
INTRODUCTION

The flow of water and ions across the cell membrane 

serves as an important regulator in a variety of cellu-

lar processes, including ovarian folliculogenesis, which 

is characterized by the formation and expansion of the 

fluid-filled antrum (McConnell et al., 2002). Aquaporin 

channels (AQPs) transport water molecules into and out 

of cells, including water-permeable classic AQP (AQP0-2, 

4-6, 8), aquaglyceroporins (AQP3, 7, 9, 10) permeable to 

water and small non-electrolytic molecules (glycerol, urea, 

purines, and pyrimidines), and superaquaporins (AQP11, 

12) with uncertain permeability (Zhu et al., 2015). It has 

been suggested that AQP isoforms (AQPs) play an impor-

tant role in ovarian follicle development, because they 

function as a water transport pathway in ovarian follicles 

(McConnell et al., 2002; Su et al., 2013; Skowronska et al., 

2015). Of the 13 AQPs (AQP 0-12), 11 isoforms, except 

AQP0 and 10, are found in the female mammalian repro-

ductive systems of humans, rodents, sheep, pigs, horses, 
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ABSTRACT    Aquaporin channels (AQPs) are known to play an important role in the 
development of ovarian follicles through their function in water transport pathways. 
Compared to other AQPs, research on the role of AQP4 in female reproductive 
physiology, particularly in cattle, remains limited. In our previous study, gene chip 
microarray data showed a downregulation of AQP4 in bovine cystic follicles. This study 
was performed to validate the AQP4 expression level at the protein level in bovine 
follicles using immunohistochemistry, Western blotting, and immunoprecipitation 
assays. Immunostaining data showed that AQP4 was expressed in granulosa and theca 
cells of bovine ovarian follicles. The ovarian follicles were classified according to size 
as small (< 10 mm) or large (> 25 mm) in diameter. Consistent with earlier microarray 
data, semi-quantitative PCR data showed a decrease in AQP4 mRNA expression in 
large follicles. Western blot analysis showed a downregulation of the AQP4 protein in 
large follicles. In addition, AQP4 was immunoprecipitated and blotted with anti-AQP4 
antibody in small and large follicles. Accordingly, AQP4 exhibited a low expression in 
large follicles. These results show that AQP4 is downregulated in bovine ovarian large 
follicles, suggesting that the downregulation of AQP4 expression may interfere with 
follicular water transport, leading to bovine follicular cysts.
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and dogs (Zhu et al., 2015). Compared to other AQPs, 

there is still limited research available on the role of AQP4 

in female reproductive physiology, particularly in humans 

and cattle. 

AQP4 belongs to the water-permeable classic AQP 

family and is the most abundantly expressed channel in 

the central nervous system (Mader and Brimberg, 2019) 

and astrocytes closest to the vessel (Papadopoulos et al., 

2004). Based on its expression pattern, AQP4 is involved 

in controlling brain water homeostasis and bidirectional 

fluid exchange because of its particularly high expres-

sion at the blood brain barrier (BBB) and blood cerebro-

spinal fluid (CSF) barrier (Mader and Brimberg, 2019). 

AQP4-deficient mice show an increase in brain edema 

(Papadopoulos et al., 2004). In addition, AQP4 deficiency 

induces sex-specific differences in the transmission of 

neurotransmitters in the brain, and decreases the serum 

estradiol (E2) and progesterone (P4) levels in mice (Fan 

et al., 2005; Sun et al., 2007; Zeng et al., 2007). These 

reports suggested that AQP4 may be related to reproduc-

tive function because AQP4 regulates the functions of sex 

hormones in the brain. 

In the female reproductive system, numerous studies 

have demonstrated the role of AQP4 in rodent models. 

