
INTRODUCTION

Cytochrome P450 is the most important enzyme in the 

body and involved in the biotransformation of endog-

enous substances and exogenous chemicals (Dey et al., 

1999). In particular, cytochrome P450 1A2 (CYP1A2) is 
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ABSTRACT    Cytochrome P450 1A2 (CYP1A2) is a member of the cytochrome P450 
superfamily enzymes in mammals and plays a major role in metabolizing endogenous 
hormones in the liver. In recent days, CYP1A2 expression has been found in not 
only the liver but also other tissues including the pancreas and lung. However, little 
information is available regarding the expression of CYP1A2 in the ovary, in spite 
of the facts that the ovarian follicle growth and atresia are tightly associated with 
controls of endocrine hormonal networks. Therefore, the expression of CYP1A2 in the 
ovaries of prepubertal and pubertal rats was investigated to assess its expression 
pattern and puberty-related alteration. It was demonstrated that the expression level 
of CYP1A2 was significantly (p < 0.01) higher in the pubertal ovaries than prepubertal 
counterparts. At the ovarian follicle level in both groups, whereas CYP1A2 expression 
was less detectable in the primordial, primary and secondary follicles, the strongly 
positive expression of CYP1A2 was localized in the granulosa cell layers in the antral 
and pre-ovulatory follicles. However, the ratio of CYP1A2-positive ovarian follicle 
was significantly (p < 0.01) higher in the ovary of pubertal group (73.1 ± 3.1%) than 
prepubertal one (41.0 ± 10.5%). During the Immunofluorescence, expression of 
CYP1A2 was mainly localized in Fas-positive follicles, indicating the atretic follicles. 
In conclusion, these results suggested that CYP1A2 expression was mainly localized 
at the atretic follicular cells and affected by the onset of puberty. Further study is 
still necessary but we hypothesize that CYP1A2 expresses in the atretic follicles to 
metabolize residue of the reproductive hormones. These findings may have important 
implications for the fields of reproductive biology of animals.
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a member of the cytochrome P450 superfamily enzymes 

in mammals as the mono-oxygenase and plays a major 

role in biotransformation of a wide range of exogenous 

chemicals, pollutants and drugs via hydroxylation, de-

methylation, epoxidation, oxidation and quinol formation 

of compounds (Dey et al., 1999; Sugiyama et al., 2019; 

Lu et al., 2020). Furthermore, it primarily metabolizes 

endogenous hormones with respect to progesterone to 

6β-hydroxyl progesterone by hydroxylation, estrone to 

2- or 4-hydroxyestrone by hydrolysis and estradiol to es-

triol by hydroxylation in humans (Mikhailova et al., 2006; 

Sugiyama et al., 2019; Lu et al., 2020). CYP1A subfamily 

contains only two functional isoforms as CYP1A1 and CY-

P1A2, and it has been addressed that CYP1A2 is expressed 

mainly in the liver; whereas the expression of CYP1A1 is 

mainly distributed outside the liver and involves the me-

tabolism for aromatic hydrocarbon, CYP1A2 is expressed 

in the liver and metabolizes the aromatic amines and 

heterocyclic compounds (Wijnen et al., 2007; Lee et al., 

2012; Lu et al., 2020). However, in recent days, the ex-

pression of CYP1A2 is identified in the pancreas and lung 

as well (Vukovic et al., 2016). Likewise, the detection of 

CYP1A2 expression in other tissues has been investigating 

to understand its function at each organ.

Puberty is regarded as the developmental stage when 

reproductive capacity is accomplished and sexual matura-

tion completed under controls of complex endocrine net-

works, known as the hypothalamic-pituitary-gonadal (HPG) 

axis; it has been known that several hormones such as kis-

speptin, gonadotropin-releasing hormone (GnRH), follicle-

stimulating hormone (FSH), luteinizing hormone (LH) and 

estradiol are tightly associated to the puberty-related phys-

ical changes (Mayer et al., 2010; Uenoyama et al., 2018; 

Kim, 2019). In rodents, external signs of puberty with re-

spect to vaginal opening (VO) and cornification of vaginal 

epithelial cells are highly associated with the mature ovary 

and first ovulation due to the rise in estradiol levels. There-

fore, VO in the rodent is regarded as a reliable marker for 

the onset of puberty and its observation is widely used be-

cause of non- or minimally-invasive procedures to assess 

the onset of puberty (Gaytan et al., 2017). Of particular, it 

is reported that VO in Spraque Dawley (SD) rat occurs on 

postnatal day (PND) 37-39, indirectly indicating the onset 

of puberty and the first ovulation (Rivest, 1991).

