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A B S T R A C T

Maintaining the proper balance between granulosa cells (Gc) proliferation and apoptosis is crucial for folli
culogenesis and female fertility. Our previous study showed expression of omentin-1 (intelectin-1, ITLN1) in the 
porcine ovarian follicles; however, its impact on Gc functions remains unknown. Therefore, this study aimed to 
determine the in vitro effects of ITLN1 on Gc proliferation and apoptosis in Large White (LW) and Meishan (MS) 
pigs. These breeds were chosen due to their distinct reproductive characteristics: MS pigs are known for main
taining a higher number of follicles during the follicular phase and exhibiting greater estradiol synthesis 
compared to LW pigs. Porcine Gc were incubated with ITLN1 (10–100 ng/mL) for 24–72 h, and the viability/ 
proliferation (alamarBlue/BrdU assays), cell cycle progression (flow cytometry) and the gene and protein 
expression of proliferation/apoptotic markers (PCNA, cyclins A1, B2, D1, E1, caspases-3, − 9, BCL-2, BAX, FAS, 
FADD, XIAP) (real-time PCR, western blotting) were assessed. Next, the effect of ITLN1 on the phosphorylation of 
several kinases (AKT, AMPK, ERK1/2, STAT3, PKA) and the gene and protein expression of the insulin receptor 
(INSR) were studied (real-time PCR, western blotting). Then, using pharmacological inhibitors of ERK1/2 
(PD98059, 5 μM), AKT (LY294002, 10 μM) and INSR (1 μM), treated alone or with ITLN1 (S961, 50 ng/mL), we 
analyzed its involvement in the effects of ITLN1 on Gc proliferation/apoptosis. We demonstrated that ITLN1 had 
a mitogenic effect on Gc by enhancing cell cycle progression and modulating the levels of PCNA, cyclins and 
apoptotic factors via ERK1/2, AKT, and INSR, suggesting that ITLN1 is a newly identified regulator in ovarian 
folliculogenesis, regardless of the fatness degree of pigs.

1. Introduction

The ovaries are one of the most dynamic structures and undergo 
constant structural and functional changes throughout reproductive life; 
from thousands of follicles, only about 1 % grows and ovulates, and 99 % 
degenerate in a process called atresia (Cavalcanti et al., 2023). Such 
functions are controlled mainly by proliferation and apoptosis in gran
ulosa cells (Gc), which are the most abundant compartment of follicles 
and supply the nutrients to oocytes in ovarian follicles necessary for 
their growth and maturation (Cavalcanti et al., 2023). Thus, during the 
estrous cycle, the stage-specific intensity of proliferation and apoptosis 

occurs (Zheng et al., 2019). The authors noted that the most intense 
porcine Gc proliferation occurs in medium follicles (MF, 10–12 days of 
estrous cycle), while apoptosis starts in MF and becomes intense before 
ovulation (Zheng et al., 2019). The explanation for this is that the Gc 
proliferate intensively before ovulation to ensure the growth and 
maturation of the ovarian follicles. At the same time, the increase in 
apoptosis is associated with Gc differentiation to luteal cells (Zheng 
et al., 2019). Additionally, it is worth mentioning that the balance be
tween proliferation and apoptosis in Gc is crucial for proper ovarian 
physiological functions like oogenesis, foliculogenesis, oocyte loss/se
lection, and oocyte maturation (Salvetti et al., 2009; Belotti et al., 2017). 
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An imbalance among these processes may significantly influence the fate 
of follicles in pigs, tipping the balance between atresia and ovulation, 
which are critical determinants of reproductive efficiency in polytocous 
species (Knox, 2023).

Interestingly, adipose tissue secretes hormones called adipokines, 
which interfere with proliferation and apoptosis in the ovary (Kurowska 
et al., 2021). For example, leptin (Sirotkin and Meszarošová, 2010), 
apelin (Rak et al., 2017), vaspin (Kurowska et al., 2019), and phoenixin- 
14 (Kurowska et al., 2024) stimulate porcine Gc proliferation, while 
resistin (Rak et al. 2015) reduces Gc apoptosis. Published data suggest 
that protein kinase B (AKT) and the extracellular signal-regulated kinase 
1/2 (ERK1/2) (the two main kinases involved in Gc proliferation and 
apoptosis) (Johnson et al., 2001; Fan et al., 2009) are associated with the 
action of some adipokines in ovarian cells (Rak et al., 2015; Rak et al., 
2017; Kurowska et al., 2019).

