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The application of Fourier transform infrared (FTIR) microspectroscopy for the
analysis of biomolecular composition of adrenal gland tumors is described. Samples
were taken intraoperatively from three types of adrenal lesions: adrenal adenoma
(ACA), adrenal cortical hyperplasia (ACH), both derived from adrenal cortical cells,
and pheochromocytoma (Ph) derived from chromaffin cells of the adrenal medulla.
The specimens were cryo-sectioned and freeze-dried. Since the investigated lesions
originated from different cell types, it was predictable that they might differ in
biomolecular composition. The experimental results were used to determine which
absorption bands differentiate the analyzed samples the most. The main difference
was observed in the lipid functional groups. The experimental results indicated
that the level of lipids was higher in both the adenoma and the hyperplasia samples
compared to pheochromocytomas. In contrast, the level of proteins was higher
in the pheochromocytomas. Furthermore, differences within the range of nucleic
acids and carbohydrates were observed in the studied adrenal gland tumor types.
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. production of glucocorticoids), while the adrenal me-
Introduction dulla is involved in reacting to stress and enabling
rapid adaptation to changes in the environment.
Adrenal gland P P 8

The adrenal glands (suprarenal glands) are paired,
small endocrine organs located in the retroperitone-
um on the kidney surface. They consist of the cortex
and medulla, which differ in their development and
function. The adrenal cortex mainly plays a role in
the regulation of water and electrolyte balance (via
production of mineralocorticoids) and modulates
metabolism of proteins, carbohydrates and fat (via
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The adrenal medulla is composed of chromaffin cells
which synthesize and secrete catecholamines (main-
ly epinephrine). Pathological lesions developing in
adrenal glands differ in their nature depending on
whether they are derived from cortical or medullar
tissue. The most common cortical conditions include
different types of adrenal cortical hyperplasia (ACH),
a non-neoplastic lesion characterized by an increase
in the number of cortical cells, usually forming one or
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many nodules (tumors) and causing an increase in size
of the adrenal gland, as well as adrenal cortical ade-
noma (ACA) and adrenal cortical carcinoma (ACQC),
which are neoplastic lesions, benign and malignant
respectively. The most common pathological condi-
tion associated with adrenal medulla is pheochromo-
cytoma (Ph, adrenal gland paraganglioma) {1].

The aim of this study was to compare the differ-
ences between cortical and medullar tumors using
Fourier transform infrared (FTIR) as a method en-
abling characterization of biomolecular composition
in tissues. We also tried to find any biochemical dif-
ferences between non-neoplastic and neoplastic corti-
cal adrenal lesions.

Fourier transform infrared as a potential
supporting method for the diagnosis of adrenal
gland diseases

Due to various processes leading to tumor progres-
sion, the affected tissue can be modified anatomically
and biochemically. The growing tumor mass needs
more oxygen and glucose compared to the healthy
tissue. This results in new capillary vessel formation
(angiogenesis) and changes of biochemical compo-
sition of tumor tissue compared to corresponding
non-neoplastic tissue {2, 3, 4}. Histopathological ex-
amination of a biopsy sample or intraoperative mate-
rial is a routinely used method of making a diagnosis.
It is directed at the anatomical structure, architec-
tural features and cytological changes of studied tis-

sue. Nevertheless, the literature review revealed that
FTIR microspectroscopy is used as a complementary
method of pathological state diagnosis {5, 6, 7, 8, 9,
10}. The idea of FTIR application for medical surveil-
lance is to find out the specific biomolecular markers
which can differentiate non-neoplastic and patholog-
ical (neoplastic) tissues.

Fourier transform infrared measurements
and interpretations

Infrared spectroscopy is based on the physical
phenomenon of resonant absorption of infrared light
through vibrating molecules. Cellular biomolecules
such as carbohydrates, lipids, proteins and nucleic
acids absorb within the range of mid-IR (from about
400 cm™ to 4000 cm™' {11}). The individual absorp-
tion bands are related to several characteristic bonds
of biomolecules. Tentative assignments of the fre-
quencies of bands present in IR spectra measured for
tissue samples are shown in Table I.

