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ABSTRACT

The study aimed to analyze changes in biomolecular composition of granulosa and theca interna cells of porcine
ovarian follicles following in vitro treatment of vitamin D3 and insulin alone or in combination. Medium antral
follicles (n = 4/each group) were cultured alone (C; control) or in the presence of 1a,25(0H)2D3 (VD; 100 ng/
mL) and insulin (I; 10 ng/mL) separately or in combination, VD and | (VD+l). Then paraplast-embedded ovarian
follicles were used for Fourier Transform Infrared (FTIR) spectroscopy and respective histological stainings. FTIR
analysis revealed changes in the content of 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 of 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

Vitamin D3 has been increasingly recognized as an vital regulatory
factor within the ovary [1]. Acting through cognate nuclear and/or
membranous receptors, vitamin D3 was found to influence follicular cell
proliferation and differentiation, and thereby follicle growth, develop-
ment, and oocyte maturation [2,3]. Recent studies have also confirmed
its modulatory effect on ovarian steroidogenesis, particularly estradiol
biosynthesis [4,5]. Furthermore, both the expression of vitamin D3
metabolizing enzymes and the presence of biologically active form of
vitamin Ds (calcitriol; 1a,25(0OH)2D3) in the follicular fluid [¢], addi-
tionally support its relevance in the ovarian function.

In the last years, vitamin Ds deficiency has been recognized as a
global health issue [7]. Consequently, there is a growing interest in the
relationship between low vitamin Ds status and the incidence of various
diseases, including female reproductive disorders [1,8,9]. Among them
special attention is paid to polycystic ovary syndrome (PCOS), a com-
mon endocrinopathy of reproductive age women characterized by

reproductive, hormonal and metabolic disturbances such as insulin
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resistance and hyperinsulinemia [10]. Noteworthy, diminished periph-
eral vitamin D3 level was predominantly found in PCOS patients [11], as
well as disrupted vitamin D3 metabolism and reduced 1a,25(0OH)2D3
content was observed in ovarian tissue of rat PCOS model [12]. It is
proposed that vitamin D3 has the ability to improve insulin sensitivity,
which affects not only adipose tissue or muscles of PCOS women, but
also the ovary [10]. However there is a lack of data describing the
interaction between vitamin D3 and insulin at the ovary level and its
biomolecular hallmarks are worth of elucidation.

Fourier Transform Infrared (FTIR) spectroscopy iswidely applied to
demonstrate changes in biochemical components such as proteins,
nucleic acids, carbohydrates and lipids in many tissues, represented in
the specific infrared (IR) spectra of absorption [13]. Recently, FTIR has
been presented as a promising tool for cancer diagnosis and monitoring
of tumor development that allow to simple identify novel cancer bio-
markers [14-17]. So far, the ovary has been poorly examined using FTIR
technique. Limited research conducted on ovarian cancer cell line-
s/malignant tissue showed differences in the amount of lipids and

nucleic acids, as well as altered protein conformation in comparison to
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normal ovarian cells/tissue, providing the characteristics of various
types of ovarian cancer [18].

Taking into account that the mechanism of interaction between
vitamin D3 and insulin within the ovary is weakly understood, the
comprehensive approach for recognition of differences in ovarian folli-
cle molecular content seems to be relevant and could provide new
markers for identification of induced changes. Noteworthy, the pig is
actually the most common large laboratory animal species. Due to many
similarities in structure and function to humans, including size, anatomy
and physiology, it is a relevant model organisms for biomedical
research, providing a fundamental research platform for studying fe-
male reproductive endocrinology [19,20]. Thus, the aim of the study
was to employ for the first time FTIR, a non-destructive and label-free
technique, to indicate biochemical alterations within granulosa and
theca interna layers of ovarian follicle following in vitro treatment of
vitamin Ds: and insulin alone or in combination, using pig as a model.
Furthermore, hematoxylin and eosin, TUNEL, Fulgen’'s and Masson’s
trichrome staining with quantitative analyses were conducted to

confirm FTIR results.

