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SUMMARY

Granulosa cells (GCs) play several key roles in folliculogenesis, such as the
production of estradiol during follicular growth, the regulation of the advance
of meiosis steps and the transcriptional activity in the oocyte, the production
of essential nutrients used as energy source during oocyte maturation, the
accumulation of secreted metabolites, and the secretion of progesterone after

ovulation.

The aim of the PhD project was to investigate human GCs in a
multidisciplinary approach, in order to correlate the information on these cells
to several aspects related to infertility, to improve the knowledge on
mechanisms involved in folliculogenesis and ovarian functions and understand

how these processes are impaired by endogenous and exogenous factors.

For all the studies, luteinized GCs were retrieved from patients enrolled in an
in vitro fertilization program, at Tecnobios Procreazione Fertility Center. The
work was organised in seven steps, including establishing protocols, as the

basis of targeted studies.

1. Fourier Transform InfraRed Microspectroscopy (FTIRM) analysis of

Granulosa Cells: a promising approach for the assessment of good

quality human oocytes. The aim of the present section was to find an

innovative method for evaluating the quality of human oocytes, by
studying GCs. To do this, 55 GCs samples, retrieved from consenting
patients, were subjected to FTIRM measurements. IR data were pre-

processed and then analysed using 'feature selection' procedures and
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univariate/multivariate statistical analyses. Four experimental groups
were selected: CP (clinical pregnancy), GCs from oocytes, which gave
clinical pregnancy; FF (fertilization fail), GCs from oocytes, which
failed fertilization; EDF (embryo development fail), GCs from oocytes,
which failed embryo development, and IF (implantation fail), GCs
from oocytes, which failed implantation. The ‘feature selection’
procedures allowed the identification of 17 spectral biomarkers, which
showed to be correlated with the corresponding oocyte clinical outcome

in an accurate and reliable way.

Validation of air-dehydration protocol of GCs for FTIRM. The aim of

the present section was to establish a reliable preparation protocol for
GCs for FTIRM studies, based on air-drying of GCs on CaF; supports.
To do this, FTIRM measurements were performed on GCs, and second
derivative spectra of ‘wet’ (analysed in physiological condition in a
microfluidic device) and ‘dried’ (deposited onto CaF, supports and air-
dried for 30min) GCs were compared. A satisfactory correspondence
in the spectral profile was observed, proving that the air-dehydration

protocol is a suitable method to prepare GCs for FTIRM analysis.

Metabolic changes in cultured hGCs: an innovative FTIRM approach.

The aim of the present section was the evaluation of the biochemical
alterations induced by in vitro culture in GCs. FTIRM measurements
were performed on GCs collected from 17 patients immediately after
their collection and cultured for 24-48-96 h. the results obtained from

FTIRM data showed that lipid metabolism was altered in all cultured

I
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GCs, in terms of total content of triglycerides and fatty acids; also,
the amount of phosphorylation was altered. Proteins and

carbohydrates, in contrast, were not affected.

A new insight on aging effects in human Granulosa cells: a

multidisciplinary FTIR and qPCR approach. The aim was to analyse

the biochemical modifications induced by aging on GCs. FTIRM was
performed on air-dried GCs divided into two groups: Young
(31.2£2.20; n°10) and Old (42.5£1.84; n°10). The results obtained
showed that aging affects the biochemical composition of GCs,
evidencing a process of age-related oxidative stress: increased lipid
content, C=0 ester moieties, and =CH groups; decreased protein
content, and impaired secondary structure. Results of gene expression
analysis were consistent with IR data: an increase of igfbp3, foxo3, and

a decrease of igf1, sirt! and sod2 was found.

Ovarian endometriosis affects Granulosa Cells Endocannabinoid

system (ECS). The aim of the present work was to analyse the
expression of molecules associated with the ECS in GCs from patients
affected by ovarian endometriosis. To do this, FTIR imaging and
quantitative PCR (qPCR) were performed, on GCs previously divided
into two groups: CTRL (n°10; women with non-ovarian infertility) and
ENDO (n°10; women with ovarian endometriosis). The obtained
results showed that endometriosis alters the gene expression of several
molecules involved in ECS (trpvl, gpr55, cnrl, cnr2, nape-pld, faah),

and impairs lipid (ppara, ppary, srebpl, fasn) and carbohydrate (glutl

111
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and glut9) metabolisms. FTIR imaging confirmed the alterations in

GCs metabolism.

Could unilateral ovarian endometriosis affect the contralateral ovary?

New insights from a multidisciplinary study. The aim was to evaluate

how unilateral ovarian endometriosis (UOE) affects the functionality
of both the ovaries. FTIRM, Raman MicroSpectroscopy (RMS) and
qPCR were performed on GCs previously divided into three groups:
CTRL (GCs from 10 healthy women), CONTRAL (GCs from
contralateral ovary of 10 women with UOE;) and ENDO (GCs from
affected ovary of 10 women with UOE;). FTIRM and RMS data
consistently revealed alterations, in both the ovaries, in lipid content
and characteristics, protein composition and secondary structure,
carbohydrates, and nucleic acids. qPCR confirmed an impairment of
lipid (ppara, ppary and fasn increase) and carbohydrate (glutl and
glut9 decrease) metabolisms, and methylation process (dnmtl and

dnmt3a increase), in both the ovaries.

How do plasticizers BPA and DGB alter the macromolecular

composition of luteinized GCs? The aim was the investigation of the

effects of bisphenol-A (BPA) and diethylene glycol dibenzoate (DGB)
(1-10-100ng/ml), on GCs. FTIRM measurements were performed on
GCs (n°15 women, 3243.3 years), treated with BPA/DGB for 48h,
and air-dried for IR measurements. The results showed that BPA
exposure affected the biochemical composition of GCs, in terms of

lipids amount and characteristics; proteins decreased and showed

v



different amino acid composition; phosphate groups from
phospholipids and nucleic acids increased. DGB impacts on GCs
differently: unsaturation and esterification rates in lipids decreased;
proteins and phosphates amounts were altered differently according to

dose.

The information obtained on GCs contribute to the understanding of the
mechanisms of impairment of folliculogenesis, by a multidisciplinary approach
that mainly consisted of supporting spectroscopic analysis with standard
gPCR. Thanks to the results, an innovative approach to evaluate oocyte
quality by spectral features of GCs was proposed, suggesting the reliability of
FTIRM as a clinical feasible and easy diagnostic tool in assisted reproduction

routine, in a possible near future.
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SOMMARIO

Le cellule della Granulosa (GCs) svolgono molti fondamentali chiave durante
il processo della follicologenesi: ad esempio, sono coinvolte nella produzione di
estradiolo durante la crescita follicolare, nella regolazione dell’avanzamento
degli step della meiosi e dell’attivita trascrizionale dell’ovocita, nella
produzione di nutrienti essenziali usati come fonte energetica durante la
maturazione dell’ovocita, nell’accumulo di metaboliti secreti dall’ovocita, e

nella secrezione di progesterone dopo 'ovulazione.

Lo scopo del presente progetto di Dottorato & stato quello di analizzare le GCs
umane applicando un approccio multidisciplinare, che correlasse le
informazioni ottenute su queste cellule con diversi aspetti legati all’infertilita,
per fornire nuove informazioni sui meccanismi coinvolti nella follicologenesi e
nelle funzioni ovariche, e per comprendere se e come questi processi possono

essere alterati da fattori endogeni ed esogeni.

Per tutti gli studi condotti, le GCs luteinizzate sono state recuperate da
pazienti reclutate in un programma di fecondazione in wvitro presso il centro
per la fertilita Tecnobios Procreazione. Il lavoro € stato organizzato in sette

step, a partire dalla definizione dei protocolli, fino agli studi applicati.

1. Fourier Transform InfraRed Microspectroscopy (FTIRM) analysis of

Granulosa Cells: a promising approach for the assessment of good

quality human oocytes. (Analisi tramite Fourier Transform InfraRed

Microspectroscopy (FTIRM) delle cellule della Granulosa: un

approccio promettente per la valutazione della qualita degli ovociti
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umani). Lo scopo di questa sezione era trovare un metodo innovativo
per valutare la qualita degli ovociti umani. 55 campioni di GCs sono
stati analizzati tramite FTIRM; i dati ottenuti sono stati processati e,
tramite delle procedure di ‘feature selection’, ¢ stata ottenuta la
‘biomarker signature’ del sistema analizzato. Infine, 'applicazione di
metodi di statistica multivariata ha permesso di validare il modello,
mentre la statistica univariata e stata utilizzata per investigare
ulteriormente il significato biologico dei biomarker spettrali
individuati. Sono stati selezionati quattro gruppi sperimentali: CP
(clinical pregnancy), GCs da ovociti che hanno portato a gravidanza
clinica; FF (fertilization fail), GCs da ovociti che non sono stati
fecondati; EDF (embryo development fail), GCs da ovociti che non si
sono sviluppati correttamente in embrioni; IF (implantation fail), GCs
da ovociti che si sono sviluppati in embrioni, ma che hanno fallito
I'impianto. Correlando le informazioni spettrali ottenute dall’analisi
delle GCs con l’esito clinico dell’ovocita corrispondente, sono stati
identificati 17 biomarker spettrali, che si sono rivelati in grado di
correlare le GCs con la qualita degli ovociti in maniera accurata e

affidabile.

Validation of air-dehydration protocol of GCs for FTIRM.

(Validazione di un protocollo di disidratazione all’aria delle GCs per
la valutazione tramite FTIRM). Lo scopo di questa sezione era quello
di stabilire un protocollo affidabile per la preparazione delle GCs per

Panalisi tramite FTIRM (Microspettroscopia FTIR), basato sulla

VIII
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disidratazione delle cellule all’aria su finestre ottiche di CaFs. Per far
questo, sono stati confrontati gli spettri in derivata seconda delle GCs
‘wet’ (analizzate in condizioni fisiologiche grazie all’utilizzo di in
dispositivo di microfluidica) e ‘dried’ (depositate su supporti di CaF5
e lasciate disidratare all’aria per 30 minuti). E stata osservata una
soddisfacente corrispondenza fra i profili spettrali di GCs ‘wet’ e
‘dried’, suggerendo che il protocollo di disidratazione all’aria delle GCs
puo essere considerato in metodo adeguato per le analisi tramite

FTIRM.

Metabolic changes in cultured hGCs: an innovative FTIRM approach.

(Alterazioni metaboliche in GCs umane mantenute in coltura: un
innovativo approccio con FTIRM). Lo scopo della presente sezione era
stabilire se la coltura in vitro delle GCs in coltura potesse determinare
nelle cellule delle alterazioni biochimiche. Per fare questo, le GCs sono
state prelevate da 17 pazienti consenzienti e sono state analizzate
tramite FTTRM immediatamente dopo il pick-up, o dopo coltura per
24, 48 e 96 ore. L’analisi spettrale ha rivelato come a tutti i tempi di
coltura, le GCs mostravano un’alterazione del metabolismo lipidico, in
termini di contenuto totale di trigliceridi e acidi grassi; inoltre, il tasso
di fosforilazione risultava alterato. Al contrario, il mantenimento in
coltura delle GCs non ha determinato effetti né su proteine, né su

carboidrati.

A new insight on aging effects in human Granulosa cells: a

multidisciplinary FTIR and qPCR approach. (Una nuova prospettiva

IX



sugli effetti dell’invecchiamento sulle GCs umane: un approccio
multidisciplinare, condotto con FTIR e qPCR). Lo scopo di questa
sezione era la determinazione delle modificazioni biochimiche indotte
dall’invecchiamento sulle GCs. Per far questo, le GCs ottenute da 20
pazienti consenzienti, sono state disidratate all’aria e suddivise in due
gruppi sperimentali: ‘Young’ (etd di 31.24£2.20) e ‘Old’ (eta di
42.54+1.84). Inoltre, da aliquote delle stesse GCs & stato estratto 'RNA
totale per l’espressione genica, eseguita tramite qPCR. L’analisi
vibrazionale ha messo in luce variazioni nella composizione biochimica
delle GCs, causate dall’invecchiamento; in particolare, & emerso un
meccanismo di attivazione di stress ossidativo, individuabile grazie
all’aumento del contenuto lipidico totale, dei gruppi carbonilici degli
esteri, e dei gruppi =CH. Inoltre, I'eta delle pazienti ha modificato il
pattern proteico, in termini di contenuto totale e di struttura
secondaria. I risultati dell’analisi di espressione genica si sono rivelati
coerenti con 'analisi vibrazionale: in particolare, sono stati riscontrati
un aumento dell’espressione di igfbp3 e foro3, e una diminuzione di

igf1, sirtl e sod2.

Ovarian endometriosis affects Granulosa Cells Endocannabinoid

system (ECS). (L’endometriosi ovarica alter ail Sistema

endocannabinoide (ECS) delle GCs). Lo scopo di questa sezione era
identificare se e come l’endometriosi ovarica potesse alterare
lespressione di molecole dell’ECS nelle GCs di pazienti affette da

questa malattia. Per questo studio, 'FTIR imaging e la gPCR sono
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state accoppiate per studiare GCs suddivise in due gruppi
sperimentali: CTRL (10 pazienti senza diagnosi di infertilitd ovarica)
e ENDO (10 pazienti con diagnosi di endometriosi ovarica). Entrambe
le tecniche utilizzate hanno mostrato profonde alterazioni dell’ECS
nelle GCs prelevate da pazienti con endometriosi ovarica; I’espressione
genica di molte molecole coinvolte nel funzionamento dell’ECS (¢rpvl,
gpr55, cnrl, cnr2, nape-pld, faah) hanno mostrato alterazioni
significative causate dall’endometriosi; inoltre, anche i metabolismi di
lipidi e carboidrati sono risultati modificati (ppara, ppary, srebpl, fasn
per i lipidi; glut! e glut9 per i carboidrati). L’analisi spettroscopica
tramite FTIR imaging ha confermato le alterazioni nelle GCs gia

evidenziate con qPCR.

Could unilateral ovarian endometriosis affect the contralateral ovary?

New insights from a multidisciplinary study. (Puo lendometriosi

ovarica unilaterale intaccare ’ovario controlaterale? Nuove prospettive
da uno studio multidisciplinare). Lo scopo del presente lavoro era
valutare come l’endometriosi ovarica unilaterale potesse influenzare
negativamente la funzionalita di entrambi gli ovari della paziente
affetta dalla malattia. L’approccio multidisciplinare applicato in
questo studio ha visto 1'utilizzo di due spettroscopie vibrazionali
(FTIRM e RMS, Raman Microspectroscopy) e dell’analisi di
espressione genica tramite qPCR. Le GCs sono state suddivise in tre
gruppi sperimentali: CTRL (GCs da 10 donne senza diagnosi di

infertilitd ovarica), CONTRAL (GCs dall’ovario controlaterale di 10

XI
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donne con endometriosi ovarica unilaterale) e ENDO (dall’ovario
colpito dalla malattia di 10 donne con endometriosi ovarica
unilaterale). I dati ottenuti dall’analisi con FTIRM e RMS hanno
rivelato in maniera coerente che in entrambi gli ovari, erano presenti
profonde alterazioni in termini di contenuto lipidico, caratteristiche
degli acidi grassi, composizione proteica e struttura secondaria,
carboidrati e acidi nucleici. L’analisi di espressione genica tramite
qPCR ha confermato un’alterazione del metabolismo lipidico (aumento
di ppara, ppary e fasn), del metabolismo dei carboidrati (diminuzione
di glutl e glut9) e del processo di metilazione del DNA (aumento di

dnmtl e dnmt3a), in entrambi gli ovari.

How do plasticizers BPA and DGB alter the macromolecular

composition of luteinized GCs? (In che modo i plastificanti BPA e

DGB alterano la composizione macromolecolare delle GCs
luteinizzate?) Lo scopo del presente lavoro era indagare gli effetti del
bisfenolo A (BPA) e del dietilene glicole dibenzoato (DGB), utilizzati
alle dosi 1-10-100ng/ml, sulle GCs umane. Le GCs ottenute da 15
pazienti eta 32+3.3 anni, sono state analizzate tramite FTIRM dopo
trattamento in wvitro con BPA/DGB per 48 ore, e poi disidratate su
supporti di CaFs per le misurazioni IR. L’analisi dei dati ottenuti con
FTIRM hanno rivelato che il BPA altera profondamente la
composizione biochimica delle GCs, in termini di contenuto lipidico,
caratteristiche lipidiche, quantitativo proteico, composizione

amminoacidica, contenuto di gruppi fosfato e acidi nucleici. I1 DGB

XII



altera le GCs in maniera diversa, modificando i livelli di insaturazione

proteico.

Le informazioni ottenute tramite questi lavori sulle GCs possono contribuire
ad aumentare la conoscenza sui meccanismi che danneggiano la follicologenesi,
tramite un approccio multidisciplinare che ha previsto ’accoppiamento di
analisi spettroscopiche e qPCR standard. Grazie ai risultati ottenuti, & stato
proposto un metodo innovativo per la valutazione della qualita degli ovociti
umani, basato sulle caratteristiche spettrali delle GCs, che ha suggerito la
possibilita di utilizzo del’FTIRM come strumento diagnostico affidabile e di
facile utilizzo nella routine delle cliniche di riproduzione assistita, in un

prossimo futuro.
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INTRODUCTION

1. FOLLICULOGENESIS

Folliculogenesis is the process in which a recruited primordial follicle grows
and develops into a specialized Graafian follicle, which has two potential fates,
to either ovulate its egg to be fertilized, or to die by atresia (Figure 1). The
first phase of folliculogenesis, named ‘pre-antral’ or ‘gonadotropin-
independent’ phase, sees the growth and differentiation of the oocyte, and is
mainly modulated by locally produced growth factors. In the second, named
‘antral’ or ‘gonadotropin-dependent’ phase, the size of the follicle
tremendously increases, under the modulation of follicle stimulating hormone

(FSH) and luteinizing hormone (LH) (1).

Pre-antral Follicles

Primordial Follicle. A primordial follicle consists of a small (~15 pum of

diameter) oocyte arrested in the dictyotene stage of meiosis, a single layer of
squamous granulosa cells (GCs), and a thin basal lamina (1). Some of these
follicles are recruited to grow, in a process that continues during a woman life,
until the depletion of the primordial follicles pool (menopause) (2). The
transition of a primordial follicle to a primary one sees the acquisition of a

cuboidal shape by GCs (3). Furthermore, the oocyte starts to grow (4).

Primary Follicle. A primary follicle consists of a growing oocyte, a single

layer of one or more cuboidal granulosa cells, and a basal lamina (1). In the



stage of primary follicle, several crucial events occur, such as the expression of
FSH receptors in GCs (5), the formation of gap junctions between the oocyte

and granulosa cells (6), and zona pellucida (ZP) deposition by the oocyte (1,7).

Secondary Follicle. In the secondary follicle, the oocyte is encircled by a

complete ZP, 2-8 layers of GCs, and a theca layer disposed radially around
the follicle (1). Thanks to the process of angiogenesis, the secondary follicle is

exposed to blood-circulating hormones, such as FSH, LH, and insulin.

Primordial Qocyte
follicle Stromal cells
Follicular cell
Unilaminar Basal lamina
primary
follicle
Zona pellucida forming
Multilaminar
primary

follicle ¢ /

Antral
follicle

Mature Theca externa
(graafian)

follicle

Theca interna
Antrum

Granulosa
cells

Corona radiata

Cumulus
oophorus



Figure 1. Diagram of developing follicles showing steps in the gonadotropin-
independent stages of folliculogenesis, from recruitment of a primordial follicle into the
growing pool through its development to the antrum or tertiary (cavitation) stage (From
Mescher AL: Junqueira’s Basic Histology: Text and Atlas, 12% Edition:
http://www.accessmedicine.com. Copyright © McGraw-Hill companies, Inc. All rights

reserved).

Antral or Graafian Follicles

One of the key processes characterizing the transition from pre-antral to antral
phase is cavitation, consisting in a gradual accumulation of a fluid between
GCs, which fills the forming antrum, when the follicle has reached ~400 pm of
diameter (8). The follicle that has reached this phase is called tertiary, or

Graafian (Figure 2).
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Figure 2. Cross-sectional diagram of a typical healthy Graafian follicle showing the
organization of its various cell types (From Erickson GF. Primary cultures of ovarian cells
in serum-free medium as models of hormone- dependent differentiation. Mol Cell
Endocrinol. 1983;29:21-49.)



During this phase of cavitation, another important process takes place, the
differentiation of theca cells, which become steroid-secreting and express LH
receptors (9). At this point of folliculogenesis, the oocyte does not grow
anymore, as it has reached its full size and its complete development, while

the follicle continues to increase its size, sometimes to over 2 cm in diameter

(1.

Graafian follicles form a heterogeneous pool of large follicles (400 pum to
>2 cm at ovulation), characterized by the presence of the antrum, and are
divided into two categories, healthy and atretic, based whether apoptosis
occurs or not in GCs. A healthy Graafian follicle is composed of multiple layers
of cells: (i) the theca externa, which induces contractions potentially involved
in ovulation and atresia (8); (ii) the theca interna, which is composed of 5-8
layers of cells; (iii) GCs, which are disposed in the follicle creating an outer
membrane, a periantral domain, a cumulus domain, and a corona radiata

domain (Figure 3).
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Figure 3. Diagram of the structure-function heterogeneity of the GCs in a healthy
Graafian follicle. Depending on their position in the follicle, GCs become different from one
another, also in terms of patterns of proliferation and differentiation (From Erickson GF.
The graafian follicle: a functional definition. In Adashi EY, ed. Ovulation: evolving scientific

and clinical concepts. New York: Springer-Verlag; 2000.)

GCs’ populations are different not only on the basis of their position, but
also in terms of their cellular functions (10): GCs from corona radiata, cumulus
and periantral domain are committed to divide during all the Graafian follicle
development, while GCs from the membrana domain stop the mitotic divisions

and are able to respond to FSH.

In the pool of Graafian follicles, the dominant one is selected during the
late luteal phase, by an unknown mechanism, determining the atresia of the
other tertiary follicles (11). Among the features characterizing the dominant
Graafian follicle, there is a high mitotic rate of GCs and, hence, a rapid growth
of the entire follicle (11). It was suggested that this growth relies on the
secondary rise in plasma of FSH, which also increases in the follicular fluid of
the dominant follicle (12). The high concentrations of FHS in the follicular
fluid determines an increase in the synthesis of estradiol, receptors for
progesterone and LH, and the acquisition of the ability to produce

progesterone.

Ovulation

Ovulation consists of the rupture of the surface of the ovary by the pre-

ovulatory follicle, and by the release of the oocyte-cumulus complex. Oocyte



meiosis, which has been arrested, starts again, under the modulation of the
pre-ovulatory surge of LH (1). The resumption of meiosis is associated with a
mucification of cumulus cells (CCs), which determines an expansion of the
cumulus-oocyte complex and makes possible the transport of the oocyte into

the Fallopian tube (13).

Luteogenesis

After ovulation, the follicle becomes corpus luteum: theca interstitial cells
and GCs undergo a profound modification and are now named theca lutein
and granulosa lutein cells, respectively. The luteogenesis phase is divided into
luteinisation and luteolysis. In the first step, a large amount of progesterone
and estradiol is produced, thanks to the induction of the expression of the
steroidogenic acute regulatory protein (StAR), cytochrome P450 family 11
subfamily A member 1 (CYP11A1), hydroxy-delta-5-steroid dehydrogenase, 3
beta- and steroid delta-isomerase 1 (3B-HSD), cytochrome P450 family 17
subfamily A member 1 (CYP17A1), and cytochrome P450 family 19 subfamily
A member 1 (CYP19A1, aromatase) in GCs (14). Luteolysis is determined by

the gradual apoptosis in lutein cells.

2. THE IMPORTANCE OF GCs

The process of acquisition of oocyte competence, defined as the ability of
an oocyte to be fertilized and to develop to the blastocyst stage, strictly

depends on the follicular microenvironment (15). The progression through all



the folliculogenesis steps heavily rely upon bi-directional interactions between
germ cells and the surrounding somatic cells (16). GCs are known to support
oocyte growth (17), control the advance of meiosis steps (18), and regulate the
oocyte transcriptional activity (19). Furthermore, GCs are responsible for
many important follicular functions, such as the production of estradiol during
follicular growth, the production of essential nutrients used as an energy source
during oocyte maturation (through carbohydrate and lipid metabolism,
glucose employment, and lipid oxidation and storage in lipid droplets), the
accumulation of oocyte secreted metabolites and the secretion of progesterone
after ovulation (20-23). In turn, the oocyte modulates several aspects of GC
development including proliferation, differentiation, and extracellular matrix
and steroid hormone production (22). Some of the most important functions

of GCs are given below.

Glucose metabolism. Glucose is fundamental for mammalian oocytes, but

cannot be utilized unless previously transformed into pyruvate by GCs;
conversely, GCs display an active glucose metabolism, which provides ATP
and metabolites that can be readily utilised by the oocyte, such as pyruvate
and lactate (24). Glucose is taken up by GCs via sodium-coupled glucose
transporters (SGLTs) or through facilitative glucose transporters (GLUTS)

(25).

Lipid metabolism. Among the main functions of GCs, lipid metabolism,

consisting of lipid oxidation and storage in lipid droplets, is a crucial factor for
the proper follicle development (22). The utilisation of triglycerides and fatty

acids for metabolic needs relies on the lipolysis of triacylglycerol within lipid



droplets catalysed by lipases, necessary to oocyte development (26). Fatty
acids produced by lipolysis are metabolised by the LH surge-induced pB-

oxidation for the production of ATP (26).

Amino acids and proteins. Amino acids are the substrates for the synthesis

of proteins, nucleotides, GSH, glycoproteins, and several signalling molecules,
and are crucial for pH and osmolarity regulation, as heavy metal chelators and
as energy substrates (27). It is reported in literature that denuded oocytes
have reduced ability to uptake some amino acids (alanine, glycine, histidine
and lysine), due to the key role played by GCs and CCs in transferring these
molecules to the oocytes (28,29). Together with the building blocks of proteins,
also some post-translational modifications rely upon the bidirectional
communication of oocytes and GCs: for example, the oocyte protein
phosphorylation pattern is modulated by GCs, as proven by culturing oocytes

with or without follicular cells (30,31).

Steroid hormones. Sex steroids are crucial for growth and differentiation

of reproductive tissues and in the maintenance of fertility, for the follicular
and luteal phases, and for uterine receptivity and embryo implantation (32);
the de novo production of these hormones from cholesterol, progestins,
androgens and estrogens takes place in a sequential manner, following the so-
called ‘two-cell, two- gonadotropin model’, which describes the role of theca
cells and GCs in the production of steroids, as a result of the different response
of these two cell types to FSH and LH (33). The FSH-induced synthesis of sex
steroids is modulated by the oocyte (21,34). Progesterone synthesis involves

StAR, p450 cholesterol side-chain cleavage enzyme (p450), and 3B-



hydroxysteroid dehydrogenase (35). Although both theca cells and GCs
produce this hormone, the first cell type mainly transforms progesterone into
androstenedione, in order to transfer it, as it is or after conversion into
testosterone, to GCs, for the synthesis of estradiol (36). The conversion of
androgens derived from theca cells into estradiol is catalysed by cytochrome
P450 aromatase (37,38). The surge of LH accompanying ovulation transforms

theca cells from androgen producing cells to progesterone-producing ones (39).

3. GCSs AND ASSISTED REPRODUCTIVE TECHNOLOGY

With the above concepts in mind, it is clear that an optimal oocyte
development heavily relies on a proper follicle development. The Assisted
Reproductive Technology (ART) field is active in the search for factors
affecting oocyte quality, since less than 7% of oocytes retrieved by in vitro
fertilization (IVF) develop into a normal embryo (40). In ART clinical routine,
oocyte selection is based on the morphological features of the cytoplasm,
meiotic spindle, zona pellucida, polar body and CCs (41). All these criteria for
grading and screening oocytes are subjective and controversial and seem not
to be related to the intrinsic competence of the oocyte (42-45). Moreover, the
current knowledge of the mechanisms determining oocyte quality is still
insufficient: what is known is that the relationship between the oocyte and its
surrounding somatic cells is more complex than previously thought, and
represents a determining factor for later developmental competence, crucial

for the success of ART procedures (3). In this light, the improvement of the



oocyte quality assessment, via the identification of markers to be added to the
morphological evaluation, must be considered as critical both to achieve higher

success rates in ART and to design better therapies for infertility.

Helpful information can be derived from the study of GCs, which play a
dominant role in regulating oocyte development and in maintaining the
appropriate microenvironment for the acquisition of its competence (16);
furthermore, the use of GCs and CCs represents a non-invasive method, since

these cells are normally discharged in the ART routine.