In terms of reproductive physiology, humans, cattle, and 

mice share characteristics, but there are differences in 

gene expression patterns, biophysical parameters, in-

trinsic factors in the regulation of embryonic develop-

ment, and embryo metabolism (Ménézo and Hérubel, 

2002; Mateo-Otero et al., 2020). Compared to mice, there 

are many similar properties between humans and cattle; 

biochemical and intrinsic paternal and maternal control 

mechanisms in preimplantation embryos, microregulation 

in the final stage of oocyte maturation, and interactions 

between the embryo and corpus luteum (Ménézo and 

Hérubel, 2002). Expression of AQP4 has been reported 

in human and chicken ovarian granulosa and theca cells 

(Thoroddsen et al., 2011; Nowak et al., 2017). Our previ-

ous study reported that AQP4 mRNA was downregulated 

in bovine ovarian large follicles (larger than 25 mm in di-

ameter, > 25 mm) (Tak et al., 2010). Although AQP4 plays 

an important role in ovarian folliculogenesis, AQP4’s role 

has not been studied in bovine ovaries since our previ-

ous report. The study of AQPs’ roles in the bovine ovary is 

valuable because it can be helpful to address different bo-

vine reproductive issues and to provide basic data for un-

derstanding its possible role in human ovaries. This study 

was performed to analyze the expression level of AQP4 at 

the protein level in bovine follicles.

MATERIALS AND METHODS

Ethics
The Korean legislature makes an exception to the ethi-

cal approval of experiments with bovine ovaries obtained 

in slaughterhouses. All experiments were conducted ac-

cording to the guidelines of the Institutional Animal Care 

and Use Committee of Gyeongsang National University. 

The experimental materials and methods were used 

similarly to previous studies conducted in this laboratory 

(Siregar et al., 2019; Choe et al., 2010).

Isolation of granulosa cells
The ovaries of Korean cattle (Hanwoo) were collected 

from a slaughterhouse and transported to the laboratory 

in phosphate buffered saline (PBS) at 35-39℃. Follicles 

were isolated from the ovaries at the follicular phase, 

where there were no corpora lutea in either the right or 

left ovaries. The ovarian follicles were classified into sizes 

as small (< 10 mm, 5 to 10 mm) and large (> 25 mm in 

diameter). The isolation procedures were performed as 

previously described (Choe et al., 2010). Briefly, follicular 

fluid (FF) was carefully aspirated from small and large fol-

licles with a 10 mL syringe fitted with an 18 or 23 gauge 

needle; the fluid was centrifuged at 1,750 × g for 10 min, 

and the resultant pellets were used for identification of 

AQP4 expression. The resultant pellets contained the 

most granulosa cells. In FF isolated from large follicles, 

the concentration of E2 was high, and the concentration 

of testosterone was low.

Hematoxylin and eosin (H&E) staining 
The H&E staining procedures were performed as previ-

ously described (Choe et al., 2010). Briefly, ovaries were 

washed with PBS, fixed with 4% (w/v) paraformaldehyde 

in 0.1 M PBS, processed into paraffin-embedded tissue 

blocks, and cut to 4 µm thickness. The ovarian sections 

were air-dried on gelatin-coated slides, and deparaf-

finized. The deparaffinized tissue sections were washed 

with tap water for 5 min, immersed in hematoxylin for 10 

min, and confirmed complete staining of hematoxylin in 

tap water, followed by eosin staining for 3 min. The tissue 
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sections were dehydrated through a graded series of alco-

hols (70% to 100% ethanol, 3 min each), cleared in xylene, 

and mounted with a mounting medium (PermountⓇ, Fisher 

Scientific, Geel, Belgium). We analyzed and photographed 

stained sections with a BH-2 microscope (Olympus, To-

kyo, Japan) and a high-resolution video camera (DXC-960 

MD; Sony, Tokyo, Japan). Five sections from each sample 

were evaluated. 

Immunohistochemistry (IHC)
The ovarian sections were used for immunostaining to 

identify the expression and localization of AQP4. The im-

munostaining procedures were performed as previously 

described (Siregar et al., 2019). Briefly, deparaffinized tis-

sue sections were permeabilized with 0.2% Triton X-100 

for 10 min at room temperature. After three washes in 

PBS, the sections were incubated with blocking buffer (10% 

normal goat serum in 0.1 M PBS) for 60 min at room tem-

perature. Without washing, the sections were then incu-

bated with rabbit polyclonal anti-AQP4 (1:200 dilutions, 

Abcam, Cambridge, UK) primary antibody overnight at 

4℃. After three washes in PBS, the sections were incubat-

ed in the dark for 1.5 h with FITC-conjugated anti-rabbit 

IgG secondary antibody (Abcam) diluted at 1:400 in PBS. 