2. Materials and methods

2.1. Reagents

Medium M199 (cat. no. M4530), antibiotic-antimycotic solution
(AAS 100x, cat. no. A5955), fetal bovine serum (FBS, heat inactivated,
cat. no. F9665), calcitriol (1a,25(0OH)2D3; cat. no. PHR1237), insulin
(cat. no. 15523), paraplast (cat. no. P3683), 3'3'-aminopropyl-triethox-
ysaline (cat. no. 281778), eosin Y-solution 0.5 % alcoholic (cat. no.
1024390500), dibutylphthalate polystyrene xylene (DPX; cat. no.
06522) and Schiff'sreagent (cat. no. S5133) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Phosphate-buffered saline (PBS, cat.no.
14040-117) was purchased from Thermo Fisher Scientific (Wilmington,
DE, USA). Falcon Organ Culture Dishes (cat. no. 08-772-12) were ob-
tained from Fisher Scientific (Schwerte, Germany). Hematoxylin QS
(cat. no. H-3404) was obtained from Vector Laboratories Inc. (Burlin-
game CA, USA). ApopTag Plus Peroxidase In Situ Apoptosis Detection
Kit (cat. no. S7101) was purchased from Chemicon International (Mel-

bourne, Australia).

2.2. Animals and tissue collection

The use of animals was in accordance with the Act of January 15
2015 on the Protection of Animals Used for Scientific or Educational
Purposes and Directive 2010/63/EU ofthe European Parliament and the
Council of September 22 2010 on the protection of animals used for
scientific purposes.

Porcine ovaries were purchased from healthy, mature cross-bred
gilts (Large White x Polish Landrace; ~7-8 months of age, 100-110
kg body weight) at a local abattoir under veterinarian control. Repro-
ductive tracts did not display any anatomical alterations or signs of
pregnancy. Ovaries were transported to the laboratory in ice-cold PBS
(pH 7.4) with AAS within ~1 h of slaughter. Then healthy medium
antral follicles (3-6.9 mm), characterized by a well-vascularized follic-
ular wall and the clarity of the follicular fluid, from ovaries at an early
follicular phase were manually isolated using scissors. Stage of the
estrous cycle was verified by ovarian morphology and corpus luteum
quality and characterized by the presence of small and medium antral
follicles and corpora lutea under regression without surface vasculari-

zation or corpora albicans from the previous cycle [21].
2.3. Follicle in vitro culture
Whole ovarian follicles (n = 4/each group from different animals; a

total number of ovaries used was 16) were cultured individually in a

Falcon Organ Culture Dish with triangular stainless steel grid as

previously described [22]. First, ovarian follicles were pre-cultured for
3 h in M199 medium supplemented with 1 % FBS and AAS. Then,
experimental cultures were carried out for 12 h in fresh M199 medium
with 0.1 % FBS and AAS alone (C; control) or in the presence of 1a,25
(OH)2D3 (VD; 100 ng/mL) and insulin (I; 10 ng/mL) separately or in
combination, VD and | (VD +1). The doses of VD and I were chosen based
on literature and our previous research [6,23,24]. All cultures were
maintained at 37 °C in a humidified atmosphere of 5 % C0O2/95 % O2.
After in vitro culture, follicles were fixed in 10 % neutral buffered
formalin, dehydrated in an increasing gradient of ethanol, cleared in
xylene and embedded in paraplast for further analyses. All in vitro in-

cubations were performed in duplicates.

2.4. Hematoxylin and eosin staining

Paraplast-embedded ovarian follicles were cut into 5 pm-thick sec-
tions and mounted on 3'3'-aminopropyl-triethoxysaline-coated slides.
After deparaffinization and rehydration, tissue sections were stained
with hematoxylin QS for 40 s and eosin Y for 10 s. Slides were then
washed in ethanol, fixed in xylene, mounted in DPX and coverslipped.
Digital images were collected using a light microscope Nikon Eclipse Ni-
U with a Nikon Digital DS-Fil-U3 camera (Nikon, Tokyo, Japan) and
corresponding software.