The problem is that the absorption bands from
different molecules can overlap; hence it is very dif-
ficult to analyze unequivocally the sample biocom-
position. Nevertheless, using FTIR spectroscopy as
a diagnostic tool is aimed at discovering the differ-
ences between healthy and abnormal tissue. Compar-
ing spectra derived from several tissue specimens, it is
possible to find the absorption bands which differen-
tiate samples the most. Consequently the biochemi-
cal processes causing that difference may be revealed.

Table I. Tentative assignments of the band frequencies present in IR absorption spectra {15, 16}

FREQUENCY (cM7!) ASSIGNMENTS

~3500-3200 v(O-H): (hydroxyl groups)

~3200-3300 v(N-H): (proteins, amide A)

~3080 v(N-H): (proteins, amide B)

~3020-3000 v(=CH): (olefinic) unsaturated fatty acids, cholesterol esters
~2990-2950 v,(CH,): (methyl) phospholipids, cholesterol esters, fatty acids
~2950-2880 v (CH,): (methylene) phospholipids, long chain fatty acids
~2880-2860 v(CH,): (methyl) phospholipids, fatty acids

~2870-2830 v(CH,): (methylene) phospholipids, long chain fatty acids
~1739-1713 v(C=0): phospholipids, cholesterol esters, glycerides
~1713-1589 v(C=0): proteins, lipids

~1654 amide I

~1589-1474 8(N-H): proteins, lipids

~1545 amide II

~1480-1430 3 (CH,), 8 (CH,), § (CH,), 8 (CH,): phospholipids, fatty acids, glycerides
~1420-1370 V(COQO"): (carboxylate ions) amino-acids

~1280-1220 v(P=0): (phosphate) phospholipids

~1300-900 V(C-0): saccharides, glucose, lactate

v — stretching vibrations (s — symmetric, as — asymmetric); & — bending (scissoring) vibrations
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Material and methods

Sample preparation

In our study the archival tissue samples from
different types of adrenal gland lesions were used.
They were obtained from the Pathomorphology De-
partment, Medical College, Jagiellonian Universi-
ty in Krakow, Poland. The study was approved by
the Jagiellonian University Bioethical Committee
(KBET/82/B/2010). The specimens were taken in-
traoperatively from patients with adenoma and hy-
perplasia — both derived from the cortical part of the
adrenal gland — and pheochromocytoma derived from
the adrenal medulla. The specimens were cut into
sections 10 um thick in a cryo-microtome, mount-
ed on silver-coated sample supports (Low-e MirrIR,
Kevley Technologies) and freeze-dried at —80°C. It
has been demonstrated that dried tissue mounted
onto this sample support is durable, and the applied
method is used as routine procedure of tissue sample
preparation for infrared microspectroscopy {12}.

IR data collection and spectra analysis

The measurements were carried out at the Facul-
ty of Physics and Applied Computer Science at the
AGH University of Science and Technology in Kra-
kow. The measurements were performed using the
IR microscope (Nicolet Continuum — Thermo Sci-
entific) coupled with an FTIR spectrometer (Nicolet
8700 — Thermo Scientific). The scientific instrumen-
tation was equipped with a ceramic infrared radia-
tion source (the range of 20-9600 cm™) and an MCT
detector (mercury cadmium telluride, HgCdTeO,),

liquid nitrogen cooled. The samples were analyzed in
reflection mode with a beam defined by the aperture
20 um X 20 um and spatial resolution steps of 15
um. The spectra were collected for the wavenumber
range from 800 cm! to 4000 cm™ with a spectral res-
olution of 8 cm™ and 150 scans collected per spec-
trum.

The data collection was performed with the OM-
NIC software (v.8.0), which was also applied, apart
from the CytoSpec (v.1.2) software, for spectral anal-
ysis. For quantitative analysis OPUS (v.6.5) was used.
For the statistical analysis the STATISTICA (v.10)
software was used, while for the spectra presentation
the ORIGIN (v.9.0) software was applied.