In recent years, several studies have focused on finding genes in GCs and
CCs that could be correlated with oocyte and embryo quality, but there is a
lack of consensus on these selected markers (46): the different study designs
and inclusion/exclusion criteria used may influence the results, for example in
terms of age (47,48), stimulation protocols (49-51), smoking habits (52,53),
and infertility diagnosis (54), as illustrated by the following examples. A study
conducted in 2004 by McKenzie and colleagues highlighted that PTGS2, HAS2
and GREMI1 gene expression is correlated to embryo morphological and
physiological characteristics (55). The analysis of the gene expression profile
of CCs derived from oocytes that failed in vitro fertilization revealed the
differential expression of 160 genes, with respect to normal embryos (56).
Hamel and colleagues found 115 genes differentially expressed between
GCs/CCs derived from follicles that resulted in a pregnancy, and GCs/CCs
from oocytes that produced embryos that failed early embryo development;
among them, 3B-HSD and CYP19A1 were more expressed in GCs and CCs

from follicles that led to pregnancy (57). Some other genes whose expression
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was reported to be correlated to oocyte maturation, embryo development, or
pregnancy are for example: EFNB2 (ephrin B2), CAMKID
(calcium/calmodulin dependent protein kinase ID), GSTA4 (glutathione S-
transferase alpha 4) and GSR (glutathione-disulfide reductase) displayed an
upregulation in follicles that led to pregnancy (58); PTGS2 (cyclooxygenase
2) and GREM1 (gremlin 1) were upregulated when associated to good quality
oocytes, while BDNF (brain-derived neurotrophic factor) was lower when
fertilisation was normal (59); BCL2L11 (BCL2 like 11), PCKl1
(phosphoenolpyruvate carboxykinase 1) and NFIB (nuclear factor I B) in CCs
displayed a significant correlation with embryo potential and successful
pregnancy (60). Conversely, Papler and colleagues performed a genome-wide
gene expression analysis and did not find gene expression signatures predicting

embryo implantation and oocyte fertilization (61).

4. FACTORS IMPACTING ON GCS FUNCTIONS

GCs and aging. Female reproductive aging is the process by which female
fecundity is reduced monthly after the age of 30 years and is characterized by
a gradual decline both in quality and quantity of the oocytes present in the
follicles in the ovarian cortex (62). Female age is one of the key factors
affecting clinical outcomes also in in vitro fertilisation (IVF) studies (63). A
retrospective study of 2017 on the effects induced by the increasing age on the
success rates of ART technology, reported that 38.7% of the cycles performed

on women aged 30-35 years, led to clinical pregnancy and 33.3% to live births,
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while among women aged 40-44 years, only 23.6% of cycles led to clinical
pregnancies and 14.8% to live births (64). Nowadays, subfertility related to
female aging has become an important issue for most industrialized societies,
mainly because of the increasing delay in childbearing (65,66). Age-induced
oxidative stress acts though the impairment of the molecular machinery
regulating the response to age-induced stress also in GCs, hence it is considered

as a cause of the decline of fertility (67).

GCs and endometriosis. Endometriosis, a chronic gynaecological disease

characterised by the presence of epithelial, glandular and stromal endometrial
cells in extra-uterine districts (68), is reported to be associated with infertility
in 30-50% of women with this diagnosis (69). Among the factors suggested as
possible causes of endometriosis-associated infertility, pelvic adhesions,
luteinized unruptured follicles, immunological alterations, progesterone
resistance, and impairment of folliculogenesis, ovulation, ovum transport,
fertilization, and implantation are reported in literature (70,71). Besides these
factors, several studies have highlighted that the factor that impacts the most
on the subfertility /infertility of women affected by endometriosis is the poor
oocyte quality (72). Due to the deep connections between oocyte and GCs,
these follicular cells were studied by several groups, highlighting that
endometriosis impairs GCs cell cycle (71), increases GCs apoptotic rate (73),
reduces antioxidant ability in women with this pathology (74,75), and

determines a reduction of the P450 aromatase expression in GCs (76).

GCs and endocrine disruptors. Plasticizers are chemical compounds

routinely used to ameliorate plastics in terms of flexibility and workability
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(77). Some of them are known to have a hormone-like activity, functioning as
endocrine disrupting chemicals (EDCs). EDCs have been reported to interfere
with the endocrine system and disturb the normal function of tissues and
organs, producing adverse developmental, reproductive, neurological,
cardiovascular, metabolic and immune effects (78). For example, bisphenol-A
(BPA), one of the most used plasticizer (79-81), is an oestrogen-like
compound, since it is able to stimulate the activity of the nuclear oestrogen
receptors (ERs), ERa and ERPB (82). In the field of reproduction, BPA was
reported to determine implantation failure, lower antral follicle counts,
alterations in oviduct and uterine morphology, and abnormal oestrous cyclicity
(83). BPA was found in the follicular fluid of women undergoing IVF
procedures, raising many concerns, since the presence of EDCs in the fragile
microenvironment of the ovarian follicle may be a risk factor for impaired
oocyte development, as well as for a correct embryo development (84). Several
studies carried out on mammals, showed that BPA affects rat (85), swine
(86,87) and murine (88) GCs steroidogenesis; furthermore, BPA exerts a
negative effect also on human GCs in vitro: Mansur and colleagues reported
that BPA determines a significant decrease in oestradiol and progesterone

biosynthesis (89).

5. VIBRATIONAL SPECTROSCOPIES

Fourier Transform Infrared (FTIR) and Raman spectroscopies are fast,

label-free vibrational techniques widely applied in life sciences, for
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investigating the study of non-homogeneous biological samples, such as cells

and tissues, in a non-invasive, label-free and highly specific way.

The analysis of the position, intensity and width of both FTIR and Raman
spectral bands allows characterisation, at a molecular level, of functional
groups, bonding types, and molecular conformations of the most relevant
biological molecules (proteins, lipids, carbohydrates and nucleic acids) and
detect the biochemical alterations in tissues and cells affected by various
pathologies, or by external agents (90-94). FTIR and Raman spectroscopies
are usually considered complementary tools, due to the rule of mutual
exclusion, which states that in a symmetric molecule with a centre of inversion,
normal vibrational modes cannot be both Infrared and Raman active.
Therefore, the parallel use of both of them enables virtually complete
information on the spectral features of the investigated samples to be obtained
and reliable spectral markers attributable to specific pathologies or alterations

to be defined (95,96).

Fourier Transform Infrared spectroscopy allows the examination of the
interaction between matter and electromagnetic radiation with an appropriate
continuous range of frequencies. In particular, in the mid-IR region (4000—400
cm™), fundamental vibrations, mainly stretching and bending of chemical
bonds, can be detected. The coupling of IR spectrometers with visible
microscopes has led to the successful use of this technique for many diagnostic
purposes in the life sciences, allowing the detection of subtle biochemical
changes caused by specific pathologies, such as tissues affected by tumoral

pathologies and stem cells at various differentiation steps (97-99). FTIR
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microspectroscopy is successfully applied to investigate tissue samples, since
the technique enables the analysis of large sample areas in short time and
permits the identification of pathological areas present in the tissue (100-103).
To do this, thin sections of samples are required (monolayer cell cultures or 5
mm thick tissues from surgical resection), and IR maps are acquired on
previously selected zones. In this way, it is possible to characterize specific
subcellular details, giving the possibility to mutually relate the vibrational
local features with the morphology of the different compartments of the sample
(104-106). Due to the large number of spectral data composing a single map,
several programs and statistical tools have been developed to perform
multivariate statistical analysis to highlight similarities and differences in the

pool of spectra (107-109).

In contrast to FTIR spectroscopy, Raman spectroscopy uses
monochromatic light to exploit the phenomena of inelastic scattering, in order
to probe the chemical content of a sample (110). Raman spectrometers have
also been coupled with visible microscopes, enabling applications of Raman
microspectroscopy (RMS) to study biological materials, in several research
fields, including of biomedicine, pharmacology, and toxicology (111). RMS
spectra contain information about chemical, biological and physical changes
of cellular biomolecules, giving a molecular fingerprint of the studied sample
(112,113), and RMS has the advantage that it can be performed on cells under
physiological conditions, due to the weak contribution of water, with no need

for staining (114).
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The application of vibrational spectroscopies in several fields of medicine
has also included reproductive biology. In particular, the biochemical
composition of female gametes, both from oviparous and mammal species, has
been investigated (115). Carnevali and colleagues performed FTIRM on
zebrafish (Danio rerio) ovary sections and single oocytes, in order to
characterize the spectroscopic features related to oocyte maturational
processes: vibrational IR features were correlated with Selman classification,
and the spectral patterns and distribution of vitellogenin and lipovitellin in ITI
and IV oocytes were highlighted (104). The same research group also proposed
a study targeted to evidence the effects of Lactobacillus rhamnosus and
melatonin on the reproductive capabilities of zebrafish, via a multidisciplinary
approach that coupled FTIRM and qPCR analyses (105,116). Focal plane
array (FPA)-FTIR was applied to investigate aging effects on human oocytes:
the chemical maps acquired on single oocytes evidenced a different
morphological distribution of lipids, proteins and nucleic acids (117). In
literature, the use of RMS on female gametes is described in only few studies,
focused on describing the molecular architecture of oocytes from several species
(118-120), following the changes occurring during maturation (121), on
investigating age-induced effects on mouse oocytes (122), and on analysing the

structure of the zona pellucida of ovine oocytes after vitrification (123).

Despite the numerous studies focused on the analysis of GCs, no
applications of FTIR and Raman microspectroscopies have been reported to

date.
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INTRODUCTION

In Assisted Reproductive Technology (ART) clinical routine, oocyte
selection is based on the morphological features of the cytoplasm, polar
body and cumulus cells (1). All these criteria for grading and screening
oocytes are subjective and controversial and seem not to be related to the
intrinsic competence of the oocyte (2-5). Moreover, the current knowledge
of the mechanisms determining oocyte quality is still insufficient: what is
known is that the relationship between the oocyte and its surrounding
somatic cells is more complex than previously thought, and represents a
determining factor for later developmental competence, crucial for the
success of ART procedures (6). In this light, the improvement of the oocyte
quality assessment must be considered as critical both to achieving higher
success rates in ART and to designing better therapies for infertility.
Helpful information can be derived from the study of Granulosa Cells
(GCs), which play a dominant role in regulating oocyte development and
in maintaining the appropriate microenvironment for the acquisition of its
competence (7). Furthermore, GCs carry out several important functions,
such as the production of estradiol during follicular growth and the
secretion of progesterone during ovulation (8). They also produce essential
nutrients for oocyte development, modulating carbohydrate metabolism,
and lipid synthesis, oxidation and storage in lipid droplets, and are used
as energy source during oocyte maturation (8,9). Hence, oocyte quality is

strongly related to GCs functions, and the identification of specific
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molecular markers related to the activity of these cells could be potentially

used to predict oocyte quality (10).

Fourier Transform Infrared (FTIR) spectroscopy is a well-established
vibrational technique, broadly applied in life sciences for the study of the
biomolecular building blocks and composition of cells and tissues samples
(11). FTIR spectral bands are analysed in terms of position, intensity and
width, making it possible to detect functional groups, bonding types and
conformations of the most relevant biological molecules (proteins, lipids,
sugars and nucleic acids) (11). In particular, the coupling of IR
spectrometers with visible light microscopes has facilitated the application
of FTIR Microspectroscopy (FTIRM) in various biomedical fields for
diagnostic purposes, providing, at the same time and on the same sample,
unique chemical and biological information about the composition and the

structural building blocks of the sample (12,13).

The aim of the present study was to assess human oocyte quality by
applying, for the first time, FTIRM on luteinized GCs. A comprehensive
set of macromolecular data, was obtained according to the position and
relative intensities of the vibrational bands composing GCs IR absorption
spectra. FTIRM data were submitted to feature selection procedures to
identify the most informative biomarkers and hence to obtain the spectral
biomarker signature for good quality oocytes. Multivariate statistical tools
were applied to validate the identified spectral biomarker signature, hence
to confirm the classification of data on the basis of the corresponding

clinical outcomes.
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METHODS

The study, approved by the local Ethic Committee, was carried out in full
accordance with ethical principles, including The Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments involving

humans. Patients signed an informed consent for participating to the research.

Enrolment of the patient cohort

A dedicated cohort of 55 patients attending Tecnobios Procreazione for In
Vitro Fertilization (IVF) treatment was selected. Enrolment of patients was
based on the following inclusion criteria: age < 40 years; no ovarian infertility
diagnosis (only tubal, idiopathic and male infertility); regular ovulatory
menstrual cycles (25-30 days) with FSH < 10 TU/T on day 3 of the menstrual
cycle; sperm sample with a total motility count after treatment > 300.000;

number of oocytes retrieved = 8; non-smokers.

Ovarian stimulation protocol

At the onset of menses, patients began gonadotropin stimulation. They
received 300 IU/day of recombinant hFSH (Follitropin alfa, Gonal F; Merck,
Rome, Italy) for two days and 150 IU/day for four days. The dose was then
adjusted according to individual response as assessed by 17B-estradiol (E2)
assay and ultrasound scans were performed every other day. To avoid a
spontaneous LH surge, patients received a GnRH analogue antagonist. The

antagonist injections (Cetrorelix, Cetrotide; Merck, Rome, Italy) at a daily
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dose of 0.25 mg started as soon as the leading follicle reached a size of 12-13

mm and continued until HCG administration.

Human chorionic gonadotropin (HCG) (Gonasi HP, Ibsa, Italy) 10000, was
administered when at least three follicles reached a maximum diameter of 20
mm, of which at least one was >23 mm. Transvaginal oocyte retrieval was
performed under ultrasound guidance 36 hours after HCG administration. The
day after oocytes retrieval, each patient started progesterone supplementation
with Crinone 8% vaginal gel (Merck) 90 mg twice daily. Supplementation
continued until the beta HCG blood test was performed 15 days after embryo
transfer. If pregnancy occurred, progesterone supplementation was continued

until sonographic confirmation of embryo viability.

GCs sample collection

GCs were obtained from follicles aspirates during oocytes collection. GCs
were centrifuged in their follicular fluid at 1100x g for 10 min. The follicular
fluid was discarded; the pellet was re-suspended in 2mL of gamete medium
(Cook Medical), overlaid on 1 mL pure sperm 50% (obtained by pure sperm
80, Nidacon, and gamete buffer medium) and centrifuged at 1600x g for 13
min to separate it from the red blood cells. After centrifugation, three layers
were observed: a top layer containing the follicular fluid, a middle ring-like
layer containing the cells derived from the follicular fluid and a bottom layer
containing erythrocytes. GCs were recovered in the middle ring-like layer
between pure sperm and gamete medium using a Pasteur pipette and placed

in 1 mL of NaCl 0.9% solution (Fresenius Kabi). When too many red blood
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cells were present, stratification was repeated onto gradient. The GCs were
centrifuged at 300x g for 10 minutes. The supernatant was discarded, and the
pellet re-suspended in 1 mL of NaCl 0.9% solution and centrifuged again at
300x g for 10 minutes. After additional centrifugation for 5 min at 600x g, the

cell pellet was re-suspended in 100 pl of sterile NaCl 0.9% solution.

GCs samples were classified according to the corresponding oocyte clinical
outcome into the following experimental groups: CP, GCs from oocytes, which
gave clinical pregnancy; FF, GCs from oocytes, which failed fertilization;
EDF, GCs from oocytes, which failed embryo development, and IF, GCs from

oocytes, which failed implantation.

FTIRM data collection

10 uL of GCs suspension (~10° cells/ml) were dropped with a Gilson
pipette onto CaF,; UV grade optical windows for IR analysis (38.0x26.0x1.0
mm, Crystran Ltd.) and then let dry at room temperature under biological

hood for 30 minutes.

The FTIRM analysis was carried out at the infrared beamline SISSI
(Synchrotron Infrared Source for Spectroscopic and Imaging), Elettra
Sincrotrone Trieste (Trieste, Italy). A Hyperion 3000 Vis-IR microscope
equipped with a nitrogen-cooled HgCdTe detector (MCT__A) and coupled
with a Vertex 70 interferometer (Bruker Optics GmbH, Ettlingen, Germany)
was used. For each GCs sample, 30 areas of 30x30 um with densely packed
cells monolayer were selected by visible microscopy, on which the

corresponding IR spectra were collected in transmission mode, with a
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conventional GlowBar source. A 15X Schwarzschild objective (NA=0.4,
working distance=24 mm) matched with a 15X condenser in the Mid-IR region
were used. Each spectrum was collected with a spectral resolution of 4 cm™ in
the TR spectral range 4000-800 cm™ and it was the result of 256 scan averaging.
A background spectrum was collected before each sample analysis on a clean

zone of the optical window.

FTIRM data processing and analysis

The final absorbance spectra were corrected for water vapour and CO;
contributions by running the Atmospheric Compensation routine of OPUS
software, and vector normalized in the entire spectral range, to mitigate for
inhomogeneous thickness of samples (OPUS NT 7.1 software, Bruker Optics
GmbH, Germany). Spectra were then cut in the spectral range 4000-1191 cm-
! due to the possible presence, at lower wavenumbers, of bands related to

contaminants used during the GCs collection step.

To discard outliers, all the spectra acquired for each sample were analysed
as follows. The areas of the 2990—2899 cm™ and 1775—1191 cm™ spectral
intervals were calculated by drawing a straight line between the
aforementioned wavenumber limits and integrating the area above this line
(Integration Mode B, OPUS 7.1 software); their sum was defined as the overall
cellular biomolecular content (Cell). For each GCs sample, the mean of Cell
+ S.D. (Standard Deviation) was calculated, and all the spectra with values
outside this range were discarded. Only those GCs samples with at least 15

remaining spectra were further analysed. On each IR spectrum, bands were
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firstly analysed in terms of their position and assigned to specific cellular
features, as reported in literature (14). Then, for all these bands, the area
integrals were obtained by the previously described Integration Method B
(Supplementary Table 1) and used to calculate specific band area ratios
(Supplementary Table 2), related to the concentration and structure of

meaningful biomolecules of GCs.

Spectral Interval

(em) Vibrational mode assignment Cellular functional groups
cm-
Symmetric and asymmetric CHp5 stretching | Saturated alkyl chains of cellular
2990-2836 o - ; )
modes, Lipids lipids (mainly) and proteins
Unsaturated alkyl chains of
3027-2995 =CH stretching mode, CH o
lipids
. X Methyl groups of cellular lipids
2992-2948 Asymmetric CHs stretching mode, CHs . i
(mainly) and proteins
X X Methylene groups of cellular
2946-2889 Asymmetric CH, stretching mode, CH, . . .
lipids (mainly) and proteins
1765-1723 C=0 ester moiety stretching, COO Carbonyl ester of fatty acids
Mainly C=0 stretching in peptide linkage,
1723-1591 Y 9 In pep 9

Amide |, Al

Mainly C-N stretching and N-H deformation .
1591-1481 v 9 Cellular proteins

in peptide linkage, Amide I, All

1723-1481 Sum of Aland All, Proteins
Methyl and methylene groups of
1480-1426 CHas bending, 1460 cellular lipids (mainly) and
proteins
Mainly CHs symmetric stretching of protein Methyl groups of cellular lipids
14261372 ly CHs sy g of pi yl group! p
chains, 1400 (mainly) and proteins
Phosphate moieties of nucleic
Asymmetric stretching modes of phosphate . i =
1273-1191 acids (mainly), phospholipids
groups, Ph1
and phosphorylated proteins
2990-2899 & Sum of all the vibrations indicated above, Overall cellular biomolecular
1775-1191 Cell content

Supplementary Table 1. Band area integrals. List of the spectral intervals on which
the area integrals were calculated, together with the vibrational mode assignment, the

assigned name (bold characters) and the corresponding cellular functional groups.
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Banda area
. Label Biological significance
ratios
Lipids/Cell LIP/CELL Total cellular lipids
Proteins/Cell PRT/CELL Total cellular proteins
AVAIl Al/AIl Protein pattern
Lipids/Proteins LIP/PRT Lipids related to protein content
Ph1/Cell PH1/CELL Total cellular phosphate groups
Phosphate groups related to protein
Ph1/Proteins PH1/PRT
content
Phosphate groups related to lipid
Ph1/Lipids PH1/LIP P groups P
content
COO/Cell COO/CELL Total cellular fatty acids
COO/Lipids COO/LIP Ester moieties in lipids
Methyl groups related to protein
1400/Proteins 1400/PRT Vi groups P
content
1400/Lipids 1400/LIP Methyl groups related to lipid content
Methyl and methylene groups
1460/Proteins 1460/PRT Y "/ group
related to protein content
Methyl and methylene proportion in
1400/1460 1400/1460 Y . ‘y .p PO
aliphatic chains
Methyl and methylene grou
1460/Lipids 1460/LIP Y Y groups
related to lipid content
CH/Cell CH/CELL
CH/Lipids CH/LIP Unsaturation levels in lipid chains
CH/CH, CH/CH3
CH:/Lipids CH2/LIP
Branching of lipid chains
CH,/CH; CH2/CH3

Supplementary Table 2. Band area ratios. Band area ratios of the integrals defined

in Supplementary Table 1, label used and its biological significance.

Dataset building

All the aforementioned band area ratios listed in Supplementary Table 2
were used to build a dataset balanced according to the limited number of

follicles belonging to CP experimental group (n. 23): hence, we randomly
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selected 23 GCs samples from every other experimental group (FF, EDF and
IF), for a total of 92 samples. The validation of this random selection was
performed exchanging one by one the samples included in the dataset with
others belonging to the same experimental group (data not shown). This
dataset, named DS1, was composed of 1043 rows, corresponding to the IR
spectra on which band area ratios were calculated (290 for CP, 286 for FF,
200 for EDF, and 267 for IF) and of 19 columns, corresponding to the values

of band area ratios (reported in Supplementary Table 2).

Derivation of the biomarker signature

To identify the minimal subset of band area ratios (feature selection)
necessary and non-redundant to segregate and characterize the experimental
groups CP, FF, EDF, and IF (defined as biomarker signature), the following
statistical approaches were carried out on DS1 (XLSTAT 2017.01, Addinsoft):
(i) ‘Leave-one-out’ method on FDA (Factorial Discriminant Analysis): FDA
was performed by using all the band area ratios in DS1 and removing them
one at a time, to evaluate their relevance in the definition of the experimental
groups; (ii) Variable Characterization method: this method let characterize the
experimental groups, investigating the relations shared with the characterizing
features: hence it provides information on whether a feature is necessary or
not to describe the experimental groups. To this end, a correlation coefficient
is calculated between the categorical variable to characterize (experimental
group) and the characterizing feature (band area ratio): if this coefficient is
different from 0, a significant dependence exists between the categorical

variable (experimental group) and the features (band area ratios). The
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statistical significance was determined by the Fisher F-test (p < 0.05); (iii)
Logistic Regression method with the Multinomial Logit model: this method
was performed to link a set of selected features (band area ratios) with the
probability of occurrence/non-occurrence of an event (the probability that a
GCs sample belongs to one of the experimental groups), after classifying the
features according to their importance and usefulness to distinguish the
experimental groups. The null hypothesis (HO) was tested to define whether
the variables (features) bring significant information: in particular, the
Likelihood ratio test (-2 Log(Likelihood)), the Score test and the Wald test
were performed comparing the model (built on the basis of DS1, composed of
observations divided into experimental groups and features) with a simpler
model composed of only one given constant. In addition, to determine whether
all the selected features bring significant information, a further check was
performed, running the Likelihood ratio test and removing a feature at a time:
if Pr > LR (where Pr is the probability and LR is the Likelihood Ratio Chi
Square) is smaller than a selected significance threshold (0.05), then the

feature is necessary to describe the group.

According to the results obtained by the feature selection procedures, a
new dataset was built, named DS2, containing the minimal subset of band
area ratios (hereafter named biomarkers) describing the differences among the

experimental groups CP, FF, EDF, and IF.

40



Univariate statistical analysis

The DS2 dataset was submitted to one-way analysis of variance (ANOVA)
followed by Dunnett’s multiple comparisons test to determine the presence of
statistically significant differences among groups based on each biomarker
(OriginPro, version 9.4, OriginLab, Northampton, MA). Statistical

significance was set at p < 0.05.
Multivariate statistical analysis

To investigate the dependence of the spectral data on all the biomarkers
at the same time and to highlight differences among the experimental groups
(CP, FF, EDF, and IF), the DS2 dataset was also submitted to
Permutational Multivariate ANOVA (PERMANOVA) and Factorial
Discriminant Analysis (FDA). PERMANOVA is a distribution- and
parameter-free multivariate analysis of variance, which uses permutations to
estimate the statistical significance (PERMANOVA+ add-on package of the
PRIMER software, v. 6). The data included in DS2 were normalized and
organized in a Fuclidean-distance matrix; the number of permutations was
always set at 999. Statistical significance was set at 0.05 and was evaluated
by the p value obtained by the permutation procedure for each term, named
P(perm) (15), and by the Monte Carlo random draws from the asymptotic
permutation distribution, named P(MC) (16). A pair-wise PERMANOVA was
also performed to carry out a one-to-one correlation of all the experimental
groups. FDA enabled determination of which biomarkers were useful and

necessary to discriminate GCs previously classified into the experimental
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groups (XLSTAT 2017.01, Addinsoft). Statistical significance was set at p <
0.05. The null hypothesis (HO) that the within-class covariance matrices are
equal was evaluated by the Box test (carried out both with chi-square and
Fisher’s F asymptotic approximations) and the Kullback test. Wilks’ Lambda
test was also used to reject the null hypothesis that the mean vectors of the

experimental groups are equal.

In addition, Canonical Analysis of Principal coordinates (CAP) was
performed on a new dataset, named DS3, built including only the average
values of the biomarkers for each GCs sample, hence composed as follows: n.
23 rows for CP, n. 23 rows for FF, n. 23 rows for EDF group, and n.23 for IF
group, for a total of 92 rows. CAP is a constrained ordination method, which
tests for significant differences among the a prior: defined groups in
multivariate space (PERMANOVA+ add-on package of the PRIMER
software, v. 6), finding the axes through the multivariate cloud of points,
which best separate the a priori given groups (17). The data included in DS3
were normalized and organized in a Euclidean-distance matrix; the number of
permutations was always set at 999. Pearson correlations were used to show
linear relationships of spectral data with axes. The p value obtained using
permutation procedures let evaluate the a priori hypothesis of no difference
within experimental groups. The value of the squared canonical correlation
(6__1%) was used to assess the strength of the association between multivariate
data and the hypothesis of group differences. A proper number of principal
coordinates axes (m) was chosen automatically by the CAP routine. Lastly, a

cross-validation procedure was performed for the chosen value of m (17).
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RESULTS

Granulosa cells of 55 patients were analysed, for the first time, by using
FTIRM. Four experimental groups were defined: CP, GCs from oocytes,
which gave clinical pregnancy; FF, GCs from oocytes, which failed
fertilization; EDF, GCs from oocytes, which failed embryo development, and

IF, GCs from oocytes, which failed implantation.

On each GC sample, the IR spectra were acquired in transmission mode
in the spectral range 4000-800 cm™. Outlier spectra were discarded, and on the
remaining ones, the following band area ratios were calculated and related to
the concentration and structure of meaningful biomolecules contained in GCs
(see Supplementary Table 1 and Supplementary Table 2): LIP/CELL,
corresponding to total cellular lipids; PRT/CELL, corresponding to total
cellular proteins; AI/AII, corresponding to the protein pattern; LIP/PRT,
representing lipid content related to protein content; PH1/CELL,
corresponding to total cellular phosphate groups; PH1/PRT, representing
phosphate groups content related to protein content; PH1/LIP, representing
phosphate groups content related to lipid content; COO/CELL, corresponding
to total cellular fatty acids; COO/LIP, representing ester moieties in lipids;
1400/PRT, representing methyl groups related to protein content; 1400/LIP,
representing methyl groups related to lipid content; 1460/PRT, representing
methyl and methylene groups related to protein content; 1400/1460,
corresponding to methyl and methylene proportion in aliphatic chains;
1460/LIP, representing methyl and methylene groups related to lipid content;

CH/CELL, CH/LIP and CH/CH3, corresponding to the unsaturation level in
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lipid chains; CH2/LIP and CH2/CH3, representing the branching of lipid

chains.

Biomarker signature

The DS1 dataset, containing the 19 band area ratios calculated on all the
IR spectra (N = 1043) acquired on GCs samples (N = 92), was used for the

following feature selection procedures.