The follicular atresia is defined as the breakdown of the 

ovarian follicles including the oocyte, granulosa cells and 

internal/external theca cells, and its apoptotic process 

is hormonally controlled throughout a female mammals’ 

life; the limited numbers of developing follicles, less than 

1%, are allowed for ovulation but the rest, remaining 99%, 

undergo atresia at the various developing stages of ovar-

ian follicle (Yu et al., 2004; Zhou et al., 2019). Among 

component of the ovarian follicle, survival or death of the 

granulosa cells plays an important role in normal follicle 

development with serving essential molecules for fol-

licular growth/maintenance or follicle atresia related with 

hormonal imbalance between estrogen and progesterone 

in the follicular fluid, respectively (Yu et al., 2004; Li et 

al., 2016). In particular, deprivation of growth factors or 

activation of cell death molecules in regards to death li-

gands/receptors, pro-apoptotic protein and cytokines are 

regarded as the main cause of apoptosis of the granulosa 

cells; the death molecules include Fas, Fas ligand (FasL), 

tumor necrosis factor (TNF)-α, TNF receptor (TNFR), 

TNF-α related apoptosis inducing ligand (TRAIL), TRAIL 

receptor (TRAILR) and Bcl-2 protein family (Matsuda et 

al., 2012; Zhou et al., 2019).

Although CYP1A2 is mainly expressed as a hepatic en-

zyme for metabolism of endogenous hormones, it can 

potentially present in other tissues. Specially, little infor-

mation is available regarding the expression of CYP1A2 

in the female reproductive system, in spite of the fact that 

the ovarian cycle is tightly and directly related with re-

productive hormones. Moreover, the alteration of ovarian 

CYP1A2 expression depending on the onset of puberty is 

not understood yet. Therefore, the primary objective of 

the present study is to clarify the expression of CYP1A2 

in the prepubertal and pubertal ovaries of female SD rats 

with observing different ovarian follicle stages.

MATERIALS AND METHODS

Ethics statement
All procedures for animal experiments were approved 

by the Institutional Animal Care Use Committee at Kyung-

pook National University (approval number: KNU2019-

0159).

Chemicals and media
All chemicals and media were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA), unless otherwise 

specified.



Hwang et al. CYP1A2 expression in the ovary of rat

331

Animal housing and experiment groups
The 21-day-old (PND 21) female SD rats (mean body 

weight: 58.1 g; total n = 16) were housed in the plastic 

cages (40 × 32 × 17 cm; 3-4 animals/cage), maintained 

for temperature at 23 ± 2℃, humidity at 50-80% and ap-

proximately 12 h light/dark cycle. The standard feed (Jeil 

Feed Co., Ltd., Daejeon, Korea) and tap water were pro-

vided ad libitum. The SD rats were acclimatized for 3 days 

(PND 24). Then the rats were sacrificed at PND 24 or Day 

51 as prepubertal group (n = 8) or pubertal group (n = 8), 

respectively.

Sacrifice of animals and sampling
The animals were anesthetized with isoflurane inhala-

tion in the closed chamber and exsanguinated via the 

right atrium. The ovary and liver tissues of each group 

were collected, trimmed, snap-frozen into liquid nitro-

gen (LN2) and stored in deep freezer (-80℃) for western 

blotting (each n = 5) or fixed with 4% paraformaldehyde 

(Duksan chemical, Korea) for hematoxylin & eosin stain-

ing (H&E) and immunohistochemistry (IHC) (each n = 3).

Body weight and vaginal opening assessment
Before sacrificing the animals, body weight (BW) and 

vaginal opening (VO) of all animals was assessed by us-

ing a weighing machine or recognizing the vaginal hole 

over the urethra in accordance with the previous article, 

respectively (Rivest, 1991).