To select spectra of good quality for further
semi-quantitative analysis the criterion described by
Lash {13} was applied. Taking into account the re-
flection mode of infrared measurement, the total ab-
sorption for the 10 um thick biological samples in the
spectral range from 950 to 1750 cm™ should vary
from 125 to 625 arbitary units.

The CytoSpec software was used to check the thick-
ness criterion. An exemplary result of application of
this criterion for measured tissue area is shown in Fig.
1. Black pixels mean the points which do not fulfill
the thickness criterion, and consequently they have
not been taken into account for further analysis. From
the homogeneous part of the specimen 20 represen-
tative points (fulfilling the sample thickness criterion)
were selected for the analysis. Moreover, visible scat-
tering manifestations in the IR absorption spectra, as
presented in Fig. 2, were avoided. It is due to the fact
that distortion of the baseline (“sinusoidal baseline”)
can affect the semi-quantitative results.

Fig. 1. Graphical presentation of results of the use of the sample thickness criterion: A) the chemical image of pheochro-
mocytoma sample, B) the chemical image of pheochromocytoma sample with marked areas of sample not fulfilling the
thickness criterion (black pixels)
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Automatic baseline correction and automatic
smoothing were used for preprocessing of the spectra,
which were consequently used for further semi-quan-
titative analysis.

Statistical analysis

The statistical significance of the differences be-
tween medians of the analyzed parameters for all
studied lesions was tested with the non-parametric
Mann-Whitney U test at a significance level of 0.05.
Non-parametric tests are used for variables which do
not fulfill the normal distribution, as in the present
analysis. According to the null hypothesis there is no
statistically significant difference between groups. It
is rejected when p < 0.05.

To determine which biochemical parameters con-
tribute the most to the discrimination between the
analyzed lesions, multiple discriminant analysis was
applied. Prior to this kind of statistical analysis, the
calculated values of parameters were transformed to
log base 10. The logarithmic transformation was ap-
plied to make the distribution more symmetric and
Gaussian-like, which was not fulfilled for raw data.
Additionally, this procedure was applied to make
the variances of the variables in the analyzed groups
more homogeneous. The minimization of Wilks” A
was applied as the main criterion for determining the
biochemical parameters contributing significantly to
the discrimination between the analyzed groups of
tissues. The forward stepwise procedure was used to
determine discriminant functions for distinguishing
between the analyzed groups of lesions.

Results

The differences in IR absorption spectra collected
for the analyzed cases are shown in Figure 3. The av-
eraged spectra from 20 representative points for each
studied lesion are presented. The most pronounced
differences are observed for two spectral ranges, i.e.
between 2997 cm™' and 2800 cm™!, which corre-
sponds to the lipid bands, as well as between 1770
cm! and 1485 cm™!, which are assigned mainly to
the amide bands but also the lipid and nucleic acid
bands. The level of lipids is higher in the adenoma
and hyperplasia samples compared with pheochro-
mocytoma cases (c.f. Fig. 3). In contrast, the pheo-
chromocytoma samples are rich in proteins. As far
as the range of lipids is quite easy to investigate, the
region of amides is rather difficult to analyze due to
the phenomenon of band overlapping. The absorp-
tion bands from the range between 1700 cm™ and
1600 cm™ originate from functional groups of vari-
ous biological macromolecules.

Due to possible thickness distortion of the sam-
ples, the analysis was based only on the ratios of in-
tensities of IR absorption bands or the ratios of the
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Fig. 2. Exemplary IR absorption spectrum of adenoma
sample with visible scattering manifestation (“sinusoidal”
baseline)

areas of absorption bands. The parameters used in

the analysis are listed below:

* the ratio of 2997-2800 cm™! to 1770-1485 cm™! —
lipids to proteins ratio as an indicator of the main
differences between the cortical and medullar tis-
sue type;

* the ratio of 1700-1600 ¢cm™ to 1580-1510 cm™" —
amide I to amide II ratio;

