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RATIONALE

During the first part of my PhD program, carried out in the “Biologia Cellulare ed Applicata”
laboratory of University of Calabria directed by Prof. Vincenzo Pezzi, investigated the role of
functional cross-talk between IGF - 11 / IGF1R and estrogen receptors in Adrenocortical Carcinoma
(ACC) growth. In particular the role of G Protein Coupled Estrogen Receptor (GPER) in ACC
growth. In the second part of the program | was included in the project of the Ministry of Health
"Osservatorio per I’ILVA" through a partnership concluded between University of Calabria and
National Institute for Health (ISS) in Rome. We developed and credited an analytical method for
the determination of mercury through the TDA-AAS technique (Thermal Decomposition
Amalgamation Atomic Absorption Spectrometry). This method used a mercury direct automatic
analyzer DMA-80TRICELL (Srl Milestone, Sorisole, Italy) and it was applied for Human

Biomonitoring activity expected by project.

GPER agonist G-1 decreases adrenocortical carcinoma (ACC) cell growth in vitro

and in vivo

ACC is a very rare tumor accounting for 0.7-2.0 cases/million people per year with an increased
incidence in the first and fourth-fifth decades of life. By gender, females are the most affected (55-
60%) (Else et al., 2014). The cornerstones in the pathogenesis of ACC are considered to be the
genetic alterations of the IGF-2, p53 and B-catenin molecular pathways (Barlaskar et al., 2007;
Ragazzon et al., 2011). More than 85% of ACC showed allelic losses (LOH) at the TP53 locus
(17p13)(Bertherat and Bertagna 2009). Additionally, other genes, such as ZNFR3, identified by a
genome-wide study, appear potentially involved in the tumorigenesis of ACC (Assié et al., 2014).
Most frequently genetic alterations (90 % of cases ) (Barlaskar et al. 2008) associated to ACC is the
loss of region imprinted on locus 11p15 resulting in excess of insulin growth factor 11 ( IGFII )
expression. IGFII effects are mediated through its receptor IGF1R resulting in activation of the
PIBK/AKT/mTOR cascade, the RAS/MAPK and the PLC/PKC pathways (Pollak, 2008), this
demonstrate the important role of IGF system in ACC. However, Adrenocortical cancer is a disease
extremely heterogeneous and this new pharmacological approach could not be enough for the
therapy of all forms of ACC. To improve diagnosis, prognostic evaluation and treatment of different
types of tumours is important understand the pathophysiology. Professor Pezzi’s group have
demonstrated that ACCs are characterized by ERo up-regulation and aromatase (the enzyme
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involved in the production of estrogens using androgens as substrate) over-expression (Barzon et al
2008). They highlight that estradiol improves proliferation in cell line H295R, whereas
antiestrogens upregulate ERpB and inhibit ACC cell growth ( Montanaro et al., 2005). It is known
that tamoxifen and its metabolite 4-hydroxytamoxifen not only exercise antiestrogenic activity.
OHT, in fact, is able to modulate the downstream pathway of GPR30 (Montanaro et al., 2005;
Vivacqua et al., 2006a). This receptor, when activated by OHT, mean rapid molecular signaling of
non-genomic type similar to those induced by estradiol (Lappano et al.,. 2013; Prossnitz et al.,
2009; Vivacquaet al., 2006a.) which include the mobilization of intracellular Ca®*, stores and
activation of mitogens activated protein kinase (MAPK) and the involvement of pathway-
responsive of phosphoinositide 3-kinase (PI3K) (Prossnitz et al., 2009; Ariazi et al., 2010). GPER
can modulate growth of hormonally responsive cancer cells (Vivacqua, et al.,2006b) and it exhibits
prognostic utility in endometrial ( Smith et al., 2007), ovarian ( Smith et al., 2009), and breast
cancer ( Filardo et al., 2006). A non-steroidal, high-affinity GPER agonist G-1 (1-[4-(6-bromobenzo
[1, 3]dioxol-5yl)-3a, 4, 5, 9b-tetrahydro-3H-cyclopenta-[c]quinolin-8-yl]-ethanone) has been used
to distinguish GPER-mediated estrogen responses from those mediated by classic estrogen
receptors ( Bologa et al., 2006)). G-1 biological effects appear cell type specific and dependent on
the ERs expression pattern ( Chimentoet al. 2013a; Chimento et al., 2013b; Chimento et al.2012;
Chimento et al., 2010; Chimentoet al., 2011). Using G-1, we investigated the role of GPER
activation on ACC growth.

Determination of mercury through TDA-AAS TECHNIQUE for Human

Biomonitoring activity

Mercury (Hg) is a dangerous heavy metal and its presence in the environment and in the human
food chain is a matter of increasing concern. Metallic mercury is liquid at room temperature but
mercury vapor are more dangerous than liquid form. Hg bind different elements forming inorganic
mercureos compounds (Hg") or mercuric compounds (Hg2"). In this way Hg moves in to the
environment following the normal breakdown of minerals in rocks and soil due to exposure to wind
and water, natural degassing of the earth's crust, evaporation of the oceans and volcanic activity
(Hsiao et al., 2011; Sun et al., 2013). A good part of this metal derived from anthropogenic sources
increased by human activities since the start of the industrial era (Mohmand et al., 2015).Among
these are included the emissions derived from gold mining and the fusion of metals (gold, copper,
zinc), coal combustion, incinerators and chlor-alkali industries. Existing three forms of this metal:
organic, mostly as methyl-mercury (MeHg), inorganic and elemental. MeHg enters the food chain
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through fish who takes it through the plankton. This biomagnification determines human exposure
to the metal through the consumption of this type of products. The general population may be result
exposed to mercury through diet, through the work (occupationally exposure) and in accidental way
with medical equipment and amalgam fillings (accidentally exposure). Mercury is toxic and have
not physiologic function in human body. Acute and chronic exposure to Hg can rise a wide range of
effects, e.g., inattention, memory disturbance, learning problems, impairment of social behaviour,
low intelligence quotient and other serious health consequences (Stein et al., 2002). Mercury vapor
at high concentration inhalation may cause corrosive bronchitis and acute interstitial pneumonia
with following clinical symptoms: neurasthenia, tremor, increased swelling of the thyroid and
uptake of iodine, gingivitis tachycardia, hematological disorders and increased urinary excretion of
the metal. Regarding to inorganic mercury the kidney is the main target organ. High doses of the
metal are toxic for cells of the renal tubules, while, low doses chronic exposure can induce
glomerular immunological pathology. Exposed can subjects show a reversible proteinuria.

In human the principal problems of MeHg exposure is the neurotoxicity. Methyl-mercury, in fact,
is able to crossing blood—brain barrier by an amino acid carrier and readily accumulates in the brain
(Kerper et al., 1992) as well as it is able to cross the placenta and accumulates in fetal blood and
brain. Clinical manifestation include paresthesia, ataxia, neurasthenia loss of sight and hearing,
tremor and difficulty in speaking. Toxicity can even lead to death as a result of cerebral edema with
destruction of the gray matter and gliosis determined by brain atrophy. The high affinity of the
divalent mercury for sulfhydryl groups of proteins is a major mechanism of damage non-specific
and / or cell death. They are, however, involved more general mechanisms like neurotransmitter
production and secretion, uptake and metabolism, cell signaling, protein, DNA and RNA synthesis,
respiratory and energy-generating systems, the neuronal migration, cell division and the formation
of microtubules (Castoldi et al., 2001; Clarkson et al., 1993; WHO, 1990). MeHg characteristics in
term of biomagnification, ability to enter in food chain and its toxicokinetics make this species the
most dangerous for human health. To quantified MeHg in the subjects we used as biomarker the
hair. This choice was made because sulfur-containing proteins rich in the hair bind to MeHg (WHO,
1990). Once incorporated, Hg does not return to the blood, thus, it provides a good long-term
marker of exposure. Moreover, hair is a biological specimen that is easily and noninvasively
collected, with minimal cost, and it is easily stored and transported to the laboratory for analysis.
Mercury concentration is generally evaluated by different techniques such as the cold vapor atomic
fluorescence spectroscopy (CV-AFS) (Adlnasab et al., 2014.; Brombach et al., 2015; Aranda et al.,
2009), cold vapor atomic absorption spectroscopy (CV-AAS) (Balarama Khrisna and Karunasagar,

2015), inductively coupled plasma atomic emission spectrometry (ICP-AES) (Bidari et al., 2012)
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and inductively coupled plasma mass spectrometry (ICP-MS) (Lin et al., 2015). All these
techniques are sensitive, precise and supply reliable and reproducible data but involving
pretreatment sample with contamination risk. The use of the thermal decomposition amalgamation
atomic absorption spectrometry (TDA-AAS) allows to decrease the preparative steps number and
contamination risk, in addition to this, it reduce the time and cost of analysis. In this context, a
TDA-AAS instrument was adopted, in according to US-EPA 7473 method. This is a certified
method containing general information on how to perform an analytical procedure or technique
which a laboratory can use as a basic starting point for generating its own detailed standard
operating procedure (SOP). It was created a confirmatory method based on EPA7473 to satisfy the
requirements of quality system (UNI CEI EN ISO / IEC 17025). They were conducted tests in order
to assess the performance qualities as regards repeatability, accuracy, limit of detection and
quantification (LoD and LoQ). Furthermore to respect UNI CEI EN ISO / IEC 17025 we identified
all the components of uncertainty and further provided a reasonable estimate of their contribution.
Then we used this confirmatory method in population study, involved 300 healthy individuals
living in an urban area of South Italy, for the determination of Hg in hair and urine using a Direct
Mercury Analyzer® (DMA-80 Tricell; Milestone Inc., Italy). Our population study is a part of the
biomonitoring campaign planned by the Ministry of Health in the project "Osservatorio per
I’'ILVA".



GPER agonist G-1 decreases adrenocortical carcinoma (ACC) cell growth in vitro

and in vivo

Background



Adrenocortical cancers

ACC is a neoplastic disease with a poor prognosis. Current studies in this field have indicated the
need for a multidisciplinary approach in the management of this tumor (Creemers et al., 2016;
Stigliano et al., 2016). Surgery remains the most effective treatment choice for the primary tumor or
for the removal of isolated metastases (Else et al ., 2014; Crucitti et al., 1996). The experience that
at least one-third of patients show loco-regional recurrence or distant metastases even after a radical
surgical excision introduced the concept of adjuvant therapy in these patients (Donatini et al.,
2014). Despite an extensive surgical resection, the survival rate of these patients is estimated as
~50% after 5 years (Vaughan, 2004). Although these data support the need for an adjuvant cancer
therapy. At present, mitotane represents the only drug approved in Europe and in the United States
for ACC treatment; but opinions regarding its use are still highly discordant (Huang and Fojo,
2008). Tumors that originate from the adrenal cortex can be divided into benign adenomas and
malignant adenocarcinomas that can be associated to an endocrine component (Allolio and
Fassnacht, 2006). ACC in fact can be asymptomatic, it can be manifest with a mass (Brennan,
1987) or it can be characterized by endocrine syndrome. Generally ACC presented an immature
steroidogenesis with hormonal precursor excess but, 60% of all ACC patients presented signs and
symptoms (“functional tumors”)( Schulick and Brennan, 1999a; Schulick and Brennan, 1999b)
related to type of hormone produced in excess:

* Cushing's syndrome, caused by hypersecretion of cortisol;
» Conn's syndrome, caused by aldosterone hypersecretion;

* hirsutism and virilization, caused by hypersecretion of androgens

Obliviously it is clear that differential diagnosis between adrenocortical adenoma and ACC is of
crucial clinical relevance, because the prognosis and clinical management of benign and malignant
adrenocortical tumors is entirely different. It is very difficult to establish malignancy adrenal tumors
based on its size with the available imaging techniques. Currently in use guidelines recommended
to remove adrenal tumors with a diameter of >6 cm, because they presented a risk of malignancy
>25% (Aron et al., 2012). Hormonal features can also be used in diagnosis, for example recent data
using urinary steroid hormone metabolomics showed characteristic patterns of steroid secretion and
metabolism in ACC samples (Arltet al., 2011). Novel markers of malignancy are intensively
searched using bioinformatics approaches to define an early and specific differential diagnosis
between ACC and ACA since the histological diagnosis of malignancy is often difficult (Patalano et
al., 2009).
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Epidemiology

ACC is a rare solid tumor (Kebebew et al., 2006; Wajchenberg et al., 2000) with an incidence of 1—
2 per million population (Allolioet al., 2003; Dackiw et al., 2001; Wajchenberg et al., 2000) as
opposed to adrenal incidentalomas that have a prevalence of at least 3% in a population >50 years
of age (ACC constitute <5% of all adrenal incidentalomas) (Barzon et al., 2003; Bovioet al., 2006;
Grumbach et al., 2003; Mansmann et al., 2004; Song et al., 2007). ACC affects women more
commonly than men with a ratio of 1.5:1 (Bilimoria et al., 2008; Dy, 2013; Koschkeret al., 2006;
Roman, 2006; Wooten and King, 1993). Females with ACC are more likely to have functional
tumors while men with ACC have bimodal age distribution, with a first peak in childhood (<5
years) and a second higher peak in the fourth and fifth decades with non-functional tumors
(Brennan, 1987; Cohn et al., 1986; Koschker et al., 2006; Schulick and Brennan, 1999;
Wajchenberg et al., 2000).

Adrenocortical adenoma

The adrenocortical adenoma is a benign neoplasm of adrenal cortical cells. The type of hormone

secreted influenced the dimensions:

. adenoma with hyperaldosteronism is usually unilateral and of yellowish color, around 1.5
cm of size and is not encapsulated,;

. adenoma with hypercortisolism is unilateral, has dimensions of about 4 cm, is yellow-brown
and is encapsulated;

. adenoma with virilization is unilateral, has dimensions of about 5 cm, is red-brown and is
encapsulated.

The color of the tumour is due to the stored lipid (mainly cholesterol), from which the cortical

hormones are synthesized. The adrenocortical adenoma can present with primary aldosteronism

(overproduction of the aldosterone by the adrenal gland) or Cushing’s syndrome (signs and

symptoms associated to exposure to high levels of cortisol). Only a very small percentage of these

tumors leads to Cushing's syndrome, in fact, most of they are casually findings at post mortem

examination commonly; Most adrenocortical adenomas produced no significant metabolic disorder.

Adrenocortical carcinoma

ACC is a rare and highly aggressive tumor. We can histologically distinguish: solid or trabecular
areas with fibrous bands interposed between the tumor nodules, necrosis, the presence of large cells
with vacuolated cytoplasm, nucleus atypical and hyperchromatic, prominent nucleoli, frequent

mitosis, vascular and capsular invasion. It is highly aggressive: about 60% of patients have
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metastases at diagnosis, with a 5-year survival rate of 8% for recurrent and inoperable disease. In
the case of endocrine cancer, it is associated with Cushing's syndrome. The therapeutic approach of
choice for adrenocortical carcinoma is surgery conducted only after appropriate preoperative
diagnostic tests, including biochemical evaluation and imaging. Suspicious features to consider for
ACC are: tumors size >4 cm, functional tumor, radiologic characteristics. Surgery however is not
always practicable, for example the case in which the tumor was strongly adherent to the kidney,
such as to look like a single mass, although histological examination has then denied the spread to
the renal parenchyma. The case in which the surgery resection is not possible or not satisfactory a
chemotherapeutic treatment was associated to operation (Fig.1). The recommended first-line
cytotoxic treatment regimens are etoposide, doxorubicin, cisplatin plus mitotane (Berruti et al.,
2005), or streptozotocin plus mitotane (Khan et al., 2000).

Treatment of choice

ISOLATED

ACC Adjuvant therapy
CHEMOTHERARY RATHO
- EDPaM THERAPY
«S4M R1/R0O
TARGETED THERAPY

IGF-2-mTOR, VEGF, EGFR, POGFR
MDR-1. PPARY, Wnt{i-catenin, SF-1
Gene therapy, Immunotherapy

METASTATIC
ACC

MIRNA, Estrogen pathway
Metomidate

IntErventonal rediology

Figure 1 Treatments and molecular targets in isolated cortical carcinoma and metastatic (ACC)

Mitotane are the only drug approved by the U.S. Food and Drug Administration and European
Medicine Executive Agency for treatment of ACC (Schteingart et al.,, 2005). Mitotane is a
derivative of the insecticide dichlorodiphenyldichloroethane (DDT) with adrenolytic and cytotoxic
activity toward the fasciculata and reticularis adrenal areas. It inhibits steroidogenic pathways
acting mainly at the level of the cholesterol side chain cleavage enzymes CYP11Al and CYP11B1
(Lin et al., 2012; Lehmann et al., 2013). Mitotane metabolites (0',p-DDA and o',p- DDE,
respectively) are the products of a hydroxylation that occurs in the liver and of which o',p-DDA
represents the active form (van Slooten et al., 1984). It has indeed been shown, that o',p-DDA
measurements reflect the mitotane response in treated patients (Hermsen et al., 2011). In most

patients mitotane abolish steroid secretion but, since uninhibited hormone secretion might worsen
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significantly quality of life and may even be life threatening. For its action the mitotane treatment
required an endocrine symptoms control, with adrenostatic drugs (metyrapone, etomidate). Is
required also a follow-up, that is repeated every 3 months for the first two years, including
abdominal CT or MRI and hormonal markers, and kept on for at least 10 yr. Treatments with
cisplatin and etoposide in combination with mitotane are placed among the most active for in
advanced cancer. Several inhibitors of steroidogenesis were used to control deleterious effects of
elevated hormone levels in ACC patients. During treatment with any of the steroidogenesis
inhibitors, patients need to be regularly evaluated for adrenal insufficiency and should be regarded
as adrenal-insufficient in times of physical stress (febrile illness or significant injury/surgery).
Inhibition of steroidogenic pathway and adrenolytic effects are involved in control of hormone
levels caused by Mitotane treatment. Usually ketoconazole and metyrapone are used to control
glucocorticoid excess. Ketoconazole inhibits CYP17Al, CYP11Al, and also CYP11B1. During
treatment with ketoconazole, are recommended monitoring of liver enzymes because it is an
inhibitor of different hepatic drug metabolizing enzymes (eg, CYP3A4, CYP2C9, and CYP1A2) of
which it could be altered the drug interaction. Another powerful steroidogenesis inhibitor at the
level of CYP11B1 is metyrapone (Hartzband et al., 1988) that through inhibition of CYP11B1,
increases adrenal androgens levels with worsening symptoms related to hyperandrogenemia. In
subject with androgen-secreting tumors and mineralocorticoid- secreting tumors spironolactone can
be used to control the effect on hormones. As with other malignancies, local control of ACC is
important for effecting disease cure and for improving symptomatic outcomes. Furthermore
radiotherapy, that usually was considered ineffective, have demonstrated in several recent studies to
offer a significant improvement in disease control in both the adjuvant and palliative settings
(Fassnacht et al., 2006; Hermsen et al., 2010). These improvement unfortunately has not been
universally demonstrated (Habra et al., 2013). In recent years, considerable advances toward
understanding the pathogenesis of ACT have been made using different strategies :

1. Identification of genetic alterations in rare familial syndromes and evaluation of whether the
same defects are present in sporadic tumors.

2. Investigation of signaling pathways that were proved important in other tumors types.

3. Employment of high-throughput techniques such as genome wide expression profiling,
methylation profiling and microRNA profiling to interrogate novel signaling pathways.

4. Studies with animal models with one or more genetic defects in known signaling pathways
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Pathogenesis

The molecular mechanisms involved in adrenocortical tumorogenesis are still under study beacuse
poorly understood. Recent study are focused on alterations of insuline-like growth factor (IGF)
system associated with these tumors. Most common alteration (90% of malignant adrenocortical
tumors) is in the 11p15 region, that contain the IGF-11 gene maps (Gicquel et al., 2001) (Figure 2)
The tumors with these abnormalities exhibit strong overexpression of IGF-11 gene (Csernus et al.,
1999) and large amounts of IGF-I1 protein (Gicquel et al., 2001; Listrat et al., 1999). In particular,
in ACC, it possible note a overproduction of The type 1 IGF receptor (Janssen et al., 1997; Wolf et
al., 1997) and the IGF-binding protein-2 (IGFB-2) (Boulle et al., 1998) These evidence show the
involvement of the IGF system in adrenocortical tumor progression. The IGF system comprises

numerous elements such as IGFs, IGF-I and IGF-I1, small polypeptides produced in various tissues.
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Fig. 2. Alterations of 11p15 locus and insulin-like growth factor 11 (IGF-11) over-expression in adrenocortical cancer (ACC)

This system have endocrine and auto/paracrine modes of action (Gockerman et al., 1995). Type
IGF-1 receptor mediates most effects of the IGFs while IGF-11/mannose-6-phosphate (IGF-I11 M6P)
have a function of internalization and degradation of IGF-II (Clemmons et al., 1995; Gockerman et
al., 1995). Both IGF-I both IGF-II can bind with high affinity IGFBPs that modulate positively or
negatively the effects of IGFs depending on their abundance, their affinity for the growth factors
and their cellular localization. Different study confirm the involvement of IGF-1I in tumorogenesis
of Wilms’ tumors, hepatomas, colon carcinomas and pheochromocytomas (Karnieli et al., 1996)
and in the same way IGF-Il1 may also be involved in adrenocortical tumors.

Another mutation more frequently in adrenocortical carcinoma was detected on p53 gene (McNicol
et al., 1997). Moreover, germ line mutations of p53 predispose to childhood adrenocortical cancer
(Sameshima et al., 1992) (Wagner et al., 1994).These mutation were found more frequently also in

other malignant tumors (Reinke V, 1997).
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Another metabolic pathway involved Wnt-signaling that has recently been identified as a regulator
of different endocrine functions. Wnt proteins are secreted glycoproteins that bind to the N-terminal
extra-cellular cysteine-rich domain of the Frizzled (Fz) receptor family and to lipoprotein receptor-
related protein (LRP) co-receptors (low density LRP). Frizzled receptors are G-protein-coupled
seven-transmembrane receptors. It was possible distinguishes canonical (i.e. beta-catenin) and non-
canonical Wnt-signaling based on the involvement of the transcriptional co-activator beta-catenin.
Whnt Binding to both receptors activates the canonical Wnt-signaling pathway. Wnt, in fact, by
binding a complex containing adenomatous polyposis coli (APC) and axin determine an inhibition
of glycogen synthase kinase-3 (GSK3B) with stabilization of B-catenin. Subsequently, p-catenin, a
transcriptional co-activator, translocates to the nucleus to activate T-cell factor (TCF)/lymphoid
enhancer factor (LEF) transcription factors on canonical Wnt target-genes.

Furthermore a mutation involved in the inactivation of the type 1 MENL1 germline is found in
approximately 90% of families with multiple endocrine neoplasia type 1 (MEN1) of these 25-40%
presents adrenocortical tumors and / or hyperplasia (Kjellman et al., 1999a; Yano et al., 1989)

The mutation of MENL1 gene is very rare in ACC (Wales MM, 1995; Yano et al., 1989), opposed to
hyperplasia that was found in patients with MEN1 who have hypersecretion of ACTH (Cushing's

syndrome).

Role of ERa and ER activation on tumor development

A correlation between estrogen and tumor development was been suggested by epidemiological
evidence and experimental studies. Adrenal tumors, in particular those secreting, are more frequent
in women and the use of estrogen-progestin would seem to be a risk factor for tumor development.
The presence of a cross-talk has been reported between the IGF system and estrogens in several
tumoral cells. Both estrogens both IGF system are able to activate the same pathway through the
action of estrogen receptors (Hamelers and Steenbergh, 2003). It has been largely demonstrated that
the effects of estrogens are mediated by the ERa and ERP, which act as transcription factors
(Nilsson et al., 2001). H295R proliferation seems to be supported by an autocrine mechanism
mediated by E2 through its receptors (Sirianni et al., 2012).

The assessment of response to estrogen receptor antagonists (such as ICI 182 780 and OHT (4-OH
tamoxifen)) confirms the E2 involvement in H295R cell proliferation. This showed a dose-
dependent inhibition of basal and E2-dependent cell proliferation. In particular, OHT induced
morphological changes characteristic of apoptosis up-regulating the expression of FasL and
inducing autocrine activation of caspases. ICI, while, caused a cytostatic effect that could be
explained by the inhibitory effects exerted by ICI on IGF signaling pathway. Pathway that is
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strongly activated in H295R through the IGFIR by autocrine IGF-I1 action (Sirianni et al., 2012).
ICI mediated inhibition of cell growth is not solely attributable to competition for the estrogen
receptor but also to the interruption of the IGF signaling pathway (Sirianni et al., 2012).

ERa and ER belonging to steroid/thyroid hormone superfamily of nuclear receptors, and share a
common structural architecture (Evans, 1988; Katzenellenbogen and Katzenellenbogen, 1996; Tsai
and O'Malley, 1994). These receptor have three independent but interacting functional domains: the
NH2-terminal or A/B domain, the C or DNA-binding domain, and the D/E/F or ligand-binding
domain. Al these domains interact with each other. Binding of estrogens to ER triggers
conformational changes in the receptor influencing the rate of transcription of estrogen-regulated
genes. These steps include receptor dimerization, receptor-DNA interaction, recruitment of and
interaction with coactivators and others transcription factors, over and above formation of a
preinitiation complex (Katzenellenbogen and Katzenellenbogen, 1996; McKenna et al., 1999).
Another striking difference between the two receptors is their distinctive responses to the synthetic
antiestrogens tamoxifen, raloxifene, and IC1-164,384.1n particular on an ERE-based reporter gene,
these ligands are partial E2 agonists with ERa but are pure E2 antagonists with ERf (Batistuzzo de
Medeiros et al., 1997; McDonnell et al., 1995; Mclnerney et al., 1998). On these interactions
COOH-terminal, E/F-, or ligand-binding domain (LBD) intermediates ligand binding with
consequently receptor dimerization, nuclear translocation, and transactivation of target gene
expression (Eudy et al., 1998; Giguere et al., 1988; Tsai and O'Malley, 1994). Crystallographic
studies with the LBDs of ERa and ERP revealed that the position of helix 12 is altered by binding
of ligands. When the ERo LBD is complexed with the agonists, E2 or diethylstilbestrol (DES),
helix 12 is positioned over the ligand-binding pocket and forms the surface for recruitment and
interaction of coactivators (Shiau et al., 1998; Wurtz et al., 1996). In contrast, in the ERa- and ERj3-
LBD complexes with raloxifene (Pike et al., 1999) or the ERa-LBD 4-OH-tamoxifen complex
(Shiau et al., 1998), helix 12 is displaced from its agonist position over the ligand-binding cavity
Hence different ligands induce different receptor conformations (McDonnell et al., 1995; Paech et
al., 1997) and the positioning of helix 12 is the key event that permits discrimination between
estrogen agonists (E2 and DES) and antagonists (raloxifene and 4-OH-tamoxifen). Typical tumoral
condition show levels of ERP significantly lower, conversely ERa up-regulation and aromatase
over-expression. In addition, the expression of ER was correlated with the expression of nuclear
hormone receptors, suggesting a correlation in the modulation of ER. Finally these evidence suggest
that estrogen produced locally by aromatase can induce the proliferation of adrenocortical cells

through autocrine and paracrine mechanisms and offer new perspectives on the potential use of anti-
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estrogens and aromatase inhibitors as therapeutic agents against adrenocortical carcinoma (Barzon
et al., 2008).

G Protein Coupled Estrogen Receptor: GPER and its ligand

Estrogen supports different biochemical pathways that were distinguished in rapid or “pregenomic”
events (second messenger and protein/lipid kinase activation) that occur within minutes of estrogen
exposure and delayed or genomic transcriptional responses that have more a slowly mechanism of
action. Estrogen receptors (ER) belong to the nuclear steroid hormone receptor superfamily. We can
distinguishes ERa and ERp, which function as hormone inducible transcription factors with
estrogen dependent gene transactivation. Tamoxifen (TAM) a selective estrogen receptors
modulators was designed to block estrogen-ER binding, and it was widely and effectively clinically
used in the treatment of breast cancer. An active metabolite of TAM, the hydroxytamoxifen, is
capable to activate a transmembrane estrogen receptor named GPER. This seven-transmembrane G-
protein-coupled receptor (GPCR) is able to mediate rapid estrogen signaling in different cell types
(Prossnitz and Maggiolini, 2009). The signaling mechanisms employed by GPER that allow
stimulation of adenylyl cyclase and release of membrane tethered epidermal growth factor (EGF)
are not typical to GPER but are common to many other GPCR (Filardo and Thomas; 2005). In the
past, numerous studies, have demonstrated estrogen signaling in GPER positive, ER negative cells
indicate that GPER can act as a “stand alone” receptor. ER and GPER are correlated in different
signaling mechanisms in reproductive cancer, but their action are also indipendent for several
measures such as Er and GPER show independent expression in breast tumors and in cultured
breast cancer cells lines(Filardo et al., 2006; Revankar et al., 2005.). Furthermore they have
different binding affinities for various estrogens and are differentially activated by them (Blair et
al., 1999) and some of GPER agonists are ER antagonists (Filardo 2011).

GPER-dependent cellular functions

GPER was an orphan member of the 7-transmembrane receptor family (Carmeci et al., 1997;
O'Dowd et al., 1998; Owman et al., 1996; Takada et al., 1997). Based on the amino acid sequence
homology, GPER bore the most similarity to the chemokine subfamily of GPCRs. Matching
expression of GPER in a number of ER-positive (MCF7) and ER-negative (MDA-MB-231) cell
lines and tissue revealed a strong positive correlation between ER and GPER expression,
highlighting a link to physiologic responses into estrogen-responsive tissues and cancers (Carmeci
et al., 1997). The role of GPER in the rapid activation of MAPKS by estrogen in breast cancer cells

was investigated (Filardo et al., 2000). The correlation between GPER and functional response to
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estrogen was demonstrated by Estrogen-mediated activation of Erk 1/2 in ER-negative cells as well
as in GPER-transfected cell. However the pathway that involved this receptor was used by the ER
antagonist, ICI 182, 780, for MAPK activation. Study results suggested that ER-negative cells could
maintain responsiveness to estrogen through the expression of GPER (Filardo, 2002). Over the past
years, a small number of papers related to GPER reported upregulating of GPER expression by
progestin in MCF-7 cells (Ahola et al., 2002), expression that is critical for growth inhibition. This
process was progestin-mediated and is involved in part in ERK inactivation (Ahola et al., 2002). A
second phase of GPER-dependent signaling suggested that GPER promotes estrogen-mediated
inhibition of oxidative stress-induced apoptosis by promoting Bcl-2 expression (Kanda and
Watanabe, 2003b), promotes cell growth by stimulating of cyclin D expression (Kanda and
Watanabe, 2004) and upregulates nerve growth factor production in macrophages through c-fos
induction (Kanda and Watanabe, 2003a). Upregulation of c-fos by estrogen and phytoestrogens
demonstrated also in breast cancer cells (Maggiolini 2004). It is noted that GPER not directly
initiated the observed effects but is correlated with responsiveness to estrogen. Data confirmed by
different reports that providing evidence on the capacity of binding of tritiated estrogen to
membrane of SKBr3 and GPER-transfected HEK cells (Thomas et al., 2005). However GPER-
transfected cell membrane treated with estrogen also activates GTP-binding proteins and the
production of cAMP. The binding affinity and co-localization of a fluorescent estrogen to GPER
both in GPER-transfected cells both in endogenously cells demonstrated that the binding affinity of
GPER represented 10 fold higher value than that determined for ERa (Revankar et al., 2005).
GPER that, for the large amount, was localized to intracellular membranes, predominantly in the
endoplasmic reticulum, as demonstrated by expression of a GFP-tagged GPER as well as antibody
staining of endogenously expressed GPER. These evidences suggesting a novel site of action for
GPER function. Both ER and GPER are capable of activating PI3K in response to estrogen
treatment, the two receptors utilize distinct signaling pathways and respond differentially to
tamoxifen (Revankar et al., 2005).Additional studies demonstrated, in fact, that GPER, but not ERa,
was activated by tamoxifen to stimulate PI3K activity. Finally, although estrogen-mediated
activation of PI3K could also be mediated by ERa, this mechanism did not involve EGFR

transactivation, which was required for GPER.

