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Abstract 
Background: The objective of this study was determination of the changes in the re-
active oxygen species (ROS) level, mitochondrial DNA (mtDNA) copy number and 
enzyme activity and transcription factor A (TFAM) gene expression in oocytes after 
vitrification. 
Methods: The oocytes at metaphase II (MII) stage (n=320) were collected from super-
ovulated adult female mice (n=40). These oocytes were divided into vitrified and 
non-vitrified groups (n=160 in each group). After vitrification of oocytes, ROS level, 
mtDNA copy number; TFAM gene expression and mitochondrial enzymes activity 
(cytochrome C oxidase and succinate dehydrogenase) were assessed and compared 
with non-vitrified group. Visualization of the mitochondria was done using Mito-
tracker green staining under confocal microscope. Data were compared by independ-
ent T-test. Values of p<0.05 were considered as statistically significant. 
Results: The survival rate of oocytes after vitrification and warming was 96.05%.  
The intensity of cytochrome C oxidase activity, mtDNA copy number and TFAM gene 
expression in non-vitrified oocytes were significantly lower and the level of ROS 
was higher in vitrified oocytes in comparison with non-vitrified group (p<0.05). But 
the intensity of succinate dehydrogenase activity was not significantly different be-
tween the two groups. The pattern of mitochondrial distribution in two groups of 
study was similar but the intensity of Mitotracker green in non-vitrified oocytes was 
significantly higher than vitrified oocytes (p<0.05). 
Conclusion: This study showed that vitrification of mouse MII oocytes reduced the 
mtDNA copy number and mitochondrial cytochrome C oxidase activity by increas-
ing ROS level, thus the subsequent embryo development may be affected. 
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Introduction 
ocyte cryopreservation is a suitable method 
in assisted reproductive technologies for fer-
tility preservation (1, 2). Slow freezing and  
 

vitrification have been employed as oocyte cryo-
preservation methods (3, 4). Vitrification is a phys-
ical process in high concentrated cryoprotectants 
without formation of any ice crystals. This meth-
od is a good alternative to slow-cooling method 
(5, 6). 

Recently, vitrification methods have been im-
proved using enhancement of cooling rate, decline  
 

 
 
 
in the volume of cryoprotectant and different car-
rier systems (7-9). In spite of the successful re-
sults in vitrification techniques, there are studies 
that have showed various structural, biochemical 
and molecular alterations after vitrification pro-
cess which result in loss of oocyte quality (10-13).  

Cytoplasmic maturation requires high level of 
energy which is provided by mitochondria (14). 
This organelle has vital role in production of en-
ergy for oocyte; therefore, it is an indicator of cy-
toplasmic maturation (15, 16). Mitochondria of oo-
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cyte may be damaged without any detectable mor-
phological alterations during cryopreservation pro-
cess (17). 

Mitochondrial genome consists of a circular, 
double-stranded DNA molecule with 16.6 kb. It 
codes 22 tRNA, 2 rRNA and 13 necessary subu-
nits of the respiratory chain complexes (18, 19). 
The mtDNA copy number has a link with oocyte 
quality and plays vital role in production of ATP 
within the oocyte (20, 21).  

ROS is produced by mitochondrial respiratory 
chain and may alter the mtDNA copy number (19). 
Alteration in the activity of the enzymes involved 
in oxidative phosphorylation system (OXPHOS) 
may be due to decline mtDNA copy number (22, 
23). One of the vital enzymes in respiratory chain 
is cytochrome oxidase (COX) that produces water 
without ROS production by reaction with oxygen 
(24). Unlike other complexes, complex II or suc-
cinate dehydrogenase (SDH), does not participate 
in transfer of proton. SDH not only participates in 
electron transfer in respiratory chain but also has a 
principal role as an enzyme in crebs cycle, thus 
this enzyme plays an important role in energy me-
tabolism. Additionally, SDH plays a major role in 
connecting two pathways of cellular metabolism 
(25). 13 subunits of complex I, III, IV and V en-
code by mitochondrial genome but other subunits 
of these complexes and total subunits of SDH en-
code by nuclear genome. However, correlation be-
tween nuclear and mitochondrial genome is im-
portant for mitochondrial function (26). The main-
tenance and stability of mitochondrial genome is 
supported by transcription factor A mitochondria 
(TFAM). Transcription and replication of mito-
chondrial DNA (mtDNA) play a critical role in mi-
tochondrial biogenesis during development (27). 

