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Adropin may regulate ovarian functions by improving antioxidant potential 
in adult mouse 
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A B S T R A C T   

The corpus luteum (CL) is a temporary endocrine gland that synthesizes progesterone. The luteal progesterone 
plays a central role in the regulation of the estrous cycle as well as the implantation and maintenance of 
pregnancy. Our previous study showed the expression of adropin and its receptor, GPR19, in the luteal cells and 
its significant role in luteinization. The aim of the present study was to investigate the in vitro effect of adropin on 
hCG-induced ovarian functions in adult mice. We also evaluated the effect of exogenous treatment with adropin 
on ovarian steroidogenesis and anti-oxidant parameters, with special emphasis on CL function. Our results 
demonstrated that adropin acts synergistically with hCG to promote ovarian steroidogenesis and survival by 
increasing the expression of StAR, 3β-HSD, and aromatase proteins and decreasing the BAX/BCL2 ratio. Exog
enous adropin treatment increased progesterone production by increasing the expression of GPR19, StAR and 3β- 
HSD enzymes in the mouse ovary. Also, adropin inhibited the luteal oxidative stress by increasing nuclear 
translocation of NRF-2 in CL, which resulted in increased HO-1 expression and SOD, catalase activity. Decreased 
oxidative stress might inhibit the translocation of NF-κB into the nucleus of luteal cells, resulting into increased 
survival and decreased apoptosis, as evident by decreased lipid peroxidation, BAX/BCL2 ratio, caspase 3, active 
caspase 3 expression, and TUNEL-positive cells in adropin treated mice. Our findings suggest that adropin can be 
a promising candidate that can enhance the survivability of the CL.   

1. Introduction 

Female reproductive functions are under the control of pituitary 
gonadotropins. These gonadotropins act on the ovary to regulate ste
roidogenesis and folliculogenesis. The development of follicles is a long 
process, and increased steroidogenesis during follicular growth leads to 
enhanced expression of steroidogenic cytochrome P450 enzymes, which 
is the source of reactive oxygen species (ROS) [1]. Meanwhile, the ovary 
has a wide range of antioxidant systems that ensure the production of 
ROS in a controlled manner. The nuclear factor erythroid 2- related 

factor 2 (NRF-2) and nuclear factor-kappa B (NF-κB) are the two key 
transcriptional factors that regulate cellular redox homeostasis [2]. 
Studies revealed that the deletion of NRF-2 in mice leads to a decrease in 
the number of ovarian follicles, which in turn accelerates ovarian aging 
[3]. Luo et al., 2022 reported that a lack of NF-κB signaling promotes 
the death of granulosa cells, which further causes premature ovarian 
failure [4]. However, a considerable amount of ROS is required to 
perform various ovarian activities like folliculogenesis, oocyte matura
tion, fertilization, and implantation [5]. ROS plays a crucial role in 
regulating the lifespan of the corpus luteum (CL) and maintaining its 
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structural and functional integrity throughout the estrous/menstrual 
cycle [6]. Oxidative stress condition occurs when the equilibrium of ROS 
and anti-oxidants is disrupted. This affects female reproductive pro
cesses and initiates pathological disorders like CL dysfunction, embry
onic reabsorption, recurrent pregnancy loss, endometriosis, 
preeclampsia, and PCOS [5,7–9]. Supplementation with antioxidants 
has been shown to improve ovarian function by balancing ROS [10]. 

Adropin, a highly conserved peptide hormone, was identified in 
2008 by Kumar and colleagues [11]. The majority of studies have sug
gested that it plays an important role in the regulation of metabolic 
homeostasis, mainly glucose and lipid metabolism. Serum adropin level 
is modulated by body mass index (BMI), diet, and sex [12,13]. The 
human studies showed the inverse correlation of adropin with BMI [14]. 
Also, circulating adropin is found to be lower in women than in men 
[14]. Adropin has been shown to improve hepatic glucose metabolism 
and insulin sensitivity by suppressing glucose production in HFD mice 
[15]. Furthermore, adropin also targets muscles and adipose tissue to 
maintain carbohydrate and fatty acid metabolism. In muscle, adropin 
activates pyruvate dehydrogenase (PDH) and suppresses carnitine 
palmitoyltransferase-1B (CPT-1B), indicating that it promotes glucose 

utilization by enhancing glycolysis [16]. Adropin treatment reduces 
proadipogenic gene expression and intracellular lipid content during 
preadipocyte differentiation into mature adipocytes, indicating that it 
controls white adipogenesis [17]. Apart from the role of adropin in 
energy homeostasis, this peptide also improves the function of endo
thelial cells and cardiac metabolism [18–20]. Adropin is reported to be 
expressed in Leydig cells and improves testicular functions by promoting 
insulin-stimulated steroidogenesis [21]. Furthermore, recent findings 
show that adropin enhances NRF-2 transcriptional activity and increases 
antioxidant responses, thus playing a beneficial role against liver dam
age [22]. 

