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Abstract. Ovarian granulosa cells (Gcs) are the most 
important source of estrogen. Therefore, aromatase (estrogen 
synthase), which is the key enzyme in estrogen synthesis, 
is not only an important factor of ovarian development, but 
also the key to estrogen secretion by Gcs. disorders of the 
ovarian estrogen secretion are more likely to induce female 
estrogen‑dependent diseases and fertility issues, such as 
ovarian cancer and polycystic ovary syndrome. Hence, aroma‑
tase is an important drug target; treatment with its inhibitors 
in estrogen‑dependent diseases has attracted increasing 
attention. The present review article focuses on the regulation 
and mechanism of the aromatase activity in the Gcs, as well 
as the specific regulation of aromatase promoters. In GCs, 
follicle‑stimulating hormone (FSH) is dependent on the cyclic 
adenosine monophosphate (cAMP) pathway to regulate the 
aromatase activity, and the regulation of this enzyme is related 
to the activation of signaling pathways, such as phosphati‑
dylinositol 3‑kinase (PI3K) and extracellular signal‑regulated 
kinase (ERK). In addition, endocrine‑disrupting substance 
and other related factors affect the expression of aromatase, 

which eventually create an imbalance in the estrogen secre‑
tion by the target tissues. The present review highlights these 
useful factors as potential inhibitors for target therapy.
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1. Introduction

Aromatase is a cytochrome P450 monooxygenase that 
encodes CYP19A1. Its expression is regulated via differential 
promoter activation in a tissue‑specific manner. Aromatase 
mainly occurs in the ovaries (1), brain cells (2) and testes of 
rodents (3), as well as in human fat cells (4) and placental 
cells (5). Under the catalytic action of this enzyme, testos‑
terone and androstenedione become demethylated, causing 
the A ring to be aromatized, to finally produce estrone and 
estradiol. Moreover, the transforming aromatase is localized 
in granulosa cells (Gcs) of the ovarian follicles (6). Aromatase 
plays an important role in Gcs. Gcs and theca cells synthesize 
estrogen under the synergy of luteinizing hormone (LH) and 
follicle‑stimulating hormone (FSH). In this process, first, the 
theca cells synthesize androgens and transfer them to ovarian 
Gcs through the basement membrane, after which the andro‑
gens are converted into estrogen through the catalytic action 
of aromatase. The theory that the two types of cells together 
with LH and FSH function together in estrogen synthesis is 
collectively termed as ‘2‑cell, 2‑gonadotropin hypothesis’ (7). 
Subsequently, most of the resultant hormone enters the blood‑
stream and acts on the target organs, such as the breast, while 
only a small amount of the hormone participates in the ovarian 
development. Gcs are thus extremely important in the process 
of reproduction; their proliferation and growth determine 
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the maturation of follicles and the production of estrogen. In 
healthy females prior to menopause, human estrogen is mainly 
derived from ovarian Gcs and the placenta, and the expres‑
sion of P450 aromatase is significantly higher in the GCs than 
in other tissues (8). Hence, Gcs are considered as powerful 
models for studying aromatase and their mechanisms of action.

Estrogen plays an important role in the female health and 
fertility status. It is mainly derived from 3 sources: Estrone is 
mainly converted from androstenedione of the adrenal gland 
through the skin and adipose tissue (9,10); estradiol (E2), the 
most widely effective estrogen, is mainly produced by Gcs 
in the ovaries, and is the main estrogen product synthesized 
before menopause; estriol (E3), the weakest estrogen, is 
mainly synthesized in the placenta. Since the ovaries are the 
main organs which secrete estrogen, the normal expression of 
aromatase is of utmost importance. Presently, the association 
between aromatase and the ovarian Gcs, as well as the regula‑
tory mechanisms of this enzyme in GCs remain undefined. 
The present review thus focused on aromatase expression 
and the molecular regulatory mechanisms in ovarian Gcs in 
order to help interpret estrogen disorders. Potential aromatase 
inhibitors (AIs) are also discussed an effort to open new 
research avenues for hormone‑dependent diseases and fertility 
treatment influenced by estrogen‑secretion disorders (Table I).

2. Promoter regulation

The expression of aromatase in different tissues is controlled by 
distinct promoters, and there are >10 promoters that function 
for selective purposes and tissue specificity. These promoters 
control the expression of aromatase by recruiting different 
transcription factors and combining with the cis‑regulatory 
elements (Fig. 1) (11). The transcription of its genes is mainly 
controlled by the distal promoter I.1 of the placenta (at 40‑kb 
upstream of the translation start site) and the proximal 
promoter II of the ovary. The aromatase promoter I.4 plays an 
important role in regulating aromatase expression in the skin; 
aromatase expression in the adipose tissue is controlled by the 
ovarian promoter II, as well as by the promoters between I.1 
and II (i.e., I.4 and I. 3) (8). The ovaries (promoter II), brain, 
tissue‑specific promoter (If) and bone (promoter I.4 and I.6) 
are mainly involved in the transcription of the aromatase 
gene (12,13).

