IGF-I levels
at diagnosis,
�ULN

2.8 � 0.1 2.7 � 0.2 2.8 � 0.1 NS

Mean pituitary
tumor diameter,
mm

17.1 � 1.2 17.3 � 2.1 16.9 � 1.4 NS

Macroadenomas,
%

68.6 70.2 68.0 NS

AIP-mutated
patients

7 (3.3%) 1 (2.1%) 6 (3.7%) NS

FIPA 5 (2.4%) 1 (2.1%) 4 (2.4%) NS
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itary adenomas than the other ones, and treatment with
SSa normalized IGF-I levels in only 14% of cases, in con-
trast with 54–56% of patients in the other groups. Ac-
cordingly, SSa halved GH values in 54–80% of cases in
HR/VAR�, NP/VAR�, and NP/VAR� groups, but only in
14% of those in the HR/VAR� one, and significantly re-
duced GH and IGF-I levels in the formers but not in the

latter. Moreover, SSa treatment normalized both IGF-I
and GH levels in none of the patients HR/VAR� but 25–
54% of the patients of the other groups.

The AHR is a transcription factor belonging to the basic
helix-loop-helix/Per/ARNT/Sim family and is the only one
that is activated by a ligand (7). It is stimulated by several
natural compounds that are present in food such as indoles

and flavonoids, or by tryptophan
derivatives, arachidonic acid metab-
olites, and other endogenous prod-
ucts. The most potent AHR ligand
known so far is 2,3,7,8-tetrach-
lorodibenzo-p-dioxin (TCDD) but
more than 400 exogenous com-
pounds act as AHR ligands, most of
which are environmental endocrine
disruptors, including a variety of
polycyclic aromatic hydrocarbons
(PAHs), with benzo[a]pyrene as pro-
totype, and planar polychlorinated
biphenyls (17).

It is generally accepted that the
metabolic responses to environmen-
tal pollutants can be the direct con-
sequence of AHR activation. More-
over, it is worth considering also that
AHR interacts with other receptor
pathways such as the estrogen recep-
tor one, which means that com-
pounds with estrogen-like activity
could indirectly affect AHR function
(18). In the cytosol, the unbound re-
ceptor forms a complex with AIP,
the cochaperone protein p23, and
two heat shock protein 90 mole-
cules. Ligand binding results in nu-
clear translocation of AHR, dissoci-
ation from the chaperone proteins,
heterodimerization with a nuclear
translocator (ARNT), and subse-
quent binding to xenobiotic-respon-

Figure 1. A, the percentage of patients who normalized IGF-I levels or reduced GH
concentrations �50% or normalized both IGF-I and GH levels, stratified on the basis of HR or NP
areas where they lived for �20 y before diagnosis and on the basis of the occurrence (VAR�) or
not (VAR�) of AHR and/or AIP variants. B, the differences of IGF-I levels, expressed as �ULN at
baseline and after 6-mo treatment in the four groups of patients.

Table 4. Clinical and Biochemical Characteristics of Acromegalic Patients Stratified According to the Presence of
AHR and/or AIP Variants (VAR�) or not (VAR�), and to the Area Where They Had Lived Before Diagnosis