Finally, the sections were washed three times in PBS and 

stained with 4′,6-diamidino-2-phenylindole (DAPI) for 

nuclei staining. The stained sections were wet-mounted 

with Gel/MountTM (Biomeda Corp., Foster City, CA, USA) 

and observed using a confocal laser-scanning microscope 

(Olympus, Tokyo, Japan). 

Semiquantitative reverse transcriptase (RT) - polymerase 

chain reaction (PCR) 
Total RNA was extracted from the granulosa cells with 

TRIzol reagent (Thermo Fisher Scientific, Eugene, OR, 

USA) according to the manufacturer’s instructions. First 

strand cDNAs were synthesized from total RNA using 

oligo dT (SuperScriptTM First-Strand Synthesis System for 

RT-PCR, Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. The first-strand cDNA syn-

thesized from the total RNA (3 µg) was quantified using 

a spectrophotometer (NanoDropⓇ ND-1000, NanoDrop 

Technologies, Wilmington, DE, USA). The quantified 

cDNA was used as a template. The RT-PCR procedures 

were performed as previously described (Siregar et al., 

2019). The PCR steps included initial denaturation at 94℃ 

for 5 min, then 32 cycles at 94℃ for 20 sec, 55℃ for 20 

sec, 72℃ for 20 sec, and a final extension step at 72℃ for 

10 min. The PCR products amplified with specific primers 

for AQP4 (NM_181003, sense 5’-TTCCCTAAAATACATG-

CAAGA-3’, antisense 5’-TAATTCATGGAAATCAACCAC-3’, 

expected size 490 bp) were separated in 1.5% agarose 

gel stained with ethidium bromide. The PCR bands were 

extracted and directly sequenced with an ABI PRISMⓇ 

3100-Avant Genetic Analyzer (Applied Biosystems, Foster 

City, CA, USA).

Western blot analysis
Western blot analysis was performed as previously de-

scribed (Choe et al., 2010). Briefly, granulosa cells were 

homogenized in a lysis buffer (RIPA buffer, Cell Signaling 

Technology, Danvers, MA, USA) by sonication twice with 

a pulse of 20 sec on ice. The cell lysates were incubated 

for 30 min on ice with intermittent vortexing and were 

clarified by centrifugation at 13,000 rpm (16,609 × g, Mi-

cro 17TR, Hanil, Korea) for 30 min at 4℃. After centrifu-

gation, the supernatant was separated and stored at -70℃ 

until use. Protein concentration was quantified using a 

Pierce bicinchoninic acid (BCA) Protein Assay Kit (Thermo 

Fisher Scientific, Waltham, MA, USA). Equal volumes of 

the supernatant and 2 × sodium dodecyl sulfate (SDS) 

sample buffer were mixed, loaded on 10% SDS-polyacryl-

amide gel, and separated by electrophoresis for 120 min 

at 120 V. Then, the gel was transferred to a polyvinylidene 

difluoride membrane (Millipore, Billerica, MA, USA) for 1 

h at 100 V using a wet transfer system (Bio-Rad, Hercu-

les, CA, USA). The blots were blocked for 1 h with 5% fat-

free milk and 0.05% Tween20 in TBS and immunoblotted 

with anti-AQP4 monoclonal (Abcam, Cambridge, UK) or 

polyclonal (Santa Cruz Biotechnology, Inc., CA, USA) an-

tibody, at 1:1000 dilutions at 4℃ overnight. Subsequently, 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit 

or goat anti-mouse secondary antibody (1:3000; assay 

designs, Ann Arbor, MI, USA) was immunoreacted at room 

temperature for 1 h. Finally, the antigens were detected 

by enhanced chemiluminescence (ECL Plus kit; ELPIS, 

Taejeon, Korea) according to the manufacturer’s instruc-

tions.

Immunoprecipitation with Western blot analysis
Granulosa cells were homogenized in RIPA buffer. The 

homogenate was incubated for 1 h at 4℃ with intermit-
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tent vortexing and centrifuged at 16,609 × g for 30 min. 

