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ABSTRACT 

 

The citrus flavonoid hesperetin has a variety of pharmacological actions, including antioxidant, 

anti-inflammatory, and anticancer activities. This study investigated whether hesperetin prevents 

aging of oocytes in vitro in which it determined the maturation of nuclear and cytoplasm and the 

developmental capacity of embryo by modulating the ROS level. Porcine oocytes were matured in 

vitro for 44 h (control) and for an additional 24 h in the presence of 0, 1, 10, 100, and 250 μM 

hesperetin (aging, H-1, H-10, H-100, and H-250, respectively). Although there was no difference in 

the rate of maturation among all the groups, both the control and H-100 groups significantly increased 

in the rate of cleavage and blastocyst formation compared to the aging group (p < 0.01). The H-100 

group significantly decreased reactive oxygen species (ROS) activity and increases the level of 

glutathione (GSH) and expression of the antioxidant genes (PRDX5, NFE2L, SOD1 and SOD2) 

compared to the aging group. The H-100 groups prevented aberrant spindle organization and 

chromosomal misalignment, blocked the decrease in the level of phosphorylated-p44/42 mitogen-

activated protein kinase (MAPK) and increased the mRNA expression of cytoplasmic maturation 

factor genes (GDF9, CCNB1, BMP15 and MOS). Subsequently, both the control and H-100 groups 

significantly increased the total cell number and decreased the apoptosis cells at the blastocyst stage 

compared to aging group. The results indicate that hesperetin improves the quality of porcine oocytes 

by protecting them against oxidative stress during aging in vitro. 

 

Keywords: Aging in vitro, Porcine, Oocyte, Antioxidant, Hesperetin  
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1. INTRODUCTION 

 

In vitro maturation (IVM) is a technique used to mature oocytes. It can be offered to women with 

infertility problems, combined with IVF, offering women pregnancy without ovarian stimulation. A 

healthy oocyte is important for successful fertilization, embryo development, and embryo 

implantation after transfer (Q. Wang & Sun, 2007). Mature mammalian oocytes are arrested in 

metaphase of the second meiosis (MII) following ovulation. Despite great advances in assisted 

reproductive technologies, these approaches often fail due to oocyte aging (Miao, Kikuchi, Sun, & 

Schatten, 2009). Aging oocytes frequently display spindle aberrations, disturbances in chromosome 

congression, mitochondrial alterations, and changes in gene and protein expression (Eichenlaub-Ritter, 

2012). Consequently, many researchers have sought to develop methods that can protect oocytes 

against aging in vitro. 

Oocyte aging is characterized by a deterioration in oocyte quality, and negatively affects 

fertilization and subsequent embryo development (Miao et al., 2009). Aging in vitro is associated with 

increased levels of ROS such as hydrogen peroxide, superoxide, and the hydroxyl radical (Chaube, 

Prasad, Thakur, & Shrivastav, 2005; Goud, Goud, Diamond, Gonik, & Abu-Soud, 2008). The level of 

ROS correlates with oocyte age (Lim & Luderer, 2011; Takeo, Kimura, Shirasuna, Kuwayama, & 

Iwata, 2017). Accumulation of ROS influences apoptosis (Orrenius, Gogvadze, & Zhivotovsky, 2007), 

spindle assembly (Rajani et al., 2012), and lipid, protein, and DNA damage  (Bomfim et al., 2017; 

Patra, Rautray, & Swarup, 2011). Consequently, ROS may affect follicular oocyte growth. ROS 

damage oocytes and thereby decrease their developmental competence (Goto, Noda, Mori, & Nakano, 

1993). The balance between ROS and antioxidants influences aging in vitro. Accumulation of ROS 

promotes aging (Finkel & Holbrook, 2000). ROS may be a major cause of oocyte aging and poor 

oocyte quality in patients stimulated with ovulation drug therapies for long durations. 
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 Hesperetin is a naturally occurring flavanone-glycoside and is the main flavonoid in lemons and 

sweet oranges. This compound inhibits oxidases more strongly than its glycosylate derivatives (de 

Souza et al., 2016). Hesperidin is structurally a flavanone β‐glycoside at C‐7 of hesperetin aglycone, 

which is 3′, 5, 7‐trihydroxy‐4′‐methoxy flavanone. Hesperetin acts protects against oxidative stress via 

estrogen receptor mediated actions (Hwang, Lin, Shih, Yeh, & Yen, 2012). This compound has a wide 

range of pharmacological actions, including antioxidant (J. Wang, Zhu, Yang, & Liu, 2013), anti‐

inflammatory (Hirata, Murakami, Shoji, Kadoma, & Fujisawa, 2005), and anticancer (Zarebczan, 

Pinchot, Kunnimalaiyaan, & Chen, 2011) activities. However, it is unknown whether hesperetin acts 

as an antioxidant in porcine oocytes. 