Characteristic HR/VAR� HR/VAR� P NP/VAR� NP/VAR� P

Cases, n 9 14 NS 44 143 NS
Male sex, n 5 7 NS 17 50 NS
Age at diagnosis, y 41.0 � 6.2 47.5 � 3.6 NS 48.9 � 2.5 46.6 � 1.1 NS
Mean GH levels at diagnosis, �g/L 8.0 � 3.4 15.4 � 5.5 NS 16.4 � 3.3 14.7 � 1.8 NS
Mean IGF-I levels at diagnosis, �ULN 4.3 � 0.1 2.5 � 0.2 �.001 2.8 � 0.2 2.8 � 0.1 NS
Mean pituitary tumor diameter, mm 24.2 � 3.7 12.1 � 3.3 �.02 16.4 � 2.5 15.9 � 1.3 NS
Macroadenomas, n 6 9 NS 31 98 NS
FIPA 0 1 NS 1 3 NS
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sive elements, leading to transactivation of several genes
encoding phase I and II xenobiotic-metabolizing enzymes,
such as cytochrome P450s (CYP1A1, CYP1A2, and
CYP1B1) (7). In animal models, activation of the AHR
pathway by PAHs leads to their detoxification and excre-
tion and, at the same time, to their metabolic activation to
genotoxic compounds. In contrast, TCDD is metaboli-
cally inert and its binding to AHR does not lead to the
production of genotoxic metabolites. These effects could
seem apparently paradoxical, given that TCDD is a well-
known tumor promoter whereas PAHs lose carcinogenic
activity in AHR-knockout animals (7). However, it is
worth noting that other noncanonical effects consequent
to the activation of the AHR pathway can play an impor-
tant role in tumor promotion. Some studies have recently
suggested that the AHR pathway is involved in the tran-
sition from a benign to a malignant tumor, as also dem-
onstrated in vitro by the higher nuclear AHR expression in
invasive than in noninvasive tumor cells or by increased
tumor invasion associated with AHR down-regulation
(19, 20). Recently, AHR protein overexpression was dem-
onstrated in differentiated thyroid cancer of both acro-
megalic and nonacromegalic patients, especially in asso-
ciation with the BRAF V600E mutation (21). It has been
demonstrated that several AHR xenobiotic ligands induce
the activation of the MAPK/ERK1/2-signaling pathway,
as observed in presence of BRAF mutations (21). Never-
theless, the effects of AHR activation are tissue- and spe-
cies specific and the molecular mechanisms of AHR-de-
pendent carcinogenesis are still largely unknown.

Several AHR gene polymorphisms have been detected
in humans, the majority in exon 10. Some of these genetic
changes were associated with an altered induction of
CYP1A1 or CYP1A2 activity, in response to specific li-
gands (22). In a previous study, some of us found only two
polymorphisms of exon 10, rs2066853 and rs4986826, in
acromegalic patients (13). The rs2066853 variant, con-
sisting in a G�A substitution and causing an arginine to
lysine replacement in the transactivating domain, was
found in a quarter of cases and was associated with higher
IGF-I values and tumor invasiveness of cavernous sinus
(13). In a recent study, the occurrence of this polymor-
phism and the rs2158041 variant was associated with a
significant risk of developing gliomas and with a higher
level of PAH-DNA adducts in glioma tissue, which cor-
related with tumor grade (22). In our previous study, the
rs4986826 polymorphism was extremely rare and was
always associated with the rs2066853 change (23). In the
present study, according to our previous findings, the
prevalence of rs2066853 and rs4986826 among acrome-
galic patients was much higher (22.4 and 2.9%, respec-
tively) than what was reported in the ExAC database for

the European population (9.8 and 0.2%, respectively).
Nevertheless, these AHR variants per se did not associate
with acromegaly severity or pituitary tumor size, whereas
cavernous sinus invasiveness was not investigated because
imaging data were available only in a minority of cases.
However, it is noteworthy that many of the patients with
the rs2066853 variant enrolled onto our previous study
were from an HR area of the province of Messina, whereas
in this new study the majority (84.7%) were from NP
areas.

Mutations of AIP gene were found in seven of our 210
patients (3.3%). Of them, two were familial isolated pi-
tuitary adenomas (FIPA) and two were from HR areas. In
two patients we detected a p.R16H change, whose patho-
genic role is still debated (24). Some AIP gene mutations
cause low-penetrance pituitary tumor predisposition and
are associated with younger age at diagnosis, higher serum
GH and IGF-I values, larger size of pituitary tumors, and
resistance to SSa treatment (25). Nevertheless, the patho-
genic mechanism by which AIP mutations cause pituitary
tumor predisposition is still unclear. A recent study dem-
onstrated that AIP deficiency leads to elevated cAMP con-
centrations through defective inhibitory G protein � sub-
units (G�)i-2 and G�i-3, which normally inhibit cAMP
synthesis. The same authors showed by immunostaining
that AIP deficiency is associated with a reduction in G�i-2
protein expression in human and mouse GH-secreting pi-
tuitary adenomas, thus indicating defective G�i signaling
in these tumors (26). The AIP exerts several intracellular
regulatory activities, but it is also required for a correct
cytosolic AHR expression. Several studies showed that
AIP gene mutations could alter the function of the AHR
pathway (27, 28). Among twenty different interactions
described for AIP, the AHR-cAMP-phosphodiesterase
pathway seems to be a very attractive candidate for the
involvement in pituitary tumorigenesis (7). However,
there is considerable controversy regarding the effects of
AIP on AHR function. Some studies reported that AIP
could enhance the transcription activity and expression
levels of AHR, whereas others demonstrated the opposite
(28). Some authors also suggested that AIP protects AHR
from ubiquitin-dependent degradation through the pro-
teasome, and low levels or loss of AIP correlates with low
expression of AHR (29–31). Therefore, the AHR down-
regulation could be involved in pathophysiology of AIP
mutated and/or aggressive somatotropinomas (31).

