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The study aimed to analyze changes in biomolecular composition o f granulosa and theca interna cells o f porcine 
ovarian follicles following in vitro treatment o f vitamin D3  and insulin alone or in combination. Medium antral 
follicles (n =  4/each group) were cultured alone (C; control) or in the presence o f 1a,25(OH)2D3 (VD; 100 ng/ 
mL) and insulin (I; 10 ng/mL) separately or in combination, VD and I (VD +I). Then paraplast-embedded ovarian 
follicles were used for Fourier Transform Infrared (FTIR) spectroscopy and respective histological stainings. FTIR 
analysis revealed changes in the content o f fibrous proteins (mainly collagens) within theca interna following 
vitamin D3  and insulin co-administration that was verified by Masson’ s trichrome staining. Treatment-dependent 
differences were also observed in the secondary structure o f proteins, indicating enhanced conversion to a-he- 
lices in response to vitamin D3  and insulin action/interaction in both follicular compartments. In the granulosa 
and theca interna layers, tendency to lower DNA content in the VD+I group was noted and confirmed by Fulgen’s 
staining. Finally, altered monosaccharides production in both follicular layers was found. Based on FTIR results, 
it is possible to attribute the observed alterations to biological processes that could be regulated by vitamin D3  

and insulin in the porcine ovarian follicles.

1. Introduction

V itam in  D3  has been increasingly recogn ized  as an v ita l regu latory 

factor w ith in  the ovary  [ 1 ] . A cting through cognate nuclear and/or 

membranous receptors, v itam in  D3  w as found to in fluence fo llicu lar ce ll 

p ro lifera tion  and differentiation , and thereby fo llic le  grow th , d eve lop 

ment, and oocyte m aturation [2 ,3 ]. Recent studies have also con firm ed 

its m odu latory e ffect on ovarian  steroidogenesis, particularly estradiol 

biosynthesis [4 ,5 ]. Furtherm ore, both the expression o f  v itam in  D3  

m etaboliz ing  enzym es and the presence o f  b io log ica lly  active form  o f  

v itam in  D3  (ca lc itr io l; 1a ,2 5 (O H )2D3) in the fo llicu lar flu id  [ 6 ] , addi

tiona lly  support its relevance in the ovarian  function.

In the last years, v itam in  D3  de fic iency has been recogn ized  as a 

g loba l health issue [ 7 ] . Consequently, there is a grow in g  interest in the 

relationship betw een  lo w  vitam in  D3  status and the incidence o f  various 

diseases, including fem ale reproductive disorders [1 ,8 ,9 ]. A m ong them  

special attention is pa id to po lycystic ovary  syndrom e (PCO S), a com 

m on endocrinopathy o f  reproductive age w om en  characterized by 

reproductive, horm onal and m etabolic disturbances such as insulin

resistance and hyperinsu linem ia [1 0 ]. N otew orthy , d im inished periph

era l v itam in  D3 lev e l w as predom inantly found in PCOS patients [1 1 ], as 

w e ll as disrupted vitam in  D3 m etabolism  and reduced 1a ,2 5 (O H )2D3 

content w as observed in ovarian  tissue o f  rat PCOS m odel [1 2 ] . It is 

proposed that vitam in  D3 has the ab ility  to im prove insulin sensitivity, 

w h ich  affects not on ly  adipose tissue or muscles o f  PCOS w om en , but 

also the ovary  [1 0 ]. H ow ever there is a lack o f  data describ ing the 

interaction betw een  vitam in  D3 and insulin at the ovary  lev e l and its 

b iom olecu lar hallmarks are w orth  o f  elucidation.

Fourier Transform  In frared (F T IR ) spectroscopy is w id e ly  applied  to 

dem onstrate changes in b iochem ical com ponents such as proteins, 

nucleic acids, carbohydrates and lipids in m any tissues, represented in 

the specific in frared (IR ) spectra o f  absorption [1 3 ]. Recently, FTIR  has 

been presented as a prom ising too l fo r cancer diagnosis and m onitoring 

o f  tum or deve lopm en t that a llow  to sim ple iden tify  nove l cancer b io 

markers [1 4 -1 7 ]. So far, the ovary  has been poorly  exam ined using FTIR 

technique. L im ited  research conducted on  ovarian  cancer ce ll lin e

s/m alignant tissue show ed differences in the amount o f  lipids and 

nucleic acids, as w e ll as a ltered protein  con form ation  in com parison to
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norm al ovarian cells/tissue, p rovid ing the characteristics o f  various 

types o f  ovarian cancer [1 8 ].