Several peptides that control metabolic response and energy ho
meostasis have been shown to have a considerable impact on ovarian 
function, e.g., adiponectin, chemerin, and resistin [23–25]. Since the 
evidence collectively demonstrated that adropin is an energy homeo
stasis molecule and exerts a protective role by regulating the NRF2-ROS 
pathway, we hypothesized that adropin may regulate ovarian function 
by protecting the gonad from oxidative damage. Therefore, the aim of 
this study was (a) To elucidate the in vitro effect of adropin together with 
hCG on steroid production; (b) To investigate the effect of exogenous 

Table 1 
List of antibodies that are used for Western blot and immunofluorescence study.  

S.No. Antibody Host species; Class Source Catalogue no. Dilutions  

1 StAR Rabbit; Polyclonal Santa Cruz Biotechnology SC 25806 1:1000 (WB)  
2 CYP11A1 Rabbit; Polyclonal Cell Signaling Technology, Inc. 14217 1:1000 (WB)  
3 3β-HSD Rabbit; Polyclonal Thermo Fisher Scientific Inc. PA5–27791 1:800 (WB)  
4 Aromatase Rabbit; Polyclonal Abcam ab18995 1:800 (WB)  
5 GPR19 Rabbit; Polyclonal G Biosciences ITA5843 1:500 (WB)  
6 BAX Rabbit; Polyclonal Cell Signaling Technology, Inc 2772 1:800 (WB)  
7 BCL2 Rabbit; Monoclonal Cell Signaling Technology, Inc 3498 1:800 (WB)  
8 NF-κB p65 Rabbit; Recombinant Polyclonal Thermo Fisher Scientific Inc. 710048 1:500 (WB) 

1:200 (IF)  
9 NRF-2 Rabbit; Recombinant Polyclonal Thermo Fisher Scientific Inc. 710574 1:500 (WB) 

1:200 (IF)  
10 HO-1 Rabbit; Polyclonal Cell Signaling Technology, Inc 70081 1:1000 (WB)  
11 Caspase 3 Rabbit; Polyclonal BIOSS BS-0081R 1:800 (WB)  
12 β-Actin Mouse; Monoclonal HRP-tagged Sigma Aldrich A3854 1: 50000 (WB)  
13 Rabbit IgG Goat GeNei 1140380011730 1:4000 (WB)  
14 Alexa Fluor 488 Rabbit IgG Goat; Polyclonal Abcam ab150077 1:300 (IF)  

Fig. 1. A schematic diagram illustrating the experimental design for investigating the function of adropin in the ovaries of reproductively active adult mice.  
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treatment of adropin on steroidogenesis and anti-oxidative parameters 
in the ovary of adult mice. 

2. Materials and method 

2.1. Animals 

All the experiments were performed in accordance with guidelines 
adopted by the Committee for Control and Supervision of Experiments 
on Animals (CPCSEA) and approved by the Institutional Animal Ethical 
Committee, Institute of Science, Banaras Hindu University, Varanasi, 
India (BHU/ DoZ/ IAEC/2019–20/034). Female Swiss strain mice were 
kept in the animal house of the Department of Zoology, Banaras Hindu 
University, under a standard condition, fed with pelleted food (Mona 
Laboratory Animal Feeds, Varanasi, India), and water ad libitum. 
Reproductively active adult female mice (12–15 weeks) were used in our 
experiment. The estrous cycle was tracked using the careful examination 
of vaginal cytology. Mice that had at least two consecutive regular 
estrous cycles were chosen for the experiments. 

2.2. Peptide 

The bioactive adropin peptide (34− 36) was purchased from NovoPro 
Bioscience Inc., Shanghai, China (Catalog: 314322). The lyophilized 
peptide was reconstituted in Milli-Q water. All general chemicals uti
lized in this study were purchased from Merck, India. The details of the 
antibodies are listed in Table 1. 

2.3. Experimental design 

A schematic diagram of the experimental design is shown in Fig. 1. 

2.3.1. Experiment 1: In vitro study 
An in-vitro study was performed to find out the direct role of adropin 

together with the hCG on adult mice ovaries (weighing 5-7 mg). Female 
mice (n = 10/group) were sacrificed in the estrus phase by using mild 
anesthesia xylazine (8 mg/kg)/ ketamine (60 mg/kg). Ovaries were 
collected and cleaned in Dulbecco modified Eagle’s medium (DMEM; 
Himedia, Mumbai, India). The ovaries were cultured in a culture me
dium prepared by the mixing of DMEM and Ham’s F12 (1:1; v- v), 
having penicillin (100 U/ml), streptomycin (100 µg/ml), and 0.1% BSA. 
The ovaries were initially incubated for 2 h at 37◦C. After that, ovaries 
were cultured with fresh 1 ml of culture medium (supplemented with 
hCG (1 IU/ml)) without or with different doses of adropin (10 ng/ml 
(2.223 nmol/liter) and 100 ng/ml(22.23 nmlo/litre) at 37 ◦C in a hu
midified atmosphere with 95% air and 5% CO2 for 24 hours. The 
experiment was repeated three times. In the end, the ovaries were 
collected, PBS-washed, and stored at − 20◦C for a Western blot study. 
The media were also kept at − 20 ◦C for steroid hormone assay. Doses of 
adropin were selected on the basis of previous studies [26,27]. 

