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Abstract
Background Chlorogenic acid (CGA) is one of the well-known polyphenol compounds possessing several important biologi-
cal and therapeutic functions. In order to optimize a culture system to achieve complete development of follicles, we focused 
on the effects of CGA supplementation during in vitro culture (IVC) on follicular development, oxidative stress, antioxidant 
capacity, developmental gene expression, and functional potential in cultured mouse ovarian tissue.
Methods and results The collected whole murine ovaries were randomly divided into four groups: (1) non-cultured group 
(control 1) with 7-day-old mouse ovaries, (2) non-cultured group (control 2) with 14-day-old mouse ovaries, (3) cultured 
group (experimental 1) with the culture plates containing only the basic culture medium, (4) cultured group (experimental 
2) with the culture plates containing basic culture medium + CGA (50, 100 and 200 µmol/L CGA). Afterward, histological 
evaluation, biochemical analyses, the expression assessment of genes related to follicular development and apoptosis as well 
as the analysis of 17-β-estradiol were performed. The results showed that supplementation of ovarian tissue with the basic 
culture media using CGA (100 µmol/l) significantly increased the survival, developmental and functional potential of fol-
licles in whole mouse ovarian tissues after 7 days of culture. Furthermore, CGA (100 µmol/L) attenuated oxidative damage 
and enhanced the concentration of antioxidant capacity along with developmental gene expression.
Conclusion It seems that supplementation of ovarian tissue with culture media using CGA could optimize follicular growth 
and development in the culture system.
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Introduction

An in vitro culture (IVC) system for ovarian tissue is an 
interesting alternative approach to improve reproductive 
potential and preserve female fertility [1]. Many researchers 
have also been committed to defining the optimal matura-
tion condition (physical and biochemical conditions) for the 
IVC system for ovarian tissues [2–5]. Despite the proposed 
designation of IVC systems, the improvement of this type 
of culture system is challenging because the survival rate of 
follicles, maturation rate of oocytes, and embryo develop-
ment are still low compared with in vivo [6, 7].

Several studies have clarified that the reasons for these 
negative effects of in vitro culture on follicular development 

may be related to multiple exogenous factors, such as cul-
ture medium, oxygen tension, visible light, and handling of 
specimens [8]. It is believed that the IVC system for ovarian 
follicles contains a higher oxygen concentration than that of 
in vivo habitats inside the lumen of the female reproductive 
tract [9]. The high concentration of oxygen is predominantly 
associated with IVC conditions that result in the production 
of oxidative stress (OS) which reportedly poses a threat and 
damage to biological molecules and leads to poor quality, 
dysfunction, and cell death in in vitro matured oocytes [10].

Many researchers have also been committed to design-
ing alternative therapeutic strategies by supplementing some 
biological agents, such as growth factors [11], antioxidants 
[12], nutrients [13], and ROS scavengers [14], with culture 
media to reduce oxidative stress and improve IVC condi-
tions. Many reports suggest that antioxidant supplementation 
of IVC media improves oocyte quality by decreasing ROS 
levels and apoptotic factors [15–18].
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Chlorogenic acid (CGA) (Fig. 1), the most available 
caffeoylquinic acid, is one of the well-known polyphenol 
compounds [19]. CGA has several significant biological 
and therapeutic functions, including antioxidant, antibacte-
rial, hepatoprotective, cardioprotective, anti-inflammatory, 
antipyretic, neuroprotective, anti-obesity, antiviral, anti-
microbial, and anti-hypertension functions [20]. Some stud-
ies have also confirmed the antioxidant potential of CGA. 
Besides, it has been reported that CGA can scavenge free 
radicals [18, 21]. Moreover, it has been demonstrated that 
supplementation of human hepatocarcinoma cell line using 
CGA could limit oxidative stress-related apoptosis by lower-
ing ROS production occurring via increasing the storage of 
the intracellular glutathione (GSH) [22].

To the best of our knowledge, there is no information on 
the impact of CGA on cultured ovarian tissue. On the other 
hand, it is crucial to improve the developmental competence 
of ovarian follicles because its inefficiency diminishes its 
applicability in later stages [23, 24]. Therefore, to optimize 
a culture system and achieve a complete development of 
follicles and maturity of oocytes, we focused on the effects 
of CGA on follicular development, oxidative stress, antioxi-
dant capacity, and developmental gene expression in mouse 
cultured ovarian tissue. Additionally, this study evaluates the 
effect of CGA on the levels of estradiol hormone (as an indi-
cator of ovarian function) in a culture medium to determine 
the adequacy or functional potential of the ovarian tissue.