® the ratio of intensities of absorption bands at
2921 cm™ to0 2958 cm ™' — v (CH,):v (CH));

* the ratio of intensities of absorption bands at
3016 cm™ to 2958 cm™' — v (=CH):v_(CH,);

* the ratio of intensities of absorption bands at
1654 cm™ to 1631 cm™ — a to B secondary struc-
ture of proteins;

* the ratio of intensities of absorption bands at 1045
cm™' to 1081 cm™ — glycogen/phosphate ratio;

* the ratio of intensities of absorption bands at 1121
cm™ to 1020 cm™ — RNA to DNA content.

The preprocessed (as described above in paragraph
2.2) absorption spectra were analyzed to obtain the
above-mentioned parameters. Then for every studied
lesion the median values of those parameters were de-
termined. In Fig. 4 the results obtained for pheochro-
mocytoma, adenoma and hyperplasia are presented
(the median value, the first and third quartile, and
the minimum and maximum value of analyzed pa-
rameters).

The results shown in Fig. 4A confirm the higher
content of lipids in adenoma and hyperplasia cases
compared to the pheochromocytomas. A similar rela-
tion was found for the ratio of the absorption bands
of amide I and amide II (c.f. Fig. 4B).

As far as the lipid related bands are concerned, it
seems that the ratio of v(=CH):v_(CH,) (3016 cm™!/
2958 cm™) is the highest for pheochromocytoma and
decreases in adenoma and hyperplasia cases (see Fig.
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4C). Conversely, the ratio of v, (CH,):v (CH,) (2921
cm1/2958 ¢cm™) for hyperplasia seems to be at the
highest level, which decreases slightly in pheochro-
mocytoma and adenoma (c.f. Fig. 4D).

The ratio of intensities of a to B secondary structure
of proteins (1654 cm™'/1631 cm™) is slightly high-
er for the adenoma samples compared to the pheo-
chromocytoma and hyperplasia cases (Fig. 4E). From
Fig. 4F it seems that the RNA/DNA (1121 ¢cm™/
1020 cm™) ratio is almost at the same level in all stud-
ied lesions. The glycogen/phosphate ratio in Fig. 4G
(1045 cm™'/1081 cm™) is lower in cortical derived tis-
sue and higher in medullar pheochromocytoma.

On the basis of statistical analysis described earlier,
it is possible to determine the statistically significant
differences between the investigated groups (c.f. Ta-
ble 11).

The next statistical tool applied was multiple dis-
criminant analysis. All biochemical parameters ex-
cluding the RNA/DNA ratio were included in the
model built, and all of them were statistically sig-
nificant in the discrimination. The values of partial
Wilks’ A, the F-test of partial Wilks” A and its p-val-
ues are summarized in Table III. It was found that the
lipid/protein ratio is the most significant parameter
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Fig. 3. Averaged IR absorption spectra collected from the
lesions of: A) Ph, B) ACA, C) ACH

in the general discrimination of lesion type. The ra-
tios CH/CH3, o/f and CH2/CH3 were next in order
of importance.

Two discriminant functions that express a linear
combination of the values of biochemical parame-
ters included in the model built were determined.
The equations of the discriminant functions are as
follows:

L, =1.17*{lipids/proteins}-0.47*{v(=CH):v_(CH,)}
— 0.32*%a/B proteins’ secondary structure} +
0.097*{v (CH,):v (CH,)} - 0.32*[amide I/amide II}
— 0.28*[glycogen/phosphate}

L, = —0.045*{lipids/proteins} + 0.085*[v(=CH):v
(CH)1 + 0.71*{a/B proteins’ secondary structure} —
0.72*[v (CH,):v,(CH,)} + 0.43*[amide I/amide II}
+ 0.29*{glycogen/phosphate}

As can be seen, lipids/proteins and CH/CH, are
the most significant biochemical parameters in the
first discrimination function, whereas in the second
one they are o/f and CH,/CH, ratios.