It could be argued that the presence of two patients with
AIP gene mutations in the HR/VAR� group has influ-
enced the results of this study. In our opinion, however,
this is not the case. Indeed, these AIP� patients showed
microadenomas and slightly increased GH values, and SSa
sensitivity was demonstrated in one of the two cases. The
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other five AIP� patients (three cases with well-known mu-
tations associated with pituitary tumor predisposition)
were from NP areas, and at least two of them showed high
or very high serum GH and IGF-I levels, three a macroad-
enoma, but only 25% SSa resistance.

Mean GH values were significantly lower in the HR/
VAR� group than in the other ones, despite that mean
IGF-I values were significantly higher, suggesting an in-
creased GH bioactivity. Other studies are necessary to
confirm this evidence and to clarify the mechanism caus-
ing it.

In Italy, 44 SINs were identified in 2014, one of which
was in Veneto Region, one in Calabria Region, two were
in Marche Region, four in Apulia, and the other four in
Sicily. Among our patients, 12 were from 2 SINs of Sicily,
seven were from the SIN of Veneto Region, two from 2
SINs of Marche Region, one from a SIN of Apulia, and one
from the SIN of Calabria Region. In these areas, ARPAs
have reported increased concentration of nonmethane hy-
drocarbons, volatile organic compounds, or heavy metals.
The presence of asbestos was reported only in the SIN of
Apulia. Detail of the most relevant pollutants found in the
SINs where our patients lived, are reported in Supplemen-
tal Table 2. Recently, an increased concentration of cad-
miumwas found in theurineof adolescents fromoneof the
Sicilian SINs where 11 of our patients are living (32).

With regard to the results of our study, we cannot ex-
clude a synergistic effect on clinical expression of soma-
totropinomas of AHR/AIP genetic variants and envi-
ronmental endocrine disruptors acting via non-AHR
pathways. On the other hand, this study has some limi-
tations: 1) we could not provide epidemiological data on
acromegaly prevalence in the polluted or nonpolluted ar-
eas because of the study’s design; 2) we enrolled a rela-
tively low number of patients from HR areas, but it must
be considered that acromegaly is a very rare disease, the
polluted areas represent less than 2% of the country’s sur-
face, and the inclusion/exclusion criteria of the study were
strict (eg, permanent address for at least 20 y before di-
agnosis); 3) we did not evaluate tumor shrinkage but only
the biochemical response after 6 months of SSa treatment.

In conclusion, we found that genetic variants poten-
tially inducing functional abnormalities of the AHR path-
way are associated with a more severe disease, increased
pituitary tumor size, and resistance to SSa treatment in
patients living in highly polluted areas. Moreover, we con-
firm that approximately one quarter of acromegalic pa-
tients are carriers of the AHR rs2066853 polymorphism,
and 3% of them are carriers of AIP gene mutations, both
in a sporadic or familial setting. Additional studies eval-
uating AHR expression in pituitary tumors of acromegalic
patients from polluted and nonpolluted areas and with or

without AHR/AIP genetic variants would contribute to
clarifying the role of the AHR pathway in this peculiar
clinical context.

Acknowledgments

Address all correspondence and requests for reprints to:
Francesco Ferraù, MD, Department of Clinical and Experimen-
tal Medicine, University of Messina, UOC di Endocrinologia,
Padiglione H, 4° Piano, AOU Policlinico Gaetano Martino, Via
Consolare Valeria, 1, 98125 Messina, Italy. E-mail:
francesco.ferrau1@gmail.com.

