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Abstract

In this study, we i) assessed the metabolic profile of the normal adrenal cortex and medulla of Key Words
adult human subjects by means of 'H-high-resolution magic-angle spinning nuclear magnetic
resonance (HRMAS NMR) spectroscopy; ii) compared the biochemical profile of adenoma
(Ad), adrenal cortical carcinoma (ACC), and pheochromocytoma (PCC) samples with that of
healthy adrenal tissue samples; and iii) investigated the metabolic differences between ACCs
and Ads as well as between ACCs and PCCs. Sixty-six tissue samples (13 adrenal cortical tissue,
eight medullary tissue, 13 Ad, 12 ACC, and 20 PCC samples) were analyzed. Adrenaline and
noradrenaline were undetectable in cortical samples representing the metabolic signature of
the tissue derived from neural crest. Similarity between the metabolic profile of Ads and that
of the normal adrenal cortex was shown. Inversely, ACC samples clearly made up a detached
group exhibiting the typical stigmata of neoplastic tissue such as choline-containing
compounds, biochemical markers of anaerobic processes, and increased glycolysis.
Significantly higher levels of lactate, acetate, and total choline-containing compounds
played a major role in the differentiation of ACCs from Ads. Moreover, the high fatty acid
content of ACCs contributed to the cluster identification of ACCs. Of the 14 sporadic PCC
samples, 12 exhibited predominant or exclusive noradrenaline secretion. The noradrenaline:
adrenaline ratio was inverted in the normal medullary tissue samples. Multiple endocrine
neoplasia type 2- and NF1-related PCC samples exhibited both adrenaline and noradrenaline
secretion. In the von Hippel-Lindau disease-related PCC samples, only noradrenaline
secretion was detected by HRMAS NMR spectroscopy. This study is one of the first applications
of metabolomics to adrenal pathophysiology and it is the largest study to report HRMAS NMR
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Introduction

The adrenal gland is a fascinating organ with two
functionally distinct structures called the adrenal cortex
and medulla, each with its own embryonic origin. While
the adrenal cortex derives from mesoderm, the adrenal
medulla is composed of chromaffin cells originating from
neural crest tissue.

Tumors originating from the adrenal cortex are
commonly classified as functional or nonfunctional with
a variable degree of malignancy. The most clinically
relevant adrenocortical pathologies are adenomas (Ads)
and adrenal cortical carcinomas (ACCs). While ACCs are
relatively rare and extremely aggressive tumors, Ads are
more frequently found and always benign. There is no
evidence that Ads degenerate into malignant lesions
(Young 2007, Lloyd 2011). The rarity of the disease and
the presence of special variants (pediatric, oncocytic,
myxoid, and sarcomatoid) complicate the pathological
diagnosis of ACCs. Accurate discrimination between
atypical adrenal cortical Ads and malignant ACCs in
patients without gross evidence of malignancy can be
difficult (Roman 2006). Nowadays, ACCs are being
diagnosed based on the recognition of at least three of
nine morphological parameters using light microscopy,
according to the Weiss scoring system (Weiss et al. 1989,
Papotti et al. 2011). Nevertheless, diagnostic accuracy
could be reduced in borderline cases with only one or two
Weiss criteria, particularly for nonexpert pathologists.

In adults, tumors originating from the adrenal
medulla are mainly functional and called pheochromo-
cytomas (PCCs). Although it is well established that the
malignancy rate depends on the patient’s genetic back-
ground, presently no marker of malignant potential is
completely defined. The presence of metastases is indis-
pensable to identify patients with malignant disease who
require a more aggressive therapeutic approach. Finally,
the combination of various clinical, biochemical, and/or
histological markers can indicate an aggressive tumor
behavior (Korevaar & Grossman 2011).

Briefly, for both cortical and medullary neoplasms, the
degree of malignancy is estimated according to the
histological features clinical stage (particularly size) of
the tumors and functional tests (McNicol 2011). Genetic
and molecular alterations have been the subject of several
studies, without, however, definitive conclusions being
reached (Stratakis 2003, 2005, Lombardi et al. 2006).

'H-high-resolution magic-angle spinning nuclear
magnetic resonance (HRMAS NMR) spectroscopy can
characterize the metabolic phenotype of intact cells,

tissues, and organs from the analysis of an intact tissue
sample (Nicholson & Wilson 2003). HRMAS NMR spec-
troscopy provides biochemical information related to the
regulation of specific gene transcripts that are altered in
the tumoral genome (Griffin & Shockor 2004), generating
great interest on the part of both the scientific and medical
communities, particularly in oncology (Claudino et al.
2012, O’Connell 2012). At present, very limited data are
available concerning the adrenal tissue. A few applications
of HRMAS NMR spectroscopy to pediatric neuroblastomas
have been described in the literature (Peet et al. 2007,
Wilson et al. 2009, Imperiale et al. 2011). More recently,
Timmers’ team has reported an in vitro "H-NMR spectro-
scopic study exploring the genotype-specific abnormal-
ities in mitochondrial function associated with distinct
profiles of energy metabolism and catecholamine content
in PCCs and paragangliomas (Rao et al. 2013). To date,
to the best of our knowledge, no other HRMAS NMR
investigations concerning healthy adrenal tissue and the
related pathologies have been reported, particularly
regarding the adrenal cortex.