2.3.2. Experiment 2: In vivo study 
In vivo study was performed to examine the effect of adropin on 

ovarian function. For this, the reproductively active adult females 
(12–15 weeks; 28–30 gm b.w.) mice were divided into two groups (n=
10/group). The vehicle control (VC) group mice were injected with 
vehicle, i.e., Milli-Q water only. Whereas, adropin-treated (ADR) group 
mice were administered with 450 nmol/kg body weight adropin. Mice 
were fasted overnight before starting the experiment. Vaginal cytology 
was examined, and doses were given in the estrus phase of the estrous 
cycle. The three intraperitoneal injections of adropin were given at the 
interval of 6 hours. The mice were sacrificed after two hours of the last 
injection by mild anesthesia xylazine (8 mg/kg)/ketamine (60 mg/kg). 
Ovaries were excised and cleaned from any adherent fat bodies. Five 
ovaries of each group (one from each mouse) were fixed in Bouin’s 
fixative for histological examination. The rest of the ovaries were kept at 

− 20 ◦C for immunoblots. The serum was isolated from the blood and 
kept at − 20 ◦C for steroid hormones assay. Doses of adropin and 
administration protocol were chosen based on prior studies [16,28]. 

2.4. Histological analysis 

Bouin’s fixed ovaries were dehydrated with different grades of 
ethanol, cleared with xylene, and embedded in paraffin wax. Ovaries 
were serially sectioned at 6 µm with a microtome and spread on poly L- 
lysine coated slides. Further, these slides were processed for 
hematoxylin-eosin and immunofluorescence staining. 

2.5. Immunofluorescence (IF) detection of NRF-2 and NF-κB 

Ovarian sections were deparaffinized in xylene, hydrated in 
descending grades of alcohol, and washed with 0.1 M PBS (pH 7.4). 
Antigen retrieval was performed by microwave heating at 750 W in 
10 mM citrate buffer (pH 6.0) for 10 min. The sections were washed 
thrice with 0.1 M PBS for 5 min each, followed by the blocking of 
endogenous peroxidase activity with 3% H2O2 in methanol for 20 min. 
After washing with 0.1 M PBS, sections were incubated with blocking 
serum for 2 hours, followed by overnight incubation with a primary 
antibody. Afterward, sections were washed thrice with 0.1 M PBS for 
10 min each, followed by 2 hours of incubation with Alexa Fluor 488 
goat anti-rabbit secondary antibody at room temperature in a dark 
chamber. The slides were again washed with 0.1 M PBS, mounted with 
DABCO, and visualized with a laser scanning super-resolution micro
scope (Leica, Germany). The quantitation of immunostaining was per
formed using Zen microscopy software version 3.9 (Zeiss) to calculate 
the mean intensity value of the fluorescent signals at ten randomly 
selected nuclei/cytoplasmic areas in each image. 

2.6. Immunoblot 

10% ovarian homogenate was prepared from pooled ovarian samples 
in a suspension buffer (0.01 M Tris pH 7.6, 0.001 M EDTA pH 8.0, 0.1 M 
NaCl, 1 µg/ml aprotinin, 100 µg/ml PMSF). Protein isolation and 
Western blotting were carried out as described previously by Maurya & 
Singh, 2022 [29]. The total protein content was determined by the 
Bradford method [30]. After that, an equal amount of proteins (60 µg) 
were run on 12% SDS-PAGE gel. The separated proteins were electro
phoretically transferred from gel to PVDF membrane overnight at 50 
volts, 4◦C. After confirming the transfer efficiency of protein by Pon
ceau- S, the membrane was blocked with phosphate-buffered saline 
(0.01 M, pH 7.4; NaH2PO4 16 mM, Na2HPO4 64 mM, NaCl 154 mM, 
0.02% Tween 20) containing 5% fat-free milk for 1 h followed by 3 h 
incubation with primary antibody. Thereafter, membrane was washed 
thrice (10 minutes each) with PBS-Tween20 and then incubated with a 
secondary antibody for 2 h. Afterward, the membrane was washed again 
with PBS- Tween 20 for three times (10 minutes each), followed by 
signal development by using enhanced chemiluminescence (ECL) 
detection kit (Biorad, USA) on X-ray film. The resulting bands were 
analyzed and quantified by Image- J software (Image J, USA). 

2.7. Serum hormone assay: progesterone (P4) and Estradiol (E2) 

ELISA kits for the measurement of P4 and E2 were purchased from 
Diametra (Lot no. DKO006/DKO003), and experiments were performed 
as per the manufacturer’s protocols. For the assay, 20 µl and 25 µl of 
standard or sample were added in each well of P4 and E2 ELISA plate, 
respectively, followed by the addition of 200 µl of enzyme conjugate 
solution. Then, P4 and E2 ELISA plates were incubated at 37◦C for 
around 1 h and 2 h, respectively. After that, contents were removed 
from each well and washed thrice with wash buffer. Then, 100 µl tet
ramethyl benzidine solution was added to each well, and P4 and E2 
ELISA plates were kept in a dark chamber for 15 and 30 minutes, 
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respectively. Finally, 100 µl of 0.2 M sulphuric acid was added to stop 
the reaction, and absorbance was taken at 450 nm. 

2.8. Evaluation of antioxidant enzyme activities 

The activity of superoxide dismutase (SOD), catalase (CAT), and 
level of lipid peroxidation (LPO) was measured in the ovary. Ovary was 
pooled, and homogenate (10% w/v) was prepared in ice-cold PBS 

(0.01 M, pH 7.6). Then, the homogenate was centrifuged at 12000 g at 
4◦C for 30 min, and the supernatant was collected. Ovarian protein 
content was estimated by the Bradford method. 