This study investigated the effects of appropriate concentrations of hesperetin on antioxidate 

porcine oocytes during aging in vitro. We analyzed the level of ROS, expression of antioxidant, 

maternal, and estrogen receptor genes, and spindle morphology in aging porcine oocytes treated with 

or without hesperetin. In addition, we determined the developmental competence and quality of 

embryos derived from these oocytes. Our results demonstrate that hesperetin protects oocytes against 

oxidative stress during aging in vitro and thereby prevents deterioration in their quality. These 

findings may be applicable to in vitro fertilization and help prevent aging of oocytes in vitro.  
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2. MATERIALS & METHODS 

 

 

2.1. Chemicals and reagents 

 

All chemicals and reagents were purchased from Sigma (St. Louis, MO, USA) unless stated 

otherwise. 

 

2.2. IVM and aging of porcine oocytes 

 

Pre-pubertal porcine ovaries were collected from a local slaughterhouse and transported to the 

laboratory in saline supplemented with 75 μg/mL penicillin G and 50 μg/mL streptomycin sulfate 

within 2 h at 30–33°C. Cumulus-oocyte complexes (COCs) were aspirated from follicles with a 

diameter of 2–8 mm using an 18-gauge needle and a disposable 10 mL syringe. COCs were washed 

three times in tissue culture medium (TCM)-199-HEPES containing 0.1% (w/v) bovine serum 

albumin (BSA). Thereafter, COCs were matured in groups of 50 in 500 μL TCM-199 (Gibco, Grand 

Island, NY, USA) containing Earle’s salts, 0.57 mM cysteine, 10 ng/mL epidermal growth factor, 0.5 

μg/mL follicle-stimulating hormone, 0.5 μg/mL luteinizing hormone, and 10% (v/v) porcine follicular 

fluid under mineral oil for 44 h at 38.8°C in 5% CO2 and 95% air. Oocyte aging was induced by 

culturing COCs for an additional 24 h in TCM-199 (Sigma). 

 

2.3. Hesperetin treatment 

 

Mature oocytes were covered with mineral oil and cultured in wells of a four-well multi-dish 

containing 500 mL TCM-199 at 38.8°C in a humidified atmosphere of 5% CO2 and 95% air. After 
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maturation, MII stage oocytes were transferred into TCM-199 containing 0, 1, 10, 100, and 250 μM 

hesperetin (Sigma) and cultured for 24 (68 for in vitro maturation [IVM]) as described above. After 

treatment, oocytes were collected and aging was assessed. 

 

2.4. PA and embryo culture 

 

Following maturation, cumulus cells were removed by pipetting in the presence of 1 mg/mL 

hyaluronidase for 2–3 min. PA was induced by treating oocytes in porcine zygote medium (PZM)-5 

containing 0.4% (w/v) BSA (IVC medium) with 5 μM Ca2+ ionomycin (Sigma) for 5 min. After 3 h 

of culture in IVC medium containing 7.5 μg/mL cytochalasin B (Sigma), embryos were washed three 

times in the same medium and cultured for 7 days at 38.8°C in a humidified atmosphere of 5% CO2 

and 95% air. Oocytes and embryos were washed in Dulbecco’s phosphate-buffered saline (DPBS) and 

either fixed in 3.7% (w/v) paraformaldehyde for 20 min and stored at 4°C, or snap-frozen in liquid 

nitrogen and stored at 70°C, depending on the experiment. 