Identification and characterization of GPER-selective ligands

In depth review of GPER ligand binding properties the ER antagonist/SERMs tamoxifen and
IC1182/870 have been shown to act as GPER agonists (Filardo et al., 2000; Revankar et al., 2005).
Bologa et al. screened a library of approximately 10,000 compounds for chemical similarity to
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estrogen and the top 100 compound were tested for GPER activity (Bologa et al., 2006). A
compound termed G-1 displayed an agonist activity against GPER. The peculiarity of this
compound was that it resulted inactive against classical estrogen receptors and thus represented the
first selective GPER ligand. Different studies revealed that G-1 was capable of eliciting calcium
mobilization as well as PI3K activation in cells expressing GPER but not in cells expressing either
ERa and ERp (Bologa et al., 2006). Furthermore, G-1, like estrogen, mediated an inhibition of
chemotaxis towards EGF/serum in both MCF-7, which express classical ERs and GPER, and
SKBr3 cells, which express only GPER. Other groups, sub sequentially, have utilized G-1 to
examine the role of GPER in multiple systems because in different cell contexts, the pathways
utilized by estrogen may vary depending on the complement of receptors expressed (Sathya et al.,
2015; Yan et al., 2015). Pang et al, confirmed a role of GPER in the control of meiotic arrest (Pang
et al., 2008). The role of GPER was examined in urothelial cell proliferation, where estrogen have
bimodal mechanism of action, at low concentration stimulates cell proliferation through the
classical estrogen receptors while the response is reduced at high concentrations (Teng et al., 2008).
Urothelial cells were also shown to express high levels of GPER, raising the question as to the
specific roles of individual estrogen receptors in these cells. In these cells, in fact, G-1 stimulation
inhibited cell proliferation, conversely to the classics effects of estrogen. The inhibitory effects of
estrogen on cell proliferation correlate with GPER as demonstrated by overexpression of GPER
inhibited, estrogen-induced cell proliferation. Furthermore, G-1 failed to induce c-fos, c-jun or
cyclin D1 expression, and GPR30 overexpression abolished estrogen-induced c-fos, ¢c-jun or cyclin
D1 expression whereas GPR30 downregulation improved expression of the same genes. These
results suggested that the classical estrogen receptor stimulating proliferation while GPER inhibit
proliferation via downregulation of the AP-1 components c-fos and c-jun with decreases in cyclin
D1 expression. The role of GPER in the mechanical hyperalgesia was examined through PKC
activation proving that G-1 and not classical ER agonists activated PKC in neurons of dissociated
dorsal root ganglia (Kuhn et al., 2008). Another study have investigated the contribution of
membrane estrogen receptors in the estrogen-mediated modulation of dopamine transporters in
nerve growth factor differentiated PC12 pheochromocytoma cells (Alyea et al., 2008). Depletion
studies, using siRNA revealed that ERo depletion blocked estrogen-mediated efflux, GPER
depletion increase efflux while ERB depletion having no effects. G-1 administered alone had no
effect on efflux but co-administration with estrogen resulted in substantial inhibition of the estrogen
response. These data are symptomatic of an antagonist role of GPER compare to stimulatory effect
of ERa. One of the major feedback targets for estrogen in the brain is the gonadotropin-releasing

hormone (GnRH) neurons, which regulate gonadal function and fertility in mammals. G-1 does not
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show any effect on the calcium dynamics of GnRH neurons, while estrogen and ERa selective
agonists displayed activity (Romano et al., 2008). Experiments performed in vivo with G-1 to
examine the effect on mammary and uterine tissue show that, estrogen, but not G-1, regulated
expression of Wnt-4, Frizzled-2, IGF-1 or cycline E1 in these tissues(Otto et al., 2009). G-1 failed
to induce ductal growth and endbud formation in the mammary gland. It was unclear from such
study if appropriate conditions were employed or if GPER may exhibit altered Kinetics or responses
from those primarily evoked by classical estrogen receptors. Other two studies characterized GPER
knockout mice but in one case revealed no obvious defects in reproductive organs (Otto et al., 2009)
22and in the other revealed alterations in glucose tolerance, bone growth, blood pressure and serum
insulin-like growth factor-1 levels (Martensson et al., 2009). In this last study, aged female GPER
knockout mice were hyperglycemic with impaired glucose tolerance, associated with decreased
insulin expression and release, both in vivo and in isolated pancreatic islets. Recent publications
described the capacity of G-1 to induce vasodilatation with resulting decreases in blood pressure
(Haas et al., 2009) as well as the treatment with this agonist ameliorate the effects of multiple
sclerosis in an animal model of autoimmune encephalomyelitis (Wang et al., 2009). In both studies,
G-1 activity was absent in GPER knockout mice, confirming the physiological activity of G-1
through GPER. In some cases for estrogen-mediated activity, GPER and ERs work in concert, as in
estrogen induced thymic atrophy. This evidence was demonstrated using a GPER knockout mice
and G-1 (Wang et al., 2008). Kamanga-Sollo et al in their study concluded that, whereas GPER
mediates the estrogen-stimulated increase in IGF-1 mMRNA, ERa mediates the proliferative effect
(Kamanga-Sollo et al., 2008). They examined the mechanism involved in the stimulation of IGF-I
mRNA and muscle growth, using bovine muscle satellite cell culture. Of the therapeutic anti-
estrogens, 1C1182,780 (a selective estrogen receptor down-regulator, SERD) was first demonstrated
to interact with GPER, but surprisingly, as opposed to its antagonistic action towards ERo/p,
IC1182,780 acted as an agonist towards GPER (Filardo et al., 2000). Similarly, an active metabolite
of tamoxifen, 4-hydroxytamoxifen (selective estrogen receptor modulator, SERM) acts as a GPER
agonist (Vivacqua et al., 2006b), and recently raloxifene has also been demonstrated to activate
GPER in cells deficient for ERa (Petrie et al., 2013). Different synthetic compounds known to have
estrogenic effects have also been demonstrated to bind and/or activate GPER, including atrazine
(Albanito et al., 2008a), bisphenol A (Chevalier et al., 2012; Dong et al., 2011; Sheng et al., 2013),
daidzein (Kajta et al., 2013), zearalonone, nonphenol, kepone, p,p’-DDT, o,p’-DDE and 2,2',5',-
PCB-4-OH (Thomas and Dong, 2006). Finally, also a number of phytoestrogens display agonist
activity towards GPER, including genistein (Maggiolini et al., 2004; Vivacqua et al., 2006a),
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quercetin (Maggiolini et al., 2004), equol (Rowlands et al., 2011), resveratrol (Dong et al., 2013),
oleuropein, and hydroxytyrosol (Chimento et al., 2013b).

Transcriptional activations mediated by GPER

Rapid signaling events mediated by GPER can also lead to the activation of transcriptional
machinery of estrogens with the ligand-dependent genomic model of ER activity. E2, in fact,
through GPER, upregulates nerve growth factor inducing by c-fos expression via cAMP in
macrophages (Kanda and Watanabe, 2003a; Kanda and Watanabe, 2003b). The same research
group, however, demonstrated that E2 induces cyclin D2 and Bcl-2 expression via protein kinase A-
mediated CREB phosphorylation in Keratinocytes (Kanda and Watanabe, 2004); E2, in fact,
reduces hepatic injury after trauma-hemorrhage by upregulating Bcl-2 expression with a GPER and
PKA-dependent pathway (Hsieh et al., 2007). Supplementary evidences of GPER-dependent
transcriptional activation by E2 in ER-positive MCF-7 and ER-negative SKBr3 breast cancer cells
were given by C-fos expression, determined using an early molecular sensor for estrogen activity
(Maggiolini et al., 2004). The study proved that GPER signaling requires EGFR and happens
through rapid ERK 1/2 phosphorylation in triggering the genomic response to estrogen particularly
in tumor cells devoid of ERs. E2, the phytoestrogen genistein and the 4-hydroxylated metabolite of
tamoxifen (OHT) induced the expression of c-fos through the GPER/EGFR/ERK signaling pathway
and also induced proliferation of thyroid tumor cells lacking ER (ARO cells) or cells expressing a
non-transcriptionally active variant of ERa (FRO and WRO cells) (Vivacqua et al., 2006a). The
GPER pathway, hence, may represent a new window to examine the classical ER-mediated
biological thyroid cell response. The discovery of G-1, represented a key experiment to study its
activity (Bologa et al., 2006). Taking advantage of the lack of activity of G-1 on the classical ER
and using ovarian cancer cells that express both ERo and GPER, was observed that G-1, like E2,
up-regulated diverse estrogen-responsive genes including c-fos, pS2 and cyclins A, D1 and E;
however, it wasn’t able to increase the ERa-target gene PR, which only responded to E2 treatment.
The study was conducted using ER-negative and GPER-positive SKBr3 cells, where G-1 like E2
stimulated c-fos expression, but had no effect on PR expression (Albanito et al., 2008 b). Hence
GPER, probably together with ERa, mediates the transcriptional activation of the other genes, while
estrogen-activated PR expression occurs specifically through ERa. In addition, was demonstrated
that exist an E2 and G-1 common pathway that mediates the genomic response.in ovarian cancer
cells, in particular in the transcriptional activation of c-fos . Otherwise, knocking down GPER or
ERa revealed a cross-talk between these estrogen receptors in the stimulation of cfos by G-1 and
E2. From these data it is reasonable to argue that the evaluation of estrogenic activity of phyto- and
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xenoestrogens should be extended to their potential ability to activate GPER signaling together with
the classic effects exerted through the classical ER-mediated genomic response. A physiological
role for GPER-mediated transcriptional responses through cross-talk with ERa was founded in
mouse spermatogonia GC-1 cells, used to investigate the estrogen-mediated regulation of testicular
function (Sirianni et al., 2008). The potential involvement of an estrogen-binding receptor, GPER,
in estrogen signaling was investigated showing that E2 and G-1 activate the EGFR/ERK pathway
causing the stimulation of c-fos and cyclin D1 expression as well as GC-1 cell growth. Conversely,
using 1CI1182,780 or silencing GPER expression, the proliferative effects induced by E2 and G-1
were abrogated. The results obtained are consistent with a study in which demonstrated that E2,
through the activity of a Gi protein, could induce rapid activation of ERK1/2 and PKA signaling
pathways, which are involved in the proliferation of human germ cell tumors (Bouskine et al.,
2008). Finally it is well known that tamoxifen can act as full agonist of GPER (Lappano et al.,
2013; Vivacqua et al., 2006a) and GPER can mediate rapid E2-induced non-genomic signaling
events. These events includes stimulation of adenylyl cyclase, mobilization of intracellular calcium
(Ca2+) stores and activation of mitogen-activated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI3K) signaling pathways (Ariazi et al., 2010; Prossnitz and Barton, 2009). For all these

reasons GPER exhibits prognostic utility in different cell lines.

Aim of the study

In the study we investigated the effect of G-1 an agonist of G Protein Coupled Estrogen Receptor
(GPER) on ACC growth..
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Materials and methods
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Cell culture and tissues

H295R cells were obtained from Dr W.E. Rainey (University of Michigan at Ann Arbor, USA)
(Rainey et al., 1994). Cells were cultured cultured in Dulbecco’s modified Eagle’s medium/Ham’s
F12 (DMEM/F12; 1:1; Eurobio, Les Ulis, France) supplemented with 1% ITS Liquid Media
Supplement (100x; Sigma), 10% calf serum and antibiotics (Eurobio), at 37 °C in an atmosphere of
humidified air containing 5% CO2. Cell monolayers were sub cultured onto 100 mm dishes for
phosphatase activity and laddering assay (8 x 106 cells/plate), 60 mm dishes for protein and RNA
extraction (4 x 106 cells/plate) and 24 well culture dishes for proliferation experiments (2 x 105
cells/well) and grown for 2 days. Prior to experiments, cells were starved overnight in DMEM/F-12
medium without phenol red and containing antibiotics. Cells were treated with (x)-1-[(3aR*, 4S*,
9bS*)-4-(6-Bromo-1, 3-benzodioxol- 5-yl)-3a, 4, 5, 9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-
ethanone (G-1) (1 uM) (Tocris Bioscience, Bristol, UK) in DMEM/F-12 containing FBS-DCC 2,
5% (fetal bovine serum dextran-coated charcoal-treated). Inhibitors PD98059 (PD) (10 uM)
(Calbiochem, Merck KGaA, Darmstadt, Germany) was used 1 h prior to G-1. Adrenocortical
tumors, removed at surgery, and normal adrenal cortex, macroscopically dissected from adrenal
glands of kidney donors, were collected at the hospital-based Divisions of the University of Padua
(Italy). Tissue samples were obtained with the approval of local ethics committees and consent from
patients, in accordance with the Declaration of Helsinki guidelines as revised in 1983. Diagnosis of
malignancy was performed according to the histopathologic criteria proposed by Weiss et al. (Weiss
et al., 1989) and the modification proposed by Aubert et al. (Aubert et al., 2002). Clinical data of
the six ACC patients included in this study are not showed. Patient C6 terminated mitotane
treatment six months after beginning of therapy for severe gastrointestinal side effects. Patients C1
and C2 were treated with chemotherapy EAP protocol (etoposide, doxorubicin, and cisplatin) +

mitotane.

RNA extraction, reverse transcription and real time PCR

TRizol RNA isolation system (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA from
H295R, SKBR3 and ACCs. Each RNA sample was treated with DNase | (Invitrogen), and purity
and integrity of the RNA were confirmed spectroscopically and by gel electrophoresis before use.
One microgram of total RNA was reverse transcribed in a final volume of 30 ul using the ImProm-
Il Reverse transcription system kit (Promega Italia S.r.l., Milano, Italia); cDNA was diluted 1:2 in
nuclease-free water, aliquoted, and stored at — 20°C. The nucleotide sequences for GPER
amplification were forward, 5-CGCTCTTCCTGCAGGTCAA-3', and reverse, 5'-

ATGTAGCGGTCGAAGCTCATC-3'; the nucleotide sequences for GAPDH amplification were
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forward, 5'-CCCACTCCTCCACCTTTGAC-3', and reverse, 5'-
TGTTGCTGTAGCCAAATTCGTT-3". PCR reactions were performed in the iCycler iQ Detection

System (Bio-Rad Laboratories S.r.l., Milano, Italia) using 0.1 umol/L of each primer, in a total
volume of 30 ul reaction mixture following the manufacturer’s recommendations. SYBR Green
Universal PCR Master Mix (Bio-Rad) with the dissociation protocol was used for gene
amplification; negative controls contained water instead of first-strand cDNA. Each sample was
normalized to its GAPDH content. The relative gene expression levels were normalized to a
calibrator (normal tissue for ACC tissues or SKBR3 for H295R cells). Final results were expressed
as n-fold differences in gene expression relative to GAPDH and calibrator, calculated using the

AACt method as previously shown (Sirianni et al., 2009).

Western Blot analysis

Fifty pg of protein was subjected to western blot analysis (Sirianni et al., 2007). Blots were
incubated overnight at 4°C with antibodies against GPER, Cyclin E (CCNE), Cyclin B1 (CCNB1),
phospho-Rb, Cytochrome c¢, Bax, Bcl-2, Parpl, pERK1/2-ERK2 (all from Santa Cruz
Biotechnology, Santa Cruz CA, USA). Membranes were incubated with horseradish peroxidase
(HRP)- conjugated secondary antibodies (Amersham Pharmacia Biotech, Piscataway, NJ) and
immunoreactive bands were visualized with the ECL western blotting detection system (Amersham
Pharmacia Biotech, Piscataway, NJ). To assure equal loading of proteins, membranes were stripped
and incubated overnight with Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody
(Santa Cruz Biotechnology).

Histopathological and Immunohistochemical analysis

Tumors were fixed in 4% neutral buffered formalin, embedded in paraffin, sectioned at 5 and
stained with hematoxylin and eosin, as suggested by the manufacturer (Bio-Optica, Milan, Italy).
Paraffin-embedded sections, 5 mm thick, were mounted on slides precoated with poly-lysine, and
then they were deparaffinized and dehydrated (seven to eight serial sections). Immunohistochemical
experiments were performed using mouse monoclonal Ki-67 primary antibody at 4°C over-night
(Dako Italia Spa, Milano, Italy). Then, a biotinylated goat-anti-mouse 1gG was applied for 1h at
room temperature, to form the avidin biotin-horseradish peroxidase complex (Vector Laboratories,
CA, USA). Immunoreactivity was visualized by using the diaminobenzi-dine chromogen (Vector
Laboratories). Counterstaining was carried out with hematoxylin (Bio-Optica, Milano, Italy). The

primary antibody was replaced by normal rabbit serum in negative control sections.
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Cytochrome c detection

Cells were treated for 24 h, fractioned and processed for Cytochrome c detection as previously
reported (Chimento et al., 2012). Briefly, cells were harvested by centrifugation at 2500 rpm for 10
min at 4°C. Pellets were resuspended in 50 pul of sucrose buffer (250 mM sucrose; 10 Mm Hepes;
10 mM KCI; 1.5 mM MgCI2; 1 mM EDTA; 1 mM EGTA) (all from Sigma-Aldrich, Milano, Italy)
containing 20 pg/ml aprotinin, 20 pg/ml leupeptin, | mM PMSF and 0.05% digitonine (Sigma-
Aldrich). Cells were incubated for 20 min at 4°C and then centrifuged at 13,000 rpm for 15 min at
4°C. Supernatants containing cytosolic protein fraction were transferred to new tubes and the
resulting mitochondrial pellets were resuspended in 50 pl of lysis buffer (1% Triton X-100; 1 mM
EDTA; 1 mM EGTA,;

10 mM Tris-HCI, pH 7.4) (all from Sigma-Aldrich) containing 20 pg/ml aprotinin, 20 pg/ml
leupeptin, 1 mM PMSF (Sigma-Aldrich) and then centrifuged at 13,000 rpm for 10 min at 4°C.
Equal amounts of proteins were resolved by 11% SDS/polyacrylamide gel as indicated in the
Western blot analysis paragraph.

Cell cycle analysis and evaluation of cell death

Subconfluent monolayers growing in 60 mm plates were depleted of serum for 24 h and treated for
an additional 24 h with G-1. The cells were harvested by trypsinization and resuspended with 0.5 ml
of Propidium lodide solution (PI) (100 pg/ml) (Sigma-Aldrich) after treatment with RNase A (20
ug/ml). The DNA content was measured using a FACScan flow cytometer (Becton Dickinson,
Mountain View, CA, USA) and the data acquired using CellQuest software. Cell cycle profiles
were determined using ModFit LT program. Subconfluent monolayers growing in 60 mm plates
were depleted of serum for 24 h and treated for 24 and 48 h with G-1. Trypsinized cells were
incubated with Ligation Buffer (10 mM Hepes (pH = 7.4), 150 mM NaCl, 5 mM KCI, 1 mM
MgCI2 and 1.8 mM CaCl2) containing Annexin-V-FITC (1:5000) (Santa Cruz) and with Propidium
lodide. Twenty minutes post-incubation at room temperature (RT) protected from light, samples
were examined in a FACSCalibur cytometer (Becton Dickinson, Milano, Italy). Results were

analyzed using CellQuest program.

Caspases 9 and 3/7 Activity Assay

H295R cells after treatments were subjected to caspases 9 and 3/7 activity measurement with

Caspase- Glo 9 and 3/7 assay kits (Promega) and modified protocol. Briefly, the proluminescent
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substrate containing LEHD or DEVD sequences (sequences are in a single-letter amino acid code)
are respectively cleaved by Caspases 9 and 3/7. After caspases cleavage, a substrate for luciferase
(aminoluciferin) is released resulting in luciferase reaction luminescent signal production. Cells
were trypsinized, harvested and then suspended in DMEM-F12 before being incubated with an
equal volume of Caspase-Glo reagent (40 ul) at 37°C for 1 h. The luminescence of each sample

was measured in a plate-reading luminometer (Gen5 2.01) with Synergy H1 Hybrid Reader..

TUNEL assay

Cells were grown on glass coverslips, treated for 24 h and then washed with PBS and fixed in 4%

formaldehyde for 15 min at room temperature. Fixed cells were washed with PBS and then soaked
for 20 min with 0.25% of Triton X-100 in PBS. After two washes in deionized water, they were
stained using the Click-iT® TUNEL Alexa Fluor® Imaging Assay (Invitrogen) according to the
manufacturer’s protocol. Co-staining with Hoechst33342 was performed to analyze the nuclear
morphology of the cells after the treatment. Cell nuclei were observed and imaged under an inverted

fluorescence microscope (200X magnification).

Determination of DNA fragmentation

To determine the occurrence of DNA fragmentation, total DNA was extracted from control and G-1
(1 uM) treated (48h) cells as previously described (Chimento et al., 2012). The attached and
detached cells floating in the medium were collected by scraping and centrifuging (1500 rpm for 5
min at 4 _C). Pellets were washed three times with PBS and then resuspended in DNAladdering
lysis buffer (10% NP40, 200 mMMEDTA, 0.2 MTris—HCI pH 7.5). Lysates were centrifuged at 3000
rpm for 5 min at 4 °C. The recovered DNA was incubated with RNase A (final 5 Ig/ll) in 1% SDS
for 2 h at 56 °C. After addition of proteinase K (final 2.5 Ig/ll) samples were incubated for an
additional 3 h at 37 °C. DNA precipitation was performed using ethanol/ammonium acetate
precipitation O/N at -80 °C. The following day samples were centrifuged at 12,000 rpm for 20 min
at 4 _C and washed with 80% ice-cold ethanol. DNA pellets were resuspended in nuclease-free
water. Equal amounts of DNA were analyzed by electrophoresis on a 2% agarose gel stained with
ethidium bromide (Sigma—Aldrich).

Assessment of cell proliferation
[3H]Thymidine incorporation assay. H295R cell proliferation after G-1 treatment was directly
evaluated as previously described (Sirianni et al., 2010). Cells were cultured in complete medium

in 24 well plates (200,000 cells/well) for 24 h, then treated in serum-free medium for 48 h. Control
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cells were treated with the same amount of vehicle alone (dimethylsulfoxide), which never
exceeded the concentration of 0.01% (vol/vol). [3H]thymidine incorporation was evaluated after a 6
h incubation period with 1 ICi [3H]thymidine per well (Perkin—Elmer Life Sciences, Boston, MA,
USA). Cells were washed once with 10% trichloroacetic acid, twice with 5% trichloroacetic acid,
and lysed in 1 ml 0.1 N NaOH at 37 °C for 30 min. The total suspension was added to 5 ml
optifluor fluid and radioactivity determined in a b-counter. Each experiment was performed in
triplicate and results are expressed as percent (%) of basal.

The effect of G-1 on cell viability was measured using 3-[4,5-Dimethylthiaoly]-2,5-
diphenyltetrazolium bromide (MTT) assay as previously described (Sirianni et al., 2012). Briefly,
cells were treated for different times as indicated in figure legends. At the end of each time point
fresh MTT (Sigma-Aldrich), re-suspended in PBS, was added to each well (final concentration 0.33
mg/ml). After 30 minutes incubation, cells were lysed with 1 ml of DMSO (Sigma-Aldrich). Each
experiment was performed in triplicate and the optical density was measured at 570 nm in a

spectrophotometer.

Gene silencing experiments

For the gene silencing experiments, cells were plated in 12 well plates (1 x 105 cells/well) for
proliferation experiments or in 6 well plates (2 x 105 cells/well) for Western blot analysis; cells
were transfected with control vector (ShRNA) or shGPER in 2, 5% DCC-FBS medium using
lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer’s
recommendations for a total of 72 h. For proliferation experiments cells were transfected for 24 h
and then treated for 48 h before performing MTT assay.

Xenograft model

Four-week-old nu/nu — Forkhead box Nlnu female mice were obtained from Charles River
Laboratories Italia (Calco, Lecco, Italy). All animals were maintained in groups of five or less and
quarantined for two weeks. Mice were kept on a 12 h/12 h light/dark regimen and allowed access to
food and water ad libitum. H295R cells, 6 x 106, suspended in 100 pl PBS (Dulbecco’s Phosphate
Buffered Saline), were combined with 30 ul of Matrigel (4 mg/ml) (Becton Dickinson) and injected
subcutaneously in the shoulder of each animal. Resulting tumors were measured at regular intervals
using a caliper, and tumor volume was calculated as previously described (Seshadri et al., 2007),
using the formula: V = 0.52 (L x W?), where L is the longest axis of the tumor and W is
perpendicular to the long axis. Mice were treated 21 days after cell injection, when tumors had

reached an average volume of about 200 mm3. Animals were randomly assigned to be treated with
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vehicle or G-1 (Tocris Bioscience) at a concentration of 2 mg/kg/daily. Drug tolerability was
assessed in tumor-bearing mice in terms of: a) lethal toxicity, i.e. any death in treated mice
occurring before any death in control mice; b) body weight loss percentage = 100 — [(body weight
on day x/body weight on day 1) x 100], where x represents a day during the treatment period [66,
67]. Animals were sacrificed by cervical dislocation 42 days after cell injection. All animal

procedures were approved by Local Ethics Committee for Animal Research.

Scoring system

The immunostained slides of tumor samples were evaluated by light microscopy using the Allred
Score (Allred et al., 1998) which combines a proportion score and an intensity score. A proportion
score was assigned representing the estimated proportion of positively stained tumor cells (0 =
none; 1 = 1/100; 2 = 1/100 to < 1/10; 3 =1/10 to < 1/3; 4 = 1/3 to 2/3; 5 = > 2/3). An intensity score
was assigned by the average estimated intensity of staining in positive cells (O = none; 1 = weak; 2
= moderate; 3 = strong). Proportion score and intensity score were added to obtain a total score that
ranged from 0 to 8. A minimum of 100 cells were evaluated in each slide. Six to seven serial

sections were scored in a blinded manner for each sample.