Intelectin-1 (ITLN1), also known as omentin-1 (De Souza Batista 
et al., 2007), is a 34-kDa adipokine originally identified from a human 
omental adipose tissue cDNA library (AY549722) primarily secreted by 
visceral adipose tissue (Komiya et al., 1998), the main function of which 
is improving insulin sensitivity (Pan et al., 2019). The ITLN1 is 
expressed in many tissues in different species, such as the small intes
tine, intestinal Paneth cells, mesothelial and endothelial cells, thymus, 
and testis (Watanabe et al., 2017). Our previous data indicated that 
ITLN1 expression is closely related to porcine reproduction at both the 
central and ovarian levels; we noted that ITLN1 is expressed in the 
anterior pituitary (Respekta et al., 2023) and ovarian follicles (Pich 
et al., 2024) in normal weight Large White (LW) and fat Meishan (MS) 
pigs. The levels of ITLN1 depend on the degree of fatness (LW > MS) and 
increase with the progression of estrous cycle (Respekta et al., 2023; 
Pich et al., 2024) as well as ITLN1 protein expression is regulated by 
gonadotropins and steroids via the AKT as well as the ERK1/2 signalling 
pathways in ovarian follicle cells (Pich et al., 2024). Additionally, as 
shown in obese humans (Zamrazilová et al., 2008) and fat pigs 
(Respekta et al., 2023) the plasma concentration of ITLN1 are decreased 
compared to control levels. Furthermore, in the polycystic ovarian 
syndrome group, level of ITLN1 in follicular fluid and in Gc was 
increased (Bongrani et al., 2019), while in plasma decreased (Özgen 
et al., 2019) compared to control. The specific receptors for ITLN1 have 
still not been identified. However, the latest data suggest that ITLN1 
regulates macrophage function via integrin receptors αvβ3 and αvβ5 in 
animal models of atherosclerosis (Lin et al., 2021) and also modulates 
the phosphorylation of the insulin receptor (INSR) in human ovarian 
granulosa-like tumour cells (Cloix et al., 2014). Moreover, recent studies 
noted that ITLN1 also activates various signalling pathways in different 
cells, for example, ERK1/2 in primary human adipocytes (Niersmann 
et al., 2020), 5′ adenosine monophosphate-activated protein kinase 
(AMPK) signalling in human vascular smooth muscle cells (Uemura 
et al., 2015), and signal transducer and activator of transcription 3 
(STAT3) in human hepatocellular carcinoma cells (Zhang et al., 2013). 
Additionally, ITLN1 promotes proliferation and inhibits the apoptosis of 
human nucleus pulposus cells (Cabral et al., 2022) and mesenchymal 
stem cells (Yin et al., 2017) via AKT. Interestingly, ITLN1 presents the 
reverse effect in cancer cells, where it inhibits the proliferation and 
promotes the apoptosis of colon cancer stem cells via AKT (Ji et al., 
2019) as well as in human hepatocellular carcinoma cells: HepG2 and 
HuH-7 (Zhang et al., 2013). It has been demonstrated that ITLN1 
enhanced Gc viability, proliferation and apoptosis in rabbits and cats, 
underscoring its role as a critical modulator of ovarian cell functions 
(Sirotkin et al., 2024a, b). However, the role of ITLN1 in proliferation 
and apoptosis in Gc from pigs with differences in fat content and 
reproductive traits is still not comprehensively understood.

Hence, we hypothesize that ITLN1 regulates porcine ovary function 
by direct action on Gc proliferation and apoptosis. Pig is relevant as a 
model organism for biomedical research because of its human-like size, 
anatomy, and physiology, making it a promising alternative to rodents 
(Lunney et al., 2021). Morover, LW and MS pigs reflects their well- 

documented differences in fat content and reproductive performance, 
such as ovulation rate, litter size, follicular atresia, folliculogenesis and 
hormonal regulation e.g. higher estradiol (E2) levels in MS pigs (White 
et al., 1993; Hunter et al., 1996; Miller et al., 1998). Thus, this study 
aimed to determine (i) the concentration- (10–100 ng/mL) and time- 
(24–72 h) dependent effect of ITLN1 on Gc viability/proliferation in LW 
and MS pigs; (ii) cell cycle progression in LW pigs as well as gene and 
expression of cyclins A1, B2, D1, E1 and proliferating cell nuclear an
tigen (PCNA) in LW and MS pigs; (iii) cell apoptosis measured by the 
gene and protein levels of caspases-3 and − 9, B-cell lymphoma (BCL-2), 
BCL-2-like protein 4 (BAX), FAS receptor, FAS-associated protein with 
death domain (FADD), and X-linked inhibitor of apoptosis (XIAP) in LW 
and MS pigs; (iv) AKT, AMPK, ERK1/2, protein kinase A (PKA) and 
STAT3 phosphorylation as well as mRNA and protein expression of INSR 
in LW and MS pigs; and (v) the involvement of ERK1/2, AKT and INSR in 
the effect of ITLN1 on Gc proliferation and apoptosis in LW and MS pigs.

2. Material and methods

2.1. Eithics approval

The utilization of sows adhered to the guidelines outlined in directive 
2010/63/EU of the European Parliament and Council dated 22 
September 2010 concerning the welfare of animals utilized for scientific 
purposes. The ovaries were obtained as by-products during meat pro
cessing conducted by skilled and experienced laboratory personnel at an 
abattoir. Consequently, this study did not necessitate approval from the 
relevant ethics committee for animal experiments.

2.2. Animals and ovary collection

Ovaries were collected at a local abattoir under veterinarian control 
from sexually mature gilts divided into two groups: normal weight LW 
and fat MS. The MS pigs had a greater backfat thickness (BFT): 24.3 ±
0.4 mm and BFT/body weight ratio of 0.35 ± 0.005 compared to 16.6 ±
0.3 mm and 0.13 ± 0.002 mm respectively in LW pigs (Barbe et al., 
2020). Moreover, MS pigs have a similar adipokine concentration in 
plasma to obese humans (Barbe et al., 2020), have a genetic predispo
sition to accumulate fat more quickly than other pig breeds (Switonski 
et al., 2010), reach puberty earlier (86.1 ± 1.30 days) than LW pigs 
(171.9 6 ± 2.8 days) (Barbe et al., 2020) and have fewer cells in their 
embryos, which results in a reduction in trophectoderm formation 
(Rivera et al., 1996). In this study, the average age (days) and body 
weight (kg) of LW pigs were 214.7 ± 8.2 days and 126.5 ± 1.6 kg, while 
for MS pigs, the values were 179.0 ± 6.1 days and 68.5 ± 1.6 kg. 
Moreover, all zootechnical parameters (body weight, backfat thickness, 
and age at puberty) were routinely collected by the Unité Expérimentale 
de Physiologie Animale de l’Orfrasière (https:///https://doi. 
org/10.15454/1.5573896321728955E12) and the Pig phenotyping 
and Innovative breeding facility (https:///https://doi. 
org/10.15454/1.5572415481185847E12) to monitor breeding 
outcomes.