Materials and methods

Animals and ovarian tissue

In this original study, ovarian tissues were obtained from 7 
to 14-day-old female mice. The animals were bred in stand-
ard cages and kept in laboratory conditions (12:12 light/
dark cycle, ambient temperature (22 ± 2 °C), and controlled 
humidity (40–50%).

Experimental design

The collected mice ovaries were randomly divided into 
four groups: (1) non-cultured group (control 1) with 7-day-
old mice ovaries, (2) non-cultured group (control 2) with 
14-day-old mice ovaries, (3) cultured group (experimen-
tal 1) with culture plates containing only the basic cul-
ture medium + 7-day-old mice ovaries, (4) cultured group 
(experimental 2) with culture plates containing basic culture 
medium + CGA (50, 100 and 200 µmol/L) + 7-day-old mice 
ovaries.

In vitro culture of ovarian tissues

The animals (n = 12/each group) were sacrificed by cervical 
dislocation, and their ovaries were isolated and dissected 
(under sterile conditions) mechanically free of fat and mes-
entery. For tissue culture, whole ovaries in both experimen-
tal groups were cultured individually on commercial cell 
culture inserts (Millicell® CM, 0.4 μM pore size, Millipore 
Corp, Billerica, MA, USA) and placed in 24-well plates con-
taining the basic culture medium. The culture medium con-
sisted of 400 μl of α-MEM (Gibco, UK) supplemented with 
10% FBS, 100 IU/ml penicillin, 100 µg/ml streptomycin, 
0.23 mmol sodium pyruvate, and 0.22 gr/ml sodium bicar-
bonate (Abedpour, Salehnia, et al. 2018). All of the culture 
systems were incubated at 37 °C in 5%  CO2 for seven days.

Administration of chlorogenic acid

In cultured groups (experimental 2), CGA (Sigma-Aldrich, 
St. Louis, MO, USA) powder was dissolved in ethanol solu-
tion (Sigma-Aldrich, St. Louis, MO, USA) and was directly 
(after filtering) added into the culture medium (Nguyen, 
Wittayarat et al. 2018). The optimal dose of CGA was cho-
sen pending our different evaluations.

Histological evaluation

For morphological and histological examinations of all 
groups, ovaries were fixed in Bouin’s solution and then sent 
to a pathological laboratory for providing sections and tissue 
staining (hematoxylin–eosin or H&E). By means of a light 
microscope, histological evaluation of the follicular stage 
was determined based on the number of layers and morphol-
ogy of granulosa cells surrounding the oocytes, using the 
follicular classification method as described previously [25].

Ovarian area

The ovarian morphology was assessed using an inverted 
microscope every 2 days during the culture period on days 

Fig. 1  Chemical structure of Chlorogenic acid (CGA)
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3, 5, and 7 in all groups (n = 5/subgroup). The area of ovar-
ian tissues was calculated by images of each ovary captured 
with an inverted microscope secured with a digital 10 MP 
camera (D-Moticam  10+). The obtained images were ana-
lyzed by the ImageJ software (National Institutes of Health, 
Bethesda).

Evaluation of the ovarian follicular viability using 
Trypan blue staining

After 1-week culture, the preantral follicles (140–150 μm in 
diameter) were mechanically isolated by insulin-gauge nee-
dles under a stereo microscope. The preantral follicles with 
2–3 layers of granulosa cells, healthy and visible oocytes, 
and a thin layer of theca cells were chosen for three-dimen-
sional culture. The survival rates of pre-antral follicles iso-
lated from cultured ovaries (n = 30/each group) were deter-
mined using Trypan blue staining (0.4%) (Sigma, St. Louis, 
MO). Follicles were labeled as degenerated or viable in a 
way that degenerated follicles were stained in blue color, 
damaged follicles were partly stained in blue color, and 
viable follicles remained colorless [26].

Morphological analysis of apoptosis

In order to quantify apoptosis using morphological criteria, 
isolated pre-antral follicles (n = 30/each group in 3 repeats) 
were stained with both Acridine Orange (AO) and Ethidium 
Bromide (EB) (Sigma-Aldrich, USA). Follicles were observ-
able as viable (green), early apoptotic (bright orange), and 
late apoptotic (red) under a fluorescent microscope [27].

Hormonal assay

The concentration of 17 β-estradiol (E2) in the collected 
media obtained from all groups was measured during the 
culture period on days 3 and 7 using an ELISA Kit according 
to the manufacturer's instruction. The analytical sensitiv-
ity of the assay was expressed to be pg/mL for E2 (MyBio-
Source, San Diego, California, USA).

Assays for oxidative stress markers

Biochemical assays were carried out to evaluate oxidative 
stress markers, including malondialdehyde (MDA), glu-
tathione (GSH), and total antioxidant capacity (TAC) in 
all groups using commercial ELISA Kits according to the 
manufacturer’s instruction (ZellBio GmbH, Biotechnology 
company in Lonsee, Germany) [28].