Western blotting for quantitative expression of CYP1A2 
The western blotting was conducted in accordance with 

the previous article to assess CYP1A2 expression in the 

ovary and liver (positive control) (Lee et al., 2019). The 

snap-frozen ovaries and livers were homogenized, lysed 

with a radioimmunoprecipitation assay (RIPA) buffer 

supplemented a proteinase inhibitor and centrifugated 

at 14,000 rpm for 5 min at 4℃. The supernatants were 

carefully collected and quantified for the total amount of 

protein using a Bicinchoninic Acid Protein Assay Reagent 

Kit. The sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) was conducted using 10 µg of 

total protein for protein separation. The gels were trans-

ferred onto polyvinylidene difluoride (PVDF) membranes 

(Millipore, MA USA), followed by blocking the membranes 

with 3% bovine serum albumin (BSA) for 1 h at room tem-

perature (RT). Thereafter, membranes were incubated 

with a mouse polyclonal anti-CYP1A2 antibody (1:500 

dilution with 1% BSA; Santa Cruz Biotechnology, TX, USA) 

for overnight at 4℃. As a reference, a mouse polyclonal 

anti-Glyceraldehyde 3-phosphate dehydrogenase (anti-

GAPDH; 1:1,000 dilution with 1% BSA) was involved. The 

membranes were then washed with tris buffer saline con-

taining 0.1% tween-20 (TBST), incubated with a horserad-

ish peroxidase conjugated goat anti-mouse IgG (1:3,000 

dilution with TBST) for 1 h at RT and developed on X-ray 

films (AGFA, Belgium) using an enhanced chemilumines-

cence (ECL) kit. Image J software (National Institutes of 

Health, USA) was employed for quantitative analysis of 

the intensities of developed bands. The expression level of 

CYP1A2 was relatively normalized against that of GAPDH.

Hematoxylin & eosin staining and immunohistochemistry
The preparation for histological observation was fol-

lowed with the previous article (Kim, 2019). In brief, fixed 

ovaries from each group were dehydrated, embedded in 

paraffin and sectioned into 5 mm thick using a micro-

tome (Leica Microsystems, Germany). The H&E staining 

was then conducted in a routine manner to observe the 

presence of the corpus lutea. In case of IHC, the slide 

sections were deparaffinized, treated with 0.01 M citrate 

buffer (pH 6.0) at 95℃ for 30 min for antigen retrieval, 

cooled at RT for 60 min, treated with 3% hydrogen per-

oxide for 30 min, washed with phosphate buffered saline 

with triton-X (PBST) and blocked with 2% normal horse 

serum (Histostain-plus kit) for 1 h at RT. Thereafter, 

the slides were incubated with a mouse polyclonal anti-

CYP1A2 antibody (1:50 dilution with 2% normal horse 

serum) at 4℃ for overnight, incubated with a biotinylated 

secondary antibody (Histostain-plus kit; 1:200 dilution 

with PBS) at RT for 90 min, treated with an ABC solution 

(Histostain-plus kit) at RT for 60 min, reacted with a 3,3’

-diaminobenzidine (DAB) kit (Vector Laboratories, CA, 

USA) and counterstained with hematoxylin; all slides were 

reacted with DAB for equal time. When the slides were 

observed using Moticam Pro 20A (Motic, Hong Kong), 

brownish color on the tissue was determined as positive 

expression of CYP1A2.

Classification of ovarian follicles
The ovarian follicles in IHC were classified, in accor-

dance with the previous article in regards to the primary 

follicles (a single layer of cuboidal granulosa cells), sec-
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ondary follicles (surrounding of more than one layer of 

cuboidal granulosa cells without visible antrum), antral 

follicles (multiple layer of granulosa cells and 1-2 small 

spaces of antrum) and pre-ovulatory follicles (the largest 

follicle with cumulus granulosa cell layer surrounding the 

oocyte) (Kim, 2019). 

Immunofluorescence
To identify the association between CYP1A2 expression 

and the follicle atresia, immunofluorescence with CYP1A2 

and Fas, a common apoptosis inducer, was conducted. 