Within a few minutes after slaughter, the ovaries were removed, 
placed in 0.1 M ice-cold phosphate-buffered saline (PBS) supplemented 
with antibiotics, and transported to the laboratory. Based on the 
morphological examination of the ovaries (Akins and Morrissette, 1968) 
and progesterone (P4) and E2 concentrations in the plasma, we collected 
MF (4–6 mm in diameter; days 10–12 of the estrous cycle) for future 
experiments. This phase of the estrous cycle was selected based on 
previously obtained results (Respekta et al., 2023; Pich et al., 2024). In 
this study we have 5 biological replicates, which mean 5 independent in 
vitro culture per each experiments (n = 5). In each in vitro culture 20 
ovarian follicles were collected from 5 pigs, so the total number of pigs 
in each breed were 25 (n = 25 LW, n = 25 MS).
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2.3. Cell isolation and in vitro culture

The Gc cultures were prepared according to the technique described 
by Stoklosowa et al. (1982) with some modifications. Briefly, the Gc was 
scrubbed from the follicular wall with round-tipped, ophthalmologic 
tweezers and rinsed several times with PBS and antibiotics. Following 
the procedure, deoxyribonuclease I (500 U) was added and the Gc were 
centrifuged (500 x g for 10 min; Eppendorf, Hamburg, Germany) in 
M199 medium and resuspended in M199 with 10 % foetal bovine serum 
(FBS) [v/v]. The viability of the cells (> 90 %) was checked using 
Trypan blue. Then, Gc were seeded in 96-well culture plates in M199 
medium with 10 % FBS [v/v] at a concentration of 5 × 104 viable cells 
per well for almost all experiments or in 6-well culture plates at a con
centration of 1 × 106 viable cells per well for flow cytometry experi
ments. After 24 h of preincubation, the medium was changed to M199 
with 1 % FBS [v/v]. All cultures were maintained at 37 ◦C in a humid
ified atmosphere of 5 % CO2. A detailed list of used reagents is presented 
in Supplementary Table 1. Furthermore, the proteomic data (data not 
shown) of cultured Gc indicate the presence of follicle-stimulating hor
mone receptor, which is a well-established marker for Gc. Moreover, this 
analysis did not reveal significant expression of markers typically asso
ciated with fibroblasts, such as vimentin or fibroblast-specific protein 1, 
indicating minimal fibroblastic contamination.

Experiment 1: To determine the time- and concentration-dependent 
effects of ITLN1 on Gc viability/proliferation, the cells were incubated 
for 24, 48, or 72 h in M199 containing 1 % FBS [v/v] as a control, or with 
ITLN1 at a concentrations of 10, 50 and 100 ng/mL. The concentrations 
were chosen based on previously published data (Cloix et al., 2014; 
Respekta et al., 2023; Pich et al., 2024). For BrdU assay we decided to 
use two concentrations of ITLN1 (50 and 100 ng/mL) based on our 
previous studies (Respekta et al., 2023; Pich et al., 2024) in which we 
assessed the ITLN1 levels in plasma and follicular fluid from LW and MS 
pigs; the levels of ITLN1 obtained corresponded to the concentrations 
used in this study. Moreover, time points for BrdU assay was chosen 
based on the results obtained in alamarBlue assay. After incubation, 
alamarBlue reagent or BrdU labelling solution (Supplementary Table 1) 
was added for 2.5 h to assess cell viability and cell proliferation, 
respectively. Five independent in vitro cultures were performed.

Experiment 2: For cell cycle analysis, the Gc were incubated with 
ITLN1 at 50 ng/mL for 72 h based on the results of experiment 1 as well 
as literature data about transcriptomic analysis of expression of genes 
regulating cell cycle progression in porcine ovarian Gc (Kulus et al., 
2020) and then fixed with 70 % cold ethanol at 4 ◦C for 60 min and 
stored at − 20 ◦C for flow cytometry analysis as described previously 
(Kurowska et al., 2024). To study the effect of ITLN1 on the levels of 
cyclins A1, B2, D1, and E1 as well as PCNA, Gc were incubated for 72 h 
in M199 containing 1 % FBS [v/v] alone or with ITLN1 at 50 ng/mL. 
Then, Gc were washed in PBS and stored at − 70 ◦C to quantify mRNA 
expression, or boiled in Laemmli buffer for 4 min to quantify protein 
abundance. Five independent in vitro cultures were performed.

Experiment 3: To study the effect of ITLN1 on the levels of caspase-3 
and − 9 and pro- (BAX, FAS receptor, FADD) and anti-apoptotic (BCL-2 
and XIAP) factors, Gc were incubated for 72 h in M199 containing 1 % 
FBS [v/v] alone or with ITLN1 at 50 ng/mL, with subsequent steps as 
described in experiment 2. The ITLN1 concentration was based on the 
results of experiment 1. Five independent in vitro cultures were 
performed.

Experiment 4: To study the effect of ITLN1 on the phosphorylation of 
several kinases Gc were incubated with 1 % FBS [v/v] alone or with 
ITLN1 at 50 ng/mL in M199 for 1, 5, 15, 30, 45, and 60 min. After 
treatment, the cells were frozen at − 20 ◦C to check the phosphorylated 
(p) and total (t) form of the following kinases: AKT, AMPK, ERK1/2, 
PKA, and STAT3. To analyse the effect of ITLN1 on INSR mRNA and 
protein expression, Gc were incubated with 1 % FBS [v/v] alone or with 
ITLN1 at 10, 50, and 100 ng/mL in M199 for 48 h, with subsequent steps 
as described in experiment 2. Five independent in vitro cultures were 

performed.
Experiment 5: To assess the involvement of the AKT and ERK1/2 ki

nases, as well as INSR, in the effect of ITLN1 on proliferation and 
apoptosis, the Gc were pretreated for 1 h with a pharmacological in
hibitor of AKT (LY294002 at 10 μM), ERK1/2 (PD98059 at 5 μM) or 
INSR (S961 at 1 μM). The inhibitor concentrations were chosen based on 
preliminary experiments and the literature (Kurowska et al., 2019, 
Zaobidna et al., unpublished). Then, ITLN1 at 50 ng/mL was added for 
the next 72 h. Subsequently, the alamarBlue reagent was added for 2.5 h 
to evaluate Gc proliferation, while mRNA expression of PCNA and 
caspase-3 was determined as described in experiment 2. Five inde
pendent in vitro cultures were performed.