The abnormal regulation of promoters can result in the 
development of various diseases. For example, promoter 
transition from I.4 to I.3/II causes the excessive production 
of estrogen in the breast, rendering breast epithelial cells 
cancerous, thereby causing breast cancer (11). Similarly, 
immoderate estrogen secretion due to the mutation in the 
promoter I.3/II results in endometrial cancer and ovarian 
cancer, and a cAMP‑responsive element (cRE) binding 
protein (cREB) between promoter I.3/II regulates aromatase 
through the cAMP/PKA‑dependent pathway, which results in 
the disordered expression of aromatase (14,15).

The transcription of the CYP19A1 promoter in Gcs 
is affected by various factors. Sharma et al reported that, 
in the buffalo, PII plays a major role in the regulation of 
CYP19A1 of ovarian Gcs, while PI.1 plays a minor role, 
although PI.1 is transcriptionally upregulated in the lutein‑
ization of GCs (16). Previous research has confirmed that 

ovarian specific I.3 and II can be activated by the majority 
of phytoestrogens, thereby enhancing the expression level of 
CYP19A1 mRNA (17). The combination of Jun protein with 
the cRE near the aromatase promoter PII results in changes 
in the cRE sites and inhibits the cAMP transcription acti‑
vation, thereby inhibiting aromatase gene transcription in 
Gcs (18). In addition, in pig Gcs, Smad4 combines with 
the Smad4‑binding site (SBE) in the aromatase promoter 
region as a transcription factor to enhance the expression 
of CYP19A1 (19). Notably, in the absence of the nuclear 
receptor element site (NREA) in rabbit GCs, efficient aroma‑
tase gene transcription can be performed (20). Previous 
research has also reported the phenomenon of a novel P450 
aromatase promoter in the luteinization of horse Gcs treated 
with human chorionic gonadotropin (HcG), which mainly 
resulted in the transcriptional upregulation of If promoter 
and the downregulation of II promoter (21).

3. Aromatase expression localization

As mentioned above, the transcription of the aromatase gene 
is regulated by tissue‑specific promoters. This point raises 
the question of how aromatase is expressed and localized 
in Gcs. The ability of Gcs to produce steroids is mainly 
controlled by FSH. FSH binds to its receptor, and this receptor 
interacts with adenylate cyclase (Ac) to regulate aromatase 
through the protein kinase A (PKA) pathway (22). In the 
presence of steroids, the expression of P450arom mRNA in 
Gcs is increased rapidly under the effect of FSH/cAMP (23). 
The literature confirms that the addition of the C19 steroid 
substrates (androstenedione and testosterone) to the culture 
medium of Gcs can accelerate the synthesis of estradiol in a 
concentration‑ and time‑dependent manner (24).

Velthut‑Meikas et al for instance, reported 2 origins of 
introns from the sequencing of mural Gcs (MGcs) and 
cumulus Gcs (cGcs) miRNA; one from the FSH receptor 
gene and the other from CYP19A1, which implies the 
genome‑wide expression of miRNAs in Gcs (25). The immu‑
nohistochemical localization of aromatase on the ovaries 
of fillies aged 6‑18 months detected aromatase in the mural 
granulosa of follicles. Moreover, the immunoreactivity of 
P450arom changes with the size of follicles and disappears 
in the atretic follicles (26). Observation under an electron 
and light microscope to locate the aromatase of human ovary 
and placenta detected that aromatase immune activity occurs 
mainly in the ovarian granulosa and lutein cells, as well as in 
a portion of the cytotrophoblast and syncytiotrophoblast of 
the placenta (27). In addition, aromatase, similar to the locally 
produced estrogen and androgen, plays an important role in 
follicular maturation, and the highest expression of aromatase 
in the Gcs occurs in the pre‑estrus cycle period (28).

4. CYP19A1 is dependent on FSH/cAMP

FSH can regulate the maturation and proliferation of ovarian 
GCs and binds to the specific receptor FSHR of Sertoli cells 
and Gcs (29). Previous studies have reported that FSH can 
activate cAMP signaling in vitro or in vivo to enhance the 
expression of aromatase in ovarian Gcs (30‑32). FSH is 
the main factor that stimulates the expression of aromatase 
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CYP19A1. In Gcs, it can upregulate the expression of 
CYP19A1 by activating the transcription factor GATA4. 
Simultaneously, the activation of GATA4 requires the 
activation of other kinases, such as ERK1/2, PKA and 
PI3K (33). Aromatase activity of immature rat Gcs increases 
under the action of FSH and LH (32). E2 can enhance this 
effect of FSH, which supports the ‘2‑cell, 2‑gonadotropin 
hypothesis’ of ovarian synthesis of estrogen. In addition, 
FSH not only enhances the activity of aromatase in a 
time‑dependent manner, but also enhances the aromatase 
complex component‑flavin protein NAdPH‑cytochrome 
P‑450 reductase (34). Previous research has reported that 
Anti‑Müllerian hormone (AMH) (35) and virus analog (36) 
inhibit the increase in aromatase expression and estrogen 
production induced by FSH. The presence of diethylstil‑
bestrol and androstenedione can enable FSH to increase 
the expression of aromatase in a dose‑dependent manner, 
leading to increased estrogen secretion. According to the 
stimulating effect of FSH on the aromatase activity of rat 
Gcs, it can be used as a biological assay for Gc aroma‑
tase (37). Moreover, the bone morphogenetic protein (BMP) 
family plays an important role in human ovarian develop‑
ment; for example, BMP‑2 (38), BMP‑6 (39) and BMP‑7 (40) 
can reduce the quantity of LH receptor in hGcs and increase 