In this study, we first assessed the metabolic profile of
both normal adrenal cortex and medulla of adult human
subjects using HRMAS NMR spectroscopy. Then, we
compared the biochemical pattern of healthy tissue with
the profiles obtained from the Ad, ACC, and PCC samples.
Finally, we investigated the differences between ACCs and
Ads as well as between ACCs and PCCs.

Subjects and methods
Tissue samples analyzed

Among all the adrenal specimens collected in the tumor
bank of the Strasbourg University Hospital until January
2010, 66 tissue samples including normal adrenal cortical
and medullary tissue, Ad, ACC, and PCC samples were
retrospectively selected for this study according to the
following criteria: i) final diagnosis according to the
pathological standards; ii) absence of both medical and
surgical treatment before obtaining the tumor sample for
HRMAS analysis; iii) tissue specimens collected after
surgery and snap-frozen in liquid nitrogen before storage
at —80 °C; and iv) tissue samples not contaminated by the
histopathological fixing medium.

Of the 66 tissue specimens analyzed, 13 normal
adrenal cortical and eight normal medullary tissue
samples were obtained from subjects who underwent
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both nephrectomy and adrenalectomy for localized and
early-stage renal cell carcinoma. The other 45 tissue
samples included 13 Ad, 12 ACC, and 20 PCC samples.

In the Ad group, four samples were aldosterone-
secreting Ads. No hormonal hypersecretion was associated
with the remaining nine cases. The mean size of Ads
determined during pathological examination was 3.3 cm
(range 1.5-6 cm). The mean age of the patients during
adrenal surgery was 53 years (range 43-76 years).

In the ACC group, six of the 12 samples were secreting
tumors. The mean size of ACCs determined during
pathological examination was 12 cm (range 6-24 cm). In
all the cases, the Weiss score was >4. Seven patients
exhibited a locoregional involvement associated with
nodal metastases. In the remaining five cases, ACC was
confined to the adrenal gland at the time of surgery. Of
these, three patients exhibited a systemic metastatic
spread about 1 year later and two patients were free of
disease during the first 5 years of postsurgical follow-up.
The mean age of the patients during adrenal surgery was
62 years (range 32-80 years).

Finally, in the PCC group, all the 20 samples were
secreting tumors. In 14 of the 20 patients, no somatic
mutation associated with multiple endocrine neoplasia
type 2 (MEN2) and von Hippel-Lindau (VHL) disease was
identified at the time of diagnosis. Moreover, no
mutations in any of the succinate dehydrogenase complex
subunit genes were identified in these patients. No case
had a positive family history of nonsyndromic PCCs or
paragangliomas. Hence, PCCs were considered as sporadic
in 14 cases. On the other hand, PCCs were associated with
MEN?2 in two patients, Recklinghausen'’s disease (NF1) in
two patients, and VHL disease in the remaining two cases.
In all the 20 included patients, no metastatic spread was
observed both at diagnosis and during a follow-up of at
least 5 years after surgery. The mean size of the PCCs
determined during pathological examination was 6.2 cm
(range 1.5-14 cm). The mean age of the patients during
adrenal surgery was 36 years (range 29-63 years). The
tumor secretion profile was determined according to the
results of the presurgical biochemical tests for plasma free
metanephrines and/or urinary fractionated metan-
ephrines and catecholamines.

Tissue sample preparation for HRMAS NMR spectroscopy

The amount of tissue used for the HRMAS analysis ranged
from 15 to 20 mg. For each sample, the percentage of
tumor cells and the percentage of necrosis with regard to
the total surface were calculated based on frozen sections

using a mirror sample stored in the tissue bank. Samples
containing at least 30% tumor cells and <50% necrosis
were used for this study. Each tissue sample was
introduced into a 30 pl disposable insert. Ten microliters
of D,O were added to the rotor to provide a lock frequency
for the NMR spectrometer. The exact weight of the sample
used was determined by weighing the empty insert and
the insert containing the tissue sample. The insert was
stored at —80 °C and placed in a 4 mm ZrO, rotor just
before the HRMAS analysis.