 

2.5. Measurement of intracellular ROS and GSH levels 

 

DCFHDA and CMF2HC were used to determine the intracellular levels of ROS and GSH, 

respectively, as previously described (H. W. Yang et al., 1998; You, Kim, Lim, & Lee, 2010) with 

slight modifications. Briefly, cumulus cells were removed from COCs by pipetting in the presence of 

0.1% (w/v) hyaluronidase. Denuded oocytes were incubated in DPBS containing 50 μM DCFHDA or 

100 μM CMF2HC in the dark for 20 min at 38.8°C. Thereafter, oocytes were washed more than five 

times with DPBS containing 0.1% (w/v) BSA to completely remove excess dye and immediately 

analyzed by epifluorescence microscopy (Olympus, Tokyo, Japan). The ROS level was measured 

using excitation and emission wavelengths of 450–490 nm and 515–565 nm, respectively. The 

excitation and emission wavelengths of CMF2HC are 371 and 464 nm, respectively. Grayscale images 
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were acquired with a digital camera (Nikon, Tokyo, Japan) attached to the microscope, and mean 

grayscale values were calculated using Image J software (NIH, Bethesda, MD, USA). Background 

fluorescence values were subtracted from the final values prior to statistical analysis. The experiment 

was independently repeated 6-7 times with 10–20 oocytes per experiment. 

 

2.6. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay and 

Hoechst staining 

 

At 7 days after PA, blastocysts were fixed, washed more than three times with PBS containing 0.1% 

BSA, and then incubated with 0.1% Triton X-100 at 38.8°C for 30 min. Blastocysts were incubated 

with fluoresceinconjugated dUTP and terminal deoxynucleotidyl transferase (In Situ Cell Death 

Detection Kit, Roche, Manheim, Germany) in the dark for 1 h at 38.8°C. Mitotic and apoptotic cells 

were scored. Nuclei were stained with Hoechst 33342 (1 μg/ml) for 30 min, and embryos were 

washed with PBS containing 0.1% BSA. Blastocysts were mounted onto glass slides and examined 

under an inverted Olympus IX-71 fluorescence microscope. The experiment was independently 

repeated four times. 

 

2.7. mRNA extraction and cDNA synthesis 

 

mRNA was isolated from more than three biological replicates, with 30–40 oocytes per replicate, 

using a Dynabeads mRNA Direct Kit (Invitrogen, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. mRNA was collected in 10 µL elution buffer provided with the kit. 

Eluted RNA was reverse-transcribed into cDNA using an oligo (dT)20 primer and SuperScript II 

reverse transcriptase (Invitrogen) according to the manufacturer’s instructions. 
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2.8. Real-time RT-PCR 

 

The protocol used was basically the same as that described previously (S. E. Lee, Sun, Choi, Uhm, & 

Kim, 2012). Real-time RT-PCR was performed using the primer sets listed in Table 2 and a StepOne 

Plus Real-time PCR System (Applied Biosystems, Warrington, UK) with a final reaction volume of 

20 µL containing SYBR Green PCR Master Mix (Applied Biosystems). The PCR conditions were as 

follows: 10 min at 95°C, followed by 39 cycles of 15 sec at 95°C and 60 sec at 54°C or 60°C. 

Samples were then cooled to 12°C. Relative gene expression levels were analyzed by the 2
-ΔΔCt

 

method (Livak and Schmittgen, 2001) after normalization against the expression level of a 

housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase or β-actin). The experiment was 

independently repeated three times. 

 

Table 1. Primers used for real-time RT-PCR 

Gene 
GeneBank 

accession no. 
Primer sequence 

Annealing 

temp (°C) 

Product 

size 

(bp) 

GAPDH AF017079.1 

F: CATGGTCTACATGTTCCAGTATG 

R: GCTGTTGTCATACTTCTCATGGT 
60 304 

BMP15 NM_001005155 

F: CCCTCGGGTACTACACTATG 

R: GGCTGGGCAATCATATCCT 
60 192 

CCNB1 NM_001170768.1 

F: CCAACTGGTTGGTGTCACTG 

R: GCTCTCCGAAGAAAATGCAG 
60 195 

GDF9 XQ68750.1 

F: GTCTCCAACAAGAGAGAGATTC 

R: CTGCCAGAAGAGTCATGTTAC 
54 109 

MOS NM_001113219 

F: TGGGAAGAAACTGGAGGACA 

R: TTCGGGTCAGCCCAGTTCA 
60 121 

SOD1 GU9444822.1 

F: GCCACTGTGTACATCGAAGAT 

R: GTGATCCCAATTACACCACAG 
54 173 

SOD2 NM_214127.2 F: AGACCTGATTACCTGAAAGC 54 110 
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R: CTTGATGTACTCGGTGTGAG 

NFE2L2 XM_005671981.2 

F: ACAACTCAGCACCTTGTACC 

R: CCTTACTCTCCAAGTGAGTACTC 
54 81 

PRDX5 AF110735.2 

F: GGCATGTCTGAGTGTTAATGAC 

R: CAAAGAGAGACACCAAGGAATC 
54 152 

ESR1 NM_214220.1 

F: TGGAGTGTACACGTTTCTGT 

R: GTGTCTGTGATCTTGTCCAG 
54 87 

ESR2 NM_001001533.1 

F: AACTCTCCTGTCTCCTACAACT 

R: GGCAGCTTTCTACATAGGAG 
54 91 

F, forward; R, reverse. 