A simple scatter plot between two discrimination
variables was used for the examination of the group
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Fig. 4. The median values of ratios of IR absorption bands for pheochromocytoma (Ph), adenoma (ACA), hyperplasia (ACH)
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Fig. 4. {continued} The median values of ratios of IR absorp-
tion bands for pheochromocytoma (Ph), adenoma (ACA),
hyperplasia (ACH)

discrimination. The results are illustrated in Fig. S.
The scatter plot shows that discriminant function 1
discriminates most between pheochromocytoma and
the two other analyzed lesions (the greatest distance
in the horizontal direction). The calculated values of
means for discriminant function 1 were — 3.2 for Ph,
1.65 for ACA and 1.63 for ACH. In the vertical di-
rection (discriminant function 2) points representing
Ph, ACA and ACH lesions are located at a compara-
ble level. Precisely, the calculated means for discrim-
inant function 2 were as follows: 0.003 for Ph, 0.83
for ACA and —0.91 for ACH.

Discussion

According to the literature the potential biomark-
ers of pathological processes taking part in cancero-
genesis can be attributed, among other things, to
metabolic parameters, the level of lipid peroxidation
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Fig. 5. Graphical presentation of two discrimination vari-
ables used for the examination of the group discrimination

and conformational changes in secondary protein
structure {51

The formation of a neoplasm is often connected
with increased metabolism of the tissue. It is a con-
sequence of rapid proliferation. Simultaneously, rap-
idly proliferating tissue requires an increased supply
of oxygen. Different processes promote angiogenesis
through the production of various vascular endothe-
lial growth factors and specific receptors for them.
When the tumor growth exceeds the formation of
new microcirculation, hypoxia occurs. The state of
hypoxia can imply many different molecular process-
es. Information about the metabolic parameters (for
example glycogen, glucose, amino acids) as well as
the products of cellular metabolism (lactic acids) can
be obtained from the variation within the 1300-900
cm™! FTIR spectral interval region.

Due to the higher glucose demand associated with
rapid proliferation, the level of glycogen (1045 cm™)

Table II. Results of Mann-Whitney U-test for comparisons of the analyzed groups of lesions

PARAMETER Pu & ACA Pu & ACH ACA & ACH
(2997-2800) cm'/(1770-1485) cm™! < 0.05 < 0.05 < 0.05
(1700-1600) cm™'/(1580-1510) cm™! < 0.05 < 0.05 0.07*
3016 ¢cm'/2958 cm™ < 0.05 < 0.05 0.07%*
2921 cm™'/2958 cm™! < 0.05 < 0.05 < 0.05
(1654 cm™/1631 cm™) < 0.05 0.30% < 0.05
(1121 cm™/1020 cm™) 0.45% < 0.05 0.32%
(1045 cm /1081 cm™) < 0.05 < 0.05 0.85%

* the bold typed values mean a lack of statistically significant differences between studied lesions taking into consideration the analyzed parameter
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Table III. Results of multiple discriminant analysis

PARTIAL WILKS' LAMBDA F P
(2997-2800) cm1/(1770-1485) cm! 0.266 148.62 << 0.05
3016 cm1/2958 cm™ 0.825 11.46 0.000031
1654 cm /1631 cm™! 0.783 14.91 0.000002
2921 cm™'/2958 cm™ 0.827 11.26 0.000036
(1700-1600) cm~'/(1580-1510) cm™ 0.903 5.83 0.0039
(1045 ¢cm™'/1081 cm™) 0.920 4.67 0.011

is reduced, while simultaneously the phosphate con-
tent (1081 cm™) increases {14}, as it is the skeletal
part of forming carbohydrates. Furthermore, the el-
evated ratio of 1121 cm™ and 1020 cm™, which re-
flects the RNA/DNA ratio, is believed to be a marker
of neoplastic processes {5, 71. In this paper both pa-
rameters were studied. The RNA/DNA ratio in all
studied lesions was comparable, and this parameter
was excluded from the discriminant functions. The
ratio of absorption at around 1045 cm™/1081 cm! is
lower for adenoma and hyperplasia cases, which can
be attributed to the faster metabolic processes in cor-
tical derived tumor cells. On the other hand, it seems
that the metabolic rate for the pheochromocytoma
cases is slower. It could mean that the neoplastic pro-
cesses in the adrenal gland proceed at different rates
according to the tumor type and especially the part
of the adrenal gland from which the neoplastic lesion
originates.