HRMAS NMR spectroscopy technical features

HRMAS NMR spectra were recorded on a Bruker Advance
IIT 500 spectrometer operating at a proton frequency of
500.13 MHz and equipped with a 4 mm double-resonance
(*H and '3C) gradient HRMAS probe. A Bruker cooling unit
was used to regulate the temperature by cooling down the
bearing air flowing into the probe. To minimize the effects
of tissue degradation, all ex vivo spectra were acquired at
a temperature of 4 °C. This value was calibrated exactly
using a 100% methanol sample. To keep the rotation
sidebands out of the spectral region of interest and to
minimize sample degradation, all NMR experiments were
conducted on samples spinning at 3502 Hz. For each
sample, a one-dimensional (1D) proton spectrum using a
Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with
presaturation of the water signal was acquired as reported
previously (Piotto et al. 2009). To eliminate signal losses
due to B; inhomogeneity, the inter-pulse delay between
the 180° pulses of the CPMG pulse train was synchronized
with the sample and set to 285 us (Piotto et al. 2001,
Elbayed et al. 2005). The number of loops was set to 328,
thus giving the CPMG pulse train a total length of 93 ms.
The parameters for the CPMG experiment were set as
follows: sweep width, 14.2 p.p.m.; number of points, 32k;
relaxation delay, 2 s; and acquisition time, 2.3 s. A total of
128 free induction decays were acquired, resulting in an
acquisition time of 10 min. Spectra were referenced by
setting the lactate doublet chemical shift to 1.33 p.p.m. In
order to confirm resonance assignments, 2D homonuclear
and heteronuclear experiments were also carried out
immediately after the acquisition of 1D spectra. Because
the duration of these experiments was long, they were
conducted on only a few samples representative of each
class of tissues and exclusively for signal assignment.
Significant tissue degradation occurs during this long
measurement time; therefore, 'H CPMG experiments
were completed before the 2D signal assignment experi-
ments. Data were zero-filled to a 2kX 1k matrix and
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weighted with a shifted square sine-bell function before
Fourier transformation. HRMAS NMR signals were
bucketed into integral regions 0.01 p.p.m. wide
(p-p-m. range 8.65-1) using the AMIX 3.8 Software (Bruker
GmbH, Rheinstetten, Germany) and exported into SIMCA
P (version 11.0, Umetrics AB, Umea, Sweden). To accom-
modate the influence of metabolites present at both high
and low concentrations, without emphasizing spectral
noise, unit variance scaling was employed for all the
analyses. Spectra were referenced for chemical shift
according to the lactate peak.

Metabolite quantification procedure

Metabolites were quantified by means of a proprietary
program based on a custom MATLAB algorithm in a
Windows-based environment. The quantification
procedure was based on the pulse length-based concen-
tration measurement (PULCON) described previously by
our team (Piotto ef al. 2012). Spectra were normalized
according to the weight of each sample and calibrated
using the signal intensity of a 19.3 nmol reference
solution of lactate, scanned under the same analytical
conditions. The peak integral corresponding to each
metabolite’s region was normalized to the integral of the
entire spectrum. For our experiments, only peaks that were
well resolved in the 1D CPMG spectra were quantified.
One pulse sequence was acquired in addition to the CPMG
sequence for fatty acid (FA) estimation. Quantification
results are expressed as nanomoles per milligram of tissue.
Metabolites were assigned using standard metabolite
chemical shift tables available in the literature (Martinez-
Bisbal et al. 2004, Wishart et al. 2007).

To assess adrenaline concentrations in the tissue
samples, the signal resulting from the N-methyl radical
selected at 2.75 p.p.m. was considered. The 3,4-dihydroxy-
benzene group of both adrenaline and noradrenaline
generates a spectral complex between about 6.85 and
6.98 p.p.m. The integral of the region corresponding to the
'H in position 5 of the aromatic ring (IUPAC nomencla-
ture) was selected to quantify the amount of adrenaline
plus noradrenaline in each tissue sample. Finally, nor-
adrenaline concentrations were determined by subtracting
adrenaline concentrations from adrenaline plus nor-
adrenaline concentrations. A negative value of nor-
adrenaline indicates that there was no physical quantity,
so the O value was assigned to noradrenaline for the
statistical analysis. Dopamine could contribute to peaks in
the region between 6.85 and 6.98 p.p.m. However, no
triplets at 2.85 and 3.22 p.p.m., representing the spectral

signature of dopamine, were detected in HRMAS NMR
spectra, suggesting the absence or an undetectable amount
of dopamine in the analyzed tissue samples.

The above approach has been tested and confirmed
(data not shown) previously using the quantification NMR
analysis of adrenaline and noradrenaline standard
solutions that were first separated and subsequently
mixed (1/1, v/v).

Statistical analysis

The standardized metabolite concentration values are
expressed as median and range. As has been widely suggested
(Sitter et al. 2009, Beckonert et al. 2010), a combination of
principal component analysis (PCA) and partial least-squares
discriminant analysis (PLS-DA) was employed.