Preparation of slides until antigen retrieval step was con-

ducted in a same manner with IHC. Then the slides were 

washed with PBST, blocked with 2% normal goat serum 

(Vector Laboratories) for 1 h at RT and incubated with a 

mouse polyclonal anti-CYP1A2 antibody (1:50 dilution 

with 2% normal goat serum) supplemented with a rab-

bit polyclonal anti-Fas antibody (1:1,000 dilution with 2% 

normal goat serum) at 4℃ for overnight. The slides were 

washed with PBS, incubated with a goat anti-mouse IgG 

conjugated with Alexa Fluor 594 (1:1,000 dilution with 

PBS) supplemented with a goat anti-rabbit conjugated 

with Alexa Fluor 488 (1:1,000 dilution with PBS) at RT for 

60 min, counterstained with 4′,6-diamidino-2-phenylin-

dole (DAPI) for 5 min and mounted with VectaShield (Vec-

tor Laboratories). The slides were observed in fluorescent 

microscope (Moticam Pro 20A) at the proper wavelengths.

Statistical analysis
Student’s T-test or Kruskal-Wallis test with Bonferroni 

correction was applied using PASW Statistics 18 (SPSS 

Inc., Chicago, IL, USA). A p value of < 0.01 was consid-

ered to be statistically significant.

RESULTS

Confirmation of prepuberty and puberty
In accordance with previous article, SD rats in PND 24 

or 51 of the present study were expected as prepubertal 

or pubertal periods, respectively (Rivest, 1991). In addi-

tion, BW and VO were assessed prior to sacrificing ani-

mals (Table 1). Prepubertal group (60.3 ± 1.2 g) exhibited 

significantly (p < 0.01) lower BW than pubertal group 

(177.0 ± 6.5 g). All animals in prepubertal group (0/8) 

did not present VO but all did in pubertal group (8/8), 

indirectly indicating the onset of puberty. In case of H&E 

staining, the corpus lutea, implying the ovulation after 

the onset of puberty, were not observable in prepubertal 

group (Fig. 1A) but revealed in pubertal group (red arrows 

in Fig. 1B). Therefore, it was confirmed that each group 

presented the puberty-related features in consistent with 

their ages.

Western blotting for quantitative assessment of 

CYP1A2 expression
The western blotting was conducted to assess quan-

titative expression of CYP1A2 in the ovaries; because 

CYP1A2 was mainly known as a hepatic enzyme, the liver 

tissue samples from prepubertal and pubertal groups were 

also employed in this assay as positive controls (Fig. 2A). 

Overall, the expression level of CYP1A2 in the ovaries 

was significantly (p < 0.01) weaker than that of the livers, 

regardless of the onset of puberty (Fig. 2B). However, in 

case of CYP1A2 expression in the ovary, there was a sig-

nificant (p < 0.01) upregulation of CYP1A2 expression in 

pubertal group than prepubertal group (Fig. 2B). 

Table 1. Confirmation of prepuberty and puberty

Prepuberty (n = 8) Puberty (n = 8)

Postnatal day (PND) 24 51

Body weight (BW) 60.3 ± 1.2 g 177.0 ± 6.5 g*

Vaginal opening (VO) 0/8 8/8

Corpus luteum (CL)# 0/3 3/3

The values are described as Mean ± SD (BW) or positive number/total 

number of animals (VO and CL). *Superscript indicates significant difference 

between groups (p < 0.01). #Histological assessment is conducted in three 

animals from each group (n = 3).

BA

Prepuberty Puberty

Fig. 1. Confirmation of prepuberty and puberty. Representative 
image of the prepubertal ovary (A) and pubertal ovary with the 
corpus lutea (red arrows) (B). Magnification: ×40; Bars: 1,000 µm.
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Immunohistochemistry of CYP1A2 in prepubertal and 

pubertal ovaries
 The expressions of CYP1A2 in both groups were ana-

lyzed by IHC (Fig. 3). Although the ovaries of both groups 

expressed CYP1A2 at the cells surrounding follicles, the 

patterns were dependent on the stage of developing folli-

cle and the onset of puberty. At both groups, the primor-

dial, primary and secondary follicles exhibited the nega-

tive expression of CYP1A2 (red arrows in Fig. 3A and 3D). 

The CYP1A2-positive cells were observed from antral to 

pre-ovulatory follicles (blue arrows in Fig. 3B, 3C, 3E and 

3F), and they were localized at the granulosa cell layer. 

When the CYP1A2-positive follicles were counted (%), sig-

nificantly (p < 0.01) higher number of follicles expressed 

CYP1A2 in pubertal group (73.1 ± 3.1%) than prepu-

bertal group (41.0 ± 10.5) (Table 2). Collectively, these 

results suggested that CYP1A2 was strongly expressed at 

the granulosa cells in developing follicles (antral and pre-

ovulatory follicles) and affected by the onset of puberty.