Data analysis and statistical methods

All experiments were performed at least three times. Data were expressed as mean values +
standard error (SE), statistical significance between control (basal) and treated samples was
analyzed using GraphPad Prism 5.0 (GraphPad Software, Inc.; La Jolla, CA) software. Control and
treated groups were compared using the analysis of variance (ANOV A) with Bonferroni or Dunn’s
post hoc testing. A comparison of individual treatments was also performed, using Student’s t test.
Significance was defined as p < 0.05.
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H295R cell growth inhibited by G-1 treatment in vitro and in vivo

We examined GPER expression in human ACCs and in H295R cells by western blot analysis (Fig.
3. A) and real time RT-PCR (Fig. 3. B-C). Data demonstrated that GPER is expressed in normal
adrenal, in human ACCs and in H295R cells at different levels. G-1 effects on cell viability and
proliferation were tested using increasing concentrations (0.01-0.1-1uM) for different times (24-48-
72 h) (Fig. 3. D-E). Among different doses tested only 1uM caused a time-dependent reduction in
H295R cell growth. Doses higher than 1uM did not show any more pronounced effect (data not
shown). Knocking down of GPER gene expression, using a specific sShRNA, (shGPER) was
assessed by western blot analysis and revealed a substantial decrease in protein content compared

to the control shRNA (insert, Fig. 3. F). However, GPER silencing was able to only partially
abrogate the inhibitory effects exerted by G-1 on H295R cell proliferation (Fig. 3. F).
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Figure 3: G-1 treatment decreases H295R cell growth in vitro. (A), Western blot analysis of GPER was performed on 50 ng of
total proteins extracted from normal adrenal, ACCs and H295R cells. GAPDH was used as a loading control. (B-C), GPER mRNA
expression in normal adrenal and ACCs (B), H295R and SKBR3 (positive control) cells (C) was analyzed by real time RT-PCR.
Each sample was normalized to its GAPDH RNA content. Final results are expressed as n-fold differences of gene expression
relative to calibrator. Data represent the mean+SE of values from at least three separate RNA samples; *, P<0.05, versus calibrator).
(D-E), H295R cells were treated with G-1 (0.01-1uM) for different times (24, 48 and 72 h). Cell proliferation was evaluated by
[*H]Thymidine incorporation (D) and MTT (E) assays. Results were expressed as mean+SE of three independent experiments each
performed in triplicate. Statistically significant differences are indicated (*, P<0.05 versus basal). (F) MTT assay was performed on
H295R cells, which were previously transfected for 72 h in the presence of control vector (ShRNA) or shGPER. Twenty-four hours
after transfection cells were treated in 2.5 % DCC-FBS medium for 48 h with G-1 (1pM). Results were expressed as mean+SE of
three independent experiments each performed in triplicate. (*p < 0.05 versus basal). The insert shows a Western blotting assay on
H295R protein extracts evaluating the expression of GPER receptor in the presence of ShRNA or of ShGPER. GAPDH was used as a

loading control.
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Twenty one days after tumor grafting all mice developed a detectable tumor and were randomized
to be treated with either vehicle or G-1. G-1 administration produced a statistically significant
decrease in tumor volume from day 14 post treatment (Fig. 4. A). The drug was well tolerated
without lethal toxicity or body weight loss during treatment (data not shown). Multislices T2-W
MRI indicated larger tumor volume in vehicle treated animals compared to tumors from G-1 treated
mice. Hyperintense large cystic area and haemorrahagic regions, that appear as dark areas in the
tumor sections, were present in vehicle treated animals (Fig. 4. B). Grafted tumors harvested after
three-week treatment with G-1 showed a significant decrease in tumor weight compared to vehicle
treated animals (Fig. 4. C). Only G-1 treated tumors revealed some picnotic nuclei through
Hematoxylin and eosin staining (Fig. 4. D). Ki-67 immunostaimning was significantly lower in G-
1-treated tumors compared to control mice (value score control: 6, 6 + 0, 89 (SD); value score G-1
treated cells: 3, 1 £ 0.55 * (SD) (*p < 0.05) (Fig. 4. E). Cell cycle analysis of H295R cells after 24 h
of G-1 treatment demonstrated a cell cycle arrest in the G2 phase(Fig 5. A). This effect was further
confirmed by a change in the expression of cyclins, after G-1 treatment (Fig. 5. B). Specifically, by
western analysis we observed that G-1 treatment caused a decrease in Cyclin E (CCNE), while
Cyclin B1 (CCNBL1), involved in the regulation of G2 phase, was increased. CCNE and CCNB1
had similar expression pattern in protein samples extracted from xenografts tumors (Fig. 5. C).
Collectively these events support the idea of cells exiting G1 but remaining stuck in G2 phase. In
agreement with the observation that inappropriate accumulation of B type cyclins is associated with
the initiation of apoptotic pathways(Ling et al., 2002). we found that G-1 caused cell death by
apoptosis. Cells were treated for 24 or 48 h with vehicle or G-1, incubated with an Annexin-V
specific antibody and sorted by flow cytometry. As shown in Figure 5. D the number of dead cells
increased in a time dependent manner reaching about 40% of apoptotic cells 48 h after G-1
treatment (Fig. 5. D).
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Figure 4: G-1 treatment decreases H295R cell growth in vivo. (A), 6 x 106 H295R cells were injected subcutaneously in the flank

region of immunocompromized mice and the resulting tumors were grown to an average of 200 mm3 twenty one days after
inoculation. Tumor volumes were calculated, as indicated in Materials and Methods. Values represent the mean+SE of measured
tumor volume over time in the control group (filled circles, n=10) and in the G-1-treated group (filled triangles, n=10). Data represent
pooled values from two independent experiments. (*P<0.05 versus control at the same day of treatment). (B), In vivo coronal T2-
weighted spin-echo MR image of primary ACCs. Examples of multi-slices T2-W MRI (section thickness of 1 mm) tumors from
vehicle treated mice (control tumors) show a larger volume compared to tumors from G-1 treated mice. Hyperintense large cystic
area and haemorrhagic regions that appear as dark areas in the tumor sections, are present in the control tumors. (C), After 3-week
treatment tumors were harvested and weighed. Values represent the mean+SE of measured tumor weight (n=10) (*, P<0.05 versus
vehicle). (D), Hematoxylin and eosin stained histologic images of H295R xenograft tumors. (E), Representative pictures of Ki-67

immunohistochemical staining of H295R xenograft tumors. NC, negative control.
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G-1trattment causes cell cycle arrest and cell death in H295R

H295R cell cycle analysis showed an arrest in the G, phase after 24 h of G-1 treatment (Fig. 5. A).
This event was confirmed by a variation of cyclins expression, after G-1 treatment (Fig. 5. B). We
observed, by western analysis, in fact, a decrease in Cyclin E (CCNE) after G-1 treatment. In the
same condition Cyclin B1 (CCNB1) expression, involved in the regulation of G, phase, was
increased. Both CCNE and CCNBL in protein samples extracted from xenografts tumors showed

similar expression pattern (Fig. 5. C).
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Figure 5: Effects of G-1 treatment on cell cycle distribution and on cell death. (A), H295R cells were synchronized in serum-free

48 hours

media for 24 h and then exposed to vehicle (basal) or G-1 (1 uM) for the indicated times. The distribution of H295R cells in the cycle
was determined by Flow Cytometry using Propidium lodide stained nuclei. Table shows the distribution of H295R cell population
(%) in the various phases of cell cycle. (B-C), Western blot analyses of Cyclin E (CCNE) and Cyclin B1 (CCNB1) were performed
equal amounts of total proteins extracted from H295R cells treated with G-1 (1 uM) for 24 h (B) and xenografts tumors (C). Blots are
representative of three independent experiments with similar results. GAPDH was used as a loading control. (D), Subconfluent
H295R monolayers starved for 24h were treated for the indicated times with G-1 (1 pM). Then cells were stained with Annexin V/
FITC plus Pl and examined by flow cytometer. Graph represents the percentage of cell death at the different times of treatment. (*, P

<0.05 versus basal).
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G-1 causes cell nuclei morphological changes, DNA damage and apoptosis

DNA fragmentation confirmed G-1 ability to trigger apoptosis in H295R cells. TUNEL staining
demonstrated the presence of increased positive cells in the samples treated with G-1 (Fig. 6. A).
Moreover, Hoechst staining proved that untreated H295R cells had round nuclei with regular
contours while nuclei from G-1 treated cells appeared shrunken, irregularly shaped or degraded
with condensed DNA. DNA extracted from G-1 treated H295R , through DNA gel electrophoresis
cells, revealed a classic laddering pattern of inter-nucleosomal DNA fragmentation that was absent
in control cells (Fig. 6. B). This event was associated with an increase in Parp-1 cleavage (Fig. 6.
C), with increased Bax and decreased Bcl-2 expression (Fig. 6. D). Data obtained from tumors
samples by western blot analysis overlap with those obtained in H295R cells (Fig. 6. E). Triggering
intrinsic of apoptotic mechanism causes Cytochrome c¢ (Cyt C) release from mitochondria into the
cytosol (Oberst et al., 2008). Therefore we fractionated G-1 treated H295R cell lysates into
cytosolic and mitochondrial fractions and evaluated Cytochrome c release by western blot analysis
(Fig. 6. F). As expected Cytochrome c levels increased in the cytosolic fraction of treated samples
while decreased in the mitochondrial compartment. This Cytochrome ¢ released from mitochondria
into the cytosol triggers caspase activation; in fact after G-1 treatment we detected active Caspase 9

(Fig. 6. G) as well as the executioner Caspase 3/7 (Fig. 6. H).
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Figure 6: G-1 treatment induces apoptosis in H295R cells. (A) Cells were left untreated (basal) or treated with G-1 (1 uM) for 24
h; after treatment cells were fixed with paraformaldehyde and processed for TUNEL staining. Nuclei counterstaining was performed
using Hoechst 33342. Fluorescent signal was observed under a fluorescent microscope (magnification 200X). Images are from a
representative experiment. (B) After 48 h treatment DNA was extracted from cells and analyzed on a 1.5% agarose gel. Images are
from a representative experiment.(C—F). H295R cells were treated with G-1 (1 uM) for 24 h. Western blot analyses of Parp-1 (C),
Bax and Bcl-2 (D). Cytochrome c¢ (F) were performed on equal amounts of total proteins. Blots are representative of three
independent experiments with similar results. Bax and Bcl-2 were analyzed on total proteins extracted from xenograft tumors (E).
GAPDH was used as a loading. G-H. H295R cells were treated with G-1 (1 uM) for 24 h. Caspase 9 (G) and caspase 3/7 (H) activity
was determined by a luminescent assay. Results were expressed as percentage of enzyme activity. Graphs represent mean + SE of

three independent experiments each performed in triplicate. Statistically significant differences are indicated (*P < 0.05 versus basal).
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G1 treatment causes sustained ERK1/2 phosphorylation

To define the molecular mechanism involved with G-1-induced apoptosis, we investigated the
activation of MAPK family members extracellular signal-regulated kinase 1/2 (ERK1/2), which
have been demonstrated to be involved in apoptosis if activated for a prolonged time (Chen et al.,
2005). As shown in Figure 7. A, G-1 treatment activated ERK1/2 in a time-dependent manner as
seen by the increased levels of their phosphorylation status. Activation started after 30-min of G-1
treatment and persisted for up to 24 h (Fig. 7. A). ShGPER, that partially reversed G-1 effects on
cell proliferation (Fig. 3. E) did not affect ERK1/2 activation (Fig. 7. B). Involvement of ERK1/2 in
G-1-induced apoptosis of adrenocortical cancer cells was confirmed by the observation that MEK1
inhibitor, PD98059, prevented the up-regulatory effect exerted by G-1 on Bax expression (Fig. 7.
C).
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Figure 7: G-1-induced MAPK activation correlates with an increased protein expression of proapoptotic Bax. H295R cells
were transfected with ShRNA (A) or shGPER (B) for 72 h. Forty-eight hours after transfection cells were untreated (0) or treated for
at the indicated time with G-1 (1uM). Western blot analyses of pERK1/2 were performed on 10 pg of total proteins. ERK1/2 was
used as a loading control. Blots are representative of three independent experiments with similar results. The insert in Fig. 5. B shows
a Western blot on H295R protein extracts evaluating the expression of GPER receptor in the presence of shcontrol or of shGPER.
GAPDH was used as a loading control. (A-B up panels) Graphs represent means of normalized optical densities from three
experiments, bars represent SE. *p < 0.05 versus basal. (C), H295R cells were treated for 24 h with vehicle (-) or G-1 (1 pM) alone
or combined with PD98059 (10 uM). Western blot analysis of Bax was performed on equal amounts of total proteins. GAPDH was

used as a loading control. Blots are representative of three independent experiments with similar results.

38



Discussion

39



GPER agonist G-1 decreases adrenocortical carcinoma (ACC) cell growth

In this thesis we confirmed the role of estrogenic ligand of GPER, named G-1, into inhibition of
H295R cells both in vitro both in vivo through xenograft model. From these evidences we
investigated the potential role of GPER in this event. We confirmed GPER expression both in
H295R both in normal adrenal and ACC samples. This first analysis not indicate any expression
levels difference. Recent studies, have shown that activation of GPER initiates signaling cascades
are associated with both proliferation (Albanito et al., 2008a; Vivacqua et al., 2006b) and apoptosis
(Chen et al., 2005; Chimento et al., 2013a) depending on the cell type. GPER activation have
conflicting effects on cell proliferation of ERs negative and ERs positive breast cancer cells (Ariazi
et al., 2010). In particular when ERs are expressed, activation of GPER leads to inhibition of cell
proliferation. On the contrary, activation of GPER leads to an increase in cell proliferation when
cells are ERs negative (Ariazi et al., 2010). We demonstrated that micromolar concentrations of G-1
decrease H295R cell proliferation in vitro, significantly reduce ACC tumor volume in vivo and
cause a marked decrease in the expression of the nuclear proliferation antigen Ki-67. Flow
cytometry analysis, in fact, revealed that G-1 treatment causes changes in cellular distribution
within the different phases of cell cycle. Cell cycle progression is regulated by complexes
containing cyclins and cyclin dependent kinases (CDKSs) (John et al., 2001). We observed that, after
G-1 treatment, expression of G1 phase cyclin CCNE was reduced, while G2 phase cyclin CCNB1
was increased. Cyclin levels indicates that H295R cells do not bypass G2 checkpoint. Similar
behavior was observed for prostate cancer cells. In these cells GPER activation by G-1 1 uM
treatment caused cell cycle arrest in G2 phase (Chan et al., 2010). Arrest in G2 phase and apoptotic
cell death was confirmed by staining for Annexin-V, with nuclei morphological changes and
appearance of DNA ladder pattern. Apoptosis can be induced by extrinsic (Kim et al., 2006) and
intrinsic mechanisms (Fadeel and Orrenius, 2005); intrinsic mechanism is controlled by bcl-2
family proteins (Cory and Adams, 2002) through pro- (Bax, Bad, Bak, Bid) and anti-apoptotic (Bcl-
2, Bcl-xl) proteins. Proteins that modulate the execution phase of the cell death pathway. In
particular Bax exert pro apoptotic activity allowing Cytochrome c translocation from the
mitochondria to the cytosol (Antonsson et al., 2000). Cytochrome ¢ then binds to apoptotic
protease-activating factor-1 (Apaf-1) (Wang, 2001), which in turn associates with Procaspase 9
resulting in the activation of its enzymatic activity (Kuida et al., 1998) responsible for the
proteolytic activation of executioner Caspase 3 (Wilson, 1998). Caspase 3 is involved in the
cleavage of a set of proteins including Poly-(ADP) ribose polymerase-1 (Parp-1) (Soldani and
Scovassi, 2002). Bcl-2, instead, exerts in part its anti-apoptotic activity, by inhibiting the
translocation of Bax to the mitochondria (Wang, 2001). Changes in expression and/or activation of
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all the above mentioned biochemical markers of mitochondrial apoptotic pathway were observed in
H295R cells in response to G-1 treatment. Part of GPER signaling are MAPK family members
ERKZ1/2 (Lappano et al., 2013). Despite the well-defined role of ERK1/2 activation in proliferative
pathways (Meloche and Pouyssegur, 2007), sustained ERK1/2 phosphorylation is also involved in
apoptotic events (Chen et al., 2005; Chimento et al., 2013a; Ramos, 2008). In particular is important
that duration of ERK activation in promoting cell death can be different depending on cell type and
stimuli. G-1 caused sustained ERK1/2 activation in H295R, this event was concomitant with
apoptosis, since chemical inhibition of MEK1/2 using PD98059 abrogated G-1 ability to induce the
expression of proapoptotic factor Bax. ERK1/2 activity, in fact, can be associated with upregulation
of proapoptotic members of the Bcl-2 family, such as Bax (Chen et al., 2010; Tan and Chiu, 2013;
Tong et al., 2011). Moreover, ERK activity directly affect mitochondrial function in different way
(Cagnol and Chambard, 2010) such as decreasing mitochondrial respiration (Nowak, 2002; Nowak
et al., 2006) and mitochondrial membrane potential (Kim et al., 2003; Nowak et al., 2006), causing
mitochondrial membrane disruption and Cytochrome c release (Kim et al., 2003; Li et al., 2005;
Zhang et al., 2004). Interestingly, GPER silencing was not able to prevent G-1 induced ERK
phosphorylation, underlying the existence of alternative targets for G-1. These targets, similarly to
GPER, are able to activate ERK1/2 signaling, however for a prolonged period, and clearly deserve
further investigation. Other papers evidenced inhibitory effects exerted by G-1 on the growth of
different tumor cell types in a GPER independent manner [55-57], but a precise mechanism has not
been defined. Although further studies are needed to clarify the molecular mechanisms behind G-1-
dependent effects, this molecule could be a viable alternative to the current limited treatment
options and therapeutic efficacy for adrenocortical cancer.

In conclusion, we demonstrated that treatment of H295R cells with G-1 reduced tumor growth in
vitro and in vivo through a mechanism involving not only GPER activation. G-1 clearly causes cell-
cycle arrest at the G2 phase and apoptosis through a mechanism that requires sustained ERK1/2
activation. Our previously published results highlighting the ability of OHT, a known GPER agonist
and ESR1 antagonist, to reduce ACC cell growth, together with the present findings indicating the
inhibitory effects exerted by G-1, open up new perspectives for the development of therapies with

molecules modulating estrogen receptors action for the treatment of ACC.

41


http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=4241&path%5B%5D=10792#R55
http://www.impactjournals.com/oncotarget/index.php?journal=oncotarget&page=article&op=view&path%5B%5D=4241&path%5B%5D=10792#R57

Determination of mercury through TDA-AAS TECHNIQUE for Human
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Mercury

Heavy metals are essential components of Earth’s crust. Heavy metals are generally defined as
metals with relatively high densities, atomic weights, or atomic numbers. Some heavy metals are
either essential nutrients (typically iron, cobalt, copper and zinc), or relatively harmless (such as
ruthenium, silver, and indium), but can be toxic in larger amounts or certain forms (Fergusson,
1990). Other heavy metals, such as cadmium, mercury and lead, are highly poisonous (Tchounwou
et al., 2012). In China, Egypt, Greece and Rome has been recorded the use of mercury (Hg) in
manufacturing and medical purposes since classical times. Parallel, poisoning by Hg has also been
reported since at 2000 years ago. Plinio il Vecchio (23-79 AD), in fact, in Naturalis Historia, refers
to cinnabar (HgS) poisoning among miners at Almaden, Spain (Rackham, 1952). Historically, Hg
poisoning was a consequence of iatrogenic and occupational activity as documented in 18th century
by Ramazinni that described the occupational diseases developed by workers exposed to Hg
(Goldwater, 1936). Mercury, especially in elemental and inorganic form continued to be widely
used in industrial applications as in medical treatments. In 16th century, in fact, mercurous chloride
or calomel (Hg,Cl,) was introduced as a treatment for syphilis (De Laguna, 1955.) and furthermore
Hg use has also extended into 20th century. It was present in different preparations such as
antisyphilitic, antihelminthic, diuretic, and many others including also Chinese herbal
medicines(Ernst and Coon, 2001). Some of these preparations exceed the maximum concentrations
permitted by regulatory bodies (World Health Organization 1991). Dental mercury amalgam, which
releases low amounts of elemental Hg vapor was first recorded (600 AD) in China; safety theme of
mercury amalgam has long been a source of controversy (Dodes, 2001; Clarkson, 2002). Between
1932 and 1968, the Chisso Corporation dumped an estimated 27 tons of Hg compounds in
Minamata Bay. Minamata is a small Japanese town where the release of high levels of
methylmercury (MeHg) as industrial waste into local waterways induced environmental
contamination and consequent population exposure through consumption of contaminated fish and
shellfish . The devastating health effects subsequently became known as “Minamata disease” a
developmental conditions at high dose characterized by infantile cerebral palsy, congenital
abnormalities, ataxia, paralysis, hearing and vision loss, and other symptoms related to entity of
exposure. WHO (World Health Organization) estimates that at least 50,000 people have been
affected and more than 2000 cases of Minamata disease have been certified as result of the incident.
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Figure 8: Global Mercury events timeline ( http://www.unep.org/PDF/PressReleases/Mercury TimeToAct.pdf ).

On January 19, 2013, The Minamata Convention on Mercury was agreed upon at the fifth session of
the Intergovernmental Negotiating Committee in Geneva, Switzerland (Fig. 8). It is a global treaty
to safeguard human health and the environment from the adverse effects of Hg. The first step of the
convention is the reduction of Hg emission and eradication of potential source of exposure through
a ban on new mercury mines, the phase-out of existing ones, control measures on air emissions, and
the international regulation of the informal sector for artisanal and small-scale gold mining (

http://www.mercuryconvention.org/Convention )

Mercury cycling

Hg is a heavy metal noted for its potential toxicity, especially in environmental contexts. The same
amount has existed on the planet since the earth was formed; however, natural and anthropogenic
activities can redistribute this element between atmosphere, soil and water through a combination of
transport and transformations. During the industrial times, as result of its uses, the amount of Hg
mobilized and released into the atmosphere has increased compared to the pre-industrial levels. This
metal has been indeed employed in a wide array of applications (i.e., manufacturing, dentistry,
metallurgy) thanks to its unique physico-chemical properties (i.e., high specific gravity, low

electrical resistance, constant volume of expansion) (see Table 1).
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PROPERTIES USES

Liquid metal Barometers, blood pressure cuffs
Expands/contracts with temperature Thermometers
Conducts electricity Switches, fluorescent bulbs,electrolytic

production of chlorine

Amalgamates with other metals Dental fillings, gold purification

Kills bacteria and fungi Disinfectants, preservatives, vaccines

Table 1: Properties and Uses Of Mercury.

Hg, emitted to the atmosphere from a variety of point and diffuse sources, is transported in the air
and deposited to the earth where it was redistributed between water and soil (Fig. 9). It also enters
the environment through discharges to water from various industries or dental clinics and ends up in
the sewage sludge that is used as agricultural fertilizer. Mercury cycling and partitioning between
different environmental compartments are phenomena that depend on numerous environmental key
factors as:

e The chemical and physical form of Hg in air that influence the depositional fluxes

e Wet deposition, the primary mechanism for transferring Hg and its compounds from
atmosphere to aquatic and terrestrial ecosystem (except for arid regions where particle dry
deposition fluxes may be significant)

e Dissolved and/or particulate Hg forms in aquatic ecosystems and chemical/microbial
transformation to MeHg Contaminated sediments at the bottom of surface waters that can
serve as aHg reservoir, with mercury recycling back into the aquatic ecosystem for decades
or longer.

e Due to its long retention time in soil, Hg may continue to be released to surface waters and
other media for long periods of time.
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Figure 9: Mechanisms involved in the global mercury cycle.

The different processes affecting the global cycle of Hg, among which the mechanisms driving the
methylation and bioaccumulation pathways in the aquatic food chain, are not completely

understood.

Mercury is emitted in atmosphere in two main forms: elemental vapor (Hg0) and gaseous divalent
(Hg(l1)). Chemical and physical characteristics of the two main forms of Hg drive the chemical and
physical interactions with other atmospheric contaminants (Pacyna and Keeler 1995; Petersen et al.,
1998; Pirrone et al., 2000; Munthe et al., 2000; Munthe et al., 2001) and the transport of this metal.
Elemental Hg vapor is relatively inert to chemical reactions with other atmospheric constituents,
and is only thinly soluble in pure water with an atmospheric residence time of approximately one
year (Slemr et al., 1979). Once released to the atmosphere, elemental Hg can be dispersed and
transported for long distances before being deposited to the earth. In the presence of liquid water in
the atmosphere (fog or cloud water or precipitation), in fact, small amounts of Hg® are dissolved and
can be oxidized to Hg(Il) species in the aqueous phase by ozone (Munthe, 1992) or OH radicals
(Gardfeldt et al., 2001). These reactions occur at a significantly higher rate in the aqueous phase
than in the gas phase. Instead reactions with dissolved sulphur dioxide and OH radicals were
involved in the back-reduction to Hg® and subsequent transfer back to the gas phase. The rate of

reduction is to some extent governed by the complexation chemistry of Hg(ll) in the liquid phase
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Routes of exposure

The ambient air and dental fillings represent the two major sources of human exposure to the vapor
of metallic Hg in adult (WHO, 1997).Hg from dental amalgam may contribute from 0 to more than
75% of the total daily Hg exposure, depending on the number of amalgam fillings. The amalgam
used in dental fillings contains approximately 50% metallic Hg that is released from the surface of
the filling due to corrosion or chewing or grinding motions. However, exist other sources of
exposure to metallic Hg vapors such as breathing contaminated air around hazardous waste sites,
waste incinerators, or power plants that burn Hg-containing fuels. Most outdoor air is not likely to
contain levels that would be harmful, and exposure to Hg compounds at hazardous waste sites is
much more likely to happen from handling contaminated soil (i.e., children playing in or eating
contaminated surface soil), drinking well-water, or eating fish from contaminated waters near those
sites (Tab.2) . High consumption of fish represents a source of exposure to MeHg; people may be
exposed to higher levels of this compound if they have a diet high in fish, shellfish, or marine
mammals (whales, seals, dolphins, and walruses) living in Hg-contaminated waters (Tab. 3). MeHg
accumulates up the food chain, so that fish at the top of the food chain will have the most Hg in
their tissues through a process called bio-magnification. Other foods containing higher levels of Hg
include wild game, such as wild birds and mammals (bear) that eat large amounts of contaminated
fish. Through eating meat or fat from marine mammals including whales, dolphins and walruses,
people, especially in the most northern climates, may be exposed to high levels of Hg.

Metallic Hg is used in a variety of household products and industrial items, including thermostats,
fluorescent light bulbs, barometers, glass thermometers, and some blood pressure devices. When
these devices, that generally does not pose a risk, is damaged or broken Hg vapors are released.
People can be exposed to Hg vapors also from the use of fungicides that contain Hg or from
swallowing or applying to the skin outdated medicinal products (laxatives, worming medications,
and teething powders) that contain mercurous chloride. Exposure may also occurs from the
improper or excessive use of other chemicals containing Hg, such as skin-lightening creams and
some topical antiseptic or disinfectant agents (mercurochrome and thimerosal). Less important
aren’t religious practices that may include the use of metallic Hg such as Santeria, Voodoo and
Espiritismo. Prenatal Hg exposure and its fetotoxic effects may be of particular concern. Hg
exposures begin at the point of conception but the exposure to this metal continues throughout the
life stages - infancy, childhood, and adolescence. There are numerous sources that have been
recognized of special significance during pregnancy as dietary intake of fish, shellfish or marine
mammals and also Hg vapors released from maternal dental amalgams (WHO, 1997). During
pregnancy, the maternal exposure to Hg could result in irreversible damage especially to the
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nervous system of fetus with behavioral, cognitive patterns and motor skills alterations (Rice and
Barone, 2000). Exposure to Hg may result in effects on other systems in which prolonged
developmental processes are required such as the immune system and reproduction. Because of the
highly efficient gastrointestinal absorption and physiological immaturity in addition to a larger
consumption of foods to support their growth, children can be considered at higher risk than adults
(Dorea and Donangelo, 2005; WHO, 1996). Infants may be exposed to Hg compounds first via
breast milk consumption (i.e., on a body weight basis food consumption of infants are higher than
older children) (see Tab.4) and then to exposures to specific practices and products, such as teething
powders, soaps, and organo-mercurials used in medicines (World Health Organization, 2010). Both
organic and inorganic Hg occur in breast milk, and in addition to diet, elevated levels of Hg could
originate via occupational exposures and also dental amalgams of pregnant women (Bose-O'Reilly
et al., 2008). Due to the mammary gland efficiency, in fact, both the forms of Hg were transferred
from maternal blood to breast milk. This transport is more rapid for inorganic Hg than for MeHg as
showed by several studies in which maternal dental amalgams (i.e., inorganic Hg) are more closely
correlated with breast milk Hg concentrations, than maternal MeHg concentrations. The preferential
partition of inorganic Hg to breast milk is correlated with the association between plasma Hg and
breast milk; as MeHg is preferentially partitioned to erythrocytes rather than plasma, plasma is
relatively enriched in inorganic Hg (Bjornberg et al., 2005).When they grow sources of exposure
for children are different and occur by accident (e.g., from broken thermometers, fluorescent light
bulbs and other pressure gauges or liquid metal used in school laboratories), from specific products
(e.g., Hg-containing paints), from take-home exposure from occupationally exposed adults or
through use of cosmetics (e.g., skin-lightening creams and soaps) containing Hg salts (Bose-
O’Reilly et al., 2010; Xu J et al., 2016; Scheepers et al., 2014). Regard to exposure in workplaces,
children are not typically exposed but some former industrial facilities, contaminated by Hg and
subsequently converted to residences or childcare facilities, can lead to significant elemental Hg
exposure (ATSDR, 2007). As regard organic Hg, MeHg intoxication in children may result from
diet while ethylmercury (EtHg) exclusively from vaccines. EtHg, in fact, has been used as a topical
antiseptic and as antifungal agent in multi-dose vaccine vials given to children as thimerosal (which
contains 49.6% of EtHg by weight) (Ronchetti et al., 2006; Guzzi et al., 2012; Stajich et al., 2000).
For this reason, thimerosal has been removed from most vaccines in the United States. In the EU
the lack of precise regulations is a concern because the adverse effects of high-dose EtHg are
thought to be similar to high-dose MeHg (Allen et al., 2004). The window of exposure may still be
a critical factor for children entering puberty and adolescence. A wide range of effects on endocrine

system (e.g., specific cytotoxicity in endocrine tissues, changes in hormone concentrations,
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interactions with sex hormones and regulation of enzymes within the steroidogenesis pathway) were
established during puberty but adverse neurological effects may also occur in older children and
adolescents (Grandjean, et al., 2004; Tan et al., 2009). These evidences reflect the cumulative
influence of different factors and sources to which adolescents may be exposed. In conclusion,
children can be exposed to Hg in a number of ways such that their exposures exceed those of most
adults, and , actions are required to reduce the threat and to promote the healthy development of the
world’s children. (World Health Organization, 2010).

Source of Elamantal mercuey Inarganic mercury
EXDOSLE vapar oompounds AMathdmarcury
A 0,000 (0.024) 0,002 {0.001) 0.008 (0.0064)
Food
Fish 0 0.600 {0.042) 24423
Nor-fish 0 14(0.29) Q
Drinking walee o 0.050 10.0035) a
Deeral amalgams 38-21(3-17) 0 a
Tatal 39-21(517) 4.3(0.3) 24123y
Naote Values gven are the estimated average daly irtake (in up'day) for adulis in the general population
who are not oocupationally expased to marcury; the figures in parentheses rearesant the estimated
amount retaned in the body of an adult
Sourca. WHO 1520, 1991

Table 2: Estimated average daily intake and retention of total Hg and Hg compounds in the general population (Available at
URL: https://www.atsdr.cdc.gov/toxprofiles/tp46.pdf).
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Table 3: Fish consumption rates of various populations including general population and recreational and subsistence fishers

(Available at URL: https://www.atsdr.cdc.gov/toxprofiles/tp46.pdf).

49



Number of Totsl 15 content

Popuanor ¥ o . poitive)  (ppR* Auturarce

Mramats. Japw e L] Frarts weet Takabstane 1077

aq mre 44 <200 Bakir ¢ ol 1873

Tokys, Japar: 1974 4 822 Fulte ane Tavabaaba 1977
jurnam poprtation| D408

Jowa. USA (peners 1
poputation wihout

' 32 (e Q9:023 Ptiin st 3l 1070

19m Malwter 1970

1, 20 (V0N 962564 Baluo of o, 1882

1980s  NA 02.63 Saertving 1§88

1900 0 06104 Osharsson of al 1090

1900s 100 medan 245 Grondioen ot ul 1565
maxitem 8.7

* Roschs are espressed as moars =5.0 uvoss otherwise noted Ranges wre shows In parentheses
* Of the tom! mencsy, 40% was norgarkc mercury. 00% was methymercury

Of the 108! mermary 51% was NOosganics 3% Wos SIGenks =y

Table 4. Total Hg concentration in human breast milk (Available at URL: https://www.atsdr.cdc.gov/toxprofiles/tp46.pdf).

Toxicokinetic

Toxicokinetic of Hg depends by its form and varies considerably. Sources of exposure, critical
target organs, toxicokinetic, distribution, biotransformation, and excretion of each Hg species are
different. Elemental Hg is oxidized to mercuric inorganic form. (Barregard et al., 1992; Hursh et al.,
1980; International Agency for Research on Cancer (IARC), 1993). Inorganic Hg, instead, was
complexed with reduced glutathione containing thiol group, while MeHg formed complex both with
glutathione both with cysteine or was oxidized to mercuric inorganic forms (demethylation process)
in tissues (Harris et al., 2003). The formation of complexes with thiol- containing small molecules
plays a major role in the process of transport and distribution in the body. MeHg was absorbed
through gastrointestinal tract and enter the bloodstream from which it is distributed to other tissues
included the brain (Vahter et al., 1994; Zarebaet al., 2007) Experiments showed that MeHg entry
into endothelial cells of the blood-brain barrier as a cysteine complex thanks to a neutral amino acid
carrier (Kerper, et al., 1992; Simmons-Willis et al., 2002). The structure of MeHg-cysteine, in fact,
closely remember methionine and the carrier process is so selective that only the L-optical
enantiomorph is transported. In the central nervous system (CNS) MeHg is transported across the
blood-brain barrier by an amino acid carrier and accumulates “in sSitu” where it undergoes to slow
dealkylation to inorganic Hg (Aschner and Clarkson, 1988). Toxicity of MeHg is expressed by two
principal mechanisms showed in Fig. 10. Regarding the first mechanism, in the extracellular

environment, MeHg inhibits glutamate uptake and some amino acids that are associated with the
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synthesis of astrocytic glutathione (GSH). Accumulation of glutamate in the extracellular space and
the resulting excessive activation of N-methyl-D-aspartate (NMDA) receptor can result in
excitotoxicity and cell death. The second proposed mechanism is the impaired cytoplasmatic Ca®*
homeostasis and the release of ROS, metabolic inhibition that leads to impaired ATP production,
lipid peroxidation and nuclear damage. Furthermore MeHg can provoke microtubules chain
disruption decreasing vesicular migration or genotoxicity (Do Nascimento et al., 2008). MeHg
shows the same mechanism of absorption also in the gastrointestinal tract and liver. Here MeHg
combines with reduced glutathione using a glutathione carriers (Ballatori and Clarkson, 1985;
Ballatoriet al., 1955) to form a complex that is secreted into bile. Hence glutathione is hydrolyzed to
its constituent amino acids, releasing the MeHg-cysteine complex. The latter part is reabsorbed in
the gallbladder into the bloodstream and, in part, secreted into intestinal tract along with any
unhydrolysed glutathione complex. Once in the intestinal tract, an amount was reabsorbed into the
portal circulation as the cysteine complex and an amount is demethylated by intestinal microflora.
Demethylation process can occur also in other organ as demonstrated by Suda and Hirayama (Suda
and Hirayama, 1992) that reported the liver microsomes are also capable of demethylating MeHg
perhaps via the action of NADPH-cytocrome P-450 reductase.