 

2.9. Western blot analysis 

 

The protocol was basically the same as that described previously (S. E. Lee et al., 2012). In brief, 

oocytes (40 per sample) were solubilized in 20 μL of 1× sodium dodecyl sulfate (SDS) sample buffer 

(62.5 mM Tris-HCl, pH 6.8, containing 2% (w/v) SDS, 10% (v/v) glycerol, 50 μM dithiothreitol, and 

0.01% (w/v) bromophenol blue or phenol red) and heated for 5 min at 95°C. Proteins were resolved 

on 5–12% Tris SDS-PAGE gels for 1.5 h at 80–100 V. Samples were then transferred to Hybond-ECL 

nitrocellulose membranes (Amersham, Buckinghamshire, UK) at 300 mA for 2 h in transfer buffer (25 

mM Tris, pH 8.5, containing 200 mM glycine and 20% (v/v) methanol). After blocking with 5% (w/v) 

nonfat milk prepared in PBS for 1 h, the membranes were incubated for at least 2 h with an anti-

p44/42 MAPK or anti-phospho-p44/42 MAPK antibody diluted 1:500 in blocking solution (1× Tris-

buffered saline, pH 7.5, containing 0.1% (v/v) Tween-20 and 5% (w/v) nonfat milk). Thereafter, the 

membranes were washed three times in TBST (20 mM Tris-HCl, pH 7.5, containing 250 mM NaCl 

and 0.1% (v/v) Tween-20) and incubated for 1 h with anti-rabbit IgG-horseradish peroxidase diluted 

1:2,000 in blocking solution. After three washes with TBST, immunoreactive protein bands were 

visualized with a chemiluminescent reagent (Invitrogen). The experiment was independently repeated 

three times. 
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2.10. Statistical analysis 

 

The general linear model procedure within the Statistical Analysis System (SAS User’s Guide, 1985, 

Statistical Analysis System Inc., Cary, NC, USA) was used to analyze data from all experiments. The 

paired Student’s t-test was used to compare relative gene expression. P values <0.05 were considered 

significant. 
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3. Results 

 

3.1. Hesperetin enhances the in vitro development of aging porcine oocytes 

 

To determine the optimal concentration of hesperetin, porcine oocytes were matured for 44 h 

(control) or for an additional 24 h (total of 68 h) in the presence of 0, 1, 10, 100, and 250 μM 

hesperetin (aging, H-1, H-10, H-100, and H-250, respectively; Table 1). The percentage of oocytes 

that reached MII did not differ between the groups. Following parthenogenetic activation (PA), the 

percentage of oocytes that became cleavage and reached the 2–4-cell stage did not differ between the 

H-1, H-100, and control groups. However, it was significantly lower (p<0.01) in the H-10, H-250, and 

aging groups than in the control group (control, 58.2±1.8%; aging, 40.2±0.8%; H-1, 55.2±1.2%; H-10, 

43.9±0.7%; H-100, 54.7±1.2%; and H-250, 43.5±1.0%). The percentage of cleaved oocytes that 

reached the blastocyst stage on day 7 was significantly higher (p<0.01) in the H-100 group than in the 

other hesperetin-treated groups and was similar in the H-100 and control groups (control, 38.1±0.8%; 

aging, 23.2±0.8 %; H-1, 19.7±1.3%; H-10, 26.7±0.6%; H-100, 37.9±1.1%; and H-250, 18.4±1.6%; 

Table 1). Therefore, the control, aging, and H-100 groups were compared in subsequent experiments. 
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Table. 2. Effect of hesperetin treatment during aging of porcine oocytes in vitro on subsequent 

embryo development 

Treatment 

group 

Hesperetin 

concentration 

(μM ) 