2.8.1. SOD activity assay 
The SOD activity was determined according to Das et al., 2000 [31]. 

The 100 µl of processed supernatant was treated with 1.4 ml of reaction 
mixture [1.1 ml PBS (50 mM) pH 7.6, 80µl L-Methionine (20 mM), 80 µl 

Fig. 2. Effect of in vitro treatment of adropin (10 and 100 ng/ml) supplemented with hCG (1 IU/ml) on (A) media progesterone and (B) media estradiol concen
trations. (C) Representative immunoblots and densitometric analysis of steroidogenic proteins, namely steroidogenic acute regulatory protein (StAR), CYP11A1, 3β- 
hydroxysteroid dehydrogenase (3β-HSD), and aromatase in mice ovary treated with adropin (10, 100 ng/ml) together with hCG. Data are represented as mean or 
IRDV±SEM (n=3), analyzed by one-way ANOVA followed by the post-hoc Bonferroni test. A bar with distinct superscript (*, #) denoted that there is a significant 
difference (p<0.05) between the mean values. β-actin is used to normalize the results of immunoblots. IRDV, Integrated relative density value. 
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hydroxylamine hydrochloride (10 mM), 40 µl Triton-x-100 (1% v/v)] 
and incubated for 5 min at 37◦C. Thereafter, 80 µl of Riboflavin (50 µM) 
was added to each sample in red light and kept in SOD illuminated light 
box for 10 min. Finally, 1 ml of freshly prepared Griess reagent (1% 
sulphanilamide, 5% orthophosphoric acid, 0.1% N-(1- napthyl) ethyl
enediamine dihydrochloride) was added to each sample tube and 
absorbance was taken at 543 nm by using a multimode microplate 
reader (Synergy H1; Biotek Instruments, Winooski, VT, USA). Enzyme 
activity was expressed as units (U)/mg of proteins. 

2.8.2. CAT activity assay 
The CAT activity in ovarian tissue was estimated according to Sinha, 

1972 [32]. The 1 ml of supernatant was added to the mixture of 4 ml 
H2O2 (0.8 M) and 5 ml PBS (0.01 M). Then, this mixture was incubated 
for 1 min. After that, an aliquot of 1 ml from the above mixture was 
taken, and 2 ml of acidic potassium dichromate solution was added. This 

final mixture was incubated for 10 min in the hot water bath (95◦C). 
After cooling, the absorbance was noted at 570 nm using a multimode 
microplate reader (Synergy H1; Biotek Instruments, Winooski, VT, 
USA). The activity of CAT was represented as the amount of H2O2 
depleted/min/mg of protein. 

2.8.3. LPO assay 
Lipid peroxidation (LPO) was estimated according to Ohkawa et al., 

1978 [33]. The 0.2 ml of supernatant was mixed with 3.3 ml of thio
barbituric acid (TBA) reagent [0.2 ml sodium dodecyl sulphate (8%), 
1.5 ml acetic acid (20%) at pH 3.5, 1.5 ml TBA (0.8%), 0.1 ml butylated 
hydroxyl toluene (0.8%)] and incubated for 1 h in the hot water bath 
(95◦C). Thereafter, the reaction mixture was cooled and centrifuged at 
500 x g for 10 min at 4◦C. The supernatant containing malonaldehyde 
(MDA)-TBA byproduct was measured at 532 nm using a multimode 
microplate reader (Synergy H1; Biotek Instruments, USA). 

Fig. 3. Representative immunoblots and densitometric analysis of (A) BAX and BCL2 proteins in adropin-treated ovaries (10, 100 ng/ml) supplemented with hCG 
(1 IU/ml) for 24 hours. (B) The bar graph represents the BAX/BCL2 ratio (in %) in hCG- induced adropin treated adult mice ovary. Data are expressed as IRDV±SEM 
(n= 3), analyzed by one-way ANOVA followed by the post-hoc Bonferroni test. A bar with distinct superscript (*, #) denoted that there is a significant difference 
(p<0.05) between the mean values. β-actin is used to normalize the results of immunoblots. IRDV, Integrated relative density value. 
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2.9. Terminal deoxynucleotidyl transferase-mediated dUTP nick end 
labeling (TUNEL) assay 