Taking into account that the mechanism  o f  in teraction betw een  

vitam in  D 3  and insulin w ith in  the ovary  is w eak ly  understood, the 

com prehensive approach fo r recogn ition  o f  differences in ovarian fo ll i

cle m olecu lar content seems to be relevant and could p rov ide new  

markers fo r iden tifica tion  o f  induced changes. N otew orthy, the p ig  is 

actually the m ost com m on large laboratory  anim al species. Due to  m any 

sim ilarities in structure and function to humans, including size, anatom y 

and physio logy, it is a relevan t m odel organisms fo r b iom ed ica l 

research, prov id ing a fundam ental research platform  fo r studying fe 

m ale reproductive en docrin o logy [1 9 ,2 0 ]. Thus, the aim  o f  the study 

was to em p loy  fo r the first tim e FTIR, a non-destructive and label-free 

technique, to  ind icate b iochem ica l alterations w ith in  granulosa and 

theca interna layers o f  ovarian fo llic le  fo llow in g  in vitro  treatm ent o f  

v itam in  D3  and insulin a lone or in com bination, using p ig  as a m odel. 

Furtherm ore, hem atoxylin  and eosin, TU NEL, Fu lgen ’s and M asson’ s 

trichrom e staining w ith  quantitative analyses w ere  conducted to 

con firm  FTIR  results.

2. Materials and methods

2.1. Reagents

M edium  M 199 (cat. no. M 4530), an tib io tic-an tim ycotic solution 

(A A S  1 0 0x , cat. no. A 595 5 ), fe ta l bovin e serum (FBS, heat inactivated, 

cat. no. F9665), ca lcitrio l (1 a ,2 5 (O H )2D3; cat. no. PH R 1237), insulin 

(cat. no. I5523 ), paraplast (cat. no. P3683), 3 '3 '-am inopropyl-triethox- 

ysaline (cat. no. 281778), eosin Y-solution 0.5 %  alcoho lic (cat. no. 

1024390500), dibutylphthalate polystyrene xy len e (DPX; cat. no. 

06522) and Sch iff’ s reagent (cat. no. S5133) w ere  obta ined from  Sigma- 

A ldrich  (St. Louis, M O, USA). Phosphate-buffered saline (PBS, cat.no. 

14040-117 ) w as purchased from  Therm o Fisher Scientific (W ilm ington , 

DE, USA). Falcon Organ Culture Dishes (cat. no. 0 8 -7 7 2 -1 2 ) w ere  ob

tained from  Fisher Scientific (Schwerte, Germ any). H em atoxylin  QS 

(cat. no. H -3404) was obta ined from  V ector Laboratories Inc. (Burlin

gam e CA, USA). A popTag  Plus Peroxidase In Situ Apoptosis Detection 

Kit (cat. no. S7101) was purchased from  Chem icon International (M e l

bourne, Australia).

2.2. Anim als and tissue collection

The use o f  animals w as in accordance w ith  the A ct o f  January 15 

2015 on the Protection  o f  Anim als Used fo r Scientific or Educational 

Purposes and D irective 2010/63/EU o f  the European Parliam ent and the 

Council o f  Septem ber 22 2010 on the protection  o f  animals used for 

scientific purposes.

Porc ine ovaries w ere  purchased from  healthy, mature cross-bred 

gilts (La rge W h ite  x Polish  Landrace; ~ 7 -8  months o f  age, 100-110 

kg body  w e igh t) at a local abattoir under veterinarian  control. Repro

ductive tracts d id not display any anatom ical a lterations or signs o f  

pregnancy. O varies w ere  transported to  the laboratory  in ice-co ld  PBS 

(pH  7 .4 ) w ith  AAS w ith in  ~ 1  h o f  slaughter. Then healthy m edium  

antral fo llic les  (3 -6 .9  m m ), characterized b y  a w ell-vascu larized fo llic 

ular w a ll and the c larity  o f  the fo llicu lar flu id, from  ovaries at an early  

fo llicu lar phase w ere  m anually isolated using scissors. Stage o f  the 

estrous cycle was ve r ified  by ovarian m orpho logy  and corpus luteum 

quality  and characterized b y  the presence o f  small and m edium  antral 

fo llic les  and corpora  lutea under regression w ithou t surface vasculari

zation or corpora albicans from  the previous cycle [ 2 1 ] .

2.3. Follic le in vitro culture

W h o le  ovarian  fo llic les (n  =  4/each group from  d ifferen t animals; a 

total num ber o f  ovaries used w as 16) w ere  cultured ind iv idu a lly  in a 

Falcon Organ Culture Dish w ith  triangular stainless steel g rid  as

previously  described [2 2 ]. First, ovarian  fo llic les  w ere  pre-cultured for 

3 h in M 199 m edium  supplem ented w ith  1 %  FBS and AAS. Then, 

experim enta l cultures w ere  carried out fo r 12 h in fresh M 199 m edium  

w ith  0.1 %  FBS and A AS  alone (C; con tro l) or in the presence o f  1a,25 

(O H )2 D 3  (VD ; 100 ng/m L) and insulin (I; 10 ng/m L) separately or in 

com bination , VD  and I (V D + I ).  The doses o f  VD  and I w ere  chosen based 

on  literature and our previous research [6 ,2 3 ,2 4 ]. A ll cultures w ere 

m aintained at 37 °C in a hum idified  atm osphere o f  5 %  CO2/95 %  O2. 

A fter  in vitro  culture, fo llic les  w ere  fix ed  in 10 %  neutral bu ffered 

form alin , dehydrated in an increasing grad ient o f  ethanol, cleared in 

xy len e and em bedded in paraplast fo r further analyses. A ll in vitro  in

cubations w ere  perform ed in duplicates.