The result of the metabolic processes is that most of inorganic Hg produced as previous described is

excreted in feces.
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Figure 10: A schematic model of some of the currently proposed mechanisms for cellular damage induced by MeHg in the
CNS.
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Regarding EtHg the only source of human exposure is thimerosal (inside vaccines). After
thimerosal injection, EtHg is released and interacts with thiol-containing proteins and low-
molecular-weight thiols, mainly cysteine and reduced glutathione. Thimerosal also releases its non-
Hg moiety (thiosalicylate) which presents no significant toxic effects (Tan and Parkin, 2000; Reader
and Lines, 1983). The EtHg—cysteine complex can be exported from muscle cells either by plasma
membrane transport proteins, via mimicry processes, or through exchange reactions with the plasma
membrane thiol-containing proteins, while the EtHg complexed with GSH can be exported only via
exchange. The exported EtHg-cysteine complexes then can exchange with generic plasma thiol
proteins, with low-molecular weight thiols (Figure. 11) or with albumin. The metabolism of EtHg to
cationic Hg drastically alter the fate of Hg in the body. EtHg is more rapidly degraded to Hg?* and
for equivalent doses, less Hg will be found in the brain after EtHg exposure as compared to MeHg.
The excretion of EtHg resulted more rapid than MeHg from infant blood (Pichichero et al., 2008).
Finally EtHg appears to be approximately similar to MeHg in terms of distribution to blood and for
excretion route (feces), but there are a difference in tissue deposition and rate of metabolism to

*@

a “:
M;sma, |

inorganic Hg.

Figure 11: Schematic representation of intramuscular EtHg administration as thimerosal.

Inorganic Hg, instead, accumulates principally in the kidney and in lesser amount in the liver.
Inorganic Hg absorption can occur through topic absorption consequence of the use of skin creams,
medications, and soaps. The mechanism of deposition in the body is poorly understood, presumably

two glutathione molecules attaches Hg cation to form a structure exported from liver cells by
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glutathione carriers. Furthermore reduced glutathione play an important role in the renal handling of
Hg. It is the principal responsible of renal uptake of Hg, in fact, inhibition of the enzyme gamma-
glutamyltranspeptidase (gamma GT), which degrades glutathione, causes a marked reduction of
uptake and a large increase on urinary excretion of Hg (De Ceaurriz et al., 1994;Tanaka et al., 1990;
Berndt et al., 1985). These evidences demonstrated that inorganic Hg is secreted by proximal
tubular cells into tubular lumen as a glutathione complex (Tanaka-Kagawa et al., 1990). This
complex is then degraded by gamma GT and Hg is subsequently reabsorbed into renal cells
probably as Hg-cysteine complex via the large neutral amino acid transporter (Wei et al., 1999).
Higher doses cause collapse of kidney function and extensive corrosive damage to the
gastrointestinal tract, stomatitis and gastroenteritis. Lower doses cause selective damage to the
kidneys especially in the proximal tube though the biochemical mechanisms of renal toxicity are
unknown (Rahola etal., 1973; Hattula and Rahola, 1975). Many reports have also indicated that
Hg, especially divalent inorganic form, determine autoimmune diseases both in animals and humans
(Pollard and Hultman, 1997) influencing different cellular processes such as inhibition of enzyme
function and blockade of cellular receptors or ion channel (McCabe et al., 2005).

Elemental Hg is absorbed by lungs through inhaling, passed to bloodstream and distributed to most
tissues where it binds sulfhydryl groups. In tissues MeHg is oxidized to mercurous and mercuric
inorganic forms (Clarkson and Magos , 2006; Hursh et al 1976; Halbach and Clarkson 1978).
Oxidation process takes place by catalase-hydrogen peroxide pathway. The protein first forms an
adduct with hydrogen peroxide to form a catalase compound and then reacts with an atom of Hg to
form mercuric mercury. The same pathway is involved in re-oxidation of vapor generated by
mercuric mercury reduction. The role of this cycle is not well understood and it isn’t determinant
for Hg elimination, conversely it plays a role in the mobility of this metal. Regard symptoms, acute
inhalation exposure, at high concentrations, may induce respiratory distress including
dyspnea. Chronic exposuremay induce symptoms at the CNS including tremors, delusions,
memory loss and neurocognitive disorders (Eide and 1983; Syversen and Kaur 2012). Hg is
known to be a toxic element for humans and the environment. The International Agency for
Research on Cancer (IARC) classified the methylated compounds of Hg as a possible human
carcinogen (Group 2B) while metallic and inorganic Hg compounds as unclassifiable with regard
to carcinogenicity in humans (Group 3) (IARC (International Agency for Research on Cancer;

Available:http://monographs.iarc.fr/ENG/Classification/ClassificationsAlphaOrder.pdf).

Occupational limits have been established for both forms of Hg, elemental and inorganic: the
American Conference of Government Industrial Hygienists (ACGIH) fixed a Threshold Limit
Value (TLV) — Time Weighted Average (TWA) equal to 0.025 mg/m?, a BEI (Biological Exposure
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Index) of 35 pg/g of creatinine for total Hg in urine and a BEI of 15 pg/L for inorganic Hg in blood
(ACGIH (American Conference of Government Industrial Hygienists), 1996).

Human Biomonitoring

Human biomonitoring (HBM) allows to measure human exposure to chemicals by measuring either
the substances themselves, their metabolites or markers of subsequent health effects in body fluids
or matrices (blood, urine, saliva, serum, breast milk, teeth, nails, hair). Information on human
exposure can then be linked to data on sources and epidemiological surveys, in order to inform
research on the exposure-response relationships in humans

(http://www.eea.europa.eu/themes/human/human-biomonitoring) (Angerer et al., 2006). The HBM

can evaluate both recent and past exposure to chemicals and follow the evolution in time of entity
of exposure (Schulz et al., 2007b; Wittsiepe et al., 2000). The HBM has a great value to identify
population groups at high risk as children, vulnerable to certain pollutants or able to transform
parental compounds into toxic metabolites more than adults (Becker et al., 2007). Through HBM it
is possible to establish reference values (RVs) for certain substances in the general population and
assess the exposure of vulnerable groups as children and elderly, highlighting priorities for research
and reviewing the effectiveness of regulatory and legislative measures adopted. For reliable HBM
data is necessary to respect severe quality criteria in the different process steps such as the selection
of individuals, sampling, control of the variability, analytical and statistical processing of results
(Nordberg et al., 1992). All these activities are aimed to develop, standardize and validate sampling
protocols and analytical methods as pivotal for the reliability, comparability and transferability of
HBM results. The use of HBM to identify spatial and temporal trends in human exposures to
chemicals has contributed successfully to initiate policy measures and to create preventive
campaigns for the health of the general population and susceptible groups . Examples of national
HBM surveys are the US National Health and Nutrition Examination Survey (NHANES)
(https://www.cdc.gov/nchs/nhanes/). , the French National Survey on Nutrition and Health (ENNS)
(Fréry etal., 2012), the PROBE lItalian HBM survey (Pino et al., 2012), the Flemish Environment
and Health Study (FLESH) (Schoeters et al., 2012), and the German Environmental Survey
(GerES). These HBM surveys intended to define the exposure of the general population and/or
susceptible groups to various types of pollutants and combine also subjects’ interviews and physical

examinations (http://www.umweltbundesamt.de/gesundheit-e/survey/index.htm; Schulz et al.,

2007b; Schulz et al., 2009). On the basis of the GerES campaigns, the German Commission has
established RVs (Table.3) and HBMI and HBM-II biological limits for different chemicals,

different biological matrices and different subgroups of population (Table.5) (Schulz et al., 2007D).
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Parameter and matrix Population group

Study period RV
(reference) (age range)
Children without
dental amalgam 2003-2006 0.4 pg/l

Mercury in urine
(Wilhelm et al., 2004;
Schulz et al., 2007a)

fillings (3-14 years)
Adults without dental
amalgam fillings 1997-1999 1.0 pg/l
(18-69 years)
Children who ate fish

<

_ 2003-2006 0.8 pgl/l
) 3 times per month
Mercury in blood
_ (3-14 years)
(Wilhelm et al., 2004; i
Adults who ate fish
Schulz et al., 2009)
<
_ B 1997-1999 2.0 g/l
3 times per month
(18-69 years)
% Uncertainty of analysis must be taken into account.
Table 5: Reference values (RVys) for Hg in biological fluids.
Parameter and medium POFZ:;“&ESSUF) HBM I value HBM II value
Mercury in urine . 7 pg/l 25 pg/l
(Schulz et al., 2007a) Children and adults 5 ug/g creatinine 20 pg/g creatinine
Mercury in blood : *
(Schulz et al., 2007¢) Children and adults 5 g/l 15 pg/l

* Derived from women of reproductive age. The value is recommended for other groups

Table 6: Human biomonitoring (HBM) values for mercury in urine or blood.

The RVs for chemical substances in human matrices (e.g., blood, urine) are derived statistically
from a series of measurements, and represent the basic exposure of the general population. They
can be expressed as the 95" percentile of the level of the substance in biological samples from a

representative group of the general population.

55




The HBM values are health-related biological exposure limit values; in particular the HBM-1 value
corresponds to the substance concentration in sample below which there is no risk of adverse effects
for the population, while the HBM-II represents the value above which it is present a risk of
adverse effects (Ewers et al., 1999). A substance concentration between HBM-1 and HBM-I11 values
represents an alert level and biological data must be confirmed by further measurements. A
concentration value above the HBM-I11 is regarded as level of intervention, and immediate actions
should be performed.

Biomarker

A biomarker is defined as a cellular, biochemical or molecular alteration that is measurable in
biological media such as human tissues, cells, or fluids
(http://crsbasilea.inti.gov.ar/pdf/mercurio/MarceloConti-MercuryBiomarkers.ppt). It represents the

grade of exposure of the population to environmental contaminants and the temporal trends. Once
chemical is absorbed in the body, in fact, it can be excreted without transformation or be
metabolized and then excreted or stored in various tissues or bones. All these processes are
influenced by the physicochemical properties of the contaminant which influence also the selection
of the appropriate matrix. The ideal biological matrix should be easily accessible, available in an
adequate amount for analysis, sampled with the less invasive procedure that does not present risks
to the subject. Critical factors for biomarker selection are also the clinical end-point and the
prognostic value of the biomarker itself.. Other essential characteristics of a suitable biomarker are
its validity and reliability. Validity is defined to be the extent to which it measures what it is
intended to measure (e.g. the exposure, the effect, the disease or the susceptibility), and it is
expressed by two indices: the sensitivity (ability to detect a signal at a low concentration and
highlight also the minor variations) and specificity (ability to be characteristic of that particular
event). The reliability of a biomarker refers to the degree to which the results obtained by a
measurement procedure can be replicated Laboratory personnel, laboratory methods, storage,
transport procedures may all affect the reliability of the biomarkers used. Furthermore a biomarker
should be readily available and its inclusion in the study should be feasible, also in terms of
financial resources. Biologic stability is also critical particularly if the biomarker is to be stored for
any length of time. Knowledge of the time that elapses between exposure and sampling is essential
in choosing a biomarker. A biomarker characterized by a short half-life only reflect recent exposure
but can result valid if the exposure is constant over time. Conversely, for a biomarker with long
half-life, the internal dose increased in time and age or time of exposure are determinant factors.

Utility of biomarkers are maximized with long half-life contaminants in order to monitor months or
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years of previous exposures . Short half-life chemicals are usually measured in urine while long
half-life chemicals are quantified in blood. Contaminants that are liposoluble are best measured in
matrices with a high content of fat (e.g. adipose tissue and breast milk). It should be also considered
that many chemical compounds express a biphasic or polyphasic pharmacokinetics (various
compartments and various half-lives): assuming one compartment and a single half-life for the

biomarker can lead to errors in the interpretation of the obtained concentration.

There are several different categories of biomarkers, that measure exposure, effect and
susceptibility. Each is useful for answering different questions.

A biomarkers of exposure: indicator of the exposure to a specific substance, highlighting also

possible variations in time;

- A biomarkers of effect: indicator of pre-clinical abnormalities or possible or established health

effects associated to the exposure to a specific substance or its metabolite;

- A biomarkers of susceptibility: indicator of an inherent or acquired susceptibility to respond to
the exposure to a specific substance or its metabolite Biomarker of exposure reflects an individual’s

current body burden, which is a function of recent and/or past exposure.

Interpretation of biomarkers of exposure requires knowledge of when and how the exposure
occurred in the study population group and the toxic potential for that exposure. In assessing the
appropriateness of a particular biomarker of exposure, it is important to consider three factors: how
well the biomarker predict the external exposure; how well the biomarker correlates with the dose
at the site of toxicity and how well the biomarker inform regarding variations in external exposure.
In this study the levels of Hg in urine and hair were used as biomarker of exposure to Hg in an
Italian children population with the final aim to evaluate possible associations with neurobehavioral
and cognitive deficiencies. The human exposure to Hg can be generally assessed through
determination of its level in blood and urine, but also hair can be used as biomarkers of exposure.
Typically, the levels of Hg in blood and urine represent the total Hg, thus including both inorganic
and organic Hg. The WHO estimated an average concentration of total blood Hg for the general
population of 8 mg/L, however this value can increase to 200 g/L in case of high consumption of
fish (ATSDR (Agency of Toxic Substances and Disease Registry), 1999). Typical concentrations of
total Hg in urine vary between 4 and 5 pg/L and reflect mainly exposure to inorganic Hg and also a
little fraction of demethylated MeHg. The latest US campaign (NHANES) reports for total Hg a
GM (geometric mean) value of 0,703 pg/L in blood and 0,367 pg/L (creatinine corrected) in urine

(Fourth National Report on Human Exposure to Environmental Chemicals, 2015). In Italy, for the
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general population have been reported ranges between 3,49 and 6,36 g / L in blood and 1.32 to 2.1
mg/L in serum (Alimonti et al., 2005; Alimonti et al., 2009; Minoia et al., 1990) and between 1.15
and 3.5 mg/L in urine (Apostoli et al., 2002; Soleo et al., 2003).

Hair

Generally, Hg concentration in  hair is 250 to 300-fold higher than that in blood, because
sulfur-containing proteins rich in the hair bind to MeHg (World Health Organization, 1990). Once
incorporated, Hg does not return to the blood, thus, it provides a good long-term marker of
exposure. Although inorganic as well organic Hg is incorporated in the hair structure, among fish
consumers MeHg constitutes at least 80% of the total Hg. Therefore, hair total Hg is widely used as
a biomarker for evaluating exposure to MeHg at all exposure levels (including fetal exposure)
(McDowell et al., 2004; National Research Council, 2000). In addition, hair is a biological
specimen that is easily and noninvasively collected, with minimal cost, and easy to store and
transport to the laboratory for analysis. However, considerable attention to laboratory quality
assurance and quality control is required to produce reliable analytic results (World Health
Organization, 2010). In contrast to blood concentration - which provides no clear information about
the magnitude or timing of the exposures - the hair concentration has the advantages of being able
to integrate exposure over a known time. Such information is based on two assumptions: 1)
growing hair shafts incorporate Hg in proportion to the concentration of Hg in the blood; 2) hair
shafts grow at a constant rate that does not vary significantly among individuals. The first
assumptions is necessary for establishing a quantitative relationship between hair Hg concentration
and MeHg intake; the blood Hg concentration being an intermediate kinetic compartmentThe
second issue is necessary for establishing the relationship between location along the hair strand and
the time of exposure (National Research Council, 2000). An average growth rate of 1.1 cm per
month for scalp hair is commonly assumed. Thus, a 9-cm length of maternal hair can correspond to
ca. 8 months of gestation and maternal hair can be used as a biomarker of fetal exposure.
(Grandjean et al., 1992). Notwithstanding several factors such as ethnicity, age, gender, and color
may affect the hair growth rate and MeHg incorporation, leading to temporal uncertainty and
exposure misclassification (Sakamoto et al., 2004; Grandjean et al., 2002), Grandejan et al. (2002)
observed that segmental hair analysis has the potential to provide information about exposure
during specific portions (e.g., trimesters) of gestation, but uncertainties related to hair-growth rate
make difficult the identification of segments corresponding to periods as short than a single
trimester. Despite those limitations, several attempts have been undertaken to determine guidance

levels (e.g., benchmark doses, BMD) based on hair Hg levels. The BMDs determined on the basis
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of the greatest follow-up studies (i.e., Seychelles, New Zealand and Faroes cohorts) indicated that a
level of 4-25 ng/g measured in maternal hair may carry a risk to the infant (Budtz-Jorgensenet al.,
2000; Crumpet al., 2000; Van Wijngaarden et al., 2006). However sources of uncertainty (e.g.,
assumptions about the shape of the dose—response curve, the choice of the cut-off as a benchmark
response, and decisions on the critical endpoints) make that level currently under discussion;
anyway a linear relationships between 1 pg/g increase in maternal hair Hg concentration and 0.18
point reduction in children’s 1Q were well established (Axelrad et al., 2007). Furthermore, a recent
study, involving analysis of data from studies of developmental neurotoxicity at low Hg exposure
levels, estimated a lower biological limit (0.58 pg/g) in hair (Grandjean et al., 2007; Bellanger et al.,
2013).

Urine

The major form of Hg in urine is inorganic Hg. Therefore, total Hg concentration in this matrix
reflects the amount of inorganic Hg accumulated in kidney (which is a good biomarker for
evaluating exposure to inorganic Hg and Hg vapor), and also as an indicator of Hg body burden
(World Health Organization, 1995). Urine represents the best biomarker of long-term low-level
exposure because urinary Hg is derived directly from those deposited in the kidney tissue, which
serves as the main deposit site during chronic Hg exposure (Clarkson and Magos, 2006 ). If
possible, inorganic Hg exposure can be measured by determining urinary Hg concentration
preferably using a 24-hour urine collection. Results greater than 10 or 20 pg/L could lead to
excessive exposure, while neurologic signs may appear at values greater than 100 pg/L, but also at
much lower levels (down to 5-10 pg/L) (Bose-O’Reillyet al., 2010). However, if the Hg exposure
has been intermittent or variable in intensity, Hg concentration in urine does not necessarily
correlate with chronicity or severity of toxic effects (Goldman and Shannon, 2001). Due to its
relatively short half time, urine Hg level is useful only when measured soon after a short term and
high-level exposure to inorganic Hg or Hg vapor (i.e., the values tend to return to normal below 5
pg/L within days after the end of the exposure) (Park and Zheng, 2012). The primary target organs
of elemental Hg are the brain and kidney. Unlike inorganic Hg, elemental Hg is lipid soluble and
can cross the blood-brain barrier. After absorption, it is rapidly converted to inorganic Hg and
excreted in urine, thus also a long-term elemental Hg exposure is well represented by the presence
of Hg in this matrix (Bose-O’Reilly et al., 2010). Again the blood level could be useful when
measured soon after the exposure, because blood Hg levels peak sooner than urine levels. The

concentration of Hg in urine, hence, is a good indicator of a long-term integrated exposure, respect
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to blood that is a good indicator of recent exposure (Pirrone et al.,, available at URL:

http://www.iia.cnr.it/project/position-paper-on-mercury).

Regulations and guidelines

The limit values established by the institutions must take into account the different types of
exposure including environmental (soil, deep and surface water), labor and alimentary. Regard
biological matrix the Italian Society References Values (S.l.V.R.) established for Hg RVs of 4,5
Mg/L in blood, 1,5 pg/L in serum and 5,0 pg/L in urine (S.I.V.R., 2011). All the previously
mentioned values are calculated for the general adult population. Concerning air, instead the time-
weighted average (TLV-TWA) for workers exposed during the eight working hours is set by the
ACGIH (ACGIH, 2001) at 25 pg/m®. Regard to the limits for soil the law that sets a limit for Hg
farmland can be deduced by Legislative Decree. n © 99 of 27/01/1992 - Implementation of Directive
86/278 / EEC on environmental protection, in particular of the soil. The fixed value for Hg is 1 pg/g
in soil. The Presidential Decree 515/1982 fixed at 1 pg/L the limit for water intended for drinking,
while the FAO document (FAO, 1985) fixed at 10 g/L the limit for water intended for livestock.
Specific is the state of the art regarding food limits. The Food and Drug Administration (FDA) sets
at 1 pg/g the maximum allowable Hg value in fish and seeds of wheat (U.S. FOOD AND DRUG
ADMINISTRATION, 2000). Although it is specific for the mentioned foods, this limit may

reasonably indicate, in the absence of another, a reference level of attention.

Analytical methods

Many of the analytical methods used for environmental samples are the methods approved by
federal agencies and organizations such as the Environmental Protection Agency (EPA) and the
National Institute for Occupational Safety and Health (NIOSH) or those that are approved by
groups such as the Association of Official Analytical Chemists (AOAC) and the American Public
Health Association (APHA). Additionally, analytical methods can be included, if adequately
modified, to obtain lower detection limits and to improve accuracy and precision. The analysis of
Hg in biological and environmental samples is difficult due to different organic and inorganic forms
of the metal that may be present. This problem is usually overcome by reducing all the metal in the
sample to its elemental form prior to analysis but this method is not suitable when information
about the single Hg forms is desired. Furthermore Hg is relatively volatile and, therefore, easily lost
during sample preparation and analysis. Nevertheless several methods have been settled for
determining trace amounts of Hg in biological and environmental samples. Moreover, careful
attention must be paid to involuntary contamination of the sample with Hg, especially when very

low concentration is determined. Most common methods have used atomic absorption spectrometry
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(AAS), atomic fluorescence spectrometry (AFS), or neutron activation analysis (NAA). In addition,
methods based on mass spectrometry (MS), spectrophotometry, and anodic stripping voltammetry
(ASV) have also been established. Among previously mentioned techniques the cold vapor (CV)
AAS is the most widely used. The same technique is the first used to determine Hg in blood and
serum (Friese et al., 1990; Ngim et al., 1988; Vermeir et al., 1988; Vermeir et al., 1989; Vesterberg,
1991). Both direct reduction of sample (Friese et al., 1990; Ngim et al., 1988) and pre-digestion
followed by reduction (Oskarsson et al., 1996.; Vermeir et al., 1988; Vermeir et al., 1989) produced
good accuracy and precision. Pre-digestion showed best results when samples were heated in a
closed teflon container in a microwave oven and pre-concentrated on gold-coated sand (Vermeir et
al.,, 1989). A complimentary method to CVAAS for total Hg determination in blood is
electrothermal atomic absorption (ETAAS) (Emteborg et al., 1992) that showed good sensitivity
and excellent recoveries. Also for analysis of urinary Hg the most used method is CVAAS (Akagi
et al., 1995; Friese et al., 1990; Ngim et al., 1988; Oskarsson et al., 1996; Ping and Dasgupta, 1989;
Ping and Dasgupta, 1990;Vesterberg, 1991). CVAAS showed good sensitivity (low-ppt), recovery
(>76%) and precision (<10%) of relative standard deviation [%RSD]. ; furthermore can be used on
either digested or undigested samples (Friese et al., 1990; Ngim et al., 1988; Ping and Dasgupta,
1989; Ping and Dasgupta, 1990). An alternative to CVAAS, for total Hg determination in blood and
urine, can be inductively coupled plasma-atomic emission spectroscopy (ICP-AES) or ICP-mass
spectrometry (Buneaux et al., 1992; Kalamegham and Ash,1992). These methods are sensitive and
show good recoveries (>90%) and precision (<17% coefficient of variation [%CV]). Every
technique has different figures of merits in the determination of Hg, in terms of different limit of
detection, linearity range, accuracy, precision, applicability (number of samples analyzed) and
specificity reported. Despite the mentioned advantages, the above mentioned analytical techniques
also have drawbacks; they are time-consuming and involved potentially contaminating sample pre-
treatment (in some the Hg in the sample is reduced to the elemental state and in others the pre-
digestion of the sample is required prior to reduction). At all phases of sample preparation and
analysis, the possibility of contamination from environmental Hg must be considered. An
alternative approach which can measure total Hg directly is available in commercial
instrumentation: Direct Mercury Analyzer (DMA-80). The DMA-80 techniques integrate sample
combustion, pre-concentration of Hg by amalgamation with gold, and atomic absorption
spectrometry (AAS). The peculiarities of TDA-AAS are: (1) rapid technique that eliminates reagent
waste; (2) no sample pretreatment is needed (3); lower possibility of contamination; and (4) no

matrix effect.
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Aims of the study

1. To develop and accredited a confirmatory method based on the standardized US EPA
Method 7473 to mercury detection through TDA-AAS TECHNIQUE in biological fluids
and tissues (urine and hair) for Human Biomonitoring activity.

2. To assess and define exposure to Hg in fluids and tissues (urine and hair) of children aged 6-
12 years living in an urban area of southern Italy and a control group. The goal of this part
of study is to identify possible disparities in Hg exposure and evaluate possible associations
with deficiencies in the neurobehavioral and cognitive sphere of children.
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Materials and methods
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Methodologies

To ensure the quality of this study and compare it to others at European level we adopted
harmonized procedures for Hg determination, appropriate biomarkers, dedicated instruments for the
analysis and reliable sampling protocols. The study, in fact, has been divided into various steps:
-analysis of the scientific literature and fine tuning of the study design

-preparation of any materials for the Ethics Committee

- definition of the criteria for eligibility

-training sessions with pediatricians, school principals, teachers and parents

-distribution of the information regarding the aim of the study, agreement consensus to personal
data processing, and screening questionnaires to be filled out by the pediatrician

- training for the harmonization of procedures to collect, transport and storage the samples;

- neuropsychological tests - development and validation of laboratory methods for the quantification
of Hg;

- determination of Hg in urine and hair of the population;

- Stratification of data by sex, age, socioeconomic status and neuropsychological test scores.
Identification of the sample population is achieved through the adoption of strict eligibility criteria
based on age group, sex, geographical area of residence, general health status of children and
mothers, use of drugs, socioeconomic status, educational level, dietary habits, sports, etc. This
selection was made in order to keep under control confounding factors and to allow data

stratification to highlight differences in children susceptibility (Needham et al., 2007).

Sampling

The population included 300 healthy children living in a urban area of South Italy. The enrollment
of subjects was performed in the Primary School. Hair and urine were collected by qualified
medical personnel. To obtain more information about children and mothers neuropsychological
tests were performed by psychologists. Subjects were interviewed to obtain detailed information on
family, dietary habits, lifestyle and potential exposures. Neuropsychological, cognitive and
behavioral tests were also performed by qualified personnel. The study protocol was approved by
the Institutional Ethical Committee of the Italian National Institute for Health. After verification of
membership cards and the screening questionnaire, a list of suitable subjects was produced,
balanced by area, age and gender. Eligibility criteria were: the subject recruited must be born and
grew steadily in neighborhood of interest at the same time the mother's pregnancy stably conducted
in the residence at the time of recruitment.

Subject with the following characteristics were excluded:
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- total parenteral nutrition prior

- family history of neurodegenerative diseases

- taking medications (active on the nervous system)

- inadequately corrected visual defects

- neurological disorders

- metabolic, endocrine, kidney, liver and biliary tract diseases

-neuropsychiatric disorders.

To each suitable children a progressive identification code alpha numeric was attributed to
guarantee the anonymous treatment of data. Hair samples were cut from the sub-occipital zone of
the head at ca. 1 cm from the scalp using dedicated scissors and free powder gloves in order to
limit Hg contamination. The samples were collected in individual plastic bags and stored in a
desiccator kept in the dark before analysis. Regard to urine the only recommendation was to avoid
the consumption of fish the day before urine collection because it could weaken the results on Hg.

The morning urine samples were collected in a 100 ml Kartell® and stored at -20°C till the analysis.

Questionnaire eating habits

The interviews with parents and teachers were carried out in a dedicated room and during school
hours. By the questionnaire, dietary habits as the weekly consumption of certain foods for mothers
and children were investigated. The data allow to estimate the oral intake of Hg and better
understand the possible sources of Hg exposure. Furthermore, other factors as socio-economic

variables, demographic and life-style habits were investigated both for mothers and children.

Treatment of the samples

To avoid external contamination due to environmental dirt and dust, sweat and desquamation of the
skin, as well as detergents and cosmetic treatments, hair samples were submitted to adequate rinses
in order to eliminate possible external Hg contamination. The procedure adopted in this study is
based on the following steps: i), three rinses (10 minutes each) under continuous stirring in a
mixture of 3:1 (v/v) ethyl ether/acetone (Sigma-Aldrich, St. Louis, MO, USA) to remove the sweat;
i), soaking under stirring for 1 h in 5% sodium ethylenediaminetetracetic acid (Sigma-Aldrich)
solution to bind the chemical elements present on hair surface; iii), final rinse with high purity
deionized water (EASY-pure UV, PBI, Milan, Italy). Samples were then placed to dry at 80°C
overnight, and after drying, two aliquots were taken from each hair sample. The first aliquot (25

mg) was used for direct analysis of Hg by the DMA-80 TRICELL and the second one was stored in
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a biological bank. Regard urine samples, after thawing at room temperature, an amount of 100 pL

was taken directly from Kartell® and transferred into appropriate quartz boat.

Technique

The principle on which is based the Hg analysis is the atomic absorption spectrometry (AAS). This
technique, although destructive, appears to be the quickest and most effective for the determination
of Hg in hair. In this matrix, in fact, the Hg present is derived almost exclusively from food and
remains trapped within the matrix itself. It is evaluated the absorption of an electromagnetic
radiation after it passes through a medium in which the sample is present in the form of atoms.
When the atom absorb the electromagnetic energy of an adequate intensity, it reaches an higher
energy level and an excited state resulting less stable. From this excited state, the atom decays
rapidly and energy is purchased in the form of radiation. In the AAS single beam, the beam emitted
by the source passes through the atomization system, which contains the sample in form of atomic
gas and arrives at the monochromator; then monochromatic radiation arrives at the detector. The
light from the source is modulated (pulsed) by means of a chopper, in order to distinguish the light
emitted from the lamp by the light emitted from the atom excited.