It was shown that cryopreservation may change 
the physical and chemical characteristics of oo-
cytes, such as loss of cytoskeletal integrity, mito-
chondrial depolarization, and increase in level of 
ROS (28-34). 

Recent studies demonstrated that vitrification and 
warming process may impact on mitochondrial 
function, structure and distribution of oocytes (35-
39). Lei et al. reported that vitrification changed 
mitochondrial distribution and function in mouse 
oocytes and had negative effect on fertilization 
and embryonic development (35). Shi et al. show-
ed changes in mitochondrial organization and high 
sensitivity of porcine oocytes at MII stage to vitri-
fication process (37). Results of Nazmara et al.’s 
study revealed that mouse oocyte vitrification did 

not affect the developmental competence and ATP 
content but some alterations were seen in mito-
chondrial distribution of in vitro matured oocytes 
compared with control group (38). 

In spite of some reports regarding the adverse ef-
fects of oocyte cryopreservation (40-44), there 
was poor information related to the changes in 
mtDNA copy number and mitochondrial enzyme 
activity of oocytes after vitrification. Therefore, 
the object of this study was determining the al-
terations in mtDNA copy number, ROS level, mi-
tochondrial enzyme activity, TFAM gene expres-
sion and mitochondrial distribution in vitrified oo-
cytes compared with non-vitrified group. 
 

Methods 
Chemicals: All reagents were purchased from 

Sigma Aldrich (Germany) except otherwise indi-
cated.  

 

Animals: Adult female (6-10 weeks old; n=40) 
NMRI mice were cared and used according to the 
guide for the care and use of laboratory animals of 
Tarbiat Modares University, Tehran, Iran. The mice 
were housed under a 12 hr light: 12 hr dark regi-
men with a temperature of 23°C and relative hu-
midity of 44%. Approval for this study was 
achieved from the animal research ethical com-
mittee of Tarbiat Modares University (Ref No: 52/ 
1637). 

 

Ovulation induction: The fresh MII oocytes were 
collected from adult female mice (n=40) after su-
perovulation by intraperitoneal (IP) injection of 
10 IU human menopausal gonadotrophin (HMG, 
Folligon; Intervent, Australia) followed with an-
other injection of 10 IU of hCG at 48 hr later.  

 

Experimental design: The collected MII oocytes 
(n=320) from adult female mice were randomly 
divided into vitrified and non-vitrified groups (n= 
160 in each group) and in each group subjected to 
subsequent assessments. 

The oocyte level of ROS, TFAM gene expres-
sion, mtDNA copy number and mitochondrial en-
zymes activity in both groups were assessed and 
compared. 

 

Vitrification and warming: Oocytes (n=160 oo-
cyte) were vitrified by cryotop method described 
by Kuwayama (45). Briefly, the oocytes were 
placed in equilibration solution, containing 7.5% 
DMSO, 7.5% ethylene glycol and 20% human 
serum albumin (HSA) in Ham’s F10 at room tem-
perature for 7 min. Then, the oocytes were placed 
in vitrification solution, containing 15% DMSO, 
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15% ethylene glycol, 0.5 mol sucrose and 20% 
HSA in Ham’s F10 for 1 min. The oocytes were 
loaded to cryotop and then plunged into liquid 
nitrogen. For warming, the cryotop was immersed 
into a solution of 1 mol sucrose containing 20% 
HSA in Ham’s F10 at 37C for 1 min. Next, the 
oocytes were sequentially transferred into a solu-
tion of 0.5 mol sucrose for 3 min as well as a solu-
tion of 0.25 mol sucrose for 3 min and washed 
with a medium supplemented with 20% HSA. 
Then, they were incubated for 1 hr before any 
assessments. 

 

DNA extraction from individual oocyte: For DNA 
extraction, a single MII oocyte (n=40 in each 
group, n=1 per tube) was transferred into 10 µl of 
lysis buffer containing 50 mM Tris-Hcl (pH=8.5), 
0.1 mM EDTA, 0.5% Tween-20 and 200 µg/ml 
proteinase K (Roch, Germany). Next, each tube 
was incubated at 55C overnight. For inactivation 
of proteinase K, they were heated to 95C for 10 
min. For PCR, each sample was directly employed 
as template DNA. 