2.4. Hem atoxylin and eosin staining

Paraplast-em bedded ovarian  fo llic les  w ere  cut into 5 pm-thick sec

tions and m ounted on 3 '3 '-am inopropyl-triethoxysaline-coated slides. 

A fter  deparaffin ization  and rehydration, tissue sections w ere  stained 

w ith  hem atoxylin  QS fo r 40 s and eosin Y  fo r 10 s. Slides w ere  then 

w ashed in ethanol, fix ed  in xylene, m ounted in DPX and coverslipped. 

D igita l im ages w ere  co llected  using a ligh t m icroscope N ikon  Eclipse Ni- 

U w ith  a N ikon  D igita l DS-Fi1-U3 cam era (N ikon , Tokyo , Japan) and 

corresponding software.

2.5. TUN EL method and quantitative analysis

A pop to tic  cells w ere  detected using the A popTag  Plus Peroxidase In 

Situ Apoptosis D etection Kit fo llow in g  the m anufacturer’ s instruction 

and our previous research [2 5 ,2 6 ]. B riefly, slides w ere  pre-treated w ith  

proteinase K solution (1 0  mg/mL, 15 m in), im m ersed in 3 %  H 2 O 2  (10  

m in ) and incubated in the equ ilibration  bu ffer ( 1 0  m in ) in a hum idified 

chamber. Next, w ork ing  strength TdT  enzym e w as applied  fo r 1 h at 

37 °C in a dark hum idified  cham ber and anti-d igoxigen in  conjugate for 

30 m in in a hum idified  chamber. A pop totic  cells w ere  visualized  by 

addition  o f  3,3 -diam inobenzidine solution. A ll slides w ere  counter

stained w ith  hem atoxylin  QS, dehydrated through an increasing series o f  

ethanol and m ounted w ith  DPX. A  negative contro l w as perform ed 

w ithou t the active T d T  enzym e. Representative sections w ere  photo

graphed using a N ikon  Eclipse N ieU  m icroscope and a N ikon  D igita l 

DS-Fi1-U3 cam era w ith  corresponding software.

TU NEL-positive granulosa and theca interna cells w ere  counted 

across the en tire fo llic les under ligh t m icroscopy (fou r fo llic les  per each 

exam ined group ). The results w ere  expressed as the percentage o f  

apoptotic cells on the 1 0 0  cells counted w ith in  granulosa or theca 

interna layers, respectively  [2 7 ] .

2.6. FT IR  spectroscopy imaging and data analysis

IR  im ages w ere  recorded using an A g ilen t 670-IR  m icroscope 

coup led to a 670-IR  spectrom eter w ith  128 x 128 pixels in a foca l plane 

array (F P A ) detector. Measurements w ere  carried out in  transmission 

w ith  the use o f  h igh-m agn ification  im aging m ode w hich  provides a 

pro jected  FPA  p ixe l size o f  1.1 pm x 1.1 pm g iv in g  a measured area o f  

141 pm x 141 pm. Three im ages from  each sample w ere  co llected  (12 

im ages fo r each group in tota l) w ith  15 x Cassegrain ob jective  and 

condenser optics w ith  N A  o f  0.62. Regions o f  interest (RO Is ) w ere  cho

sen to cover both  granular cellu lar and inner layers. A ll FTIR spectra 

w ere  recorded by  co-adding o f  256 scans and in the range o f  3800 -  900 

cm ~ 1  w ith  a spectral resolution o f  4 cm ~1.

Pre-processing o f  IR  im ages and chem om etric analysis w ere  per

fo rm ed using CytoSpec (ver. 2.00.02), M atLab (R2015a ), and O rig in  Pro 

2022b (v. 9 .9.5.167) software. I f  necessary a w ater vapour correction 

was perform ed on the images. Firstly, the quality  o f  each pixel-spectrum  

was evaluated using the sam ple thickness criterion  accord ing to  the 

intensity o f  the am ide I band (16 20 -168 0  cm 1). A fter PCA-based noise 

reduction (15  principal com ponents), secondary deriva tive  FTIR spectra



w ere  calcu lated w ith  13 sm oothing points accord ing to  a Savitzky-G olay 

a lgorithm . Then, spectra w ere  vector norm alized in the reg ion  o f  

1000-1770 cm ~ 1  to avo id  clustering o f  the im ages due to the sample 

thickness. T o  extract chem ica l in form ation  o f  granulosa and theca 

interna cells, unsupervised h ierarch ical cluster analysis (U H C A ) w ith  a 

W ard ’ s a lgorithm  w as perform ed in  the reg ion  o f  1000-1770 cm - 1 . 

Spectral distances w ere  com puted as D-Value and the clusters w ere  

extracted accord ing to W ard ’ s a lgorithm . Then, m ean second deriva tive  

spectra w ere  calcu lated fo r both  clusters. T h ey  w ere  next used fo r the 

calcu lation o f  in tegral intensities o f  im portant bands or their ratios using 

OPUS 7.2 software. A ll mean spectra obtained fo r each group (C, VD, I, 

V D + I ) w ere  also averaged  to  one representative spectrum to  evaluate 

spectral changes betw een  groups and classes and presented as box  charts 

o f  bands intensities or their ratios. A  scheme o f  this im aging approach is 

shown in Fig. 1.