the expression of FSH receptor, while BMP‑2 can increase 
the expression of aromatase in Gc cells.

cyclic adenosine monophosphate (cAMP) can tran‑
scriptionally regulate aromatase. The inhibitory effect of 
progesterone and R5020 on Gcs aromatase in rat ovaries 
has been found to be dose‑dependent; moreover, HcG 
combined with FSH can significantly increase the amount of 
cAMP and aromatase activity is enhanced at the appropriate 
concentrations (41). After adenylate cyclase is activated by 
forskolin, it rapidly, but transiently induces LH‑responsive 
genes [such as the nuclear receptor 4A subfamily; e.g., 
nerve growth factor IB (NGFI‑B), nuclear receptor‑related 1 
(NURR1) and neuron‑derived orphan receptor 1 (NOR‑1)]. 
However, the ectopic expression of NURR1 or NGFI‑B can 
attenuate the cAMP‑responsive activation of the aroma‑
tase promoter in KGN cells. Therefore, the expression of 
aromatase mRNA may be closely related to the induc‑
tion of nuclear receptor subfamily 4A (42). In addition, 
luteolin‑7‑methylether (XLY29) can inhibit the phosphory‑
lation of the cAMP response element binding protein by 
regulating the expression of aromatase promoter 1.3/II, 
thereby reducing mouse serum 17β‑estradiol levels (43). 
The expression of CYP19A1 is thus closely related to the 
regulation of FSH/cAMP.

Table I. Classification of aromatase inhibitors.

Generation Type I (steroidal) Type II (non‑steroidal) Shortcomings

First None Aminoglutethimide Low potency, lack of specificity
Second Formestane Fadrozol, collettiside Obvious side‑effects, drug resistance
Third Exemestane Letrozole (Femara) Less side‑effects, (Aromasin)
  Anastrazole (Armida) Easy to induce osteoarthropathy
  Vorozole (Rivizor)

Figure 1. Regulation of aromatase promoters. The expression of aromatase is regulated by tissue‑specific promoters, and the figure illustrates the distance 
between each specific promoter and the first exon II. Breast adipose stromal cells mainly express aromatase through the promoter I.4, while breast cancer 
tissue use 4 promoters (I.4, I.7, I.3 and II) to regulate aromatase, significantly increasing the expression level of aromatase mRNA and promoting local estrogen 
production. Endometrial cancer and ovarian cancer are mainly caused by PI.3 and PII, which also lead to a disruption in the expression of aromatase.
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5. Regulation of aromatase

MicroRNAs (miRNAs or miRs). In recent years, miRNAs 
have become increasingly popular and discovered as drug 
targets. KGN cells treated with FSH siRNA can induce the 
differential expression of miR‑329‑3p, miR‑1261, miR‑144‑5p, 
miR‑130a‑3p, miR‑185‑5p and miR‑4463, among which 
miR‑4463 has been found to target the expression of ESR1 
and CYP19A1 to influence estradiol secretion (44). In addition, 
miR‑378 (45), miR‑10b (19)and miR‑1275 (46) combine with 
the 3' untranslated region (3'‑UTR) to downregulate the effec‑
tive transcription of CYP19A1 in ovarian Gcs. miR‑764‑3p can 
inhibit the expression of CYP19A1 by targeting steroidogenic 
factor‑1 (SF‑1) to reduce the production of 17β‑estradiol (47). 
Through in vitro and in vivo verifications, miR‑326 has been 
found to activate c/EBP‑β by upregulating cREB, thereby 
inhibiting the expression of CYP19A1 in buffalo Gcs and 
causing a decrease in the 17β‑estradiol levels (48). Moreover, 
miR‑214‑3p has been found to upregulate the expression of cell 
cycle genes in porcine Gcs, but to downregulate the mRNA 
expression levels of CYP19A1 and steroidogenic acute regula‑
tory protein (StAR) (49). The overexpression of miR‑29a in 
cov434 and KGN cells can cause the expression of aromatase 
to decrease, affecting the estradiol secretion and inhibiting the 
cell proliferation (50). In a previous study, a Gc model treated 
with dOX led to the increased expression of miR‑132‑3p in a 
dose‑dependent manner, as well as in a change in the expres‑
sion of CYP19A1 and the secretion of 17β‑estradiol (51).