DMA-80Tricell

Milestone’s DMA-80 TRICELL is a direct Hg analyzer which uses the principle of thermal
decomposition, amalgamation and atomic absorption spectrometry (TDA-AAS). The Hg is released
from the sample through thermal decomposition. This eliminates the need for any sample
preparation and, subsequently, handling of hazardous chemicals. Because no sample preparation is
required, the typical bottleneck in the analytical laboratory is eliminated. Therefore, time (only 5
minutes per sample) and cost of the analysis are reduced in comparison with traditional Hg
techniques, such as CV-AAS, ICP-AES or ICP-MS. Analytical determinations were performed via
an integrated AAS set to the Hg absorption wavelength (A = 253.65 nm). In the lamp, the Hg vapor
discharge emits predominantly UV radiation (A = 253.7 nm) converted into visible radiation by the
phosphors deposited on the inside of the tube to absorb UV and emit visible radiation (frequency
transducers). The three reading cells, with different optical path, allow to analyze the metal as a
function of the concentration present in the sample. The DMA-80 TRICELL has no matrix effect
and it can analyze both solid and liquid matrices with equal precision. DMA-80 TRICELL can be

used with environmental, geochemical, petrochemical, food and feed, clinical and polymer samples.
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The instrument is fully compliant with US EPA method 7473 and with ASTM method D-6722-01.
The method used is reported Fig. 12.

Hair are weighed into quartz boats, and then transferred from the analytical balance to the DMA-80
TRICELL, equipped with an autosampler. Samples are first dried and then thermally decomposed
through oxygen-fluxes in furnace. Mercury and other combustion products are released from the
sample and they are carried to the catalyst section, where nitrogen and sulfur oxides, as well as
halogens and other interfering compounds, are eliminated. Mercury is selectively trapped through
gold amalgamation. Combustion by-products are flushed off. The amalgamator is heated and Hg is
rapidly released. Mercury is flown via the carrier gas into a unique block with a tri-cell
arrangement, positioned along the optical path of the AAS, where it is quantitatively measured.
Time, temperature and air flow of all these steps process are regulated by our optimized method

(Fig. 12). Schematic representation of instrument is reported Figure 13.

DMA-80 TRICELL

Air flow (mL min™) 200

Drying 350 °C for 60 s
Decomposition and catalysis 650 °C for 180 s
Purge time 1 60 s
Amalgamator 650 °C for 12 s
Purge time 2 60 s

Figure 12: Instrumental setting method.
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Figure 13: DMA-80 structure.
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The DMA-80 TRICELL produces independent results from the matrix because it is calibrated with
standard aqueous samples. It can analyze both organic and inorganic samples, so different matrices
can be analyzed using a single method. The instrument does not suffer from any memory effect,
because the software is equipped with the “Autoblank™ feature through which the user can set a
satisfactory level of blanks. If blank levels are not satisfactory , the instrument automatically starts
the vacuum cycle until the required level is obtained. This feature ensures stability in time (even for

months) of the analysis and calibration.

Validation method

Our laboratory operates in a quality control system (UNI CEI EN ISOIEC 17025) and developed a
confirmatory method for the determination of Hg based on the US EPA Method 7473 (“Mercury in
solids and solutions with thermal decomposition, amalgamation and atomic absorption
spectrometry”). Guidelines followed to develop, validate and accreditate the confirmatory method

are reported on table 7.

Va -
. / N
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-Matrice and element Method validated Internally and
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\ / Calculating uncertainty
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Table 7: Operation procedure to validate and crediting confirmatory method
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The method was validated in-house according to previous published papers (Bocca et al., 2010;
Bocca et al.,, 2011a; Bocca et al., 2011b) and internationally recognized regulations (CITAC,
EURACHEM, 2002; 1SO 5725:2004). The validation provides an estimate of the performances of
the method and the factors that may affect the uncertainty associated with the results, as required by
the UNI CEIl EN ISOIEC 17025: 2005. The method performances estimated were repeatability,
accuracy, sensitivity, limit of detection (LoD) and limit of quantification (LoQ). The validation data
were then assessed against minimum acceptability requirements predefined by the laboratory and on
the basis of tests of significance. Performances of the method, in fact, depend on the environmental
laboratory conditions, instrument status, skill of the personnel as well as quality of materials and
reagents used. For this reason, an internal operating procedure (IOP) was laid down in order to
strictly define all the procedural steps for the determination of Hg in urine and hair by the DMA-
80 TRICELL analyzer. The method ("Determination of mercury in biological matrices™) was
accredited by the Italian accreditation body (Accredia) and continuously monitored during the

Accredia annual visits.

Exposure assessment via biomonitoring

Biological samples were collected in schools . Urine samples were stored at -20 degrees °C
temporarily at the local ASL unit. Hair samples were collected at the occipital region of the scalp;
stainless steel scissors were avoided in order to reduce external contamination. Hg was analyzed in
hair and urine samples using the confirmatory method "Determination of mercury in biological

matrices".

Extrapolation of results

To put biomonitoring data in a context of risk assessment, concentrations of Hg in hair and urine
were compared with the HBM-1 and HBM-II biological limit values developed by the German
Commission of human biomonitoring (Schulz et al., 2011). Another comparing biological limit is
the "Biomonitoring Equivalent” (BE). In the EPA calculation, using the "reference dose", the BE
corresponds to the concentration of the contaminant in the biological sample at which people can
be exposed for the lifetime without having toxic effects. In addition the BEpop (POD, Point Of
Departure) has been defined as the upper limit of BE. Concentrations below the BE are considered
safe for the health, those between BE and BEpop have a medium priority, while those exceeding
BErop require actions to reduce the exposure (LaKind et al., 2008). The biomonitoring data can be
also compared with RVs which represent the basic exposure of the general population to the

contaminant ; among them, VRs obtained from the US National Health and Nutrition Examination
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Survey (NHANES, 2015) and the German Environmental Survey for Children (GERES 1V, 2008)
carried out in 2003-06
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Results
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Accrediting method

We developed and accredited a confirmatory method based on the standardized US EPA Method
7473 (“Mercury in solids and solutions with thermal decomposition, amalgamation and atomic
absorption spectrometry”). The method for the determination of Hg through the TDA-AAS
technique (Thermal Decomposition Amalgamation-Atomic Absorption Spectrometry) used the
DMA-80 TRICELL Hg analyzer. Laboratory worked in a quality control system according to UNI
CEI EN ISO IEC 17025. To define all the procedural steps an internal operating procedure (IOP)
was laid down containing pretreatment and analytical procedures and performances of the method.
The first parameters calculated were LoD and LoQ. The calculation of these limits was carried out
by analyzing ten times the absorbance of a blank and a blank fortified with Hg (spike) and applying
the 3o criterion for LoD (0.065 pg/L) and the 10c criterion for LoQ (0.218 pg/L). The linearity
range of the calibration curves in each of the three different reading cells was also evaluated; the
linearity was measured between 0.1 ng and 200 ng of Hg and it showed a correlation coefficient R?
better than 0.999 (Fig.14)
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Figure 14: Linearity range (a) Cell 0, (b) Cell1 and (c) Cell2.
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The repeatability was determined at different concentration levels to cover the entire assay range.
Correlation coefficients (between concentration in pug/L and absorbance) were equal to R? = 0.9916
for 0 and 1 cell while R> = 0.8072 for the cell 2. Equation obtained served to evaluate the
repeatability limit of the method (Fig.15)

PROFILO RIPETIBILITA' cell Oe 1 4,00
Limite di ripetibilita (r) pg/L | Media pg/L 3,50 y=0,1957x+0,0212

3,00 R2=0,9916

0,06 0,12

0,13 1,02 250 v

0,57 3,15 2,00

1,15 5,54

2,40 10,98 1,50 /

3,65 19,18 1,00

y =0,1957x +0,0212 0,50 .
0,00 - T T T T
0,00 5,00 10,00 15,00 20,00

PROFILO RIPETIBILITA' cell 2 12,00
Limite di ripetibilita (r) ug/L | Media pg/L 10,00 L J
! y = 0,0386x + 1,6569
2 _
3,71 25,71 8,00 R"=0,8072
3,80 105,67
10,37 203,34 6,00
y =0,0386x +1,6569 4.00 3 -
2,00
0,00 T T T T ,
0,00 50,00 100,00 150,00 200,00 250,00

Figure 15: Repeatability profile in three reading cells.

The acceptability criterion of the results was the difference of Hg concentration in the control
sample (Hg fortified water solution) analyzed in duplicate, which must be less than the repeatability
limit declared in the method.

Another parameter evaluated was the accuracy assessed using a certified reference material
(Seronorm Trace Elements Serum, SERO AS) containing a certified value of Hg, analyzed ten
times in the same day. The average value found was 43.79 pg/L with a standard deviation of 0.91
Mg/L. The trueness percentage, calculated by dividing the average concentration observed and the
certified concentration provided by the manufacturer (39.8 ug/L + 8 pg/L) was equal to 110%.
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Another parameter calculated was the sensitivity ; a sensitivity equal to 0.153 was obtained for 10
Hg Ho/L. Uncertainty of measurements was also evaluated, as required by the UNI CEI EN ISOIEC
17025. The expanded uncertainty (ues;) provides the interval that may be expected to encompass a
large fraction of the distribution of values that could reasonably be attributed to the measurand. The
estimation of measurement uncertainty and expressions were performed accordingly to accepted
international guidelines (Barwick and Ellison, 2000; UNI CElI ENV 13005: 2000; EUROLAB
Technical Report No. 1 /2007, ISO 21748: 2010;). The ues is obtained by multiplying the combined
standard uncertainty (ucomp), for the coverage factor k. The choice of the factor k depends on the
desired confidence level. We initially identified all the uncertainty components and then provided a
reasonable estimate of their contribution considering a confidence level of about 95%, k = 2
(QUAM: 2000.1) (Fig.16). The expanded uncertainty profile is obtained plotting concentration and
expanded uncertainty associated with the known concentration. The equation obtained from the
profile is useful for evaluating the expanded uncertainty associated with a concentration obtained in
the analysis of unknown samples (Fig.17). The contributions to the combined uncertainty (Ucomp) are
various. The sources of uncertainty are not all independent of each other, but some of them are
related. Therefore, the uncertainty of measurement calculation process is simplified by grouping
some sources of uncertainty and quantifying the uncertainty due to the grouped components. The
principal contributes to the combined uncertainty (ucomp) are the uncertainty of the calibration curve,
preparation of solutions, use of the balance (weighing), and trueness and intermediate repeatability.

Hg
Cella0 Cellal Cella2
[ STIMAINCERTEZZA METODO 0ing | 1ng | 3ng 5ng | 10ng [ 20ng 25ng | 100ng | 200ng
Incertezza % di ripetibilita intermedia (UR)|  25,6% 2,4% 3,3% 2,9% 5,6% 3,8% 2,1% 2,5% 2,7%
gradi di liberta (UR) 25 26 26 20 20 20 17 29 29
Incertezza % di esattezza (tr) [ 10,1% 10,1% 10,1% 10,1% 10,1% 10,1% 10,1% 10,1% 10,1%
gradi di liberta (u;) 9 9 9 9 9 9 9 9 9
Incertezza % Reg| 27,84% 2,49% | 0,97% | 7,35% | 3,38% | 1,94% | 12,15% | 2,69% | 1,65%
Incertezza Peso| 2,11% | 0,23% | 0,08% | 0,05% | 2,17% | 1,14% | 0,90% | 0,23% | 0,12%
Incertezza Volume| 0,8% | 0,8% | 0,8% | 0,8% | 0,7% | 0,7% | 0,7% | 0,7% | 0,7%
Incertezza % composta (uc)|  39% 10% 11% 13% 12% 11% 16% 11% 11%
Gradi di liberta effettivi| 137 9005 2766 7308 467 1363 58554 10394 6695
Fattore di copertura (k) 1,98 1,96 1,96 1,96 1,97 1,96 1,96 1,96 1,96
Incertezza estesa (U%)|  78% 20% 21% 25% 24% 22% 31% 21% 21%
Concentrazione media (ug/L) 0,10 0,95 3,03 5,46 10,76 19,32 26,83 103,44 199,99
Inc. estesa (U, pg/L)| 0,08 0,19 0,63 1,37 2,58 4,18 8,39 21,77 415

Figure 16: Uncertainty components and their contribution.
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Hg - Profilo incertezza metodo CELLA 0
Concentrazione (pg/L 0,10 0,95 3,03
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Hg - Profilo incertezza metodo CELLA 2

Concentrazione (ug/L 26,83 103,44 199,99
Incertezza estesa (ug/L) 8,39 21,77 41,50

y=0,1917x+2,7802
R?=0,9981
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Figure 17: Uncertainty profiles and their equation.

Sample selection and recruitment strategies

300 children were studied living in different areas located at different kilometers from the industrial
area: between 1 and 5 Km; between 5 and 10 km and between 10 and 15 Km. Of these 62% agreed
to participate while 23 subjects refused. Furthermore 33 subjects were excluded because
geographical and clinical requisites were lacking and 78 were not involved because in excess

respect to request. Of 312 selected subjects, 20 were excluded in itinere producing a final number
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of 292 children enrolled. All the subjects of this study aged between 6 and 12 years and lived in a
coastal city of south Italy that present different industrial settings. The area of interest has been
affected for decades by the impact of industrial emissions on the environment and health of workers
and citizens. Urine is used as biomarker of consolidated exposure to inorganic Hg while hair
analysis provides a good estimate of exposure to MeHg through consumption of food, in particular
fish and shellfish (Miklavc ic™et al.,2011; Kern L. Nuttall, 2006; Camur D et al., 2016). Hair is the
best biomarker of MeHg exposure because it contains sulfhydryl groups for which MeHg cations
have high affinity. MeHg can bind to hair strands during hair formation (Grandjean et al. 1999).
The analysis of two different matrices allowed us to discriminate between the different forms of Hg
(inorganic and organic Hg) to children may be exposed. The mean hair Hg concentration, in few
studies, results in the range of 0.3 to 1.0 pg/g (EPA 1997) while if the diet population is based on
high fish consumption the Hg levels are more higher (Grandjean et al. 1992; Cernichiari et al.
1995). For Hg in hair (MeHq) there are no toxicity limit values. Some studies have reported median
values ranging from 70 ng/g determined in Brazil to 430 ng/g of South Korea, up to 750 ng/g in
Spain; the median of our data (472 ng/g) is comparable to the Korean study (Carneiro et al., 2011;
Benés et al., 2003; Park et al., 2007). Furthermore for hair HBM values did not exist. Table 8 show
Hg biomonitoring data of the general population. The median (472 ng/g) of the population could be
influenced by fish consumption. In fact this habits influences Hg intake and body burden in
subjects. Regarding gender, Hg hair levels were found higher in females than in males. This
phenomenon occurs because the sampling was carried out in summer when the boys have short hair.
To be precise, we analyzed the same amount of sample both for girls and boys but in girls, more
longer hair samples, reflect a period of exposure was more longer than in boys considering the hair
grow (c.a. 1 cm per month).

We used urine to determine inorganic Hg and it showed lower levels than in hair; this can be due
also to other potential sources different from anthropogenic sources, as dental amalgam fillings
(Kern L. Nuttall 2004; WHO (World Health Organization), 2003; Allen Countera and Leo
Buchanan, 2004). The results shown in Table 8 summarize the Hg concentrations in the two
matrices, also subgrouping for gender. Data obtained in children were similar to those found in the
general population. We have found the amount of Hg in hair (MeHg) higher than that in urine (I-
Hg), because urinary Hg is mainly an indicator of the inorganic Hg form. In 76 children (26% of
the children population) urinary Hg was found to be below the LOQ of the technique; the remaining
children showed urine Hg concentrations below the HBM-I limit value (7 ng/ml) so, no action is
required. The average Hg values are slightly higher for females (see table 9) than males (see table

10). Analyzing the data as a function of the distance from the industrial area (Tab.11) we observed
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that children living in the more remote areas showed higher Hg values. These values could be
affected by socio-economic conditions. The more distant areas coincide with a population of upper
middle class that can consume a particular diet, including a high fish consumption. Because about
70% of the urinary Hg could come from MeHg metabolized (Sherman et al., 2013) , we verified if
exist a correlation between Hg concentration in urine and the metal concentration in hair. As
showed Fig.18 plotting hair Hg levels vs. urine Hg levels, no correlation was found. Possibly, other
factors impact on the Hg level in the study subjects. Further studies will enable to identify

alternative sources of Hg exposure and possible variables that may influence the Hg body burden in

children.
Total. MEAN SD MEDIAN GM P5 P95
population
Urine 292 0,67 1,78 0,37 0,26 0,016 1,81
Hair 292 643 616,7 472 454,7004 107,6 1925,7

Table 8: Levels of Hg in urine and hair of 299 subjects. Concentrations in ng/ml (urine) ng/g (hair).

Femal'e MEAN SD MEDIAN GM P5 P95
population
Urine 155 0,77 2,38 0,36 0,24 0,0003 1,97
Hair 155 630 631,3 477 449,1 102,8 2025,44

Table 9: Data male study population. Concentrations in ng/ml (urine) ng/g (hair).

Male. MEAN SD MEDIAN GM P5 P95
population
Urine 137 0,56 0,63 0,38 0,29 0,039 1,49
Hair 137 657 601,7 468 461,1 114,8 1810,82

Table 10: Data female study population. Concentrations in ng/ml (urine) ng/g (hair).
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Figure 18: Correlation between urine and hair Hg concentration (ng/g).

Total N0.292 From0to5 Km From 5to 10 Km From 10 to 15 Km
: No. 96 N0.100 N0.96
Uﬂ'“ary 0.37 0.30 0.42 0.47
g /r?”_ (0.0001-28.3) (0.0001-2.5) (0.0001-2.1) (0.0001-28.3)
HHa" 472 388.2 419 580
ng?g (21.2-4357) (49.5-2299) (21.2-3091) (50.3-4357)

Table 11: Biomarkers by increasing distances from the source (results expressed as median value with minimum and

maximum value).
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Discussion
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The neurodevelopmental disorders, particularly autism, syndrome of attention deficit and
hyperactivity (Attention Deficit Hyperactiviy Disorder- ADHD), learning and behavioral disorders
are increasing globally and in Italy. The international scientific literature outlines possible
environmental determinants that may, together with the genetic predisposition, increase
neurodevelopmental disorders. They include heavy metals as Hg. The geographical area of interest
has been subjected for decades to the impact of industrial emissions on the environment and health
of workers and citizens. However, they had not been studied before the possible neurological effects

of mercury exposure in children living in that area.

A confirmatory method was developed and validated in house and accredited according to the UNI
CEI EN ISOIEC 17025 to perform the analysis of Hg in urine and hair of children living around an
industrial area in South Italy. The analytical performances demonstrated that technique is sensitive,
precise and supply reliable data. Furthermore the use of the DMA-80 TRICELL might be preferable
to other techniques for a number of reasons, such as the reduction of the sample manipulation with
minor risk of contamination, less time consuming due to the absence of the acid digestion cycle,

cheaper analyses and the absence of matrix effects that could interfere with the measurement.

The study investigated 300 children aged 6-12 years. The children were examined by a team of
psychologists with extensive experience for a full assessment of neurobehavioral functions.
Variables concerning the state socio-economic and cultural level of the families were taken into
account mercury concentrations in hair and urine (Table.8) are under the alert biological level with
values lower of ca. three order of magnitude. Even if 70% of the urinary Hg could come from
MeHg metabolized in adults (Sherman et al., 2013), we didn’t find a correlation between Hg
concentration in urine and Hg levels in hair as showed in Figure 18. This difference can be due to
the age of the studied subjects (6 to 12 years).

Children, are not little adults, their unique physiology can influence the extent of their exposure
because they have immature metabolic pathways that are differentiating and growing (Bose-
O’Reillyet al., 2010). Some studies, however, demonstrate that in urine there is mostly inorganic Hg
while in hair the metal is typically represented by MeHg (Clarkson and Magos, 2006; Cernichiari
et al., 1995). The median value of Hg in hair (476 ng/g) is comparable to or even lower than that
measured in other national and international studies for exposed and non-exposed subjects of
comparable age. Regarding urinary Hg (inorganic and/or metallic), 221 subjects had a Hg level
below the LoQ value while the remaining 78 children have concentrations of less than 7 ng/mL, i.e.
at the HBM-I limit value.
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Further research is needed to overcome the current limitations, by examining a high number of
cases. Retrospective comparative evaluation of these data will allow to reconstruct the levels of
exposure to Hg over the last 15 years and create cumulative indices according to the new integrated
exposomic assessment (Cui et al., 2016). Moreover it will be possible to make actions to reduce Hg
exposure in target areas and to relate the current health indicators of exposure levels experienced in

earlier eras.
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Abstract: Although an increased oxidative stress has been associated with several pathologies, predictive value of circu-
lating oxidative stress biomarkers remains poorly understood. It has been demonstrated that several pathologies underes-
timated in women, including cardiovascular diseases, develop differently by gender. In this study, conducted on 195
healthy volunteers, we assessed the putative gender difference in prooxidant and antioxidant status. Our results were suc-
cessful in demonstrating a significant difference in oxidative stress between sexes, whereas no difference was found in the
plasma antioxidant barrier efficiency. To assess whether this difference was due to hormonal status (i.e. estrogen levels),
female samples were divided into pre-menopausal and post-menopausal groups. No significant difference emerged for
both biomarkers. Despite the well-known antioxidant estrogen role, women in this study presented a higher oxidative
status than males. This suggests that there is a difference in the production and metabolic deactivation of reactive oxygen

metabolite.

Keywords: Antioxidant capacity, gender differences, healthy subject, oxidative stress, predictive biomarkers, reactive oxygen

species.

INTRODUCTION

Oxidative stress is referred to the disproportion between
reactive oxygen species and antioxidant system to detoxify
or to repair cells. Reactive oxygen species can be beneficial,
as they are used by the immune system as a defense mecha-
nism and they are also key elements in cellular signaling [1].
Although oxidation reactions are essential for life, they can
also be damaging in the case of insufficient antioxidant lev-
els or inhibition of antioxidant enzymes [2, 3]. In humans,
enhanced oxidative stress has been associated with several
pathologies, including diabetes [4] and cardiovascular dis-
eases [5, 6] but the prognostic importance of circulating oxi-
dative stress biomarkers remains poorly understood [7]. Fur-
thermore, a number of studies have shown that in recent
years several pathologies have been underestimated in
women and that these diseases develop differently by gender
[8]. Gender-based differences are also reported in both redox
signals and alterations with reference to human pathological
conditions [9 and references therein].

In recent times a number of experimental evidences have
highlighted sex differences in the progression of pathologies
related to redox state alterations, including diabetes and car-
diovascular disease [10, 11]; however, it remains unclear
whether these differences in gender are associated with
redox states changes [9]. The available data on oxidative
stress differences between sexes are mainly focused on
pathological conditions, but it is also important to know the
situation of healthy subjects to well explore the mechanisms
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underlying this phenomenon. The purpose of this study was to
explore the putative sex/hormonal status differences on pro-
oxidant and antioxidant conditions, valued in healthy subjects
by analysis of circulating oxidative stress biomarkers.

SUBJECTS AND METHODS
Subjects

The study was conducted during 2013 on 195 healthy Ital-
ian volunteers (work-suitable) of both sexes and aged between
25 and 70 years (120 males, mean age: 51.16+11.4 years and
75 female subjects, mean age: 46.35+9.8 years) recruited
among University of Calabria staffs during the annual visit
performed by UNICAL Prevention and Protection Service.
These volunteers were subjected to a "health check" by filling
in a form (information on health status and lifestyle), by
physical measurements (body mass index, systolic and dia-
stolic blood pressure), and by a blood test (blood glucose,
lipoprotein panel, pro-oxidant and antioxidant status). All sub-
jects were studied in the morning and in a fasting state.

Blood samples were taken from the antecubital vein and
immediately centrifuged (2500 g for 15 min at 4°C) and the
plasma obtained was stored at 4°C until measurements.
Baseline characteristics of the cohort are shown in Table 1.
These data are comparable to the results of the second popu-
lation survey of Cardiovascular Epidemiologic Observatory
(Progetto cuore- Istituto Superiore Sanita- Italy) relative to a
population sample from Calabria monitored in the period
2008-2012.

Oxidative Stress Measurements

We performed oxidative stress determination by using
photometric measurement kits and a free radical analyzer

© 2014 Bentham Science Publishers
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system provided with spectrophotometric device reader
(FREE Carpe Diem, Diacron International, Grosseto, Italy).
To avoid auto-oxidation phenomenon that can occur on sam-
ples left at room temperature or which have been freeze-
thawed, all analyses were performed on ice-stored samples
within maximum 6 hours of venous blood collection.

Table 1. Baseline characteristics of the cohort according to
gender (data are expressed as mean+SD).

Males (n=120) Females (n=75)

Age (years) 51.16+11.4 46.354+9.8

BMI 26.77£3.73 23.152+3.16

Systolic blood pressure 126.84+13.78 113.21+14.78

Diastolic blood pressure 77.87£7.99 70.07+8.88

Blood glucose 102.61+21.90 88.22+7.69

Total cholesterol 206.66+42.40 204.92+45.35
HDL cholesterol 48.69+14.10 61.06+£11.78
LDL cholesterol 135.83£31.76 130.82+36.75
Triglycerides 129.05£71.00 79.48+32.19
Smokers 21(18%) 13(18%)

Here we used Diacron reactive oxygen metabolite
(dROM), and biological antioxidant potential (BAP) tests to
evaluate plasma levels of reactive oxygen metabolites and
antioxidant capacity.

The d-ROMs test help to determine the oxidant ability of
a plasma sample measuring the presence of Reactive Oxygen
Metabolites derivatives, in particular hydroperoxides. By
means of an appropriate acidic buffer, transition metal ions
(essentially iron), originating by protein, are converted to
alkoxy and peroxy radicals that react with hydroperoxides
thus forming new radicals; aromatic amine (N,N-diethyl-
paraphenylene-diamine) react with these new radicals origi-
nating a colored cation radical spectrophotometrically detect-

Table 2. Reference values of dROMs test (a) and BAP test (b).
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able at 505 nm [12, 13]. Results are expressed in Carratelli
Units (UC; 1UC=0.8 mg/L of hydrogen peroxide) [12, 13].

The BAP test provides an overall measure of the biologi-
cal antioxidant potential measuring the blood concentration
of antioxidants (such as bilirubin, uric acid, vitamins C and E
and proteins) capable of reducing the iron from ferric to the
ferrous form; in fact, when the plasma is mixed with a col-
ored solution (ferric chloride and thiocyanate) a decoloration
occurs whose intensity is related to the ability of the plasma
to reduce the ions of iron [14, 15]. The intensity of decolora-
tion is spectrophotometrically detectable at 505 nm. Results
are expressed in pmol /L of the reduced ferric ions. Table 2
shows the reference values for both tests.

Statistical Analysis

Data have been analyzed using GraphPad/Prism version
5.01 statistical software (SAS Institute, Abacus Concept,
Inc., Berkeley, CA, USA). Differences between groups were
examined using the Unpaired t-test, or the Mann-Whitney
test, or the Dunn’s test, or the ANOVA test. Data are ex-
pressed as the mean + standard deviation.

Ethics Statement

All investigations have been conducted according to the
Declaration of Helsinki principles, and have been approved
by the Ethical Committee of the University of Calabria. All
subjects have provided written informed consent that, as
guarantor, is retained by the corresponding author.

RESULTS

The study population consists of 195 subjects (120 males,
and 75 females) aged between 25 and 70 years (25-35 n=23;
36-45, n=44; 46-55, n=52; 56-70, n=76). Among females, 47
women (62%) were in a pre-menopausal status, and not us-
ing hormonal contraceptives, and 28 women (38%) were in a
post-menopausal status and not subjected to hormone re-
placement therapy. By comparing the dROMs test results,
we found a significant difference (Mann-Whitney test,
p<0.001) between males and females in the values of oxida-
tive stress (Fig. 1a). In particular, females present higher
ROM values (359.93+85) that are within the range of me-

a b
ROMs ROMs Oxidative Stress pmol/L Antioxidant Barrier
o) (mg H,0,/dL) (Severity) (Efficacy)
250-300 20.08-24.00 normal range >2200 optimum value
301-320 24.08-25.60 border-line range 2200-2000 border-line range
321-340 25.68-27.20 low level oxidative stress 2000-1800 slight deficiency status
341-400 27.28-32.00 middle level oxidative stress 1800-1600 deficiency status
401-500 32.08-40.00 high level oxidative stress 1600-1400 high deficiency status
>500 >40,00 very high level oxidative stress <1400 very high deficiency status
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dium oxidative stress, while males show ROM values close
to the normal values (309.61+55.38; borderline level). For
what concern the antioxidant barrier efficacy, no significant
differences were observed between sexes (Unpaired t-test;
Fig. 1b), even if a slightly higher value (1896.32+361.59)
was detected in females compared to males (1847+308.54).
In both cases, the antioxidant barrier effectiveness results at
a slight deficiency level. In another parallel study we con-
ducted on rats, no difference was observed between males
and females (unpublished data). In order to assess whether
the differences between sexes in humans were due to the
hormonal status (i.e. estrogen levels), female samples were
divided into two groups: pre-menopausal (n=47) and post-
menopausal (n=28) women. Comparing these two groups no
significant difference was observed in the values of both
oxidative stress (Mann Whitney test) and efficacy of antioxi-
dant barrier (Unpaired t- test; Table 3). Indeed, the ROM
values of both groups fall in the range of medium oxidative
stress; similar results also occur for the effectiveness of the
antioxidant barrier which stood in a range of slight defi-
ciency (Table 3).
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Fig. (1). Values of dROMs (a) and BAP (b) test in in males and
females (data are expressed as mean+SD; ***p<0.001).

We also analyzed the trend of both oxidative stress and
antioxidant barrier efficacy in relation to age. We divided the
study population in four age groups according to gender (25-
35 years: 11 males and 12 females; 36-45 years: 26 males
and 18 females; 46-55 years: 26 males and 26 females; 56-70
years: 57 males and 19 females). As shown in Fig. (2a), in
males the ROM values remain at a constant level in all
groups, while in females there is a marked and significant
increase in oxidative stress with the increasing of age; high
values were detected particularly in the age groups 35-45 and
46-55 (Dunn’s test, p<0.005). To evaluate potential relation-
ships with hormonal status, we analyzed the group 46-55
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years which only include both pre-and post-menopausal fe-
males. Even if the differences between pre- and post-
menopausal females are not significant (Mann-Whitney test),
a greater ROM values can be observed in pre-menopausal
(386+112; n=16) as compared to post-menopausal
(373+51.38; n=10) women.

Table3. Values of dROMs and BAP test in pre-menopausal
and post-menopausal females (data are expressed as
meanSD).