 

Primer design: The unique regions of mitochon-
drial genome without duplicate in nuclear genome 
were detected and designed in specific primers 
(Table 1) by primer3 (version 4.0) software. The-
se primers were synthesized at Generary Biotech 
Co. (China). 

 

Preparation of standard dilutions: A 68 bp unique 
sequence of mtDNA was amplified using mitochon-
drial forward and mitochondrial reverse primers. 
PCR products were extracted from agarose gel 
using GeneAll ExpinTM Combo GP kit (GeneAll 
Biotechnology, Korea), according to the manufac-
turer’s protocol. Afterward, this product was cloned 
into the vector pTZ57R/T (Thermoscientificbio, 
USA), purified and sequenced. Linearization and 
cleanup of recombinant plasmid was done by 
GeneAll kit. Concentration of this plasmid was 
detected and diluted to 3×105 copies/5 µl by spec-
trophotometry. Preparation of five serial dilutions 
of purified recombinant was performed. These 
standard serial dilutions were stored at 4C for 
mtDNA copy number analysis.   

 

Quantification of mtDNA copy number: Real time 
PCR was performed in each single MII oocytes 
(n=40 in each group, n=1 per tube) for quantifica-
tion of mtDNA copy number.   

Duplicates of extracted mtDNA from each oo-
cyte were used as 2 wells. Five points of triplicate 
serial standard without template control were em-
ployed in all real-time analysis. The cycling pro-
grams consisted of an initial denaturation step of 
95C for 10 min, followed by 40 cycles of 95C 
for 15 seconds, 60C for 30 s and 72C for 30 s. 
Duplicate wells of each oocyte were summed for 
determination of mtDNA copy number (R2=0.99). 
 

RNA extraction for TFAM: Total RNA was ex-
tracted from vitrified and non-vitrified MII oo-
cytes (30 oocytes in each group; 10 oocytes for 
each replicate of experiments) using RNeasy Mini 
Kit (Qiagen, Germany). RNA samples were stored 
at -80C. According to the manufacturer’s instruc-
tions, the cDNA was synthesized using the cDNA 
kit (Thermo Scientific, UK). The cDNA was syn-
thesized by oligodT and reverse transcriptase at 
42C for 60 min then, stored at -20C. 
 

Real-time RT-PCR: Primer pairs for TFAM gene 
expression were designed by GenBank (http:// 
www.ncbi.nlm.nih.gov) and Allele ID software 
and are presented in table 1. β-actin was utilized 
as a housekeeping gene.  

Applied Biosystem real time thermal cycler was 
utilized according to QuantiTect SYBR Green 
RT-PCR kit (Applied Biosystems, UK). Amplifi-
cation of reference and target genes was perform-
ed in the same run, for each sample. Programs of 
real time RT-PCR protocol consisted the holding 
step at 95C for 5 min, cycling step at 95C for 15 
s, 58C for 30 s, and 72C for 15 s, which was 
followed by a melt curve step at 95C for 15 s, 
60C for 1 min, and 95C for 15 s. Determining 
relative quantitation for target genes was perform-
ed by Pfaffl method. All experiments of real time 
RT-PCR were replicated three times. 
 

ROS assay: ROS level of MII oocytes (60 oo-
cytes for each group in 3 repeats) from two groups 
was set based on Abdi et al.’s method (46). Brief-

Table 1. Designed primer sequences used for real-time PCR 
 

Gene Primer pair sequence (5´-3´) Accession numbers PCR product size (bp) 

β-actin  
F: TGTGACGTTGACATCCGTAA 

R: GCTAGGAGCCAGAGCAGTAA 
NM-007393 64 

TFAM 
F: AAGGGAATGGGAAAGGTAGA 

R: AACAGGACATGGAAAGCAGAT 
NM-011045 76 

MT 
F: CCAATACGCCCTATAACAAC 

R: GCTAGTGTGAGTGATAGGGTAG 
NM-013523.3 79 
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ly, the 20 oocytes were pooled in each experiment 
and washed three times with PBS; afterward, they 
were incubated in 40 mmol/l of Tris–HCl buffer 
(pH=7.0) containing 5 mmol/l 2´, 7´ dichlorodi-
hydrofluorescein diacetate (Merck) at 37C for 30 
min. They were washed with PBS, sonicated at 
50W for 2 min, centrifuged at 4C and 10,000 g 
for 20 min, and the supernatant was monitored 
using a spectrofluorometer at 488 nm excitation 
and at 525 nm emissions.  