A PCA was carried out to quickly evaluate the quality
of the data and to identify possible outliers (Ebbels &
Cavill 2009). Then, a PLS-DA was employed to optimize
the separation between groups in each of the following six
models: i) normal adrenal cortex vs medulla; ii) normal
adrenal cortex vs Ads; iii) normal adrenal cortex vs ACCs;
iv) ACCs vs Ads; v) normal adrenal medulla vs PCCs; and
vi) ACCs vs PCCs. PLS-DA was initially carried out for the
whole set of variables (i.e. metabolites) in order to select
those with a real discriminating power. These metabolites
were determined using the regression coefficient plot with
95% jackknifed CIs. Metabolites with a variable import-
ance for projection (VIP) value >0.9 were selected and
labeled VIP metabolites. Afterwards, a second PLS-DA,
based on the VIP metabolites, was carried out to classify
the samples. Cross-validation was used in each PLS-DA
model to determine the number of components and to
avoid overfitting the data because of the small number
of samples. Two measurements of model quality were
reported for PLS-DA: R*Y and Q?, representing respectively
the goodness of fit (i.e. data variation) and the goodness of
prediction, as estimated by cross-validation. A value of Q*
>0.5 is generally considered a good predictor for PLS-DA
components. The relationships between variables were
assessed using the Spearman’s rank test. Comparisons
were computed using the nonparametric Mann-Whitney
U test. The STATISTICA 7 (STATSOFT; www.statsoft.com)
package was used for statistical data analysis. A P value
<0.05 was considered statistically significant.

Results

The representative 1D HRMAS CPMG spectra of the
normal adrenal cortical and medullary tissue, Ad, ACC,
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and PCC samples are shown in Figs 1 and 2. A total of
24 identified metabolites were quantified from the spectra
obtained from all the 66 tissue samples within the range of
8.65-1 p.p.m. (Table 1). Apart from peaks due to small
water-soluble molecules, the acquired spectra displayed
consistent broad resonances, which were attributed to
three different FA moieties defined as a, b, and c¢
(Martinez-Bisbal et al. 2004). Finally, five additional
resolved signals that peaked at 1.14, 2.20, 3.36, 4.30, and
8.50 p.p.m. were visualized in the CPMG spectra without
definitive metabolite attribution and therefore called
X1.14) X2.20, X3.36) X4.30, and Xg so.

Normal adrenal cortex vs normal medulla

Thirteen normal adrenal cortical and eight normal
medullary tissue samples were included in the analysis.
A two-component PLS-DA based on VIP metabolites was
characterized by a faithful representation of the Y data
(R?’Y=0.8) and a good cumulative confidence criterion of
prediction (Q*=0.7). The score plot of the PLS-DA model

Adrenal cortex

showed a separation of the two sets of samples (Fig. 3).
Normal medulla was characterized by a significantly
higher abundance of adrenaline, noradrenaline, myo-
inositol, glutamate, glutathione, lactate, succinic and
ascorbic acids, creatine, scyllo-inositol, glutamine,
taurine, glycine, total choline-containing compounds,
and X430, X336, and Xgso. The adrenal cortex was
characterized by a higher level of FA (a) and (b). Both
adrenaline and noradrenaline complexes were undetect-
able in all the cortical samples.

Normal adrenal cortex vs cortical Ads

Thirteen normal adrenal cortical tissue and 13 Ad samples
were considered. According to visual analysis, spectra
belonging to adrenal cortical tissue and Ad samples were
mostly related. The two-component PLS-DA model based
on VIP metabolites showed only incomplete separation
between the two sets of samples (Fig. 3) and was
characterized by a low goodness-of-prediction value
(Q*=0.4). Valine, alanine, aspartic acid, y-aminobutyric
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Figure 1

Representative 1D 'H CPMG HRMAS spectra of healthy adrenal cortical
tissue, Ad, and ACC samples. Partial metabolite assignment is indicated.
The numbers refer to the metabolites listed in Table 1. The metabolic

ik

3
1
I
4 3 2

content of healthy and cancerous tissues can be directly compared since the
intensity of each spectrum was normalized with respect to the weight of
the sample.

http://erc.endocrinology-journals.org
DOI: 10.1530/ERC-13-0232

© 2013 Society for Endocrinology
Printed in Great Britain

Published by Bioscientifica Ltd.


http://erc.endocrinology-journals.org
http://dx.doi.org/10.1530/ERC-13-0232

Endocrine-Related Cancer

A Imperiale et al. Adrenal gland metabolomics 20:5 710

9a | 25a
Adrenal medulla %2 i‘225b25a
3 ge | |
13 5 |
23 250 25b
18 16 J } L h I
- M — _J_,.Jlr' Ul “r_é_;uu\f" 2500 WAL
PCC %
£
3 124
: 2
23 1
18 16 i 15
X 18, 6
I L ‘L g 2 5.