2.5. TUNEL method and quantitative analysis

Apoptotic cells were detected using the ApopTag Plus Peroxidase In
Situ Apoptosis Detection Kit following the manufacturer’s instruction
and our previous research [25,26]. Briefly, slides were pre-treated with
proteinase K solution (10 mg/mL, 15 min), immersed in 3 % H202 (10
min) and incubated in the equilibration buffer (10 min) in a humidified
chamber. Next, working strength TdT enzyme was applied for 1 h at
37 °C in a dark humidified chamber and anti-digoxigenin conjugate for
30 min in a humidified chamber. Apoptotic cells were visualized by
addition of 3,3 -diaminobenzidine solution. All slides were counter-
stained with hematoxylin QS, dehydrated through an increasing series of
ethanol and mounted with DPX. A negative control was performed
without the active TdT enzyme. Representative sections were photo-
graphed using a Nikon Eclipse NieU microscope and a Nikon Digital
DS-Fil-U3 camera with corresponding software.

TUNEL-positive granulosa and theca interna cells were counted
across the entire follicles under light microscopy (four follicles per each
examined group). The results were expressed as the percentage of
apoptotic cells on the 100 cells counted within granulosa or theca
interna layers, respectively [27].

2.6. FTIR spectroscopy imaging and data analysis

IR images were recorded using an Agilent 670-IR microscope
coupled to a 670-IR spectrometer with 128 x 128 pixels in a focal plane
array (FPA) detector. Measurements were carried out in transmission
with the use of high-magnification imaging mode which provides a
projected FPA pixel size of 1.1 pm x 1.1 pm giving a measured area of
141 pm x 141 pm. Three images from each sample were collected (12
images for each group in total) with 15 x Cassegrain objective and
condenser optics with NA of 0.62. Regions of interest (ROIs) were cho-
sen to cover both granular cellular and inner layers. All FTIR spectra
were recorded by co-adding of 256 scans and in the range of 3800 - 900
cm-1 with a spectral resolution of 4 cm~1.

Pre-processing of IR images and chemometric analysis were per-
formed using CytoSpec (ver. 2.00.02), MatLab (R2015a), and Origin Pro
2022b (v. 9.9.5.167) software. If necessary a water vapour correction
was performed on the images. Firstly, the quality of each pixel-spectrum
was evaluated using the sample thickness criterion according to the
intensity of the amide | band (1620-1680 cm 1). After PCA-based noise

reduction (15 principal components), secondary derivative FTIR spectra



were calculated with 13 smoothing points according to a Savitzky-Golay
algorithm. Then, spectra were vector normalized in the region of
1000-1770 cm-1 to avoid clustering of the images due to the sample
thickness. To extract chemical information of granulosa and theca
interna cells, unsupervised hierarchical cluster analysis (UHCA) with a
Ward’'s algorithm was performed in the region of 1000-1770 cm-1.
Spectral distances were computed as D-Value and the clusters were
extracted according to Ward’s algorithm. Then, mean second derivative
spectra were calculated for both clusters. They were next used for the
calculation of integral intensities of important bands or their ratios using
OPUS 7.2 software. All mean spectra obtained for each group (C, VD, I,
VD+I1) were also averaged to one representative spectrum to evaluate
spectral changes between groups and classes and presented as box charts
ofbands intensities or their ratios. A scheme of this imaging approach is

shown in Fig. 1.

2.7. Feulgen's staining and intensity analysis

For demonstrating DNA content, ovarian follicle sections were
stained with Feulgen’s reaction [28,29]. Specifically, after the depar-
affinization and rehydratation steps, the slides were subjected to warm
(60 °C) 1 M HCI for ¢ min to remove the purine bases and then to cold
Schiff’'s reagent for 30 min. In order to stop the reaction, the specimens
were washed in 10 % Na2S04 (3 x 1 min). After washing with running
water for 5 min, dehydration and mounting was performed.

Representative micrographs were taken using Nikon Eclipse Ni-U

microscope with a Nikon Digital DS-Fil-U3 camera and corresponding

software. The intensity of DNA staining within granulosa and theca
interna compartments (10 slides per each group) was examined using
ImageJd software program (National Institutes of Health, Bethesda, MD,
USA) and expressed as a relative optical density (ROD) following the
formula: ROD= ODspecimen/ODbackground= l0g(G Lblank/GLspecimen)/log
(GLblank=G Lbackground), where GL is the gray level for the stained area
(specimen) and the unstained area (background), and blank is the gray

level measured after removing the slide from the light path [30].