 

Cytochrome C oxidase activity: Activity of cyto-
chrome C oxidase in MII oocytes (n=10 in each 
group) was determined by the method described 
by Burstone et al. (47). Briefly, the MII oocytes 
were placed in a solution of 15 mg N-Phenyl-p-
phenylene diamine (p-aminodiphenylamine), 15 
mg naphthol AS-LG 0.1 ml ethanol 100%, 50 ml 
tris-HCl buffer (pH=7.2-7.4) and BSA (5 mg/ml) 
after washing in phosphate-buffered saline sup-
plemented with 5% BSA and then,  incubated at 
37C for 60 min. The reaction was inhibited by 
1.10 mM potassium cyanide. 

 

Succinate dehydrogenase activity: The activity of 
succinate dehydrogenase in MII oocytes (n=10 in 
each group) was detected by the method described 
by of Vivarelli (48).  

Briefly, the oocytes were washed in phosphate-
buffered saline supplemented with bovine serum 
albumin. Then, they were transferred in one drop 
(0.8 ml) of a solution containing 12.5 mM-tris-
HCl (pH=7.4); 1.25 mg BSA/ml; 1.25 mM-CaCl2; 
1 mM-NaCN; 62.5 mM-disodium succinate (Boe-
hringer). Immediately the MII oocytes were load-
ed on cryotop with small volume of the same so-
lution and were frozen. After thawing the oocytes 
at 37°C, 0.1 ml of nitro blue tetrazolium (B.D.H.) 
was added and incubated at 37°C for 15 min. For 
controls, MII oocytes were incubated in the same 
solution containing 90 mM-NaCl instead substrate.  

 

Quantization of enzymes activity: For determina-
tion of cytochrome c oxidase and succinate dehy-
drogenase activity, stained MII oocytes were 
transferred in the center of glass slide. These 
slides were observed under a light microscope. 
The intensity of the enzyme activity was deter-

mined by the amount of deposited reaction prod-
ucts. The light microscopic images of individual 
oocytes (n=5 in each groups) were taken at 400 
magnification and entered into Image J software 
(National Institutes of Health, Bethesda, USA). 
The intensity of reaction in each oocyte was 
measured and compared by this software. 

 

Activity of cytochrome C oxidase in MII oocytes 
(n=10 in each group) were determined with the 
method described by Burstone et al (47). Briefly, 
the MII oocytes were washed in phosphate-buf-
fered saline supplemented with 5% BSA, then 
they were incubated in a solution containing 15 
mg N-Phenyl-p-phenylene diamine (p-aminodi-
phenylamine), 15 mg naphthol AS-LG, 0.1 ml 
ethanol 100%, 50 ml tris-HCl buffer (pH=7.2-7.4) 
and 5 mg BSA/ml at 37°C for 60 min. In negative 
control the reaction was inhibited by 0.1 mM po-
tassium cyanide. 

 

Statistical analysis: All experiments were repeated 
at least three times. Values are given as mean±SE. 
For data evaluation, the SPSS program version 21 
software was utilized. The normality of data was 
tested by the Kolmogorove-Smirnov Test. The 
data of mtDNA copy number, TFAM gene ex-
pression, ROS level, enzyme activity and fluores-
cent intensity in the vitrified and non-vitrified 
groups were compared with independent t-test. 
The p<0.05 was considered as statistically signifi-
cant. 
 

Results 
mtDNA copy number of MII oocytes: The mtDNA 

copy numbers of non-vitrified and vitrified MII 
oocytes were 511764.8±124899 and 243704± 
28450, respectively (Table 2). This number in 
vitrified MII oocytes was lower than non-vitrified 
group (p<0.001). 

 

Gene expression analysis: The gene expression ra-
tios of TFAM to housekeeping gene in vitrified 
and non-vitrified MII oocytes were 0.33±0.08 and 
0.04±0.01, respectively (Table 2). The gene ex-
pression in non-vitrified MII oocytes was signifi-
cantly higher than vitrified oocytes (p<0.001). 