Pre-Menopausal Post-Menopausal

Females (n=47) Females (n=28)
dROMs test (UC) 359.66+98.78 360.39+56.37
BAP test (umol/L) 1889.59+377.166 1907.61+£340.259

A constant reduction of antioxidant barrier efficacy was
observed in males with increasing age (Fig. 2b). This reduc-
tion is significant only in the higher age group (56-70 years;
Dunnet test, *p<0.05). In females, an age-related decrease,
which was not statistically significant, could be observed in
the 46-55 years group, where the values reach the minimum
(Fig. 2b).
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Fig. (2). Values of dROMs (a) and BAP (b) test in males and fe-
males by age (data are expressed as mean+SD; *p<0.05;
**p<0.005).

Concerning smoking habits, we found no differences be-
tween males and females, nor between pre-menopausal and
post-menopausal women (data not shown). However, it
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should be noted that the smokers sample, despite equally
distributed between sex, is very low and consists mainly of
moderate smokers (less than ten cigarettes daily).

DISCUSSION

In the present study, conducted on a large healthy popula-
tion, we were successful in demonstrating a significant gender
difference in oxidative stress biomarkers. In particular, we
found that females present a medium state of oxidative stress
that is significantly higher compared to males. This data does
not reflect what would be expected in considering the well-
known antioxidant properties of the female hormones that are
supposed to be the main contributors for numerous sex-gender
differences, in the onset of several pathologies [16, 17]. A
significantly higher oxidative index in women has already
been highlighted in a previous study performed by using the
same experimental protocol reported here [18]. Interestingly,
we do not find differences between sexes in rats.

In a healthy population, it is not clear whether the levels
of oxidative stress are significantly different between males
and females in fact studies carried out on both animals and
humans showed conflicting results [19, 20, 21]. Several stud-
ies have reported that men exhibit higher plasma levels of
oxidative stress markers (isoprostanes and malondialdehyde)
compared to women [22-24]; in contrast, another study re-
ported that the same plasmatic markers were significantly
higher in women [25]. These differences may be due to the
different methods used to determine oxidative stress bio-
markers in body fluids. In addition, sample handling is ex-
tremely important to estimate oxidative stress in vivo and
may represent another important source for the conflicting
results. In this perspective, we paid particular attention to the
pre-analytical phase preserving blood samples on ice for at
most six hours after collection.

In the last decade, several studies have focused on the po-
tential link between high levels of oxidative stress observed
in women and diseases such as atherosclerosis, coronary
artery disease, cancer, and autoimmune syndromes [26 and
references therein]. Although there are no unequivocal data,
increasing evidences support the involvement of oxidative
stress in the development/evolution of this type of diseases.
Vignon-Zellweger and coworkers [27] suggested that sexual
dimorphisms in mice cardiac dysfunction could be due to a
sex difference in the expression pattern of proteins involved
in oxidative stress and energy metabolism, in particular en-
dothelin-1 and endothelial nitric oxide synthase (eNOS). A
growing attention is paid to potential therapeutic options
obtained through modulation of eNOS-derived ROS as su-
peroxide anion production deriving by eNOS-uncoupling is
one of the major underlying causes of vascular dysfunction
and related pathology [28, 29]. At present, oxidative stress
represents an important target for prevention and therapy in
vascular disease as reviewed by Miinzel and colleagues [30].
Moreover, several researches have suggested new pharma-
cological approach based on reduction of mitochondrial ROS
in the prevention of both cardiac disease and diabetic com-
plications [31, 32].

Gender-related differences in redox signals and redox al-
terations is a topic of great interest and relevance; which
clarifies whether there are gender differences and it may help
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to identify the underlying mechanisms and the use of tar-
geted pharmacological approaches.

For several diseases related to alterations of the redox
status, gender differences have been reported during both
diagnostic and prognostic phases but most studies were car-
ried out in the context of human pathologic conditions [9].
On the contrary, our study was conducted on a healthy popu-
lation where subjects, especially women, had lower rates of
risk thus emphasizing the importance of assessing oxidative
stress even in the absence of pathological conditions. To
detect putative differences resulting from circulating estro-
gen concentration, we compared pre-menopausal and post-
menopausal females. In women the importance of the hor-
mone balance in the values of oxidative stress is also empha-
sized by physiological oxidative stress that occurs in preg-
nancy [33]. We revealed no significant differences between
these two groups showing almost identical ROM values.
These results are not in agreement with many literature data
on both rats [34] and humans [16, 35], although some
authors have reported no correlation between oxidative stress
and post-menopausal state [18]. Furthermore, oxidative
status in women may fluctuate during menstrual phases even
if little information is available on that topic [18 and refer-
ences therein]. The design of this study did not include hor-
mone doses but it would be interesting to assess oxidative
stress biomarkers in relation to the menstrual cycle. It would
also be interesting to analyze a much larger sample and to
examine post-menopausal women undergoing hormone re-
placement therapy.

For the antioxidant barrier efficacy, literature data indi-
cate that, levels of anti-oxidants (such as GSH, catalase, and
SOD) are significantly lower in males [36-38]. It has been
hypothesized that estrogen receptor activation induced an
overexpression of antioxidant enzymes [39]. We showed that
no significant differences exist between sexes or pre- meno-
pausal and post-menopausal females even if females have a
greater BAP value probably due to an increased ROM stimu-
lation. Although the cell ability to react against oxidative
stress is essential for its homeostasis, our data do not indicate
a significant enhancement of the antioxidant barrier in fe-
males as compensation for the higher levels of oxidative
stress. Despite that the role of oxidative stress is well known
in aging and age-related diseases, until now no specific
markers related to age have been developed [40]. An inter-
esting statement that emerges from our study is that the age
dependent ROM values are evident only in females, while
the values of oxidative stress remain constant in males.
These ROM differences between sexes in our sample are
well pronounced and do not seem to be related to other pa-
rameters such as BMI or lipid profile. It is interesting to note
that only in the younger age group (25-35 years) there was
no difference in the ROM values between males and fe-
males. In conclusion, we have shown that, in humans, base-
line ROM levels are significantly higher in women than male
and that this data is not linked to hormonal status. Clearly,
additional studies are needed to further characterize gender
differences related to oxidative stress as well as to investi-
gate the mechanisms that underlie these differences. Lastly,
our data highlight the importance of considering the existing
differences between sexes regarding both prevention and
therapy aspects.
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ABSTRACT

We have previously demonstrated that estrogen receptor (ER) alpha (ESR1)
increases proliferation of adrenocortical carcinoma (ACC) through both an estrogen-
dependent and -independent (induced by IGF-II/IGF1R pathways) manner. Then, the
use of tamoxifen, a selective estrogen receptor modulator (SERM), appears effective
in reducing ACC growth in vitro and in vivo. However, tamoxifen not only exerts
antiestrogenic activity, but also acts as full agonist on the G protein-coupled estrogen
receptor (GPER). Aim of this study was to investigate the effect of a non-steroidal
GPER agonist G-1 in modulating ACC cell growth. We found that G-1 is able to exert
a growth inhibitory effect on H295R cells both in vitro and, as xenograft model,
in vivo. Treatment of H295R cells with G-1 induced cell cycle arrest, DNA damage
and cell death by the activation of the intrinsic apoptotic mechanism. These events
required sustained extracellular regulated kinase (ERK) 1/2 activation. Silencing
of GPER by a specific shRNA partially reversed G-1-mediated cell growth inhibition
without affecting ERK activation. These data suggest the existence of G-1 activated
but GPER-independent effects that remain to be clarified. In conclusion, this study
provides a rational to further study G-1 mechanism of action in order to include this
drug as a treatment option to the limited therapy of ACC.

INTRODUCTION patients. Severe side-effects, of either the gastrointestinal
or the nervous system, have been frequently reported,

Adrenocortical carcinoma (ACC) represents a rare and many patients are not able to take the drug regularly
malignancy with a very poor prognosis. Resectability is [2, 3]. Recently, monoclonal antibodies targeting
the prime determinant of prognosis. For patients with insulin-like growth factor (IGF) receptor (IGFIR) have
disseminated disease, chemotherapy options are few and been tested in clinical trials, however, they provided a
lack sufficient efficacy. Mitotane, a cytotoxic drug with limited effectiveness in refractory patients [4]. Rationale
a not well documented mechanism of action [1], is the for targeting IGF1R comes from the observation that IGFII
conventional therapy. The toxicity of mitotane has been [5] is overexpressed in ACC. IGFII effects are mediated
a major limit to its suitability in the treatment of ACC through its receptor IGF1R resulting in activation of the
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PI3K/AKT/mTOR cascade, the RAS/MAPK and the
PLC/PKC pathways [6]. We have recently demonstrated
that activation of these pathways can be triggered by the
estrogen receptor alpha (ESR1) [7], a gene overexpressed
in ACC that mediates estrogen-dependent proliferative
effects [7, 8]. Our in vitro experiments demonstrated
that ESR1 knock down was more effective than an
IGF1R antibody in controlling H295R cell proliferation
[7]. Targeting ESR1 in vivo using tamoxifen, a selective
estrogen receptor modulator (SERM), was effective in
reducing H295R xenografts growth [7].

It is well known that tamoxifen and its active
metabolite 4-hydroxytamoxifen (OHT), not only exert
antiestrogenic activity [9], but also act as full agonist on
the G protein-coupled estrogen receptor GPR30 (from the
GPER gene) [10-14]. Then, can Tamoxifen effects depend
on GPER activation? GPER can mediate rapid E2-induced
non-genomic signaling events, including stimulation of
adenylyl cyclase, mobilization of intracellular calcium
(Ca?") stores and activation of mitogen-activated protein
kinase (MAPK) and phosphoinositide 3-kinase (PI3K)
signaling pathways [15-17]. GPER exhibits prognostic
utility in endometrial [18], ovarian [19], and breast cancer
[20] and can modulate growth of hormonally responsive
cancer cells [10, 11, 21, 22]. Expression of GPER has
been characterized in the outer zona glomerulosa (ZG)
and in the medulla of the human adrenal [23], however its
expression status in ACC is not known.

A non-steroidal, high-affinity GPER agonist
G-1 (1-[4-(6-bromobenzo [1, 3]dioxol-5yl)-3a, 4, 5,
9b-tetrahydro-3H-cyclopenta-[c]quinolin-8-yl]-ethanone)
has been developed to dissect GPER-mediated estrogen
responses from those mediated by classic estrogen receptors
[24]. The biological effects triggered by G-1 appear cell
type specific and dependent on the ERs expression pattern
[25-29]. By using G-1, in this study we wanted to investigate
the effects of GPER activation on ACC growth.

RESULTS

G-1 treatment decreases H295R cell growth in
vitro and in vivo

We first examined GPER expression in human ACCs
and in H295R cells. By western blot analysis (Fig. 1A)
and real time RT-PCR (Fig. 1B-1C) we demonstrated
that GPER is expressed in normal adrenal, in human
ACCs and in H295R cells at variable levels. Effects of
G-1 on cell viability and proliferation were tested using
increasing concentrations (0.01-0.1-1 puM) for different
times (24-48-72 h) (Fig. 1D-1E). Of the different doses
tested only 1 uM caused a time-dependent reduction in
H295R cell growth. Doses higher than 1uM did not show
any more pronounced effect (data not shown). Knocking
down of GPER gene expression, using a specific ShRNA,
(shGPER) was assessed by western blot analysis and

revealed a substantial decrease in protein content compared
to the control shRNA (insert, Fig. 1F). However, GPER
silencing was able to only partially abrogate the inhibitory
effects exerted by G-1 on H295R cell proliferation (Fig. 1F)

H295R cells were used to generate xenograft tumors
in athymic nude mice. Twenty one days after tumor
grafting all mice developed a detectable tumor and were
randomized to be treated with either vehicle or G-1. G-1
administration produced a statistically significant decrease
in tumor volume from day 14 post treatment (Fig. 2A).
A trend of growth inhibition was observed thereafter. The
drug was well tolerated without lethal toxicity or body
weight loss during treatment (data not shown). Multi-
slices T2-W MRI indicated larger tumor volume in vehicle
treated animals compared to tumors from G-1 treated mice.
Hyperintense large cystic area and haemorrahagic regions,
that appear as dark areas in the tumor sections, were
present in vehicle treated animals (Fig. 2B). Grafted tumors
harvested after three-week treatment with G-1 showed a
significant decrease in tumor weight compared to vehicle
treated animals (Fig. 2C). Hematoxylin and eosin staining
of xenograft tumors revealed some picnotic nuclei only
in G-1 treated tumors (Fig. 2D). Ki-67 immunostaimning
was significantly lower in G-1-treated tumors compared to
control mice (value score control: 6, 6 + 0, 89 (SD); value
score G-1 treated cells: 3, 1 + 0.55 * (SD) (*p < 0.05)
(Fig. 2E).

G-1 induces H295R cell cycle arrest and
cell death

Cell cycle analysis of H295R cells after 24 h of
G-1 treatment demonstrated a cell cycle arrest in the G,
phase (Fig 3A). This effect was further confirmed by a
change in the expression of cyclins, after G-1 treatment
(Fig. 3B). Specifically, by western analysis we observed
that G-1 treatment caused a decrease in Cyclin E (CCNE),
while Cyclin B1 (CCNB1), involved in the regulation
of G, phase, was increased. CCNE and CCNBI had
similar expression pattern in protein samples extracted
from xenografts tumors (Fig. 3C). Collectively these
events support the idea of cells exiting G, but remaining
stuck in G, phase. In agreement with the observation
that inappropriate accumulation of B type cyclins is
associated with the initiation of apoptotic pathways [30],
we found that G-1 caused cell death by apoptosis. Cells
were treated for 24 or 48 h with vehicle or G-1, incubated
with an Annexin-V specific antibody and sorted by flow
cytometry. As shown in Figure 3D the number of dead
cells increased in a time dependent manner reaching about
40% of apoptotic cells 48 h after G-1 treatment (Fig. 3D).

G-1 causes cell nuclei morphological changes,
DNA damage and apoptosis

G-1 ability to trigger apoptosis in H295R cells was
further confirmed by evaluation of DNA fragmentation.
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Figure 1: G-1 treatment decreases H295R cell growth in vitro. A. Western blot analysis of GPER was performed on 50 pg of total
proteins extracted from normal adrenal, ACCs and H295R cells. GAPDH was used as a loading control. B-C. GPER mRNA expression
in normal adrenal and ACCs (B), H295R and SKBR3 (positive control) cells (C) was analyzed by real time RT-PCR. Each sample was
normalized to its GAPDH RNA content. Final results are expressed as n-fold differences of gene expression relative to calibrator. Data
represent the mean + SE of values from at least three separate RNA samples; *P < 0.05, versus calibrator). D-E. H295R cells were treated
with G-1 (0.01-1 uM) for different times (24, 48 and 72 h). Cell proliferation was evaluated by [*H]Thymidine incorporation (D) and MTT
(E) assays. Results were expressed as mean + SE of three independent experiments each performed in triplicate. Statistically significant
differences are indicated (*P < 0.05 versus basal). F. MTT assay was performed on H295R cells, which were previously transfected for
72 h in the presence of control vector (shRNA) or shGPER. Twenty-four hours after transfection cells were treated in 2.5% DCC-FBS
medium for 48 h with G-1 (1 uM). Results were expressed as mean + SE of three independent experiments each performed in triplicate.
(*p <0.05 versus basal). The insert shows a Western blotting assay on H295R protein extracts evaluating the expression of GPER receptor
in the presence of shRNA or of ss\GPER. GAPDH was used as a loading control.

TUNEL staining demonstrated the presence of increased analysis of tumors samples overlap with those obtained
positive cells in cells treated with G-1 (Fig. 4A). In in H295R cells (Fig. 4E). When the intrinsic apoptotic
addition, Hoechst staining evidenced that untreated mechanism is triggered, Cytochrome c (Cyt c) is
H295R cells had round nuclei with regular contours; while released from the mitochondria into the cytosol [31].
nuclei from cells treated with G-1 appeared shrunken and Therefore we fractionated G-1 treated H295R cell lysates
irregularly shaped or degraded with condensed DNA. into cytosolic and mitochondrial fractions and evaluated
DNA gel electrophoresis extracted from G-1 treated Cytochrome c release by western blot analysis (Fig. 4F).
H295R cells revealed a classic laddering pattern of inter- Cytochrome c levels increased in the cytosolic fraction
nucleosomal DNA fragmentation that was absent in of treated samples while decreased in the mitochondrial
control cells (Fig. 4B). This event was associated with compartment. Cytochrome c release from mitochondria
an increase in Parp-1 cleavage (Fig. 4C). The presence into the cytosol triggers caspase activation. After G-1
of G-1 increased Bax expression while decreased Bcl-2 treatment we detected active Caspase 9 (Fig. 4G) as well
(Fig. 4D). Similarly, data obtained from western blot as the executioner Caspase 3/7 (Fig. 4H).
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Figure 2: G-1 treatment decreases H295R cell growth in vivo. A. 6 x 10° H295R cells were injected subcutaneously in the flank
region of immunocompromized mice and the resulting tumors were grown to an average of 200 mm? twenty one days after inoculation.
Tumor volumes were calculated, as indicated in Materials and Methods. Values represent the mean + SE of measured tumor volume over
time in the control group (filled circles, n = 10) and in the G-1-treated group (filled triangles, n = 10). Data represent pooled values from
two independent experiments. (*P < 0.05 versus control at the same day of treatment). B. In vivo coronal T2-weighted spin-echo MR image
of primary ACCs. Examples of multi-slices T2-W MRI (section thickness of 1 mm) tumors from vehicle treated mice (control tumors)
show a larger volume compared to tumors from G-1 treated mice. Hyperintense large cystic area and haemorrhagic regions that appear as
dark areas in the tumor sections, are present in the control tumors. C. After 3-week treatment tumors were harvested and weighed. Values
represent the mean + SE of measured tumor weight (n = 10) (* P < 0.05 versus vehicle). D. Hematoxylin and eosin stained histologic
images of H295R xenograft tumors. E. Representative pictures of Ki-67 immunohistochemical staining of H295R xenograft tumors.
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Figure 4: G-1 treatment induces apoptosis in H295R cells. A. Cells were left untreated (basal) or treated with G-1 (1 uM) for 24 h;
after treatment cells were fixed with paraformaldehyde and processed for TUNEL staining. Nuclei counterstaining was performed using
Hoechst 33342. Fluorescent signal was observed under a fluorescent microscope (magnification 200X). Images are from a representative
experiment. B. After 48 h treatment DNA was extracted from cells and analyzed on a 1.5% agarose gel. Images are from a representative
experiment. C—F. H295R cells were treated with G-1 (1 uM) for 24 h. Western blot analyses of Parp-1 (C), Bax and Bcl-2 (D). Cytochrome ¢
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significant differences are indicated (*P < 0.05 versus basal).
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used as a loading control. (A-B up panels) Graphs represent means of normalized optical densities from three experiments, bars represent
SE. *p < 0.05 versus basal. C., H295R cells were treated for 24 h with vehicle (—) or G-1 (1 uM) alone or combined with PD98059
(10 uM). Western blot analysis of Bax was performed on equal amounts of total proteins. GAPDH was used as a loading control. Blots are
representative of three independent experiments with similar results.

G1 treatment causes sustained
ERK1/2 phosphorylation

In order to define the molecular mechanism
associated with G-1-induced apoptosis, we investigated
the activation of MAPK family members extracellular
signal-regulated kinase 1/2 (ERK1/2), which have been
demonstrated to be involved in apoptosis if activated
for a prolonged time [32]. As shown in Figure 5A, G-1
treatment activated ERK1/2 in a time-dependent manner

as seen by the increased levels of their phosphorylation
status. Activation started after 30-min of G-1 treatment
and persisted for up to 24 h (Fig. 5A). ShGPER, that
partially reversed G-1 effects on cell proliferation
(Fig. 1E) did not affect ERK1/2 activation (Fig. 5B).
Involvement of ERK1/2 in G-1-induced apoptosis
of adrenocortical cancer cells was confirmed by the
observation that MEK 1 inhibitor, PD98059, prevented
the up-regulatory effect exerted by G-1 on Bax
expression (Fig. 5C).
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DISCUSSION

Here, we demonstrated for the first time that a
selective non estrogenic ligand of GPER named G-1 is
able to inhibit H295R cell growth both in vitro and in vivo
in a xenograft model. Starting from these results we
investigated the potential role of GPER in this event.

First, we showed GPER expression both at
transcriptional and post-transcriptional level in our ACC
cell model represented by H295R cells as well as in
normal adrenal and ACC samples. These first analyses
aimed to assess only if GPER was expressed in normal
and tumor adrenal and not to indicate any difference in
expression levels, since overexpression of GPCR is not a
common event in human diseases [20].

Recent studies have shown that activation of
GPER initiates signaling cascades that, depending on the
cell type, are associated with both proliferation [11, 33]
and apoptosis [29, 32]. Ariazi et al. have highlighted
the opposite effects played by GPER activation on cell
proliferation of ERs negative and ERs positive breast
cancer cells [17]. Specifically, when ERs are expressed,
activation of GPER leads to inhibition of cell proliferation.
On the contrary, when cells are ERs negative activation of
GPER leads to an increase in cell proliferation [17]. Our
work, demonstrated that micromolar concentrations of G-1
decrease H295R cell proliferation in vitro, significantly
reduce ACC tumor volume in vivo and cause a marked
decrease in the expression of the nuclear proliferation
antigen Ki-67. Accordingly, flow cytometry analysis
revealed that G-1 treatment causes changes in cellular
distribution within the different phases of cell cycle. It is
well established that cell cycle progression is dynamically
and strictly regulated by complexes containing cyclins
and cyclin dependent kinases (CDKs) [34]. Here, we
found that after G-1 treatment expression of G, phase
cyclin CCNE was reduced, while G, phase cyclin CCNB1
was increased. This observation indicates that H295R cells
do not bypass G, checkpoint. Similar data were reported
for prostate cancer cells, where GPER activation by 1 uM
G-1 caused cell cycle arrest at the G, phase [35]. G, phase
arrest was followed by apoptotic cell death as indicated
by positive staining for Annexin-V, nuclei morphological
changes and appearance of DNA ladder pattern.

Apoptosis can be induced by extrinsic [36] and
intrinsic [37] mechanisms; the latter is strictly controlled
by bcl-2 family of proteins [38] that consists of both
pro- (Bax, Bad, Bak, Bid) and anti-apoptotic (Bcl-2,
Bcl-xl) proteins able to modulate the execution phase
of the cell death pathway. Bax exerts pro-apoptotic
activity by allowing Cytochrome ¢ translocation from the
mitochondria to the cytosol [39]. Cytochrome ¢ then binds
to apoptotic protease-activating factor-1 (Apaf-1) [40],
which in turn associates with Procaspase 9 resulting in the
activation of its enzymatic activity [41], responsible for
the proteolytic activation of executioner Caspase 3 [42].

The active Caspase 3 is then involved in the cleavage of a
set of proteins including Poly-(ADP) ribose polymerase-1
(Parp-1) [43]. Bcl-2, instead, exerts its anti-apoptotic
activity, at least in part, by inhibiting the translocation
of Bax to the mitochondria [40]. Changes in expression
and/or activation of all the above mentioned biochemical
markers of mitochondrial apoptotic pathway were
observed in H295R cells in response to G-1 treatment.

MAPK family members ERK1/2 are part of
GPER signaling [14]. Despite the well-defined role
of ERK1/2 activation in proliferative pathways [44],
sustained ERK1/2 phosphorylation is involved in
apoptotic events [29, 32, 45]. Cagnol and Chambard
have summarized more than 50 publications showing a
link between prolonged ERK activation and apoptosis
[46]. Specifically it can be appreciated that duration of
ERK activation in promoting cell death can be different
depending on cell type and stimuli. G-1 caused sustained
ERK1/2 activation in H295R, this event was clearly
involved in the induction of apoptosis, since chemical
inhibition of MEK1/2 using PD98059 abrogated G-1
ability to induce the expression of proapoptotic factor
Bax. Several reports pointed out that ERK1/2 activity
can be associated with upregulation of proapoptotic
members of the Bcl-2 family, such as Bax [47—49].
Moreover, ERK activity has been shown to directly affect
mitochondrial function [46] by decreasing mitochondrial
respiration [50, 51] and mitochondrial membrane
potential [51, 52], causing mitochondrial membrane
disruption and Cytochrome c release [52—54].

Interestingly, GPER silencing was not able to
prevent G-1 induced ERK phosphorylation, underlying
the existence of alternative targets for G-1. These targets,
similarly to GPER, are able to activate ERK1/2 signaling,
however for a prolonged period, and clearly deserve
further investigation.

Other papers evidenced inhibitory effects exerted by
G-1 on the growth of different tumor cell types in a GPER
independent manner [55-57], but a precise mechanism has
not been defined. Although further studies are needed to
clarify the molecular mechanisms behind G-1-dependent
effects, this molecule could be a viable alternative to the
current limited treatment options and therapeutic efficacy
for adrenocortical cancer.

In conclusion, we demonstrated that treatment of
H295R cells with G-1 reduced tumor growth in vitro and
in vivo through a mechanism involving not only GPER
activation. G-1 clearly causes cell-cycle arrest at the G,
phase and apoptosis through a mechanism that requires
sustained ERK1/2 activation. Our previously published
results highlighting the ability of OHT, a known GPER
agonist and ESR1 antagonist, to reduce ACC cell growth,
together with the present findings indicating the inhibitory
effects exerted by G-1, open up new perspectives for the
development of therapies with molecules modulating
estrogen receptors action for the treatment of ACC.
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MATERIALS AND METHODS

Cell culture and tissues

H295R cells were obtained from Dr W.E. Rainey
(University of Michigan at Ann Arbor, USA) [58]. Cells were
cultured as previously described [9]. Cell monolayers were
subcultured onto 100 mm dishes for phosphatase activity and
laddering assay (8 x 10° cells/plate), 60 mm dishes for protein
and RNA extraction (4 x 10° cells/plate) and 24 well culture
dishes for proliferation experiments (2 x 10° cells/well)
and grown for 2 days. Prior to experiments, cells were
starved overnight in DMEM/F-12 medium without phenol
red and containing antibiotics. Cells were treated with
(£)-1-[(3aR*, 45*, 9bS*)-4-(6-Bromo-1, 3-benzodioxol-
5-yl)-3a, 4, 5, 9b-tetrahydro-3 H-cyclopenta[c]quinolin-8-yl]-
ethanone (G-1) (1 uM) (Tocris Bioscience, Bristol, UK) in
DMEM/F-12 containing FBS-DCC 2, 5% (fetal bovine
serum dextran-coated charcoal-treated). Inhibitors PD98059
(PD) (10 uM) (Calbiochem, Merck KGaA, Darmstadt,
Germany) was used 1 h prior to G-1. Adrenocortical
tumors, removed at surgery, and normal adrenal cortex,
macroscopically dissected from adrenal glands of kidney
donors, were collected at the hospital-based Divisions of the
University of Padua (Italy). Tissue samples were obtained
with the approval of local ethics committees and consent
from patients, in accordance with the Declaration of Helsinki
guidelines as revised in 1983. Diagnosis of malignancy was
performed according to the histopathologic criteria proposed
by Weiss et al. [59] and the modification proposed by Aubert
et al. [60]. Clinical data of the six ACC patients included
in this study are shown in Table 1. Patient C6 terminated
mitotane treatment six months after beginning of therapy
for severe gastrointestinal side effects. Patients C1 and C2
were treated with chemotherapy EAP protocol (etoposide,
doxorubicin, and cisplatin) + mitotane.

RNA extraction, reverse transcription and real
time PCR

TRizol RNA isolation system (Invitrogen, Carlsbad,
CA, USA) was used to extract total RNA from H295R,

SKBR3 and ACCs. Each RNA sample was treated
with DNase I (Invitrogen), and purity and integrity of
the RNA were confirmed spectroscopically and by gel
electrophoresis before use. One microgram of total
RNA was reverse transcribed in a final volume of 30 pl
using the ImProm-II Reverse transcription system kit
(Promega Italia S.r.1., Milano, Italia); cDNA was diluted
1:2 in nuclease-free water, aliquoted, and stored at — 20°C.
The nucleotide sequences for GPER amplification were
forward, 5-CGCTCTTCCTGCAGGTCAA-3', and
reverse, 5-ATGTAGCGGTCGAAGCTCATC-3’ ; the
nucleotide sequences for GAPDH amplification were
forward, 5'-CCCACTCCTCCACCTTTGAC-3’, and
reverse, 5'-TGTTGCTGTAGCCAAATTCGTT-3". PCR
reactions were performed in the iCycler iQ Detection
System (Bio-Rad Laboratories S.r.l., Milano, Italia)
using 0.1 pmol/L of each primer, in a total volume of
30 pl reaction mixture following the manufacturer’s
recommendations. SYBR Green Universal PCR Master
Mix (Bio-Rad) with the dissociation protocol was used
for gene amplification; negative controls contained water
instead of first-strand cDNA. Each sample was normalized
to its GAPDH content. The relative gene expression levels
were normalized to a calibrator (normal tissue for ACC
tissues or SKBR3 for H295R cells). Final results were
expressed as n-fold differences in gene expression relative
to GAPDH and calibrator, calculated using the AACt
method as previously shown [61].

Western blot analysis

Fifty pg of protein was subjected to western
blot analysis [62]. Blots were incubated overnight at
4°C with antibodies against GPER, Cyclin E (CCNE),
Cyclin B1 (CCNB1), phospho-Rb, Cytochrome ¢, Bax,
Bcl-2, Parpl, pERKI1/2-ERK2 (all from Santa Cruz
Biotechnology, Santa Cruz CA, USA). Membranes
were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Amersham Pharmacia
Biotech, Piscataway, NJ) and immunoreactive bands
were visualized with the ECL western blotting detection
system (Amersham Pharmacia Biotech, Piscataway, NJ).

Table 1: Clinical data of the 6 ACC patients analyzed in this study

Sample ID  Age(years) Gender Stage at Syndrome Weiss Size Outcome
surgery score (cm)

Cl 41 M v Cushing 9 16 Died, 1 year
C2 17 F v Cushing 9 14 Died, 18 months
C3 43 F 111 None 4 9 Died, 8 years
C4 46 M I None 3 18 Remission, 7 years
C5 47 M v Cushing 9 14 Died, 1 year
C6 57 M 11 SubclinicalCushing 5 14 Remission, 4 years
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To assure equal loading of proteins, membranes were
stripped and incubated overnight with Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) antibody (Santa
Cruz Biotechnology).

Histopathological analysis

Tumors were fixed in 4% formalin, sectioned at
5 um and stained with hematoxylin and eosin, as suggested
by the manufacturer (Bio-Optica, Milan, Italy).

Immunohistochemical analysis

Paraffin-embedded sections, 5 mm thick, were
mounted on slides precoated with poly-lysine, and then
they were deparaffinized and dehydrated (seven to eight
serial sections). Immunohistochemical experiments
were performed as described [63], using mouse
monoclonal Ki-67 primary antibody at 4°C over-night
(Dako Italia Spa, Milano, Italy). Then, a biotinylated
goat-anti-mouse IgG was applied for 1 h at room
temperature, to form the avidin biotin-horseradish
peroxidase complex (Vector Laboratories, CA,
USA). Immunoreactivity was visualized by using the
diaminobenzi-dine chromogen (Vector Laboratories).
Counterstaining was carried out with hematoxylin (Bio-
Optica, Milano, Italy). The primary antibody was replaced
by normal rabbit serum in negative control sections.