2.7. Feulgen's staining and intensity analysis

For dem onstrating D N A  content, ovarian  fo llic le  sections w ere  

stained w ith  Feu lgen ’s reaction [2 8 ,2 9 ]. Specifically, a fter the depar- 

a ffin iza tion  and rehydratation steps, the slides w ere  subjected to  w arm  

(60  °C ) 1 M  HCl fo r 6  m in to  rem ove the purine bases and then to  co ld 

Sch iff’ s reagent fo r 30 min. In order to stop the reaction, the specimens 

w ere  w ashed in 10 %  Na 2 SO4  (3  x  1 m in). A fter washing w ith  running 

w ater fo r 5 min, dehydration  and m ounting w as perform ed.

Representative m icrographs w ere  taken using N ikon  Eclipse N i-U  

m icroscope w ith  a N ikon  D igita l DS-Fi1-U3 cam era and corresponding

software. The intensity o f  D N A  staining w ith in  granulosa and theca 

interna compartm ents ( 1 0  slides per each group ) was exam ined using 

Im ageJ software program  (N ationa l Institutes o f  Health, Bethesda, MD, 

USA) and expressed as a rela tive  optical density (R O D ) fo llow in g  the

form ula: ROD = OD s p e c im e n /ODb a c k g r o u n d = log (G L b l  a n k/GL sp e c im e n )/ log
(G L b la n k = G L b a c k g r o u n d ) , w here GL is the gray lev e l for the stained area 

(specim en ) and the unstained area (background), and blank is the gray 

lev e l measured a fter rem oving the slide from  the ligh t path [3 0 ] .

2.8. Masson's trichrom e staining and collagen area rate analysis

M asson’s trichrom e staining w as used fo r v isualization  o f  co llagen  

fibers. In brie f, deparaffin ized  and rehydrated sections w ere  treated w ith  

W e ige r t ’ s iron hem atoxylin  fo r 10 m in to stain the nuclei. Then, Biebrich 

scarlet-acid fuschin solution was applied  fo r 7 m in fo r co llagen  staining, 

2.5 %  phosphotungstic acid w as used until the co llagen  loses its red 

co lor and aniline blue w as u tilized  fo r 5 m in to  stain the co llagen  fo l

low ed  by  1 %  acetic acid im m ersion. A fter  w ashing w ith  running w ater, 

dehydration  and m ounting w as conducted. Representative m icrographs 

w ere  captured using N ikon  Eclipse N i-U  m icroscope w ith  a N ikon  D igita l 

DS-Fi1-U3 cam era and corresponding software.

T o  analyze the area o f  positive co llagen  staining w ith in  theca 

interna, Im ageJ softw are program  w as used and two-step evaluation  was 

perform ed as previously described [3 1 ] . Firstly, on ly  co llagen  staining 

area was measured in the blue channel a fter co lor deconvolu tion  ( 1 0  

slides per each group ). Secondly, a ll the stained tissue com ponents o f  the 

same im age w ere  measured a fter the conversion  to  8 -b it type and the

Fig. 1. A  scheme o f the performed experiment. Medium antral porcine ovarian follicles were in vitro cultured alone (C; control) or in the presence o f active vitamin 
D3  (VD; 100 ng/mL) and insulin (I; 10 ng/mL) separately or in combination, VD and I (VD +I). Then, formalin-fixed paraffin-embedded (FFPE) tissues were cut into 
5 pm-thick sections, deparaffinized and stained with hematoxylin and eosin (H&E), Fulgen, Masson’s trichrome and terminal deoxynucleotidyl transferase-mediated 
dUTP nick end labeling (TUNEL) methods, as well as subjected to Fourier Transform Infrared (FTIR) imaging. FTIR images were collected in selected regions o f 
interest (ROI) including both granulosa and theca interna layers o f the ovarian follicles cross-section. Spectra recorded outside the tissue area were eliminated and in 
the next step, chemometric analysis was performed to extract mean FTIR spectra for analyzed follicular layers from each measured ROI. A ll mean spectra were used to 
determine changes in the integral intensity o f selected spectral markers and then averaged to obtain representative spectra for control (C) and treated groups (VD, 
I, VD+I).



threshold w as applied  to detect all tissue components. The final calcu

lation  o f  co llagen  area percentage was conducted fo llow in g  the formula: 

(the measured area from  the first step )/ (the measured area from  the 

second step ) x  1 0 0 .

2.9. Statistical analysis

Statistical analysis w as perform ed using the Statistica v. 13.1 pro

gram  (StatSoft, Inc., Tulsa, OK, USA). The data are shown as the mean 

±  standard error o f  the m ean (SEM ), except fo r FTIR  data presented as 

mean ±  standard devia tion  (SD). The norm al distribution o f  data was 

ve r ified  by  the Shapiro-W ilk test. Box plots w ere  constructed using the 

statistical m odel (A N O V A ) in the O rig inPro 2022b (9 .95 ) software fo r an 

analysis o f  variance. Tu key ’ s test was em p loyed  to com pute sign ificance 

values p. Nonparam etric Kruskal-Wallis test w as used to analyze per

centage o f  apoptotic cells, D N A  staining intensity and co llagen  area rate. 