Growth factors. Aromatase activity in Gcs is regulated by 
various growth factors. cell location studies have indicated 
that the insulin‑like growth factor‑I (IGF1) gene and its 
receptor gene are highly expressed and translated in ovarian 
Gcs (52,53). IGF1 can increase the production of P‑450arom in 
a concentration‑dependent manner and can increase the activity 
of aromatase. In addition, IGF1 can cooperate with FSH and is 
more obvious than any hormone alone (54). However, epidermal 
growth factor (EGF) can inhibit the synthesis of P450 and 
antagonize FSH. These changes are likely to be related to the 
mRNA encoding level of aromatase (55). In addition, amphi‑
regulin (AREG) in the EGF‑like growth factor induced by HcG 
can activate the AKT signaling pathway and upregulate the 
expression of aromatase and estrogen in human granulosa lutein 
(hGL) cells (56). Moreover, fibroblast growth factor (FGF) and 
platelet‑derived growth factor (PdGF) can reduce the effect of 
cAMP and may act based on the corresponding tyrosine kinase 
activity to regulate the synthesis of cytochrome P450 in Gcs (57). 
Some growth factors, such as vascular endothelial growth 
factor A (VEGF‑A) and FGF2 can synergistically promote the 
expression of CYP19A1 in buffalo Gcs and enhance the extent 
of estradiol secretion (58). Hepatocyte growth factor (HGF) can 
also inhibit the expression of FSH‑induced cAMP‑dependent 
P450arom and 17β‑hydroxysteroid dehydrogenase (HSd), 
thereby inhibiting Gc steroid production in ovarian Gcs (59). 
Transforming growth factor‑β (TGF‑β) has also been reported 
to enhance the expression of FSH‑induced P450arom mRNA 
in rat Gcs (60), as well as accelerate the production of E1 and 
E2 by 1.45‑ and 2.7‑fold. However, leptin has been reported to 
antagonize this effect of TGF‑β, which reduces the expression 
of Gc aromatase (61).

Endocrine‑disrupting substances. An increasing number 
of studies have indicated that Gcs are easily affected by 
environmental pollutants in their ability to secrete estrogen. 
Bisphenol A (BPA), which is industrially used as a plasticizer, 
has been reported to decrease the aromatase expression 
in Gc cell‑line KGN stimulated by FSH to reduce the 
estradiol secretion, which may function by inducing peroxi‑
some proliferator‑activated receptor‑γ (PPARγ) (62,63). 
In rats, 2,3,7,8‑tetrachlorodibenzo‑p‑dioxin (Tcdd) may 
reduce the aromatase mRNA expression in Gcs through the 
AHR/ARNT signaling pathway, causing a decrease in the 
estradiol secretion (64,65). Tcdd may also directly or indi‑
rectly block the endocrine function of human luteinized Gcs 
(hLGcs) through the interaction of PTK/MAP2K and PKA 
signaling (66,67). Plasticizer mono‑(2‑ethylhexyl) phthalate 
and its metabolite mono‑(2‑ethylhexyl) phthalate (MEHP) 
also reduce the transcription of aromatase in human and rat 
Gcs, and thereby reduce the secretion of estradiol (68‑70). 
Recently, it was reported that carbon black nanoparticles (cB 
NPs) can inhibit the transcription level of aromatase in Gcs by 
activating the ERK1/2 pathway and influencing E2 secretion. 
In addition, Pd98059 signals can inhibit the ERK1/2 signaling 
pathway to reduce the adverse effects of cB NPs (71). In addi‑
tion, prenatal nicotine exposure (PNE) can reduce histone 3 
lysine 27 acetylation (H3K27ac) and H3K9ac of P450arom in 
the ovarian Gc cell line, KGN, through nicotine acetylcholine 
receptor (nAchR), which consequently results in the reduc‑
tion of the aromatase expression and estradiol production in 
the ovaries (72). In Gcs, lead may affect female fertility by 
downregulating the transcription of estrogen receptor β (ERβ) 
and p450arom (73).

Morinaga et al also evaluated aromatase activity in KGN 
cells and screened 55 endocrine‑disrupting chemicals (74). 
For the first time, they proved that benomyl and its metabolite 
carbendazim can enhance aromatase activity through the regu‑
lation of the transcription level, possibly through a microtubule 
interference mechanism rather than through the cAMP‑PKA 
pathway (74). In addition, 2,2‑bis‑(p‑hydroxyphenyl)‑1,1,1‑tri‑
chloroethane (HPTE) has been reported to inhibit the increase 
in the expression of P450arom mRNA, P450scc and 3β‑HSd 
in FSH‑cultured Gcs, albeit it had no effect on StAR. HPTE 
also affected the cAMP site of action and may therefore involve 
a broad steroid regulation of the cAMP‑PKA pathway (75). 
Endocrine‑disrupting substances are thus likely to affect 
human reproduction and sexual differentiation by modifying 
the steroid secretion properties of Gcs.