Real‑time RT‑qPCR

The gene expression analysis of apoptotic genes (Bax and 
Bcl-2), bone morphogenetic protein (BMP15), and growth 
differentiation factor (GDF9) was performed by RT-qPCR 
in ovarian tissues using the Light Cycler 480 with SYBR 
Green detection and Amplicon Kit (Applied Biosystems). 
In order to design specific PCR primer sequences, we used 
an online software package Gen Bank (http:// www. ncbi. nlm. 
nih. gov) website, and the obtained sequences were evaluated 
using the IDT Primer Quest tool–Oligo analyzer (http:// scito 
ols. idtdna. com/ analy zer/ Appli catio ns/ Oligo Analy zer). The 
sequences for forward and reverse primers of Bax, Bcl-2, 
BMP15, and GDF9 are presented in Supplementary Table1. 
The expression levels of the genes were normalized against 
the β-actin (as a housekeeping gene) gene. The relative 
expression levels were calculated by the  2−ΔΔCT method 
[28]. All experiments were conducted three times.

Statistical analysis

Data were analyzed using Statistical Package for the Social 
Sciences (SPSS) program version 16 (SPSS Inc. Chicago, 
IL, USA) software. The Kolmogorov–Smirnov test was 
applied to examine whether the data were normally distrib-
uted. One-way analysis of variance (ANOVA) followed by 
Turkey’s post hoc test (for homogeneous variances) was 
performed for multiple comparisons. The results with nor-
mally distributed values were expressed as the means and 
standard deviation (mean ± SD). The statistical significance 
was defined when the p-value was less than 0.05 at a 95% 
confidence level.

Results

Phase‑contrast microscopy of whole cultured 
ovaries

The morphological observations of the ovarian tissues 
before and after the in vitro culture process in the presence 
and absence of CGA are presented in Fig. 2A–C. Accord-
ing to phase-contrast microscopy, our morphological results 
demonstrated that the anterior surfaces of ovaries were swol-
len, and the follicles exhibited outgrowth in the cortical parts 
of tissues. These changes were further pronounced in CGA-
treated tissues. In addition, the central parts of all cultured 
ovaries were darker than the marginal parts. This dark area 
has further visibility in tissues lacking CGA (Fig. 2C).

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://scitools.idtdna.com/analyzer/Applications/OligoAnalyzer
http://scitools.idtdna.com/analyzer/Applications/OligoAnalyzer
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Light microscopy

Figure 2 also shows the histological morphology of ovarian 
tissues in all groups using H&E staining in low (D-F4) and 
high (G-L) magnifications. Before starting in vitro analysis, 
the primordial follicles were mainly seen and located in the 
cortical parts of the ovaries of the control group 1. After 
7 days of culture, in the cortical parts of the cultured ova-
ries, primordial follicles represented a smaller percentage 
of the total follicle pool, similar to the follicle distribution 
observed in ovaries isolated from 14-day-old mice. In addi-
tion, we detected (in the cortical parts of the cultured ova-
ries) primary and pre-antral follicles with normal morphol-
ogy containing oocytes with germinal vesicle and granulosa 

cells. Close adhesion was visible between the oocyte and 
granulosa cells in follicles at different developmental stages. 
Healthy follicles with the normal structure were evident 
in all examined groups, especially in tissues treated with 
100 µmol/l CGA. Moreover, degenerated follicles with pyk-
notic nuclei of oocytes and disarranged granulosa cells were 
detected in the central parts of the cultured ovaries. Dam-
aged follicles had further visibility in tissues lacking CGA.

The surface area of ovaries

The results of the analysis of ovarian surface area (using 
ImageJ software) during the culture period on days 3, 5, and 
7 are displayed in Fig. 2 (M). Our findings demonstrated 

Fig. 2  Phase-contrast microscopy and H&E staining. The first row 
shows the phase-contrast microscopy of mouse ovaries that were 
viewed under an inverted microscope on days 0, 3 (A, B), and 7 
(C1–C4) of the culture. The second and third rows (D–L) show H&E 
staining of ovaries with two different magnifications. Indeed, Con-
trol group 1 (D, G), Control group 2 (E, H), Experimental group 1 
(0 µmol CGA, F1 and I), Experimental group 2 (50 µmol CGA, F2 

and J), Experimental group 2 (100  µmol CGA, F3 and K), Experi-
mental group 2 (200  µmol CGA, F4 and L). M: The mean area of 
mouse cultured ovaries on days 0, 3, 5, and 7 of the culture period. 
*Indicates a significant difference with days 0 and 3 (p < 0.05). 
**Indicates a significant difference with day 5 (p < 0.05). aIndicates 
a significant difference with other groups on the same day (p < 0.05)
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a significant increase in the surface area of ovaries in all 
groups during the culture period compared to the first day 
of culture (p < 0.05). The mean surface area of ovaries was 
significantly increased in the CGA-treated groups in com-
parison with groups without receiving CGA on days 5 and 
7 of culture. The surface area was significantly (p < 0.05) 
higher in tissues treated with 100 µmol/ CGA than in tissues 
in other groups.