This work was supported by a grant of the Ministry of
Education, University and Research of the Italian Government
(PRIN 2010/2011, cod- DI1112000360001).

Disclosure Summary: The authors have nothing to disclose.

References

1. Daly AF, Rixhon M, Adam C, Dempegioti A, Tichomirowa MA,
Beckers A. High prevalence of pituitary adenomas: A cross-sectional
study in the province of Liege, Belgium. J Clin Endocrinol Metab.
2006;91:4769–4775.

2. Gruppetta M, Mercieca C, Vassallo J. Prevalence and incidence of
pituitary adenomas: A population based study in Malta. Pituitary.
2013;16:545–553.

3. Cannavò S, Ferraù F, Ragonese M, et al. Increased prevalence of
acromegaly in a highly polluted area. Eur J Endocrinol. 2010;163:
509–513.

4. Tapella L, Sesta A, Losa M, Cavagnini F, Pecori Giraldi F. Effect of
phenols and phthalates on rat and human pituitary cell proliferation.
Endocr Abstr. 2015;37:EP657.

5. Zunino V, Catalano MG, Guaraldi F, D’Angelo V, Arvat E, Fortu-
nati N. Exposure to benzene modifies SSTR2-ZAC1 signalling path-
way in GH3 pituitary adenoma cells. 38th National Meeting of the
Italian Society of Endocrinology, 2014, p 113, Abstr PD17.

6. Raggi F, Russo D, Urbani C, et al. Divergent effects of dioxin- or
non-dioxin-like polychlorinated biphenyls on the apoptosis of pri-
mary cell culture from the mouse pituitary gland. PLoS One. 2016;
11(1):e0146729.

7. Dietrich C, Kaina B. The aryl hydrocarbon receptor (AhR) in the
regulation of cell-cell contact and tumor growth. Carcinogenesis.
2010;31:1319–1328.

8. Feng S, Cao Z, Wang X. Role of aryl hydrocarbon receptor in cancer.
Biochim Biophys Acta. 2013;1836:197–210.

9. Gadelha MR, Frohman LA. Pathogenesis of familial acromegaly.
Front Horm Res. 2010;38:121–126.

10. Georgitsi M, De Menis E, Cannavò S, et al. Aryl hydrocarbon re-
ceptor interacting protein (AIP) gene mutation analysis in children
and adolescents with sporadic pituitary adenomas. Clin Endocrinol
(Oxf). 2008;69:621–627.

11. Cuny T, Pertuit M, Sahnoun-Fathallah M, et al. Genetic analysis in
young patients with sporadic pituitary macroadenomas: Besides AIP
don’t forget MEN1 genetic analysis. Eur J Endocrinol. 2013;168:
533–541.

12. Cazabat L, Bouligand J, Salenave S, et al. Germline AIP mutations
in apparently sporadic pituitary adenomas: Prevalence in a prospec-
tive single-center cohort of 443 patients. J Clin Endocrinol Metab.
2012;97:E663–E670.

13. Cannavo S, Ferrau F, Ragonese M, et al. Increased frequency of the

1878 Cannavo et al Acromegaly and Pollution J Clin Endocrinol Metab, April 2016, 101(4):1872–1879

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/4/1872/2804622 by guest on 02 February 2021

http://press.endocrine.org/doi/suppl/10.1210/jc.2015-4191/suppl_file/jc-15-4191.pdf
http://press.endocrine.org/doi/suppl/10.1210/jc.2015-4191/suppl_file/jc-15-4191.pdf
mailto:francesco.ferrau1@gmail.com


rs2066853 variant of aryl hydrocarbon receptor gene in patients
with acromegaly. Clin Endocrinol (Oxf). 2014;81:249–253.

14. Dirtu AC, Niessen SJ, Jorens PG, Covaci A. Organohalogenated
contaminants in domestic cats’ plasma in relation to spontaneous
acromegaly and type 2 diabetes mellitus: A clue for endocrine dis-
ruption in humans? Environ Int. 2013;57–58:60–67.

15. Melmed S, Casanueva FF, Klibanski A, et al. A consensus on the
diagnosis and treatment of acromegaly complications. Pituitary.
2013;16(3):294–302.