D ifferences w ere  considered statistically s ign ificant at p <  0.05.

3. Results

3.1. E ffect o f  vitam in D 3 and insulin alone o r  in com bination on histology 

o f  porcine ovarian fo llic les

The h isto logical analysis o f  porcine ovarian  fo llic les fo llow in g  in vitro 

culture w ith  VD  (Fig. 2 B) and I ( Fig. 2C) a lone or in co-treatm ent (V D + I ) 

( Fig. 2 D) show ed norm al distribution o f  granulosa, theca interna and 

externa layers as in the C group ( Fig. 2A ). In the C, VD  and V D + I groups, 

there w ere  no v is ib le  signs o f  fo llicu lar cells degeneration  ind icating lack 

o f  negative e ffec t o f  either treatm ent or tim e o f  culture on ovarian fo l

lic le  h istology. Single apoptotic bodies w ere  observed in the granulosa 

cells from  the I group (Fig. 2 C, red arrow s).

3.2. E ffect o f  vitam in D 3 and insulin alone o r  in com bination on 

percentage o f  apoptotic cells

In  situ detection  o f  D N A  fragm entation by  TU NEL assay showed

Fig. 2. Representative micrographs o f hematoxylin and eosin staining o f porcine 
both vitamin D3  and insulin (D ) treated groups. Scale bar =  50 pm (A, B, C, D) or 
cells; red arrows -  apoptotic bodies.

apoptotic cells w ith  brow n  nuclei w ith in  granulosa and theca interna 

com partm ents o f  porcine ovarian  fo llic les  in  a ll exam ined groups 

( Fig. 3A -D ). N o  positive stating w as observed w hen  T d T  enzym e was 

om itted  (n ega tive  control; Fig. 3 D inset). In the granulosa layer, the 

frequency o f  apoptotic cells was greater on ly  fo llow in g  the I treatm ent 

( Fig. 3C) in com parison to the C, VD  and V D + I groups (p  =  0.0008, 

p =  0.028 and p =  0 .0 0 0 0 2 1 , respective ly ), w hereas there w ere  no 

sign ificant d ifferences in the percentage o f  theca interna apoptotic cells 

betw een  groups (Tab le 1).

3.3. E ffect o f  vitam in D 3 and insulin alone o r  in com bination on 

b iochem ical com position o f  porcine ovarian follic les

In order to  investigate the e ffec t o f  VD  and I a lone or in co-treatment 

on  the total b iochem ical p ro file  o f  porcine ovarian fo llicles, w e  

em p loyed  h igh-defin ition  (H D ) FTIR  spectroscopy im aging. A verage 

FTIR  spectra w ith  SD o f  all investigated groups w ith in  granulosa and 

theca interna compartm ents are d isplayed in Figs. 4A  and 5A, respec

tive ly . The assignment o f  bands to vibrations o f  b iom olecu les is pre

sented in Tab le 2 . Due to the rem oval o f  most lip ids during the 

deparaffin ization  process w ith  the use o f  xy lene and ethanol, the lip id  

reg ion  in the FTIR  spectra w as not analyzed.

In the fin gerprin t reg ion  1800-1000 cm ~ 1  o f  the granulosa ( Fig. 4B, 

C) and theca interna ( Fig. 5B, C) layers, the m ost pronounced spectral 

changes w ere  observed in the bands assigned to proteins, especia lly 

associated w ith  alterations o f  their secondary structures. An  increase in 

the 1653 cm ~ 1  signal assigned to a-helices w as observed in the I and 

V D + I groups (p  <  0.05; Fig. 4D II ) w ith in  granulosa, and in the VD  and I 

groups (p  <  0.05; Fig. 5D II) w ith in  theca interna compartments. These 

changes w ere  accom panied by  a tendency to decrease in the ß-sheet 

contribution to  the protein  conform ations fo r I and V D + I groups (box  

charts fo r the 1633 cm ~ 1  band, Fig. 4 D III and 5D III). Spectral variations 

w ere  also observed fo r the bands located at 1203, 1236, and 1282 cm ~ 1 

specific fo r fibrous proteins, m ain ly collagens. Th eir sem i-quantitative 

analysis revea led  sign ificant changes in the theca interna layer, w here 

their greater content was found in the V D + I group than in the VD  group

ovarian follicles cultured in vitro from control (A ), vitamin D3  (B), insulin (C) and 
25 pm (all insets). Gc -  granulosa cells; Ti -  theca interna cells; Te -  theca externa



Fig. 3. Representative micrographs o f in situ detection o f apoptotic cells in porcine ovarian follicles cultured in vitro from control (A ), vitamin D3  (B), insulin (C) and 
both vitamin D3  and insulin (D ) treated groups. Apoptotic cells were identified using TUNEL assay. Arrows indicate apoptotic cells. A  negative control was performed 
without active TdT enzyme (D, inset). Scale bar =  25 pm (A, B, C, D). Gc -  granulosa cells; Ti -  theca interna cells; Te -  theca externa cells.