Follicular count

The overall quantitative results of the percentages of nor-
mal primordial, primary, pre-antral, and atretic follicles in 
all groups of the study are compared and summarized in 
Table 1.

Before in vitro culture, the proportion of primordial fol-
licles (located mainly in the peripheral parts of ovaries) was 
higher than follicles with other stages; however, after 7 days 
of culture, the ovarian tissue and follicles were grown; so the 
proportion of primordial was decreased, whereas and the 
proportion of primary, pre-antral, and degenerated follicles 
was increased (p < 0.05).

At the end of the culture period, the percentage of pri-
mordial follicles was significantly decreased in all treated 
groups compared to the control group 1 (p < 0.05). A nor-
mal percentage of primordial follicles was observed in the 
control group 2 and the experimental group 2 that received 
100 µmol CGA. Moreover, the number of primary follicles 
did not show any significant difference between all experi-
mental groups (0–200 µmol CGA) and the control group 2 
(p > 0.05). Based on our results, the percentage of pre-antral 
follicles was gradually increased in a concentration-depend-
ent manner until the concentration of CGA was increased 

up to 100 µmol; however, such percentage was reduced at a 
concentration of 200 µmol (Table 1). In addition, there was 
a significant decrease in the percentage of pre-antral fol-
licles in cultured groups (i.e., 0, 50, and 200 µmol CGA) in 
comparison with in vivo sample (control 2).

Moreover, the lowest proportion of atretic follicles was 
observed in the control group 1 compared to all groups 
of the study (p < 0.05), while among experimental groups 
(0–200 µmol CGA), only the experimental group 2 treated 
with 100 µmol CGA showed the lowest rate of atretic fol-
licles compared to the other experimental groups (p < 0.05).

Totally, no significant difference was detected between 
experimental group 2 received 100 µmol CGA, and in vivo 
sample (control 2) in terms of the number of primordial, 
pre-antral, and atretic follicles (p > 0.05).

The viability of isolated follicles

The morphology of pre-antral follicles after Trypan blue 
staining is shown in Fig. 3A–C. In the presence of different 
concentrations of CGA (Experimental group 2), especially 
in tissues treated with 100 µmol/l of CGA, the survival rate 
of pre-antral follicles was significantly increased in compari-
son with other groups.

Morphological analysis of apoptosis

The representative micrographs of intact (green), late apop-
totic (red), and early apoptotic (orange) follicles are depicted 
in Fig. 4A–C. The percentage of late apoptotic follicles was 
significantly increased in the experimental 1 group; how-
ever, the percentage of late apoptotic follicles was decreased 

Table 1  The percentage of follicles at different developmental stages

The number of (percentage ± SD) of follicles at different developmental stages in all studied groups
a Significant differences with Control 1 ovaries in different developmental stage (p < 0.05); bSignificant differences with Control 2 group 
(p < 0.05); cSignificant differences with Experimental 1 group (0  µmol CGA) (p < 0.05); dSignificant differences with Experimental 2 group 
(50 µmol CGA) (p < 0.05); eSignificant differences with Experimental 2 group (100 µmol CGA) (p < 0.05)
SD Standard deviation, CGA  Chlorogenic acid

Groups Normal follicles Primordial follicles Primary follicles Pre-antral follicles Degenerated follicles

Control 1 2078 1999
(96.19 ± 1.58)

50
(2.40 ± 1.45)

29
(1.39 ± 1.05)

87
(4.10 ± 1.33)

Control 2 1432 799
(55.79 ± 1.75)a

148
(10.33 ± 1.45)a

290
(20.25 ± 0.85)a

195
(13.61 ± 1.45)a

Experimental 1(0 µmol CGA) 1146 459
(40.05 ± 1.46)ab

142
(12.39 ± 1.75)a

136
(11.86 ± 1.60)ab

409
(35.68 ± 1.34)ab

Experimental 2 (50 µmol CGA) 1113 491
(44.11 ± 1.75)abc

144
(12.93 ± 0.14)a

161
(14.46 ± 1.46)ab

317
(28.48 ± 0.32)abc

Experimental 2 (100 µmol CGA) 1334 711
(53.29 ± 2.42)acd

142
(10.64 ± 1.24)a

261
(19.56 ± 1.35)acd

220
(16.49 ± 0.76)acd

Experimental 2 (200 µmol CGA) 1157 583
(50.38 ± 1.08)abcd

137
(11.84 ± 1.03)a

182
(15.73 ± 0.53)abce

255
(22.03 ± 0.53)abcde
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Fig. 3  Using TB staining: A white (unstained) follicles were classi-
fied as live (TB−), B pale blue stained follicles were considered dam-
aged, and C dead follicles appear dark blue (TB+). Figure D showed 

the percentage of survival, damaged, and dead follicles in culture 
groups at different concentrations of CGA. *Significant difference 
with other groups (p < 0.05)