8 7 6 5 4 3 2 p.p-m.

Figure 2

Representative 1D "H CPMG HRMAS spectra of both healthy adrenal
medullary tissue and PCC samples. Partial metabolite assignment is
indicated. The numbers refer to the metabolites listed in Table 1.

The metabolic content of healthy and cancerous tissues can be directly
compared since the intensity of each spectrum was normalized with
respect to the weight of the sample.

acid (GABA), isoleucine, N-acetyl aspartate (NAA), acetate,
lysine, X550, and FA (a), (b), and (c) were significantly
more abundant in the cortical samples. Succinic acid and
X3.36 were slightly more abundant in Ad samples, without,
however, reaching statistical significance.

A two-component PLS-DA model based on VIP
metabolites was built from Ad samples according to
hormonal secretion (Fig. 4A; R?Y=0.72 and Q*=0.44).
scyllo-Inositol and X336 and X430 characterized non-
secreting Ad samples. On the other hand, glutamate,
glutamine, GABA, X,,9, and succinate were more
abundant in secreting Ad samples. A statistically signi-
ficant difference was found for X336 and X5, scyllo-
inositol, GABA, and glutamate.

Normal adrenal cortex vs ACCs

Thirteen normal adrenal cortical tissue and 12 ACC
samples were analyzed. The two tissue classes were clearly
separated by a two-component PLS-DA based on VIP
metabolites (Fig. 3), showing an accurate representation of
the data and good cumulative confidence criterion of fit
(R*’Y=0.9) and prediction (Q*=0.85). The statistically
significant abundance of glutathione, lactate, myo-
inositol, glycine, total choline-containing compounds,
creatine, glutamate, glutamine, scyllo-inositol, and Xg 50
was found to be a discriminator of ACCs. The adrenal
cortex was characterized by a higher level of NAA,
isoleucine, FA (a) and (b), and X430 and X; 14. A two-
component PLS-DA model based on VIP metabolites was

built from ACC samples according to hormonal secretion
(Fig. 4B; R?Y=0.71 and Q*=0.44). Glutamine, glutamate,
acetate, lysine, valine, and succinate were more abundant
in nonsecreting tumors, without reaching statistical
significance. Secreting ACC samples exhibited a higher
abundance of aspartate, FA (b), X;.14, and total choline-
containing compounds. However, no significant
difference was observed for any of these metabolites.
Finally, when PLS-DA was built according to clinical
aggressivity, the ten patients with metastatic ACCs were
not successfully discriminated from the remaining two
with confined disease at diagnosis and without systemic
spread during the first 5 years of postsurgical follow-up.

ACCs vs cortical Ads

Twelve ACC and 13 Ad samples were included in the
analysis. A two-component PLS-DA model based on VIP
metabolites was characterized by R*Y=0.9 and Q*=0.85,
showing a good differentiation of Ad and ACC samples
(Fig. 3). A significantly higher abundance of lactate, GABA,
creatine, NAA, acetate, alanine, glutamate, glutamine,
valine, myo-inositol, glycine, glutathione, isoleucine,
lysine, total choline-containing
compounds, and X509, and Xgso was found to be a
discriminator of ACCs.

ethanolamine, FA,

Normal adrenal medulla vs PCCs

Eight normal medullary tissue and 20 PCC samples
were compared. When a two-component PLS-DA model
was built using only data points corresponding to VIP
metabolites, the following results were obtained: R*Y=0.8
and Q*=0.7. Figure 3 presents the score plot of the PLS-DA
showing a clear separation between the two sets of
samples. A significantly higher abundance of taurine,
alanine, aspartate, GABA, glutathione, noradrenaline,
ascorbic acid, total choline-containing compounds, and
X4.30 was observed in PCC samples than in the normal
medullary tissue samples.

According to the presurgical biological evaluation, ten
of the 14 sporadic PCC samples exhibited predominant
noradrenaline secretion, two exclusive noradrenaline
secretion and two predominant adrenaline secretion
(Fig. 5). For all the examined sporadic PCC samples,
HRMAS NMR spectroscopy revealed the presence of a
greater amount of noradrenaline than of adrenaline. On
the other hand, in the normal medullary tissue samples,
adrenaline was more abundant than noradrenaline
(Table 2). The abundance of noradrenaline was
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Table 1
identified and quantified in the 66 adrenal samples examined