It is believed that oxidative stress precedes the
neoplastic processes due to the reactive oxygen spe-
cies (ROS) attack on cells. According to Petibois {15,
16}, during oxidative stress a decrease in the CH,/
CH, ratio is observed, and it correlates with the in-
crease in the CH/CH, ratio. What is more, the ratio
of CH/CH, reflects the level of unsaturated lipids {5,
151, while the ratio of CH,/CH, gives information on
the lipid chain length {17}. The differences between
the ratios of mentioned absorption bands, observed
in the present study, could reflect some structural
changes in lipids. The differences in CH,/CH, ratio
for three lesion types are not very clear. Neverthe-
less, the CH/CH, ratio is definitely the highest for the
pheochromocytoma samples compared to the adeno-
ma and hyperplasia samples, for which this ratio is at
a comparable level.

The region of the amide I band (1600 — 1700 cm™)
provides information on the secondary protein struc-
ture. Some authors report that the conformational
changes of secondary protein structure could reflect
the pathological states. For example, in Alzhei-
mer disease the formation of B-amyloid is observed
[18, 191. In the present study the level of alpha to
B proteins’ secondary structure is higher for adenoma

compared to the pheochromocytoma and hyperpla-
sia cases. However, this relation is not simple. Re-
membering that adenoma tissue is rich in lipids, it
is undisputable that lipids overlap the protein range
of absorption bands (o and B secondary structures);
hence it is not possible to make any far-reaching con-
clusions about the secondary structure of proteins in
the studied samples. The way of overcoming this lim-
itation is the special data treatment methods based
on the curve-fitting procedures for determining the
characteristic absorption of particular molecules {5}.
Nevertheless, in the analysis presented in this paper
there was no fitting procedure applied.

Our work is a pilot study and it gives only a gener-
al view of possible biomolecular differences between
three types of adrenal gland lesions. On the basis of
the performed study it was possible to find some spe-
cific biomolecular markers of different pathological
processes in the adrenal gland. At the initial stage of
research, it was only possible to find the differences
between the studied tumor types, as hitherto there
were no control samples available. In order to un-
derstand the pathological processes it is necessary to
compare the results obtained for normal and patho-
logical tissue. For more accurate and credible results
it is advisable to increase the number of studied sam-
ples. Further research is in progress and will be pub-
lished in a forthcoming article.

Conclusions

The measurements showed that the FTIR mi-
crospectroscopy is very fruitful for the study of bio-
molecular composition of adrenal gland lesions.

The results indicated the general differences be-
tween investigated tumor types within the range of
lipid and protein absorption bands.

There is a tendency to a higher level of the ratio of
o/B secondary protein structure in adenoma samples
compared to pheochromocytoma and hyperplasia.

The decreased glycogen/phosphate ratio, assumed
as an indicator of more intense cellular metabolic turn-
over, was observed for adenoma and hyperplasia sam-
ples, while for pheochromocytoma it was increased.
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The differences in the ratio of CH/CH, and CH,/
CH, might suggest the conformational changes of
lipids in all studied lesions.

There were almost no differences in the RNA/
DNA ratio between the three lesion types.

For more reliable results the study should be con-
tinued and the number of studied samples should be
increased.

Due to the high lipid content in adenoma and
hyperplasia cases there was strong absorption ob-
served within the lipid region (~2997-2800 cm™).
Due to the complex architecture of tissue samples,
diffraction artifacts were observed. To decrease the
mentioned problem it is advisable to lower the sam-
ple thickness. There is an idea of preparing 6 um
thick tissue samples (the same thickness as used for
standard histopathological examination).

There is a strong need to include a control group
in the future research.
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