Immunofluorescence of CYP1A2 and Fas in the ovary
To clarify the relationship between the CYP1A2 expres-

sion and atretic follicle, immunofluorescence assay of 

CYP1A2 and Fas was conducted in the ovary tissues (Fig. 

4). As shown in Fig. 4A-4D, whereas the Fas-positive fol-

licle, indicating the atretic follicle, co-expressed CYP1A2 

(follicle on the left), the Fas-negative follicle did not ex-

press CYP1A2 (follicle on the right). In addition, the co-

expression of Fas and CYP1A2 was evident in the granu-

losa and theca cell layers of pre-ovulatory follicle stage 

(Fig. 4E-4H). Based on these findings, it was concluded 

that CYP1A2 specifically expressed in the atretic follicle.

P
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y
P

u
b
e
rt

y

Primary/Secondary Antral Pre-ovulatory

A B C

D E F

Fig. 3. Immunohistological expression 
of CYP1A2 in prepubertal and puber-
tal ovaries. The negative expressions 
of CYP1A2 at the primordial, primary 
and secondary follicles in both groups 
(red arrows in A and D). The CYP1A2-
positive cells, localized at the granulosa 
cells, from antral follicles (blue arrows 
in Fig. B and E) to pre-ovulatory follicles 
(blue arrows in C and F). Magnification: 
×400 (A, B, D and E) or ×100 (C and F); 
Bars: 100 µm (A, B, D and E) or 1,000 µm 
(C and F).

Table 2. Counting for CYP1A2-positive follicles in prepubertal and 
pubertal ovaries

Prepuberty (n = 3) Puberty (n = 3)

CYP1A2-positive follicle (%) 41.0 ± 10.5 73.1 ± 3.1*

The values are described as Mean ± SD. *Superscript indicates significant 

difference between groups (p < 0.01).
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Fig. 2. Western blotting for assessment of CYP1A2 expression in 
prepubertal and pubertal group. Representative image of CYP1A2 
expression in the ovary and liver (A). Graph for the expression 
level of CYP1A2 was presented as mean ± SEM (B). *p < 0.01 or ns 
indicated a significant difference or non-significance, respectively.
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DISCUSSION

It has been addressed that CYP1A2 is mainly expressed 

at the liver and plays a role in biotransformation of ex-

ogenous substances and metabolism of endogenous hor-

mones (Mikhailova et al., 2006; Sugiyama et al., 2019). 

However, recent articles suggest that CYP1A2 is also 

expressed in other tissues such as the pancreas and lung 

(Vukovic et al., 2016). Therefore, we studied the localiza-

tion of CYP1A2 expression depending on the onset of 

puberty of rats. Here, we demonstrated that CYP1A2 ex-

pression was mainly localized at the atretic follicular cells 

and affected by the onset of puberty.