The supernatant was pre-cleared with Protein A/G PLUS-

agarose (Santa Cruz Biotechnology) overnight at 4℃. The 

pre-cleared supernatant was incubated with the 1 µg of 

AQP4 antibody for 1 h at 4℃ and then was incubated with 

Protein A/G PLUS-agarose overnight at 4℃. The agarose 

beads were washed three times with cold RIPA buffer, and 

the proteins were eluted by boiling in SDS-polyacrylamide 

gel electrophoresis (SDS-PAGE) sampling buffer. Proteins 

were separated by SDS-PAGE, and the gel was transferred 

to a PVDF membrane. For Western blot analysis, the 

above protocol was followed with an anti-AQP4 monoclo-

nal antibody (1:1,000 dilutions, Abcam) and an anti-actin 

polyclonal antibody (1:1,000 dilutions, Sigma). 

Data analysis and statistics
The luminescent image analyzer LAS-4000 (Fujifilm 

Corp., Tokyo, Japan) captures images of agarose gel and 

blot. The bands obtained from RT-PCR and Western blot 

were quantified by Sigma Gel image analysis software 

(version 1.0, Jandel Scientific, CA, USA) or Quantity One 

software (version 4.6.3) attached to a GS-800 Calibrated 

densitometer (Bio-Rad, Hercules, CA, USA). Relative mRNA 

and protein levels were calculated by comparing them 

to the amount of glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) and β-actin, respectively. The data are 

represented as the mean ± S.D. Significant differences be-

tween groups were evaluated using paired Student’s t-tests 

(OriginPro 8, Northampton, MA, USA). A value of p < 0.05 

was considered to be significant.

RESULTS

Expression of AQP4 in bovine ovary
Immunohistochemistry was performed to identify AQP4 

expression in bovine ovaries, which do not contain folli-

cles larger than 25 mm (> 25 mm), and the corpus luteum. 

H&E staining exhibited granulosa and theca cell layers 

in the ovarian section (Fig. 1A). Immunostaining data 

showed that AQP4 was expressed in granulosa and theca 

cells (Fig. 1B). AQP4 was also detected in ovarian stroma. 

The AQP4 expression was visualized in green on immu-

nostaining.

Downregulation of AQP4 expression level in granulosa 

cells isolated from large follicles
Ovarian follicles were classified according to size as 

smaller than 10 mm (< 10 mm) or larger than 25 mm (> 25 

mm) in diameter. Semi-quantitative PCR data showed a 

decrease in AQP4 mRNA expression in follicles > 25 mm 

(Fig. 2A). The AQP4 mRNA expression was significantly 

decreased by 48.4 ± 12.7% in follicles > 25 mm (p < 0.05, 

Fig. 2B).

Western blot analysis showed a downregulation of AQP4 

protein expression in follicles > 25 mm. The AQP4 ex-

pression levels were significantly decreased in follicles > 

25 mm by 85.3 ± 9.4% (p < 0.05, Fig. 3A). To validate the 

low expression of AQP4 in follicles > 25 mm, AQP4 was 

immunoprecipitated and blotted with anti-AQP4 antibody 

in follicles < 10 mm and > 25 mm. Accordingly, AQP4 ex-

hibited low expression in follicles > 25 mm (Fig. 3B).

Antrum
Stroma

A B

G T

Fig. 1. Confirmation of the expression of AQP4 protein in bovine ovarian section by immunostaining. (A) H&E staining of bovine ovarian 
section. The ovary with follicles < 10 mm in diameter shows antrum, granulosa cell layers (G), theca cell layers (T), and stroma. (B) Immu-
nohistochemical staining of AQP4. AQP4 was visualized using an AQP4 antibody, followed by a secondary antibody conjugated with fluo-
rescein isothiocyanate (FITC, blue). The nucleus was stained by DAPI (blue). Scale bar, 50 µm.
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DISCUSSION

Ovarian follicles express AQP4 in granulosa and theca 

cells. Compared to theca cells in humans, cells in which 

AQP4 is mainly expressed differ depending on the spe-

cies. AQP4 expression level is higher in granulosa cells 

(Thoroddsen et al., 2011), but compared to theca cells in 

chicken, its expression level is lower in granulosa cells 

(Nowak et al., 2017). Our study mainly confirmed the ex-

pression of AQP4 in granulosa cells without examining 

the difference in AQP4 expression levels between granu-

losa and theca cells. AQP4 expression level is changed 

during follicle development regardless of species. AQP4 

expression gradually decreases from pre-ovulatory to the 

early ovulatory phase in human (Thoroddsen et al., 2011). 