 

ROS level: The ROS levels in MII oocytes col 

Table 2. The mtDNA copy number, the ratio of TFAM gene expression to β-actin and the ROS level in non-vitrified and vitrified MII 
oocytes (MSEM) 

 

Group mtDNA copy number Relative expression ratio of TFAM to β-actin ROS levels (µM H2O2) 

Non-vitrified 511764.8±124899 0.33±0.08 2.64±0.03 

Vitrified 243704±28450* 0.04±0.01* 4.39±0.11* 
 

* Significant difference with non-vitrified group (p<0.001) 
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lected from two groups of study were indicated as 
µM H2O2 (Table 2). The amounts of ROS in non-
vitrified and vitrified groups were 2.64±0.03 and 
4.39±0.11. These levels in vitrified MII oocytes 
were higher than non-vitrified group (p<0.001). 

 

Cytochrome C oxidase activity: Cytochrome C ox-
idase reaction is shown bluish brown to brownish 
black in the micrograph of MII oocytes (Figure 1). 
The intensities of enzyme activity in non-vitrified 
and vitrified MII oocytes were 178.13±0.83 and 
160.38±3.47, respectively (Table 3). These reac-
tions in non-vitrified MII oocytes were signifi-
cantly higher than vitrified oocytes (p<0.001).  

 

Succinate dehydrogenase activity: Purple formazan 
deposit was observed in MII oocytes with succin-
ate dehydrogenase reaction (Figure 1). The inten-
sities of succinate dehydrogenase activity in non-
vitrified and vitrified MII oocytes were 222.86± 
4.97 and 209.20±6.64 (Table 3). There was no sig-
nificant difference between two groups. 

 

Distribution of mitochondria: The representative 
micrographs of MII oocytes which stained with 

Mitotracker green are observed in figures 2A and 
2B. Mitochondrial distribution in the cytoplasm of 
MII oocytes was homogenous, although distribu-
tion of mitochondria in cortical region of cyto-
plasm was more than central region. This pattern 
in two groups of study was similar. The intensities 
of florescent in non-vitrified and vitrified MII oo-
cytes were 39.80±1.42 and 31.66±0.22 (Figure 
2C). These intensities in non-vitrified MII oocytes 
were significantly higher than vitrified oocytes 
(p<0.05). 
 

Discussion 
These results showed that vitrification and warm-

ing process may result in mitochondrial deficien-
cy of oocytes. Our result showed that vitrification 
process leads to increase in ROS level of oocyte. 
Similarly, Nohales-Córcoles et al. reported that vit-
rification affected the redox state of human oo-
cytes (50). Gupta et al. observed that vitrification 
enhanced the ROS activity and reduced the quali-
ty of oocytes (51).  

Increase in ROS production may lead to impair-
ment in respiratory chain as the main producer of 
ROS (52-56). Therefore, impaired respiratory chain, 
in turn, may lead to increase in ROS production 

Table 3. The intensity of mitochondrial enzyme activity in 
non-vitrified and vitrified groups 

 

Groups 
Cytochrome c 

oxidase 
Succinate  

dehydrogenase 
Non-vitrified 178.13±0.83 222.86±4.97 

Vitrified 160.38±3.47 * 209.20±6.64 
 

* Significant difference with non-vitrified group (p<0.05) 

Figure 2. Distribution of mitochondria in non-vitrified (A) 
and vitrified (B) MII oocytes that were stained by Mito-
tracker green. The mitochondria are shown as green clusters 
within the ooplasm. The fluorescence intensity of MII oo-
cytes in two groups of study (C).  
* Significant differences with non-vitrified group (p<0.05) 

Figure 1. Representative photomicrographs of cytochrome C 
oxidase (A and B) and succinate dehydrogenase (C and D) 
reaction in MII oocytes collected from two groups of study. 
The cytochrome C oxidase activity is shown as brown color 
in non-vitrified (A) and vitrified (B) MII oocytes. The suc-
cinate dehydrogenase activity is shown as purple color in 
non-vitrified (C) and vitrified (D) MII oocytes 
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and high level of ROS may lead to defect in 
mtDNA copy number. Results of this study show-
ed that mtDNA copy number in vitrified oocytes 
was significantly decreased in comparison with 
non-vitrified oocytes.  Decrease in mtDNA copy 
number may be due to increase in ROS level.  