‘Leave-one-out’ method on FDA. FDA was performed both on DSI,
including all the 19 band area ratios (features), and on other 19 datasets,
obtained by removing from DS1 one feature at a time. Table 1 reports the
total percentages of correctness of the classification obtained by comparing the
results from all datasets. For 17 investigated features, the total percentage of
correctness was lower than the one achieved using all of the band area ratios;
conversely, an increase in the correctness of the classification was found for

PH1/LIP and 1400/LIP.
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Total % correct
All 19 band area ratios 80.25%
Without PH1/LIP 80.63%
Without 1400/LIP 80.35%
Without LIP/CELL 80.15%
Without PRT/CELL 79.48%
Without PH1/CELL 78.81%
Without COO/CELL 79.67%
Without COO/LIP 79.58%
Without 1400/PRT 80.15%
Without 1460/PRT 80.24%
Without 1400/1460 80.06%
Without CH/LIP 79.96%
Without CH/CELL 79.87%
Without CH/CH3 79.96%
Without CH2/CH3 80.15%
Without CH2/LIP 78.62%
Without 1460/LIP 80.06%
Without Al/All 78.62%
Without LIP/PRT 79.39%
Without PH1/PRT 78.33%

Table 1. Percentage of correctness of the classification. List of percentages of
correctness obtained with ‘leave-one-out’ method performed on FDA. Highlighted in bold,

the % of correctness lower than the one obtained with all band area ratios.

Variable Characterization method. The characterization of the categorical
variable ‘experimental group’ was performed in order to elucidate the link it
shared with the selected features (band area ratios). In this light, the
correlation coefficient was calculated between the categorical variable and the
characterizing feature, and then its value was analysed by Fisher F-test, in
order to evidence a possible dependence existing between the categorical

variable (experimental group) and the features (band area ratios). For all the
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variables, the overall correlation coefficient resulted significantly different from

0, except for 1400/LIP (p = 0.243) and PH1/LIP (p = 0.367) (Table 2).

Variable Correlation
label coefficient P

PH1/PRT 0.386 < 0.0001
COO/LIP 0.350 < 0.0001
1400/PRT 0.344 < 0.0001
PRT/CELL 0.310 < 0.0001
1460/PRT 0.279 < 0.0001
Ph1/CELL 0.271 < 0.0001
COO/CELL 0.263 < 0.0001
1400/1460 0.195 < 0.0001
CH2/LIP 0.159 < 0.0001
AVAIl 0.150 < 0.0001
LIP/PRT 0.145 < 0.0001
1460/LIP 0.130 < 0.0001
CHMLIP 0.129 < 0.0001
CH/CELL 0.123 < 0.0001
LIP/CELL 0.069 < 0.0001
CH/CH3 0.052 < 0.0001

CH2/CH3 0.011 0.012

1400/LIP 0.006 0.243

PH1/LIP 0.004 0.367

Table 2. Results of variable characterization method. Results of variable
characterization method. Correlation coefficients and p values for each tested variable.

Highlighted in bold, the p values lower than the value of significance, set at 0.05.

Logistic regression method with Multinomial Logit Model. This method
was performed to classify the features according to their importance and
usefulness for distinguishing the experimental groups. The null hypothesis
(HO) was tested to define if all the features bring significant information, by
the Likelihood ratio test (-2 Log(Likelihood)), the Score test and the Wald

test: the model constructed on the basis of DS1 was compared with a simpler
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model composed of only one given constant (HO: Y= 0.274). Supplementary
Table 3 reports the results of the three tests, in terms of probability of the
Chi-square test (Pr > Chi2) which is always lower than 0.0001, letting
conclude that significant information is provided by the variables, and the

model based on DS1 is more robust than the one related to the null hypothesis.

Test of the null hypothesis: H0=0.274

Statistic Pr> Chi2

-2 Log(Likelihood) < 0.0001
Score < 0.0001

Wald < 0.0001

Supplementary Table 3. Assessment of the quality of the model. Results of the
logistic regression method, in terms of probability of Chi square (Chi2) test on the Log
Likelihood ratio, the Score and the Wald values.

In addition, to determine whether all the selected features bring significant
information, the Likelihood ratio test was performed removing a feature at a
time: Pr > LR (where Pr is the probability and LR is the Likelihood Ratio
Chi Square) checked for each feature, resulted to be smaller than 0.05. Hence,
all the features, except for PH1/LIP and 1400/LIP, are necessary to describe

the model (Table 3).
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Source Chkequare Pr>LR
(LR)
PH1/PRT 18.800 < 0.0001
COO/LIP 40.344 < 0.0001
1400/PRT 165.292 < 0.0001
PRT/CELL 45.253 < 0.0001
1460/PRT 34.674 < 0.0001
Ph1/CELL 57.622 < 0.0001
COO/CELL 114.257 < 0.0001
1400/1460 42.549 < 0.0001
CH2/LIP 40.992 < 0.0001
Al/AIl 28.540 < 0.0001
LIP/PRT 15.436 < 0.0001
1460/LIP 17.910 < 0.0001
CH/LIP 95.729 < 0.0001
CH/CELL 16.413 < 0.0001
CH2/CH3 50.999 0.002
CH/CH3 356.617 0.004
LIP/CELL 114.949 0.016
PH1/LIP 4.779 0.189
1400/LIP 5.699 0.210

Table 3. Likelihood ratio test. Each band area ratio was removed at a time and its
significant contribution was evaluated using the value Pr>LR. Highlighted in bold, Pr>LR

values lower than the selected significance threshold (0.05).

According to the results obtained by the three feature selection procedures
(‘Leave-one-out’ method on FDA, Variable Characterization method, and
Logistic regression method with Multinomial Logit Model), the following 17
features were selected as biomarkers and used to build a new dataset, DS2:
LIP/CELL, PRT/CELL, AI/Al, LIP/PRT, PHI1/CELL, PHI1/PRT,
COO/CELL, COO/LIP, 1400/PRT, 1460/PRT, 1400/1460, 1460/LIP,

CH/CELL, CH/LIP, CH/CH3, CH2/LIP, and CH2/CHS3.
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Univariate statistical analysis

DS2 dataset was submitted to ANOVA test for analysing the statistical
variance of selected biomarkers among the experimental groups CP, FF, EDF
and IF. The results are summarized in Figure 1. Each group was characterized
by specific levels of band area ratios, representative of different biological
traits. In particular, GCs from CP experimental group showed lower values
of the CH2/CH3 and CH2/LIP ratios (Fig. 1L,M), and higher values of the
1400/1460 ratio (Fig. 1H), indicating alterations in the proportion between
methyl and methylene groups and more branched lipid chains). In FF GCs,
higher values of LIP/CELL, CH/CELL, CH/LIP, and CH/CH; ratios
(respectively, Figs. 1A,I,J,K) were found, representative of an increment of
lipids with unsaturated alkyl chains. GCs from EDF group showed higher
values of PRT/CELL (Fig. 1B) and lower values of COO/CELL, COO/LIP
and LIP/PRT (respectively, Figs. 1D,E,P), indicating lower amounts of lipids
with respect to proteins; moreover, lower values of PH1/CELL and PH1/PRT
(respectively, Figs. 1C,Q) were found suggesting a decrement of phosphate
groups with respect to both the total cellular and proteins amounts. IF GCs
were mostly characterized by higher values of COO/CELL, COO/LIP and
1460/LIP (respectively, Figs. 1D,E,N), suggesting higher amounts of fatty
acids; in addition, the increase of the 1400/PRT, 1460/PRT, AI/AIl and
LIP/PRT ratios (respectively, Figs. 1F,G,0,P) was detected, suggesting a

lower amount of proteins with respect to lipid alkyl chains.
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Figure 1. Results of ANOVA. Box charts show the values of the 17 biomarkers for
each experimental group: centre line marks the median, edges indicate the 25% and 75%
percentile, whiskers indicate the 5% and the 95 percentile, the black square marks the
mean, black circles indicate the minimum and maximum values, coloured diamonds indicate
the outliers. Different letters above box charts indicate statistically significant difference

among groups. Statistical significance was set at 0.05.

Multivariate statistical analysis

The DS2 dataset was also submitted to multivariate statistical analysis by

using PERMANOVA and FDA.

Permutational — Analysis  of  Variance ~ (PERMANOVA).  The
PERMANOVA analysis indicated a strong discerning effect of the 17 selected
biomarkers in the segregation of GCs samples from CP, FF, EDF, and IF
experimental groups (P(perm) = 0.001, P(MC) = 0.001) (Supplementary

Table 4).

Source df Pseudo-F P(perm) Unique perms P(MC)
Group 3 30.885 0.001 998 0.001
Res 2293

Total 2296

Construction of Pseudo-F ratio(s) from mean squares

Source Numerator Denominator Num. df Den.df
Group 1*group 1*Res 3 2293

Supplementary Table 4. PERMANOVA results. The information of interest of
PERMANOVA are reported as: Source, the sources of variation in the model; df, the
degrees of freedom; Pseudo-F, the pseudo-F ratio; P(perm), permutation P value; P(MC),

Monte Carlo P-value.
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A pair-wise PERMANOVA was also performed to compare all pairs of
experimental groups. Supplementary Table 5 provides pair-wise post-hoc test
results, which confirm a statistically significant discerning potential of the 17

selected biomarkers respect to CP, FF, EDF, and IF GCs.

Groups t P(perm) Unique perms P(MC)
CP, IF 8.0024 0.001 999 0.001
CP, FF 4.2377 0.001 997 0.001
CP, EFD 4.9418 0.001 999 0.001
IF, FF 5.5322 0.001 999 0.001
IF, EDF 5.6797 0.001 997 0.001
FF, EDF 2.8348 0.001 998 0.001

Supplementary Table 5. Pair-wise PERMANOVA results. The information of
interest of pair-wise PERMANOVA are reported as: t, pseudo-t, calculated as the square
root of pseudo-F; P(perm), permutation P value; P(MC), Monte Carlo P-value.

Factorial Discriminant Analysis (FDA). The results obtained from the
two Box's tests, carried out by using the chi-square asymptotic approximation
and the Fisher’s F asymptotic approximation, and by the Kullback test
(Supplementary Table 6), confirmed the need to reject the hypothesis that the

covariance matrices are equal among the groups.
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Box’s test (chi-square)

Box’s test (Fisher’s F)

Kullback test

K (observed
-2Log(M) 14486.195 -2Log(M) 14486.195 7243.098
value)
Chi-square
F (observed .
(observed 14070.890 alue) 30.648 K (critical value) 509.947
value,
value)
Chi-square
" F (critical
(critical 590.947 4231.531 DF 570
value)
value)
DF 459 DF1 459 P < 0.0001
P < 0.0001 DF2 1939032 alpha 0.05
alpha 0.05 P < 0.0001
alpha 0.05

Supplementary Table 6.

equal between the groups:

approximation; Box’s test, carried out by using the Fisher’s F asymptotic approximation;

Kullback test.

The interpretation provided for the above cited tests, established that, as
the computed p value is lower than 0.05, the null hypothesis HO that the
within-class covariance matrices are equal, should be rejected. F1 and F2
factors, with a cumulative discrimination percentage of 86.887, were used to
perform the discriminant analysis. The plot describing how the 17 selected

biomarkers correlate with F1 and F2 factors is reported in Supplementary

Figure 1.

Test of the null hypothesis that the covariance matrices are

Box’s test, carried out by using the chi-square asymptotic
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Supplementary Figure 1. FDA correlation chart. Plot showing the correlation of
each biomarker with F1 and F2 factors. F1 and F2 have 62.75% and 24.14% of

discrimination percentage, respectively, for a cumulative percentage of 86.887%.

GC samples were classified by testing the posterior probability of the
observations to belong to one of the experimental groups. The overall success
of classification was high (80.06%); in particular, the confusion matrix
resulting from the analysis (Supplementary Table 7) reporting the percentage
of well characterized observations, showed that the best characterized group
resulted to be the EDF one (87.50%), followed by FF (84.62%), IF (80.15%)

and then CP (70.34%) groups.
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from\ to CP FF EDF IF Total % correct
CP 207 47 12 24 290 71.38%
FF 13 243 12 18 286 84.97%
EDF 0 22 177 1 200 88.50%
IF 30 26 1 210 267 78.65%
Total 250 338 202 253 1043 80.25%

Supplementary Table 7. Confusion matrix for the estimation sample. The
confusion matrix reports the reclassification of the observations, and shows the percentage

of well classified observations, calculated dividing the number of well classified observations

by the total number of observations.

The percentages were obtained dividing the number of well classified

observations by the total number of observations. Figure 2 shows the

observations plotted on the factor axes.

Observations (F1 and F2: axes 86.89 %)

F2 (24.14 %)

F1(62.75 %)

Figure 2. Classification of the observations by FDA. Two-dimensional chart

showing the observations plotted on the F1 and F2 factors, with a cumulative

discrimination percentage of 86.887.
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Canonical Analysis of Principal Coordinates (CAP). CAP analysis was

performed by using DS3 dataset (see Materials and Methods). The plot

obtained by CAP routine, showing the segregation of the four experimental

groups and the Pearson correlations as vectors, is reported in Figure 3.

03

0,2

0,1

CAP2

-0,1

-0.2

GROUP
e CP
IF
mFF
g A EDF
s %o
[ ]
. z’usu
140RPREELL & A”A'pRT,CELL
SLPICELL | CHiCH3
PARIGELL I A
coop~ HPPRT _chzicHs” ® ..
1460BRT  1260/LIP Py
N asd
| A
= am o, A
n B
02 0.1 0 0,1 0.2
CAP1

Figure 3. CAP plot. Constrained ordination of the observations plotted on the CAP1

and CAP2 axes, with vector overlay of Spearman rank correlations of each biomarkers with

CAP axes.

The cross-validation procedure assigned 69.565% of observations to CP,

73.913% to IF, 82.609% to FF and 91.304% to EDF, with a total correctness

of 79.35% (Supplementary Table 8).
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from\ to cpP FF EDF IF Total % correct
CcP 16 3 3 1 23 69.565 %
FF 2 19 1 1 23 82.609 %
EDF 0 2 21 0 23 91.304 %
IF 3 3 0 17 23 73913 %
Total 79.348 %

Supplementary Table 8. Confusion matrix for cross-validation. The confusion
matrix reports the leave-one-out allocation of observations to experimental groups, and
shows the percentage of well classified observations, calculated dividing the number of well

classified observations by the total number of observations.

Percentages of correctness were calculated dividing the number of well
classified observations by the total number of observations. The very large
(0.82259) first squared canonical correlation, the p value of 0.001, together
with the high cross-validation allocation success, additionally indicate the
significance of the 17 selected biomarkers in segregating GCs samples in the

experimental groups.

CONCLUSIONS

ART is a recognized medical practice leading to the birth of millions of
babies. However, the success rate of such practice is still unsatisfactory (18).
Furthermore, Patrizio and Sakkas stated that only approximately 5% of fresh
oocytes retrieved in ART leads to the birth of a baby (19), and it is still to
clarify if the remaining 95% of retrieved oocytes reflects “natural physiological

waste” or if we are not able to correctly assess their quality.
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In recent years, several studies have been conducted on cumulus and
granulosa cell transcriptome, metabolism and other functionalities, to identify
molecular biomarkers of oocyte quality (10,20-25); however, there is a lack of

consensus on the achieved results (10).

In the present study, an objective and reliable FTIRM-based method was
developed to characterize the vibrational fingerprint of Granulosa Cells and to
retrospectively relate this spectral information to the corresponding oocyte
clinical outcome, in terms of clinical pregnancy (CP), fertilization failure
(FF), embryo development failure (EDF'), and implantation failure (IF). A
specific set of inclusion/exclusion criteria for patients enrolling was first
established, to avoid bias such as age (26,27), stimulation protocols (22,28,29),

smoking habits (30,31), and infertility diagnosis (32).

From GCs spectral analysis, several band area ratios were calculated,
describing concentration and structure of the most relevant biomolecules in
GCs, including lipids, proteins, and carbohydrates. All these ratios were
submitted to a feature selection procedure (performed by ‘Leave-one-out’
method on FDA, Variable characterization method, and Logistic Regression
method with the Multinomial Logit model), with the aim to identify the
biomarker signature, defined as the minimal subset of band area ratios
necessary and non-redundant to segregate and characterize GCs belonging to
CP, FF, EDF, and IF experimental groups. This analysis identified 17 band
area ratios as spectral biomarkers, singularly analysed by univariate statistics
(ANOVA) and then validated by multivariate tools (PERMANOVA, FDA

and CAP analysis).
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ANOVA analysis pinpointed that each experimental group showed specific
spectral traits, ascribable to different biological characteristics of GCs. Hence,
these results confirm the close relation between oocyte fate and the follicular
microenvironment (20), and shed new light on the specific biochemical
alterations in GCs and how they impact on the different clinical outcomes of
their companion oocytes. In particular, fertilization failure (FF) seemed to be
associated with an impairment in GCs lipid metabolism, with higher amount
of lipids and unsaturated alkyl chains; embryo development failure (EDF)
could be ascribable to changes in GCs protein metabolism and phosphate
groups, while implantation failure (IF) could be related to alterations in GCs
lipid and protein metabolism, characterized by an increment of fatty acids and
lower amount of proteins. All these results also explained why oocytes from
the same patient can undergo different fates depending on the biochemical

characteristics of their companion GCs.

ANOVA analysis also confirmed that none of the 17 biomarkers could be
singularly used to segregate GCs belonging to the four experimental groups.
In this light, multivariate statistical analysis was performed on the complete
subset to validate its efficacy. As a first result, PERMANOVA analysis,
performed on the four experimental groups, both taken together and pair-wise,
evidenced a strong discerning effect of the 17 selected biomarkers in the
segregation of GCs samples from CP, FF, EDF, and IF experimental groups.
The analysis of the plot obtained from FDA evidenced a clear separation along
F1 axis (62.75% of discrimination) between CP and IF GCs from FF and

EDF ones, and hence between GCs from oocytes able or not to develop into
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embryos. Furthermore, F2 axis (24.14% of discrimination) segregated CP from
IF GCs, and hence embryos that gave pregnancy from those that failed
implantation. Moreover, the analysis of the plot describing how the 17 selected
biomarkers correlate with F1 and F2 factors is consistent with the results from
ANOVA for almost all the biomarkers. Particularly, CP GCs were
discriminated by 1400/1460 ratio; COO/LIP, COO/CELL and 1460/PRT
ratios resulted discriminant for IF GCs, while CH/LIP and CH/CELL
segregated FF GCs; finally, EDF GCs were separated by PH1/PRT and
PH1/CELL ratios. The confusion matrix reporting the percentage of well
classified observations, showed that GCs from oocytes unable to develop into
embryos (EDF and FF) were better characterized than those from oocytes

able to give viable embryos (IF and CP).

Finally, CAP analysis almost confirmed the results obtained from FDA,
demonstrating that the simplified dataset DS3 contains the fundamental
information necessary for the correct classification of GCs into the four

experimental groups.

Concluding, this innovative method represents a reliable and objective tool
to establish in a non-invasive way, the oocyte quality by analysing the

biochemical composition of the surrounding Granulosa cells.
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INTRODUCTION

Fourier transform infrared microspectroscopy (FTIRM) is a well-
established technique to obtain important structural information on the
molecular composition of a biological sample, and to perform relative
quantification of lipids, proteins, carbohydrates and nucleic acids (1).
However, the appropriate preparation of samples is crucial to exploit the full

potential of this technology (2).

To date, most of the FTIRM measurements on biological specimens have
been performed on dehydrated samples, either fixed or simply air-dried. The
spectrum of a fixed cell looks like the one reported in Figure 1, while the most

representative cellular bands are listed in Table 1.
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Figure 1. Representative IR spectrum of a fixed cell.
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Primary cell
Frequency (cm™) Assignment .
constituent
Intracellular water and
~ 3500 O-H str. of hydroxyl groups
carbohydrates
~ 3200 N-H str. (Amide A) Proteins
Unsaturated aliphatic
~ 3010 =C-H str.
chains of lipids
Sym. and asym. str. of
Saturated aliphatic
3000-2800 aliphatic -CH, -CH; and -CHs
chains of lipids
groups
~ 1730 >C=0 str. of ester Phospholipids
>C=0 str. of carbonic acids | Amino acid side-chains
1715-1690
and nucleotide bases and nucleic acids
Amide | (80% C=0 str., 10%
1700-1600 Proteins
C-N str., 10% N-H def.)
Amide 11 (40% C-N str., 60%
1580-1480 Proteins
N-H def.)
Phl, P=0 asym. str. of POy
1250-1220 Nucleic acids backbone
phosphodiester
Complex network of ring
1200-900 C-O-C str., C-O str, C-O-P vibrations of
carbohydrates
Phll, P=0 symstr. of POz
~ 1085 Nucleic acids backbone
phosphodiester

Table 1. Assignment of the most diagnostic vibrational bands, commonly found in FTIR

cellular spectra. Abbreviations: str. = stretching; def. = deformation; sym. = symmetric;

asym. = asymmetric. Cell constituents to whom some IR-bands are usually associated are
also reported. The assignment is done taking into consideration, besides the spectroscopic
variables, that the major constituents of a eukaryotic cell are proteins, nucleic acids,

carbohydrates and lipids.

The position, width, shape and intensity of a band are diagnostic for the
macromolecular content, as well as for the state of order of lipids and folding

pattern of proteins and nucleic acids.

Beyond the major simplicity of working with fixed samples, notable

limitations have been encountered for FTIRM analysis of cells under
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physiological ‘wet’ conditions. Recently, the team of SISSI Beamline of Elettra
Synchrotron suggested and optimized the exploitation of microfabrication
approaches for the realization of fluidics devices dedicated to real-time analysis
of living cells. Thanks to these devices, they demonstrated that any
dehydration protocol has specific effects on the cellular biochemistry, intended
as macromolecular content, folding state of proteins, order of lipid membranes

(3-5).

The spectrum of a cell under physiological conditions appears different
from that of a dried cell, due to the presence of intracellular water, which
accounts for almost 70% of a eukaryotic cell weight (Figure 2). Liquid water
has three vibrational modes in the MIR: two stretching modes centred at ~3450
and 3600 cm™, and a bending mode centred at 1645 cm™ (these contributions

can be seen in the water spectrum in Figure 2).

Spectral profile of a dehydrated cell

2,5
s <—1 Amide I band of cellular proteins
‘ <7 Amide II band of cellular proteins
1,5
El
S 1,04
< {— r .
05 0| 1500 1250 1000
i ~ Spectral profile of a hydrated cell
0,0

4000 3500 3000 2500 2000 1500 1000
® (cm'1) l Bending mode of water

Stretching modes of water ’

Combination of the bending
and librational modes of water

69



Figure 2. FTIR spectra of a dried cell (background image) and a wet cell (foreground
image). The spectral shape of the wet cell is dominated by water spectral features (watery

filled spectrum).

While water stretching modes are in a spectral region scarcely diagnostic
for the cell, the bending mode completely masks the Amide I band, and
partially the Amide II band, therefore limiting the diagnostic capability of the
technique in terms of cellular proteins. In order to unmask Amide I profile,
removing the water contribution to the cellular spectrum, the optical path of
the device has to be lower than 10 pm, which represents the so called “water
absorption barrier”. Very few scientific reports have been published on FTIRM
of living cells, due to the limitation of commercial devices to be used to this
aim. Commercial liquid experimental chambers are commonly obtained by
spacing apart two IR transparent windows by a plastic spacer, kept in contact
by appropriate sample holders. However, such demountable liquid cells do not
guarantee a perfect closure and do not ensure a controlled and constant optical
path through the whole device, which represents a crucial prerequisite for the
accuracy in water subtraction, and therefore data quality, reliability and
repeatability. For the purpose of this study, a new microfluidics device has

been optimized.

The aim of this study was to assess a fast, user-friendly and reliable
preparation protocol for the samples of interest, based on simple air-drying of

GCs on appropriate supports. To achieve this, it was fundamental to ascertain
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that the dehydration procedure does not affect the most relevant IR spectral

bands, by comparing the spectral features of ‘wet’ and ‘dried’ samples.

EXPERIMENTAL SECTION

The study was approved by the Internal Review Board of Tecnobios
Procreazione, in full accordance with the Declaration of Helsinki (World Med.
Ass. 2013). To participate in this investigation, each patient signed a written
consent, which included the donation of GCs. All samples were anonymous
and marked by a code and hence it was impossible to correlate them to a

physical person.

Luteinized GCs collection

20 patients enrolled in an in wvitro fertilization program, were recruited
according to the following inclusion criteria: regular ovulatory menstrual
cycles; FSH < 10 IU/T on day 3 of the menstrual cycle; non-smokers, and
without ovarian infertility nor endometriosis diagnosis. Controlled ovarian
stimulation was induced using leuprorelin (Enantone, Takeda, Rome, Italy)
and rFSH (Gonal-F, Serono, Rome, Italy, or Puregon Organon, Rome, Italy).
HCG at 10,000 TU (Gonasi, Amsa, Rome, Italy) was administered when one

or more follicles reached a diameter of ca. 23 mm (6).

At the end of the treatment, a pool of luteinized GCs was collected from
all the follicles of each patient, according to the following protocol. The

follicular fluid was centrifuged at 1100 x g for 10 min and the pellet was
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resuspended in 2 mL of gamete medium, overlaid on 1 mL pure sperm 50%
(obtained by pure sperm 80 and gamete buffer medium) and centrifuged again
at 1600x g for 13 min to separate GCs from the red blood cells. After
centrifugation, GCs were recovered, placed in 1mL of NaCl 0.9% solution and
then centrifuged at 300x g for 10 minutes. The supernatant was discarded,
and the pellet was resuspended in ImL of NaCl 0.9% solution and centrifuged

again at 300 x g for 10 minutes.

A 10 pl aliquot of each GCs sample was dropped onto a CaF, optical
window (1-mm thick) and dried for 30 min at RT under a biological hood, and
a 10 ul aliquot was dropped in the biocompatible CaFs microfluidic device.
Further details on sample preparation procedures are reported in the following

dedicated paragraphs.

Design, optimization and manufacturing of microfluidic devices
for living GCs analysis (by SISSI Beamline team, FElettra-Synchrotron

Trieste)

For the purposes of the project, new microfluidics devices, transparent to
both Visible and Infrared radiation have been designed and built at Elettra-
Synchrotron Trieste to perform FTIRM of living GCs in physiological
conditions. The two windows composing the device are kept in contact by
pressure, generated by a “piston” that is pressed onto the window via a
threaded cover. This design allows not only fluid containment, but also
circulation of liquids. The fluid flows into the measurement chamber for

capillary (the inlet path is connected to a syringe by a PIC capillary); the
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excess of liquid from the measurement chamber is aspirated by a syringe pump

connected to the outlet via a PIC capillary.

Spectra collection and data analysis of ‘dried’ GCs

GC samples from the above cited 20 patients have been collected for
‘dried’ cell measurements. The same samples have also been measured under
physiological conditions. At this stage, information on the patients’ anamnesis
is not relevant, since a one-to-one correlation has been addressed between
‘wet” and ‘dried’” GCs of the same patient. The samples (patients) were
generically named with capital letters, followed by the suffix d for ‘dried’:

A d,B d,C d,..

Sample preparation

GCs suspended in NaCl 0.9% were prepared for FTTRM analysis as follows.
10 pL of GCs suspension (10° cells/ml) were dropped with a Gilson pipette
onto a CaF,; UV grade support by Crystran Ltd. (38.0X26.0X1.0mm). Drops
were then dried at room temperature under a biological hood. With respect to
the protocol proposed in this research, we established that CaF, substrate is
more suitable for the analysis with respect to silicon IR windows. First, CaFs
is transparent to visible light, hence allowing both sample visualization and
IR data collection in transmission mode. Second, the superior IR transparency
of CaF; guarantees the acquisition of spectra with a higher Signal to Noise
(S/N) ratio. Moreover, data collection on ‘wet’ GCs has been carried out by
using fluidic devices with CaFy optical windows, therefore making the two

datasets more comparable.
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Data collection

FTIRM measurements were carried out at the SISSI beamline, Elettra-
Synchrotron Trieste, equipped with a Vis-IR Hyperion 3000 microscope
coupled with a Vertex 70 interferometer (Bruker Optics GmbH, Germany). 50
densely packed GCs monolayer areas (30x30 pm) were selected with visible
light, and the corresponding infrared spectra were collected in transmission
mode, with a conventional Glow Bar source. A 15X Schwarzschild objective
(NA=0.4, working distance=24 mm) matched with a 15X condenser in the
Mid-IR region with a single point Hg-Cd-Te (MCT) detector was used. Each
spectrum was the result of 256 scans, collected with a spectral resolution of 4
cm? in the TR spectral range 5000-800 cm™. The background spectrum was
collected every 10 sample points on a clean zone of the optical window, in
order to compensate the fluctuations of carbon dioxide and water vapour
during the measurement time. The final absorbance spectra were further
corrected for water vapour and CO: contributions running the Atmospheric
Compensation routine of OPUS NT 7.1 software (Bruker Optics GmbH,

Germany).