16. Ferraù F, Romeo PD, Puglisi S, et al. Analysis of GPR101 and AIP
genes mutations in acromegaly: A multicentric study [published on-
line ahead of print January 27, 2016]. Endocrine. doi:10.1007/
s12020-016-0862-4.

17. Denison MS, Pandini A, Nagy SR, Baldwin EP, Bonati L. Ligand
binding and activation of the Ah receptor. Chem Biol Interact. 2002;
141:3–24.

18. Shanle EK, Xu W. Endocrine disrupting chemicals targeting estro-
gen receptor signaling: Identification and mechanisms of action.
Chem Res Toxicol. 2011;24(1):6–19.

19. Yang X, Liu D, Murray TJ, et al. The aryl hydrocarbon receptor
constitutively represses c-myc transcription in human mammary tu-
mor cells. Oncogene. 2005;24:7869–7881.

20. Villano CM, Murphy KA, Akintobi A, White LA. 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) induces matrix metalloproteinase
(MMP) expression and invasion in A2058 melanoma cells. Toxicol
Appl Pharmacol. 2006;210:212–224.

21. Mian C, Ceccato F, Barollo S, et al. AHR over-expression in pap-
illary thyroid carcinoma: Clinical and molecular assessments in a
series of Italian acromegalic patients with a long-term follow-up.
PLoS One. 2014;97:e101560.

22. Harper PA, Wong JM, Lam MS, Okey AB. Polymorphisms in the
human AH receptor. Chem Biol Interact. 2002;141:161–187.

23. Gu A, Ji G, Jiang T, et al. Contributions of aryl hydrocarbon re-

ceptor genetic variants to the risk of glioma and PAH-DNA adducts.
Toxicol Sci. 2012;128:357–364.

24. Zatelli MC, Torre ML, Rossi R, et al. Should AIP gene screening be
recommended in family members of FIPA patients with R16H vari-
ant? Pituitary. 2013;16:238–244.

25. Beckers A, Aaltonen LA, Daly AF, Karhu A. Familial isolated pitu-
itary adenomas (FIPA) and the pituitary adenoma predisposition
due to mutations in the aryl hydrocarbon receptor interacting pro-
tein (AIP) gene. Endocr Rev. 2013;34:239–277.

26. Heliövaara E, Raitila A, Rautiainen MR, et al. AIP inactivation leads
to pituitary tumorigenesis through defective G�i-cAMP signaling.
Tuominen I, Oncogene 2015;26:34(9):1174–1184.

27. Nukaya M, Lin BC, Glover E, Moran SM, Kennedy GD, Bradfield
CA. The aryl hydrocarbon receptor-interacting protein (AIP) is re-
quired for dioxin-induced hepatotoxicity but not for the induction
of the Cyp1a1 and Cyp1a2 genes. J Biol Chem. 2010;285:35599–
35605.

28. Trivellin G, Korbonits M. AIP and its interacting partners. J Endo-
crinol. 2011;210:137–155.

29. Kazlauskas A, Poellinger L, Pongratz I. The immunophilin-like pro-
tein XAP2 regulates ubiquitination and subcellular localization of
the dioxin receptor. J Biol Chem. 2000;275:41317–41324.

30. Morales JL, Perdew GH. Carboxyl terminus of hsc70-interacting
protein (CHIP) can remodel mature aryl hydrocarbon receptor
(AhR) complexes and mediate ubiquitination of both the AhR and
the 90 kDa heat-shock protein (hsp90) in vitro. Biochemistry. 2007;
46:610–621.

31. Jaffrain-Rea ML, Angelini M, Gargano D, et al. Expression of aryl
hydrocarbon receptor (AHR) and AHR-interacting protein in pitu-
itary adenomas: Pathological and clinical implications. Endocr
Relat Cancer. 2009;16:1029–1243.

32. Interdonato M, Bitto A, Pizzino G, et al. Levels of heavy metals in
adolescents living in the industrialised area of Milazzo-Valle del
Mela (northern Sicily). J Environ Public Health. 2014;2014:
326845.

doi: 10.1210/jc.2015-4191 press.endocrine.org/journal/jcem 1879

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/4/1872/2804622 by guest on 02 February 2021