Osmotic forces due to dehydration, cooling, re-
hydration, and warming may cause defect in mi-
tochondrial structure, function or distribution (17, 
30, 33, 57, 58). The mtDNA copy number directly 
links with quality of oocytes (20, 21, 59, 60).  

Some of investigations showed that vitrification 
methods by various careers and cryoprotectants 
impacted on mitochondrial structure and function 
(17, 30, 33, 61, 62). Chen et al. reported that vitri-
fication changed mitochondrial membrane poten-
tial of human oocytes (63). Dai et al. observed that 
vitrification process impaired mitochondrial mor-
phology and function of porcine oocytes (40). 

In other part of this study, it was shown that cy-
tochrome oxidase activity in vitrified MII oocytes 
was lower than non-vitrified group. This result is 
in parallel with decrease in mtDNA copy number 
and increase in ROS production. But the activity 
of succinate dehydrogenase was similar in both 
groups. This result may be due to encoding of some 
cytochrome C oxidase subunits by mitochondrial 
genome whereas total subunits of succinate dehy-
drogenase are encoded by nuclear genome. Simi-
lar to our results, Li et al. showed that impaired 
mtDNA could lead to decrease in cytochrome C 
oxidase activity, but succinate dehydrogenase ac-
tivity did not change (64). 

Our molecular analysis demonstrated that TFAM 
gene expression in vitrified MII oocytes was low-
er than non-vitrified group. This result may be due 
to the key role of TFAM in stability of mitochon-
drial genome (mtDNA). Kukat et al. reported that, 
there are 1000 TFAM molecules for one mtDNA 
in each nucleoid. TFAM molecules have important 
regulatory role in biogenesis and stability of 
mtDNA (65, 66). Thus, decrease in mtDNA copy 
number may be due to decrease in TFAM gene 
expression.  

 
Conclusion 

This study showed that vitrification of mouse 
MII oocytes caused some alterations in the oo-
cytes mitochondria. Reducing in the mtDNA copy 
number, mitochondrial cytochrome C oxidase ac-
tivity and increase in ROS level could affect the 
subsequent embryo development. The improve-

ment of oocyte vitrification method is recom-
mended. 
 

Acknowledgement 
We thank Mr. Pour Beyranvand for providing 

excellent technical assistance.  
This work was supported by Tarbiat Modares 

University as PhD thesis and Iran National Sci-
ence Foundation. 
 

Conflict of Interest 
None declared. 

 
References 

1. Roque M, Valle M, Kostolias A, Sampaio M, Geber 
S. Freeze-all cycle in reproductive medicine: current 
perspectives. JBRA Assist Reprod. 2017;21(1):49-
53. 

 

2. Winkler-Crepaz K, Böttcher B, Toth B, Wildt L, 
Hofer-Tollinger S. What is new in 2017? Update on 
fertility preservation in cancer patients. Minerva 
Endocrinol. 2017;42(4):331-9.  

 

3. Nagy ZP, Anderson RE, Feinberg EC, Hayward B, 
Mahony MC. The Human Oocyte Preservation Ex-
perience (HOPE) Registry: evaluation of cryopres-
ervation techniques and oocyte source on outcomes. 
Reprod Biol Endocrinol. 2017;15(1):10. 

 

4. Goldman RH, Racowsky C, Farland LV, Munné S, 
Ribustello L, Fox JH. Predicting the likelihood of 
live birth for elective oocyte cryopreservation: a 
counseling tool for physicians and patients. Hum 
Reprod. 2017;32(4):853-9. 

 

5. Liu M, Zhou W, Chu D, Fu L, Sha W, Liu S, et al. 
A modified vitrification method reduces spindle and 
chromosome abnormalities. Syst Biol Reprod Med. 
2017;63(3):199-205. 

 

6. Wu G, Jia B, Quan G, Xiang D, Zhang B, Shao Q, 
et al. Vitrification of porcine immature oocytes: As-
sociation of equilibration manners with warming 
procedures, and permeating cryoprotectants effects 
under two temperatures. Cryobiology. 2017;75:21-7. 

 

7. Mahesh YU, Gibence HR, Shivaji S, Rao BS. Effect 
of different cryo-devices on in vitro maturation and 
development of vitrified-warmed immature buffalo 
oocytes. Cryobiology. 2017;75:106-16. 