Data analysis

To select 20 statistically representative spectra for each patient, the
following procedure was adopted. The 50 raw spectra of each patient were
integrated in the spectral ranges 3030-2800 and 1780-900 cm™ and the sum of
these areas, commonly considered indicative of the Total Cell Biomass (TCB),

was calculated (OPUS NT 7.1 software). The average (AVG) and standard
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deviation (STD) of TCB were then evaluated and 20 spectra with a TCB
included in the range AVGESTD were selected for the spectral analysis. For
each patient, the 20 selected spectra were Second Derivative (DII) transformed
(Savitzky-Golay smoothing algorithm, 9 smoothing points), vector normalized
in the entire spectral range and averaged to obtain the DII AVG spectrum
and the corresponding DII STD. The DII AVG spectra so obtained for ‘dried’

GCs, were compared with the corresponding ones of ‘wet’ GCs.
Spectra collection and data analysis of ‘wet’ living GCs

GCs from the previously cited 20 patients were collected for living cell
measurements. The same samples were measured after air-drying procedure.
At this stage, information on patient anamnesis is not relevant, since a one-
to-one correlation was addressed between ‘wet’ and ‘dried’” GCs of the same
patient. The samples (patients) were generically named with capital letters,

followed by the suffix w for ‘wet’: A_w, B_w, C_w, ...

Sample preparation

10 pL of GCs suspension 10° cells/ ml in NaCl 0.9% were dropped with a
Gilson pipette on the bottom window of the microfluidics device previously
described. Once assembled the device and connected it to the physiological
solution reservoir (inlet path) and the syringe pump (outlet path), the sample
was first visualized and 50 spectra of small cell groups with a lateral resolution

of 30x30 um were selected (Figure 3).
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Figure 3. Microphotograph of a living GCs sample inside the microfluidic device. The
green square represents the selected area (30x30 pm) on which the IR acquisition was

performed.

Data collection

FTIRM measurements were carried out at the SISSI beamline, Elettra-
Synchrotron Trieste, equipped with a Vis-IR Hyperion 3000 microscope
coupled with a Vertex 70 interferometer (Bruker Optics GmbH, Germany). 50
densely packed GCs monolayer areas (30x30 pm) were measured in
transmission mode, with a conventional Glow Bar source. A 15X
Schwarzschild objective (NA=0.4, working distance=24 mm) matched with a
15X condenser in the Mid-IR region with a single point Hg-Cd-Te (MCT)
detector was used. Each spectrum was the result of 256 scans, collected with

a spectral resolution of 4 cm™ in the IR spectral range 5000-800 cm™. A
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spectrum of the physiological solution was collected every 5 close sampled
points; in addition, a background spectrum was collected on a clean zone of a
CaF; optical window (1-mm thick), in order to compensate the fluctuations of
carbon dioxide and water vapour during the measurement. The final
absorbance spectra were further corrected for water vapour and CO»
contributions running the Atmospheric Compensation routine of OPUS NT

7.1 software (Bruker Optics GmbH, Germany).

Data analysis

To select 20 statistically representative spectra for each patient, the
following procedure was adopted. The 50 raw spectra of each patient were
Second Derivative (DII) transformed (Savitzky-Golay smoothing algorithm, 9
smoothing points) and a spectral selection was performed by analysing the
region 1280-1150 cm™ (representative of the nucleic acids content and free
from water spectral contributions): spectra with poor S/N ratio were
discarded. For each patient, a number of 20 spectra was finally chosen. The
selected 20 DII spectra were vector normalized in the entire spectral range and
averaged to obtain the DII AVG spectrum and the corresponding DII STD for
each patient. The DII AVG spectra so obtained for ‘wet’ GCs were compared

with the corresponding ones of ‘dried’ GCs.
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RESULTS

In order to confirm the reliability of the air-drying procedure, for each
patient a careful comparison between DII average spectra of both ‘dried’ and

‘wet’ GCs was performed in the spectral range 3040-900 cm™ (Figure 4).

& Absidv®

Wavenumber (cm)

Wavenumber (™)

Figure 4. Example of comparison of DII average spectra of both dried (.._d) and wet
(.._w) GCs from patients A (i), B (ii), C (iii), and D (iv), reported in the spectral range
3040-900 cm™.

The comparison was carried out on DII average spectra, since they
normally exhibit a higher resolution of the bands, with respect to spectra in
absorbance mode. In particular, it was possible to analyse convoluted
absorptions, allowing discrimination of the single component bands (Amide I,

Amide II, PhI, PhII, etc., see Table 1). In addition, to avoid the contribution
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of water (~3500 cm™) in ‘wet’ samples, the analysis was carried out in the

spectral range 3040-900 cm™.

An impressive correspondence was observed for all the patients, in the
spectral profiles from both ‘dried’ and ‘wet’ GCs. In particular, a complete
superimposition was found in the most meaningful biochemical bands:
symmetric and asymmetric stretching vibrations of alkyl groups (3008, 2959,
2924, 2872, 2851 cm™); lipid ester carbonyl stretching (1745 cm™); thymine
carbonyl stretching (1713 cm™); Amide I (B-sheets: 1694, 1682, 1626 cm™; o-
helices: 1656 cm™); Amide II (a-helices and random coils: 1546 cm™); CH,
bending vibration (1464 cm™); asymmetric stretching of phosphate moieties
(1241 cm); CO-P stretching vibration (1171 cm™); symmetric stretching of

phosphate moieties (1086 cm™), and DNA backbone vibration (969 cm™).

As expected, all ‘wet’ spectra showed an additional band at 1640 cm™,
corresponding to H-O-H deformation of water. This absorption significantly
compromises the analysis of Amide I band, meaningful for proteins secondary

structure.

DISCUSSION

Many advantages can be highlighted by acquiring IR spectra on ‘dried’
samples: the procedure for sample preparation is faster, cheaper and user-
friendly; the air-drying procedure does not affect the consistency and reliability

of the spectral data; ‘dried’ spectra do not show the contribution of water,
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which compromises the analysis of diagnostic spectral ranges, such as Amide

L

Thanks to the results we obtained in this one-to-one correlation study,
which demonstrated the effectiveness of the air-dehydration protocol of GCs,
we decided to use this procedure to prepare the samples for all the FTIRM

studies described.
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INTRODUCTION

Folliculogenesis is a very complex set of biochemical mechanisms, which
makes possible follicular development, oocyte maturation, cumulus expansion,
and hence ovulation (1). All these processes are strongly influenced both by
the oocyte and its somatic cells, which participate in a constant cross-talk,
consisting of a continuous and bi-directional exchange of factors, transferred
in an extracellular way through the follicular fluid, or by gap junctional
coupling. Mural granulosa cells (GCs) carry out many important functions,
such as the accumulation of oocyte secreted metabolites, the production of
estradiol during follicular growth and the secretion of progesterone after
ovulation. They also produce, through carbohydrate and lipid metabolism,
glucose employment, and lipid oxidation and storage in lipid droplets, essential
nutrients used as an energy source during oocyte maturation (2-5). A
dysregulation in the production and consumption of all these molecules can
lead to severe cellular damage; an excessive amount of lipids in GCs is reported
to determine endoplasmic reticulum stress, mitochondrial dysfunction and
apoptosis, leading to decreased rates of oocyte nuclear maturation and
fertilization (6,7). In this light, the creation of appropriate in vitro models for

studying all these processes is desirable (8).

Many attempts have been performed to develop new analytical tools for
acquiring information on mechanisms and factors involved in oocyte
competence acquisition and quality (9). In this regard, it is clearly necessary
to improve the actual knowledge of the macromolecular composition and

metabolic processes of GCs. However, a recent study suggested that the in
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vitro analysis of these cells could be influenced by culture conditions, which

could induce meaningful alterations on their biochemical components (10).

Fourier Transform Infrared spectroscopy is a well-established vibrational
technique widely and successfully applied in life sciences for the study of the
biomolecular building blocks and composition of cells and tissues. By the
analysis of the position, intensity and width of infrared spectral bands, it is
possible to investigate functional groups, bonding types and molecular
conformations of the most relevant biological molecules (proteins, lipids,
sugars and nucleic acids) in a fast and label-free way (11). In particular, the
coupling of IR spectrometry with visible light microscopy enables application
of this technique to various biomedical fields of research for diagnostic
purposes. In fact, Fourier Transform InfraRed Microspectroscopy (FTIRM)
allows detection of subtle biochemical changes at a cellular level, providing at
the same time and on the same sample, unique chemical and morphological
information on the composition and the structural building blocks of all the
biomolecules of interest, and hence on cellular activity, metabolism and

oxidative stress status (12-14).

In this study, FTIR microspectroscopy was exploited for the first time to
analyse, in a fast and reliable way, GCs both immediately after their collection
and in vitro cultured for 24, 48 and 96 hours. The analysis of the vibrational
data allows definition of the macromolecular composition and structure of
fresh GCs. In addition, the biological alterations induced by in wvitro culture

protocols were determined and are discussed in terms of lipid metabolism.

86



EXPERIMENTAL SECTION

The study was carried out on human GCs and was approved by the
Internal Review Board of Tecnobios Procreazione, in full accordance with the
Declaration of Helsinki (World Med. Ass. 2013). To participate in this
investigation, each patient signed a written consent, which included the
donation of GCs. All samples were anonymous and marked by a code and

hence it was impossible to correlate them to a physical person.

Sample preparation

17 dedicated consenting patients were recruited according to the following
inclusion criteria: medium age 36.8+3.4 years, non-smokers, mean body mass
index BMI 19.94+1.8. Patients were enrolled in an in vitro fertilization program
because of the following pathologies: male infertility (n. 7); idiopathic
infertility (n. 4); low ovarian reserve (n. 4), and diagnosis of endometriosis (n.
2). They were subjected to a controlled ovarian stimulation induced by
leuprorelin (Enantone, Takeda, Rome, Italy) and rFSH (Gonal-F, Serono,
Rome, Italy, or Puregon Organon, Rome, Italy). HCG at 10,000 IU (Gonasi,
Amsa, Rome, Italy) was administered when one or more follicles reached a

diameter of ca. 23 mm (15).

GCs were collected from follicles aspirates during oocytes retrieval from
each patient, according to the following procedure. Follicular fluid was
centrifuged at 1100x g for 10 min and the pellet was resuspended in 2 mL of
gamete medium, overlaid on 1 mL pure sperm 50% (obtained by pure sperm

80 and gamete buffer medium) and centrifuged again at 1600x g for 13 min to
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separate GCs from the red blood cells. After centrifugation, GCs were
recovered, placed in 1 mL of NaCl 0.9% solution and then centrifuged at 300x
g for 10 minutes. The supernatant was discarded, and the pellet was
resuspended in 1 mL of NaCl 0.9% solution, centrifuged again at 300x g for 10
minutes, and then resuspended in 500 pL of NaCl 0.9% solution. All the
retrieved GCs samples were merged in a unique pool. A 10 ul aliquot of this
dispersion (considered as control group, CTRL) was deposited onto a CaF,
optical window (1 mm thickness, 13 mm diameter) and dried for 10 min at
room temperature under a biological hood for FTIRM analysis. The remaining
cells were centrifuged for 5 min at 600x g and resuspended in 3 ml of
Dulbecco’s modified medium (DMEM)/Ham’s F12 (1:1) supplemented with
5% foetal calf serum and an antibiotic-antimycotic solution of penicillin (100
IU/ml) and streptomycin (100 TU/ml). GCs were incubated at 37°C with 5%
CO; on Petri dishes (BD Biosciences) for 24, 48 and 96 hours (experimental
groups named 24H, 48H and 96H). Cells from a single Petri dish were
initially centrifuged at 5 min at 600x g, the supernatant was removed, and the
cell pellet was resuspended in 5 ml of sterile NaCl 0.9% solution. After
additional centrifugation for 5 min at 600x g, the cell pellet was resuspended
in 100 pl of sterile NaCl 0.9% solution. A 10 ul aliquot of this suspension was
deposited onto a CaFs, optical window and dried for 10 min at room
temperature under a biological hood for FTTRM analysis. All experiments were

carried out in triplicate.
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FTIRM measurements and data analysis

FTIRM measurements were carried out at the infrared beamline SISSI
(Synchrotron Infrared Source for Spectroscopic and Imaging), Elettra
Sincrotrone Trieste (Trieste, Italy). A Hyperion 3000 Vis-IR microscope
coupled with a Bruker VERTEX 70 interferometer (OPUS 7.1 software
package, Bruker Optics, Ettlingen, Germany) was used. The spectrometer was
equipped with a HgCdTe (MCT_A) detector operating at liquid nitrogen

temperature, which covers the entire IR spectral range from 4000 to 700 cm™.

On each sample, ~30 areas were selected by visible microscopy on which
IR spectra were collected in transmission mode (spatial resolution 30x30 pum?,

1 zero-filling factor of 2 in the spectral range

spectral resolution 4 cm~™
4000—800 cm ™', scanner velocity 40 kHz, 256 scans). Microscope knife-edge
apertures were set at 30x30 pm?, using a 15X Schwarzschild condenser and
objective (NA = 0.4). Background spectra were collected using the same
parameters on clean zones of the CaFs optical window. All the collected spectra
were corrected for the contribution of atmospheric carbon dioxide and water
vapour with the compensation routine of OPUS 7.0 software (Bruker Optics

GmbH) and then vector normalized. Spectra having at 1660 cm™ a peak height

lower than 0.07 a.u. were discarded.

The remaining IR spectra were integrated under the following spectral
regions (OPUS 7.1 software): 3000-2836 cm™ (representative of all cellular
lipids, LIPIDS); 2970-2948 cm™ (VasymmCHs, asymmetric stretching mode of

methyl groups, CH3); 2948-2899 cm™ (VasymmCHa, asymmetric stretching mode
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of methylene groups, CH2); 1780-1715 cm™ (vCOO, stretching mode of
triglycerides ester moieties, TRIGLYCERIDES); 1715-1481 cm™ (Amide I and
IT bands, representative of all cellular proteins, PROTEINS), and 1286-1191
cm™? (Vagymm POs, asymmetric stretching mode of phosphates, PhI). The sum
of the integrated areas 3000-2836 cm™ and 1775-950 cm™ was considered
indicative of the total dried cellular biomass (CELL). If not differently
reported, band assignment is given on the basis of the review of Movasaghi

and colleagues (16).

The absorbance average spectra of all samples as well as their standard
deviation (absorbance average spectra = S.D.) were calculated in the 4000-900
cm™ spectral range, and then a two-point linear baseline was fitted and vector
normalized in the same interval. Peak Fitting procedure (Gaussian algorithm)
was performed on absorbance average spectra £ S.D. in the 1350-900 cm™
spectral range (GRAMS/AI 7.02, Galactic Industries, Inc., Salem, NH). The
number of peaks and the corresponding wavenumbers were carefully
determined and fixed according to second derivative results. For each
component peak, the mean value of the integrated area was calculated. The
sum of the integrated areas of all the underlying bands in the 1350-850 cm™
range was also evaluated (named TOT) and used to calculate specific band

area ratios.

Statistical analysis

Normalized infrared spectra were analysed with R Studio (RStudio:

Integrated Development for R. RStudio, Inc., Boston, MA) using algorithms
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developed in-house. PCA (Principal Components Analysis), commonly used
for the analysis of large spectral data sets, was employed a multivariate
analysis tool to differentiate the data according to culture times. PCA was
performed on all the groups and in a pair-wise way, to improve the

identification of the differences among the experimental groups.

Band area ratios were presented as mean £+ S.D. Significant differences
between experimental groups were determined by means of a factorial analysis
of variance (one-way ANOVA), followed by Tukey's multiple comparisons
test, using the statistical software package Prism6 (Graphpad Software, Inc.

USA). Statistical significance was set at P< 0.05.

Furthermore, a non-parametric multivariate analysis of variance
(PERMANOVA or NPMANOVA) was performed with the PERMANOVA+
add-on package of the PRIMER software, version 6, according to the software
tutorial (17). The dataset used was composed of the ratios obtained from the
integrated bands of absorption spectra. All the integration data were
normalized and Euclidean-distanced, then the multivariate patterns were
checked. The number of permutations was always set at 999. Statistical
significance was set at 0.05 and was evaluated by the P value obtained by the
permutation procedure for each term (P(perm)) (18) and by the Monte Carlo
random draws from the asymptotic permutation distribution (P(MC)) (19). A
pair-wise PERMANOVA was also performed to compare all pairs of levels of
the factor of interest (groups). In order to highlight and graphically show
significant differences among the experimental groups, the same distance

matrix of data was subjected to the Canonical Analysis of Principal
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Coordinates (CAP) constrained ordination (20), with the culture time as
response variable. The a priori hypothesis of no difference within experimental
groups was tested evaluating a P value obtained using permutation
procedures; the number of permutations was set at 999. The significance of
the hypothesis of group differences in relation to the multivariate data was
indicated by the value of the first squared canonical correlation (§_1?). Lastly,

a cross-validation procedure was performed.

RESULTS

GCs, retrieved as a pool from consenting patients enrolled in an in vitro
fertilization program, were analysed by FTIRM. In particular, GCs were
investigated both immediately after their collection (considered as control
group, CTRL) and after in vitro culture for 24, 48 and 96 hours
(corresponding to 24H, 48H and 96H experimental groups). Only lean
patients were enrolled for the study, in order to avoid other contributions on

cellular metabolism, due to overweight or obese conditions.

The average absorbance spectra of fresh and cultured GCs are reported in
Figure 1. With respect to CTRL cells, the spectral profiles of GCs cultured
for 24, 48 and 96 hours (24H, 48H and 96H) showed significant modifications
in the 3050-2800 cm™ (asymmetric and symmetric stretching modes of CHy/s
of lipids) and 1180-1140 cm™ (stretching modes of C-OP and C-OH bonds)
spectral regions as well as in the band at ~1743 cm™, due to the stretching of

COO moieties of triglycerides.
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Figure 1. Absorbance average spectra of CTRL, 24H, 48H and 96H GCs reported in
the spectral range 4000-900 cm™. Grey areas indicate the 3000-2800 cm™ and 1180-1140 cm-

! regions as well as the band at 1743 cm™.

Multivariate analysis is informative for a detailed understanding of the
differences in spectral profiles of the GCs at different culture times, and
therefore, PCA was employed to analyse and compare the spectral profiles of
experimental groups. Figure 2A shows the PCA scatter plot of GCs spectra
from all the four experimental groups. At each culture time (24H, 48H and
96H), a segregation of GCs from the CTRL group was observed. CTRL
spectra showed a wide distribution in the PCA space, with respect to 24H,
48H and 96H groups. The pair-wise comparisons of CTRL vs 24H, CTRL
vs 48H and CTRL vs 96H GCs spectra are showed in Figures 2B, 2C and
2D, respectively. All plots clearly display that PC1 differentiates between the
control group and each of the others, and the loadings corresponding to

Principal Component 1 of all the PCA tests (Figure 2E), confirmed that the
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PC2

PC2

most visible discriminant features were the same as those previously

highlighted on average absorbance spectra.
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Figure 2. PCA scatter plots of all the experimental groups (a), CTRL vs 24H (b), CTRL
vs 48H (c), CTRL vs 96H (d). Loadings corresponding to PC1 of CTRL vs 24H, CTRL
vs 48H and CTRL vs 96H PCAs (e). Grey areas indicate the 3000-2800 cm™ and 1180-
1140 cm™ regions, and the band at 1743 cm™.

Specific band area ratios were calculated for 24H, 48H and 96H cells, by
using the area integrals described in the Experimental section and compared
with those corresponding to GCs analysed immediately after their collection

(CTRL) (Figure 3). The analysis of their numerical variation among the
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experimental groups leads to the following considerations: (i) the total amount
of cellular lipids (LIPIDS/CELL), calculated as the ratio between the
integrated area in the 3000-2836 cm™ spectral region (corresponding to CH,
and CH; symmetric and asymmetric stretching modes) and CELL value,
showed a significant increase in all cultured GCs (~45% in 24H and 48H, and
~37% in 96H); (ii) the ratio between the integrated area of the band at 1743
cm™ (corresponding to the symmetric stretching of triglycerides ester moieties)
and CELL value (TRIGLYCERIDES/CELL) gave a significant and consistent
increase at each culture time (~134% in 24H, ~129% in 48H and ~101% in 96H
GCs); (iii) by comparing only cultured cells, both LIPIDS/CELL and
TRIGLYCERIDES/CELL ratios showed a slight reduction at the longest
culture time; (iv) the CH2/CHS3 band area ratio significantly increased at all
culture times (~23% in all cultured cells); (v) the total amount of cellular
proteins (PROTEINS/CELL), calculated as ratio between the integrated area
of the 1723-1481 cm™ spectral region (corresponding to Amide I and II bands)
and CELL value, did not significantly change in all experimental groups; (vi)
the ratio Phl/CELL, calculated as the integrated area of the band at ~1240
cm™ to CELL value, showed a significant decrease in cultured GCs (~28% in

24H, ~33% in 48H and ~18% in 96H GCs).
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Figure 3. Numerical variation of the following band area ratios, calculated on CTRL,
24H, 48H and 96H GCs spectra: LIPIDS/CELL, TRYGLICERIDES/CELL, CH2/CH3,
PROTEINS/CELL, and PhI/CELL. Values were reported as mean+SD. Significant
differences between experimental groups were determined as described in Materials and

Methods (see Statistical Analysis) and reported with different letters.

Peak fitting analysis was carried out in the 1350-850 cm™ spectral region,
containing the vibrational modes of phosphates, carbohydrates and nucleic
acids. By comparing the fit of CTRL cells with those of cultured GCs (24H,
48H and 96H), only the underlying bands listed below showed statistically
significant modifications in the values of area, height and width: 1237 cm™
(Vasymm POy, asymmetric stretching mode of phosphates, PhI), 1171 cm™ (C-
O non H-bonded stretching mode, CO-R), 1151 cm™ (C-O H-bonded stretching

mode, CO-H), 1087 cm’ (Vgmm PO, symmetric stretching mode of
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phosphates, PhII), and 1054 cm™ (vC-O, 8C-O bonds in carbohydrates,

GLYCO).

By analysing the numerical variation of specific band area ratios (Figure
4), the following conclusions can be drawn: (i) the value PhI/TOT, calculated
as ratio between the integrated area of the band at 1237 cm™ (Vagymm PO2,
asymmetric stretching mode of phosphates) and the sum of all the bands in
the 1350-850 cm™ interval (named TOT), significantly decreased at each
culture time (~22% in 24H, 48H and 96H), as already observed in
PhI/CELL; (ii) the value CO-R/TOT, calculated as ratio between the
integrated area of the band at 1171 ¢cm™ (v C-O non H-bonded) and TOT,
was always significantly higher in all cultured cells with respect to CTRL
ones, with a decreasing trend on going from 24H to 96H GCs (~260% in 24H,
~220% in 48H and ~160% in 96H); (iii) the ratio CO-H/TOT, calculated by
dividing the integrated area of the band centred at 1151 ¢cm™ (v C-O H-
bonded) by TOT, showed the same trend as the CO-R/TOT ratio, with
significantly higher values (~5-6 times) in all cultured cells with respect to
CTRL ones; (iv) the ratio PhII/TOT, obtained dividing the integrated area
of the band at 1087 cm™’ (Vgmm POy, symmetric stretching mode of
phosphates) by TOT, significantly decreased in cultured cells in 24H and 48H,
and then slightly increased in 96H ones; (v) the value GLYCO/TOT,
calculated as the ratio between the integrated area of the band centred at 1054
cm™ (vC-O and 8C-O of carbohydrates, stretching and bending modes of C-O

groups of carbohydrates) and TOT, showed a decrease in cultured cells at
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24H and 48H, and then a slight increase in 96H ones, but none of these

alterations were significant.
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Figure 4. Numerical variation of the following band area ratios, calculated by Gaussian fit
on CTRL, 24H, 48H and 96H GCs average spectra: PhI/TOT, CO-R/TOT, CO-H/TOT,
PhII/TOT. Values were reported as mean+SD. Significant differences between
experimental groups were determined as described in Materials and Methods (see Statistical

Analysis) and reported with different letters.

The PERMANOVA analysis performed on the integration data showed a
significant difference among all the groups, as reported by both P(perm) and
P(MC) (Table 1a). A pair-wise PERMANOVA was also performed to compare
the 4 experimental groups in pairs. Table 1b illustrates the results of the pair-
wise post-hoc results, which confirm the statistically significant difference

among GCs on the basis of culture time.
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Unique

Source df Pseudo-F P(perm) P(MC)
perms
Gr 3 139.24 0.001 998 0.001
Res 485
Total 488
Unique
Groups t P(perm) perms P(MC)
CTRL, 24H 15.035 0.001 998 0.001
CTRL, 48H 14.516 0.001 997 0.001
CTRL, 96H 12.034 0.001 998 0.001
24H, 48H 2.547 0.002 999 0.004
24H, 96H 5.7921 0.001 998 0.001
48H, 96H 5.7818 0.001 098 0.001

Table 1. Output for PERMANOVA test, displaying degrees of freedom (df), Pseudo-F,
P(perm), number of permutations (Unique perms) and P(MC). Results obtained by pair-
wise PERMANOVA, displaying the pseudo-t value (t), P(perm), the number of

permutations (unique perms) and P(MC).

The CAP constrained ordination of the integration data shows a clear
separation of the control group from all the other ones. Spectral data were
normalized and organized in a Euclidean-distance matrix; the number of
permutations was set at 999. To assess the statistical significance associated
with the discriminative potential of the analysis, we evaluated the first and
the second squared canonical correlation (§_1% and §_2%) and the P: the first
two squared canonical correlations are very large (0.9953 and 0.823), meaning

that the canonical axes CAP1 and CAP2 generate a very good separation of
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the experimental groups; the P is equal to 0.001 (Figure 5). The cross-
validation procedure correctly assigned 100% CTRLs, 87.097% 24Hs,

96.552% 48Hs, and 100% 96Hs, with a total correctness of 96.144%.
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Figure 5. Canonical ordination for the discriminant analysis of spectral data of GCs
at different culture time. The values of & 1% (0.99533), P (0.001) and number of

permutations (999) are highlighted.

DISCUSSION

GCs have been proposed and widely used as an in wvitro model to assess
normal and abnormal ovarian functionality, and to acquire knowledge on the
mechanisms and factors involved in oocyte competence acquisition and quality

(8,9,21). In fact, GCs carry out many important functions inside the follicle,
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including the production of essential nutrients used as an energy source during
oocyte maturation, through carbohydrate and lipid metabolism, glucose
employment, and lipid oxidation and storage in lipid droplets (2-5). The
impairment of their lipid metabolism, leading for example to an excessive
amount of lipids, determines several damaging effects not only in GCs, but
also in the oocyte, which displays decreased rates of nuclear maturation and
fertilization (6,7). Hence, the use of GCs as in vitro models makes it necessary
to elucidate the culture-induced alterations in their metabolic processes and
molecular architecture, in order to avoid biases in the experimental procedures.
In effect, a differential uptake/utilization of lipids by n vitro cultured GCs

has been already described by a recent study from Singh and colleagues (10).

In this light, using FTIRM, we defined the macromolecular composition
and structure of fresh GCs, and we highlighted the biochemical changes
induced on these follicular cells by in wvitro culture for 24, 48 and 96 hours.
CTRL spectra showed a wider distribution in the PCA space, with respect to
the other experimental groups, which could be associated with the biological
variability of samples. The results of PCA showed a clear segregation of
CTRL spectra from all the other experimental groups, both taken together,
or separately. It is noteworthy that the in wvitro culture of GCs causes
alterations that minimize spectral differences related to the biological
variability. The loadings corresponding to PC1 of the three pair-wise PCAs
highlight that the most discriminant spectral features among the experimental
groups are always those associated to lipids, as already reported by Singh and

colleagues (10). In this study, the analysis of fresh and cultured GCs,
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performed by FTIRM, confirms the overall increase of cellular lipids, and
highlight a major amount of triglycerides and fatty acids, as a result of lipid
accumulation. Among the main functions of GCs, lipid metabolism, consisting
of lipid oxidation and storage in lipid droplets, is a crucial factor for the proper
follicle development (4). The utilisation of triglycerides and fatty acids for
metabolic needs relies on the lipolysis of triacylglycerol within lipid droplets,
necessary to oocyte development (22). It is also known that lipid utilisation,
particularly consisting of B-oxidation, is lower in cumulus-oocyte complexes
matured in vitro (23). Hence, our results suggest that in vitro culture of GCs
does not interrupt their functions of lipid accumulation, but impacts on their

ability to utilize these molecules.

Besides supporting the lipid metabolic needs of the oocyte, GCs also play
a crucial role in regulating the pattern protein phosphorylation in the oocyte,
as proved by culturing oocytes with or without follicular cells (24,25). The
decrease in terms of phosphate groups in cultured GCs, evidenced in this
study, could suggest a mechanism by which the absence of the companion

oocyte reduces this post-translational activity.

It is known that GCs normally produce, by glycolysis, pyruvate from
glucose, to be transferred to the oocyte for its maturation (26). No significant
change was evidenced in this study, in terms of carbohydrate metabolism,

suggesting that this process is not modulated by the presence of the oocyte.