Positive and negative controls have been specified for the each assays 
in our preliminary studies. E2, known to stimulate cell proliferation in 
Gc (Robker and Richards, 1998), was employed as the positive control, 
while staurosporine, a potent inducer of apoptosis (Zhang et al., 2005), 
was used as the negative control.

2.4. AlamarBlue assay

Cell viability was measured using the alamarBlue Cell Viability Re
agent (Supplementary Table 1), according to the manufacturer’s in
structions. The alamarBlue assay is based on the quantitation of cell 
metabolic activity and allows for the study of proliferation of metabol
ically active cells, which reduce resazurin to fluorescent resorufin (Vega- 
Avila and Pugsley, 2011). Briefly, the alamarBlue stock solution was 
aseptically added to the wells at an amount equal to 10 % of the culture 
medium volume. The resazurin reduction was determined after 2.5 h 
incubation by measuring fluorescence with an excitation wavelength of 
530 nm and an emission wavelength of 590 nm using a Varioskan™ LUX 
multimode microplate and SkanIt Software 6.1.1 (Thermo Fisher Sci
entific, Waltham, Massachusetts, USA).

2.5. BrdU assay

To confirm the effect of ITLN1 on Gc proliferation, the BrdU assay 
(Supplementary Table 1) was conducted according to the manufac
turer’s instructions. BrdU is a synthetic analogue of thymidine, a 
component of DNA, which is incorporated into newly synthesized DNA 
during the S phase of the cell cycle, allowing for the detection of cell 
proliferation (Vega-Avila and Pugsley, 2011). Briefly, BrdU labelling 
solution was added to the wells at an amount equal to 10 % of the culture 
medium volume and then incubated for 2.5 h. The absorbance was 
measured at 450 nm wavelength using a Varioskan™ LUX multimode 
microplate and SkanIt Software 6.1.1 (ThermoFisher Scientific, Wal
tham, Massachusetts, USA).

2.6. Flow cytometry

To determine the impact of ITLN1 on Gc cycle progression, Gc were 
washed twice in 1 mL PBS. Next, the cell pellet was resuspended in 300 
μL of the propidium iodide/RNase staining buffer and incubated in the 
dark for 30 min at room temperature. The red fluorescence of propidium 
iodide was measured using a FACS Calibur flow cytometer (Becton 
Dickinson, Franklin Lakes, New Jersey, USA). Ten thousand cells were 
examined per sample. The percentage of the cell population in each cell 
cycle phase (G0/G1, S, and G2/M) was calculated from DNA content 
histograms in the WinMDI 2.8 software (The Scripps Research Institute, 
San Diego, California, USA). A detailed list of reagents used is presented 
in Supplementary Table 1.

2.7. RNA isolation and real-time PCR

Total RNA was extracted using QIAzol Lysis Reagent following the 
manufacturer’s instructions. Next, the quantity and quality of the RNA 
(A260/A280) were determined using a spectrophotometer (DeNovix, 
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Wilmington, Delaware, USA). Briefly, 1 μg of total RNA was reverse- 
transcribed for 1 h at 37 ◦C using a Transcriptor First Strand cDNA 
Synthesis Kit. Next, complementary DNA (cDNA) was diluted 1:5 in 
molecular biology-grade water. To determine caspase-3 and − 9, BCL-2, 
BAX, FAS, FADD and XIAP gene expression amplifications (2 min at 
50 ◦C, 10 min at 95 ◦C, and 40 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C) 
were performed using the StepOnePlus system (AppliedBiosystems, 
Waltham, Massachusetts, USA) according to the manufacturer’s in
structions, with TaqMan-specific primers (0.5 μl, Supplementary 
Table 2), TaqMan Gene Expression Master Mix (5 μl), 2.5 μl of water and 
100 ng cDNA (2 μl). Relative mRNA expression was normalized to the 
reference mRNA glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
using the 2-ΔCt method (Livak and Schmittgen, 2001).

Subsequently, to determine INSR gene expression, RNA was extrac
ted and reverse transcribed as mentioned above. Next, cDNA was diluted 
(1:5) in sterile water. The RT-qPCR was performed at the final volume of 
20 μl consisting of 10 μl iQ SYBR Green Supermix, 0.25 μl of INSR primer 
(Supplementary Table 2), 4.5 μl of sterile water, and 5.0 μl of the cDNA 
template in the MYIQ Cycler real-time PCR system (Bio-Rad, Hercules, 
California, USA) under conditions as mentioned above. The primers for 
the examined genes were designed based on BLAST software, and the 
gene sequences were deposited in GenBank and synthesized by Sigma- 
Aldrich (Saint Louis, Missouri, USA). Relative mRNA expression was 
normalized against the reference genes: β-actin (ACTB), GAPDH and 
cyclophilin A (PPIA). Relative mRNA expression levels of the examined 
mRNAs were normalized to the geometrical mean of the reference 
mRNAs and presented as arbitrary units (Vandesompele et al., 2002). A 
detailed list of reagents used is presented in Supplementary Table 1.

2.8. Western blotting

Tissue preparation and the western blotting procedure were per
formed as described previously (Rak et al., 2015). Briefly, equal amounts 
of the lysate (30 μg protein per sample) were separated in Mini-Protean 
TGX System Precast Protein Gels (Bio-Rad, Hercules, California, USA) by 
hand-casting 8–12 % polyacrylamide gels depending on the analyzed 
protein molecular weight and then transferred via the Trans-Blot Turbo 
Transfer System (Bio-Rad, Hercules, California, USA) to polyvinylidene 
fluoride membranes. Then, the blots were blocked with Tris-buffered 
saline containing 0.1 % Tween 20 (TBST) and 5 % bovine serum albu
min (BSA) for 1 h. Next, the membranes were incubated overnight at 
4 ◦C with the primary antibodies (Supplementary Table 3). Afterwards, 
the membranes were washed with TBST and incubated for 1 h with 
horseradish peroxidase (HRP)-conjugated secondary antibodies 
(Supplementary Table 3). The ACTB was used as the reference protein. 
Immunolabelled bands were detected by chemiluminescence using an 
Immobilon Western Chemiluminescent HRP Substrate. A detailed list of 
reagents used is presented in Supplementary Table 1. Membranes were 
visualized using the ChemiDoc™ Imaging System (Bio-Rad, Hercules, 
California, USA). All visible bands were quantified using ImageJ analysis 
software (National Institute of Health, Bethesda, Maryland, USA). The 
results were expressed as the intensity signal in arbitrary optical density 
units.