 

8. Li WJ, Zhou XL, Liu BL, Dai JJ, Song P, Teng Y. 
Effect of Nanoparticles on the Survival and Devel-
opment of Vitrified Porcine GV Oocytes. Cryo Let-
ters. 2016;37(6):401-5. 

 

9. Gu R, Feng Y, Guo S, Zhao S, Lu X, Fu J, et al. 
Improved cryotolerance and developmental compe-
tence of human oocytes matured in vitro by transient 
hydrostatic pressure treatment prior to vitrification. 
Cryobiology. 2017;75:144-50. 



D
ow

nl
oa

de
d 

fr
om

 h
ttp

://
w

w
w

.jr
i.i

r 
 

 

 

J Reprod Infertil, Vol 18, No 4, Oct-Dec 2017 349

                                                  Amoushahi M, et al. JRI 
 

10. Pitchayapipatkul J, Somfai T, Matoba S, Parnpai 
R, Nagai T, Geshi M, et al. Microtubule stabilisers 
docetaxel and paclitaxel reduce spindle damage 
and maintain the developmental competence of in 
vitro-mature bovine oocytes during vitrification. 
Reprod Fertil Dev. 2017 Feb 2. [Epub ahead of 
print]. 

 

11. Bulgarelli DL, Vireque AA, Pitangui-Molina CP, 
Silva-de-Sá MF, de Sá Rosa-E-Silva ACJ. Re-
duced competence of immature and mature oocytes 
vitrified by Cryotop method: assessment by in vitro 
fertilization and parthenogenetic activation in a 
bovine model. Zygote. 2017;25(2):222-30. 

 

12. Liu MH, Zhou WH, Chu DP, Fu L, Sha W, Li Y. 
Ultrastructural Changes and Methylation of Human 
Oocytes Vitrified at the Germinal Vesicle Stage 
and Matured in vitro after Thawing. Gynecol Obs-
tet Invest. 2017;82(3):252-61. 

 

13. Wang N, Li CY, Zhu HB, Hao HS, Wang HY, Yan 
CL, et al. Effect of vitrification on the mRNA 
transcriptome of bovine oocytes. Reprod Domest 
Anim. 2017;52(4):531-41. 

 

14. Sowińska N, Müller K, Niżański W, Jewgenow K. 
Mitochondrial characteristics in oocytes of the do-
mestic cat (Felis catus) after in vitro maturation 
and vitrification. Reprod Domest Anim. 
2017;52(5):806-13. 

 

15. Wang LY, Wang DH, Zou XY, Xu CM. Mitochon-
drial functions on oocytes and preimplantation em-
bryos. J Zhejiang Univ Sci B. 2009;10(7):483-92. 

 

16. Yu Y, Dumollard R, Rossbach A, Lai FA, Swann 
K. Redistribution of mitochondria leads to bursts 
of ATP production during spontaneous mouse oo-
cyte maturation. J Cell Physiol. 2010;224(3):672-
80. 

 

17. Cao X, Li J, Xue H, Wang S, Zhao W, Du Z, et al. 
Effect of vitrification on meiotic maturation, mito-
chondrial distribution and glutathione synthesis in 
immature silver fox cumulus oocyte complexes. 
Theriogenology. 2017;91:104-11. 

 

18. Pawlak P, Chabowska A, Malyszka N, Lechniak D. 
Mitochondria and mitochondrial DNA in porcine 
oocytes and cumulus cells--A search for develop-
mental competence marker. Mitochondrion. 2016; 
27:48-55. 

 

19. Ebert KM, Liem H, Hecht NB. Mitochondrial 
DNA in the mouse preimplantation embryo. J 
Reprod Fertil. 1988;82(1):145-9. 

 

20. Santos TA, El Shourbagy S, St John JC. Mitochon-
drial content reflects oocyte variability and fertili-
zation outcome. Fertil Steril. 2006;85(3):584-91. 

 

21. Reynier P, May-Panloup P, Chrétien MF, Morgan 
CJ, Jean M, Savagner F, et al. Mitochondrial DNA 

content affects the fertilizability of human oocytes. 
Mol Hum Reprod. 2001;7(5):425-9. 

 

22. Zhang W, Liu Y, An Z, Huang D, Qi Y, Zhang Y. 
Mediating effect of ROS on mtDNA damage and 
low ATP content induced by arsenic trioxide in 
mouse oocytes. Toxicol In Vitro. 2011;25(4):979-
84. 