In conclusion, the metabolic changes of GCs induced by in wvitro culture

described in this study evidence a not usual condition in cell culture practice,
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which indeed relies on the possibility of maintaining cells in wvitro without
expecting changes. This is true for the majority of cell types, including tumoral
cells, whose metabolism and activity are almost completely aimed at cell
division and proliferation (Giorgini et al., submitted to Journal of
Biophotonics). Conversely, GCs metabolism changes in culture, possibly
because of the absence of the companion oocyte, whose metabolism and
functionalities are regulated by these cells, and, in turn, it also regulates

follicular cells, in a bidirectional and continuous way.
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CHAPTER 4

A NEW INSIGHT ON AGING EFFECTS IN HUMAN
GRANULOSA CELLS: A MULTIDISCIPLINARY FTIR
IMAGING SPECTROSCOPY AND QPCR APPROACH

NOTARSTEFANO ET AL.

(MANUSCRIPT IN PREPARATION)
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INTRODUCTION

Women fecundity is monthly reduced after the age of 30 years, according
to a mechanism called female reproductive aging, which is thought to be
determined by a gradual decline both in quality and quantity of the oocytes
present in the follicles in the ovarian cortex, resulting in a reduction of
fecundity (1). Also, in n witro fertilisation (IVF) studies, female age was
clearly determined to be one of the key factors affecting clinical outcomes (2).
A retrospective study of 2017 on the effects induced by the advancing age on
the success rates of Assisted Reproductive Technology (ART), reported that
among women aged 30-35 years, 38.7% of the cycles led to clinical pregnancy
and 33.3% to live births. In contrast, among women aged 40-44 years, only
23.6% of cycles led to clinical pregnancies and 14.8% to live births (3).
Nowadays, subfertility related to female aging has become an important issue
for most industrialized societies, mainly because of the increasing delay in
childbearing (4,5). This has inevitably become a matter of active research in
the field of ART aimed at the treatment of couple infertility, with
consideration of the understanding of the causes of age-related decline of
ovarian functions (2). In effect, the process of acquisition of oocyte
competence, defined as the ability of an oocyte to be fertilized and to develop
to the blastocyst stage, strictly depends on the follicular microenvironment
(6). All the processes involved in folliculogenesis heavily rely upon bi-
directional interactions between germ cells and the surrounding somatic cells
(7). Granulosa cells (GCs) are known to support oocyte growth (8), control
the advance of meiosis steps (9), and regulate the oocyte transcriptional

activity (10). In turn, the oocyte modulates several aspects of GC development
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including proliferation, differentiation, and extracellular matrix and steroid
hormone production (11). Due to these connections, reproductive aging is

evidently interconnected with the quality of GCs surrounding the oocyte.

The aging process is also strongly associated with radical mechanisms that
induce modifications in macromolecules such as lipids, proteins, and DNA,
leading to an oxidative damage in several tissues (12). Oxidative stress (OS)
arises when the cell concentration of reactive oxygen species (ROS) increases,
as a result of an imbalance between the production of pro-oxidants and
antioxidants. This condition is partly correlated with an impairment of
mitochondrial functions, as reviewed by May-Panloup and colleagues (13).
ROS modulate the whole reproductive functions, such as oocyte maturation,
steroidogenesis, corpus luteal functions, luteolysis, fertilization, embryo
development, and pregnancy (14,15). OS affecting GCs plays a role in the
modulation of ovarian senescence, hence in the age-related decline of fertility

(16).

Fourier Transform Infrared (FTIR) spectroscopy is a well-established
spectroscopic technique, broadly applied in life sciences for the study of the
biomolecular building and composition of cells and tissues samples. FTIR
spectral bands are analysed in terms of position, intensity and width, making
it possible to detect functional groups, bonding types and conformations of the
most relevant biological molecules (proteins, lipids, sugars and nucleic acids)
(17). In particular, the coupling of IR spectrometers with visible light
microscopes facilitates the application of FTIR in various biomedical fields for

diagnostic purposes, thanks to the possibility to map, in a fast and label-free
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way, non-homogeneous samples, retrieving subtle biochemical changes at a
cellular level. In this sense, FTIR spectroscopy provides at the same time and
on the same sample, unique chemical and morphological information about the
composition and the structural building blocks of all the biomolecules of
interest, which can be directly related to cellular activity, metabolism and

oxidative stress status (18-20).

In a previous work, we obtained, for the first time, the infrared molecular
fingerprint of human oocytes retrieved from patients with different age:
alterations in plasma membrane, protein pattern, nucleic acids and metabolic
processes were observed in oocytes from 39-year- old patients (21). Encouraged
by these results, in the present study, we analysed the alterations occurring in
human GCs in women of different ages by exploiting FTIR Imaging

spectroscopy and qPCR analysis.

EXPERIMENTAL SECTION

The study was carried out on human GCs and was approved by the
Internal Review Board of Tecnobios Procreazione, in full accordance with the
Declaration of Helsinki (World Med. Ass. 2013). To participate in this
investigation, each patient signed a written consent, which included the
donation of GCs. All samples were anonymous and marked by a code and

hence it was impossible to correlate them to a physical person.
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Luteinized GCs sample collection

20 patients enrolled in an in vitro fertilization program, were recruited
according to the following inclusion criteria: regular ovulatory menstrual
cycles; FSH < 10 IU/T on day 3 of the menstrual cycle; non-smokers, and
without ovarian infertility nor endometriosis diagnosis. Controlled ovarian
stimulation was induced using leuprorelin (Enantone, Takeda, Rome, Italy)
and rFSH (Gonal-F, Serono, Rome, Italy, or Puregon Organon, Rome, Italy).
HCG at 10,000 TU (Gonasi, Amsa, Rome, Italy) was administered when one
or more follicles reached a diameter of ca. 23 mm (22). At the end of the
treatment, from each patient, a pool of luteinized GCs was collected from all
the follicles, according to the following protocol. The follicular fluid was
centrifuged at 1100 x g for 10 min and the pellet was resuspended in 2 mL of
gamete medium, overlaid on 1 mL pure sperm 50% (obtained by pure sperm
80 and gamete buffer medium) and centrifuged again at 1600x g for 13 min to
separate GCs from the red blood cells. After centrifugation, GCs were
recovered, placed in 1mL of NaCl 0.9% solution and then centrifuged at 300x
g for 10 minutes. The supernatant was discarded, and the pellet was
resuspended in 1mL of NaCl 0.9% solution and centrifuged again at 300 x g

for 10 minutes.

An aliquot of each GCs sample was immediately frozen in liquid nitrogen
and stored at -80°C till g-PCR analysis. The remaining aliquots of GCs
samples were deposited without any fixation process onto CaF: optical
windows (l-mm thick, 13-mm diameter) and air-dried for 30 min for the

vibrational analysis, which was carried out within 24 hours. Previous
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experiments carried out in our laboratories evidenced that samples prepared
as above, showed a good stability in time, providing homogeneous and reliable

data sets.

GCs samples were divided into two groups based on patients age: Young,
n. 10 GCs from women of 27-34 years old (mean age 31.2+2.20); Old, n. 10

GCs from women of 40-46 years old (mean age 42.5+1.84).

FTIR imaging measurements and data analysis

FTIR measurements were carried out by using a Bruker VERTEX 70
interferometer coupled with a Hyperion 3000 Vis-IR microscope at the IR
beamline SISSI, ELETTRA synchrotron. The spectrometer was equipped with
a liquid nitrogen cooled bidimensional Focal Plane Array (FPA) detector
which enabled simultaneous acquisition of 4096 spectra (64x64 pixels, pixel
size ~2.56 um) on an area of 164x164 pm, to perform the imaging analysis. On
each sample, the visible image was acquired with a 15X condenser/objective,
and then IR maps were obtained in transmission mode (164x164 pm?, 256
scans for each detector pixel with a spectral resolution of 4 cm™). Background
spectra were acquired on clean regions of CaF; optical windows. During all the
measurements, the microscope camera was purged with nitrogen in order to
avoid atmospheric contamination (H,O and CO,). Nevertheless, raw spectra
of all IR maps were corrected for the contribution of atmospheric carbon
dioxide and water vapour with the Atmospheric Compensation routine of
OPUS 7.0 software (Bruker Optics GmbH) and then vector normalized in the

4000-900 cm™ spectral range. For each sample, the total absorbance
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cartogram, representing the total intensity of the infrared absorption, was
generated by integrating over the spectral range 3050-900 ¢cm™ (OPUS 7.1
software package, Bruker Optics, Ettlingen, Germany). In addition, to
evaluate the topographical distribution of lipids, proteins, phosphates and
carbohydrates, false colour images were calculated by integrating the IR maps
under the following spectral regions: 30502800 cm™ (CH; and CHs moieties
of lipids, LIPIDS), 1723-1481 cm™ (Amide I and II bands of proteins,
PROTEINS), 1273-1191 cm™ (asymmetric stretching mode of phosphates,
PH1), and 1137-1022 ¢cm™ (symmetric stretching mode of phosphates, and C-

O stretching mode in carbohydrates, PH2-GLYCO).

To avoid problems owing to the non-homogeneous layer of cells on CaFs
optical windows, and to possible scattering effects due to the presence of NaCl,
on each IR map 10 areas (~20x20 pm?) were chosen, containing only mono
layer cells, from which the average IR spectra were extracted. Spectra having
at 1660 cm™ a peak height lower than 0.07 a.u. were discarded; less than 10%

of initial spectra were cut off in all the experimental groups.

These selected IR spectra were first submitted to multivariate analysis to
differentiate them according patients’ age. PCA (Principal Components
Analysis) was carried out by using an in-house developed algorithm with R
Studio (RStudio: Integrated Development for R. RStudio, Inc., Boston, MA).
Then, the same IR spectra were integrated under the following spectral regions
(OPUS 7.1 software package, Bruker Optics, Ettlingen, Germany): 30502800
cm™ (representative of all cellular lipids, LIPIDS); 1723-1481 cm™ (Amide I

and II bands, representative of all cellular proteins, PROTEINS); 1273-1191
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cm™? (Vagym PO2, asymmetric stretching mode of phosphates, PH1), and 1137-
1022 cm™ (vgm POg, symmetric stretching mode of phosphates and C-O
stretching mode in carbohydrates, PH2-GLYCO). The sum of the integrated
areas 3050-2800 and 1765-950 cm™ was considered indicative of the total cell
dried biomass (CELL). If not differently reported, band assignment is given

on the basis of the review of Movasaghi and colleagues (23).

The convoluted 3050-2800 cm™ and 1723-1481 em spectral ranges were
also analysed by a Peak Fitting procedure. In this regard, absorbance average
spectra were interpolated in the aforementioned ranges, two-point baseline
corrected and fitted with a Gaussian algorithm (GRAMS/AI 7.02, Galactic
Industries, Inc., Salem, NH). To identify the underlying component bands, the
number of peaks together with their centre values was carefully identified
according to second derivative results. Mean values of area and wavelength

were obtained for each component peak.
RNA extraction and cDNA synthesis

Total RNA extraction from GCs was performed using Minikit RNAeasy®
(Qiagen) extraction kits, following the manufacturer’s protocol. Total RNA
extracts were eluted in 20 pl. of RN Ase-free water. Final RNA concentrations
were determined with a NanoDrop™ 1000 Spectrophotometer (Thermo
Scientific) and RNA integrity was verified by Gel Red (Biotium, UK) staining
of 28S and 18S ribosomal RNA fragments on 1% agarose gel. RNA was stored
at -80°C until use. Total RNA was treated with DNAse (10 IU at 37°C for 10

min, MBI Fermentas); a total amount of 2 pg of RNA was used for cDNA
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synthesis, employing the SuperScript-II ¢cDNA Synthesis Kit (Invitrogen, Life

Technologies).

Real-time polymerase chain reaction

Relative quantification of gene expression was performed with the SYBR
Green method in a CFX96 Real-Time PCR system (Bio-Rad). Duplicate PCRs
were carried out for each sample analyzed. Reactions were set mixing 1 pL
diluted (1/10) ¢cDNA, 5 uL of 2x SYBR Green PCR Master Mix (Bio-Rad),
containing SYBR Green as a fluorescent intercalating agent, 0.1 uM of forward

and reverse primers, and 3.8 pL of milliQ water.

The thermal profile was as follows: enzyme activation at 95°C for 3 min;
45 cycles of denaturation (10 sec at 95°C), followed by 20 sec annealing at
60°C for gapdh, rpli3a, igfbps, and 56°C for foxos, sirt3, sirtl, igf1, sod2, and
20 sec elongation at 72°C. Fluorescence was monitored at the end of each
cycle. Dissociation curves for primer specificity and absence of primer-dimer
formation check were performed and consistently showed a single peak.
Glyceraldehyde-3-phosphate dehydrogenase (gapdh) and ribosomal protein
L13a (rpl13a) were used as internal controls to enable result standardization
by eliminating variations in mRNA and ¢DNA quantity and quality (24).
These genes were chosen because their mRNA levels did not vary between
experimental groups. No amplification products were observed in negative
controls and no primer—dimer formations were observed in the control
templates. Data were analysed using CFX Manager Software version 3.1 (Bio-

Rad). The quantification method was based on a AACt calculation
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implemented with the Pfaffl equation, to improve accuracy by accounting for
varied reaction efficiencies depending on primers (25,26). Modification of gene
expression is represented with respect to zero. Primer sequences used are

reported in Table 1.

Gene Forward primer (5’ - 3’) Reverse primer (5'- 3’) Acc number Gene ID
gapdh GTGAAGGTCGGAGTCAACG GGTGAAGACGGCCAGTGGACTC NM_002046.5 2597
rpl13a TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG NM_012423.3 23521

foxo3 AGAAGTTCCCCAGCGACTTG TTTGAGGGTCTGCTTTGCCC NM_001455.3 2309

sirt3 GCATTCCAGACTTCAGATCGC GTGGCAGAGGCAAAGGTTCC NM_012239.5 23410

sirt1 CGGTTCCTACTGCGCGA CCGAACAGAAGGTTATCTGGCT NM_001142498.1 23411

igft TCAGAGCAGATAGAGCCTGC ATGGTGTGCATCTTCACCTTCAA NM_001111285.2 3479

sod2 GCCAGGAGAGGAAAGCACCAG TAGTCGTAGGGCAGGTCGG NM_001322819.1 6648

igfbp3 AATGCTAGTGAGTCGGAGGA TACGGCAGGGACCATATTCTG NM_000598.4 3486

Table 1. List of primers used in gene expression analyses by Real-Time qPCR. gapdh:
glyceraldehyde-3-phosphate dehydrogenase; rpl13a: ribosomal protein L13a; foxo3: forkhead
box O3; sirt8: sirtuin 3; sirtl: sirtuin 1; 4gfl: insulin like growth factor 1; sod2: superoxide
dismutase 2; igfbp3: insulin like growth factor binding protein 3.

Statistical analysis

Normally distributed data deriving from integration and Peak Fitting of
IR spectra, and from gene expression analysis were presented as mean + S.D.
Significant differences between experimental groups were determined by
Student’s t-tests, using the statistical software package Prism6 (Graphpad

Software, Inc. USA). Statistical significance was set at p < 0.05. Asterisks
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denote significant differences from the control group (* = p < 0.05; ** = p <

0.01; *** = p < 0.001; **** = p < 0.0001).

RESULTS
Human GCs samples retrieved from two groups of patients named Young
(mean age 31.2£2.20) and Old (mean age 42.5+1.84) were analysed using

FTIR Imaging spectroscopy and qPCR assays.
Imaging analysis

The topographical distribution of lipids, proteins, phosphates and
carbohydrates was first qualitatively assessed in GCs samples by false colour
scale images created by integrating IR maps under the following spectral
regions: 3050-2800 cm™ (CH, and CH; moieties of lipids, LIPIDS), 1723-1481
cm? (Amide I and II bands of proteins, PROTEINS), 1273-1191 cm™
(asymmetric stretching mode of phosphates, PH1), and 1137-1022 cm
(symmetric stretching mode of phosphates, and C-O stretching mode in

carbohydrates, PH2-GLYCO) (Figure 1).
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Figure 1. FTIR Imaging spectroscopy. False colour images integrated under the
following spectral ranges: (A) 3050-2836 cm™ (CH: and CHs moieties of lipids, LIPIDS),
(B) 1723-1481 cm! (Amide I and I bands of proteins, PROTEINS), (C) 1273-1191 cm™
(asymmetric stretching mode of phosphates, PH1), and (D) 1137-1022 cm™ (symmetric
stretching mode of phosphates, and C-O stretching mode in carbohydrates, PH2-
GLYCO).

The intensity of the signal associated with a specific band provides
information on both the presence and the localization of the corresponding
molecular/chemical groups. In particular, in Old GCs with respect to Young
ones, a visible increase of lipids and a decrease of the protein content were

observed. No variation was detected in phosphates and carbohydrates amount.
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Multivariate analysis

For a more detailed understanding of the spectral differences in GCs from

patients with different age, Old and Young IR spectra were submitted to

multivariate analysis.
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Figure 2. Principal Components Analysis. PCA scatter plot (A) and PC1 and PC2

loadings (B) of Old and Young experimental groups. Highlighted in grey on PC1 the most

visible discriminant features in the 3050-2800 ¢cm™ and 1765-1481 cm-' spectral regions.

Figure 2A shows the PCA scatter plot of GCs spectra from the two

experimental groups. A clear segregation of Old and Young spectra was

observed along PC1 axis (71.57 % of the system variance). The analysis of

PC1 loading confirmed that the most visible discriminant features were in the

3050-2800 cm™ and 1765-1481 cm™ spectral regions, attributable respectively

to lipids and proteins (Figure 2B), as previously highlighted by imaging

analysis. No difference was found according to PC2 or other PCs.
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Vibrational data analysis

To perform a semi-quantitative analysis on the macromolecular
composition of Old and Young GCs, specific band area ratios were calculated
using the aforementioned area integrals described in the Experimental section
(Figure 3). The analysis of the numerical variation of these ratios led to the
following considerations: (i) the total amount of cellular lipids
(LIPIDS/CELL), calculated as the ratio between the integrated area in the
3050-2800 cm™ spectral region (corresponding to CH, and CH; symmetric and
asymmetric stretching modes of lipids) and CELL value, showed a significant
increase in Old GCs with respect to Young ones (p = 0.0029, Figure 3A); (ii)
the total amount of cellular proteins (PROTEINS/CELL), calculated as ratio
between the integrated area of the 1723-1481 cm? spectral region
(corresponding to Amide I and II bands) and CELL value, showed a significant
decrease in Old GCs with respect to Young ones (p = 0.0006, Figure 3B);
(iii) the ratio PH1/CELL, obtained comparing the integrated area of the band
at ~1240 cm™' (corresponding to the asymmetric stretching mode of
phosphates) with the CELL value, did not show a significant alteration
between the two experimental groups (p = 0.1103, Figure 3C); (iv) similarly,
the ratio PH2-GLYCO/CELL, calculated comparing the integrated areas of
the band at ~1080 cm™ (corresponding to the symmetric stretching mode of
phosphates, and the stretching of C-O bonds in carbohydrates) with the CELL
value, did not change between the two experimental groups (p = 0.6335,

Figure 3D).
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Figure 3. Numerical variations of the following band area ratios for the Old and Young
experimental groups: LIPIDS/CELL (spectral region 3050-2800 cm™) (A);
PROTEINS/CELL (spectral region 1723-1481 cm™) (B); PH1/CELL (band at ~1240
cm?) (C); PH2-GLYCO/CELL (band at ~1080 cm™) (D). Asterisks above columns
indicate statistical differences among groups (* = p<0.05; ** = p<0.01; *** = p<0.001;
K — 1<0.0001; Student’s ¢ test).

For a deeper analysis of the spectral profile of lipids and proteins in Old
and Young experimental groups, the fit of the 3050-2800 cm™ and 1790-1480
cm! spectral regions was performed, enabling determination of the position
and the area integral of all the underlying bands. In Table 2, the selected

underlying bands are reported in terms of position and vibrational assignment.
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Spectral region Wavenumber (cm-') Assignment Label
3012 =CH stretching vibration CH
2957 CHj; asymmetric stretching vibrations
CH3
3050-2800cm’ 2869 CHj symmetric stretching vibrations LIPIDS
2925 CH, asymmetric stretching vibrations
CH2
2852 CH, symmetric stretching vibrations
1746 C=0 ester moieties stretching vibrations C=0 ESTERS
1694 B-turn structures vibrational modes
BETA
1790- 1480 cm™! 1680,1627, 1613 B-sheet structures vibrational modes FOLDED
Al
1659 a-helix structures vibrational modes HELIX
1640 Random coil structures vibrational modes RANDOM

Table 2. Fit of the 3050-2800 cm™ and 1790-1480 cm™ spectral regions. The

results of the fit are reported as position and area integral the selected underlying bands.

The statistical analysis of band area ratios calculated using the
aforementioned area integrals (Table 2) highlighted the following variations in
Old GCs with respect to Young ones (Figure 4): (i) the ratio CH/LIPIDS
significantly increased (p = 0.0235, Figure 4A); (ii) the ratio CH/CH2
significantly increased (p = 0.0013, Figure 4B); (iii) the ratio CH2/CH3 did
not significantly change between the two experimental groups (p = 0.3499,
Figure 4C); (iv) the ratio C=0 ESTERS/AI significantly increased (p =
0.0225, Figure 4D); (v) the ratio FOLDED/AI significantly decreased (p =
0.0049, Figure 4E); (vi) the ratio HELIX/AI significantly decreased (p =
0.0009, Figure 4F); (vii) the ratio BETA/AI significantly decreased (p =
0.0365, Figure 4G); (viii) the ratio RANDOM/AI significantly increased,
consistently with the opposite trend observed in the FOLDED/AI ratio (p =

0.0064, Figure 4H).
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Figure 4. Numerical variations of the following band area ratios for the Old and
Young groups: (A) 3010 cm™ (CH) / peaks in the 3050-2800 cm™ range (LIPIDS); (B) 3010
emr! (CH) / 2925+2852 e (CHs); (C) 292542852 em™ (CHs) / 2957+2869 cm™ (CHs);
(D) 1746 cm?® (C=0O ester) / bands in the 1695-1625 cm™ interval (AI); (E)
1659-+1694+1680+1627+1613 cm™! (FOLDED) / AL (F) 1659 em™ (HELIX) / AL (G)
1694-+1680+1627+1613 cm™' (BETA) / AL (H) 1640 cm™' (RANDOM) / AL Asterisks
above columns indicate statistical differences among groups (* = p<0.05; ** = p<0.01; ***

= p<0.001; ns = not significant; Student’s ¢ test).

Gene expression analysis

Figure 5 shows the numerical variations in the expression of the genes of
interest. Molecular analysis demonstrated that patient’s age affects GCs not
only in terms of their importance in the follicular development, but also in
their response to oxidative stress. In Old GCs, a significant decrease of igf1 (p

= 0.005, Figure 5A), sirt1 (p = 0.0465, Figure 5D) and sod2 (p = 0.001, Figure
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5F) gene expression was observed with respect to Young. Conversely, igfbp3
(p < 0.0001, Figure 5B) and fozxo3 (p = 0.0233, Figure 5C) decreased their
expression. The variation in sirt3 relative mRNA levels was not statistically

significant (p = 0.4128, Figure 5E).
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Figure 5. Transcription profiles of investigated genes. (A) igf!: insulin like growth
factor 1 (p = 0.005); (B) igfbp3: insulin like growth factor binding protein 3 (p < 0.0001);
(C) fozo3: forkhead box O3 (p = 0.0233); (D) sirt!: sirtuin 1 (p = 0.0465); (E) sirt3: sirtuin
3 (p = 0.4128); (F) sod2: superoxide dismutase 2 (p = 0.001). Asterisks above columns
indicate statistical differences among groups (* = p<0.05; ** = p<0.01; *** = p<0.001;
*HFK = p<0.0001; ns = not significant; Student’s ¢ test).

DISCUSSION

In this study, we compared the spectral features and the expression of
genes involved in age-induced stress response in human GCs from patients at
different age, in order to obtain a deeper insight into the effects of aging on

the follicular microenvironment.
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False colour images obtained from IR maps allow visualisation of the
distribution of lipids, proteins, phosphates and carbohydrates: Old GCs are
seen to be characterized by a larger amount of lipids, while proteins decreased;
aging appeared not to affect the amount of phosphates and carbohydrates.
These differences in lipid and protein metabolism were also confirmed by PCA
analysis, performed on IR spectra which showed a clear segregation of Old
and Young GCs. Particularly, the loading corresponding to PC1 highlighted
the most relevant discriminant features as the lipid region, the protein region,

and the ester carbonyl moieties band.

To focus on these differences, a more detailed analysis of lipid and protein
spectral regions was performed by calculating meaningful band area ratios.
The lipid amount increases in Old GCs, and more notably, aging determines
a significant increase of C=0 ester carbonyl groups and =CH groups. These
findings confirm that lipids are a target of cellular oxidation and are in
accordance with previous works focused on FTIR investigation of the effects
of female aging on human oocytes (21) and, more specifically, on oxidative

stress (27,28).

A significant decrease in protein content was detected in Old GCs,
together with an alteration of secondary structure, as evidenced by the increase
of random structures and the decrease of both helix, -sheet and B-turn ones,
taken both individually (HELIX/AI and BETA/AI) or in combination
(FOLDED/AI). All these findings are consistent with a process of age-related
OS, which alters the main cellular macromolecules. In particular, it is known

that aging leads to the loss of efficiency of the so-called Protein Quality
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Control (PQC) systems, causing changes in protein structure, partly due to

oxidative modifications (29,30).

In order to confirm and clarify the results obtained by FTIR spectroscopy,
we performed an expression analysis of several genes involved in cellular

pathways activated as a response to age-induced stress in GCs.

The IGF signalling has a role in modulating rates of cell renewal, and in
increasing proliferation and metastasis of cancer cells, as reviewed by Pollak
and colleagues (31). In this study, the IGF system was investigated due to its
crucial role in mammalian reproduction (32). IGFs, the ligands of this system,
amplify the actions of FSH on GCs, stimulating cell proliferation and
steroidogenesis, the transcription of several genes, the activity of aromatase,
and the expression of LH receptor (33,34). IGF-1 was thought to be produced
only in the liver and then transported to sites of action, but it showed to be
synthesized also in other organs (31): in effect, it is the main IGF produced in
animal follicles (35,36), and it was found to be strongly expressed by healthy
but not atretic follicles (37); IGF-1 has a key role in the regulation of GCs
functions in human GCs (38), in the induction of follicle growth (39), and in
steroid secretion (40). The bioavailability and the activity of IGFs depend on
specific binding proteins named IGFBPs (31), which, in the ovary, antagonize
FSH action by sequestering IGFs produced by GCs (41). The expression of
these binding proteins depends on follicle maturation stage and status (32). In
the present study, we investigated the expression of igf1 and igfbp3, and we
found an opposite trend in their expression according to age: in Old GCs, igf1

significantly decreased its mRNA level, conversely igfbp3 increased. A similar
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trend was found by Klein in follicular fluids of old patients (42), suggesting a

reduced local IGF-1 effect, which may impair oocyte maturation.

The regulation of aging effects by the insulin like pathway also involves
other molecules, like the transcription factor foro3, which is part of the
Forkhead box O subfamily (FOXO), and which is implicated in a wide range
of processes, such as metabolism, cellular stress response and aging, and in the
ovary, is a crucial regulator and suppressor of follicular activation (43). Our
results showed a significant decrease of the expression levels of foro3 in Old
GCs, consistent with the results reported by Castrillon and colleagues, who
found that foroSa null mice showed an age-dependent decline in reproductive
fitness, becoming sterile by 15 weeks of age (44,45). Moreover, in support to
our results, there is the study of Yamamoto and colleagues, who reported a
weak negative correlation between foro3 mRNA levels in granulosa cells and

patients’ age (46).

Studies focusing on aging mechanisms performed on yeast led to the
detection of sirtuins, a family of conserved enzymes, whose roles affect several
functions increasing life span and the health of organisms (47). Sirtuins are
considered anti-aging genes, since it is now clear that their activation
determines an extension of life span (48). We investigated variations in the
expression of sirt! and sirt3, two of the seven human sirtuins, which are
localized in the nucleus and in the mitochondria, respectively (49). SIRT1 is
involved in many biological functions, such as activation of stress response
pathways and alterations in metabolism (30), together with cell senescence,

oxidative stress, inflammation and autophagy/apoptosis (50), and acts via
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deacetylation of several substrates, such as p53 (51,52) and forkhead proteins
(53,54) to influence stress resistance in cells. In the present study, we found a
significant decrease in the expression of sirt! in Old GCs, consistent with the
results obtained by Han and colleagues (55). They observed a difference in the
expression of sirtl related to the ovarian reserve status of the patient; in
particular, the expression level was lower in GCs from poor ovarian response
(POR) and polycystic ovarian syndrome (PCOS) women, suggesting that the
expression levels of sirtl in GCs decreased with increasing age and depleted
ovarian function. The other sirtuin analysed here is sirt3, localized in the
mitochondria of mammalian cells (56). Among the functions of SIRT3, there
is the regulation of mitochondrial functions, as demonstrated by the increase
of respiration and the decrease of reactive oxygen species production following
its overexpression (57). Although not statistically significant, we report a
decrease in the expression of this gene in Old GCs, in accordance with the
results of Pacella-Ince and colleagues, who described a decrease in the levels
of sirt3 mRNA in granulosa and cumulus cells from women with reduced

ovarian reserve and advanced age (58).