"H-NMR resonance assignments of the metabolites

"H chemical

shift

Numbers Metabolite Group (p.p.m.)
1 Isoleucine 3CH3 0.94
yCH; 1.01
vCH> 1.51
aCH 3.65
2 Valine yCH3 0.98
¥'CH; 1.04
BCH 2.30
3 Lactate CHs3 1.33
CH 4.12
4 Lysine yCH, 1.43
3CH, 1.71
BCH> 1.89
eCH, 3.01
5 Alanine BCH3 1.48
aCH 3.78
6 Glutamate BCH, 2.05
vCH, 2.34
aCH 3.76
7 Glutamine BCH, 2.14
yCH, 2.44
aCH, 3.77
8 Aspartic acid BCH,(u) 2.70
BCH(d) 2.80
aCH 3.90
9a Choline -N*"-(CH3)3 3.21
BCH, 3.52
aCH 4.06
9b Phosphorylcholine -N*-(CH3)3 3.22
BCH> 3.60
aCH 4.16
9% Glycerophosphocholine  -CH»-NHz™ 3.23
aCH, 4.32
BCH, 3.69
CH,-HPO4(d) 3.88
CH,OH 3.91
CHy-HPO4(u) 3.95
10 Taurine -CH5>-NH5™* 3.26
-CH,-SO3~ 3.42
1 scyllo-Inositol All Hs 3.35
12 myo-Inositol C5H 3.27
C1H, C3H 3.54
C4H, C6H 3.61
C2H 4.06
13 Glycine aCH 3.56
14 B-Glucose C4H 3.43
C3H, C5H 3.47
C6H(u) 3.75
C6H(d) 3.89
C1H 4.65
15 Creatine CHs3 3.03
CH, 3.93
16 Ascorbic acid -CHOH- 4.02
C4H 4.52
17 Succinic acid (2, CH>) 2.40
18 Adrenaline CHs3-NH 2.75
C4H 6.84
C3H 6.92
Cé6H 6.93

Adrenal gland metabolomics 20:5 711

Table 1 Continued

"H chemical
shift
Numbers Metabolite Group (p.p.m.)
19 N-acetyl aspartate (NAA) CH3 2.04
aCH 4.37
20 Glutathione CH,-CONH 2.54
CH,-SH 2.95
CH-NH, 3.78
21 Acetate CHs 1.92
3CH, 1.90
22 y-Aminobutyric acid 4CH, 2.28
(GABA) 2CH, 3.01
23 Noradrenaline C4H 6.84
C3H 6.92
C6H 6.93
24 Ethanolamine -CH,-NH53 ™ 3.13
CH,OH 3.82
25a Fatty acids (a) CHs3 0.90
(2)CH, 1.29
(1)CH, 1.31
25b Fatty acids (b) (2)CH, 2.03
CH, 2.80
(2)CH 5.33
(1)CH 5.33
25a,b Fatty acids (a) and (b) (n)CH, 1.29
25c¢ Fatty acids (c) (2)CH, 1.60

Spectra were referenced by setting the lactate doublet chemical shift to
1.33 p.p.m. Metabolites were assigned using standard metabolite chemical
shift tables available in the literature (Martinez-Bisbal et al. 2004, Wishart
et al. 2007).

significantly higher in PCC samples than in the normal
medullary tissue samples (P=0.04). Adrenaline was
moderately more abundant in PCC samples than in the
normal tissue samples, without, however, reaching
statistical significance.

In patients with VHL disease-related PCCs, only
noradrenaline was detected by HRMAS NMR spectroscopy.
MEN2- and NF1-related PCC samples showed an elevation
of the levels of both adrenaline and noradrenaline
(Table 2).

ACCs vs PCCs

Twelve ACC and 20 PCC samples were included in the
analysis. A two-component PLS-DA based on VIP metab-
olites (Fig. 3) was characterized by a good representation of
the Y data (R*Y=0.8) and a good cumulative confidence
criterion of prediction (Q*=0.6). Statistically significant
differences between ACC and PCC samples were found
in 14 of the 24 metabolites identified. A higher abundance
of adrenaline, noradrenaline, aspartate, scyllo-inositol,
GABA, myo-inositol, and ascorbic acid was found to be a
significant discriminator of PCCs. On the other hand, ACC
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Results of PLS-DA models built according to histological classification:
(A) normal adrenal cortex vs normal adrenal medulla, (B) normal adrenal

samples contained a larger amount of glycine, alanine,
taurine, creatine, ethanolamine, total choline-containing
compounds, and FA (b).

Discussion

In this study, we analyzed 66 tissue samples of normal and
pathological adrenal tissues of adult human subjects by
means of HRMAS NMR spectroscopy. The first objective
was to characterize the global metabolic profile differen-
tiating normal adrenal cortex from medulla. Afterwards,
the biochemical pattern of healthy tissue was compared
with that of pathological tissue of the same embryological
origin. Finally, the differences between ACCs and both Ads
and PCCs were investigated. To the best of our knowledge,
no previous study has reported the metabolic fingerprint of
the normal adult human adrenal gland and adrenal
cortical pathologies such as Ads and ACCs.