Insulin sensitizers. Metformin is an insulin sensitizer with 
direct function in the ovaries, which may downregulate the 
expression of aromatase promoter I.4, I.3 and II through the 
MEK/ERK pathway, thereby reducing the aromatase activity 
in Gcs (76). In addition, the expression of aromatase mRNA 
decreases in human luteinized Gcs cultured with metformin, 
although it can significantly increase the effect of insulin on 
IGF1R mRNA and IR (77). Pioglitazone or rosiglitazone can 
inhibit estrogen production in human ovarian Gcs by inter‑
fering with the combination of aromatase and androgens, and 
the effect of thiazolidinediones (TZds) in reducing the activity 
of aromatase may explain the application of TZd in the treat‑
ment of estrogen‑dependent diseases and polycystic ovary 
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syndrome (PcOS) (78). Troglitazone is also a compound of 
TZds that is likely to exert a direct inhibitory effect on aroma‑
tase in Gcs through the nuclear receptor system PPARγ/RXR 
heterodimer (79). Insulin sensitizers thus have a probable 
potential as effective inhibitors of aromatase that warrant 
further investigation (Table II).

6. Regulatory pathways of aromatase in GCs

cAMP/PKA pathway. In Gcs, cAMP is the second messenger 
of FSH, and cAMP inducers and cAMP analogs can induce 
multiple functions of Gcs in vitro (80). LH receptor expres‑
sion is regulated by the combined action of estradiol and FSH; 
therefore, in the cultured rat Gcs, the induction of FSH can 
make the cells respond to LH, thereby enhancing the overall 
aromatase activity (81). LH and FSH exert their biological 
functions through the mediation of G protein‑coupled recep‑
tors LHcGR and FSHR, thereby causing the activation of 
several signaling cascades, such as the cyclic AMP/protein 
kinase A (cAMP/PKA) pathway (82). On binding with the 
corresponding receptors in Gcs, LH and FSH activate the Gs 
protein on the cell membrane, resulting in the production of 
cAMP. Therefore, they activate the cAMP‑dependent PKA 
signaling pathway and act on the expression of CYP19A1, 
which is a classic PKA‑dependent aromatase regulation 
pathway (13).

PI3K. The rapid activation of the PKA signaling pathway 
also induces other cascading reactions. For example, FSH 
can promote the activation of PI3K signaling in the rat Gcs 
and cause the rapid phosphorylation of its downstream branch 
point, AKT; as a result, the expression of ovarian genes such as 
CYP19A1 increases (80). Moreover, it can enhance the activity 
of HIF‑1 downstream of the PI3K/AKT/Raheb/mammalian 
target of rapamycin (mTOR) pathway in Gcs (83). IGF1 has 
been confirmed to be an important molecule for hormone 
synthesis in Gcs (76); it can activate PI3K/Akt, which upregu‑
lates FSH receptor. When Akt and PKA are activated, they 
regulate the expression of CYP19A1 (84). It has previously been 
confirmed that the molecular mechanism of 3,5,3'‑tri‑iodothy‑
ronine (T3) regulates the expression of CYP19A1 in Gc and 
promotes follicle development. The combination of FSH and 
T3 requires the activation of the PI3K/Akt pathway to regulate 
CYP19A1. Therefore, CYP19A1 is likely to be a downstream 
effector of the PI3K/Akt pathway that is activated by FSH and 
T3, which acts as a new mediator for FSH and T3 to induce 
the development of Gcs and follicles, while regulating FSH 
and TH (85).

ERK. The surge of LH prior to ovulation can rapidly inhibit 
the proliferation of Gcs and differentiate them into luteal 
cells. However, the proper dose of LH can also cause the rapid 
activation of ERK1/2 when acting on Gcs, while FSH also 
have the same effect (86). ERK, similar to PKA, is a down‑
stream signaling molecule involved in the action of LH and 
FSH. This point raises a question of whether aromatase is 
regulated as a downstream molecule of this signaling pathway. 
Huang et al used Pd98059 to block the hormone‑stimulated 
MEK1 in KGN cells and found that 17‑hydroxylase/17,20 
lyase (CYP17) expression increased, and that the expression of 

P450 aromatase (CYP19) and c‑fos also decreased (87). Hence, 
c‑fos is likely to be downstream of the MEK/ERK pathway, 
and CYP19 is upregulated and CYP17 is downregulated in 
Gcs, which together inhibit the production of estradiol (87).

Others. Activin can enhance the aromatase activity of FSH 
in the rat Gcs (88). Nomura et al confirmed the mechanisms 
action in KGN cells (89). Moreover, Smad2 is downstream 
of activin‑type IB receptor (ActRIB); it participates in the 
activin‑signaling pathway to regulate the expression of P450 
aromatase, thereby regulating the follicular development (89). 
In addition, LPS‑induced Toll‑like receptor 4 (TLR4) signaling 
can downregulate the expression of CYP19A1 and 17β‑estradiol 
in bovine Gcs under the action of ccAAT/enhancer binding 
protein beta (cEBPB) (90). Notably, Notch signaling affects 
the secretion of estrogen by affecting the expression of the 
upstream transcription factors, Wt1, SF‑1, GATA4 and GATA6, 
and that of downstream‑related enzymes related to steroid 
production (91). The research on the mechanism of aromatase 
regulation in Gcs is thus ongoing and not yet concrete (Fig. 2).