No. of 

germinal 

vesicle 

oocytes 

No. (%) of 

Surviving 

oocytes  

Cleaved oocytes  

on day 2 

Blastocysts 

on day 7 

Control 0 300 275 (91.7±0.7) 160 (58.2±1.8)
b
 61 (38.1±0.8)

b
 

Aging 0 300 246 (82.0±2.8) 99 (40.2±0.8)
a
 23 (23.2±0.8)

a
 

H-1 1 300 248 (82.7±1.0) 137 (55.2±1.2)
b
 27 (19.7±1.3)

a
 

H-10 10 300 264 (88.0±1.3) 116 (43.9±0.7)
a
 31 (26.7±0.6)

a
 

H-100 100 300 265 (88.3±1.1) 145 (54.7±1.2)
b
 55 (37.9±1.1)

b
 

H-250 250 300 262 (87.3±1.0) 114 (43.5±1.0)
a
 21 (18.4±1.6)

a
 

H, hesperetin. 
a-b

p<0.05 
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3.2. Hesperetin reduces the level of ROS in aging porcine oocytes in vitro 

 

The effects of hesperetin on the levels of ROS and glutathione (GSH) were analyzed by staining 

oocytes with dichlorohydrofluorescein diacetate (DCFHDA) and CellTracker™ Blue 4-chloromethyl-

6,8-difluoro-7-hydroxycoumarin (CMF2HC), respectively. The staining intensity of ROS was 

significantly lower (p<0.001) in the control and H-100 groups than in the aging group (control, 

53.3±1.3 pixels/oocyte; aging, 73.5±1.6 pixels/oocyte; and H-100, 67.2±1.9 pixels/oocyte; Fig. 1B). 

The staining intensity of GSH was significantly higher (p<0.01) in the H-100 group than in the 

control and aging groups, but did not differ between the control and aging groups (control, 98.3±4.9 

pixels/oocyte; aging, 99.4±2.6 pixels/oocyte; and H-100, 143.8±9.8 pixels/oocyte; Fig. 1B). 

Expression of the antioxidant genes peroxiredoxin 5 (PRDX5), nuclear factor erythroid 2-like 2 

(NFE2L2), superoxide dismutase 1 (SOD1), and superoxide dismutase 2 (SOD2) was analyzed by 

real-time reverse transcription (RT)-PCR (Fig. 1C). mRNA expression of PRDX5, NFE2L2, and 

SOD2 was significantly higher (p<0.01) in the H-100 group than in the aging group, and was similar 

in the control and H-100 groups. mRNA expression of SOD1 was significantly higher and lower 

(p<0.05) in the H-100 group than in the aging and control groups, respectively. 
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Fig. 1. Effect of hesperetin on the level of oxidative stress in porcine oocytes during aging in vitro. (A) 

Images of oocytes stained with DCFHDA (green) and CMF2HC (blue). a–c, ROS staining; d–f, GSH 

staining. Bar, 120 µm. (B) Quantification of the fluorescence intensities of DCFHDA and CMF2HC. 

(C) Relative expression of the antioxidant genes PRDX5, NFE2L2, SOD-1, and SOD-2. Values are 

presented as means ± standard error of the mean of independent experiments (
a–b

p<0.05, 
*
p<0.01, 

**
p<0.001). 
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3.3. Hesperetin prevents aberrant spindle organization and chromosome misalignment in aging 

porcine oocytes in vitro 

 

To further investigate the effect of hesperetin on spindle organization, spindles without abnormalities 

were classified as normal, whereas those in which chromosomes failed to align at the metaphase plate 

were classified as abnormal (Lenie, Cortvrindt, Eichenlaub-Ritter, & Smitz, 2008) (Fig. 2A). The 

percentage of oocytes with normal meiotic spindles was significantly higher (p<0.01) in the H-100 

group than in the aging group, and was similar in the control and H-100 groups (control, 72.1±3.5%; 

aging, 57.8±0.4%; and H-100, 71.2±2.3%; Fig. 2B). 
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Fig. 2. Effect of hesperetin on spindle morphology in porcine oocytes during aging in vitro. (A) 

Images of oocytes with normal (a) and abnormal (b) spindles. (B) Percentages of oocytes with normal 

and abnormal spindles. Data were derived from five independent replicates per group
 
(

*
p<0.01).  
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3.4. Hesperetin increases expression of cytoplasmic maturation markers in aging porcine 

oocytes in vitro 

 

To investigate the effect of hesperetin on cytoplasmic maturation of aging oocytes, we examined 

mitogen-activated protein kinase (MAPK) activity and maternal gene expression (Fig. 3). Active 

phospho-p44/42 MAPK migrated as a doublet in lysates of maturing porcine oocytes by western 

blotting. The relative ratio of phospho-p44/42 MAPK activity in total p44/42 MAPK was significantly 

higher (p<0.05) in the H-100 group than in the aging group, and was similar in the control and H-100 

groups (control, 98.2±0.01%; aging, 86.9±0.04%; and H-100, 98.0±0.02%; Fig. 3A). 