The visual comparison of spectra obtained from the
cortical tissue samples demonstrated a significant simi-
larity between Ad and normal adrenal cortical tissue
samples (Fig. 1), afterwards confirmed by the results of a
multivariate analysis. PLS-DA scatter plots evidenced a
continuum-like distribution of Ad and normal adrenal
cortical tissue samples. Inversely, despite the common
embryological origin, ACC samples clearly represented a
detached group, reflecting the substantial malignant
properties of ACCs. Interestingly, other authors (Rechache
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medulla vs PCC, (C) normal adrenal cortex vs ACC, (D) normal adrenal cortex
vs Ad, (E) ACC vs Ad, and (F) ACC vs PCC.

et al. 2012) who have conducted genome-wide DNA
methylation profiling of adrenocortical tumor and normal
adrenal cortical tissue samples have recently reported
similar PCA results. Moreover, in a recent article by the
same team, Jain et al. (2012) proposed a working model of
the molecular pathogenesis of ACCs showing a malig-
nancy progression from normal cortex to ACCs through
cortical hyperplasia and Ads.

Predictably, when compared with the normal adrenal
cortical samples, ACC samples exhibited the typical
stigmata of neoplastic tissue. The metabolic fingerprint
of ACC samples was characterized by the general
metabolic markers of malignancy such as choline-
containing compounds, which are linked to increased
phospholipid turnover. Biochemical markers representa-
tive of anaerobic processes and increased glycolytic
activity such as lactate levels were also present. The
abundance of amino acid resonance peaks suggested an
increase in amino acid production via nonoxidative
pathways. The increased rate of protein degradation
related to cell death, which is particularly evident in
large and necrotic tumors, or the deregulation of the Krebs
cycle may explain the altered amino acid concentration
observed in ACC samples.

Significantly higher levels of lactate, acetate, and total
choline-containing compounds play a major role in the
differentiation of ACCs from Ads. Moreover, the large FA
content of ACC samples contributed to the cluster
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Results of PLS-DA models built respectively from Ad (A) and ACC (B)
samples according to tumoral secreting properties. Both classes of PLS-DA
models show a separation between secreting and nonsecreting lesions.

identification of ACCs. The esterification of acetate to
form acetyl CoA as a major precursor in B-oxidation for FA
synthesis is believed to be the main mechanism of acetate
incorporation in tumors. Nevertheless, alternative bio-
chemical pathways of acetate intake or accumulation may
include the Krebs cycle and the synthesis of cholesterol
through citrate.

According to the secreting properties, good results
were obtained by PLS-DA models built from both ACC and
Ad samples. Unfortunately, when considering the natural
history of ACCs, patients with aggressive ACCs (metastatic
spread at diagnosis or within 1 year of surgery) were not
successfully separated by PLS-DA from patients without
metastatic ACCs at diagnosis and during the first 5 years of
postsurgical follow-up. However, both the small size and
the asymmetry of groups are limiting factors potentially
influencing the final results. Further investigations with a
larger population are necessary to assess a potential
metabolic fingerprint specific for a poor prognosis.

To date, only one recent paper mainly focused on
PCCs and paragangliomas (Rao et al. 2013) is available
concerning the application of NMR spectroscopy for

adrenal pathology investigation. Compared with Rao’s
study, in which liquid NMR spectroscopy was used to
analyze homogenized and centrifuged tissue preparations,
we studied intact tissue samples using HRMAS NMR
spectroscopy. While the inferior sensitivity compared
with that of the liquid-state NMR spectroscopy may be a
disadvantage, HRMAS NMR spectroscopy allows for a good
spectral quality, avoiding laborious procedures for tissue
preparation prior to the analysis. Moreover, the tissue
sample can be stored again after the acquisition of spectra
and is therefore available for pathological analysis when a
discrepancy arises between the metabolic and histopatho-
logical data of the mirror sample. In Rao’s work, the
relationships between genotype-specific differences in
mitochondrial function and catecholamine content in
paragangliomas (PGLs) have been established. These
authors also demonstrated for the first time the feasibility
of detecting catecholamines by NMR spectroscopy in PCC
and paraganglioma samples, confirming our previous
findings obtained from the analysis of normal adrenal
medullary tissue samples (Imperiale et al. 2011).

Of the 14 sporadic PCC samples analyzed, 12 exhibited
predominant or exclusive noradrenaline secretion. In
sporadic PCC samples, HRMAS NMR spectroscopy revealed
a greater amount of noradrenaline than of adrenaline. In
contrast, in the normal medullary tissue samples, adrena-
line was more abundant than noradrenaline. As is well
known, the synthesis of adrenaline depends on the
presence of phenylethanolamine-N-methyltransferase
(PNMT). The levels of PNMT mRNA have been found to
be lower in PCC samples than in the normal medulla
(Lehnert 1998). This disparity is probably responsible for
the difference in catecholamine content between tumors
and normal adrenal medulla, leading to higher nor-
adrenaline secretion in PCC samples examined in the
present study. Unfortunately, the data concerning PNMT
tumor activity in the PCC samples examined are not
available for further correlations.