7. Changes in aromatase activity of GCs induce diseases

Aromatase is the only enzyme in vertebrates that catalyzes the 
production of estrogen. The disruption of estrogen secretion 
can thus easily cause cancer of the breast, endometrium or 
ovaries, which are together referred to as ‘estrogen‑dependent 
tumors’ (92). These tumors can also cause female reproduc‑
tive issues. Gcs are the main source of ovarian estrogen 
secretion, which not only induces ovarian development but 
also releases estrogen into the blood and supply it to various 
organs. Therefore, whether the secretion of Gcs aromatase 
is normal directly affects the health status of various organs. 
Nowadays, the inhibition of aromatase‑induced estrogen 
biosynthesis is considered to be the main strategy for the 
therapy of estrogen‑dependent diseases. considering that the 
aromatase status of patients with recurrent granulosa cell 
tumors remains unaltered, the detection of the expression of 
aromatase can provide more accurate information for serum 
E2 in the primary tumor as a relapse marker (93).

Ovarian Gc tumors are one of the most common ovarian 
tumors, mainly causing abnormal estrogen secretion (94) 
(Fig. 3). In normal Gcs, FSH binds to its receptor to activate 
Gs protein and upregulate the aromatase expression through 
the PKA pathway. However, mutations in the Gs protein 
on the cell membrane are likely to induce the production 
of cancerous cells (95). The forkhead family FOXL2 is an 
evolutionarily conserved member of the transcription factor; 
its mutation is closely related to the generation of ovarian Gc 
tumor (96). Smad3 can cooperate with FOXL2:c134W in 
combination with the CYP19A1 promoter FBE5 of the human 
Gc line (HGrc1) to enhance the expression of aromatase, 
which is probably the key reason for the large amount of 
estrogen secretion by the human Gc line (97). The mutation 
of FOXL2:c134W is the main reason for the formation of 
adult ovarian granulosa cell tumor (GcT); it can enhance the 
induction of aromatase by FOXL2, and aromatase is the direct 
target of FOXL2:c134W (98). This information deepens our 
understanding of the research on the pathogenesis of the adult 
Gc tumor.
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Table II. Potential aromatase inhibitors.

Classification Molecules Mechanism of action Species (Refs.)

MicroRNAs miR‑4463 Target the expression of ESR1 and cYP19A1 Human   (42)
 miR‑378 downregulate the transcription of cYP19A1 Pig (45)
 miR‑10b combines with 3'‑UTR Pig (45)
 miR‑1275 combines with 3'‑UTR Pig (45)
 miR‑764‑3p By targeting SF‑1 Mouse (47)
 miR‑326 Activate c/EBP‑β by upregulating cREB Buffalo (48)
 miR‑214‑3p downregulated cYP19A1 and StAR Pig (48)
 miR‑29a decrease aromatase expression Human (50)
Hormones AMH Inhibit the effect of FSH on estrogen production Pig (42)
 R5020 dose‑dependent inhibition Rat (41)
 Progesterone dose‑dependent inhibition Rat (41)
 Leptin    Antagonism TGFβ Rat (61)
Growth factor EGF Suppress the effects of FSH and cAMP Human (116)
 FGF Reduce the role of cAMP Human (57)
 PdGF Reduce the role of cAMP Human (57)
 HGF destruction of FSH‑induced cAMP‑mediated Rat (59)
Insulin sensitizers Metformin downregulate the aromatase promoter Human (76)
 Rosiglitazone Reduce the effect of aromatase Human (78)
 Pioglitazone Reduce the effect of aromatase Human (78)
 Troglitazone Through nuclear receptor system Human (79)

ESR1, estrogen receptor 1; SF‑1, steroidogenic factor‑1; StAR, steroidogenic acute regulatory protein; AMH, anti‑Müllerian hormone; 
EGF, epidermal growth factor; FGF, fibroblast growth factor; PDGF, platelet‑derived growth factor; HGF, Hepatocyte growth factor.