2.8. Masson's trichrome staining and collagen area rate analysis

Masson’s trichrome staining was used for visualization of collagen
fibers. In brief, deparaffinized and rehydrated sections were treated with
Weigert'siron hematoxylin for 10 min to stain the nuclei. Then, Biebrich
scarlet-acid fuschin solution was applied for 7 min for collagen staining,
2.5 % phosphotungstic acid was used until the collagen loses its red
color and aniline blue was utilized for 5 min to stain the collagen fol-
lowed by 1 % acetic acid immersion. After washing with running water,
dehydration and mounting was conducted. Representative micrographs
were captured using Nikon Eclipse Ni-U microscope with a Nikon Digital
DS-Fil-U3 camera and corresponding software.

To analyze the area of positive collagen staining within theca
interna, ImageJ software program was used and two-step evaluation was
performed as previously described [31]. Firstly, only collagen staining
area was measured in the blue channel after color deconvolution (10
slides per each group). Secondly, all the stained tissue components of the

same image were measured after the conversion to s-bit type and the

Fig. 1. A scheme of the performed experiment. Medium antral porcine ovarian follicles were in vitro cultured alone (C; control) or in the presence of active vitamin
D3 (VD; 100 ng/mL) and insulin (I; 10 ng/mL) separately or in combination, VD and | (VD +I1). 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 of
interest (ROI) including both granulosa and theca interna layers of 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. All mean spectrawere used to

determine changes in the integral intensity of selected spectral markers and then averaged to obtain representative spectra for control (C) and treated groups (VD,

I, VD +I).



threshold was applied to detect all tissue components. The final calcu-
lation of collagen area percentage was conducted following the formula:
(the measured area from the first step)/(the measured area from the

second step) X 100 .

2.9. Statistical analysis

Statistical analysis was performed using the Statistica v.13.1 pro-
gram (StatSoft, Inc., Tulsa, OK, USA). The data are shown as the mean
+ standard error of the mean (SEM), except for FTIR data presented as
mean * standard deviation (SD). The normal distribution of data was
verified by the Shapiro-Wilk test. Box plots were constructed using the
statistical model (ANOVA) in the OriginPro 2022b (9.95) software for an
analysis of variance. Tukey’s test was employed to compute significance
values p. Nonparametric Kruskal-Wallis test was used to analyze per-
centage of apoptotic cells, DNA staining intensity and collagen area rate.
Differences were considered statistically significant at p < 0.05.

3. Results

3.1. Effectofvitamin D3 and insulin alone or in combination on histology

ofporcine ovarian follicles

The histological analysis of porcine ovarian follicles following in vitro
culture with VD (Fig. 2B) and | (Fig. 2C) alone or in co-treatment (VD +1)
(Fig. 2D) showed normal distribution of granulosa, theca interna and
externa layers asin the C group (Fig. 2A). In the C, VD and VD +1| groups,
there were novisible signs of follicular cells degeneration indicating lack
of negative effect of either treatment or time of culture on ovarian fol-
licle histology. Single apoptotic bodies were observed in the granulosa

cells from the | group (Fig. 2C, red arrows).

3.2. Effect of vitamin D3 and insulin alone or in combination on

percentage of apoptotic cells

In situ detection of DNA fragmentation by TUNEL assay showed

apoptotic cells with brown nuclei within granulosa and theca interna
compartments of porcine ovarian follicles in all examined groups
(Fig. 3A-D). No positive stating was observed when TdT enzyme was
omitted (negative control; Fig. 3D inset). In the granulosa layer, the
frequency of apoptotic cells was greater only following the | treatment
(Fig. 3C) in comparison to the C, VD and VD+I| groups (p = 0.0008,
p = 0.028 and p=o0.00021, respectively), whereas there were no
significant differences in the percentage of theca interna apoptotic cells

between groups (Table 1).