Cytochrome c detection

Cells were treated for 24 h, fractioned and processed
for Cytochrome c detection as previously reported
[26]. Briefly, cells were harvested by centrifugation at
2500 rpm for 10 min at 4°C. Pellets were resuspended
in 50 pl of sucrose buffer (250 mM sucrose; 10 mM
Hepes; 10 mM KCI; 1.5 mM MgCI2; 1 mM EDTA; 1 mM
EGTA) (all from Sigma-Aldrich, Milano, Italy) containing
20 pg/ml aprotinin, 20 pg/ml leupeptin, 1 mM PMSF and
0.05% digitonine (Sigma-Aldrich). Cells were incubated
for 20 min at 4°C and then centrifuged at 13,000 rpm for
15 min at 4°C. Supernatants containing cytosolic protein
fraction were transferred to new tubes and the resulting
mitochondrial pellets were resuspended in 50 pl of lysis
buffer (1% Triton X-100; 1 mM EDTA; 1 mM EGTA;
10 mM Tris-HCI, pH 7.4) (all from Sigma-Aldrich)
containing 20 pg/ml aprotinin, 20 pg/ml leupeptin,
1 mM PMSF (Sigma-Aldrich) and then centrifuged at
13,000 rpm for 10 min at 4°C. Equal amounts of proteins
were resolved by 11% SDS/polyacrylamide gel as
indicated in the Western blot analysis paragraph.

Cell cycle analysis and evaluation of cell death

Subconfluent monolayers growing in 60 mm plates
were depleted of serum for 24 h and treated for an additional
24 h with G-1. The cells were harvested by trypsinization

and resuspended with 0.5 ml of Propidium lodide solution
(PI) (100 pg/ml) (Sigma-Aldrich) after treatment with
RNase A (20 pg/ml). The DNA content was measured
using a FACScan flow cytometer (Becton Dickinson,
Mountain View, CA, USA) and the data acquired using
CellQuest software. Cell cycle profiles were determined
using ModFit LT program. Subconfluent monolayers
growing in 60 mm plates were depleted of serum for
24 h and treated for 24 and 48 h with G-1. Trypsinized
cells were incubated with Ligation Buffer (10 mM Hepes
(pH =7.4), 150 mM NaCl, 5 mM KCI, 1 mM MgCI2 and
1.8 mM CaCl2) containing Annexin-V-FITC (1:5000)
(Santa Cruz) and with Propidium Iodide. Twenty minutes
post-incubation at room temperature (RT) protected from
light, samples were examined in a FACSCalibur cytometer
(Becton Dickinson, Milano, Italy). Results were analyzed
using CellQuest program.

Caspases 9 and 3/7 activity assay

H295R cells after treatments were subjected to
caspases 9 and 3/7 activity measurement with Caspase-
Glo 9 and 3/7 assay kits (Promega) and modified protocol.
Briefly, the proluminescent substrate containing LEHD or
DEVD sequences (sequences are in a single-letter amino
acid code) are respectively cleaved by Caspases 9 and
3/7. After caspases cleavage, a substrate for luciferase
(aminoluciferin) is released resulting in luciferase reaction
luminescent signal production. Cells were trypsinized,
harvested and then suspended in DMEM-F12 before being
incubated with an equal volume of Caspase-Glo reagent
(40 pl) at 37°C for 1 h. The luminescence of each sample
was measured in a plate-reading luminometer (Gen5 2.01)
with Synergy H1 Hybrid Reader.

TUNEL (terminal deoxynucleotidyltransferase-
mediated dUTP nick-end labelling) assay

Cells were grown on glass coverslips, treated
for 24 h and then washed with PBS and fixed in 4%
formaldehyde for 15 min at room temperature. Fixed
cells were washed with PBS and then soaked for
20 min with 0.25% of Triton X-100 in PBS. After two
washes in deionized water, they were stained using the
Click-iT®* TUNEL Alexa Fluor® Imaging Assay
(Invitrogen) according to the manufacturer’s protocol.
Co-staining with Hoechst33342 was performed to analyze
the nuclear morphology of the cells after the treatment.
Cell nuclei were observed and imaged under an inverted
fluorescence microscope (200X magnification).

Determination of DNA fragmentation

To determine the occurrence of DNA
fragmentation, total DNA was extracted from control
and G-1 (1 puM) treated (48 h) cells as previously
described [26]. Equal amounts of DNA were analyzed
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by electrophoresis on a 2% agarose gel stained with
Ethidium Bromide (Sigma-Aldrich).

Assessment of cell proliferation

[*H]Thymidine incorporation assay

H295R cell proliferation after G-1 treatment was
directly evaluated after a 6 h incubation with 1 pCi of
[*H]thymidine (Perkin- Elmer Life Sciences, Boston,
MA, USA) per well as previously described [64]. Each
experiment was performed in triplicate and results are
expressed as percent (%) of basal.

MTT assay

The effect of G-1 on cell viability was measured
using 3-[4, 5-Dimethylthiaoly]-2, 5-diphenyltetrazolium
bromide (MTT) assay as previously described [7]. Briefly,
cells were treated for different times as indicated in
figure legends. At the end of each time point fresh MTT
(Sigma-Aldrich), re-suspended in PBS, was added to each
well (final concentration 0.33 mg/ml). After 30 minutes
incubation, cells were lysed with 1 ml of DMSO (Sigma-
Aldrich). Each experiment was performed in triplicate
and the optical density was measured at 570 nm in a
spectrophotometer.

Gene silencing experiments

For the gene silencing experiments, cells were plated
in 12 well plates (1 x 103 cells/well) for proliferation
experiments or in 6 well plates (2 x 10° cells/well) for
Western blot analysis; cells were transfected with control
vector (ShRNA) or shGPER in 2, 5% DCC-FBS medium
using lipofectamine 2000 transfection reagent (Invitrogen)
according to the manufacturer’s recommendations for a
total of 72 h. For proliferation experiments cells were
transfected for 24 h and then treated for 48 h before
performing MTT assay.

Xenograft model

Four-week-old nu/nu — Forkhead box N1™ female
mice were obtained from Charles River Laboratories Italia
(Calco, Lecco, Italy). All animals were maintained in
groups of five or less and quarantined for two weeks. Mice
were kept on a 12 h/12 h light/dark regimen and allowed
access to food and water ad libitum. H295R cells, 6 x 10°,
suspended in 100 pl PBS (Dulbecco’s Phosphate Buffered
Saline), were combined with 30 pl of Matrigel (4 mg/ml)
(Becton Dickinson) and injected subcutaneously in the
shoulder of each animal. Resulting tumors were measured
at regular intervals using a caliper, and tumor volume was
calculated as previously described [65], using the formula:
V'=10.52 (L x W?), where L is the longest axis of the tumor
and W is perpendicular to the long axis. Mice were treated
21 days after cell injection, when tumors had reached
an average volume of about 200 mm?®. Animals were

randomly assigned to be treated with vehicle or G-1
(Tocris Bioscience) at a concentration of 2 mg/kg/daily.
Drug tolerability was assessed in tumor-bearing mice in
terms of: a) lethal toxicity, i.e. any death in treated mice
occurring before any death in control mice; b) body weight
loss percentage = 100 — [(body weight on day x/body
weight on day 1) x 100], where x represents a day during
the treatment period [66, 67]. Animals were sacrificed by
cervical dislocation 42 days after cell injection. All animal
procedures were approved by Local Ethics Committee for
Animal Research.

In vivo magnetic resonance analyses

Mice were anesthetized with 1-2% isofluorane
in O2, 1 L/min (Forane, Abbott SpA, Latina, Italia)
and underwent MRI/MRS study. MR analyses were
performed at 4.7 T on Agilent Technologies system (Palo
Alto, CA, USA). T2-weighted MRI was acquired using
a spin echo sequence with the following parameters:
TR/TE = 3000/70 ms, section thickness of 1.0 mm,
number of acquisitions = 4, point resolution of 256 um.

Scoring system

The immunostained slides of tumor samples were
evaluated by light microscopy using the Allred Score [68]
which combines a proportion score and an intensity score.
A proportion score was assigned representing the estimated
proportion of positively stained tumor cells (0 = none;
1=1/100;2=1/100to < 1/10; 3=1/10to < 1/3; 4 = 1/3
to 2/3; 5 =>2/3). An intensity score was assigned by the
average estimated intensity of staining in positive cells
(0 =none; 1 = weak; 2 = moderate; 3 = strong). Proportion
score and intensity score were added to obtain a total score
that ranged from 0 to 8. A minimum of 100 cells were
evaluated in each slide. Six to seven serial sections were
scored in a blinded manner for each sample.

Data analysis and statistical methods

All experiments were performed at least three times.
Data were expressed as mean values + standard error
(SE), statistical significance between control (basal) and
treated samples was analyzed using GraphPad Prism 5.0
(GraphPad Software, Inc.; La Jolla, CA) software. Control
and treated groups were compared using the analysis of
variance (ANOVA) with Bonferroni or Dunn’s post hoc
testing. A comparison of individual treatments was also
performed, using Student’s # test. Significance was defined
as p <0.05.
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ABSTRACT

The pathogenesis of the adrenocortical cancer (ACC) involves integration of
molecular signals and the interplay of different downstream pathways (i.e. IGFII/
IGF1R, B-catenin, Wnt, ESR1). This tumor is characterized by limited therapeutic
options and unsuccessful treatments. A useful strategy to develop an effective therapy
for ACC is to identify a common downstream target of these multiple pathways. A good
candidate could be the transcription factor estrogen-related receptor alpha (ERRa)
because of its ability to regulate energy metabolism, mitochondrial biogenesis and
signalings related to cancer progression.

In this study we tested the effect of ERRa inverse agonist, XCT790, on the
proliferation of H295R adrenocortical cancer cell line. Results from in vitro and
in vivo experiments showed that XCT790 reduced H295R cell growth. The inhibitory
effect was associated with impaired cell cycle progression which was not followed
by any apoptotic event. Instead, incomplete autophagy and cell death by a necrotic
processes, as a consequence of the cell energy failure, induced by pharmacological
reduction of ERRa was evidenced.

Our results indicate that therapeutic strategies targeting key factors such as
ERRa that control the activity and signaling of bioenergetics processes in high-
energy demanding tumors could represent an innovative/alternative therapy for the
treatment of ACC.

INTRODUCTION

Adrenocortical carcinoma (ACC) is a very rare and
aggressive disease with a high risk of relapse after radical
surgery. Treatment options in advanced, metastatic stages
are limited, since cytotoxic chemotherapy options are poor
and radiotherapy is mostly ineffective [1]. The drug mitotane
(o, p'-dichlorodiphe nyldichloroethane (o, p’-DDD)) with its
adrenolytic activity is the only adrenal specific drug that
is currently used for ACC treatment. However, toxicity,
narrow therapeutic window and side effects are the major
limitation to its use as well as therapeutic success [2].

Given the high mortality and aggressiveness of ACC, more
effective and specific treatment options are needed. Recently,
monoclonal antibodies targeting insulin-like growth factor II
(IGF1I) receptor (IGF1R) have been tested in clinical trials,
however they provided a limited effectiveness in refractory
patients [3]. Rationale for targeting IGF1R comes from the
observation that IGFII gene is overexpressed in ACC [4]. We
have recently demonstrated that IGFII/IGFIR pathway can
be activated by the estrogen receptor alpha (ESR1), a gene
overexpressed in ACC that mediates estrogen-dependent
proliferative effects [5, 6]. ESRI knock down was more
effective than an IGF1R antibody in reducing H295R cell
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proliferation in vitro [5] and the selective estrogen receptor
modulator (SERM) tamoxifen prevented the growth of
H295R both in vitro [7] and as xenografts in vivo [5]. Thus,
ESRI1 could be a promising target to reduce ACC growth.

Indeed, a recent study [8], investigating a large
cohort of advanced ACC, confirmed the presence of a
large number of potentially targetable molecules involved
in ACC progression. These observations confirm that
ACC is an extremely heterogeneous disease and that
its pathogenesis involves integration of signals and the
interplay of downstream pathways. It is currently accepted
that these changes are also associated with a profound
reprogramming of cellular metabolism [9]. Consequently,
one potential strategy to develop an effective therapy for
ACC could be the identification of a common downstream
target of multiple pathways capable of controlling
expression and activity of various bioenergetic factors.

Estrogen Related Receptor o (ERRa) is an orphan
member of the nuclear hormone receptor superfamily of
transcription factors that has been identified on the basis
of its high level of sequence identity to ERa and for which
an endogenous ligand has yet to be defined [10]. ERRa
functions downstream of the peroxisome proliferator-
activated receptor gamma coactivator-1 alpha and beta
(PGC-1a and PGC-1p) and regulates the expression of
genes involved in energy metabolism and mitochondrial
biogenesis such as genes encoding enzymes and proteins
of the tricarboxylic acid cycle, pyruvate metabolism,
oxidative phosphorylation, and electron transport [11].
Research to understand how changes in cell metabolism
promote tumor growth has accelerated in recent years
[12]. As a consequence, research has focused on targeting
metabolic dependencies of cancer cells, an approach
with the potential to have a major impact on patient
care. Notably, ERRa has recently been associated with
dysregulated cell metabolism and cancer progression.
Accordingly, increased expression of ERRa has been
shown in several cancerous tissues including breast [13],
ovary [14] prostate [15] and colon [16]. Several signaling
pathways, also relevant to ACC development have been
shown to converge upon and regulate the expression and
activity of ERRa together with its coactivators such as
PGC-1a and B in others tumor types [17]. Several studies
have reported that ERRa inverse agonist XCT-790 [18]
can induce cell growth arrest in different tumor cell lines
[19, 20]. To date, few studies have investigated the role
of ERRa in adrenal gland and ACC. ERRa is expressed
in normal adult adrenal and regulates the expression of
enzymes involved in steroidogenesis [21]. Moreover,
ERRa seems to be more expressed in ACC compared to
normal adrenal and adenoma [22].

The aim of this study was to establish if ERRa
depletion using XCT790 can induce growth arrest in
ACC cells. The data obtained support the hypothesis that
ERRa could be a promising target for the treatment of
adrenocortical cancer.

RESULTS

ERRua inverse agonist XCT790 decreases
ERRa protein content and inhibits ACC cells
proliferation in vitro

First, we verified that ERRa is expressed in H295R
adrenocortical cancer cells. MCF-7 breast cancer cells
were used as positive control [23] (Figure 1A). Moreover,
we also demonstrated that in both H295R and MCF-7
cells, XCT790 treatment decreased ERRa protein levels
in a dose-dependent manner (Figure 1B). The latter results
confirmed the ability of XCT790 to reduce the expression
of ERRa most probably by proteasome degradation [23].
Next, we evaluated the effects of different concentrations
of ERRa inverse agonist XCT790 on ACC cell growth.
Results from MTT assay revealed that XCT790 treatment
exerted a dose- and time-dependent inhibition on H295R
cell proliferation compared to vehicle-treated cells
(Figure 1C). The maximum inhibitory effect on ACC cell
proliferation was seen at 10 uM XCT790 that was then
used for all the following experiments.

ERRua inverse agonist XCT790 inhibits ACC
cells proliferation in vivo

We next established H295R cell xenograft tumors
in immunocompromised mice to investigate the ability
of XCT790 to reduce tumor growth in vivo. To this aim,
H295R cells were injected into the intrascapular region
of mice. When tumors reached an average volume of
200 mm?, animals were randomized into two groups to
be treated with either vehicle or XCT790 (2,5 mg/Kg).
As shown in Figure 2A, mice treated with XCT790
displayed a significant tumor growth reduction compared
to the vehicle treated control group. Accordingly, tumor
reduction upon XCT790 treatment is evidenced both in
terms of tumor mass (Figure 2B) and proliferation as seen
in Figure 2C, showing a strong decrease in Ki67staining
(value score control: 7.2 = 0,46 (SD); value score XCT790
treated cells: 4.7 + 0.53* (SD), *p < 0.05).

ERRua inverse agonist XCT790 blocks G1/S
transition of ACC cells without inducing
apoptosis

The observed effects of XCT790 on ACC cells
proliferation led us to evaluate XCT790 action on H295R
cell cycle progression.

First, by analyzing PI staining with FACSJazz flow
cytometer, we investigated whether XCT790 treatment
could affect the distribution of cells within the three
major phases of the cycle. To this aim, H295R cells were
grown for 24 h in 5% CS-FBS and then treated with either
vehicle (DMSO) or 10 uM XCT790. 48 hours later, FACS
analysis revealed that XCT790 treated cells accumulated
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Figure 1: ERRa inverse agonist XCT790 decreases ERRa protein content and H295R cells growth in vitro. A. Western
blot analysis of ERRa was performed on 50 pg of total proteins extracted from H295R and MCF-7 cells. Blots are representative of three
independent experiments with similar results. (B. lower left and right panel), protein extracts from MCF-7 and H295R cells left untreated
(—) or treated for 48 h with different doses of XCT790 were resolved by SDS-PAGE and subjected to immunoblot against ERRa. GAPDH
served as loading control. (b, upper left and right panel), graphs represent means of ERRa optical density (O.D.) from three independent
experiments with similar results normalized to GAPDH content (*p <0.001 compared to untreated control sample assumed as 100). C. Cell
viability after XCT790 treatment was measured using MTT assay. Cells were plated in triplicate in 24-well plates and were untreated (Ctr)
or treated with increasing concentrations of XCT790 for the indicate times in DMEM supplemented with 2,5% Charcoal-Stripped FBS.
Absorbance at 570 nm was measured on a multiwell-plate reader. Cell viability was expressed as a percentage of control, (*» <0.001).
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Figure 2: ERRa inverse agonist XCT790 decreases H295R cells proliferation in vivo. A. 6 x 10° H295R cells were injected
subcutaneously onto the intrascapular region of immunocompromised mice and the resulting tumors were grown to an average of 200 mm?>.
The animals were randomized to vehicle controls or XCT790 treatment for twenty one days. Tumor volumes were calculated, as indicated
in Materials and Methods. Values represent the mean + SE of measured tumor volume over time in the control group (filled circles, n = 10)
and in the XCT790-treated group (filled squares, n = 10). B. After 21 days (3 weeks) tumors were harvested and weighed. Values represent
the mean + SE of measured tumour weight (n = 10) *P < 0.05 versus control at the same day of treatment. C. Ki67 immunohistochemical
and H & E staining: histologic images of H295R explanted from xenograft tumors (magnification X 400).

in the GO/G1-phase of the cell cycle while the fraction of
cells in S phase decreased compared with vehicle treated
cells (Figure 3A).

In order to define the molecular mechanisms
involved in XCT790-dependent cell cycle arrest, changes
in levels of protein involved in cell cycle regulation
were investigated by Western blotting analysis. After

48 h treatment, XCT790 reduced Cyclin D1 and Cyclin
E protein content while expression levels of CDK2 and
CDK4 proteins were unaffected. Consistently with the
observed G1/S transition arrest of the cell cycle, Rb
protein showed a hypophosphorylated status (Figure 3B—
3C). As the analysis of the cell cycle revealed a minimal
increase of the sub-Gl fraction (Figure 3A), a known

www.impactjournals.com/oncotarget

25138

Oncotarget



G0/G1: 51.34%
S: 35.73%
G2/M : 12,93%

Control
B
XCT790 (uM)
- 10
q *  Cyclin D1
s & CyclinE
= cdk2
o s cdk4
#=a & - pRb
s s GAPDH
D

XCT790 (uM)
- 10

o & oRP1

- === GAPDH

G0/G1: 62.94%
S: 23,18%
G2/M: 13,87%

XCT790 (10uM)

3
c = [JControl
W XCT790 (10pM)
279 * -
52 =
e *
t s
<2 B
a
o
o
>
0\ @Q’ 8& N 99
& .\c} ¢ v <
& ©
E
80009 = Control
> 70004 W XCT790 (10uM)
>A
,3§ 6000
;3 50004 —T
% 3 40004
o £
@ E 30004
o =
® = 20004
(&
1000+
0

Figure 3: ERRa inverse agonist XCT790 impairs G1/S transition of ACC cells without inducing apoptosis. A. The
distribution of H295R cells in the cycle was determined by Flow Cytometry using Propidium-iodide (PI) stained nuclei. The graph shows
the distribution of H295R cell population (%) in the various phases of cell cycle. B. Total proteins from H295R cells left untreated (—) or
treated with XCT790 for 48 h were resolved by SDS-PAGE and subjected to immunoblot analysis using specific antibodies against human
Cyclin D1, Cyclin E, cdk2, cdk4, p-Rb. C. Graphs represent means of Cyclin D1, Cyclin E, cdk2, cdk4, p-Rb optical densities (O.D.) from
three independent experiments with similar results normalized to GAPDH content, (*p <0.001 compared to each untreated control assumed
as 100); D. Total proteins were analyzed by Western blot for PARP-1. Blots are representative of three independent experiments with similar
results. GAPDH served as loading control. E. Cellular caspase 3/7 activity was determined by Caspase-Glo assay system using the substrate
Ac-DEVD-pNA and expressed as relative luminescence units (RLU) of treated cell to untreated control cell. Each column represents the
mean + SD of three independent experiments (*p < 0.001 compared to untreated control sample).
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marker of apoptotic events, we next attempted to verify
the presence of apoptotic features such as PARP-1cleavage
and caspase 3/7 activation, all well-known biochemical
markers of programmed cell death. Surprisingly, results
from Western blotting analysis for PARP-1 (Figure 3D)
and caspase 3/7 activity assay (Figure 3E) clearly showed
that XCT790 did not activate an apoptotic pathway.

XCT-790 decreased mitochondrial mass and
function in ACC cells

The activity of ERRa is highly dependent on the
presence of coactivator proteins, most notably PGC-1la
and PGC-1P [24], both known for their crucial role in
regulating energy metabolism and mitochondrial biogenesis
[24]. Moreover, it has been observed that XCT790
treatment, causing ERRa proteasome degradation, also
down-regulates PGC1-a [24]. Based on these observations,
we first checked if XCT790 treatment regulates PGC1-a
expression in H295R cells. To this aim, ACC cells were
left untreated or treated with 10 uM XCT790 for 48 h.
Results from Western blotting showed (Figure 4A—4B)
that XCT790 treated cells display a reduced expression of
PGC1-a, with no effect on PGC-1p levels. We then asked
whether reduced levels of PGC1-a would lead to reduction
of mitochondrial mass. To this purpose we treated cells
with MitoTracker deep red FM that stains specifically
mitochondria independently of their membrane potential.
Using flow cytometric analysis (Figure 4C), fluorescent
imaging (Figure 4D) and fluorescent plate reader (Figure
4E), we found that XCT790 significantly decreased
mitochondrial mass.

The mitochondrial citrate carrier CIC is a protein
that belongs to a family of metabolites transporters
embedded in the inner mitochondrial membrane [25, 26]
and has been recently highlighted as important component
in maintaining mitochondrial integrity and bioenergetics
in normal and particularly in tumor cells [27]. We used
CIC protein expression as a marker of both mitochondrial
mass and function and found that XCT790 decreased
mitochondrial CIC expression (Figure 4F—4G) as well as
its transport activity (Figure 4H) in H295R-treated cells
compared to vehicle-treated control cells.

To extend these findings, we used immunoblotting
to monitor the abundance of a known reliable marker
of mitochondrial mass, TOM20, in response to 10 uM
XCT790 treatment. We found that XCT790 treated-
H295R cells displayed a reduced expression of ERRa, as
expected, concomitantly with a drastic decline of TOM20
protein expression (Figure 5SA—5B). Similarly, the analysis
of the expression of the mitochondrial oxidative pathway
(OXPHOS) enzymes showed a substantial reduction of
all the complexes (Figure 5C). In agreement with these
findings, the reduction in the ATP content reveals a
bioenergetics failure induced by XCT790 in treated cells
(Figure 5D).

XCT790 induce cell death by necrosis in ACC
cells

Very recent data revealed that low levels of CIC or
its impaired expression induce mitochondrial dysfunction
followed by enhanced mitochondrial turnover via
autophagy/mitophagy mechanism [27]. Based on this
observation and accordingly to our above reported
results showing the ability of XCT790 to down-regulate
CIC expression in H295R cells, we wanted to verify if
autophagic features were detected in our experimental
conditions. Autophagy is characterized by acidic vacu-
oles (AVO) formation, which can be measured by
acridine orange (AO) vital staining. AO moves freely to
cross biological membranes and accumulates in acidic
compartment, where it is seen as bright red fluorescence
[28]. As shown in Figure 6A (upper panel), AO vital
staining of 48 h XCT790-treated H295R cells showed the
accumulation of AVO in the cytoplasm. To quantify the
accumulation of the acidific component, we performed
FACS analysis of acridine orange-stained cells using FL3
mode (> 650 nm) to quantify the bright red fluorescence
and FL1 mode (500550 nm) for the green fluorescence.
As shown in Figure 6A (lower panel), XCT790 treatment
raised the strength of red fluorescence from 7,5% to
51%. These results corroborate the observation that
XCT790, increases the formation of AVOs which suggests
autophagy/mitophagy as possible mechanisms to explain
the reduced mitochondrial mass. This latter event could
be responsible for the inhibitory effects on cell growth
elicited by XCT790 on adrenocortical cancer cells.
A careful evaluation of the autophagic/mitophagic process
by investigating changes in autophagic markers such as
Beclin 1, LC3B, BNIP3 and Cathepsin B (Figure 6B),
suggested that XCT790 treatment promotes the initial
stages of the autophagic process. This is supported by the
evidence of increased Beclin 1 expression and the presence
of the cleaved LC3B form [29]. However, autophagy fails
to terminate as indicated by decreased BNIP3, Cathepsin
B and Lampl proteins expression [29]. Therefore, we
evaluated XCT790 ability to induce H295R cells death
by necrosis. To this aim, Trypan blue exclusion test was
performed after 48 h of XCT790 treatment. As shown in
Figure 6C, H295R displayed a significant increase in the
number of positive stained cells compared to control cells
indicating that membrane integrity and permeability were
lost accounting for a necrotic event following a bionergetic
failure triggered by ERRa depletion.

DISCUSSION

The molecular heterogeneity and complexity that
characterize adrenocortical cancer biology combined
with lack of an effective treatment, drive towards the
discovery of new therapeutic targets. Advances in the
understanding of the molecular pathogenesis of ACC have
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Figure 4: XCT-790 decreases mitochondrial mass and function in H295R cells. A. Total protein extracts from H295R cells, left
untreated (—) or XCT790 treated in 2.5% DCC-FBS medium for 48 h were analyzed by Western blot with antibodies against PGC-1a and
PGC-1pB. GAPDH was used as loading control. B. Graphs represent means of PGC-1a and B optical densities (O.D.) from three independent
experiments with similar results normalized to GAPDH content (*p < 0.001 compared to each untreated control sample assumed as 100).
C. H295R cells were right untreated (control) or treated with XCT790. 48 h later, absorption of MitoTracker deep red FM was determined
by FACS analysis. The uptake of MitoTracker was used as an indicator for the mitochondrial mass. D. Reduction in mitochondrial mass was
further evaluated by fluorescence microscopy of MitoTracker-stained cells. E. Quantification of Mito-Tracker fluorescent signal intensity in
untreated (control) or XCT790-treated H295R cells was evaluated measuring red fluorescent signal by a fluorescent plate reader (ex. 644;
em. 665) *p < 0,001 compared to untreated control sample. F. Immunoblots for CIC expression from mitochondrial extracts in untreated
(=) or XCT-790 treated H295R cells for 48 h. B-Actin served as loading control. Blots are representative of three independent experiments
with similar results. G. Graph represent means of CIC density (O.D.) from three independent experiments with similar results normalized
to B-Actin content (*p < 0.001 compared to untreated control sample assumed as 100). H. CIC activity was measured at 20 min as steady-
state levels of citrate/citrate exchange. Transport was started by adding 0.5 mM ['*C]Citrate to proteoliposomes preloaded internally with
10 mM citrate and reconstituted with mitochondria isolated from untreated H295R cells (Control; white column) and H295R-treated cells
(black column). The transport reaction was stopped at 20 minutes. Results are expressed as percentage of the control. The data represent
means + SD of at least three independent experiments.
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Figure 5: XCT790 decreased OXPHOS protein content and ATP concentration in H295R cells. A. Total protein extracts
from H295R cells, left untreated (—) or treated for 48 h in 2.5% DCC-FBS medium with 10 uM XCT790, were analyzed by Western blot
using antibodies against ERRa and TOM20. B-actin was used as loading control. B. Graphs represent means of ERRa and TOM20 optical
densities (O.D.) from three independent experiments with similar results normalized to B-Actin content (*p» < 0.001 compared to each
untreated control sample assumed as 100). C. Total protein extracts from H295R cells left untreated (-) or treated for 48 h in 2.5% DCC-
FBS medium with 10 pM XCT790, were analyzed by Western blot experiments using antibodies against OXPHOS subunits. 3-Actin was
used as loading control. Blots are representative of three independent experiments with similar results. D. ATP concentrations in H295R
cells untreated (—) or treated with XCT790 were determined as described in Material and Methods and expressed as nmol/number of cells.
Each column represents the mean + SD of three independent experiments (*p <0, 001).

been made based on studies of gene expression profiling
and genetic syndromes associated with the development
of ACC [30]. Results from these studies have highlighted
the presence of different and important modifications
such as somatic TP53 mutations, alterations at 11p15, a
chromosomal locus of IGFII, H19 and cyclin-dependent
kinase inhibitor 1C, B-catenin accumulation and activation
of the Wnt signaling pathway and overexpression of SF-1
protein [30]. Moreover we have recently demonstrated the
involvement of ESR1 in ACC cell growth regulation [5].
Genetic modifications and molecular pathways alterations

have as a common purpose the survival and proliferation
of the transformed phenotype. It is currently accepted that
these changes are associated with a concurrent adaptation
and reprogramming of cellular metabolism [31]. In this
scenario adrenocortical tumors are not an exception and
the metabolic receptor ERRa represents a good therapeutic
target. In fact, ERRa is a common downstream target of
multiple pathways and a key factor in controlling the
expression and activity of various bioenergetics processes.
Indeed, it has already been observed that high ERRa gene
expression correlates with unfavorable clinical outcomes
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Figure 6: XCT790 induces necrosis in H295R cells. A. H295R cells were left untreated (control) or treated with XCT790 10 uM.
After 48 h, cells were incubated with (1 pg/mL) acridine orange (AO) solution for 30 min at 37°C. Absorption of AO was determined by
FACS analysis (lower panel). In the same experimental conditions, treated or untreated H295R cells were stained with acridine orange,
mounted and immediately analyzed by fluorescent microscope (upper panel). B. Total protein extracts from H295R cells left untreated (—)
or treated in 2.5% DCC-FBS medium with XCT790, as indicated, for 48 h were analyzed by Western blot experiments using antibodies
against Beclin 1, LC3B, BNIP3, Cathepsin B, Lamp1. p-Actin was used as loading control. Blots are representative of three independent
experiments with similar results. C. Cell death by necrosis was assessed by Trypan blue-exclusion assay in H295R cells untreated (-) or
treated with XCT790. The mean + SD of three replicates are shown. Cell death was expressed as a percentage of control, (*p < 0.001).

in breast [32] and ovarian cancer [14, 33] and that breast
cancer cells exhibiting high ERRa activity are more
sensitive to growth inhibition by an ERRa inverse agonist
such as XCT790 [34]. Consistent with this findings and

with very recent data reporting high ERRa expression in
adrenal tumors compared to benign and normal adrenal
gland [22], here we report that ERRa is expressed in
H295R cells, the most valid cell model to study ACC
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biology. Moreover, our data show that pharmacological
down-regulation of ERRa expression impaired H295R cell
proliferation in vitro in a dose-dependent fashion. Most
importantly, the same inhibitory effect was obtained also in
in vivo experiments using H295R cells as xenograft model.
At the molecular level, the growth inhibition is associated
with a GO/G1 cell cycle arrest and by the decreased levels
of Gl-phase markers such as Cyclin D1 and pRb while
CDKs protein levels were unaffected. Noteworthy, cell
cycle arrest was not followed by any apoptotic event since
we were unable to detect any morphological data (data not
shown) or biochemical events such caspase activation and
PARP-1 cleavage.