The expression of CYP1A2 in the ovary has shown con-

troversial and opposed results. Especially, some articles 

reported absence of CYP1A2 in the ovary. Via in situ hy-

bridization, CYP1A2 mRNA was measurable in the liver 

at intact mouse and 3-methylcholanthrene (3MC; an Ah 

receptor ligand) could induce CYP1A2 mRNA expression 

in the liver, lung and duodenum; even though the ovaries 

were included as specimen in this study design, the ex-

pression of CYP1A2 in the ovary was negative (Dey et al., 

1999). In addition, when the ovarian expressions of CYP 

isoforms were investigated in rats under diestrus or proes-

trus cycle, CYP1A2, CYP1A1, CYP2B1, CYP2C12, CYP2E1, 

CYP3A1, CYP3A2 and CYP4A1 were not detectable in the 

ovarian microsomes regardless of estrus cycles (Lee et al., 

2012). In contrast, several articles have reported opposed 

results, detection of CYP1A2 expression in the ovary tis-

sue. Positive expressions of CYP1A2 in ovaries and testes 

of domestic cats were identified using polymerase chain 

reaction (PCR) (Sugiyama et al., 2019). Moreover, the 

ovarian surface epithelium (OSE) of mouse was positive 

for CYP1A2, CYP1A1, CYP1B1 and CYP2C29 expression 

via PCR assay (Symonds et al., 2006). In the present study, 

we aimed to clarify localization of CYP1A2 expression in 

prepubertal and pubertal ovaries in rats. In agreement 

with the latter two articles, expressions of CYP1A2 in 

the ovary of rat were identified (Fig. 2 and 3, and Table 

2). Especially, the intensity and localization of CYP1A2 

expression were dependent on the onset of puberty and 

the stage of folliculogenesis; the expressions were nega-

tive at primordial, primary and secondary follicles at both 

prepubertal and pubertal groups, but strongly positive in 

the granulosa cells of antral and pre-ovulatory follicles. 

The reasons for the different findings in the present study 

compared to former two studies are still unknown, but 

such variations may be caused by differences of inducing 

substance, species, strain, age, gender and assay method 

(Dey et al., 1999; Symonds et al., 2006). For instance, hu-

man-mouse difference in the tissue specificity of CYP1A2 

expression was observed when 3MC induced CYP1A2 ex-

pression in mouse lung but did not in human lung (Omie-

cinski et al., 1990; Dey et al., 1999). In addition, while 

CYP1A2 was detectable in the brain and colon of human, 

it was negative at the same set of tissues in mouse (Mer-

curio et al., 1996; Dey et al., 1999).

Numerous articles have contributed to reveal the clas-

sification of CYP family (e.g., CYP1, CYP2), its subfamily 

(e.g., CYP1A, CYP1B) and their isoform (e.g., CYP1A1, 

CYP1A2), and it is available to approach more than 

18,000 sequences of CYPs today (Guengerich, 2013; Mc-

Donnell and Dang, 2013). Therefore, now it is important 

to reveal the function of each CYP in the body to under-

2
0
0

4
0
0

DAPI Fas CYP1A2 Merged

A B C D

E F G H

Fig. 4. Immunofluorescence of CYP1A2 and Fas in the ovary. The nucleus, Fas-positive cells and CYP1A2-positive cells were immunologi-
cally stained with DAPI (A and E, blue), Alexa Fluor 488 (B and F, green) and Alexa Fluor 594 (C and G, red), respectively. Magnification: ×
200 (A-D) or ×400 (E-H); Bars: 100 µm.
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stand maintenance of homeostasis, pharmacogenetics, 

carcinogenesis, molecular epidemiology and bioremedia-

tion. Especially, the study for function of CYPs has mostly 

been focused on the liver as the primary site of enzymati-

cal metabolism of endogenous and exogenous substances 

(McDonnell and Dang, 2013). However, several CYP iso-

forms were detectable in not only the liver but also other 

organs such as the lung, prostate, adrenal gland, placenta 

and kidney (Nishimura et al., 2003). In case of CYP1A2, 

its expression was identified in the pancreas and lung 

as well as the ovary during the present study (Fig. 2 and 

3) (Vukovic et al., 2016). Aside from CYP1A2, there have 

been several reports described expression and alteration 

of various CYP subfamilies or isoforms in the ovary. It 

was demonstrated that mouse OSE expressed CYP1A1, 

CYP1B1, CYP1A2 and CYP2C29, which are capable of 

metabolizing estrogen; in particular, the expression of 

CYP1B1 was elevated under estrogen treatment but CY-

P1A1 did not (Symonds et al., 2006). Whereas CYP1A1, 

CYP1A2, CYP2B1, CYP2C12, CYP2E1, CYP3A1, CYP3A2 

and CYP4A1 were not detectable, CYP1B1 was expressed 

in the ovarian microsomes from rat (Lee et al., 2012). In 

addition, the ovarian CYP1B1 of rat was increasingly ex-

pressed during evening of proestrus than other days, pos-

sibly due to metabolism of serum estradiol (Dasmahapatra 

et al., 2002). In human, several types of CYP subfamilies 

and isoforms (CYP1A1, CYP2A, CYP2B, CYP2F1, CYP2R1, 

CYP2U1, CYP3A5, CYP3A7, CYP3A43, CYP4Z1, CYP26A1 

and CYP51) were immunoreactively positive in the 

healthy ovary (Downie et al., 2005). When ovarian frac-

tions derived follicles were assessed by PCR, all follicles 

expressed CYP2E1, CYP2A and CYP2B even if there were 

follicle size-dependent differences (Cannady et al., 2003). 