TUNEL assay was performed in the paraffin section by using Elabs
cience TUNEL in situ apoptosis kit (catalog no: E-CK-A331, Elabscience 
Biotechnology Inc., Texas, USA) according to the manufacturer’s pro
tocol. Briefly, ovarian sections were deparaffinized in xylene, hydrated 
in graded ethanol (absolute, 90%, 70%, 50%), washed in 0.1 M PBS, and 
incubated in proteinase K at 37 ◦C for 20 min. Then, the sections were 
washed with 0.1 M PBS for three times of 5 min each and immersed in a 
blocking buffer (3% hydrogen peroxide in methanol) at room temper
ature for 20 min. Sections were initially incubated in TdT equilibration 
buffer at 37 ◦C for 20 min, followed by incubation in 50 µl TdT enzyme 
working solution (40 µl TdT equilibration buffer, 5 µl Biotin-dUTP, 5 µl 
TdT enzyme) at 37 ◦C for 1 h with shaded light in a humidified chamber. 
After rinsing with 0.1 M PBS, the sections were incubated in 100 µl 
streptavidin-HRP working solution at 37 ◦C for 30 min with shaded light 
in a humidified chamber. The sections were again washed with 0.1 M 
PBS and incubated with 3, 3’- diaminobenzidine (DAB) solution for 
1–5 min. After rinsing with 0.1 M PBS, the sections were counterstained 
with hematoxylin staining solution, dehydrated in graded ethanol (70%, 
90%, and absolute) for 10 min each, cleared in xylene, and mounted 
with Dibutylphthalate Polystyrene Xylene (DPX). The apoptotic cells 
were observed and photographed under a light microscope (Nikon, 
Tokyo, Japan). 

2.10. Statistical analysis 

All the statistical analyses were performed using SPSS version 16 
software (SPSS Inc, IBM, Chicago, IL, USA). The significance of mean 
values among hCG-supplemented adropin-treated groups (10, 100 ng/ 

ml) was determined by one-way ANOVA followed by the post-hoc 
Bonferroni test. The mean values of VC and ADR mice were compared 
using an unpaired t-test. Data were presented as mean± SEM, while 
densitometric data were expressed as the mean of integrated relative 
density value (IRDV) ±SEM. The data were considered statistically sig
nificant if p<0.05. 

3. Results 

3.1. Experiment 1: effect of in vitro treatment of adropin (ADR) together 
with hCG on adult mice ovary 

3.1.1. Changes in media steroid concentration and expression of 
steroidogenic markers in the ovary 

The culture of adult mice ovary with ADR along with hCG showed a 
significant increase in P4 level (p= 0.004) at 10 ng/ml, while no change 
was recorded at 100 ng/ml ADR dose in comparison with the VC 
(Fig. 2A). On the other hand, both the ADR doses showed a significant 
(p<0.001) increase in media E2 concentration as compared to the VC 
(Fig. 2B). The effect of different doses of ADR in hCG-stimulated ovarian 
culture showed a dose-dependent significant (p<0.001) increase in the 
expression of StAR, 3β-HSD, and aromatase protein as compared to the 
VC. A significant increase was noted in CYP11A1 expression at both 
10 ng/ml (p=0.010) and 100 ng/ml (p= 0.002) doses of ADR in com
parison with the VC (Fig. 2C). 

3.1.2. Changes in the expression of pro- and anti-apoptotic markers 
expression in the ovary 

The effect of in vitro treatment of ADR on the ovarian expression of 
BAX and BCL2 in the mice is shown in Fig. 3. Densitometric analysis of 
immunoblot of BCL2 (anti-apoptotic) protein showed a significant (p<

Fig. 4. Representative images of ovaries (stained with hematoxylin-eosin) of reproductively active adult mice are showing no histological changes after the 
exogenous treatment of adropin (450 nmol/kg b.w.). (A-B) Ovary of VC mice; (C-D) Ovary of ADR mice. Figs. A and C are shown in 4x magnification, whereas Figs. B 
and D are shown in 10x magnification. Abbreviations: CL- Corpus luteum; TIC- theca interstitial cells; VC- vehicle control; ADR- adropin treated group (450 nmol/kg 
b.w.). 
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0.001) dose-dependent increase in ADR ovary as compared to VC. We 
also found a significant increase in BAX (pro-apoptotic) protein 
expression at both doses of ADR as compared with the VC (Fig. 3A). 
However, the ratio of BAX/BCL2 protein was noted to be significantly 
declined at 100 ng/ml (p= 0.010) ADR dose as compared to the VC 
(Fig. 3B). 

3.2. Experiment 2: effect of intraperitoneal administration of adropin 
(ADR) in the mice- in vivo study 

3.2.1. Changes in the ovarian histology 
The mice treated with exogenous ADR showed no marked histo

architecture variations in the ovary (Fig. 4). 

Fig. 5. Effect of adropin treatment (450 nmol/kg b.w.) on circulating (A) progesterone and (B) estradiol concentration in adult mice. (C) Representative immu
noblots and densitometric analysis of ovarian steroidogenic proteins, namely steroidogenic acute regulatory protein (StAR), cytochrome P450 side chain cleavage 
enzyme (CYP11A1), 3β-hydroxysteroid dehydrogenase (3β-HSD), and aromatase in VC and ADR mice. Data are expressed as mean or IRDV ±SEM (n=3), analyzed by 
unpaired t-test. A bar with a (*) superscript indicates a statistically significant (p<0.05) difference between the mean values of VC and ADR. β-actin is used to 
normalize the results of immunoblots. IRDV, integrated relative density value; VC, Vehicle control; ADR, adropin-treated group. 
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3.2.2. Circulating steroid level and ovarian expression of steroidogenic 
markers 

The intraperitoneal treatment of ADR (450 nmol/kg body weight) 
showed a significant increase in serum P4 (p= 0.008; Fig. 5A) while E2 
(p<0.001; Fig. 5B) concentration was significantly decreased as 
compared to the VC. Densitometric analysis of steroidogenic enzymes 
showed a marked variation in ADR mice ovary (Fig. 5C). A significant 
increase was noted in the expression of StAR (p= 0.028) and 3β-HSD 
(p<0.001), while a significant decrease was observed in the ovarian 
expression of CYP11A1 (p= 0.004) and aromatase (p<0.001) in the 
ovary of ADR group as compared to the VC. 