Table 1
Effect o f vitamin D3  and insulin alone or in combination on percentage (% ) o f 
apoptotic cells and intensity o f Feulgen staining (ROD; relative optical density) 
within granulosa and theca interna layers, as well as collagen area rate (% ) 
within theca interna o f porcine ovarian follicles cultured in vitro. Results are 
expressed as mean ±  standard error mean (SEM). Different letter superscripts 
indicate significant differences between groups (Kruskal-Wallis test; p <  0.05).

Groups (n =  4)

Control Vitamin Insulin Vitamin D3

(C) D3 (VD) (I) +  insulin
(VD+I)

Percentage Granulosa 0.92 1.41 5.5 0.5 ±  0.23a
(%) of ±  0.29a ±  0.29a ±  0 .8 8 b
apoptotic Theca 2.33 2 . 6 6 1.25 0.92
cells interna ±  0.45a ±  0.56a ±  0.38a ±  0.28a

Feulgen Granulosa 0.78 0.71 0.69 0.57
staining ±  0.04a ±  0.04a-’ c ±  0 .6 6 a-’ c ±  0.04b, c
intensity Theca 0.78 0 . 6 6 0.64 0.51
(ROD) interna ±  0.03a ±  0.06a-’ c ±  0.04a-’ c ±  0.05b, c

Collagen area Theca 40.88 23.5 40.63 44.37
(%) interna ±  2.41a ±  2.64b ±  2.43a ±  2.98a

For the sugar classes, the FTIR  spectra did not exh ib it the alterna

tions o f  polysaccharides and glycoproteins (signals at 1170 and 

1059 cm -1), but w e  observed a variation  in  the content o f  m ono

saccharides (signal at 1030 cm -1). N am ely, m onosaccharides w ere  on ly 

synthesized in the granulosa layer due to  the treatm ent b y  V D + I 

( Fig. 4 C), whereas on ly  VD  d id  not cause their production in the theca 

interna com partm ent (Fig. 5C).

3.4. E ffect o f  vitam in D 3 and insulin alone o r  in com bination on D N A  

content

D N A o f  granulosa and theca interna cells was stained positive ly  

m agenta using Feu lgen ’ s reaction in a ll exam ined groups ( Fig. 6 A-D ). 

The D N A  content expressed as staining intensity was m arkedly reduced 

in  the V D + I group (Fig. 6 D) w hen  com pared to  the C group (Fig. 6 A ) 

either in granulosa (p  =  0 .0 1 )  or theca interna (p  =  0 .0018) cells 

( Tab le 1).

3.5. E ffect o f  vitam in D 3 and insulin alone o r in com bination on collagen 

area rate

(p  <  0.05; Fig. 5D IV ). It seems that VD  and I applied  ind ividua lly  

induced the decom position  o f  fibrous proteins com pared to the control 

( Fig. 5D IV ). Considering the tota l lev e l o f  proteins that show  the ten

dency to decrease in both  layers in the VD  and I groups com pared to C 

and V D + I, w e  rather suggest a rem odeling process o f  proteins than the 

synthesis o f  n ew  ones (Fig. 4 D I and 5D I).

The content o f  nucleic acids w as not sign ificantly  a ffected  b y  the 

treatm ent ( Fig. 4D V ,V I and 5D V ,V I). Both R N A  and D N A  sligh tly  

decreased in the granulosa o f  the V D + I group, w h ile  a considerable 

synthesis o f  R N A  and low erin g  D N A  content w ere  observed in theca 

interna layer o f  the ovarian fo llic le.

In a ll studied groups, the blue co lor co llagen  staining w as observed 

w ith in  theca interna and externa layers, as w e ll as basal lam ina o f  

porcine ovarian fo llic les (Fig. 7A -D ). The analysis o f  positive staining 

area in theca interna layer shows its low er percentage in the VD  group 

( Fig. 7 B) than in the C (Fig. 7A ), I (Fig. 7 C), and V D + I ( Fig. 7 D) groups 

(p  =  0.02, p =  0.03 and p =  0.002, respectively ; Tab le 1).

4. Discussion

The present study investigated fo r the first tim e the e ffect o f  v itam in  

D 3 and insulin a lone or in com bination on b iom olecu lar com position  o f  

granulosa and theca interna layers o f  porcine ovarian  fo llic les  using



Fig. 4. Average FTIR spectra with standard deviation (SD, shading) o f the granulosa layer o f porcine ovarian follicles cultured in vitro from control (C), vitamin D3  

(VD), insulin (I), and both vitamin D3  and insulin (V D +I) treated groups (A ), their second derivative spectra in the region o f 1710-1480 (B), and 1300-1000 cm - 1 (C), 
and changes in content o f the selected biocomponents (D). *p <  0.05, one-way ANOVA with post hoc Tukey’ s test.