Mitochondrial manganese-superoxide dismutase (SOD2) acts as anti-
oxidant. It reduces superoxide anion to hydrogen peroxide and molecular
oxygen, and, then, catalase converts hydrogen peroxide to water and molecular
oxygen (59). This ability to protect cells against ROS accumulation declines
with aging; moreover, mitochondria, in addition to being the major source of
ROS, have also been determined to be one of the key targets of aging-related

oxidative stress (60). In Old GCs, the expression of sod2 (mitochondrial
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manganese-sod) was significantly lower with respect to Young ones. This age-
related decrease is in accordance with the results of Tatone and colleagues
(14), who found a significant decrease of sodl, sod2 and catalase in GCs of old
patients, supporting the hypothesis that ovarian aging could be due to

damages induced by OS on cellular components (61).

In conclusion, the results obtained in this study by coupling FTIR and
gPCR analyses highlighted that female aging results in a profound alteration
in the biochemical composition of GCs, mainly resulting in alterations in lipid
metabolism and peroxidation, and in the impairment of protein quantity and
folding. In addition, the occurrence of oxidative stress, and the impairment of
the molecular machinery regulating the response to age-induced stress in GCs
were also found, leading to a deeper knowledge in the molecular mechanisms

involved in ovarian senescence.
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CHAPTER 5

OVARIAN ENDOMETRIOSIS AFFECTS GRANULOSA
CELLS ENDOCANNABINOID SYSTEM

GIOACCHINI ET AL.

(MANUSCRIPT IN PREPARATION)
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INTRODUCTION

Granulosa cells (GCs) play a very important role in oocyte maturation
supporting competence acquisition and cytoplasmic maturation and keeping
the oocyte under meiotic arrest and subsequently by inducing meiotic
resumption (1). Despite its importance, the network of molecular signals
exchanged between the oocyte and the surrounding GCs is far from being fully
understood, although in recent years, many of these signals have been
identified and their functions characterized. Among them, molecules belonging

to Endocannabinoid system (ECS) have been recently considered (2).

Endocannabinoids are derivatives of fatty acids acting as endogenous
ligands of the G-protein coupled cannabinoid receptors CB1 and CB2,
mimicking some of the «central and peripheral effects of D9-—
tetrahydrocannabinol (D9-THC), the psychoactive component of marijuana
(3,4). In addition to the receptors CB1 and CB2 other endocannabinoid-
binding receptors belonging to ECS have been identified (5). Among them are
the GPR55 receptor (6) and the non-cannabinoid classified receptor, the
transient  receptor  potential  vanilloid 1  (TRPV1) (7). N-
arachidonoylethanolamine, known as anandamide (AEA), and 2-
arachidonoylglycerol (2-AG) are the best-characterized endocannabinoids (8).
The biosynthesis of both AEA and 2-AG takes place through different
pathways, but the most important enzymes involved are N-—
acylphosphatidylethanolamine phospholipase D (NAPE-PLD) for AEA and
the diacylglycerol lipase (DAGL) for 2-AG (9,10). The effects of

endocannabinoids could be limited by several enzymes, such as the fatty acid
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amide hydrolase (FAAH) and the monoacylglyceride lipase (MAGL), which
can hydrolyse AEA and 2AG respectively (11,12). Several studies have
demonstrated the role of ECS in the female reproductive system and in
folliculogenesis (2,13) and its implication on several ovarian pathologies

including endometriosis has been demonstrated (14-16).

Endometriosis, one of the most common gynaecological diseases, is
associated with subfertility but the molecular mechanisms through which it
negatively affects reproduction are not still well identified. The cause of
subfertility in endometriosis seems to be multifactorial (17). The lower success
with in vitro fertilization (IVF) treatment of women affected by endometriosis
(18), could be probably related to the impaired follicular microenvironment
rather than reduced endometrial receptivity (19,20). The endocannabinoid
system has recently been shown to affect specific mechanisms (inflammation,
cell proliferation and cell survival) that are critical to endometriosis
establishment and maintenance (21) and alterations of ECS have been shown
in eutopic and ectopic endometria of patients with endometriosis (14).
However, a possible modulation of GCs’ ECS in women affected by ovarian
endometriosis is still unexplored. In the present study, we aimed to examine
for the first time the effects of ovarian endometriosis on Granulosa Cells
Endocannabinoid System related to lipid and carbohydrate metabolism.
Taking into account the importance of GCs metabolism in folliculogenesis, the
results presented here strengthen the molecular mechanisms activated by

endometriosis inducing alteration of ovarian follicle environment.
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EXPERIMENTAL SECTION

The study was carried out on human GCs retrieved at Tecnobios
Procreazione, in full accordance with the Declaration of Helsinki (World Med.
Ass. 2013). To participate in this investigation, each patient signed a written
consent, which included the donation of GCs. All samples were anonymous
and marked by a code and hence it was impossible to correlate them to a

physical person.
Luteinized GCs sample collection

20 patients enrolled in an in vitro fertilization program, were recruited
according to the following inclusion criteria: regular ovulatory menstrual
cycles; FSH < 10 TU/I on day 3 of the menstrual cycle; non-smokers; 35+2.8
years old. Controlled ovarian stimulation was induced using leuprorelin
(Enantone, Takeda, Rome, Italy) and rFSH (Gonal-F, Serono, Rome, Italy, or
Puregon Organon, Rome, Italy). HCG at 10,000 IU (Gonasi, Amsa, Rome,
Italy) was administered when one or more follicles reached a diameter of ca.

23 mm (22).

At the end of the treatment, from each patient, a pool of luteinized GCs
was collected from all the follicles, according to the following protocol. The
follicular fluid was centrifuged at 1100x g for 10 min and the pellet was
resuspended in 2 mL of gamete medium, overlaid on 1 mL pure sperm 50%
(obtained by pure sperm 80 and gamete buffer medium) and centrifuged again
at 1600x g for 13 min to separate GCs from the red blood cells. After

centrifugation, GCs were recovered, placed in 1mL of NaCl 0.9% solution and
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then centrifuged at 300x g for 10 minutes. The supernatant was discarded,
and the pellet was resuspended in 1mL of NaCl 0.9% solution and centrifuged

again at 300x g for 10 minutes.

An aliquot of each GCs sample was immediately frozen in liquid nitrogen

and stored at -80°C till g-PCR analysis.

10 women received the diagnosis of tubal, idiopathic or male infertility,
and represented the control group (CTRL); 10 women had a diagnosis of
unilateral ovarian endometriosis: from these women, we obtained GCs from

the endometriosis-affected ovary (ENDO).
RNA extraction and cDNA synthesis

Total RNA extraction from GCs was performed using Minikit RNAeasy®
(Qiagen) extraction kits, following the manufacturer’s protocol. Total RNA
extracts were eluted in 20 pl. of RN Ase-free water. Final RNA concentrations
were determined with a NanoDrop™ 1000 Spectrophotometer (Thermo
Scientific) and RNA integrity was verified by Gel Red (Biotium, UK) staining
of 28S and 18S ribosomal RNA fragments on 1% agarose gel. RNA was stored
at -80°C until use. Total RNA was treated with DNAse (10 IU at 37°C for 10
min, MBI Fermentas); a total amount of 2 pg of RNA was used for cDNA
synthesis, employing the SuperScript-II ¢cDNA Synthesis Kit (Invitrogen, Life

Technologies).
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Real-time polymerase chain reaction

Relative quantification of gene expression was performed with the SYBR
Green method in a CFX96 Real-Time PCR system (Bio-Rad). Duplicate PCRs
were carried out for each sample analyzed. Reactions were set mixing 1 pL
diluted (1/10) ¢cDNA, 5 uL of 2 x SYBR Green PCR Master Mix (Bio-Rad),
containing SYBR Green as a fluorescent intercalating agent, 0.1 uM of forward

and reverse primers, and 3.8 pL of milliQ water.

The thermal profile was as follows: enzyme activation at 95°C for 3 min;
45 cycles of denaturation (10 sec at 95°C), followed by 20 sec annealing at
60°C for all the examined genes and 20 sec elongation at 72°C. Fluorescence
was monitored at the end of each cycle. Dissociation curves for primer
specificity and absence of primer-dimer formation check were performed and
consistently showed a single peak. Glyceraldehyde-3-phosphate dehydrogenase
(gapdh) and ribosomal protein L13a (rpll3a) were used as internal controls to
enable result standardization by eliminating variations in mRNA and cDNA
quantity and quality (23). These genes were chosen because their mRNA levels
did not vary between experimental groups. No amplification products were
observed in negative controls and no primer—dimer formations were observed
in the control templates. Data were analyzed using CFX Manager Software
version 3.1 (Bio-Rad). The quantification method was based on a AACt
calculation implemented with the Pfaffl equation, to improve accuracy by
accounting for varied reaction efficiencies depending on primers (24,25).
Modification of gene expression is represented with respect to zero. Primer

sequences used are reported in Table 1.
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Gene Forward primer (5’ - 3’) Reverse primer (5’-3’) Acc number Gene ID
gapdh GTGAAGGTCGGAGTCAACG GGTGAAGACGGCCAGTGGACTC NM_002046.5 2597
rpl13a TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG NM_012423.3 23521
trpv1 GACTTCAAGGCTGTCTTCATCATCC CAGGGAGAAGCTCAGGGTGCGC NM_018727.5 7442
gprs5 ACAGTTTGCAGTCCACATCC ACGCTTCCGTACATGCTGAC NM_005683.3 9290
cnr1 CCACTCCCGCAGCCTCCG ATCAGGCAAAACGCCACCAC NM_001160226.1 | 1268
cnr2 GGTGACAGAGATAGCCAATG GCCAATGAACAGGTATGAGG NM_001841.2 1269
naple-pld | CAGTAGAACAGTGTGTACGTAGAAG CACTTCTAGAATGATACCCAAACTC NM_001122838.1 | 222236
faah TATGAGACTGACAACTATACCATGC CACGAAATCACCTTTGAAGTTCTGT NM_001441.2 2166
dagl GTGCCATCCGACATCATTGC GCGGAGCATCTCTTGTGAAT NM_006133.2 747
mag! ATGCAGAAAGACTACCCTGGGC TTATTCCGAGAGAGCACGC NM_001003794.2 | 11343
ppara CTGGAAGCTTTGGCTTTACG GTTGTGTGACATCCCGACAG NM_001001928.2 | 5465
ppary TTCAGAAATGCCTTGCAGTG CACCTCTTTGCTCTGCTCCT NM_001330615.1 | 5468
srebp1 TGACCGACATCGAAGGTGAA AAAGTGCAATCCATGGCTCC NM_001005291.2 | 6720
fasn CAGAGCAGCCATGGAGGAG TAGAGCCCCGCCTTCCAG NM_004104.4 2194
glutt TGGCATCAACGCTGTCTTCT AGCCAATGGTGGCATACACA NM_006516.2 6513
glut9 TCCAGAGGGGCATGAAAACTC CGAGCAGGACCAGTCCAATTT NM_001001290.1 | 56606

Table 1. List of primers used in gene expression analyses by Real-Time qPCR.

gapdh: glyceraldehyde-3-phosphate dehydrogenase; rpll3a: ribosomal protein L13a; trpvl:

transient receptor potential cation channel subfamily V member 1; gpr55: G protein-coupled

receptor 55; cnri: cannabinoid receptor 1; cnr2: cannabinoid receptor 2; nape-pld: N-acyl

phosphatidylethanolamine phospholipase D; faah: fatty acid amide hydrolase; dagla/b:

diacylglycerol lipase alpha/beta; magl: monoglyceride lypase; ppara: peroxisome proliferator

activated receptor alpha; ppary: peroxisome proliferator activated receptor gamma; srebp1:

sterol regulatory element binding transcription protein 1; fasn: fatty acid synthase; gluti:

glucose transporter 1 (slc2al: solute carrier family 2 member 1); glut9: glucose transporter

9 (slc2a9: solute carrier family 2 member 9).

FTIR imaging and data analysis

Fourier Transform InfraRed (FTIR) measurements were carried out by

using a Bruker VERTEX 70 interferometer coupled with a Hyperion 3000 Vis-
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IR microscope at the IR beamline SISSI, ELETTRA synchrotron. The
spectrometer was equipped with a liquid nitrogen cooled bidimensional Focal
Plane Array (FPA) detector which enabled the simultaneous acquisition of
4096 spectra (64x64 pixels, pixel size ~2.56 pm) on an area of 164x164 pum, to
perform the imaging analysis. On each sample, the visible image was acquired
with a 15X condenser/objective, and then IR maps were obtained in
transmission mode (164x164 pm? 256 scans for each detector pixel with a
spectral resolution of 4 cm™). IR maps were compared with background
spectral images taken on clean regions of CaF,; windows. During all the
measurements, the microscope camera was purged with nitrogen in order to
avoid atmospheric contamination (H,O and CO,). Nevertheless, raw spectra
of all IR maps were corrected for the contribution of atmospheric carbon
dioxide and water vapour with the compensation routine of OPUS 7.0 software
(Bruker Optics GmbH) and then vector normalized in the 4000-900 cm
spectral range. For each sample, the total absorbance cartogram, representing
the total intensity of the infrared absorption, was generated by integrating
within the spectral range 3050-900 cm™ (OPUS 7.1 software package, Bruker
Optics, Ettlingen, Germany). In addition, to evaluate the presence of lipids,
fatty acids, and carbohydrates, false colour images were calculated by
integrating the IR maps under the following spectral regions: 3050-2800 cm™
(CH, and CHs moieties of lipids, LIPIDS), 1780-1715 cm
(TRIGLYCERIDES), and 1137-1022 cm™ (symmetric stretching mode of

phosphates, and C-O stretching mode in carbohydrates, Ph2-GLYCO).
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RESULTS

Figure 1 shows the modulation of gene expression of the receptors involved
in ECS by the ovarian endometriosis. A significant increase of gene expression
was observed for all the receptors investigated here in GCs from patients
affected by endometriosis. In particular, a substantial increase of gene
expression was evidenced for trpvl and gprss receptors (p<0.0001) (Figure 1
C-D), while cnr! and cnr2 showed a moderate induction of gene expression

(p<0.5) (Figure 1 A-B).
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Figure 1. Transcription profiles of investigated genes. Asterisks above columns
indicate statistical differences among groups (* = p<0.05; ** = p<0.01; *** = p<0.001;
IR = p<0.0001; Student’s ¢ test). (A) enrl: cannabinoid receptor 1; (B) cnr2:
cannabinoid receptor 2; (C) grp55: G protein-coupled receptor 55; (D) trpvl: transient

receptor potential cation channel subfamily V member 1.
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Figure 2 shows the expression levels of genes coding for key enzymes
involved in endocannabinoids (AEA and 2-AG) synthesis and degradation. A
significant increase (p<0.001) was observed for nape-pld, the enzyme involved
on AEA synthesis, concomitant with a significantly decrease (p<0.001) of faah,
the enzyme responsible for the AEA degradation (Figure 2 A-B). In contrast,
the enzymes involved on both synthesis and degradation of 2-AG, dagl
(p=0,6877) and magl (p=0,0771) respectively, were mnot affected by

endometriosis. (Figure 2 C-D).
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Figure 2. Transcription profiles of investigated genes. Asterisks above columns
indicate statistical differences among groups (* = p<0.05; ** = p<0.01; *** = p<0.001;
ik = p<0.0001; Student’s t test). (A) mape-pld: N-acyl phosphatidylethanolamine
phospholipase D; (B) faah: fatty acid amide hydrolase; (C) dagl: diacylglycerol lipase; (D)

magl: monoglyceride lypase.
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Figure 3 shows expression levels of genes involved in lipids metabolism. A
statistically significant increase was found for all the enzymes involved in lipid
metabolism investigated, such as peroxisome proliferator-activated receptors
ppars a (p<0.001) and y (p<0.001), the transcription factor sterol regulatory
element-binding protein 1 (srebpl) (p<0.001) and fatty acid synthase (fasn)

(p<0.01) (Figure 3 A-D).
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Figure 3. Transcription profiles of investigated genes. Asterisks above columns
indicate statistical differences among groups (* = p<0.05; ** = p<0.01; *** = p<0.001;
ik = p<0.0001; Student’s ¢ test). (A) ppara: peroxisome proliferator activated receptor
alpha; (B) ppary: peroxisome proliferator activated receptor gamma; (C) fasn: fatty acid

synthase; (D) srebpl: sterol regulatory element binding transcription protein 1.
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Figure 4 shows quantification and distribution of lipids and triglycerides
by FTIR imaging analysis. Chemical maps visually show with a false colour
scale, the intensity of the signal associated with a specific integrated band,
giving information on both the presence and the localization of the
molecule/chemical group under consideration. An increase was found in
endometriosis affected patients for total lipids (B) and triglycerides (D)

content with the respect to the control ones (A and C).

. LIPIDS TRIGLYCERIDES

CTRL

ENDO

Figure 4. FTIR Imaging spectroscopy. False colour images integrated under the
following spectral ranges: (A-B) 3050-2836 cm™ (CHa and CHs moieties of lipids, LIPIDS),
(C-D) 1780-1715 cm-1 (vCOO, stretching mode of triglycerides ester moieties,
TRIGLYCERIDES).
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Figure 5 shows expression levels of genes involved in glucose transport and
carbohydrates quantification and distribution by FTIR imaging analysis. A
statistically significant decrease was found for both the glucose transporter
investigated, (A) glut! (p<0.01) and (B) glut9 (p<0.001). Conversely, a total
carbohydrate content decrease was found in GCs from endometriosis-affected

patients (D) with the respect to the control ones (C).
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Figure 5. Gene expression. Asterisks above columns indicate statistical differences
among groups (¥ = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; Student’s ¢
test). (A) glutl: glucose transporter 1; (B) glut9: glucose transporter 9. FTIR Imaging
spectroscopy. (C-D) False colour images integrated under the spectral range 1090-1022
cm™? (C-O stretching mode in carbohydrates, CARBOHYDRATES).
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DISCUSSION

It has been established that the proper maturation of an oocyte is the
result of mutual interactions of the oocyte with its follicular environment (26).
Oocyte competence depends on the quality of the follicular microenvironment,
and the presence of adequate bidirectional somatic cell-to-oocyte signalling is
a prerequisite for both oocytes and GCs competence (27-32). In this light, the
intraovarian paracrine communications are fundamental to the modulation of
oocyte growth and maturation and the ability of GCs to maintain a proper
and correct metabolism represents a fundamental requirement for this to
happen. Oocytes lack the ability to carry out glycolysis and cholesterol
biosynthesis, and to transport certain amino acids; thus, the surrounding

somatic cells must compensate for these metabolic insufficiencies (33).

It is also known that the persistence of endometriotic lesions results in a
status of chronic inflammation within the ovary (34). A variety of bioactive
molecules, such as cytokines, growth factors, and apoptotic mediators, have
been shown to affect ovulation, fertilization, embryo quality, and implantation.
Toya and collaborators demonstrated that these factors can affect GCs cell
cycle and in turn adversely affect folliculogenesis (35). Here for the first time
we investigated the possible effects of ovarian endometriosis on GCs ECS and

in turn on cellular metabolism.

The emerging picture, drawn by recent works, is that the ECS plays a
central role in mammalian reproductive organs, probably by modulating their

homeostasis via autocrine/paracrine loops. The available evidence supports
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the concept that distinct ECS components (i.e., endocannabinoids, their
metabolic enzymes and receptors) can respond to fertility signals by
cooperating with hormones, cytokines and other signalling molecules, and that
the dysregulated (decreased or increased) ECS signalling adversely affects
reproduction (36-38). Immunohistochemical examination of normal human
ovaries indicated that the ECS was present and widely expressed in the
ovarian medulla and cortex, with more pronounced CNRs immunoreactivity
in the GCs of primordial, primary, secondary, tertiary follicles, corpus luteum
and corpus albicans (2). Instead, the AEA metabolizing enzymes, FAAH and
NAPE-PLD, were only found in growing secondary and tertiary follicles, and
in corpus luteum and corpus albicans (2). This massive presence of ECS within
the ovary demonstrated that this organ is able to produce AEA and that such
molecule plays a fundamental role in folliculogenesis, oocyte maturation and
ovulation, taking also into account that the oocytes have been shown to

express CNR1 and CNR2 receptors (39).

In this regard, AEA may activate different signalling pathways depending
on the specific receptor engaged. To date, three endocannabinoid receptors
have been shown to bind endocannabinoids at an extracellular site: CNRI,
CNR2 and GPRb55. The first two are well-characterized (40), and their

relevance for reproduction is well defined.

The last receptor, investigate here, is the transient receptor potential
vanilloid 1 (TRPV1), which is the natural target of capsaicin, the pungent
ingredient of hot peppers (41) and is also the target of AEA, but not 2-AG.

The AEA-TRPV1 interaction occurs at a cytosolic binding site, and triggers
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a signal transduction that explains how AEA may play a physiological control
of several cell functions through TRPV1 (42). TRPV-1 expression is
susceptible to modulation by inflammatory and pathological processes and is
involved in the signal transduction of a wide range of stimuli, including cell
death by apoptosis and autophagy (43,44). Results obtained in the present
study clearly demonstrated that ovarian endometriosis induces in GCs an up
regulation of all the receptors suggesting that several signalling pathways have
been modulated, regulating cell metabolism and survival. The results here
presented clearly also demonstrated an upregulation of the ECS represented
by modulation of the enzymatic machinery regulating EAE metabolism. It is
important to note that the cells have kept several backup routes to produce
AEA “on demand” under different conditions and that the N-acyl
phosphatidylethanolamine phospholipase D (NAPE-PLD) is the most
prominent AEA synthase (45), whereas the fatty acid amide hydrolase
(FAAH), that cleaves AEA into ethanolamine and arachidonic acid (ARA), is
the main degradative enzyme (46). Both NAPE-PLD and FAAH are involved
in the control of folliculogenesis. In this light, the up regulation of NAPE-PLD
concomitant with the decrease of FAAH shown here could suggests that, under
the stimulus of the presence of endometriotic lesions, GCs not only became
more responsive to endogenous endocannabinoids, but also, they increase their

capability to synthesize endocannabinoids by themselves.

Additional targets of eCBs are the peroxisome proliferator-activated
receptors (PPARs) (47). Various eCBs and related molecules have been found

to regulate lipid and glucose metabolism, as well as inflammatory responses,
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by activating either PPARa or PPARy (48), although a role for PPAR-
mediated endocannabinoid signalling in reproduction remains unknown.
PPARYy expression has been reported in mammalian ovaries with higher levels
in GCs and lower levels in theca cells and corpus luteum of rodents and
ruminants (49). In particular, PPARy has been identified in follicles at all
stages of development and it has been shown that levels increase during follicle
growth and decrease after the LH surge (50,51). Since PPARy expression is
predominant in GCs, it can be hypothesized that its activity influences the
GCs/oocyte cross talk, supporting their mutual maturation (52). In this
respect, the results obtained here let us hypothesize that the activation of
ECS, in particular through the activation of PPARy, results in lipid
metabolism activation as indicated by the increase of all enzymes investigated
involved on lipid synthesis and by the lipids and triglycerides accumulation

indicated by FTIR imaging analysis.

Glucose is an essential nutrient for mammalian oocyte. It is employed as
an energy source via glycolysis and the tricarboxylic acid (TCA) cycle (53).
Glucose enters cells either by an active process via sodium-coupled glucose
transporters (SGLTs) or through facilitative glucose transporters (GLUTS)
(54). Therefore, the expression of GLUTSs in the surrounding GCs may be
strongly related to the deregulation of glucose metabolism found here, as
demonstrated by the decrease of the glucose transporters glut! and glut9
mRNA levels and by the decrease of total carbohydrates content as evidenced

by FTIR imaging analysis.
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In conclusion, the endocannabinoid system is recognized as key system in
regulating cell metabolism and function. In the present study, we report results
that reveal a novel molecular network through which endometriosis activates
the endocannabinoid system of GCs and in turn affect cell metabolism. All
these results further highlight the potential of this system on the detrimental

effects of endometriosis on female fertility.
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INTRODUCTION

Endometriosis is a chronic gynaecological disease characterised by the
presence of epithelial, glandular and stromal endometrial cells in extra-uterine
regions (1). It is reported that 30% to 50% of women with a diagnosis of
endometriosis are also affected by infertility (2). Several factors have been
suggested as possible causes of endometriosis-associated infertility: pelvic
adhesions, luteinized unruptured follicles, immunologic alterations,
progesterone resistance, and impairment of folliculogenesis, ovulation, ovum
transport, fertilization, and implantation (3,4). The characteristics of this
infertility are variable, and women affected by endometriosis can display a
decrease of fertilization, implantation and pregnancy rates (5). Actually,
several studies report that the factor that impacts the most on the
subfertility /infertility of women affected by endometriosis is the poor oocyte
quality (6). Xu and colleagues studied oocytes from patients with minimal or
mild endometriosis, finding a significant decrease in quality of these oocytes,
which showed alteration in mitochondria quality and quantity (7). As the
impaired follicle development appears to be one of the crucial factors in
endometriosis, many studies have focused on cumulus cells (CCs) and
granulosa cells (GCs). GCs are responsible of many important follicular
functions, such as the production of estradiol during follicular growth, the
production of essential nutrients used as an energy source during oocyte
maturation, the accumulation of oocyte secreted metabolites, and the secretion
of progesterone after ovulation (8-11). A dysregulation in these functions can
lead to severe cellular damages: for example, an excessive amount of lipids in

GCs determines endoplasmic reticulum stress, mitochondrial dysfunction and
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apoptosis, causing decreased rates of oocyte nuclear maturation and

fertilization (12,13).

The analysis of GCs collected from patients with diagnosis of endometriosis
revealed an altered cell cycle in these follicular cells, which could impair
folliculogenesis (4). There is evidence that oocyte quality and follicular
development are closely related to GCs apoptosis and autophagy (14-17).
Nakahara and colleagues described a higher incidence of apoptotic bodies in
GCs collected from patients with endometriosis (18); endometriosis is also
reported to result in an increase in GCs apoptosis, proportionate to the

severity of the disease, resulting in poor oocyte quality (19).

Fourier Transform InfraRed Microspectroscopy (FTIRM) and Raman
MicroSpectroscopy (RMS) are powerful vibrational techniques, broadly
applied in life sciences for the study of the biomolecular building and
composition of cells (20-22). The analysis of FTIRM and RMS spectral bands
in terms of position, intensity and width, makes it possible to obtain a unique
molecular fingerprint of the most relevant biological molecules (proteins,
lipids, sugars and nucleic acids) (23-25). This chemical and morphological
information can be directly related to pathogenesis, cellular activity,
metabolism and oxidative stress status (26-29). Several studies have applied
both FTIRM and RMS to evaluate a wide range of cells, such as tumoral cells
(30-32), human oocytes (33), human GCs (Gioacchini et al., 2017, submitted

to Cell Reports).
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In this light, via a multidisciplinary approach consisting in coupling
vibrational microspectroscopies (FTIRM and RMS) and qPCR analysis, we
studied several aspects of luteinized human GCs collected from both the
ovaries of patients with diagnosis of unilateral ovarian endometriosis. The aim
was to investigate how this disease affects GCs biochemical composition,
metabolism, and cell death, not only in the ovary affected by endometriotic

lesions, but also in the contralateral “healthy” one.

EXPERIMENTAL SECTION

The study was carried out on human GCs at Tecnobios Procreazione, in
full accordance with the Declaration of Helsinki (World Med. Ass. 2013). To
participate in this investigation, each patient signed a written consent, which
included the donation of GCs. All samples were anonymous and marked by a

code and hence it was impossible to correlate them to a physical person.

Luteinized GCs sample collection

20 patients enrolled in an in vitro fertilization program, were recruited
according to the following inclusion criteria: regular ovulatory menstrual
cycles; FSH < 10 IU/I on day 3 of the menstrual cycle; non-smokers; 35+2.8
of age. Controlled ovarian stimulation was induced using leuprorelin
(Enantone, Takeda, Rome, Italy) and rFSH (Gonal-F, Serono, Rome, Italy, or
Puregon Organon, Rome, Italy). HCG at 10,000 IU (Gonasi, Amsa, Rome,
Italy) was administered when one or more follicles reached a diameter of ca.