Nowak et al. (2017) report that the expression of AQP4 

mRNA progressively decreased along with the develop-

ment of chicken ovarian follicles (Nowak et al., 2017). 

Our study also showed that AQP4 mRNA and protein ex-

pression decreased in large follicles, which exhibited an 

expansion of fluid-filled antrum.

AQPs expression level is affected by ovarian hormones, 

such as E2 or P4 (Richard et al., 2003). AQP4 expression is 

upregulated by testosterone in cultured astrocytes (Gu et 

al., 2003), but it does not respond to E2 or P4 in the mouse 

uterus (Richard et al., 2003). Our previous study demon-

strated an increase in E2 concentration and a decrease 

in testosterone concentration in follicular fluid obtained 

from large follicles (> 25 mm in diameter) (Choe et al., 

2010). Testosterone concentration reduced in ovarian 

large follicles may negatively affect the level of AQP4 ex-

pression. 

In the normal ovulatory cycle, pre-ovulatory mature fol-

licle dimensions are between 17 and 25 mm in diameter 

(Hackelöer et al., 1979). A maximum follicle size > 25 mm 

is considered large, which is estimated to be a biomarker 

of ovarian pathology, such as infertility and possible mis-

carriage (Achebe, 2019). In cattle, the structure of an ova-
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ry with a cavity larger than 25 mm in diameter represents 

a cystic ovary, which causes reproductive failure (Kengaku 

et al., 2007). In addition, follicular cystic ovaries show 

high E2 concentration and low testosterone concentra-

tion, while luteal cystic ovaries show low E2 concentration 

and high P4 concentration (Choe et al., 2008). The ovaries 

with large follicles used in this study represent follicu-

lar cystic ovaries, with high concentration of E2 and low 

concentration of testosterone. In large ovarian follicles, 

low AQP4 expression may be linked to follicular cysts in 

cattle. AQP4 is suggested to function as a water transport 

pathway in ovarian follicles, and therefore plays a criti-

cal role in ovarian follicular development (McConnell et 

al., 2002; Su et al., 2013; Skowronska et al., 2015). AQP4-

deficient mice show subfertility with defective folliculo-

genesis, reduced corpus luteum formation, and decreased 

uterine response to gonadotropins (Sun et al., 2009). 

It is suggested that most AQPs expressed in granulosa 

and theca cells are important in the formation of antrum 

during follicular development. The prominent feature 

of the antrum is the formation of follicular fluid. Water 

transport into the antral cavity of the follicle could be 

greater than movement into granulosa and theca cells. 

Low expression of AQP4 could be likely linked to de-

crease in water transport into granulosa and theca cells. 

Relatively, other AQP channels could contribute to water 

transport into the antral cavity of the follicle. Most single 

AQP isoform-deficient mice have phenotypes that do not 

differ substantially from the wild-type (Verkman, 2009) 

by compensatory mechanisms from other AQPs. There-

fore, imbalanced water transport according to the low 

expression level of AQP4 may induce formation of exces-

sively enlarged antrum. Abnormal ovarian and uterine 

AQP expression including AQP4 may be associated with 

infertility. In line with our findings, the expression levels 

of AQPs were decreased in ovaries showing reproduc-

tive failure. AQP9 expression levels have been shown to 

be lower in the granulosa cells of women with polycystic 

ovary syndrome (PCOS) than in controls (Qu et al., 2010). 

AQP8-deficient mice show multi-oocyte follicles (MOFs) 

containing two or more oocytes within the same follicle 

(Su et al., 2013), which do not contain multiple healthy 

oocytes (Christensen et al., 2015). 

There are some limitations in this study. We could not 

clearly analyze the difference in AQP4 expression levels be-

tween granulosa and theca cells. In our previous study, we 

demonstrated high concentrations of E2 and low concen-

trations of testosterone in large follicles (Choe et al., 2010). 

However, we did not address the direct effects of ovarian 

hormones on AQP4 expression in this study. Further study 

is needed to address the relationships among AQP4 ex-

pression levels, ovarian hormones, and follicular cysts.

CONCLUSION

In conclusion, AQP4 mRNA and protein were downreg-

ulated in the large ovarian follicles (> 25 mm in diameter) 

of Korean cattle. Our results suggest that downregulation 

of AQP4 expression could lead to bovine follicular cysts 

by interfering with follicular water transport.
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