Figure 2. Regulatory mechanism of aromatase and ‘2‑cell, 2‑gonadotropin hypothesis’. The left panel illustrates that follicles are mainly composed of oocytes, 
granulosa cells and theca cells. Androstenedione and androsterone secreted by theca cells penetrate into granulosa cells and are converted into estrone and 
estradiol by the aromatase in granulosa cells under the stimulation of FSH and LH hormones. A small part acts on the ovaries, and the majority is released 
into the blood, collectively referred to as the ‘2‑cell, 2‑gonadotropin hypothesis’. The right panel mainly introduces the regulatory mechanism of aromatase 
in granulosa cells. FSH and LH bind to receptors and regulate CYP19A1 through PKA pathway. At the same time, IGF‑1 binds to its receptor to activate 
PI3K/Akt, which upregulates the expression of CYP19; T3 cooperates with FSH also to acts on aromatase via PI3K/AKT pathway. The inhibition of the 
hormone‑stimulated ERK with Pd98059 can act on c‑fos, causing the upregulation of CYP19 and the downregulation of CYP17. LH, luteinizing hormone; 
FSH, follicle‑stimulating hormone; ERK, extracellular signal‑regulated kinase; PI3K, phosphoinositide 3‑kinase; PKA, protein kinase A; cAMP, cyclic 
adenosine monophosphate; cEBPB, ccAAT/enhancer‑binding protein beta.
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The abnormal secretion of estradiol from the Gcs 
can result in abnormalities in the target organs, such as 
the breast and uterus (Fig. 4). Based on the literature, the 
expression levels of aromatase in the diseased tissues of the 
endometrium and breast are significantly higher than those in 
normal tissues (99), with adult ovarian cancer patients being 
more prone to endometrial and breast cancer (100). In addi‑
tion, the increased expression of aromatase can also induce 
endometriosis and uterine fibroids in females. In granulosa 
cells, SF‑1 can bind to the cAMP response element and act 
on aromatase promoter II, thereby causing estrogen produc‑
tion (101). Abnormally expressed SF‑1 in endometriosis will 
compete with the aromatase expression inhibitor‑chicken oval‑
bumin upstream promoter‑transcription factor (cOUP‑TF) 
for the same binding site, thereby stimulating the activity of 
aromatase P450 (102). Moreover, glucocorticoids and IL1βcan 
affect the secretion of estrogen by regulating the expression of 
aromatase promoter 1.4, thereby affecting the occurrence of 
uterine fibroids (103).

The estrogen secretion disorder, which induces increase 
in the incidence of PcOS, is the main cause of female infer‑
tility (104). PcOS is mainly manifested as a disease of the 
reproductive dysfunction and endocrine disorders, which 
is mainly characterized by the high levels of androgens and 
anovulation. The hyperandrogenic state of the ovaries of 
patients with PcOS is the main risk factor for the decline of 
aromatase production in luteinized Gcs (105). It has been 
reported that androgens can enhance the FSH effect in granu‑
losa cells by increasing FSHR. When androgen secretion is 
excessive, the high sensitivity of Gcs to FSH causes a large 
increase in AMH, and AMH in turn inhibits the effect of FSH 
on aromatase in follicles (106). Recently, che et al (107) found 

that the highly expressed lncRNA HUPcOS of granulosa cells 
in patients with PcOS can interact with RNA‑binding protein 
with multiple splicing (RBPMS) and inhibit the expression of 
aromatase, thereby mediating the excess of androgen in the 
follicular fluid of PCOS patients Therefore, the decrease in the 
aromatase activity conversely helps maintain high androgen 
levels (102,107). In addition, CYP19A1 and A‑Kinase anchor 
protein 95 (AKAP95) levels are significantly decreased in 
human luteinized Gcs of patients with PcOS. AKAP95 is 
thus likely to act on FSH‑stimulated CYP19A1 (108). All of 
these participate in the pathological mechanism of PcOS. 
Moreover, the abnormal expression of aromatase mRNA in 
Gcs can also induce obesity in women, which is an important 
factor affecting female fertility. It has been reported that leptin 
can induce neuropeptide cocaine‑ and amphetamine‑regulated 
transcript (cART) in Gcs, thereby indirectly inhibiting the 
cAMP levels and the aromatase expression in Gcs, causes 
ovarian dysfunction and reduced fertility (109).

8. Current and future perspectives

Environmental pollution and modification in diets are consid‑
ered to be important elements affecting female fertility and 
health issues. Several diseases have been confirmed in rela‑
tion to estrogen‑secretion disorders in the epidemiology and 
experimental studies. In some patients with estrogen‑depen‑
dent diseases, high levels of estrogen are accompanied by 
the overexpression of aromatase (15). For example, in breast 
cancer treatment, multiple AIs have been developed, such as 
exemestane, anastrozole, letrozole and vorozole. The current 
first‑line treatment for breast cancer mainly uses third‑gener‑
ation AIs (110,111). In addition, AIs have begun to be used in 