3.2.3. Ovarian antioxidant enzyme activity and lipid peroxidation 
A significant rise in the activity of SOD (p<0.001; Fig. 6A) and CAT 

(p= 0.023; Fig. 6B) was noted in the ovary of ADR mice as compared to 
the VC. On the other hand, the level of lipid peroxidation (MDA content) 
was found to be significantly (p= 0.002) decreased in the ovary of ADR 
with respect to the VC (Fig. 6C). 

3.2.4. Ovarian expression of GPR19, NF-κB, NRF-2, HO-1, BAX, BCL-2, 
caspase 3 proteins and TUNEL positive cells 

Densitometric analysis of Western blot revealed a significant increase 
in expression of GPR19 (p<0.001; Fig. 7A), NF-κB (p<0.001; Fig. 7B), 
NRF-2 (p= 0.020; Fig. 7C), HO-1(p<0.001; Fig. 7C) and BCL2 (p<0.001;  
Fig. 9A) in the ovary of ADR mice in comparison to the VC. On the other 
hand, a significant reduction (p<0.001) in the ovarian expression of 
BAX (Fig. 9A), caspase 3 (Fig. 9B), and cleaved caspase 3 (Fig. 9B) 
protein was noticed in the ADR group with respect to the VC. It was also 
observed that the ratio of BAX/BCL2 significantly (p<0.001) decreased 
in the ADR group as compared to the VC group (Fig. 9C). Further, 
apoptosis was assessed by performing the TUNEL assay. Positive signals 
were detected in the nucleus of apoptotic cells. We observed more 
TUNEL-positive signals in the luteal cells of the ovary of VC mice. 
However, very few or no TUNEL-positive cells were seen in the CL of the 
ADR ovary (Fig. 8A and B). 

3.2.5. Immunofluorescence detection of NF-κB and NRF-2 proteins 
The immunofluorescence visualization of NF-κB protein showed its 

distinct localization in luteal cells of VC and ADR ovary. In the VC ovary, 
NF-κB protein was detected in the nuclei of luteal cells, also we observed 

Fig. 6. Effect of exogenous administration of adropin (450 nmol/kg b.w.) on ovarian antioxidant status (A) superoxide dismutase (SOD) activity, (B) catalase ac
tivity, (C) lipid peroxidation level in reproductively active adult mice. Data are expressed as mean ±SEM (n=3). A bar with a (*) superscript indicates a statistically 
significant (p<0.05) difference between the mean values of VC and ADR groups. VC, Vehicle control; ADR, adropin-treated group. 
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Fig. 7. Representative immunoblots and densitometric analysis of ovarian (A) GPR19, (B) NF-κB, (C) NRF-2 and HO-1 proteins in adult VC and ADR mice. Data are 
expressed as IRDV ± SEM (n=3), analyzed by unpaired t-test. A bar with a (*) superscript indicates a statistically significant (p<0.05) difference between the mean 
values of VC and ADR groups. VC, Vehicle control; ADR, adropin-treated (450 nmol/kg b.w.) group. 
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significantly (p<0.001) high fluorescent signals in the nucleus as 
compared to the cytoplasm of the luteal cell. Moreover, the CL of the 
ADR ovary showed a shift in localization from the nucleus to the cyto
plasm of the luteal cells (Fig. 8C and D). As a result, we noted signifi
cantly (p<0.001) high fluorescent signals in the cytoplasm as compared 
to the nuclei of the luteal cells (Fig. 8G). However, the localization of 
NRF-2 in the luteal cells of VC and ADR ovaries differed. The presence of 
NRF-2 was restricted mainly in the cytoplasm of luteal cells in VC as we 
observed significantly (p<0.001) high fluorescent intensity in the luteal 
cytoplasm as compared to the nuclei of the CL. In contrast, the quanti
fication of the immunofluorescence study showed the high fluorescent 
intensity of NRF-2 in the nuclei as compared to the cytoplasm of luteal 
cells in the CL of ADR ovary (Fig. 8E-G ). 

3.2.6. Correlation analysis 
The statistical relationship between GPR19 and various oxidative 

stress parameters was assessed by performing Pearson’s correlation. We 
noticed a significant positive correlation of GPR19 with the ovarian SOD 
(r = 0.988) and CAT (r = 0.874) activities, whereas a negative corre
lation was found with the LPO (r = − 0.960). Furthermore, changes in 
the integrated relative density value (IRDV) of GPR19 immunoblot was 
correlated with the circulating P4 and IRDV of 3β-HSD, NRF-2, HO-1, 
BAX, BCL2, and cleaved caspase 3 proteins. GPR19 showed a significant 
positive correlation with the serum P4(r = 0.882), 3β-HSD (r = 0.967), 
NRF-2 (r = 0.822), HO-1 (r = 0.954), and BCL2 (r = 0.949) proteins, 
while negative correlation with the BAX protein (r = − 0.989) and 
cleaved caspase 3 (r = − 0.990) (Table 2). 