2.9. Statistical analysis

Statistical analysis was performed using the GraphPad Software 
(PRISM software version 6) via two-way ANOVA followed by Tukey’s 

honest significant difference posthoc test. All data were also tested for 
the assumptions of normality (Shapiro–Wilk test) and homogeneity of 
variances (Levene’s test). The results were reported as mean ± standard 
error of the mean (SEM). The precise values (F-statistic and p-value) for 
the main effects (ITLN1: 10–100 ng/mL and breed of pigs: LW and MS, cell 
cycle phase: G0/G1, S and G2/M or time point: 5–60 min) as well as the 
interactions of examined factors (ITLN1*breed/cell cycle phase/time 
point) are presented in Supplementary Table 4. Lowercase letters (e.g., a, 
b, c) indicate significant differences between ITLN1 within the same 
breed. Uppercase letters (e.g. A, B) show significant differences between 
breeds at the same concentration of ITLN1. In the case when one of the 
main factors exerted a significant effect and the other one did not, but 
the influence of the interaction of both factors was observed, Duncan’s 
post-hoc test was also performed.

3. Results

3.1. Effect of ITLN1 on Gc viability/proliferation in LW and MS pigs

As shown in Fig. 1A, after 24 h of incubation with ITLN1 at a con
centration of 10, 50, and 100 ng/mL in LW and at a concentration of 100 
ng/mL in MS pigs, ITLN1 increased Gc viability compared to the control 
group (100 %) (p < 0.05). Additionally, all tested concentrations of 
ITLN1 enhanced Gc viability after 48 h in LW and in MS (Fig. 1A, p < 
0.05) as well as after 72 h (Fig. 1A, p < 0.05). The obtained results were 
confirmed by the BrdU proliferation assay (Fig. 1B, p < 0.05). A two- 
way ANOVA revealed that there was a statistically significant interac
tion between the effects of ITLN1 and breed in Gc viability as well as 
proliferation after 24–72 h of incubation (Supplementary Table 4).

3.2. Effect of ITLN1 on cell cycle progression, levels of cyclins A1, B2, D1, 
and E1 and PCNA in Gc of LW and MS pigs

We noted that ITLN1 at a concentration of 50 ng/mL increased the 
number of cells in the S proliferator phase of the cycle vs the control but 
had no effect on the number of cells in the G0/G1 or G2/M phase of the 
cell cycle (Fig. 2A, p < 0.05). A two-way ANOVA revealed that there was 
a statistically significant interaction between the effects of ITLN1 and 
cell cycle phase in Gc (Supplementary Table 4).

Moreover, we indicated that in both tested breeds of pigs, ITLN1 (50 
ng/mL) had no effect on the mRNA expression of cyclin A1 and D1 
(Table 1). On the other hand, we showed that ITLN1 did not affect the 
cyclin B2 levels in LW pigs, while in MS, we observed upregulation by 4- 
fold vs the control (Table 1, p < 0.05). Additionally, our results indi
cated that ITLN1 increased the mRNA expression of cyclin E1 by 3.99- 
fold in LW and 3.90-fold in MS, and of PCNA by 3.31-fold in LW and 
1.87-fold in MS, compared to the control (Table 1, p < 0.05). A two-way 
ANOVA revealed that there was a statistically significant interaction 
between the effects of ITLN1 and breed on mRNA expression of cyclin 
B2, E1 as well as PCNA in Gc (Supplementary Table 4).

Regarding protein expression, we showed that ITLN1 (50 ng/mL) did 
not affect the levels of cyclin A1 and D1 (Fig. 2B, D) in LW and MS or of 
PCNA (Fig. 2F) in LW. On the other hand, we noted that ITLN1 
decreased PCNA levels in MS pigs (Fig. 2F, p < 0.05). At the same time, 
we noted the stimulatory effect of ITLN1 on the protein expression of 
cyclin B2 and E1 in both pig breeds (Fig. 2C, E, p < 0.05). A two-way 
ANOVA revealed that there was a statistically significant interaction 
between the effects of ITLN1 and breed on protein expression of cyclin 

Fig. 1. Concentration- and time-dependent effect of intelectin-1 (ITLN1) on granulosa cell (Gc) viability/proliferation assessed via alamarBlue after 24 h, 48 h and 
72 h (A) of incubation and via BrdU after 48 h and 72 h (B) of incubation in Large White and Meishan pigs. Data are plotted as the mean ± SEM. Two-way ANOVA, 
followed by post hoc tests, was used for statistical analysis of cell proliferation (GraphPad Prism 8). Lowercase letters (e.g., a, b, c) indicate significant differences 
between different concentrations of ITLN1 within the same breed. Uppercase letters (e.g. A, B) show significant differences between breeds at the same concentration 
of ITLN1. Key: blue bars, Large White; gray bars, control (C); pink bars, Meishan. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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A1, B2, E1 as well as PCNA in Gc (Supplementary Table 4).