FTIR  spectroscopy. Com bining this technique w ith  com m on histo logical 

staining methods, w e  revea led  pronounced changes in the content o f  

fibrous proteins (m ain ly  co llagens) w ith in  theca interna fo llow in g  

vitam in  D3  and insulin co-adm inistration. Treatm ent-dependent d iffe r

ences w ere  also observed in the secondary structure o f  proteins, D NA 

content and m onosaccharides production in both  fo llicu lar com part

ments. Based on our FTIR  findings, it  is possible to  attribute the observed 

alterations to b io log ica l processes that could be regu lated by  vitam in  D3

and insulin in the ovarian fo llic le .

Herein, w e  have firstly  perform ed h isto logical assessment o f  the 

ovarian  fo llic les  a fter in vitro  incubation. In a ll exam ined groups, the 

fo llic les  d isplayed the proper organ ization  w ith  v is ib le  granulosa and 

theca layers. T im e o f  in vitro  culture d id  not a ffect ovarian fo llic le ’ s w a ll 

h is to logy  and did not induce atresia as shown in the control group, 

consitently w ith  previous report on pigs [2 2 ] . N otew orthy, insulin 

treatm ent sligh tly  increased the percentage o f  apoptotic cells w ith in



Fig. 5. Average FTIR spectra with standard deviation (SD, shading) o f the theca interna layer o f porcine ovarian follicles cultured in vitro from control (C), vitamin D3  

(VD), insulin (I), and both vitamin D3  and insulin (V D +I) treated groups (A ), their second derivative spectra in the region 1710-1480 (B), and 1300-1000 cm - 1 (C), 
and changes in content o f the selected biocomponents (D). *p <  0.05, one-way ANOVA with post hoc Tukey’ s test.

granulosa layer com pared to other groups that w as con firm ed by  TU NEL 

assay. L ikew ise, h igh concentration o f  insulin used to m im ic insulin 

resistance prom oted  apoptosis in rat granulosa cells, suggesting its role 

in the pathogenesis o f  PCOS [3 5 ].

Proteins are im portant m olecules o f  each liv in g  ce ll and p lay a v ita l 

ro le  in a ll ph ys io log ica l processes. Predom inant ovarian  functions, 

nam ely fo llicu logenesis and steroidogenesis, are regu lated by  hormones, 

grow th  factors and enzym es, w h ich  are proteins [3 6 ]. Therefore,

spectral analysis o f  protein  content in fo llicu lar cells could p rov ide an 

in form ation  about their physio log ica l state. In the present research, the 

tota l protein  abundance w ith in  granulosa and theca interna layers was 

unchanged am ong exam ined groups, how ever differences in the sec

ondary structure w ere  noted. W e  have found an increased band intensity 

at 1653 cm ~ 1  assigned to a-helical con form ation  o f  proteins; in the 

granulosa cells, this e ffect w as observed in the I and V D + I groups, w h ile  

w ith in  theca interna, in the VD  and I once. In those groups, the



Table 2
Positions o f bands observed in second derivative FTIR spectra with their as
signments to biocomponents [32-34 ].

IR band position/ 
cm- 1

Assignment

1697 Amide I: antiparallel ß-sheet conformation in proteins
1681,1676 Amide I: turns, loops in proteins
1653 Amide I; a-helices in proteins
1633 Amide I: ß-sheets in proteins
1543 Amide II: proteins
1514 In-plane deformation vibration C-H of phenyl ring: tyrosine

residues
1282, 1236, 1203 Amide III: fibrous proteins (mainly collagen)
1170 symmetric stretching vibrations of -CO-O-C polysaccharides,

glycoproteins
1122 Stretching vibrations of C-O of ribose ring: RNA
1084 symmetric stretching vibrations of PO2 group: DNA
1059 Stretching vibrations of -CO-O-C; polysaccharides
1030 Deformation vibration of C-OH: monosaccharides

decreasing tendency in the band intensity at 1633 cm ~ 1  attributed to 

ß-sheet was noticed, suggesting enhanced conversion to a-helices in the 

secondary structure o f  proteins. In the ovary, spectral changes in the 

range reflected  secondary structure o f  proteins w ere  presented b y  this 

tim e in the research on ovarian tum or [3 7 ,3 8 ], show ing a sh ift to ß-sheet 

in cancerous tissue. In addition , the conversion  from  a-helix  to  ß-strand 

m ight induce am ylo idogen ic  proteins to self-assemble into fibrils 

causing fatal diseases e.g. prion  diseases [3 9 ] . A lon g  this line, it  appears 

that protein  structural conversion to  a-helices observed herein m ight be 

a m olecular m arker o f  rather benefic ia l v itam in  D 3  and insulin action 

w ith in  the ovarian fo llic le . Indeed, both exam ined factors w ere  recog

n ized as positive regulators o f  fo llic le  deve lopm en t and steroids syn

thesis in the ovary  [1 ,5 ,4 0 ].