Fig. 4  Acridine orange and ethidium bromide (AO/EB)-stained ovar-
ian follicles: A intact cells (green), B early apoptotic (bright orange), 
and C late apoptotic (red) under a fluorescent microscope. Data in 

figure D are expressed as the total number of intact and apoptotic 
cells (early + late) as a percentage of the total. *Significant difference 
with other groups (p < 0.05)
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in experimental group 2, especially in tissues treated with 
100 µmol of CGA.

Hormonal assay

The concentrations of E2 hormone obtained from collected 
media on days 3 and 7 of the culture period in cultured 
groups were compared (Table 2). The results demonstrated 
a significant difference in the concentration of E2 hormone 
on day 7 of culture compared to day 3 (p < 0.05). In addition, 
the concentration of E2 hormone on day 7 of culture was 
significantly different in some experimental groups (100 and 
200 µmol CGA) in comparison with the experimental group 
1 and the experimental group 2 that received 50 µmol CGA. 
This rate was gradually increased in a concentration-depend-
ent manner until the concentration of CGA was increased up 
to 100 µmol/L; however, this rate was reduced in response 
to a concentration of 200 µmol/L (Table 2).

Biochemical assessment

Table 3 represents the biochemical results (MDA, GSH and 
TAC) obtained from ovarian tissue. Accordingly, the MDA 
level was significantly higher in all groups of the study com-
pared to the control group1 (p ˂ 0.05). However, in the group 
treated with 100 µmol CGA compared to the control group 
2, no significant difference was observed (p > 0.05). For the 

MDA level, the highest dose (200 µmol CGA) did not show 
any remarkable difference when compared to the dose of 
100 µmol CGA, while there was a significant difference 
when compared to the groups treated with 0 and 50 µmol 
CGA (p ˂ 0.05).

For two other parameters, GSH and TAC, no signifi-
cant difference was observed between both control groups 
(p > 0.05). All experimental groups showed a significant dif-
ference compared to the control group 1 (p ˂ 0.05). However, 
in comparison with the control group 2, the group treated 
with 100 µmol CGA showed an acceptable level of antioxi-
dants (p > 0.05).

RT‑qPCR analysis

The expression ratio of apoptotic-related genes (i.e., Bax 
and Bcl-2) and developmental genes (GDF-9 and BMP1-
5) in comparison to the β-actin gene in all studied groups 
are demonstrated and compared in Table 4. As displayed 
in Table 4, the expression ratio of the Bax to the β-actin 
gene was significantly increased in all experimental groups 
and the control group 2 compared with the control group 1 
(p < 0.05). However, in some experimental groups, 0, 50, and 
200 µmol CGA, there was a significant difference when the 
mRNA expression of Bax compared with the control group 
2 (p < 0.05). For the Bax parameter, in the group treated with 
100 µmol CGA, no significant difference compared with the 

Table 2  The concentration of 
17-β-estradiol

Concentration of 17-β-estradiol (pg/mL) in the collected media during the culture period. Data are pre-
sented as (mean ± SD). aSignificant differences with 0 and 50 µmol CGA groups (p < 0.05). #A significant 
difference between day 7 and day 3 of the culture (p < 0.05)

Groups Day 3 of culture Day 7 of culture

Experimental 1 (0 µmol CGA) 3014.52 ± 364.57 9102.37 ± 235.02#

Experimental 2 (50 µmol CGA) 3270.47 ± 445.86 9740.38 ± 263.54#

Experimental 2 (100 µmol CGA) 3864.12 ± 127.38a 14,673.24 ± 366.72a#

Experimental 2 (200 µmol CGA) 3655.44 ± 89.57a 12,634.61 ± 542.23a#

Table 3  The oxidative stress 
parameters in different groups

Effect of CGA on oxidative stress parameters. Values are Mean ± SD (standard deviation)
CGA  chlorogenic acid; MDA malondialdehyde; GSH glutathione; TAC  total antioxidant capacity
a indicates significant differences with Control 1 (p < 0.05); bindicates significant differences with Control 
2 group (p < 0.05); cindicates significant differences with Experimental 1 group (0 µmol CGA) (p < 0.05); 
dindicates significant differences with Experimental 2 group (50 µmol CGA) (p < 0.05). eindicates signifi-
cant differences with Experimental 2 group (100 µmol CGA) (p < 0.05)