3.3. Effect of ITLN1 on level of caspases-3 and − 9, BCL-2, BAX, FAS, 
FADD, and XIAP in Gc from LW and MS pigs

We noted that in both breeds, ITLN1 (50 ng/mL) reduced the mRNA 
expression levels of caspase-3 (by 10.20- and 7.40-fold in LW and MS, 
respectively), caspase-9 (by 2.24- and 5.44-fold in LW and MS, respec
tively), FAS (by 4.23– and 5.11-fold in LW and MS respectively) and 
FADD (by 7.69- and 4.49-fold in LW and MS respectively) vs the control 
(Table 2, p < 0.05), but increased the ratio of BCL-2/BAX (by 11.54- and 
6.81-fold in LW and MS, respectively) and XIAP (by 5.87- and 1.67-fold 
in LW and MS, respectively) compared to the control (Table 2, p < 0.05). 
A two-way ANOVA revealed that there was a statistically significant 
interaction only between the effects of ITLN1 and breed on mRNA 
expression of ratio BCL-2/BAX in Gc (Supplementary Table 4).

At the protein level, we showed that ITLN1 (50 ng/mL) in LW pigs 
enhanced the protein abundance of caspase-3, caspase-9, and XIAP vs 
the control (Fig. 3A, B, and F, respectively, p < 0.05), while in MS we 
observed the opposite pattern in their levels. Moreover, we found that in 
both breeds of pigs, ITLN1 increased the ratio of BCL-2/BAX and 
decreased the FAS levels vs the control (Fig. 3C and D, respectively, p < 
0.05). On the other hand, we showed that in LW pigs, ITLN1 reduced the 
protein abundance of FADD, while in MS, we did not observe any sig
nificant differences (Fig. 3E, p < 0.05). A two-way ANOVA revealed that 
there was a statistically significant interaction only between the effects 
of ITLN1 and breed on protein expression of caspase-3, caspase-9, ratio 
BCL-2/BAX, FAS, FADD as well as XIAP in Gc (Supplementary Table 4).

3.4. Effect of ITLN1 on signalling pathways and INSR level in Gc from 
LW and MS pigs

We observed that in LW pigs after 5 min and in MS at all time points, 
ITLN1 enhanced AKT phosphorylation (Fig. 4A, B, p < 0.05). Moreover, 
ITLN1 increased AMPK phosphorylation at all tested time points in LW 
and after 15, 30, and 60 min in MS (Fig. 4A, C, p < 0.05). We also 
showed that ITLN1 enhanced ERK1/2 kinase phosphorylation after 5 
and 60 min of incubation, but decreased it after 15 and 30 min in LW 
(Fig. 4A, D, p < 0.05). On the other hand, in MS pigs, ITLN1 increased 
ERK1/2 kinase phosphorylation after only 5 min (Fig. 4A, D, p < 0.05). 
Also, we showed that ITLN1 increased PKA phosphorylation after 15 and 
30 min in LW and at all time points in MS (Fig. 4A, E, p < 0.05). 
Additionally, ITLN1 increased STAT3 phosphorylation in LW pigs after 5 
and 15 min. At the same time, we showed that ITLN1 reduced STAT3 
phosphorylation at all time points in MS (Fig. 4A, F, p < 0.05). A two- 
way ANOVA revealed that there was a statistically significant interac
tion only between the effects of ITLN1 and time point on phosphoryla
tion of AKT, ERK1/2, PKA and STAT3 in Gc (Supplementary Table 4).

We also demonstrated that in LW pigs, ITLN1 at concentrations of 50 
and 100 ng/mL increased INSR mRNA expression by 2- and 2.22-fold, 
respectively. In contrast, in MS, ITLN1 at 100 ng/mL enhanced the 
mRNA expression of INSR by 2.11-fold compared to the control (Fig. 4G, 
p < 0.05). On the other hand, we noted that in LW and MS, ITLN1 
increased the protein abundance of INSR at all studied concentrations 
(Fig. 4H, p < 0.05). A two-way ANOVA revealed that there was a sta
tistically significant interaction only between the effects of ITLN1 and 
breed on mRNA and protein expression of INSR in Gc (Supplementary 

Fig. 2. The effect of intelectin-1 (ITLN1) (50 ng/mL; 72 h) on cell cycle progression (A), and protein abundance of cyclin A1 (B), B2 (C), D1 (D), E1 (E) as well as 
PCNA (F) in granulosa cells (Gc) from Large White and Meishan pigs. Cell cycle progression was determined using flow cytometry (n = 5). The protein abundance was 
determined using Western blot (n = 5) and the results were normalized to ACTB. Data are plotted as the mean ± SEM. Two-way ANOVA, followed by post hoc tests, 
was used for statistical analysis of cell proliferation (GraphPad Prism 8). Lowercase letters (e.g., a, b, c) indicate significant differences between ITLN1 and the same 
cell cycle phase (G0/G1, S or G2/M) or different concentrations of ITLN1 within the same breed (LW or MS). Uppercase letters (e.g. A, B) show significant differences 
between ITLN1 and different cell cycle phase (G0/G1, S or G2/M) or difference between breeds at the same concentration of ITLN1. Abbreviations: ACTB, β-actin; 
PCNA, proliferating cell nuclear antigen. Key: blue bars, Large White; gray bars, control (C); pink bars, Meishan. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 1 
The effect of intelectin-1 (ITLN1) (50 ng/mL; 72 h) on mRNA expression of 
cyclin A1, B2, D1, and E1 as well as PCNA in granulosa cells (Gc) from Large 
White and Meishan pigs. mRNA expression was determined using RT-qPCR (n =
5) and normalized to GAPDH. Data are presented as the mean ± SEM. Two-way 
ANOVA, followed by post hoc tests, was used for statistical analysis of cell 
proliferation (GraphPad Prism 8). Lowercase letters (e.g., a, b, c) indicate sig
nificant differences between different concentrations of ITLN1 within the same 
breed. Uppercase letters (e.g. A, B) show significant differences between breeds 
at the same concentration of ITLN1.