In case of granulosa cell of pig, the expression of CYP1A1 

was extensively induced after treatment of 3MC or dexa-

methasone (Leighton et al., 1995). Likewise, it is true that 

the expression of CYP is abundant across various tissues 

including the ovary and the expression pattern is depen-

dent on the role of organs and several factors.

During the ovarian folliculogenesis, follicular cells in the 

primordial, primary, secondary and antral follicles mor-

phologically are observed as one layer of flat granulosa 

cells, one layer of cuboidal granulosa cells, more than one 

layer of cuboidal granulosa cell without antrum and mul-

tiple layers of proliferating granulosa cells with presence 

of theca cells and small antrum, respectively. And fully 

formed antrum with the mural granulosa cells and theca 

cells is identified in the pre-ovulatory follicles (Kim, 2019; 

Gershon and Dekel, 2020). During this folliculogenesis, 

it has been well clarified that only the limited numbers 

of developing follicles can ovulate but the rest undergo 

atresia at the various developing stages of ovarian follicle, 

initiated from apoptosis of the granulosa cell (Yu et al., 

2004; Li et al., 2016; Zhou et al., 2019). While the granu-

losa cell layer is aligned along the follicular basal lamina 

in the developing healthy follicles, apoptotic granulosa 

cells is appeared from even early stage of follicle atresia; 

the apoptosis of granulosa cells is gradually extended to 

the whole follicle and reached to the theca cell layer, and 

finally the majority of granulosa cell layer was severely 

disrupted with elimination of follicle (Matsuda et al., 

2012). The profile for expression of proteins extracted 

from the granulosa cells of healthy and atretic follicles in 

the porcine ovary presented that 399 from 4,591 proteins 

were differentially expressed; granulosa cells from atretic 

follicles exhibited upregulation of proteolysis, protein 

destabilization, phagocytosis and engulfment (Shan et 

al., 2020). In another study using the porcine ovary, 450 

differentially expressed genes were identified between 

healthy and atretic follicles (Zhang et al., 2018). More-

over, atretic granulosa cells increasingly expressed Fas, 

FasL, TNF-α, TNFR and pro-apoptotic protein (BAK), and 

decreased insulin-like growth factor (IGF) (Yu et al., 2004; 

Matsuda et al., 2012; Zhang et al., 2018). Furthermore, 

granulosa cells in the atretic follicles in goats exhibited 

higher number of apoptotic body (51 ± 2%) than those 

from healthy developing follicles (13 ± 2%) and slightly 

atretic follicles (32 ± 2%) by terminal deoxynucleotidyl 

transferase-mediated dUTP nick end labeling (TUNEL), 

and the concentration of estrogen in the follicular fluid 

was lower in atretic follicles than others (Yu et al., 2004). 

In case of rodents, granulosa cells and theca cells of 

atretic follicles positively presented Fas during prepu-

bertal period from PND 17 to 35, and 192 upregulated 

and 116 downregulated gene expressions were observed 

between the transcriptomes from cyclophosphamide-

induced atretic follicles and controls (Takagi et al., 2007; 

Lin et al., 2018). Collectively, it has been proven that the 

granulosa cells are undergone for several alterations dur-

ing follicular atresia. In the present study, the expression 

of CYP1A2 was strongly localized in proliferated granu-

losa cell layers in not early follicles (primordial, primary 
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and secondary follicles) but the developing follicles (antral 

and pre-ovulatory follicles) and dependent on the puberty 

(Fig. 2 and 3, and table 2). In addition, we found that Fas 

and CYP1A2 were co-expressed in an atretic follicle (Fig. 

4), indicating change of the ovarian steroidogenesis path-

way in the atretic follicles. Further study is still necessary 

but now we hypothesize that the atretic follicles may ex-

press CYP1A2 to metabolize residue of hormones because 

atretic follicles do not require the reproductive hormones 

for follicle development.

In conclusion, the present study hypothesized that 

CYP1A2 expressed in the ovary because ovarian cycle is 

tightly and directly related with reproductive hormones. 

Collectively, we demonstrated that CYP1A2 expression 

was localized at the granulosa cells in the atretic follicles, 

and affected by the onset of puberty. These findings may 

have important implications for the fields of reproductive 

biology. 
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