23 mm (34).
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GCs samples were divided as follow: GCs from 10 women with diagnosis
of tubal, idiopathic or male infertility representative of the control group
(CTRL); GCs from endometriosis-affected ovary (Endometriosis, ENDO)
and GCs from the contralateral “healthy” ovary (Contralateral, CONTRAL)
retrieved on the remaining 10 women with a diagnosis of unilateral ovarian

endometriosis.

At the end of the treatment, from each patient, a pool of luteinized GCs
was collected from all the follicles, according to the following protocol. The
follicular fluid was centrifuged at 1100x g for 10 min and the pellet was
resuspended in 2 mL of gamete medium, overlaid on 1 mL pure sperm 50%
(obtained by pure sperm 80 and gamete buffer medium) and centrifuged again
at 1600x g for 13 min to separate GCs from the red blood cells. After
centrifugation, GCs were recovered, placed in 1mL of NaCl 0.9% solution and
then centrifuged at 300x g for 10 minutes. The supernatant was discarded,
and the pellet was resuspended in 1mL of NaCl 0.9% solution and centrifuged
again at 300x g for 10 minutes. An aliquot of each GCs sample was
immediately frozen in liquid nitrogen and stored at -80°C till gPCR analysis.
The remaining aliquots of GCs samples were deposited without any fixation
process onto CaF, optical windows (1-mm thick) and air-dried for 30 min for
FTIRM analysis. GCs were fixed in a 4% PFA solution for 10 min, twice
washed in physiological solution, and then stored at 4°C until RMS
measurement. Previous experiments carried out in our laboratories evidenced
that samples prepared as above, showed a good stability in time, providing

homogeneous and reliable data sets.
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FTIRM measurements and data analysis

FTIRM measurements were carried out at the infrared beamline SISSI
(Synchrotron Infrared Source for Spectroscopic and Imaging), Elettra
Sincrotrone Trieste (Trieste, Italy). A Hyperion 3000 Vis-IR microscope
coupled with a Bruker VERTEX 70 interferometer (OPUS 7.1 software
package, Bruker Optics, Ettlingen, Germany) was used. The spectrometer was
equipped with a HgCdTe (MCT_A) detector operating at liquid nitrogen

temperature, which covers the entire IR spectral range from 4000 to 700 cm™.

On each sample, ~30 areas were selected by visible microscopy on which
IR spectra were collected in transmission mode (spatial resolution 30x30 pum?,

1 zero-filling factor of 2 in the spectral range

spectral resolution 4 cm~™
4000—800 cm ™', scanner velocity 40 kHz, 256 scans). Microscope knife-edge
apertures were set at 30x30 pm?, using a 15X Schwarzschild condenser and
objective (NA = 0.4). Background spectra were collected using the same
parameters on clean zones of the CaF5 optical window. All the collected spectra
were corrected for the contribution of atmospheric carbon dioxide and water
vapour with the compensation routine of OPUS 7.0 software (Bruker Optics
GmbH). Spectra having at 1660 cm ™ a peak height lower than 0.07 a.u. were
discharged. The remaining IR spectra were first vector normalized and then
submitted to multivariate analysis. PCA (Principal Components Analysis) was

carried out by using an in-house developed algorithm with R Studio (RStudio:

Integrated Development for R. RStudio, Inc., Boston, MA).
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IR spectra were also integrated under the spectral regions reported in

Table 1, by using OPUS 7.1 software.

Spectral Interval
Vibrational attribution Cellular features Ref.
(cm™)
Symmetric and asymmetric Saturated alkyl chains of
3000-2836 CHg stretching modes, cellular lipids (mainly) and (23)
Lipids proteins
C=0 stretching, C-N
stretching and N-H
1723-1481 Cellular proteins (35)
deformation in peptide
linkage, Proteins
Phosphate moieties of
Asymmetric stretching modes . . -
1286-1191 nucleic acids, phospholipids | (36,37)
of phosphate groups, Phl
and phosphorylated proteins
Symmetric stretching modes
of phosphate groups, and
Phosphate moieties, and
1140-1030 symmetric stretching of C-O (33,37)
carbohydrates
groups in carbohydrates,
Phll-GLYCO
3000-2836 & Sum of all the vibrations Overall cellular biomolecular
1775-950 indicated above, Cell content

Table 1. List of the spectral intervals on which the area integrals were calculated, together
with the vibrational attribution, the assigned name (bold characters) and the corresponding

cellular features.

Integrated areas were used to calculate the band area ratios reported in

Table 2.
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Banda area
) Biological significance
ratios
LIPIDS/CELL Total cellular lipids
PROTEINS/CELL Total cellular proteins
Phl/CELL Total cellular phosphate groups
Total cellular phosphate and
Phll/CELL
carbophydrate groups

Table 2. Band area ratios of the integrals defined in Table 1 and their biological

significance.

The convoluted 3050-2800 cm™, 1723-1481 cm™' and 1350-900 cm™
spectral regions were analysed by Peak Fitting procedure: absorbance average
spectra of all samples were interpolated in the aforementioned regions, two-
point baseline corrected and fitted with a Gaussian algorithm (GRAMS/AI
7.02, Galactic Industries, Inc., Salem, NH) (Table 3). To identify the
underlying component bands, the number of peaks together with their centre
values were precisely identified according to second derivative results. Mean

values of area and wavelength were obtained for each component peak.
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Spectral region Wavenumber (cm-') Assignment Label
3012 =CH stretching vibration CH
2957 CH3 asymmetric stretching vibrations
CH3
3050- 2800 cm-" 2869 CH; symmetric stretching vibrations LIPIDS
2925 CH, asymmetric stretching vibrations
CH2
2852 CH, symmetric stretching vibrations
1746 C=0 ester moieties stretching vibrations C=0 ESTERS
1694 B-turn structures vibrational modes
BETA
1790 - 1480 cm™’ 1680,1627,1613 B-sheet structures vibrational modes FOLDED
Al
1659 a-helix structures vibrational modes HELIX
1640 Random coil structures vibrational modes RANDOM
1118 C-OH groups of ribose stretching vibrations RNA
994 C-Oribose vibration RNA RNA
911 C-C ring vibrations of ribose RNA
1350-900 cm! 1087 PO, symmetric stretching mode of Phil ToT
phosphates
C-O stretching and bending mode of
1053 carbohydrates GLYCO
924 Left-handed helix DNAvibrations Z-DNA

Table 3. Fit of the 3050-2800 cm™, 1790-1480 cm™ and 1350-900 cm™ spectral
regions. The results of the fit are reported as position and area integral the selected

underlying bands.

RMS measurements and data analysis

A Horiba Jobin-Yvon LabRAM HR800 spectrometer, equipped with a 532-
nm diode laser as source was used. All measurements were acquired by using
a x100 objective (Olympus, N.A. 1). The spectrometer was calibrated to the
520.7 cm line of silicon prior to spectral acquisition. A 600 lines per mm
grating was chosen. A 100 um confocal pinhole was used for all measurements.
The spectra were dispersed onto a 16-bit dynamic range Peltier cooled CCD

detector. Point spectra from 50 cells seeded on the glass slide were acquired
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! the so-

for experimental group. The spectral range from 400 to 1800 cm™
called fingerprint region, was chosen and spectra were acquired for 3x10

seconds at each spot.

RMS spectra were smoothed using 7 smoothing points and baseline-
corrected with the polynomial method (2 iterations) (OPUS 7.1 software), and
then submitted to multivariate analysis. PCA (Principal Components
Analysis) was carried out by using an in-house developed algorithm with R
Studio (RStudio: Integrated Development for R. RStudio, Inc., Boston, MA).
Spectra were integrated under the bands highlighted as different by the

loadings of the PCA (Table 4) (38).

Wavenumber (cm-') Assignment Label
1657/ 1659 Amidic C=0 stretching mode PROTEINS
1615 Tyrosine and tryptophan C=C stretching mode TYR-TRP
1605 Phenylalanine and tyrosine C=C stretching mode PHE-TYR
1450 CH,bending mode 1450

Amidic C-N stretching and N-H bending, mainly due to

1263 helix structures HELIX
1003/ 1005 Phenylalanine symmetric stretching breathing mode PHE
980 C-C stretching of beta-sheets structures BETA
852/ 857 Amino acid sidechain C-C stretching of proline PRO

Table 4. Peak position, assignments and label used of main Raman vibrational modes.

All the intensity values of the bands of interest were divided by the
integrated area of the CH2 band, centred at ~1450 cm™!, whose value did not

change between the experimental groups.
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RNA extraction and cDNA synthesis

Total RNA extraction from GCs was performed using Minikit RNAeasy®
(Qiagen) extraction kits, following the manufacturer’s protocol. Total RNA
extracts were eluted in 20 pl. of RN Ase-free water. Final RNA concentrations
were determined with a NanoDrop™ 1000 Spectrophotometer (Thermo
Scientific) and RNA integrity was verified by Gel Red (Biotium, UK) staining
of 28S and 18S ribosomal RNA fragments on 1% agarose gel. RNA was stored
at -80°C until use. Total RNA was treated with DNAse (10 IU at 37°C for 10
min, MBI Fermentas); a total amount of 2 pug of RNA was used for cDNA
synthesis, employing the SuperScript-II ¢cDNA Synthesis Kit (Invitrogen, Life

Technologies).

Real-time polymerase chain reaction

Relative quantification of gene expression was performed with the SYBR
Green method in a CFX96 Real-Time PCR system (Bio-Rad). Duplicate PCRs
were carried out for each sample analysed. Reactions were set mixing 1 pL
diluted (1/10) ¢cDNA, 5 uL of 2x SYBR Green PCR Master Mix (Bio-Rad),
containing SYBR Green as a fluorescent intercalating agent, 0.1 uM of forward

and reverse primers, and 3.8 pL of milliQ water.

The thermal profile was as follows: enzyme activation at 95°C for 3 min;
45 cycles of denaturation (10 sec at 95°C), followed by 20 sec annealing at
60°C for all the investigated genes, and 20 sec elongation at 72°C. Fluorescence
was monitored at the end of each cycle. Dissociation curves for primer

specificity and absence of primer-dimer formation check were performed and
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consistently showed a single peak. Glyceraldehyde-3-phosphate dehydrogenase
(gapdh) and ribosomal protein L13a (rpl13a) were used as internal controls to
enable result standardization by eliminating variations in mRNA and ¢cDNA
quantity and quality (39). These genes were chosen because their mRNA levels
did not vary between experimental groups. No amplification products were
observed in negative controls and no primer—dimer formations were observed
in the control templates. Data were analysed using CFX Manager Software
version 3.1 (Bio-Rad). The quantification method was based on a AACt
calculation implemented with the Pfaffl equation, to improve accuracy by
accounting for varied reaction efficiencies depending on primers (40,41).
Modification of gene expression is represented with respect to zero. Primer

sequences used are reported in Table 5.

Gene Forward primer (5’ - 3°) Reverse primer (5’-3’) Acc number Gene ID
gapdh GTGAAGGTCGGAGTCAACG GGTGAAGACGGCCAGTGGACTC NM_002046.5 2597
rpl13a TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG NM_012423.3 23521
ppara CTGGAAGCTTTGGCTTTACG GTTGTGTGACATCCCGACAG NM_001001928.2 | 5465
ppary TTCAGAAATGCCTTGCAGTG CACCTCTTTGCTCTGCTCCT NM_001330615.1 | 5468
fasn CAGAGCAGCCATGGAGGAG TAGAGCCCCGCCTTCCAG NM_004104.4 2194
glut1 TGGCATCAACGCTGTCTTCT AGCCAATGGTGGCATACACA NM_006516.2 6513
glut9 TCCAGAGGGGCATGAAAACTC CGAGCAGGACCAGTCCAATTT NM_001001290.1 | 56606
dnmt1 CTACCAGGAGAAGGACAGG CTCACAGACGCCACATCG NM_001130823.2 | 1786
dnmt3a TATGAACAGGCCGTTGGCATC AAGAGGTGGCGGATGACTGG NM_001320892.1 1788
bircs AGGACCACCGCATCTCTACAT AAGTCTGGCTCGTTCTCAGTG NM_001012271.1 332
casp3 CTCTGGTTTTCGGTGGGTGT CGCTTCCATGTATGATCTTTGGTT NM_001354778.1 | 836
becn1 GGCTGAGAGACTGGATCAGG CTGCGTCTGGGCATAACG NM_003766.4 8678
Ic3a GAGAAGCAGCTTCCTGTTCTGG GTGTCCGTTCACCAACAGGAAG NM_032514.3 84557

Table 5. List of primers used in gene expression analyses by Real-Time qPCR.

gapdh: glyceraldehyde-3-phosphate dehydrogenase; rpl13a: ribosomal protein L13a; ppara:
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peroxisome proliferator activated receptor alpha; ppary: peroxisome proliferator activated
receptor gamma; fasn: fatty acid synthase; glutl: glucose transporter 1 (slc2al: solute
carrier family 2 member 1); glut9: glucose transporter 9 (slc2a9: solute carrier family 2
member 9); dnmtl: DNA methyltransferase 1; dnmt3a: DNA methyltransferase 3 alpha;
survivin (bircs: baculoviral IAP repeat containing 5); casp3 (caspase 3); becn! (beclin 1);

le3a (mapllc3a: microtubule associated protein 1 light chain 3 alpha).

Statistical analysis

Normally distributed data deriving from integration of FTIRM and RMS
spectra, from Peak Fitting of FTIRM spectra, and from gene expression
analysis were presented as mean + S.D. Significant differences between
experimental groups were determined by means of a factorial analysis of
variance (one-way ANOVA), followed by Tukey's multiple comparisons test,
using the statistical software package Prism6 (Graphpad Software, Inc. USA).
Statistical significance was set at p < 0.05. Asterisks denote significant
differences from the control group (* = p < 0.05; ** = p < 0.01; *** = p <

0.001; **** = p < 0.0001).

RESULTS

Human luteinized GCs samples divided into three experimental groups
named CTRL (diagnosis of tubal, idiopathic or male infertility), ENDO
(diagnosis of unilateral ovarian endometriosis, GCs collected from the
endometriosis-affected ovary), and CONTRAL (diagnosis of unilateral
ovarian endometriosis, GCs collected from the contralateral “healthy” ovary)

were analysed using FTIRM and RMS, and by qPCR assays.
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FTIRM measurements and data analysis

PCA was carried out to analyse and compare the spectral profiles of the
three experimental groups. Figure 1A shows the PCA scatter plot of GCs
spectra from all the three experimental groups. A clear segregation of CTRL
and ENDO/CONTRAL spectra was observed along PC1 axis (73.91 % of
the system variance), and the analysis of PC1 loading (Figure 1B) showed the
most visible discriminant features, which were also highlighted in the average

absorbance spectra (Figure 1C).
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Figure 1. Principal Components Analysis on FTIRM spectra. PCA scatter plot of
CTRL, ENDO and CONTRAL experimental groups (A); corresponding loading of PC1
(B); mean spectra of CTRL (black), ENDO (blue) and CONTRAL (red) experimental
groups (C). Highlighted regions in (B) and (C) indicate discriminatory features.

To perform a semi-quantitative analysis of the macromolecular

composition of CTRL, CONTRAL and ENDO GCs, specific band area
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ratios were calculated using the area integrals described in the Experimental

section (Figure 2).

The analysis of their numerical variation between the experimental groups
led to the following considerations: (i) the total amount of cellular lipids
(LIPIDS/CELL) showed a significant increase in CONTRAL and ENDO
GCs with respect to CTRL ones (Figure 2A); (ii) the total amount of cellular
proteins (PROTEINS/CELL) did not significantly change between the
experimental groups (Figure 2B); (iii) the ratio PhI/CELL showed a
significant increase in CONTRAL and ENDO GCs with respect to CTRL
ones (Figure 2C); (iv) the ratio PhII-GLYCO/CELL did not change between

the two experimental groups (Figure 2D).
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Figure 2. Numerical variations of the following band area ratios for the CTRL,

CONTRAL and ENDO experimental groups: LIPIDS/CELL (spectral region 3050-2800
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cm™) (A); PROTEINS/CELL (spectral region 1723-1481 cm™) (B); PhI/CELL (band at
~1240 cm™) (C); PhII-GLYCO/CELL (band at ~1080 cm™) (D). Values are reported as
mean+SD. Significant differences were determined as described in the Experimental section
(see Statistical analysis). Asterisks above columns indicate statistical differences with

respect to CTRL (* = p<0.05; **** = p<0.0001).

For a deeper analysis of the spectral profile of lipids and proteins in
CTRL, CONTRAL and ENDO GCs, a fit of the 3050-2800 cm™, 1790—
1480 cm™ and 1350-900 cm ™! spectral regions was performed, and the position
and the area integral of all the underlying bands were obtained. The statistical
analysis of the numerical variations of specific band area ratios (Figure 3),
calculated using the area integrals in Table 2, led to the following results: (i)
the ratio CH/LIPIDS significantly increased in both CONTRAL and ENDO
GCs (Figure 3A); (ii) the ratio C=0 ESTERS/AI significantly increased in
both CONTRAL and ENDO GCs (Figure 3B); (iii) the ratio FOLDED/AI
significantly decreased in both CONTRAL and ENDO GCs with respect to
CTRL ones (Figure 3C); (iv) the value RANDOM/AT significantly increased
in both CONTRAL and ENDO GCs, consistent with the opposite trend
observed in the FOLDED/AI ratio (Figure 3D); (v) the ratio GLYCO/TOT
significantly decreased in CONTRAL and ENDO GCs, with respect to
CTRL ones (Figure 3E); (vi) the value RNA /PhII significantly decreased in
CONTRAL and ENDO GCs (Figure 3F); (vii) the ratio Z-DNA/PhII

significantly increased in both CONTRAL and ENDO GCs (Figure 3G).
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Figure 3. Numerical variations of the following band area ratios for the CTRL,
CONTRAL and ENDO experimental groups: 3010 cm™ (CH) / peaks in the 3050-280
cm range (LIPIDS) (A); 1746 cm™ (C=O esters) / bands in the 1695-1625 cm™ interval
(AI) (B); 1659 + 1669 + 1694 + 1680 + 1627 + 1613 cm™ (FOLDED) / AI (C); 1640 cm™
(RANDOM) / AI (D); 1053 cm™ (GLYCO) / peaks in the 1350-900 cm-1 region (TOT)
(E); 1118 + 994 + 911 cm™ (RNA) / 1087 cm™ (PhII) (F); 924 cm™ (Z-DNA) / (PhII)
(G). Asterisks above columns indicate statistical differences with respect to CTRL (* =

p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; Student’s ¢ test).

RMS measurements and data analysis

Raman spectra acquired in the fingerprint region (400-1800 cm™) were
first submitted to multivariate analysis (PCA), which was carried out to
highlight the spectral profiles of CTRL, CONTRAL and ENDO GCs.
Figure 4A shows the PCA scatter plot of GCs spectra from the three
experimental groups. A clear segregation of CTRL and ENDO/CONTRAL
spectra was observed along PC1 axis (60.39 % of the system variance), and
the analysis of PC1 loading (Figure 4B) showed the most visible discriminant

features, which were also highlighted in absorbance spectra (Figure 4C).

179



15.45% explained variance
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Figure 4. Principal Components Analysis on RMS spectra. PCA scatter plot of
CTRL, ENDO and CONTRAL experimental groups (A); corresponding loading of PC1
(B); mean spectra of CTRL (black), ENDO (blue) and CONTRAL (red) experimental
groups (C). Highlighted regions in (B) and (C) indicate discriminatory features.

Raman spectra of the three experimental groups were evaluated in terms
of position of the bands: red shifts were observed affecting: (i) the band
PROTEINS, centred at 1657 cm™ in CTRL and at 1659 cm™ in
CONTRAL/ENDO; (ii) the band PHE, from 1003 cm™ of CTRL to 1005
cm™! of CONTRAL/ENDO; (iii) the band PRO, centred at 852 cm™ in

CTRL and at 857 cm™ in CONTRAL/ENDO.

The analysis of the numerical variations of specific band area ratios,
particularly related to proteins and protein characteristics, led to the following
results (Figure 5): (i) the ratio PROTEINS/1450 showed a slight but not

significant decrease in CONTRAL and ENDO GCs with respect to CTRL
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ones (Figure 5A); (ii) the value TYR-TRP /1450 showed a significant decrease
in both the experimental groups linked to endometriosis (Figure 5B); (iii) the
ratio PHE-TYR/1450 significantly decreased in CONTRAL and ENDO
GCs (Figure 5C); (iv) the value HELIX /1450 showed a significant decrease in
CONTRAL and ENDO GCs with respect to CTRL ones (Figure 5D); (v)
the value PHE/1450 significantly decreased in CONTRAL and ENDO
experimental groups (Figure 5E); (vi) the value BETA /showed a significant
decrease in CONTRAL and ENDO GCs with respect to CTRL ones
(Figure 5F); (vii) the ratio PRO/1450 significantly increased in CONTRAL
and ENDO GCs (Figure 5G). All the other bands highlighted as different by
the PC1 loading were investigated, but did not show significant alterations

between the experimental groups (data not shown).
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Figure 5. Numerical variations of the following band area ratios for the CTRL,
CONTRAL and ENDO experimental groups: PROTEINS (1657 cm™) /1450 (A); TYR-
TRP (1615 cm) /1450 (B); PHE-TYR (1605 cm™) /1450 (C); HELIX (1260 cm) /1450
(D); PHE (1003 cm™) /1450 (E); BETA (980 cm™) /1450 (F); PRO (855 cm™) /1450 (G).
Values are reported as mean+SD. Significant differences were determined as described in
the Experimental section (see Statistical analysis). Asterisks above columns indicate
statistical differences with respect to CTRL (* = p<0.05; ** = p<0.01; *** = p<0.001;
X = p<0.0001).

Gene expression analysis

Table 2 shows the numerical variations in the expression of the genes of
interest. A significant alteration in the expression was observed for all the
genes investigated in GCs from patients affected by endometriosis, collected
from both the ovaries. In relation to lipid metabolism, CONTRAL and
ENDO GCs showed a significant increase in both ppara and ppary expression
(p < 0.01 and p < 0.0001, respectively), and in fasn expression (p < 0.001 and
p < 0.0001, respectively). Carbohydrate metabolism is also affected by
endometriosis, in both the ovaries, as proved by the increased expression of
glut! (p < 0.01 and p < 0.0001, respectively for CONTRAL and ENDO)
and glut9 (p < 0.0001, for both CONTRAL and ENDO). We analysed the
methylation process by studying the gene expression of dnmt1, a maintenance
methyltransferase, and dnmt3a, a de novo methyltransferase: we found for
both the genes a significant increase in GCs collected from both the ovaries of
patients affected by endometriosis (dnmtl: p < 0.01 and p < 0.0001,
respectively for CONTRAL and ENDO; dnmit3a: p < 0.01 and p < 0.0001,

respectively for CONTRAL and ENDO). Finally, cell death/survival was
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investigated, by studying the gene expression of anti-apoptotic (bircs), pro-
apoptotic (casp3), and autophagy-related (becnl, lc3a) signals: we found a
significant decrease of the expression of birc5 (p < 0.0001, for CONTRAL
and ENDO), a significant increase of casp3 (p <0.001 for CONTRAL, and
p < 0.0001 for ENDO), a significant increase of becn! (p < 0.05 for ENDO),

and a significant increase of lc3a (p < 0.05 for CONTRAL, and p < 0.01 for

ENDO).
Gene CTRL CONTRAL ENDO
ppara 143 £0.22 3.4+0.88** 4.7 £0.97 ¥***
ppary 1.51+0.13 33+1.31* 417 £0.83**
fasn 1.32+041 | 418+0.12*** [ 6.23 +1.29****
glutt 6.33+0.78
glut9 9.08 +0.44
dnmt1 1.32+0.42 317 £0.52** 6.49 +0.97 ****
dnmt3a 1.68+0.13 3.31+0.61* 7.71 £ 0.83****
bircs 27.54+2.27 _
casp3 229+1.13 | 54.47+4.36*** | 63.30+2.29 ****
becnt 1.20 £0.02 1.52 £0.01"s 3.01+0.21*
Ic3a 1.96 +0.01 3.41+0.11* 4.27 +0.59**

Table 6. Transcription profiles of investigated genes. Significant differences were
determined as described in the Experimental section (see Statistical analysis). Green
indicates increased expression; red indicates decreased expression; yellow indicates no
significant modification in expression. Asterisks indicate statistical differences with respect
to CTRL (* = p<0.05; ** = p<0.01; *** = p<0.001; **** = p<0.0001; ns =

significant).

not
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DISCUSSION

Poor oocyte quality is clearly the factor that impacts the most on the
subfertility /infertility of women affected by endometriosis (6). The key role
played by GCs in follicles has made them a topic of interest in several studies
(8,42,43). Given the importance of these cells, a dysregulation of their
functions can lead to severe damage to the oocyte. In this study, we aimed to
apply a multidisciplinary approach, consisting in coupling two vibrational
microspectroscopies (FTIRM and RMS) with qPCR analysis, to investigate
how ovarian endometriosis affects GCs biochemical composition, metabolism,
and cell death, not only in the ovary affected by endometriotic lesions, but
also in the contralateral “healthy” one. The multidisciplinary approach used
in this study revealed several layers of impairment of GCs due to ovarian
endometriosis, in both the ovaries. In particular, the macromolecular building
blocks of GCs appears to be substantially altered, an oxidative stress
mechanism seems to be activated, lipid and carbohydrate metabolisms are
deregulated, cell death/survival regulative machineries are impaired, and an

alteration in DNA methylation occurs.

Peak fitting performed on FTIRM spectra pointed to a significant increase
of =CH groups (CH/LIPIDS ratio) and C=0 ester moieties (C=0/ESTERS
ratio): these two values, taken together when following the same trend, are
attributed to a mechanism of lipid oxidation (44,45). Moreover, both FTTRM
and RMS spectra highlighted no difference in the total protein amount, but a
significant impairment in secondary structure proper folding (FTIRM:

FOLDED/AI ratio increased, and RANDOM/AI ratio decreased; RMS:

185



HELIX/1450 and BETA/1450 ratios decreased). Both the results of lipid
oxidation and alterations in protein secondary structures are consistent with
a process of oxidative stress altering the cellular constituents. It is known that
in addition to lipids, cellular oxidation targets proteins, leading to their
modification and making them prone to misfolding, hence creating internal
cell stressors, such as misfolded molecules (46). This oxidation picture is
consistent with the known reduced antioxidant ability in infertile women with
endometriosis (47) and the elucidated role played by oxidative stress and
reactive oxygen species (ROS) in the progression of endometriosis (48,49). It
is reported that both GCs and follicular fluid from endometriosis-affected
patients display a higher 8-OHdG index, which permits the analysis of DNA
oxidative damage (50,51): hence, the oxidative stress characteristic of
endometriosis also affects the follicular microenvironment, potentially

impacting ovarian folliculogenesis and oocyte quality.

In a previous work focused on the alterations on GCs endocannabinoid
system (ECS) due to endometriosis, we reported the activation of the lipid
metabolism, probably due to the upregulation of ECS through PPARYy, both
with gene expression analysis and with FTIR imaging (Chapter 5, data not
published). Consistent with these results, in the present research, we observed
a significant increase in lipid content (LIPIDS/CELL ratio obtained by
integration of IR spectra), both in CONTRAL and ENDO experimental
groups with respect to CTRL ones. Moreover, a modulation of lipid
metabolism was confirmed by the increased expression of ppare, ppary and

fasn genes. Ppara plays a key role in lipid and lipoprotein metabolism (52,53);
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ppary regulates adipocyte differentiation and fatty acids storage (54); fasn has
the main function to catalyse the synthesis of long-chain saturated fatty acids
(55,56). It is reported that an excessive amount of lipids in cumulus-oocyte
complexes, due to high-fat diets or to the in witro exposure to lipid-rich
follicular fluids, results in increased oocyte lipid content, induction of
endoplasmic reticulum stress, mitochondrial dysfunction, and increased

incidence of apoptosis in ovarian cells (12,13).

Six transport systems of amino acids were found in oocytes throughout the
growth and maturation phases (57). Moreover, gap junctions and paracrine
interactions between the oocyte and cumulus cells seem to be crucial for the
uptake of amino acids by the oocyte (58). In the present study, by applying
RMS analysis, we observed an alteration in terms of content of some amino
acids (an increase of proline, concomitant with a decrease of tyrosine,
tryptophan and phenylalanine, both in CONTRAL and ENDO
experimental groups). This decrease could be consistent with the above
highlighted lipid oxidative stress, since aromatic amino acid side chains are

among the most desired targets for ROS attack (59).