Large White Meishan
CYCLIN 
A1

0.114 ±
0.053aA

0.009 ±
0.006aA

0.25 ±
0.120aA

0.145 ±
0.060aA

CYCLIN 
B2

0.071 ±
0.028aA

0.062 ±
0.024aA

0.642 +
0.363aB

2.585 ±
0.400bB

CYCLIN 
D1

± 0.020aA 0.020 ±
0.011aA

0.159 ±
0.078aB

0.195 ±
0.122aB

CYCLIN 
E1

0.222 ±
0.025aB

0.885 ±
0.094bB

0.021 ±
0.007aA

0.082 ±
0.007bA

PCNA 0.083 ±
0.009aA

0.275 ±
0.045bA

0.398 ±
0.131aB

0.744 ±
0.107bB

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PCNA, 
proliferating cell nuclear antigen. Key: blue column, Large White; gray column, 
control (C); pink column, Meishan.

Table 2 
The effect of intelectin-1 (ITLN1) (50 ng/mL; 72 h) on mRNA expression of 
caspases-3 and − 9, BCL-2/BAX ratio, FAS, FADD and XIAP in granulosa cells 
(Gc) from Large White and Meishan pigs. mRNA expression was determined 
using RT-qPCR (n = 5) and normalized to GAPDH. Data are presented as the 
mean ± SEM. Two-way ANOVA, followed by post hoc tests, was used for sta
tistical analysis of cell apoptosis (GraphPad Prism 8). Lowercase letters (e.g., a, 
b, c) indicate significant differences between different concentrations of ITLN1 
within the same breed. Uppercase letters (e.g. A, B) show significant differences 
between breeds at the same concentration of ITLN1.

Large White Meishan
CASPASE-3 0.051 ±

0.021bA
0.005 ±
0.001aA

0.037 ±
0.008bA

0.005 ±
0.001aA

CASPASE-9 0.742 ±
0.011bB

0.331 ±
0.056aB

0.223 ±
0.155bA

0.041 ±
0.020aA

RATIO BCL2/ 
BAX

0.241 ±
0.102aA

2.780 ±
0.150bB

0.193 ±
0.004aA

1.316 ±
0.336bA

FAS 0.254 ±
0.048bA

0.060 ±
0.001aB

0.230 ±
0.047bA

0.045 ±
0.001aA

FADD 0.492 ±
0.005bC

0.064 ±
0.021aA

0.745 ±
0.210bD

0.166 ±
0.028aB

XIAP 0.060 ±
0.002aA

0.352 ±
0.079bA

0.286 ±
0.084aB

0.477 ±
0.105bA

Abbreviations: BAX, BCL-2 associated X; BCL-2, B-cell CLL/lymphoma 2; FADD, 
Fas-associated protein with death domain; FAS, cell surface death receptor; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; XIAP, X-linked inhibitor 
of apoptosis protein. Key: blue column, Large White; gray column, control (C); 
pink column, Meishan.
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Table 4).

3.5. Involvement of ERK1/2, AKT kinases, and INSR in the mitogenic 
effect of ITLN1 in Gc from LW and MS pigs

As shown in Fig. 5A, we observed that combined administration of 
ITLN1 (50 ng/mL) with PD098059, LY294002, and S961 inhibitors 

reversed Gc viability (Fig. 5A,
p < 0.05) and the mRNA expression of PCNA (Fig. 5B, p < 0.05) and 

caspase-3 (Fig. 5C, p < 0.05) to control levels. Additionally, none of the 
tested inhibitors, added alone, changed Gc proliferation or the mRNA 
expression of PCNA and caspase-3 (Fig. 5A, B, C, p < 0.05). A two-way 
ANOVA revealed that there was a statistically significant interaction 
only between the effects of ITLN1 and breed on Gc viability as well as 

Fig. 3. The effect of intelectin-1 (ITLN1) (50 ng/mL; 72 h) on protein abundance of caspases-3 (A) and − 9 (B), BCL-2/BAX ratio (C), FAS (D), FADD (E) and XIAP (F) 
in granulosa cells (Gc) from Large White and Meishan pigs. mRNA expression was determined using RT-qPCR (n = 5). Protein abundance was determined using 
Western blot (n = 5) and the results were normalized to ACTB. Data are plotted as the mean ± SEM. Two-way ANOVA, followed by post hoc tests, was used for 
statistical analysis of cell apoptosis (GraphPad Prism 8). Lowercase letters (e.g., a, b, c) indicate significant differences between different concentrations of ITLN1 
within the same breed. Uppercase letters (e.g. A, B) show significant differences between breeds at the same concentration of ITLN1. Abbreviations: BAX, BCL-2 
associated X; BCL-2, B-cell CLL/lymphoma 2; FADD, Fas-associated protein with death domain; FAS, cell surface death receptor; XIAP, X-linked inhibitor of 
apoptosis protein. Key: blue bars, Large White; gray bars, control (C); pink bars, Meishan. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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Fig. 4. The effect of intelectin-1 (ITLN1) (50 ng/mL; 72 h) on the phosphorylation of several kinases: AKT (A, B), AMPK (A, C), ERK1/2 (A, D), PKA (A, E) and STAT3 
(A, F) as well as mRNA expression (G) and protein abundance (H) of INSR in granulosa cells (Gc) from Large White and Meishan pigs. Protein abundance was 
measured via Westen blot (n = 5) while mRNA expression was determined using RT-qPCR (n = 5). Results were normalized to ACTB, GAPDH and PPIA (RT-qPCR). 
Data are plotted as the mean ± SEM. Two-way ANOVA, followed by post hoc tests, was used for statistical analysis of cell proliferation (GraphPad Prism 8). 
Lowercase letters (e.g., a, b, c) indicate significant differences between different concentrations of ITLN1 within the same breed. Uppercase letters (e.g. A, B) show 
significant differences between breeds at the same time point. Abbreviations: ACTB, β-actin; AKT, protein kinase B; AMPK, 5′ adenosine monophosphate-activated 
protein kinase; ERK1/2, extracellular signal-regulated kinase 1/2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; INSR, insulin receptor; PKA, protein kinase 
A; PPIA, cyclophilin A; STAT3, Jun N-terminal kinase-signal transducer and activator of transcription 3. Key: blue bars, Large White; gray bars, control (C); pink bars, 
Meishan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mRNA expression of PCNA and caspase-3 in Gc (Supplementary 
Table 4).