In this study, another spectral a lterations w ere  observed in bands 

intensities at 1203, 1236, and 1282 cm ~ 1  specific fo r fibrous proteins,

m ain ly collagens; co-treatm ent o f  v itam in  D3  and insulin resulted in 

their increased abundance in theca interna layer w hen  com pared to the 

VD  group. Fo llow in g  Massons’ s trichrom e staining, greater co llagen  

area w ith in  theca interna was noted in the V D + I, I and C groups than in 

the VD  group. These discrepancies m ight be due to the fact that FTIR 

results are related to spectral region  assigned overa ll to fibrous proteins, 

whereas Massons’ s trichrom e stains on ly  collagens. In the porcine 

ovarian  fo llic les , prom inent co llagen  expression w as exam ined in the 

theca com partm ent and basal lam ina w ith  no positive staining in the 

granulosa layer [4 1 ], consistently w ith  our current outcomes. D ifferent 

co llagen  types p lay crucial ro le  in fo llic le  developm ent, basement 

m em brane form ation, steroidogenesis and ovu la tion  [4 2 ] . On the other 

hand, excessive accum ulation o f  co llagen  occurs during ovarian aging or 

PCOS [4 3 ,4 4 ], lead ing to ovarian  stiffness. It seems that v itam in  D3  and 

insulin interactions m ight be im portant fo r fibrous protein  rem odeling 

w ith in  theca interna com partm ent, m odu lating thereby ovarian  fo llic le  

functions.

Besides proteins, nucleic acids are an indispensable elem ent o f  each 

cell. A lthough w e  have not found sign ificant spectral alterations in  the 

reg ion  specific to either R N A  or DNA, some tendency to low er  DNA 

content w ith in  granulosa and theca interna layers in the V D + I group 

was noticed. That was further con firm ed by  the analysis o f  Fu lgen ’ s 

staining intensity, show ing decreased D N A  content in the V D + I group 

w hen  com pared to the C group in both fo llicu lar compartments. These 

results ind icate attenuated pro lifera tive  activ ity  o f  granulosa and theca 

interna cells in response to v itam in  D3  and insulin co-administration. 

Both agents acting separately w ere  shown to have predom inantly  a 

dose-dependent stim ulatory e ffec t on ovarian cells p ro lifera tion  [5 ,4 0 ]. 

H erein, u tilized  doses o f  v itam in  D3  and insulin a lone d id  not increased 

D N A  content, but their co-treatm ent induced the opposite effect, sug

gesting possible mutual inhibition.

A  deta iled  analysis o f  the spectral range assigned to carbohydrates 

distinguished a characteristic trend o f  a lterations o f  the band at

Fig. 6 . Representative micrographs o f Feulgen’s staining o f porcine ovarian follicles cultured in vitro from control (A ), vitamin D3  (B), insulin (C) and both vitamin D3  

and insulin (D ) treated groups. Scale bar =  25 pm (A , B, C, D). Gc -  granulosa cells; Ti -  theca interna cells; Te -  theca externa cells.



Fig. 7. Representative micrographs o f Masson’s trichrome staining o f porcine ovarian follicles cultured in vitro from control (A), vitamin D3  (B), insulin (C) and both 
vitamin D3  and insulin (D ) treated groups. Black arrows indicate positive blue staining o f collagen fibers within theca compartment, while yellow  arrows in basal 
lamina. Scale bar =  25 pm (A , B, C, D). Gc -  granulosa cells; Ti -  theca interna cells; Te -  theca externa cells.

1030 cm ~ 1 that originates from  the C—OH  stretching m ode and is a 

spectral m arker o f  monosaccharides. In the granulosa layer, on ly  the 

V D + I group synthesized monosaccharides, w h ile  w ith in  theca interna 

com partm ent their production w as found in the C, I and V D + I group, 

suggesting activa tion  o f  d ifferen t m etabolic pathways o f  sugar biosyn

thesis, especia lly  a fter v itam in  D3 and insulin co-adm inistration in 

ovarian cells. Further analyses are requ ired to revea l w h ich  specific 

m onosaccharides undergo alterations induced by  vitam in  D3 and 

insulin.

5. Conclusion

In conclusion, sign ificant changes observed in the spectra assigned to 

fibrous proteins, secondary structure o f  proteins, D N A  and m ono

saccharides w ith in  porcine ovarian fo llic le  compartm ents could be 

consider as m olecu lar markers o f  the physio log ica l status o f  ovarian cells 

fo llow in g  vitam in  D3 and insulin action/interaction. In particular, they 

could be indicators fo r further specific staining and proteom ic/m etab- 

o lom ic studies. A lthough FTIR-based exam ination o f  induced changes in 

m olecular com position  o f  porcine ovarian  fo llic le  layers needs addi

tional studies to va lida te  our observations, it seems to  be a potentia l too l 

in pred iction  o f  functional changes w ith in  granulosa and theca interna 

cells. Th ereby the route o f  v itam in  D3 and insulin action w ith in  the 

ovary  could be determ ined that m ight be pow erfu l approach considering 

various ovarian  pathologies attributed to disturbed vitam in  D3 and in

sulin levels. Thus, FTIR spectroscopy could jo in  the group o f  com m on 

techniques used in ovary-orien ted  studies.
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