3.3. Effect of vitamin D3 and insulin alone or in combination on

biochemical composition ofporcine ovarian follicles

In order to investigate the effect of VD and | alone or in co-treatment
on the total biochemical profile of porcine ovarian follicles, we
employed high-definition (HD) FTIR spectroscopy imaging. Average
FTIR spectra with SD of all investigated groups within granulosa and
theca interna compartments are displayed in Figs. 4A and 5A, respec-
tively. The assignment of bands to vibrations of biomolecules is pre-
sented in Table 2. Due to the removal of most lipids during the
deparaffinization process with the use of xylene and ethanol, the lipid
region in the FTIR spectra was not analyzed.

In the fingerprint region 1800-1000 cm-1 of the granulosa (Fig. 4B,
C) and theca interna (Fig. 5B, C) layers, the most pronounced spectral
changes were observed in the bands assigned to proteins, especially
associated with alterations of their secondary structures. An increase in
the 1653 cm-1 signal assigned to a-helices was observed in the | and
VD+I groups (p < 0.05; Fig. 4D Il) within granulosa, and in the VD and |
groups (p < 0.05; Fig. 5D Il) within theca interna compartments. These
changes were accompanied by a tendency to decrease in the R-sheet
contribution to the protein conformations for | and VD +1I groups (box
charts for the 1633 cm-1 band, Fig. 4D Ill and 5D IIl). Spectral variations
were also observed for the bands located at 1203, 1236, and 1282 cm- 1
specific for fibrous proteins, mainly collagens. Their semi-quantitative
analysis revealed significant changes in the theca interna layer, where

their greater content was found in the VD +1 group than in the VD group

Fig. 2. Representative micrographs of hematoxylin and eosin staining of porcine ovarian follicles cultured in vitro from control (A), vitamin Ds (B), insulin (C) and

both vitamin D3 and insulin (D) treated groups. Scale bar = 50 pm (A, B, C, D) or 25 pm (all insets). Gc - granulosa cells; Ti - theca interna cells; Te - theca externa

cells; red arrows - apoptotic bodies.



Fig. 3. Representative micrographs of in situ detection of 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 of vitamin D3 and insulin alone or in combination on percentage (%) of
apoptotic cells and intensity of Feulgen staining (ROD; relative optical density)
within granulosa and theca interna layers, as well as collagen area rate (%)
within theca interna of 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 Dz
(C) Ds (VD) [0} + insulin
(VD+I)
Percentage Granulosa 0.92 1.41 55 0.5+ 0.23a
(%) of + 0.29a + 0.29a +o0s88b
apoptotic Theca 2.33 2.66 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 + 0.04ac +os6aCc + 0.04bc
intensity Theca 0.78 0.66 0.64 0.51
(ROD) interna + 0.03a + 0.06ac + 0.04ac + 0.05b c
Collagen area Theca 40.88 235 40.63 44.37
(%) interna + 2.41a + 2.64b + 2.43a + 2.98a

(p < 0.05; Fig. 5D IV). It seems that VD and | applied individually
induced the decomposition of fibrous proteins compared to the control
(Fig. 5D 1V). Considering the total level of proteins that show the ten-
dency to decrease in both layers in the VD and | groups compared to C
and VD+I, we rather suggest a remodeling process of proteins than the
synthesis of new ones (Fig. 4D | and 5D I).

The content of nucleic acids was not significantly affected by the
treatment (Fig. 4D V,VI and 5D V,VIl). Both RNA and DNA slightly
decreased in the granulosa of the VD+I group, while a considerable
synthesis of RNA and lowering DNA content were observed in theca

interna layer of the ovarian follicle.

For the sugar classes, the FTIR spectra did not exhibit the alterna-
tions of polysaccharides and glycoproteins (signals at 1170 and
1059 cm-1), but we observed a variation in the content of mono-
saccharides (signal at 1030 cm-1). Namely, monosaccharides were only
synthesized in the granulosa layer due to the treatment by VD+I
(Fig. 4C), whereas only VD did not cause their production in the theca

interna compartment (Fig. 5C).

3.4. Effectof vitamin D3 and insulin alone or in combination on DNA

content

DNA of granulosa and theca interna cells was stained positively
magenta using Feulgen’s reaction in all examined groups (Fig. s A-D).
The DNA content expressed as staining intensity was markedly reduced
in the VD +I group (Fig. s D) when compared to the C group (Fig. s A)
either in granulosa (p = 0.01) or theca interna (p = 0.0018) cells
(Table 1).