Fig. 8. (A-B) TUNEL assay and immunofluorescence detection of (C-D) NF-κB and (E-F) NRF-2 proteins in the paraffin-embedded sections of the ovary of adult mice 
treated with adropin (450 nmol/kg b.w.). (G) Quantitation of the immunostaining of NF-κB and NRF-2 in the nucleus and cytoplasm of luteal cells. Bars represents 
mean ± SEM. (A, C, E) corpus luteum of VC mice ovary; (B, D, F) corpus luteum of the ADR mice ovary. Scale bar: 10 µm (A-B) and 20 µm (C-F). Red arrow shows 
apoptotic cell, orange arrow shows nucleus, pink arrow shows cytoplasm. (*) symbol indicates a statistically significant (p<0.05) difference between the mean values 
of nucleus and cytoplasm of luteal cells. 
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4. Discussion 

The current study is an extension of our previous study in which we 
observed intense immunoreactivity of adropin and its putative receptor, 
GPR19, in corpus luteum, and in vitro treatment of adropin resulted into 
increased expression of markers associated with CL formation and its 
function [27]. This study explores the in-vitro effect of adropin on 
hCG-induced ovarian function, and the in-vivo effect of exogenous 
treatment of adropin on ovarian function was also evaluated with spe
cial emphasis on CL functions. 

hCG is a well-known hormone that is involved in the maintenance of 
corpus luteum function, and in mice, it affects pituitary and ovarian 

hormones in a similar manner to that observed in humans [34]. So, in 
order to find out the role of adropin on hCG-induced ovarian function, 
an in-vitro study was performed in which ovaries were cultured with 
different concentrations of adropin (10,100 ng/ml adropin) along with 
hCG. Our result demonstrated that adropin, along with hCG, induces 
steroidogenesis markers StAR, 3β-HSD, and aromatase expression, 
leading to increased P4 and E2 synthesis, and it also decreases 
BAX/BCL2 ratio in mice ovary. These results clearly indicated that 
adropin acts synergistically with hCG to promote steroid hormone syn
thesis and survival of ovarian cells in mice. So, it would be quite inter
esting to observe the effect of adropin on corpus luteum survival and 
function in in-vivo system. 

Fig. 9. Representative immunoblots and densitometric analysis of (A) BAX and BCL2, (B) Caspase 3 and cleaved caspase 3 proteins in VC and ADR group. (C) The bar 
graph shows the BAX/BCL2 ratio (in %) in the ovary of adropin-treated adult mice. Data are expressed as IRDV±SEM (n= 3), analyzed by unpaired t-test. A bar with a 
(*) superscript indicates a statistically significant (p<0.05) difference between the mean values of VC and ADR groups. VC, Vehicle control; ADR, adropin-treated 
(450 nmol/kg b.w.) group. 
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In order to find out in-vivo effect of adropin on ovarian function, 
adult female mice were treated with adropin (450 nmol/kg b.w). First, 
we examined the effect of adropin on ovarian steroidogenesis. Adropin 
treatment resulted into a significant increase in StAR and 3β-HSD 
enzyme expression, while CYP11A1 and aromatase expression was 
decreased. So, adropin treatment resulted into increased P4 and 
decreased E2 synthesis. It is difficult to explain the discrepancy between 
increased P4 and decreased CYP11A1 expression. Stocco et al., 2001 
reported that LH-mediated decreased P4 production is due to decreased 
StAR and 3β-HSD, without affecting P450SCC gene expression [35]. We 
gave adropin treatment at three-time points in single day. A longer 
duration of treatment may clarify the regulation of SCC protein 
expression by adropin. 3β-HSD enzyme converts pregnenolone into 
progesterone [36], while aromatase is responsible for the conversion of 
testosterone into estradiol [37]. These finding clearly indicate that 
adropin promotes P4 synthesis by elevating the expression of 3β-HSD 
while decreases E2 synthesis by inhibiting aromatase expression. CL is 
regarded as the main site for P4 synthesis [38], and various studies have 
reported that estrogen can shorten the luteal life span and stimulate the 
luteolytic pathway in various species, including rodents [39–41]. So, 
increased P4 and decreased E2 in adropin-treated mice ovary is indic
ative of its possible positive role in CL survival and maintenance. The 
differences in the effects of adropin on ovarian steroidogenesis may be 
due to the fact that adropin has a direct impact on the gonad when it is 
administered in vitro, whereas when it is administered in vivo, the effects 
may be mediated both indirectly through the 
hypothalamus-pituitary-ovary axis as well as directly on the ovary. 