Groups MDA (nmol/mg) GSH (mIU/mg) TAC (µmol/L)

Control 1 0.405 ± 1.62 14.97 ± 3.23 0.697 ± 1.11
Control 2 0.431 ± 2.36a 14.35 ± 3.11 0.652 ± 1.54
Experimental 1 (0 µmol CGA) 0.642 ± 3.28ab 9.32 ± 2.56ab 0.339 ± 1.33ab

Experimental 2 (50 µmol CGA) 0.585 ± 2.95abc 11.14 ± 1.02abc 0.541 ± 1.71abc

Experimental 2 (100 µmol CGA) 0.451 ± 2.93acd 13.91 ± 3.97acd 0.641 ± 1.15acd

Experimental 2 (200 µmol CGA) 0.464 ± 2.27abcd 12.83 ± 3.23abcde 0.578 ± 0.82abcde
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control group 2 was observed, also there was no signifi-
cant difference between the two experimental groups that 
received 100 and 200 µmol CGA, respectively (p > 0.05).

The expression ratio of the Bcl-2 to the β-actin gene 
was significantly decreased in all experimental groups 
(0–200  µmol CGA) compared with the control group 
1 (p < 0.05). In some experimental groups, 0, 50, and 
200 µmol CGA, there was a significant difference when the 
mRNA expression of Bcl-2 compared with the control group 
2 (p < 0.05). However, for the Bcl-2 parameter, in the group 
treated with 100 µmol CGA, no significant difference com-
pared with the control group 2 was observed (p < 0.05).

The Bax/Bcl-2 ratio showed that there was a significant 
difference between the control group 1 and all other groups 
(p < 0.05). Compared to the control 2, this ratio remark-
ably decreased when culture media was supplemented with 
100 µmol CGA (p < 0.05).

Interestingly, the expression of both developmental 
genes, GDF-9 and BMP-15, was remarkably lower in the 
groups that received 0 and 50 µmol CGA than in both con-
trol groups (p < 0.05). In the experimental group 2 treated 
with 100 µmol CGA, the expression levels of these two 
genes were markedly increased compared to groups treated 
with 0 and 50 µmol CGA (p < 0.05). On the other hand, 
in the group treated with 200 µmol CGA, the expression 
levels of GDF-9 and BMP-15 were increased compared 
with the group that received 0 µmol CGA, and also they 
were decreased compared with the control group 2 and the 
group treated with 100 µmol CGA (p < 0.05). Totally, no 
significant difference was detected between the experimen-
tal group 2 that received 100 µmol CGA and the control 
groups in terms of all parameters mentioned earlier (GDF-
9 and BMP-15).

Discussion

The present study was the first report that revealed the sup-
plementation of the culture media for ovarian tissue with 
CGA could improve in vitro growth and development of 
mouse ovarian follicles by reducing oxidative stress and 
enhancing antioxidant capacity.

In the current study, we first attempted to determine mor-
phological changes in all experimental groups. The mor-
phology of tissue and the number of ovarian follicles were 
evaluated under light microscope field by field. The normal 
ovarian follicles were determined and classified as follows: 
(i) the primordial follicles were contained the immature 
oocyte with a single layer of flattened granulosa cells; (ii) the 
primary follicles with a single layer of cuboidal granulosa 
cells; (iii) the preantral follicles were surrounded by two or 
more layers of cuboidal granulosa cells. The morphological 
findings (using H&E, AO/EB, and TB staining techniques) 
demonstrated that the administration of CGA could signifi-
cantly improve the survival rate of follicles, the proliferation 
of granulosa cells (GCs), and the growth of primordial and 
primary follicles to the pre-antral follicle stage in parallel 
with an increase in the mean surface area of ovarian tissue. 
The phase-contrast microscopy exhibited that follicles had a 
higher tendency to grow on the periphery of ovarian tissues, 
and they had a large and clear antral cavity. The growth of 
follicles was parallel to an increase in ovarian size during 
the culture period. However, in the central parts of the ova-
ries, the density of the tissue was higher, and this part of the 
tissue was dark. It showed that the central part of cultured 
tissue suffered from hypoxia and there were signs of folli-
cular degeneration and cell fragmentation in this part. These 
changes were prominent especially in the absence of CGA. 