4. Discussion

In the present study, we showed that ITLN1 stimulated porcine Gc 
viability and proliferation by enhancing DNA synthesis and cell cycle 
progression and altering the levels of PCNA and cyclins. Moreover, 
ITLN1 inhibited Gc apoptosis by modulatory action on apoptosis 
markers, regardless of the animal’s metabolic status, via activation of the 
AKT and ERK1/2 signalling pathways, and the mRNA expression of 
INSR.

Gc proliferation is crucial for proper follicular and oocyte growth, 
and any disruptions in this process may lead to reproductive disorders 
(Zheng et al., 2019). Our results indicated that ITLN1 is a new mitogenic 
player in porcine Gc; therefore, by enhancing proliferation it may 
directly affect folliculogenesis. Previous data confirmed our observation 
and demonstrated that ITLN1 increased cell proliferation in different 
tissues and species (Wu et al., 2013, Xie et al., 2011, Cabral et al., 2022, 
Yin et al., 2017, Zhao et al., 2015). Similarly to our observation, data of 
Sirotkin et al. (2024a) showed that ITLN1 enhanced Gc proliferation in 
rabbits. In our study, in the alamarBlue assay, we observed the stimu
latory effect of ITLN1 (50 and 100 ng/mL) on cell viability in LW and MS 
after 48 and 72 h of incubation. Thus, we chose these concentrations and 
time points for future analysis of the percentage of cells actively syn
thesizing DNA using the BrdU method. Our results showed no differ
ences in Gc proliferation between normal weight LW and fat MS pigs. At 
this time, the available data suggest that excess fat may affect Gc pro
liferation; for example, the cell cycle inhibitors p27 and p21 were 
significantly higher in the ovaries of mice on a high-fat diet compared to 
the control (Wu et al., 2015), while on the other hand, any differences in 
Ki67 (proliferation marker) staining in the ovaries from this same model 
of mouse obesity was noted (Yang et al., 2021), which is consistent with 
our results.

Cell cycle progression analysis confirmed the stimulatory effect of 
ITLN1 on Gc proliferation. The proliferation process is divided into 
distinct phases, including interphase (G1, S, and G2 phases) and mitosis 
(M phase), as well as being regulated by cyclins (Cavalcanti et al., 2023). 
During the G1 phase, the cell prepares for DNA synthesis, and cyclin D 
accumulates. In the S phase, DNA replication occurs, controlled by 
cyclin E (Cavalcanti et al., 2023). Subsequently, in the G2 phase, in 
which cyclin A is abundant, DNA synthesis and preparation of the cell 
for mitosis are observed. In the last step, mitosis occurs, the cell divides 

into two genetically identical daughter cells, and this part is mainly 
associated with cyclin B (Cavalcanti et al., 2023). Additionally, during 
the cell cycle, PCNA levels change: peak expression occurs in the late G1, 
S, and G2/M cell cycle phases (Cavalcanti et al., 2023). We noted that 
ITLN1 increased the percentage of Gc in the S phase of the cell cycle 
(DNA synthesis phase) similar to previous paper (Yin et al., 2017).

This observation was confirmed by the effect of ITLN1 on the level of 
cyclins and PCNA; we noted the stimulatory effect of ITLN1 on the 
mRNA expression of PCNA and cyclin E1 in LW and MS pigs, as well as 
cyclin B2 in MS pigs. Moreover, we proved it by analyzing the protein 
abundance of cyclin E1 in LW and MS pigs. A previous studies confirmed 
our observation (Yin et al., 2017; Cabral et al., 2022); for example, 
Sirotkin et al. (2024b) noted that ITLN1 increased protein abundance of 
PCNA and cyclin B1 in feline Gc. The differences between breeds in the 
effect of ITLN1 on cell proliferation and the levels of cyclins as well as 
PCNA may be associated with the higher plasma levels of E2 in MS 
compared to LW pigs (Respekta et al., 2023); for example, published 
data suggest that induction of cyclin D expression is a critical feature of 
the mitogenic action of E2 in humans (Sabbah et al., 1999). At this point, 
it is worth adding that the differences between gene and protein 
expression noted in this section are probably dependent on post
transcriptional regulation: 5′-end capping to generate a 7-methylguano
sine cap, splicing out of introns, and 3′-end cleavage/polyadenylation 
(Corbett, 2018) because, it was suggested that dissimilarity in gene 
expression explained approximately 40 % of the variation in protein 
levels (Schwanhäusser et al., 2011).

Our study also noted that ITLN1 directly modulates the levels of 
apoptotic markers. Two main types of apoptosis, intrinsic (or mito
chondrial) and extrinsic (also known as death receptor-mediated) 
apoptosis have been distinguished (Manabe et al., 2004). The main 
steps in intrinsic apoptosis are mitochondrial outer membrane per
meabilization controlled by BCL-2, as well as BAX, and subsequent 
caspase activation, specifically caspase-9, which initiates the caspase 
cascade (Manabe et al., 2004). In extrinsic apoptosis, the first step is 
death receptor activation, where extracellular ligands bind to their 
respective death receptors, for example, the FAS receptor. Then, FADD 
transfers the death receptor signals to the caspase cascade, which results 
in activation of caspase-8 and executioner caspase (caspase-3). Addi
tionally, XIAP regulates apoptosis by inhibition of caspase-3, − 7, and − 9 
activity (Manabe et al., 2004). We noted that in both tested breeds, 
ITLN1 reduced the mRNA expression of caspase-3 and − 9, FADD and 
FAS. On the other hand, we noted that ITLN1 increased the BCL-2/BAX 
mRNA ratio as well as XIAP. In the case of FADD (for LW), caspases-3 

Fig. 4. (continued).
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