CL is a very active site for steroidogenesis and has intense vascula
ture, providing easy release of P4 directly into the circulation [42]. 
Because of the vast blood vessel network and steroidogenic activity, CL 
is considered to be highly susceptible to locally generated ROS [43], and 
ROS accumulation is associated with luteal regression [44–48]. So, in 
second part, we examined the effect of adropin on antioxidant potential 
of the mice ovary. Exogenous adropin treatment resulted into increased 
expression of GPR19, NRF-2, HO-1, and NF-κB along with increased SOD 
and catalase activity but decreased LPO in mice ovary. NRF-2 is a 
transcription factor and is a key sensor of oxidative stress [49]. Upon 
exposure of cells to oxidative stress, NRF-2 undergoes translocation to 
the nucleus and binds with the antioxidant response element (ARE), 
thereby facilitating the activation of phase II antioxidant enzymes and 

antioxidant proteins such as heme oxygenase 1 (HO-1), SOD (Superox
ide dismutase), CAT (Catalase) [50,51]. SOD facilitates the dismutation 
of superoxides (O2

- ) into elemental oxygen and H2O2, thereby neutral
izing free radicals [52], while CAT protects cells from H2O2 toxicity by 
breaking it down into H2O [53]. Western blot and IF study clearly 
indicated increased expression and migration of NRF-2 in the nucleus of 
luteal cells in adropin treated mice ovary. Lipid peroxidation (LPO) is 
one of the consequences of oxidative stress, resulting in a loss of plasma 
membrane structure and functions [54]. The correlation study revealed 
a significant positive correlation of GPR19 with NRF-2, HO-1, SOD, and 
catalase, while LPO was found to be negatively correlated. Altogether, 
these findings clearly indicate that adropin promotes antioxidant po
tential by mediating the translocation of NRF-2 into the nucleus of luteal 
cells. Furthermore, we also observed significantly decreased BAX/BCL2 
ratio, caspase 3, active caspase 3 expression, and TUNEL-positive luteal 
cells in adropin-treated mice ovary. Interestingly, the Western blot study 
revealed the increased expression of NF-κB, but the IF study clearly 
confirmed the decreased localization of NF-κB in the luteal cell nucleus 
of adropin-treated mice ovary. NF-κB is a redox-sensitive transcription 
factor that shows biphasic or bidirectional regulation by ROS [55]. It 
plays an important role in the regulation of immune responses, placental 
development, cellular growth and proliferation, apoptosis, and survival 
[56,57]. According to studies, rapid and early activation of NF-κB is 
advantageous for cells to combat ROS by reinforcing survival signals. 
While sustained, continuous activation of NF-κB results in apoptosis 
[55]. According to Kabe Y et al., 2005, ROS stimulates the NF-κB 
pathway by translocating it from the cytoplasm to the nucleus [58], and 
ROS-mediated apoptosis has been reported to be fundamental in 
determining the CL lifespan across various mammalian species [6, 
59–61]. Overall, these findings clearly demonstrated that adropin in
hibits oxidative stress by promoting anti-oxidant enzyme activity via 
NRF-2 mediated pathway, and decreased oxidative stress inhibited the 
translocation of NF-κB into the luteal cell nucleus, resulting in increased 
survival and decreased apoptosis of luteal cells. 

5. Conclusion 

In conclusion, in-vitro results confirmed that adropin acts synergis
tically with hCG and upregulates steroidogenesis (E2 & P4) and ovarian 
cell survival by increasing the expression of StAR, CYP11A1, 3β-HSD, 
aromatase, and decreasing BAX/BCL2 ratio. Exogenous treatment of 
adropin enhances P4 production by increasing the expression of StAR, 
3β-HSD. Adropin treatment reduces oxidative stress by increasing the 
antioxidant proteins and enzymes, including NRF-2, HO-1, BCL2, SOD, 
and catalase. Adropin also inhibits the nuclear translocation of NF-κB, 
that may result into decreased BAX/BCL2 ratio, caspase 3 & active 
caspase 3 expression, and TUNEL-positive cells, resulting into decreased 
luteal cell apoptosis. Overall, this provides a novel viewpoint that 
adropin can be an interesting candidate that can enhance the surviv
ability of the CL. (Fig. 10). 
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Table 2 
Correlations between ovarian GPR19 protein expression 
with circulating P4, 3β-HSD, antioxidant proteins (SOD, 
catalase, NRF-2, HO-1, BCL2), LPO, and apoptotic proteins 
(BAX, cleaved caspase 3) in ADR mice ovary. p-value is the 
probability value, and r is Pearson’s correlation coefficient.  

Parameters GPR19 

Serum P4 r = 0.882* 
P< 0.05 

3β-HSD r = 0.967** 
P< 0.01 

SOD r = 0.988** 
P< 0.01 

Catalase r = 0.874* 
P< 0.05 

LPO r = − 0.960** 
P< 0.01 

NRF-2 r = 0.822* 
P< 0.05 

HO-1 r = 0.954** 
P< 0.01 

BCL2 r = 0.949** 
P< 0.01 

BAX r = − 0.989** 
P< 0.01 

Cleaved Caspase 3 r= − 0.990** 
P< 0.01  
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Fig. 10. Schematic diagram showing the potential involvement of adropin in the ovarian functions of adult mice. Exogenous adropin administration in adult mice 
enhances progesterone production by increasing the expression of StAR, 3β-HSD but reduces estradiol by decreasing aromatase expression in the ovary. Additionally, 
adropin also promotes the expression and activity of antioxidant proteins and enzymes such as NRF-2, HO-1, SOD, and catalase. Decreased oxidative stress may result 
in decreased translocation of NF-κB into the nucleus of luteal cells, resulting into decreased lipid peroxidation, BAX/BCL2 ratio, caspase 3, active caspase3 expression, 
and TUNEL-positive luteal cells in adropin treated mice. Overall, adropin can be an interesting candidate that could enhance CL survivability. 
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