Figure 3. Mechanisms of ovarian granulosa cell carcinogenesis. The normal granulosa cells shown in the left panel and the cancerous granulosa cells shown in 
the right panel mainly introduce the carcinogenesis mechanism of the cells. In normal granulosa cells, FSH binds to the receptor and acts through the trimer 
G protein (G) and adenylate cyclase, then, combine to the cRE binding site of CYP19A1 through the protein kinase A pathway, causing increased expression 
of aromatase. In the granulosa cells on the right, the FSH may not depend on the activation of this pathway, and the cancerization mainly originates from the 
mutation of the trimer G protein (G) and the activation of the FSH receptor. In addition, Smad3 in normal granulosa cells cooperates with FOXL2:c134W and 
FBE5 to act on CYP19A1 gene. The mutant FOXL2:C134W in granulosa cell tumors binds to another specific site of CYP19 and recruits unknown proteins, 
causing cell mutations. These are likely to cause abnormal expression of aromatase in granulosa cells and cancerization of cells. FSH, follicle‑stimulating 
hormone; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; cREB, cAMP‑response element binding protein.
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the treatment of estrogen‑regulated diseases, such as ovarian 
cancer and endometrial cancer, as well as inducing ovula‑
tion. Presently, AIs combined with progesterone and GnRH 
agonists are mainly used to treat women with endometriosis, 
along with reducing the risk of ovarian cysts induced by AIs 
alone. However, symptoms, such as pelvic pain may recur 
following AI treatment. For women with polycystic ovary 
syndrome and obesity, letrozole has a higher live birth rate 
compared with clomiphene citrate, and it has been regarded as 
the first‑line therapy of inducing ovulation. Moreover, AIs are 
also a good first choice for women with infertility due to the 
presence of uterine fibroids, the wish to preserve the uterus, or 
being unsuitable for surgery (112).

Although AIs are effective in the treatment of 
estrogen‑dependent diseases and ovulation induction, osteo‑
arthropathy, menopausal symptoms, intestinal discomfort and 
drug resistance, which are easily induced following treatment 
with AIs, remain concerns which require resolutions. A recent 
study designed and synthesized a novel aromatase inhibitor 
based on triazole and imidazole (113). However, the current 
inhibitors are mainly used in the treatment of breast cancer, 
albeit for other steroid‑dependent diseases and female infer‑
tility, and there are a relatively few effective and specific drugs 
available (114,115), which indicates that the search for novel 
AIs and other effective drug targets is crucial.

Gcs, which are the main site of ovarian estrogen produc‑
tion, also generate a large amount of aromatase. Aromatase 
can promote the biosynthesis of estrogen in Gcs, and the 
production of estrogen can promote the follicular development 
of Gcs and inhibit the apoptosis of Gcs. The transcription of 
genes is mainly controlled by the distal promoter I.1 of the 

placenta (at 40 kb upstream of the translation start site) and 
the proximal promoter II of the ovary (8). FSH can regulate 
the expression of aromatase by activating the PKA signaling 
pathway, while simultaneously activating the PI3K (85), 
ERK (87) and other signaling pathways, thereby upregulating 
the expression of CYP19A1. The disadvantage of this approach 
is the lack of substantial research supporting whether the tran‑
sient activation of P38MAPK caused by FSH can also regulate 
the expression of aromatase. In addition, owing to biodiversity, 
individual differences exist in the regulation of aromatase due 
to different factors, which may present new areas of interest in 
future research. Understanding the molecular modifications 
and the mechanisms of action in Gcs that can be targeted 
in the disorders of aromatase secretion for the treatment of 
diseases caused by ovarian hormones is expected to develop 
high‑efficiency, low‑toxic, and side effects of specific drug 
targets.

9. Conclusions

The present article summarized and discussed the regulatory 
characteristics of the CYP19A1 promoter in ovarian Gcs, as 
well as the regulation of aromatase as a downstream effector 
through multiple signaling pathways. The expression of 
aromatase in Gcs is affected by various factors, and it is one 
of the main causes of estrogen‑dependent diseases and PcOS. 
Endocrine‑disrupting substances in the environment can cause 
alteration in the expression of aromatase and affect the normal 
reproduction and sexual differentiation in the human body. 
Furthermore, some insulin sensitizers have been developed as 
AIs for the clinical treatment. Other substances, such as FSH, 

Figure 4. Source of estrogen production and the site of aromatase inhibitor action. In granulosa cells, under the action of aromatase, androstenedione and 
androsterone can be converted into estradiol and estrone. A small part of the secreted estrogen acts on the development of the ovaries; the majority is released 
into the blood circulation and enter the uterus, breast, kidney and other target tissues. In addition to the estrogen source of granulosa cells, androstenedione 
secreted by the adrenal glands can be converted to E1 in tissues such as fat, then it is converted into E2 under the action of 17‑HSD, and finally acts on each 
target tissue from the blood circulation. The uncontrolled regulation of aromatase will cause estrogen secretion disorder, and even cause endocrine disorders of 
ovarian, uterine, breast and other target tissues, and even cancer. However, aromatase inhibitors can downregulate the highly expressed CYP19A1 and interrupt 
the conversion of androgens and androstenedione to estrogen, thus exerting a therapeutic effect on some estrogen‑dependent diseases.
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IGF‑1 and TGFβ have been proven to promote the expression 
of aromatase mRNA and protein, although miRNAs, HGF and 
leptin can partially inhibit or specifically identify the aroma‑
tase promoter and downregulate the aromatase transcription, 
leading to the disturbance in estrogen secretion. Thus, the 
discovery of potential aromatase inhibitor targets is expected 
to provide new directions for the treatment of estrogen‑depen‑
dent diseases and PcOS.
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