Table 4  mRNA expression of developmental and apoptotic-related genes analyzed by RT-qPCR

The mRNA expression of developmental and apoptotic-related genes in mouse ovarian tissues
a Significant difference with the 1st control group (p < 0.05); bSignificant difference with the 2nd control group (p < 0.05); cSignificant difference 
with the 1st experimental group (0 µmol/L CGA) (p < 0.05); dSignificant difference with the 2nd experimental (50 µmol/L CGA) (p < 0.05); 
eSignificant difference with the 2nd experimental group (100 µmol/L CGA) (p < 0.05)

Groups/genes Bax (Mean ± SD) Bcl-2 (Mean ± SD) Bax/Bcl-2 (Mean ± SD) GDF-9 (Mean ± SD) BMP15 (Mean ± SD)

Control 1 2.57 ± 0.27 4.11 ± 0.35 0.62 ± 0.24 2.02 ± 0.13 2.63 ± 0.18
Control 2 3.08 ± 0.19a 3.97 ± 0.24 0.77 ± 0.18a 2.52 ± 0.15a 3.05 ± 0.21a

Experimental 1 (0 µM CGA) 4.38 ± 0.27ab 2.92 ± 0.35ab 1.5 ± 0.24ab 1.45 ± 0.13ab 2.02 ± 0.18ab

Experimental 2 (50 µM CGA) 4.17 ± 0.12ab 3.28 ± 0.27abc 1.27 ± 0.16ab 1.65 ± 0.00ab 2.24 ± 0.16ab

Experimental 2 (100 µM CGA) 3.21 ± 0.17acd 3.87 ± 0.26acd 0.82 ± 0.14acd 2.31 ± 0.18cd 2.87 ± 0.23cd

Experimental 2 (200 µM CGA) 3.48 ± 0.14abcd 3.34 ± 0.21abcde 1.04 ± 0.12abcde 1.95 ± 0.12bce 2.35 ± 0.17bce
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The light microscopy showed the granulosa cells of folli-
cles were well-arranged around the oocyte. The damaged 
follicles (pyknotic nuclei oocytes and disarranged granu-
losa cells) were prominent, especially in the central areas 
of ovaries cultured in the absence of CGA (experimental 
1: 0 µmol/l of CGA). It seems that the effects of CGA are 
dose-dependent since all mentioned parameters were gradu-
ally improved during in vitro culture up to 100 µmol/L con-
centration of CGA. However, although the concentration of 
200 µmol/l CGA could significantly change all mentioned 
parameters, a concentration of 100 µmol/L CGA showed a 
better function than 200 µmol/l CGA.

Nguyen et al. indicated the supplementation of the cul-
ture media for porcine oocytes with 50 µmol/l CGA could 
significantly enhance the maturation, fertilization, and devel-
opmental competence of oocytes by preventing apoptosis. 
They concluded that the application of CGA during in vitro 
maturation (IVM) of oocytes has the potential to improve in 
vitro production (IVP) of porcine oocytes [21].

Moreover, in the present study, we employed several com-
plementary techniques in addition to morphological staining. 
The result of hormonal analysis confirmed morphological 
findings and showed that the concentration of  E2 was sig-
nificantly enhanced in the group treated with 100 µmol/l 
CGA. This finding is in agreement with the results of Zhou 
et al., who postulated that CGA exerted estrogenic activity 
and prevented estrogen deficiency-induced osteoporosis in 
ovariectomized rats [29]. In addition, Wang et al. indicated 
that CGA exhibited an estrogen-stimulating effect on ovar-
ian granulosa cells. They concluded that CGA might have 
therapeutic potential in the treatment of postmenopausal 
syndrome [30]. It appears that CGA might stimulate granu-
losa cells to express cytochrome P450 aromatase genes 
that convert androgens to  E2 and promote ovarian follicular 
development.

Moreover, our biochemical results were in accordance 
with those obtained by Ali et al., who confirmed that CGA 
could significantly increase the activity of anti-oxidant 
capacity, such as SOD (scavenger of the superoxide anion 
to form  H2O2), CAT (converting  H2O2 into  H2O), and the 
GSH content [31]. The antioxidant effects of CGA have also 
been addressed in the literature [31–33]; however, CGA has 
been administrated in different tissues and cells. For exam-
ple, Koriem et al. confirmed that caftaric acid (an ester 
form of caffeic acid) enhanced GSH concentrations while 
it reduced MDA and catalase concentrations in the brain, 
liver, and kidney [34]. In the present study, we evaluated 
these criteria in the ovarian tissue for the first time. Several 
lines of evidence showed that an increase in free radicals fol-
lowing oxidative stress could cause lipid peroxidation, which 
in turn leads to an increase in MDA levels during the culture 
period. This phenomenon has negative effects on follicular 
development, percentage of mature oocytes with the first 

polar body, percentage of large follicles, ovulated oocytes, 
and fertilization rate [8–10]. The antioxidant agents used in 
this and other studies have extensive properties in biological 
systems that have already been shown to help improve the 
IVC system for oocytes by increasing intracellular GSH or 
decreasing ROS levels.