In patients with hereditary PCCs, the results of
HRMAS NMR investigation matched the biological find-
ings. MEN2- and NF1-related PCC samples exhibited the
presence of both adrenaline and noradrenaline. In the
VHL disease-related PCC samples, only noradrenaline was
detected by HRMAS NMR spectroscopy. The low nor-
adrenaline value measured in the VHL disease-related PCC
samples contrasts with the high catecholamine pro-
duction and the elevated rate constants of catecholamine
secretion in this PCC genotype. The small quantity of
starting material for the NMR analysis may be a potential
bias in the assessment of the amount of noradrenaline.
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One-dimensional "H CPMG HRMAS spectra obtained from three sporadic
PCC samples with different catecholamine-secreting patterns:

(A) predominant adrenaline secretion, (B) predominant noradrenaline

Unfortunately, the size of the samples analyzed does not
allow us to draw any definitive conclusion. However, these
results are in agreement with the findings of Rao et al.
(2013), who investigated a larger cohort of patients with
hereditary paragangliomas.

A higher quantity of GABA discriminated PCC samples
from the normal medullary tissue and ACC samples, sugg-
esting a role in PCC pathophysiology. Interestingly, in the

4.0 3.5 3.0 2.5 p.p.m.

secretion, and (C) exclusive noradrenaline secretion. The intensity of each
spectrum was normalized with respect to the weight of the tissue sample.
The numbers refer to the metabolites listed in Table 1.

early 1980s, Hatanaka et al. (1980) described a clonal cell line
(PC 12) established from a rat PCC model able to synthesize
GABA together with catecholamine and acetylcholine.
Ascorbic acid is critical in the biochemical cascade of
catecholamine production (Lehnert 1998). In the present
series, ascorbic acid was identified as a significant
discriminator of PCCs than of the normal medulla and
ACCs. In 1977, a clonal line of rat PCC cells was used as

Table 2 Catecholamine quantification results obtained from the HRMAS NMR analysis of eight

normal medullary tissue and 20 PCC samples

Number of NA Adrenaline
samples (nmol/mg) (nmol/mg)
Normal medulla 8 0.6 (0-1.8) 1.6 (0.7-4.4)?
Sporadic PCC 14 2.4 (0-11.6)° 1.8 (0-5.3)®
VHL disease-related PCC 1 1 ND
1 0.4 ND
NF1-related PCC 1 2.8 2.1
1 1.6 1.1
MEN2-related PCC 1 5.8 2.3
1 0.8 3.9

NA, noradrenaline; ND, undetectable.
®Median (range).
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a model of noradrenergic tissue to study ascorbic acid
transport (Spector & Greene 1977). In these cells,
'4C-ascorbic acid was concentrated by an energy-
dependent transport system. Moreover, the optimal
production of noradrenaline required ascorbate in the
medium. In our 20 PCC samples, ascorbic acid was
significantly correlated (Spearman’s correlation test,
P<0.05) to the amount of noradrenaline (R=0.56). The
level of noradrenaline in PCC samples could also be biased
from the lack of PNMT. However, the correlation existing
also between ascorbic acid and adrenaline amounts
(R=0.55) and the sum of noradrenaline plus adrenaline
amounts (R=0.64) underlines the role played by ascorbate
in catecholamine biosynthetic pathway.

The 3,4-dihydroxybenzene group, common to both
adrenaline and noradrenaline, generates a clear signal
between 6.8 and 6.9 p.p.m. This signal, unaffected by any
significant pollution, is hence easy to recognize and
quantify. According to these considerations, the 3,4-
dihydroxybenzene group resonance assumes a diagnostic
significance and may have an impact on clinical practice.
Interesting results were reported on this topic by Kim et al.
(2009), who used in vivo MRS to describe a signal at
6.8 p.p.m. in PCC samples probably representing catechol-
amines not observed in cortical Ad samples. Indeed,
further developments of in vivo magnetic resonance
spectroscopy (MRS) focusing on catecholamine spectral
regions could be an interesting and useful axis of clinical
research in patients with atypical adrenal masses that are
challenging to characterize by preoperative investigations.

Despite these interesting results, this study has the
inherent limitations of any retrospective observational
case series including a relatively limited number of
patients because it was focused on a rare condition.
Consequently, the small number of samples makes this
study a preliminary investigation. In addition, malignant
PCCs, which are the most clinically important tumors
with a particularly poor prognosis, are not adequately
represented. Nevertheless, this study represents one of the
first applications of metabolomics to adrenal pathophy-
siology and it is the largest study to report HRMAS data
related to the adrenal cortex and adrenal cortical tumors,
laying the foundations for future, more complex investi-
gations also including data from molecular biology and
other omics procedures.
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