3.5. Effectofvitamin D3 and insulin alone or in combination on collagen

area rate

In all studied groups, the blue color collagen staining was observed
within theca interna and externa layers, as well as basal lamina of
porcine ovarian follicles (Fig. 7A-D). The analysis of positive staining
area in theca interna layer shows its lower percentage in the VD group
(Fig. 7B) than in the C (Fig. 7A), | (Fig. 7C), and VD +1I (Fig. 7D) groups
(p = 0.02, p = 0.03 and p = 0.002, respectively; Table 1).

4. Discussion
The present study investigated for the first time the effect of vitamin

D3 and insulin alone or in combination on biomolecular composition of

granulosa and theca interna layers of porcine ovarian follicles using



Fig. 4. Average FTIR spectra with standard deviation (SD, shading) of the granulosa layer of porcine ovarian follicles cultured in vitro from control (C), vitamin D3
(VD), insulin (1), and both vitamin Dz and insulin (VD +1) treated groups (A), their second derivative spectra in the region of 1710-1480 (B), and 1300-1000 cm-1 (C),
and changes in content of the selected biocomponents (D). *p < 0.05, one-way ANOVA with post hoc Tukey’s test.

FTIR spectroscopy. Combining this technique with common histological
staining methods, we revealed pronounced changes in the content of
fibrous proteins (mainly collagens) within theca interna following
vitamin Ds: and insulin co-administration. Treatment-dependent differ-
ences were also observed in the secondary structure of proteins, DNA
content and monosaccharides production in both follicular compart-
ments. Based on our FTIR findings, it is possible to attribute the observed

alterations to biological processes that could be regulated by vitamin Ds

and insulin in the ovarian follicle.

Herein, we have firstly performed histological assessment of the
ovarian follicles after in vitro incubation. In all examined groups, the
follicles displayed the proper organization with visible granulosa and
theca layers. Time ofin vitro culture did not affect ovarian follicle’swall
histology and did not induce atresia as shown in the control group,
consitently with previous report on pigs [22]. Noteworthy, insulin

treatment slightly increased the percentage of apoptotic cells within



Fig. 5. Average FTIR spectrawith standard deviation (SD, shading) of the theca interna layer of porcine ovarian follicles cultured in vitro from control (C), vitamin D3
(VD), insulin (1), and both vitamin D3 and insulin (VD +1) treated groups (A), their second derivative spectra in the region 1710-1480 (B), and 1300-1000 cm-: (C),
and changes in content of the selected biocomponents (D). *p < 0.05, one-way ANOVA with post hoc Tukey’s test.

granulosa layer compared to other groups that was confirmed by TUNEL
assay. Likewise, high concentration of insulin used to mimic insulin
resistance promoted apoptosis in rat granulosa cells, suggesting its role
in the pathogenesis of PCOS [35].

Proteins are important molecules of each living cell and play a vital
role in all physiological processes. Predominant ovarian functions,
namely folliculogenesis and steroidogenesis, are regulated by hormones,

growth factors and enzymes, which are proteins [36]. Therefore,

spectral analysis of protein content in follicular cells could provide an
information about their physiological state. In the present research, the
total protein abundance within granulosa and theca interna layers was
unchanged among examined groups, however differences in the sec-
ondary structure were noted. We have found an increased band intensity
at 1653 cm-1 assigned to a-helical conformation of proteins; in the
granulosa cells, this effect was observed in the | and VD +1 groups, while

within theca interna, in the VD and | once. In those groups, the



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

IR band position/ Assignment

cm-1

1697 Amide I: antiparallel 3-sheet conformation in proteins

1681,1676 Amide I: turns, loops in proteins

1653 Amide I; a-helices in proteins

1633 Amide I: R-sheets in proteins

1543 Amide II: proteins

1514 In-plane deformation vibration C-H of phenyl ring: tyrosine
residues

1282, 1236, 1203 Amide lIlI: 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
R-sheet was noticed, suggesting enhanced conversion to a-helices in the
secondary structure of proteins. In the ovary, spectral changes in the
range reflected secondary structure of proteins were presented by this
time in the research on ovarian tumor [37,38], showing a shift to B-sheet
in cancerous tissue. In addition, the conversion from a-helix to B-strand
might induce amyloidogenic proteins to self-assemble into fibrils
causing fatal diseases e.g. prion diseases [39]. Along this line, it appears
that protein structural conversion to a-helices observed herein might be
a molecular marker of rather beneficial vitamin Ds and insulin action
within the ovarian follicle. Indeed, both examined factors were recog-
nized as positive regulators of follicle development and steroids syn-
thesis in the ovary [1,5,40].