Accumulating data provide evidence that a
caspase-independent form of programed cell death such
as autophagy can be at play under certain conditions
[35]. Therefore we investigated whether the inhibitory
effects induced by XCT790 treatment could be linked
to autophagy. Our results indicated that XCT790
caused a significant increase in autophagic vesicles.
Concomitantly, we observed a drastic reduction in
the expression of PGCl-a protein, which plays a key
role in mitochondrial biogenesis, and of mitochondrial
carrier CIC. The reduction of mitochondrial mass, also
confirmed by the reduction of TOM20 protein expression,
is followed by a considerable and significant decrease
in the ATP concentration. Despite the presence of some
autophagic markers such as the up-regulation of Beclin 1
and the cleaved form of LC3 protein, the formation of
autophagolysosomes seems to be incomplete as evidenced
by the reduction in LAMP1 protein, known to play an
important role during the final steps of autophagy process
[36]. A possible explanation could be a considerable
reduction in the availability of intracellular ATP, required
to drive forward the active cell death mechanism
including autophagy. On the other hand, we cannot
exclude that the observed initial steps of autophagy are
a defense cell response to keep cells alive during energy
failure to counteract the reduced expression and activity
of the master bioenergetic executor ERRa. Moreover,
the bioenergetics crisis following treatment with ERRa
inverse agonist might be responsible for the loss of plasma
membrane integrity, a key signature for a necrotic cell
death, allowing the significant increase in the number of
Trypan blue stained cells.

However, our most significant finding is that in
ACC cells ERRa depletion after XCT790 treatment
clearly caused a reduction of mitochondrial function and
mass leading to the activation of a number of cellular
mechanisms that result in tumor cell death.

It’s now well known that mitochondria with its
direct involvement in bioenergetics, biosynthesis and cell
signaling are mandatory for tumorigenesis. Thus, it’s not
surprising that many studies have begun to demonstrate
that mitochondrial metabolism and signaling is potentially
a successful avenue for cancer therapy. Moreover, ACC

is (in most cases) characterized by steroids producing/
secreting cancer cells highly dependent on functioning
mitochondria to ensure steroidogenic processes. For
these reasons, strategies using mitochondrial metabolism
and signaling as targets should be particularly effective
for ACC treatment. Moreover, our current data obtained
performing in vivo experiments by using H295R cells as
xenograft model and according to previous in vivo studies
performed in breast [37] and leukemia [38] tumor cells
also suggest that chemical depletion of ERRa may be
specific for high energy demanding cells such as tumor
cells without exerting any toxic effect on other tissues.

In conclusion, our study supports the hypothesis that
ERRa represents a valid innovative/alternative target for
the treatment of adrenocortical cancer.

MATERIALS AND METHODS

Cell culture

H295R adrenocortical cancer cells were obtained
from Dr. Antonio Stigliano (University of Rome, Italy)
and cultured in DMEM/F12 supplemented with 1% ITS
Liquid Media Supplement, 10% fetal bovine serum (FBS),
1% glutamine, 2% penicillin/streptomycin (complete
medium) MCF7 breast cancer cells were maintained in
monolayér cultures DMEM/F12. supplemented with 10%
FBS, 1% glutamine, 2% penicillin/streptomycin. Both cell
lines were cultured at 37°C in 5% CO, in a humidified
atmosphere. All media and supplements were from Sigma-
Aldrich, Milano, Italy.

Western blot analysis

Whole cell lysate were prepared in RIPA buffer (50
mM Tris-HCL, 150 mM NacCl, 1% NP-40, 0.5% sodium
deoxycholate, 2 mM sodium fluoride, 2 mM EDTA,
0.1% SDS and a mixture of protease inhibitors) or in
ice-cold lysis buffer (10 mM Tris-HCI1 pH &, 150 mM
NaCl, 1% Triton X-100, 60 mM octylglucoside). Samples
were analyzed by 11% SDS-PAGE and blotted onto a
nitrocellulose membrane. Blots were incubated overnight
at 4°C with anti-ERRa polyclonal antibody, anti-cyclin
D1, anti-cyclin E, anti-cdk2, anti-cdk4, anti-p-Rb, anti-
PARP, anti-cathepsin B, anti-LAMPI1, anti-Tom20 (all
from Santa Cruz Biotechnology), anti-Beclin 1 (Novus
Biological), anti-LC3B antibody, anti-BNIP3 antibody,
Mitoprofile Total OXPHOS Human WB Antibody
Cocktail (Abcam) and then incubated with appropriate
horseradish peroxidase conjugated secondary antibodies
for 1 h at room temperature. The immunoreactive products
were detected by the ECL Western blotting detection
system (Amersham Pharmacia Biotech, Piscataway, NJ).
GAPDH antibody (Santa Cruz Biotechnology) or anti-
B-Actin antibody (Sigma-Aldrich) were used as internal
control.
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Cell viability assay

H295R cells were seeded in 12-well plates at a
density of 1 x 10° cells per well and cultured in complete
medium overnight. Before treatment culture medium was
switched into in DMEM F-12 supplemented with 2.5%
charcoal stripped (CS) FBS and cells were untreated or
treated with different concentration of XCT790 (Tocris
Bioscience, Bristol, UK) for the indicated time. DMSO
(Sigma-Aldrich) was used as vehicle control. Cell viability
was measured using MTT assay (Sigma-Aldrich). Each
experiment was performed in triplicate and the optical
density was measured at 570 nm in a spectrophotometer.
Experiments were repeated three times.

Trypan blue assay

Trypan blue stain was prepared freshly as a 0.4%
solution in 0.9% sodium chloride before each experiment.
After trypsinization, 20 pl cell suspension was added
to 20 pl of Trypan blue solution and mixed thoroughly.
Triplicate wells of dye positive cells from untreated or
XCT790 treated were counted using a hemocytometer and
the experiment was repeated three times.

Xenograft model

Athymic Nude- Foxnl™ mouse 4-6 weeks old)
from Charles River Laboratories [Calco (LC), Italy] were
maintained in groups of five or less and quarantined for
one week. Mice were kept on a 12 h light/dark cycle with
ad libitum access to food and water.

6 x 10° H295R cells suspended in 100 pl of sterile
PBS (Dulbecco's Phosphate Buffered Saline) and mixed
with 100 ul of matrigel, were injected subcutaneously
into the intrascapular region of each animal. When tumor
size reached a volume of about 200 mm® mice were
randomly divided in 2 groups. Animals were injected
every other day with vehicle (soy oil) or XCT790 (2,5
mg/Kg) over a 21 day period. Tumors were measured
with a caliper every two days, volumes were calculated
using the formula V'=a b*/2 (V:volume;, a is the length of
the long axis, and b is the length of the short axis. At the
end of the treatment period tumors were harvested and
tumor weight and volumes were evaluated. All animal
procedures were approved by the local Ethics Committee
for Animal Research.

Immunohistochemical analysis

5 pm thick paraffin-embedded sections were mo-
unted on slides precoated with poly-lysine, and then
they were deparaffinized and dehydrated (seven to eight
serial sections). Immuno-histochemical experiments
were performed using rabbit polyclonal Ki67 primary
antibody (Dako, Denmark ) at 4°C over-night. Then,
a biotinylated goat-anti-rabbit IgG was applied for

1 h at room temperature, followed by avidin biotin-
horseradish peroxidase reaction (Vector Laboratories,
CA). Immunoreactivity was visualized by using
the diaminobenzidine chromogen (Sigma-Aldrich).
Counterstaining was carried out with methylene-blue
(Sigma-Aldrich). Hematoxylin and eosin Y staining was
performed as suggested by the manufacturer (Bio-Optica,
Milan, Italy).

Scoring system

The immunostained slides of tumor samples were
evaluated by light microscopy using the Allred Score
[39] which combines a proportion score and an intensity
score. A proportion score was assigned representing the
estimated proportion of positively stained tumor cells (0 =
none; 1 =1/100; 2=1/100to <1/10; 3=1/10to <1/3;4 =
1/3 to 2/3; 5 =>2/3). An intensity score was assigned by
the average estimated intensity of staining in positive cells
(0 =none; 1 = weak; 2 = moderate; 3 = strong). Proportion
score and intensity score were added to obtain a total score
that ranged from 0 to 8. A minimum of 100 cells were
evaluated in each slide. Six to seven serial sections were
scored in a blinded manner for each sample.

Cell cycle analysis

H295R cells treated with different doses of XCT790
were fixed, treated with RNase A (20 pg/ml), stained
with Propidium iodide (100 pg/ml) (Sigma-Aldrich) and
analyzed by Flow Cytometry using BD FACSJazz™ Cell
Sorter (Becton, Dickinson and Co) for DNA content and
cell cycle status.

Caspases 3/7 activity assay

Caspases activity was measured with Caspase-Glo
Assay Kit (Promega Italia SRL, Milano, Italy) following
the manufacturer instruction. The luminescence of each
sample was measured in a plate-reading luminometer
(Gen5 2.01) with Synergy H1 Hybrid Reader. Each
experiment was performed on triplicate wells per
condition.

Mitochondrial mass determination

XCT790 treated or untreated H295R cells
were incubated in serum free medium with 200 nM
Mitotracker deep red (Invitrogen, USA) for 30 min
at 37°C in the dark. After staining, cells were washed
twice with cold PBS, trypsinized, centrifuged at 1200
rpm for 5 min and then resuspended in PBS. Absorption
of MitoTracker deep red FM was determined by FACS
analysis and by fluorescence microscopy. In the same
experimental conditions, fluorescent signal intensity
was also assessed using a fluorescent plate reader (ex.
644 nM; em. 665 nM).
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Detection of acidic vesicular organelles (AVOs)
with acridine orange

H295R cells were cultured on 6 well plates and
treated in 2.5% CS-FBS with or without 10 uM XCT790.
After 48 h, cells were washed with PBS and stained for
30 min at 37°C with 1 pg/mL acridine orange solution
(Sigma-Aldrich). Cells were then washed three times with
cold PBS and one drop of mounting solution was added.
Cell were observed and imaged by an inverted fluorescence
microscope (100X magnification). Accumulation of the
acidic vacuoles was also determined by FACS analysis.

ATP Determination

1 x 10° cells were seeded in 96 white clear bottom
multi-well plates in complete medium. Two days later,
cells were treated in DMEM F-12 supplemented with
2.5% CS FBS containing 10 uM XCT790. After 48 h,
ATP concentrations were determined using the CellTiter-
Glo luminescent cell viability assay (Promega) following
the manufacturer instruction. Results were normalized to
the cell number evaluated by HOECHST staining (Sigma-
Aldrich) and expressed as nMol/number of cells.

Mitochondria reconstitution and transport
measurements

The transport activity was carried out as described
previously [40]. Briefly, isolated mitochondria from
untreated (control) or XCT790 treated H295R cells were
solubilized in a buffer containing 3% Triton X, 114, 4 mg/ml
cardiolipin, 10 mM Na2S04, 0.5 mM EDTA, 5 mM PIPES
pH 7. The mixture was incubated for 20 min and centrifuged
at 138,000 x g for 10 min. The supernatant was incorporated
into phospholipid vesicles by cyclic removal of the detergent
[41]. The reconstitution mixture consisted of 0.04 mg
protein solution, 10% Triton X-114, 10% phospholipids (egg
lecithin from Fluka, Milan, Italy) as sonicated liposomes,
10 mM citrate, 0.85 mg/ml cardiolipin (Sigma) and 20
mM PIPES, pH 7.0. The citrate transport was measured
after external substrate removal from proteoliposomes on
Sephadex G-75 columns, pre-equilibrated with buffer A
(50 mM NaCl and 10 mM PIPES, pH 7.0). Transport at
25°C was started by the addition of 0.5 mM ["*C] citrate
(Amersham) to the eluted proteoliposomes and terminated
by the addition of 20 mM 1,2,3-benzene-tricarboxylate.
Finally, the external radioactivity was removed from the
Sephadex G-75 columns, liposomes radioactivity was
measured and transport activity was calculated [41].

Statistics

All experiments were performed at least three
times. Data were expressed as mean values + standard
deviation (SD), statistical significance between control and
treated samples was analyzed using GraphPad Prism 5.0

(GraphPad Software, Inc.; La Jolla, CA) software. Control
and treated groups were compared using the analysis of
variance (ANOVA). A comparison of individual treatments
was also performed, using Student’s t test. Significance
was defined as p < 0.05.
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Mercury is a heavy metal that causes serious health problems in exposed subjects. The most toxic form,
i.e., methylmercury (MeHg), is mostly excreted through human hair. Numerous analytical methods are
available for total Hg analysis in human hair, including cold vapour atomic fluorescence spectrometry (CV-
AFS), inductively coupled plasma mass spectrometry (ICP-MS) and thermal decomposition amalgamation

Keywords: atomic absorption spectrometry (TDA-AAS). The aim of the study was to compare the TDA-AAS with the
Hair ICP-MS in the Hg quantification in human hair.

:\slz;}l\lglfslmercury After the washing procedure to minimize the external contamination, from each hair sample two
Mercury aliquots were taken; the first was used for direct analysis of Hg by TDA-AAS and the second was digested
Neurotoxicity for Hg determination by the ICP-MS. Results indicated that the two data sets were fully comparable
TDA-AAS (median; TDA-AAS, 475ngg~"; ICP-MS, 437 ngg~') and were not statistically different (Mann-Whitney

test; p=0.44).The two techniques presented results with a good coefficient of correlation (r = 0.94) despite
different operative ranges and method limits. Both techniques satisfied internal performance require-
ments and the parameters for method validation resulting sensitive, precise and reliable. Finally, the
use of the TDA-AAS can be considered instead of the ICP-MS in hair analysis in order to reduce sample
manipulation with minor risk of contamination, less time consuming due to the absence of the digestion
step and cheaper analyses.

© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

Mercury (Hg) is a dangerous metal and its presence in the envi-
ronment and in the human food chain is a matter of increasing
concern. It can occur in three forms: organic, inorganic and elemen-
tal. It is a toxic element that has not physiologic function in human
body, but exposure to Hg can rise a wide range of effects, e.g., inat-
tention, memory disturbance, learning problems, impairment of
social behaviour, and low intelligence quotient [1]. Although high
or repeated exposure to different forms of Hg can have serious
health consequences, the most important toxicity risk that Hg poses
to humans is as methylmercury (MeHg) which exposure is mainly
through consumption of fish. MeHg is a neurotoxin and bioaccu-
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Italian National Institute for Health, Viale Regina Elena 299, 00161 Rome, Italy.
E-mail address: oreste.senofonte@iss.it (O. Senofonte).
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mulates particularly in aquatic food webs. The sites where MeHg
production is most intense in nature, in fact, are wetlands, lake sedi-
ments and anoxic bottom waters [2,3]. Once ingested, the 90-100%
of MeHg is absorbed through the gastrointestinal tract, where it
easily enters the bloodstream and distributes throughout the body.
It is transported across the blood-brain barrier by an amino acid
carrier and readily accumulates in the brain as well as it is able to
cross the placenta and accumulates in fetal blood and brain [4]. The
brain is the target where the MeHg exerts its toxic effects. Other
molecular targets of MeHg exposure includes blood-brain bar-
rier, cytoskeleton; axonal transport; neurotransmitter production,
secretion, uptake and metabolism; cell signaling; protein, DNA, and
RNA synthesis; respiratory and energy-generating systems [5]. In
the adult, MeHg may create loss of neurons in both the visual cortex
and the cerebellum, while in the developing brain MeHg affects the
formation of microtubules, the neuronal migration and cell divi-
sion [5-7]. The toxicity of the MeHg also depends on the degree
of exposure. In particular, high level of exposure may result in a
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loss of neurons in each lobe of the brain, and hyperactive reflexes,
deafness, blindness, cerebral palsy, mental retardation and general
paralysis. At low exposure levels deficits in language, learning and
attention; motor and visual-spatial organizational impairments
may be observed [8-10].

Considering the toxicity of MeHg, the United States Environ-
mental Protection Agency (US-EPA) has set a reference dose (RfD)
for ingested MeHg of 0.1 pgkg~! body weight per day, where the
RfD represents the amount of MeHg that can be ingested over a life-
time without producing adverse health outcomes [11]. In addition,
the World Health Organisation (WHO) recommended a maximum
intake of MeHg of 1.6 pg kg~! per week [7].

The excretion of MeHg occurs through bile, feces, urine and lac-
tation, but it is present also in hair. Generally, more than the 80% of
the Hg in hair is as MeHg [ 7], which is taken up by the hair follicles
as MeHg-cysteine complexes [12]. Considering that hair grows ca.
1 cm per month and that the half-life averages of MeHg in hair is
about 65 days (range of about 35-100 days) [6,7], it would be pos-
sible to quantify the Hg load due to a long period of exposure [13].
Thus, epidemiological studies often use the total Hg concentra-
tions in hair as biomarkers for MeHg exposure from fish consump-
tion.

The presence of Hg in hair is generally evaluated by dif-
ferent techniques such as the cold vapor atomic fluorescence
spectroscopy (CV-AFS)[14-16], cold vapor atomic absorption spec-
troscopy (CV-AAS) [17,18], inductively coupled plasma atomic
emission spectrometry (ICP-AES) [19] and inductively coupled
plasma mass spectrometry (ICP-MS) [20]. All these techniques
are sensitive, precise and supply reliable and reproducible data,
but, on the other hand, they are very time-consuming techniques
due to the pretreatment of samples (e.g., acid digestion of sam-
ple, Hg reduction by adding a reducing agent, etc.). Instead, the
use of the thermal decomposition amalgamation atomic absorp-
tion spectrometry (TDA-AAS) allows to decrease the preparative
steps number and, consequently, to reduce the time of analy-
sis and sample contamination risk it is necessary to quantify Hg
directly on the hair. This technique gained popularity for analy-
sis of total Hg because of its ability to analyze both liquid and
solid matrices effectively, to obtain high sample throughput, and
relatively low detection limits and costs. The analysis involves ther-
mal decomposition followed by gold amalgamation and detection
with atomic absorption spectrometer. In this context, a TDA-AAS
instrument was adopted, in according to US-EPA 7473 method,
to quantify the level of Hg directly in hair of 114 individuals.
In addition, a quantification of the metal was also performed
by the ICP-MS technique in the same hair samples previously
digested. The performances of the two techniques were, finally,
compared.

Table 1
DMA-80 TRICELL and iCAP Q instrumental setting.

DMA-80 TRICELL

Air flow (mLmin~1) 200

Drying 350°C for 60s
Decomposition and catalysis 650°C for 180 s
Purge time 1 60s
Amalgamator 650°Cfor 12s
Purge time 2 60s

iCAP Q

RF power 1550w

Argon gas flow (Lmin~") Plasma gas, 14; Auxiliary, 0.8;
Nebulizer gas, 1.08
KED barrier 2V

Analytical parameters Dwell time 80 ms per peak, 50 sweeps,

3 replicates
Analytical masses 202Hg
Internal standard 1510

2. Materials and methods
2.1. Study population

The population included 114 healthy individuals living in an
urban area of South Italy. Subjects were interviewed to obtain
detailed information on family, dietary habits, lifestyle and poten-
tial exposures and gave the informed consent. The study protocol
was approved by the Institutional Ethical Committee of the Italian
National Institute for Health.

2.2. Sample collection and washing

Hair samples were cut from the sub-occipital zone of the head
at ca. 1cm from the scalp, collected in individual plastic bags
and stored in a desiccator kept in the dark before use. To avoid
external contamination due to environmental dirt and dust, sweat
and desquamation of the skin, as well as detergents and cosmetic
treatments the hair samples were submitted to adequate wash
intervention in order to eliminate the external metals contamina-
tion. The procedure adopted in this work is based on the following
steps: i), three washes (10 min each) under continuous stirring in a
mixture of 3:1 (v/v) ethyl ether/acetone (Sigma-Aldrich, St. Louis,
MO, USA) to remove the sweat; ii), soaking under stirring 1h in
5% sodium ethylenediamine tetracetic acid (Sigma-Aldrich) to bind
the chemical elements present on hair surface; iii), rinse with high
purity deionized water (EASY-pure UV, PBI, Milan, Italy). After dry-
ing, from each hair sample two aliquots were taken; the first was
used for direct analysis of Hg in solid samples by the DMA-80 TRI-
CELL and the second was digested for Hg determination by the
ICP-MS.

2.3. Samples digestion

Approximately 100-150 mg of desiccated hair were digested
with 4 ml of ultrapure HNO3; (VWR, Leuven, Belgium) and 1 ml of
ultrapure H,0, (Romil, Cambridge, Great Britain) on heat block
(ModBlock, CPI International, Palo Alto, CA, USA) at 70°C for 3-4h
and then diluted with ultrapure deionized water (up to 10 ml). Sam-
ples were stored at 4 °C until analysis. The same approach was also
conducted for reagent blanks and for the hair-based certified ref-
erence material (ERM-DB001, Human Hair, IRMM, Geel, Belgium).

2.4. Instrumental parameter

A TDA-AAS technique (DMA-80 TRICELL model, Milestone
Srl, Sorisole, Italy) is based on the sample combustion, pre-
concentration by amalgamation with gold and quantitative
determination of Hg by atomic absorption spectrometry. Briefly,
samples were weighed in quartz boats, placed on the com-
bustion tube and heated at ~650°C with air as a carrier gas.
Gaseous combustion products were carried through a heated cat-
alyst where the Hg species are converted to elemental Hg vapor
(Hg®) whereas halogens and other species that can interfere with
the analysis are trapped. Mercury vapour are carried to a glass
tube gold-coated sand where Hg? is selectively trapped. Later, the
trap is rapidly heated to release Hg® vapour into a single beam
spectrophotometer. Mercury concentration is calculated on the
absorbance measured at 253.7 nm and on the weight of the sam-
ple. Table 1 shows the instrumental parameters used. A calibration
curve from 0.1ng to 200ng is a general method for determin-
ing Hg by DMA-80 TRICELL. A 100mgmL-! standard solution of
Hg (CPAchem, Stara Zagora, Bulgaria) was used to prepare the
points of the calibration curve through dilution with high purity
deionized water with resistivity of 18 MQ2cm (EASY-pure UV)
stabilized with a final concentration of the 1% of HCI (Romil).
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Table 2
Level of Hg in hair of 114 subjects. Concentrations in ngg~'.

Mean +SD Median Geometric mean 5th percentile 95th percentile
DMA-80 TRICELL
Total population 664 +593 475 460 105 1834
iCAP Q
Total population 604 +551 437 428 129 1606
3500
y=x
R2=1
3000 v
..
// .
2500 .
= y =0.898x+ 7.7404
bo * e R?2=0.94
£ 2000 -
o P
% Lo .
£ 1500 et
ao g
T & //' . *
P
1000 PP
. ,-"' .
500
E
. .
0 * ‘
0 500 1000 1500 2000 2500 3000 3500
Hg - DMA-80 TRICELL (ng g?)
Fig. 1. Comparison between the DMA-80 TRICELL and the iCAP Q measurements.
150
x 100 4 . .
£
g 50 "3
o S
oo gty N o -
T >
g > *® * .
g 50 %
E <o
2 100
0
.
m -150
<&
-200 T T T T T !
0 500 1000 1500 2000 2500 3000 3500
Hg concentrations in ng g1
Fig. 2. Bias plot displaying the difference of the two methods in percentage.
Table 3
Precision intra-day and inter-day for the DMA-80 TRICELL expressed as CV%.
Cell 0 Cell 1 Cell 2
1ngg! 10ngg! 30ngg! 50ngg! 100ngg! 200ngg" 250ngg! 1000ngg™! 2000ngg!
Intra-day 15.5 3.83 5.54 5.92 6.32 5.49 417 1.04 1.47
Inter-day 25.6 2.44 3.32 2.93 5.55 3.85 2.08 247 2.72
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Approximately 25 mg of hair samples and of the certified reference
material ERM-DB001 were weighed in a quartz boat and directly
analyzed.

The ICP-MS instrument, namely an iCAP Q model (Thermo Fisher
Scientific Inc.,, Waltham, MA, USA), was configured for routine
ultra-trace elemental analysis. The instrument configuration and
operation parameters are shown in Table 1. The iCAP Q used in
this study was equipped with a PFA ST MicroFlow nebulizer (ESI,
Omaha, NE, USA), a peltier cooled quartz cyclonic spray chamber
operating at3°C,a 2.0 mm ID quartz injector, a demountable quartz
torch and interface Nichel cones. Mercury was quantified with the
standard addition calibration and Indium was used as the inter-
nal standard at the concentration of 1ngmL-! in the analytical
solution.

3. Results and discussion

The element concentrations, in terms of mean and standard
deviation (SD), median, geometric mean, 5th and 95th percentiles,
obtained with the two different techniques in 114 individuals are
reported in Table 2. The two analytical methods gave results very
similar each other, with a slight trend of ICP-MS to underestimate
as respect to TDA-AAS, but with a smaller data spread.

The comparison of the results obtained with the two tech-
niques was also reported in Fig. 1. The plot showed a good
agreement between the two methodological approaches, the cor-
relation coefficient, in fact, was 0.94, as also demonstrated by the
data distribution close to an ideal line. To better highlight the con-
sistency of the two methods, the bias in percentage between the
DMA-80 TRICELL and the iCAP Q at the various Hg concentration
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is reported in Fig. 2. In the x-axis is reported the Hg concentration
and in the y-axis the per cent difference between the two meth-
ods calculated as follows: Y%=(Y DMA-80 TRICELL - Y iCAP Q/Y
DMA-80 TRICELL)*100, where Y DMA80-TRICELL and Y iCAP Q rep-
resented the Hg concentration observed with the two techniques
for the same hair sample. From Fig. 2 it is possible to note that: i),
the 78% of the measures fall within the 20% bias. This means that the
measures were very close each other and, thus, to the ideal line of
the 0% bias; ii), there was a tendency of increased bias between the
two assays in the low concentration range, as expected for quantifi-
cations performed in the area with less sensitivity of the techniques
leading to a greater difference between the two measurements; iii),
the 84% of the values provided by the DMA-80 TRICELL resulted
higher than that obtained by the iCAP Q.

Furthermore, the comparison of the two datasets of measure-
ments with the Mann-Whitney test gave a p=0.44, indicating
that the two data populations were not statistically different, as
expected also considering the closeness of the Hg concentrations
reported in Table 2.

Moreover, the distribution of the values was evaluated by
the Bland-Altman plot, or difference plot, where the differences
between the two techniques are plotted against the corresponding
averages of the two techniques. The x-axis reported the average
of the two measurements for each sample (Xi = (X;; + X5;)/2), while
the y-axis indicated the difference (di=X;; — X;). Horizontal lines
are drawn at the mean difference and at the limits of agreement
defined as the mean difference plus and minus 1.96 times the stan-
dard deviation of the differences. Information on the comparability
of the two techniques are given by the position of the points in the
graph. In Fig. 3 the points were randomly placed in the plot, i.e., the
two techniques are interchangeable. In addition, if the two analyt-
ical methods are equivalent, the distribution of the differences has
a Gaussian pattern, as well proved in Fig. 4.

The analytical performances for both methods were also deter-
mined. The limits of detection (LoD) and quantification (LoQ) were
calculated using the 30 and 100 criteria, respectively, with a
LoD=2.60ngg ! and LoQ=8.60 ng g~ ! for the DMA-80 TRICELL and
aloD=3.50ngg ! and LoQ=11.5ngg~! for the iCAP Q.

Both analytical series exhibited an elevated grade of trueness
and precision. The trueness was calculated in this case through
the hair-based certified reference material ERM-DB001 obtaining
a recovery of the 100% and 103% for the DMA-80 TRICELL and for
the iCAP Q, respectively. The analytical precision was determined
by the repeatability and by the within-laboratory reproducibility.
The repeatability (intra-day) is the precision under repeatability
conditions where independent results are obtained with the same
method, on the same sample, in the same laboratory, by the same
operator, using the same equipment, in a short interval of time.
The within-laboratory reproducibility (inter-day) is the precision
obtained in the same laboratory under predetermined conditions
over long-term intervals [21]. In both cases, the precision was
expressed as the coefficient of variation in percent (CV%). For the
DMA-80 TRICELL the precision was calculated in the cells 0, 1 and
2 with ten replicate of Hg solution at three different levels of con-
centration for each cell analyzed in one run and in three different
days, and the results are reported in Table 3. Whilst, for the iCAP
Q, the precision intra-day and inter-day resulted to be the 1.8% and
1.5%, respectively. As regard the linearity, for the DMA-80 TRICELL
it was evaluated for each reading cell at different Hg concentrations
(ngg~1): 1, 10, 30 for Cell 0; 50, 100, 200 for Cell 1 and 250, 1000,
2000 for Cell 2. The linearity for the iCAP Q was verified in the Hg
concentration range of 0.1-10ng mL~!. In both cases, the linearity
gave a correlation coefficient better than 0.995.

Finally, all the tests to evaluate the performances of two
methods were considered satisfactory according to the internal
requirements and parameters, therefore, both the DMA-80 TRICELL

and the iCAP Q can be considered accurate, reproducible, sensitive
and reliable techniques for the quantification of Hg in hair samples.

4. Conclusion

The Hg content of 114 hair samples was quantified by two very
different techniques, namely TDA-AAS (DMA-80 TRICELL model)
and ICP-MS (iCAP Q model). The analytical performances demon-
strated that both techniques are sensitive, precise and supply
reliable data. In addition, hair analysis indicated that the two tech-
niques are fully consistent because gave similar results in the Hg
quantification. This means that the two techniques can be used
indifferently in this kind of determination. On the other hand, the
use of the DMA-80 TRICELL might be preferable to the iCAP Q for
a number of reasons, such as the reduction of the sample manipu-
lation with minor risk of contamination, less time consuming due
to the absence of the acid digestion cycle, cheaper analyses and the
absence of matrix effects that could interfere with the measure-
ments.
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