Expression of the cytoplasmic maturation marker genes growth differentiation factor-9 (GDF9), 

cyclin B1 (CCNB1), bone morphogenetic protein 15 (BMP15), and MOS proto-oncogene, 

serine/threonine kinase (MOS) was analyzed by real-time RT-PCR (Fig. 3B). mRNA expression of 

GDF9, CCNB1, and BMP15 was significantly higher (p<0.05) in the H-100 group than in the aging 

group, and was similar in the control and H-100 groups. mRNA expression of MOS was significantly 

higher (p<0.01) and lower (p<0.001) in the H-100 group than in the aging and control groups, 

respectively (Fig. 3B).
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Fig. 3. Effect of hesperetin on MAPK activity and maternal gene expression in porcine oocytes during 

aging in vitro. (A) MAPK protein activity. (B) Maternal gene expression. Levels were normalized 

against that in the control group. Data were derived from four independent replicates per group (
a–

b
p<0.05, 

*
p<0.01, and 

**
p<0.001). 
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3.5. Hesperetin increases expression of estrogen receptor genes in aging porcine oocytes in vitro 

 

The effects of hesperetin on mRNA expression of estrogen receptor 1 (ESR1) and 2 (ESR2) were 

analyzed by real-time RT-PCR to determine if hesperetin activates these receptors. mRNA expression 

of these genes was significantly higher (p<0.05) and lower (p<0.05) in the H-100 group than in the 

aging and control groups, respectively (Fig. 4).  
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Fig. 4. Effect of hesperetin on expression of estrogen receptor genes in porcine oocytes during aging 

in vitro. Expression was normalized against that in the control group. Data were derived from two 

independent replicates per group (
a–c

p<0.05). 
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3.6. Hesperetin improves the developmental capacity and quality of embryos derived from aging 

porcine oocytes in vitro 

 

To investigate whether hesperetin treatment during IVM of oocytes influences subsequent embryo 

development and quality, oocytes were matured in the presence or absence of 100 μM hesperetin and 

then parthenogenetically activated. The blastocyst formation rates were calculated at 7 days after PA 

(Fig. 5). The total number of cells per blastocyst was significantly higher (p<0.01) in the control and 

H-100 groups than in the aging group (control, 81.7±6.1; aging, 54.3±4.5; and H-100, 72.9±4.8; Fig. 

5B). Genomic DNA fragmentation was assessed by terminal deoxynucleotidyl transferase dUTP nick-

end labeling to detect apoptotic cells in blastocysts.  The percentage of apoptotic cells was 

significantly higher (p<0.05) in the aging group than in the control and H-100 groups (control, 

5.0±0.4%; aging, 7.9±0.9%; and H-100, 5.6±0.5%; Fig. 5C). 
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Fig. 5. Effect of hesperetin treatment during aging of porcine oocytes in vitro on subsequent embryo 

development and quality. (A) Cleavage rate. (B) Blastocyst formation rate. (C) Total cell number per 

blastocyst. (D) Percentage of apoptotic cells in blastocysts. Data were derived from four independent 

replicates per group (
a–c

p<0.05, 
*
p<0.01, 

**
p<0.001). 
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4. DISSCUSTION 

 

The mechanism by which oocytes are protected against aging in vitro is unknown. This study 

investigated the effects of the antioxidant hesperetin on aging of porcine oocytes in vitro. Treatment 

with 100 μM hesperetin during 24 h of aging significantly decreased the level of ROS and 

significantly increased expression of antioxidant genes (PRDX5, NFE2L2, SOD1, and SOD2), 

expression of maternal genes (GDF9, CCNB1, BMP15, and MOS), and the percentage of oocytes with 

normal spindles. In addition, embryos derived from these hesperetin-treated oocytes exhibited an 

improved developmental capacity and quality.  This study demonstrates that hesperetin protects 

oocytes against oxidative stress during aging in vitro. 