Both FTIRM and qPCR analysis showed a decrease in carbohydrate
content (GLYCO/TOT ratio) and metabolism (glut! and glut9), respectively,
in both CONTRAL and ENDO GCs. Glucose is fundamental for
mammalian oocytes, but cannot be utilized unless previously transformed into
pyruvate by GCs (60). Glucose is taken up by GCs via sodium-coupled glucose

transporters (SGLTSs) or through facilitative glucose transporters (GLUTS).
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Fourteen paralogous members of the GLUT gene family are known, including

GLUT1 and GLUTY (61).

An interesting result we reported in this study is the increase of the Z-
DNA fold form of DNA (Z-DNA/PhII ratio), evidenced by FTIRM analysis,
in both CONTRAL and ENDO experimental groups, consistent with a
significant decrease of RNA content (RNA /PhII ratio). Z-DNA is an elongated
left-handed conformation of DNA, which can be found in segments with
specialized sequences, characterized by alternations of purines and
pyrimidines, especially alternating deoxycytidine and deoxyguanosine residues
(62). Z-DNA spatial conformation is thought to be able to influence
transcriptional activity by excluding transcription factors, normally binding
the B-DNA form, from binding to target sequences (63). It is reported in
literature that methylated d(GCeGC), sequences facilitate B- to Z-DNA
structural transitions. Furthermore, in the present study, an increase of dnmt1
and dnmt3a expression was evidenced, consistent with the results obtained by

FTIRM.

Finally, we investigated the expression of genes involved in the regulation
of cell death and survival, in relation to endometriosis. It is known that
apoptosis, carried out via several pathways, plays a crucial role in the adult
ovary, and the molecules involved in these pathways regulate follicular
survival, atresia, selection and loss, and luteogenesis (64). However, the control
of this machinery can be impaired by many factors, such as endometriosis: in
literature, a higher incidence of apoptotic bodies in GCs collected from patients

with endometriosis is reported (18), and higher rates of apoptosis in GCs
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obtained from endometriosis-affected patients (4). It is possible that this
impairment is due to the decrease/loss of anti-apoptotic factors, such as
survivin (bircd), as we observed in CONTRAL and ENDO GCs, and as
reported by Fujino and colleagues, which described a lower gene expression
level of survivin in patients with endometriosis (65). In addition, survivin
inhibits the functionality of caspase-3 and caspase-7 terminal effectors: in
particular, it is reported that the disruption of survivin-microtubule
interactions determines the loss of survivin’s anti-apoptotic function and,
conversely, the increase of caspase-3 activity (66). Casp3 encodes for one of
the caspases, the so-called ‘executioners of apoptosis’ (67); with its activity of
proteolytic cleavage of many key proteins, caspase-3 displays a crucial role in
apoptosis. In this study, an increase in the expression of casp3 was evidenced
in CONTRAL and ENDO GCs. Also, autophagy seems to be implied in
follicular development, since the accumulation of autophagosomes was
detected in GCs and was found to induce apoptotic GCs death (16). The
expression of becnl, which encodes for a protein regulating autophagy
processes (68), increases in ENDO GCs. Concomitantly, we also found in
CONTRAL and ENDO GCs an increase in the expression of lc3a, which
encodes for the light chain 3 subunit of the neuronal microtubule-associated
proteins (MAPs), associated to autophagosome membranes after processing
(69). All together the obtained results describe a profound impairment caused
by ovarian endometriosis in the mechanisms controlling cell death and

survival, both affecting apoptosis and autophagy machineries.
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In conclusion, the coupling of the two vibrational spectroscopies, FTIRM
and RMS, and qPCR let obtain complementary information, which shed new
light on the alteration induced by ovarian endometriosis on GCs metabolism,
biochemical composition, and cell death/survival. Furthermore, it is important
to emphasize a crucial aspect of the results we obtained: almost all the
highlighted alterations affect both the ovary presenting endometriotic lesions,
and the contralateral one, considered healthy. Although several studies
reported that the number of retrieved oocytes is higher in the contralateral
ovary with respect to the one with endometrioma (70,71), the results we report
suggest a new scenario: endometriosis impairs the overall ovarian functions
acting not only through a paracrine/autocrine signalling, but also through an

endocrine one.
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How DO PLASTICIZERS BPA AND DGB ALTER THE
MACROMOLECULAR COMPOSITION OF LUTEINIZED
GCs?
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INTRODUCTION

In recent years, the concern regarding the impact of plasticizers on human
reproduction is growing due to their widespread diffusion in the environment,
such as air, soil and water samples, as described in several studies (1,2).
Plasticizers are chemicals compounds routinely used to ameliorate plastics in
terms of flexibility and workability (3). They are known to have a hormone-
like activity, functioning as endocrine disrupting chemicals (EDCs). Bisphenol-
A (BPA), one of the most used plasticizer (4-6), is described as an oestrogen-
like compound, as it stimulates the activity of the nuclear oestrogen receptors
(ERs), ERa and ERB, leading to variations in gene expression patterns (7). In
the field of reproduction, BPA has been shown to adversely correlate with
many functionalities and features in males, such as lower sperm concentration,
count, vitality, and progressive motility (8). In females, it causes implantation
failure, lower antral follicle counts, alterations in oviduct and uterine
morphology, and abnormal oestrous cyclicity (9). Less is known about
diethylene glycol dibenzoate (DGB), recently approved by the European
Chemical Agency as an alternative to phthalates in the manufacturing of
plastics (10,11), and used in latex products, industrial coatings and certain

printing inks.

The discovery of BPA in human follicular fluid of women undergoing in
vitro fertilization (IVF) procedures raised many concerns: the ovarian follicle
is an extremely fragile microenvironment, and the presence of EDCs may be a
risk factor for impaired oocyte development, as well as for a correct embryo

development (12). In this light, we exploited FTIR Microspectroscopy to
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examine the effects on human luteinized Granulosa cells (GCs) of two different
plasticizers (BPA and DGB), at three doses (1 ng/ml, 10 ng/ml, 100 ng/ml),
selected on the basis of BPA concentration found in human follicular fluids.
FTIRM is a well-established vibrational technique, extensively applied in life
sciences to study the biomolecular makeup of cells and tissues (13,14). The
analysis of IR spectral bands in terms of position, intensity and width, makes
it possible to detect the presence and relative quantity of functional groups,
bonding types and molecular conformation of the most important biomolecules
(proteins, lipids, sugars and nucleic acids) (15). FTIRM measurements were
carried out on living GCs, using a biocompatible microfluidic device system,
which maintain cells viable and in physiological conditions for the time of the

study (16).

EXPERIMENTAL SECTION

The study was approved by the Internal Review Board of Tecnobios
Procreazione, in full accordance with the Declaration of Helsinki (World Med.
Ass. 2013). To participate in this investigation, each patient signed a written
consent, which included the donation of GCs. All samples were anonymous
and marked by a code and hence it was impossible to correlate them with a

physical person.

Luteinized GCs sample collection

15 patients enrolled in an in vitro fertilization program at Tecnobios

Procreazione were recruited according to the following inclusion criteria: age
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of 32£3.3 years; regular ovulatory menstrual cycles; FSH < 10 IU/I on day 3
of the menstrual cycle; non-smokers, and without ovarian infertility nor
endometriosis diagnosis. Controlled ovarian stimulation was induced using
leuprorelin (Enantone, Takeda, Rome, Italy) and rFSH (Gonal-F, Serono,
Rome, Italy, or Puregon Organon, Rome, Italy). HCG at 10,000 IU (Gonasi,
Amsa, Rome, Italy) was administered when one or more follicles reached a

diameter of ca. 23 mm (17).

From each patient, luteinized GCs were collected at the end of the
treatment from all the follicles, according to the following protocol. The
follicular fluid was centrifuged at 1100 x g for 10 min and the pellet was
resuspended in 2 ml of gamete medium, overlaid on 1 ml pure sperm 50%
(obtained by pure sperm 80 and gamete buffer medium) and centrifuged again
at 1600x g for 13 min to separate GCs from the red blood cells. After
centrifugation, GCs were recovered, placed in 1 ml of NaCl 0.9% solution and
then centrifuged at 300x g for 10 minutes. The supernatant was discarded and
the pellet was resuspended in 1 ml of NaCl 0.9% solution and centrifuged again
at 300x g for 10 minutes. All retrieved GCs were pooled and then divided into
different aliquots, cultured for 48 hours (18) in only DMEM/F12 culture
medium (CTRL), or also with the addition of BPA and DGB at three
different concentrations (1 ng/ml; 1ng; 10 ng/ml: 10ng; 100 ng/ml: 100ng).

The experiment was carried out in triplicate.
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FTIRM measurements and data analysis

FTIRM measurements were carried out at the infrared beamline SISSI at
Elettra Sincrotrone Trieste. A Hyperion 3000 Vis-IR microscope coupled with
a Bruker VERTEX 70 interferometer (OPUS 7.1 software package, Bruker
Optics, Ettlingen, Germany) was used. The spectrometer was equipped with
a HgCdTe (MCT_A) detector operating at liquid nitrogen temperature, which

covers the entire IR spectral range from 4000 to 800 cm ™.

GCs were harvested from the culture flask by trypsinization and were
centrifuged at 1200 rpm for 5 min. The pellet was washed twice with
physiological solution (NaCl 0.9%); then, cells were resuspended in 15 pl of
physiological solution and dropped into a specific biocompatible microfluidic
device, developed by the team of SISSI (Synchrotron Infrared Source for
Spectroscopic and Imaging) beamline, Elettra Synchrotron Trieste. This device
was composed by two CaF, optical windows (0.5-mm thick, 13 and 10 mm
diameter respectively), spaced apart 7.5 pm (19,20). On each sample, ~30 areas
containing 3/4 cells were selected by visible microscopy, on which IR spectra
were collected in transmission mode. Microscope knife-edge apertures were set

1

at 30x30 pm? (256 scans, spectral resolution of 4 cm™!, zero-filling factor of 2

! scanner velocity 40 kHz) using a 15X

in the spectral range 4000—800 cm™
Schwarzschild condenser and objective (NA = 0.4). Background, taken on 1
mm CaF; clean window, and buffer medium spectra were collected using the

same parameters.
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All the collected spectra were corrected for the contribution of atmospheric
carbon dioxide and water vapour with the compensation routine of OPUS 7.1
software (Bruker Optics GmbH). Then to elucidate the cellular spectral details
hidden by the prominent water features, the spectral contribution of water
medium was subtracted from each GCs spectrum using the in-house optimized
Matlab routine described by Vaccari et al. (20). Spectra having at 1660 cm ™
a peak height lower than 0.07 a.u. were discarded. The remaining IR spectra
were vector normalized and then subjected to PCA (Principal Components
Analysis), by using an in-house developed algorithm with R Studio (RStudio:
Integrated Development for R. RStudio, Inc., Boston, MA). PCA is a
multivariate technique widely used to highlight spectral variability among
different groups or to recognize outliers. It allows the discrimination of
different spectral groups of similar variability, using Principal Components
(PCs) and scores plots; moreover, its usefulness in spectroscopy studies resides
in the loadings, in which the variations among groups are highlighted
according to wavenumbers (21). Once each spectrum was described by scores
in the new space of scores plot, spectra outside 90% confidence ellipse in PC2

vs PC1 space were removed.

IR spectra were also integrated under the spectral regions reported in

Table 1, by using OPUS 7.1 software.
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Spectral

Vibrational mode

Interval . Cellular functional groups Ref.
1 assignment
(cm™)
Symmetric and asymmetric .
_ . Saturated alkyl chains of cellular
3000-2836 CHas stretching modes, lipids (mainly) and proteins (15)
Lipids
Mainly C-N stretching and N-
1591-1481 H deformation in peptide Cellular proteins* (22)
linkage, Amide |1, All
1480-1426 CHys bending, CH2-3 Methyl and methylene groups of (23)
cellular proteins
Symmetric stretching of COO-
1426-1372 groups of glutamate and Glutamate and aspartate (23)
aspartate, GLU-ASP
Asymmetric stretching modes Phosphate moieties of nucleic acids
1286-1191 of phosphate groups, Ph1 (mainly), phospholipids and (24,25)
phosphorylated proteins
Symmetric stretching modes Phosphate moieties of
1140-1030 of phosphate groups, Ph2 phosphorylated proteins (mainly), (26,25)
phospholipids and nucleic acids
2990-2899 & Sum of all the vibrations ’
1775-950 indicated above, CELL Overall cellular biomolecular content

* Amide | was not taken into account due to its superimposition with the vibrational water

contribution.

Table 1. List of the spectral intervals on which the area integrals were calculated, together

with the vibrational mode assignment, the assigned name (bold characters) and the

corresponding cellular functional groups.

Integrated areas were used to calculate the band area ratios reported in

Table 2.

Banda area
Biological significance
ratios
LIPIDS/CELL Total cellular lipids
All/CELL Total cellular proteins
PH1/CELL
Total cellular phosphate groups
PH2/CELL
Methyl and methylene groups of amino
CH2-3/CELL Y v groups
acid side chains
GLU-ASP/CELL Glutamate and aspartate amount

Table 2. Band area ratios of the integrals defined in Table 1, label used and its biological

significance.

206



Statistical analysis

Data were presented as mean + S.D. Significant differences between
experimental groups were determined by means of a factorial analysis of
variance (one-way ANOVA), followed by Tukey's multiple comparisons test,
using the statistical software package Prism6 (Graphpad Software, Inc. USA).

Statistical significance was set at p < 0.05.

RESULTS
Human GCs samples treated for 48 hours with different concentrations of
BPA and DGB, were analysed using FTIRM. Representative FTIRM

absorbance and second derivative spectra of GCs are reported in Figure 1.
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Figure 1. Representative absorbance and second derivative spectra of GCs after
subtraction of water contribution. The spectral regions considered in the study are
highlighted (3000-2836 cm™: LIPIDS; 1591-1481 cm™': AIl; 1480-1426 cm™: CH2-3; 1286—
1191 em™": Phl; 1140-1030 cm™: Ph2).

PCA was carried out to highlight spectral variability among different
groups, and to discriminate different spectral groups of similar variability.
Regarding BPA treatment, Figure 2A shows the PCA score plot of GCs
spectra from CTRL, 1ng, 10ng, and 100ng experimental groups. A good
segregation of the CTRL group respect to the others was observed along the
PC1 axis (56.69% of the system variance). The pair-wise comparisons of
CTRL vs 1ng, CTRL vs 10ng, and CTRL vs 100ng GCs spectra are shown
in Figures 2B, 2C and 2D, respectively. All plots clearly show that PC1
differentiates between the control group and each of the others. The PC1
loadings of all the PCA tests (Figure 2E), showed that the most visible
discriminant features among the experimental groups are the spectral regions
corresponding to the alkyl chains stretching modes of lipids (3000-2800 cm™)

and Amide II band of proteins (1591-1481 cm™).
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Figure 2. Principal Components Analysis of BPA experiment. PCA score plot of
the analysis performed on all the experimental groups (A), and pair-wise PCA score plot
of CTRL vs 1ng (B), CTRL vs 10ng (C), and CTRL vs 100ng (D). PC1 loadings of
the pair-wise PCA tests (E).

Similarly, regarding DGB treatment, Figure 3A reports the PCA score plot
of GCs spectra from CTRL, 1ng, 10ng, and 100ng experimental groups. A
complete segregation of the CTRL group respect to the others was observed
along the PCl axis (53.49% of the system variance). The pair-wise
comparisons of CTRL vs 1ng, CTRL vs 10ng, and CTRL vs 100ng GCs
spectra are showed in Figures 3B, 3C and 3D, respectively. In all plots, PC1

differentiates between the control group and each of the others. The PC1
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loadings of all the PCA tests (Figure 3E), showed that the most visible
discriminant features among the experimental groups are the spectral regions
corresponding to alkyl chains stretching modes of lipids (3000-2800 cm),
Amide II band of proteins (1591-1481 cm™) and phosphates and carbohydrates

vibrational modes (1350-1000 cm™).

A B . Cc .
g
o "
H s
5 14
5 g
oF o o3
k-3 = e
23 3 /. Tg
g R =/ 8
§ e g
= \e_ e ~e
L\
? o\ %5
)
v
PC1 PC1 PC1
53.49% explained variance 61.25% explained variance 65.19% explained variance

PC1

|

pC2
8.17% explained variance
—
N
S o o0e
¥.
-
PC1
CTRL vs 100ng CTRLvs 10ng CTRL vs 1ng

.
PC1

mmmmmmmmmmmmm

PC1
62.02% explained variance

Figure 3. Principal Components Analysis of DGB experiment. PCA score plot of
the analysis performed on all the experimental groups (A), and pair-wise PCA score plot
of CTRL vs 1ng (B), CTRL vs 10ng (C), and CTRL vs 100ng (D). PC1 loadings of
the pair-wise PCA tests (E).
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To compare the alterations of the relative content of cellular biomolecules
depending of doses of BPA and DGB, specific band area ratios were calculated
for all the experimental groups (Figures 4 and 5). Regarding BPA treatment,
the analysis of the numerical variations of band area ratios among the
experimental groups led to the following considerations: (i) the total amount
of cellular lipids (LIPID/CELL), calculated as ratio between the integrated
area in the 3000-2836 cm™ spectral region and the CELL value, showed a
significant increase in GCs treated with all the doses of BPA (Figure 4A); (ii)
the total amount of cellular proteins (AII/CELL), calculated as ratio between
the integrated area in the 1591-1481 cm ! spectral region and the CELL value,
showed a significant decrease in GCs treated with all the doses of BPA (Figure
4B), in accordance with the ratio CH2-3/CELL, calculated dividing the area
integral of the band centered at ~1460 cm™ and the CELL value, assigned to
the methyl and methylene groups of amino acid side chains (Figure 4F); (iii)
the total amount of phosphate groups, calculated as the ratio between the
integrated area in the 1286-1191 ¢m ' spectral region and the CELL value
(Ph1l/CELL), and between the integrated area in the 1140-1030 cm™ spectral
region and the CELL value (Ph2/CELL), showed a significant increase only
in GCs treated with the highest dose of BPA (100 ng/ml) (Figures 4C,D); (iv)
the total amount of glutamate and aspartate (GLU-ASP/CELL), calculated
as the ratio between the area integral of the band centred at ~1400 cm™ and
the CELL value, showed a significant decrease in treated GCs at all the doses

(Figure 4F).
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Figure 4. Numerical variations of the following band area ratios for the CTRL, BPA
1ng, BPA 10ng and BPA 100ng experimental groups: LIPIDS/CELL (spectral region
3050-2800 cm™) (A); PROTEINS/CELL (spectral region 1723-1481 cm™) (B); Phl/CELL
(band at ~1240 cm™) (C); Ph2/CELL (band at ~1080 cm™) (D); GLU-ASP/CELL (band
at ~1400 cm?) (E); CH2-3/CELL (band at ~1460 cm™) (F). Values are reported as
mean+SD. Significant differences were determined as described in the Experimental section
(see Statistical analysis). Different letters above columns indicate statistical differences with
respect to CTRL.

The same analysis was conducted on cells treated with DGB and led to
the following conclusions: (i) the total amount of cellular lipids (LIPID/CELL)
showed a significant decrease in GCs treated with the lowest dose of DGB (1
ng/ml), and a significant increase with the medium dose (10 ng/ml) (Figure
5A); (ii) the total amount of cellular proteins (AII/CELL) did not show a
significant alteration with any tested dose of DGB (Figure 5B); (iii) the total

amount of phosphate groups (Phl/CELL and Ph2/CELL) showed a
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Band area ratio (a.u.)

significant decrease in GCs treated with the medium and the highest doses of

DGB (10 ng/ml and 100 ng/ml) (Figures 5C,D).
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Figure 5. Numerical variations of the following band area ratios for the CTRL, DGB
1ng, DGB 10ng and DGB 100ng experimental groups: LIPIDS/CELL (spectral region
3050-2800 cm™) (A); PROTEINS/CELL (spectral region 1723-1481 cm™) (B); Phl/CELL
(band at ~1240 cm™) (C); Ph2/CELL (band at ~1080 cm™) (D); GLU-ASP/CELL (band
at ~1400 cm?) (E); CH2-3/CELL (band at ~1460 cm™) (F). Values are reported as
mean+SD. Significant differences were determined as described in the Experimental section
(see Statistical analysis). Different letters above columns indicate statistical differences with
respect to CTRL.

DISCUSSION
It is well established that BPA, widely used in the manufacturing of
plastics, has a hormone-like activity, functioning as EDCs. It is an oestrogen-

like compound, able to induce alterations in gene expression patterns, and to
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adversely correlate with almost all the male and female reproductive
functionalities (8,9). In addition, the discovery of BPA in human follicular
fluids has raised many concerns about the risk of impairing oocyte
development (12). Several studies carried out on mammals, showed that BPA
affects rat (27), swine (28,29) and murine (30) GCs steroidogenesis, one of the
crucial functionalities of these follicular cells. BPA exerts a negative effect also
on human GCs in vitro: Mansur and colleagues reported that BPA results in
a significant decrease in estradiol and progesterone biosynthesis, although only
at very high and supra-physiological levels (18). Less is known about DGB,
recently approved by the Furopean Chemical Agency as a substitute of
phthalates in the manufacturing of plastics (10,11), and used in latex products,
industrial coatings and certain printing inks. This use of DGB raises questions
as to whether it can have negative effects, or be a good choice as alternative

to phthalates.

In this study, we examined the effects on human luteinized GCs of BPA
and DGB at three doses (1 ng/ml, 10 ng/ml, 100 ng/ml), selected on the basis
of BPA concentration found in human follicular fluids (12). FTIRM was
chosen to analyse living GCs, thanks to a biocompatible IR-Vis transparent
microfluidic device, which made it possible to keep the cells viable and in

physiological conditions for the time of the study (16).

Both for BPA and DGB, PCA scores plots showed a clear segregation of
CTRL spectra from all the other experimental groups. In particular, in GCs
treated with BPA the most discriminant spectral features were linked to lipid

and protein vibrational modes, while in GCs treated with DGB, also the
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spectral region related to phosphates and carbohydrates was involved,

suggesting different effects of the two tested plasticizers on GCs.

For a deeper understanding of the biochemical modifications induced by
BPA and DGB on GCs, IR spectra were integrated under the main spectral
regions, and specific band area ratios were calculated for all the experimental
groups. A general evaluation of the obtained numerical values clearly displays
that both BPA and DGB affect the biomolecular composition of GCs, but in

a different way, and that apparently DGB induces a less significant alteration.

It is known that BPA plays a role in the occurrence of some gynaecological
diseases, such as PCOS (31,32) and endometriosis (33,34), hence the results
obtained shed new light on the mechanisms by which this compound impairs
ovarian health. In GCs treated with BPA, the increase of lipid amount
(LIPID/CELL) in 1ng, 10ng and 100ng experimental groups with respect to
CTRL suggests a possible activation of lipid metabolism (35-37) in treated
GCs. The potential of BPA to impair lipid metabolism has been already
described in different organisms and organs (38—40): here, for the first time,

the same effects were highlighted in human GCs by using FTIRM.

The decrease in protein amount (AII/CELL) in 1ng, 10ng and 100ng
experimental groups with respect to CTRL is indicative of a depletion of this
class of biomolecules, a known effect already found in various types of cellular
stress (41,42). As the signal of Amide II band (taken as total proteins) is given
by N-H bending and C-N stretching modes of proteins, this result suggests the

possible activation of peptide bond cleavage, presumably due to the attack of
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reactive oxygen species on glutamyl, aspartyl, and prolyl side chains (43). To
the best of our knowledge, an effect of BPA on protein degradation has not
yet been described, hence these results shed new light on the negative effects

of BPA on the cell macromolecular architecture.

The band ratios Phl/CELL and Ph2/CELL, both correlated with the
vibrational modes of phosphate groups, follow the same trend: no change was
observed in 1ng and 10ng experimental groups, while a significant increase

was found with the highest dose of treatment.

Due to the lack of literature reports about the effects of DGB on
reproductive functions, we aimed to investigate whether also DGB, like BPA,
impacts on GCs. The numerical analysis of band area ratios showed that
apparently DGB induced a less significant alteration of the biomolecular
components of GCs, characterised by a non-monotonic dose-response curve
typical of hormones and endocrine disruptors (44). The protein cellular content
(AII/CELL) did not significantly change among the experimental groups.
Conversely, the lipid amount (LIPID/CELL) was affected: the lowest dose
(1ng) determined a decrease of lipids in GCs, while the intermediate one
(10ng) an increase. Phl/CELL and Ph2/CELL values were consistent with
each other, with a significant decrease only in the 1lng and the 10ng
experimental groups (Ph2/CELL was also characterized by a slight but
significant increase with the lowest dose of treatment). All these results
demonstrate, for the first time, that also DGB affects the macromolecular
architecture of human GCs, but in a completely different way than BPA,

suggesting different mechanisms of action of these two compounds.
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In conclusion, FTIRM analysis of GCs treated with BPA confirmed the
negative effects of this compound on these follicular cells and improved the
knowledge of the mechanisms by which it affects the biomolecular building of
such important cells, crucial for proper oocyte development and maturation.
In addition, a new light was shed on DGB, recently proposed as alternative to
phthalates. This preliminary study suggests the ability of this compound to
alter the biochemical composition of GCs, making mandatory to further assess
at biological level this and other new chemicals, before their employment in

everyday objects.
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CONCLUSIONS

Granulosa cells are crucial for the proper development and maturation of

the companion oocyte. They are responsible for many important follicular
functions, such as the production of estradiol during follicular growth, the
production of essential nutrients used as an energy source during oocyte
maturation, the accumulation of oocyte secreted metabolites and the secretion
of progesterone after ovulation. Hence, helpful information on oocyte quality
can be derived by the study of these somatic cells, in terms of their

functionality.

In this PhD project, FTIRM was applied for the first time for GCs
characterization, to develop an innovative method for evaluating the quality
of human oocytes. The vibrational fingerprint of GCs was evaluated and
statistically correlated with the corresponding oocyte clinical outcome. This
could represent a new, reliable, objective and fast tool to be applied in ART

routine for oocyte quality assessment.

Besides this main topic, the impairment induced by endogenous and
exogenous factors on the biochemical composition, metabolism and cellular
activity of GCs was also investigated by Fourier Transform Infrared and
Raman spectroscopies together with the qPCR assay, shedding new light on

the mechanisms governing folliculogenesis.

FTIRM analysis was first carried out on living GCs, by using a specific IR
transparent microfluidic device which maintained cells in physiological

conditions. The same samples were also analysed after air-dehydration, in
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order to test the effects induced by this procedure on lipids and proteins
structure and conformation. The one-to-one correlation study performed
revealed that the air-drying procedure does not significantly affect the
consistency and reliability of the spectral data: hence, the air-dehydration of
GCs can be considered a satisfactory procedure for the FTIRM study of these

cells.

Another important issue addressed in this PhD project was whether the
metabolic processes of GCs could be affected by in wvitro culture procedures.
FTIRM analysis of cultured GCs pointed out significant changes in lipid
metabolism, probably due to the absence of the companion oocyte and in turn

of the bidirectional cross talking between germinal and somatic cells.

Several aspects related to the impairment of GCs functions by endogenous
and exogenous factors were also analysed. The first important topic discussed
was the role played by age in GCs functionality. FTIR Imaging and qPCR
analyses, highlighted several signals of age-related stress, which profoundly
impact the biochemical composition of GCs, in terms of lipids metabolism and

peroxidation, and protein quantity and folding.

Another endogenous factor which could impairs GCs functionality is
ovarian endometriosis. The modulation of GCs endocannabinoid system
highlighted by qPCR, suggests a novel molecular network throughout
endometriosis affects GCs metabolism. These findings were confirmed by
FTIRM and RMS tools, shedding new light on the alteration induced by

ovarian endometriosis on GCs metabolism, biochemical composition, and cell
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death/survival, not only on the ovary presenting endometriotic lesions, but
also on the contralateral one, considered “healthy”. These results suggest that
endometriosis acts not only through a paracrine/autocrine signalling, but also

through an endocrine one, hence impairing the overall ovarian functions.

BPA and DGB, chemical compounds widely used as plasticizers, were
investigated as possible exogenous factors affecting GCs functions. FTIRM
analysis of GCs treated with BPA confirmed the well-known negative effects
of this compound on follicular cells, and moreover advanced the knowledge of
the mechanisms by which it disturbs the biomolecular building of such
important cells. Conversely, almost nothing is known about the effects of
DGB; the results obtained by this preliminary study suggested the ability of
this compound to alter, even if throughout different molecular pathways than
BPA, the biochemical composition of GCs. The lack of information about DGB
biological activity and our preliminary results, make it imperative to further
assess at biological level this and other new chemicals, before their employment

in everyday objects.

In conclusion, the overall results of the present PhD project show that
vibrational spectroscopies can provide precious information, confirmed and
enriched by qPCR analyses, about human Granulosa cells: hence, these
techniques have been revealed to be valuable tools for basic research studies
in the field of reproductive biology, and also for targeted and applied studies

in biomedicine.
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