In most tissues, GSH act as an electron donor for some 
antioxidant enzymes, maintaining the cells in a reduced 
state. In the ovary, the strongest GR (Glutathione Reduc-
tase) activity (catalyzes the conversion of GSSG (oxidized 
glutathione) into GSH with NADPH consumption) is found 
in oocytes [15]. Several studies suggest that GSH plays an 
important role during the culture period of ovarian follicles, 
including cell proliferation, differentiation, developmental 
competence of oocytes, improvement of fertilization, and 
apoptosis [14, 35–38]. In-vitro studies have shown that the 
anti-apoptotic effect of FSH on granulosa cell apoptosis can 
be markedly inhibited by blocking the synthesis of GSH in 
cultured follicles [39]. A number of studies indicated that 
the measurement of the GSH concentration in oocytes after 
in-vitro maturation might be a valuable indicator for moni-
toring the viability and quality of oocytes [40–42]. In addi-
tion, multiple studies have clarified that the level of TAC in 
granulosa and theca cells is associated with an increase in 
ovulation and oocyte maturation [43, 44, 45]. These antioxi-
dant effects are also considered to be related to their abil-
ity to stimulate the antioxidant defense system through the 
redox-regulated transcription factors and mitogen-activated 
protein kinases (MAPK) signaling pathway [46]. Therefore, 
the supplementation of IVC medium with antioxidants may 
be a prerequisite for folliculogenesis and oocyte quality.

These observations can be related to the antioxidant effect 
of CGA and have important physiological and biological 
effects, namely antioxidant and anti-inflammatory. It has 
been shown that hydroxyl groups (OH) on phenolic acids 
act as positive substitutions because of their antioxidant 
properties, and the number of hydroxyl groups seems to be 
associated with their contribution to this antioxidant activ-
ity [19, 20].

Finally, our molecular findings supported both histologi-
cal and biochemical results. Otherwise stated, molecular 
data amplified the result of developmental ability and func-
tional potential of CGA during IVC of ovarian tissue. Our 
molecular findings corroborated the results of Dkhil et al., 
who showed the protective effect of CGA against the injuries 
induced by sodium arsenite  (NaAsO2) in the liver of mice. 
They demonstrated that, in the presence of CGA, the mRNA 
levels of pro-apoptotic markers (Bax and Caspase-3) were 
significantly decreased, but the mRNA level of Bcl-2, an 
anti-apoptotic marker, was significantly increased [32]. On 
the other hand, our results showed that CGA up-regulated 
the expression levels of GDF-9 and BMP-15 (p < 0.05).
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GDF-9 and BMP-15 direct the follicle symphony and play 
important roles in folliculogenesis and oocyte quality [47–49]. 
Overall, GDF-9 has been implicated in follicular development 
(the progression of the primary follicle to the secondary fol-
licle stage) in parallel with an increase in GC differentiation 
[50]. BMP-15 is also another significant factor involved in the 
promotion of follicle maturation, gonadotropin-independent 
phase of primordial follicles, regulation of GC sensitivity to 
follicle-stimulating hormone (FSH), the prevention of GC 
apoptosis, and regulation of the ovulation quota [51–53].

To date, there is no information on the effect of CGA on 
the expression levels of developmental genes. This study is 
the first report that revealed the promoting effects of CGA 
on the expression level of GDF-9 and BMP-15 genes. There 
is a limited number of resources that analyze the molecu-
lar mechanisms of CGA in culture conditions. It seems that 
the supplementation of the IVC medium with CGA regu-
lates these molecular changes by the phosphatidylinositol-
3-kinase (PI3K/Akt) and mitogen-activated protein kinase 
(MAPK) signaling pathways. Cheng et al. demonstrated that 
CGA has a cytoprotective effect against Aluminum, which 
may cause damage to macrophages, possibly through PI3K/
Akt and MAPK signaling pathways in RAW264.7 cells [46].

In conclusion, the present study confirmed that the sup-
plementation of ovarian tissue culture media with CGA, 
especially at a concentration of 100 µmol/l, could optimize 
the culture system and improve the survival, developmental, 
and functional potential of follicles in whole mouse ovarian 
tissues after 7 days of culture. Furthermore, the result of this 
study (for the first time) showed that CGA could suppress 
oxidative damage and improve the culture system by enhanc-
ing the concentration of antioxidants and developmental 
gene expression. However, before the clinical application 
of CGA, further experiments are warranted to elucidate the 
precise mechanism at the molecular levels.
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