Oxidative stress arises in postovulatory aging oocytes, in which ROS production is increased and 

antioxidant protection is concomitantly decreased (Lord & Aitken, 2013). Intracellular GSH protects 

oocytes against oxidative damage; however, its level gradually decreases during aging (Boerjan & de 

Boer, 1990). The level of ROS was lower and higher in the H-100 group than in the aging and control 

groups, respectively. Moreover, the level of GSH was significantly higher in the H-100 group than in 

the control and aging groups, but was similar in the control and aging groups (Fig. 1A–B). Expression 

of antioxidant genes was higher in the H-100 group than in the aging group, and was similar in the 

control and H-100 groups (Fig. 1C). PRDX5 mediates ROS-based redox signaling and is involved in 

defense against a variety of cellular stresses. SOD1 catalyzes the conversion of superoxide radicals 

into molecular oxygen and hydrogen peroxide (McCord & Fridovich, 1969). SOD2 is the first line of 

defense against superoxide produced as a byproduct of oxidative phosphorylation (Y. Li et al., 1995). 

The transcription factor NFE2L2 is activated by antioxidants and chemopreventive agents (Cho, 

Reddy, & Kleeberger, 2006). Our results indicate that hesperetin protects oocytes against oxidative 

stress. 
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Chromosome condensation is the first visible event in meiotic maturation and is important for the 

formation of chromosomes and their proper segregation (Jelinkova & Kubelka, 2006). Postovulatory 

aging changes the levels of spindle-associated proteins (Cecconi et al., 2014) and induces acetylation 

of α-tubulin (A. R. Lee et al., 2013). The percentage of oocytes with normal spindles was lower in the 

aging group than in the control group, but was similar in the H-100 and control groups (Fig. 2B).  

These results demonstrate that treatment with hesperetin during aging of oocytes in vitro protects 

chromosomes and spindles at MII. 

MAPK activity gradually decreases during aging of porcine oocytes (Larbi et al., 2005). The ratio 

of phospho-p44/42 MAPK to total p44/42 MAPK was higher in the H-100 group than in the aging 

group, and was similar in the control and H-100 groups (Fig. 3A). Expression of the maternal genes 

CCNB1, MOS, BMP15, and GDF9 was higher in the H-100 group than in the aging group (Fig. 3B). 

GDF9 plays multifunctional roles in communication of oocyte granulosa cells and regulation of the 

differentiation and function of follicular cells (Elvin, Clark, Wang, Wolfman, & Matzuk, 1999). 

BMP15 prevents apoptosis of cumulus cells (Hussein, Froiland, Amato, Thompson, & Gilchrist, 2005). 

BMP15 and GDF9 interact and thereby elicit synergistic effects (Liu et al., 2018). CCNB1 forms a 

complex with cyclin-dependent kinase 1 that permits transition from G2 to M phase of the cell 

(Robert, Hue, McGraw, Gagne, & Sirard, 2002; Zhang et al., 2011). MOS participates in MII arrest 

and meiotic asymmetric division, and is thus vital for oocyte maturation (Evangelou et al., 2002). 

Consequently, the increases in expression of these genes upon hesperetin treatment mean elicit 

beneficial effects during aging of oocytes in vitro. 

To investigate whether hesperetin enters oocytes via estrogen receptors, we determined the 

expression levels of ESR1 and ESR2. Estrogen receptor is working more often as classical channel but 

also it could be mediated by antiatherogenic effect. Expression of these genes was significantly higher 

and lower in the H-100 group than in the aging and control groups, respectively (Fig. 4). Hesperetin 

enters cells via estrogen receptors (Hwang & Yen, 2011) and protects oxidative damage (Zhu, Dong, 

Liu, Ren, & Cui, 2017). The two forms of estrogen receptor are ERα and ERβ, which are encoded by 
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ESR1 and ESR2, respectively. Alteration of pre-mRNA splicing and expression levels of ESR1 

modulate the function of ERα (Ghali et al., 2018). ERβ is homologous to ERα, and these two proteins 

have similar, but not identical, tissue distributions (Mosselman, Polman, & Dijkema, 1996). Our 

results demonstrate that hesperetin enters porcine oocytes via estrogen receptors. 

The easiest way to assess the quality of oocytes in vitro is to identify the developmental rate. 