In this study, another spectral alterations were observed in bands
intensities at 1203, 1236, and 1282 cm-1 specific for fibrous proteins,

mainly collagens; co-treatment of vitamin Ds and insulin resulted in
their increased abundance in theca interna layer when compared to the
VD group. Following Massons’s trichrome staining, greater collagen
area within theca interna was noted in the VD +1, | and C groups than in
the VD group. These discrepancies might be due to the fact that FTIR
results are related to spectral region assigned overall to fibrous proteins,
whereas Massons’s trichrome stains only collagens. In the porcine
ovarian follicles, prominent collagen expression was examined in the
theca compartment and basal lamina with no positive staining in the
granulosa layer [41], consistently with our current outcomes. Different
collagen types play crucial role in follicle development, basement
membrane formation, steroidogenesis and ovulation [42]. On the other
hand, excessive accumulation of collagen occurs during ovarian aging or
PCOS [43,44], leading to ovarian stiffness. It seems that vitamin D3 and
insulin interactions might be important for fibrous protein remodeling
within theca interna compartment, modulating thereby ovarian follicle
functions.

Besides proteins, nucleic acids are an indispensable element of each
cell. Although we have not found significant spectral alterations in the
region specific to either RNA or DNA, some tendency to lower DNA
content within granulosa and theca interna layers in the VD +I| group
was noticed. That was further confirmed by the analysis of Fulgen’s
staining intensity, showing decreased DNA content in the VD +I group
when compared to the C group in both follicular compartments. These
results indicate attenuated proliferative activity of granulosa and theca
interna cells in response to vitamin Ds and insulin co-administration.
Both agents acting separately were shown to have predominantly a
dose-dependent stimulatory effect on ovarian cells proliferation [5,40].
Herein, utilized doses of vitamin D3 and insulin alone did not increased
DNA content, but their co-treatment induced the opposite effect, sug-
gesting possible mutual inhibition.

A detailed analysis of the spectral range assigned to carbohydrates
distinguished a characteristic trend of alterations of the band at

Fig. 6 . Representative micrographs of Feulgen’s staining of porcine ovarian follicles cultured in vitro from control (A), vitamin Ds (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 of Masson’s trichrome staining of 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 of 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 mode and is a
spectral marker of monosaccharides. In the granulosa layer, only the
VD+1 group synthesized monosaccharides, while within theca interna
compartment their production was found in the C, | and VD +1 group,
suggesting activation of different metabolic pathways of sugar biosyn-
thesis, especially after vitamin D3 and insulin co-administration in
ovarian cells. Further analyses are required to reveal which specific
monosaccharides undergo alterations induced by vitamin D3 and

insulin.

5. Conclusion

In conclusion, significant changes observed in the spectra assigned to
fibrous proteins, secondary structure of proteins, DNA and mono-
saccharides within porcine ovarian follicle compartments could be
consider as molecular markers ofthe physiological status of ovarian cells
following vitamin D3 and insulin action/interaction. In particular, they
could be indicators for further specific staining and proteomic/metab-
olomic studies. Although FTIR-based examination of induced changes in
molecular composition of porcine ovarian follicle layers needs addi-
tional studies to validate our observations, it seems to be a potential tool
in prediction of functional changes within granulosa and theca interna
cells. Thereby the route of vitamin D3 and insulin action within the
ovary could be determined that might be powerful approach considering
various ovarian pathologies attributed to disturbed vitamin D3 and in-
sulin levels. Thus, FTIR spectroscopy could join the group of common

techniques used in ovary-oriented studies.
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