Developmental rate determines the efficiency with which embryos are produced in vitro. Aging 

negatively affects oocyte competency and embryo development (Marshall & Rivera, 2018), and 

reduces the cleavage rate (W. J. Yang et al., 2015). The percentage of oocytes that became cleavage 

was similar in the control and H-100 groups, and was lower in the aging group than in the control 

group. Many factors increase the developmental rate of oocytes (R. Li, Liu, Pedersen, & Callesen, 

2015; Park, So, & Hyun, 2017; Shin et al., 2018). Oocytes damaged by aging or oxidative stress 

reportedly have a reduced developmental potential (Chaube et al., 2005; Goud et al., 2008; Liang et 

al., 2017). To investigate blastocyst quality, we checked the numbers of total and apoptotic cells per 

blastocyst. The total cell number per blastocyst was higher in the H-100 group than in the aging group, 

and was similar in the control and H-100 groups. The percentage of apoptotic cells was significantly 

lower in the H-100 group than in the aging group, and was similar in the control and H-100 groups. 

Thus, the developmental rate was decreased in the aging group and this was prevented in the H-100 

group, suggesting that treatment with 100 µM hesperetin protects oocytes against aging in vitro. 

In conclusion, this study indicates that treatment with 100 μM hesperetin effectively protects 

oocytes against oxidative stress by reducing the level of ROS and thereby minimizes the deterioration 

in oocyte quality during aging in vitro. Therefore, hesperetin can be used to improve assisted 

reproductive technologies.  
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ABSTRACT IN KOREAN 

 

 감귤류 플라보노이드 헤스페레틴은 항산화, 항염증 및 항암작용을 비롯한 다양한 

약리학적 작용을 한다. 본 연구는 헤스페레틴이 체외에서 돼지 난자가 노화하는 동안 

난자의 핵 및 세포질의 성숙과 ROS 수준을 조절하여 배아의 발육능력에 어떤 영향을 

미치는지 조사하였다. 돼지의 난소로부터 회수된 미성숙 난자는 44 시간 체외성숙 한 후 

추가로 0, 1, 1,0 100, 250 μM 의 헤스페레틴을 첨가하여 24 시간 노화시켰다 (대조군, 

노화군, H-1, H-10, H-100 와 H-250). 실험의 결과, 44 시간 체외성숙 난자와 추가로 24 시간 

노화한 난자에서 차이가 없었지만 H-100 에서 배아형성률이 다른 노화군 보다 높고 

대조군과 비슷한 수준을 보였다 (p<0.01). 그리고 H-100 군은 노화군에 비해 

활성산소종의 수준이 현저하게 낮고 글루타티온 수준이 유의적으로 높게 나왔으며 

항산화 유전자 PRDX5, NFE2L, SOD-1 와 SOD-2 의 발현도 유의하게 높게 나왔다 (p<0.01). 

또한 H-100 군은 방추사의 비정상과 염색체 정렬의 불량을 억제하고 MAPK 의 수준 

감소를 막고 세포질 성숙인자 유전자 GDF9, CCNB1, BMP15 와 MOS 의 발현을 

증가시켰다. 배아에서는 H-100 군이 노화군에 비해 배반포 당 총 세포수가 증가하고 

세포사멸은 감소하는 것이 대조군과 유사하였다. 이 결과는 헤스페레틴이 체외에서 

노화하는 동안 산화스트레스로부터 돼지의 난자를 보호함으로써 돼지 난자의 질을 향상 

시킨다는 것을 시사한다. 
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도움을 주신 박민지 박사님께도 감사의 말씀을 드립니다. 지금은 졸업했지만 대학원 

또는 학과 선 후배로 실험실 생활을 함께한 현혁 선배님, 신민영 선배님, 박윤귀 선배님, 

정상기 선배님, 손여진 선배님과 실험실에서 같이 생활하고 있는 윤재욱, 박찬오, 박효진, 

홍동용, 김소희 학생들에게도 감사의 말을 전하며 뒤에서 항상 실험과 생활에서 많은 

부분을 도와주시는 박철희 부장님께도 감사의 말씀을 전합니다. 또한 석사과정 생활을 

하며 함께 해주신 문성호 교수님, 오창언 선생님, 김연옥 선생님, 오경돈 팀장님, 강상경 

선생님, 고리안 선생님들께도 감사의 말씀을 드립니다. 
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