 

23. Hori A, Yoshida M, Shibata T, Ling F. Reactive 
oxygen species regulate DNA copy number in iso-
lated yeast mitochondria by triggering recombina-
tion-mediated replication. Nucleic Acids Res. 
2009;37(3):749-61. 

 

24. Forkink M, Manjeri GR, Liemburg-Apers DC, Nib-
beling E, Blanchard M, Wojtala A, et al. Mito-
chondrial hyperpolarization during chronic com-
plex I inhibition is sustained by low activity of 
complex II, III, IV and V. Biochim Biophys Acta. 
2014;1837(8):1247-56. 

 

25. Heiske M, Nazaret C, Mazat JP. Modeling the res-
piratory chain complexes with biothermokinetic 
equations - the case of complex I. Biochim Bio-
phys Acta. 2014;1837(10):1707-16. 

 

26. Facucho-Oliveira JM, St John JC. The relationship 
between pluripotency and mitochondrial DNA pro-
liferation during early embryo development and 
embryonic stem cell differentiation. Stem Cell Rev. 
2009;5(2):140-58. 

 

27. Ngo HB, Lovely GA, Phillips R, Chan DC. Dis-
tinct structural features of TFAM drive mitochon-
drial DNA packaging versus transcriptional activa-
tion. Nat Commun. 2014;5:3077. 

 

28. Jones A, Van Blerkom J, Davis P, Toledo AA. Cry-
opreservation of metaphase II human oocytes ef-
fects mitochondrial membrane potential: implica-
tions for developmental competence. Hum Reprod. 
2004;19(8):1861-6. 

 

29. Liang Y, Ning FY, Du WJ, Wang CS, Piao SH, An 
TZ. The type and extent of injuries in vitrified 
mouse oocytes. Cryobiology. 2012;64(2):97-102. 

 

30. Demant M, Trapphoff T, Fröhlich T, Arnold GJ, 
Eichenlaub-Ritter U. Vitrification at the pre-antral 
stage transiently alters inner mitochondrial mem-
brane potential but proteome of in vitro grown and 
matured mouse oocytes appears unaffected. Hum 
Reprod. 2012;27(4):1096-111. 

 

31. Yan CL, Fu XW, Zhou GB, Zhao XM, Suo L, Zhu 
SE. Mitochondrial behaviors in the vitrified mouse 
oocyte and its parthenogenetic embryo: effect of 
Taxol pretreatment and relationship to competence. 
Fertil Steril. 2010;93(3):959-66. 

 

32. Zhao XM, Du WH, Wang D, Hao HS, Liu Y, Qin  
T, et al. Effect of cyclosporine pretreatment on mi-
tochondrial function in vitrified bovine mature oo-
cytes. Fertil Steril. 2011;95(8):2786-8. 

 



D
ow

nl
oa

de
d 

fr
om

 h
ttp

://
w

w
w

.jr
i.i

r 
 

 

 

350 J Reprod Infertil, Vol 18, No 4, Oct-Dec 2017 

Mitochondrial Changes in Vitrified OocyteJRI 

33. Zhao XM, Du WH, Wang D, Hao HS, Liu Y, Qin 
T, et al. Recovery of mitochondrial function and 
endogenous antioxidant systems in vitrified bovine 
oocytes during extended in vitro culture. Mol 
Reprod Dev. 2011;78(12):942-50. 

 

34. Zhao XM, Fu XW, Hou YP, Yan CL, Suo L, Wang 
YP, et al. Effect of vitrification on mitochondrial 
distribution and membrane potential in mouse two 
pronuclear (2-PN) embryos. Mol Reprod Dev. 2009; 
76(11):1056-63. 

 

35. Lei T, Guo N, Liu JQ, Tan MH, Li YF. Vitrifica-
tion of in vitro matured oocytes: effects on meiotic 
spindle configuration and mitochondrial function. 
Int J Clin Exp Pathol. 2014;7(3):1159-65.  

 

36. Turathum B, Saikhun K, Sangsuwan P, Kitiyanant 
Y. Effects of vitrification on nuclear maturation, 
ultrastructural changes and gene expression of ca-
nine oocytes. Reprod Biol Endocrinol. 2010;8:70. 

 

37. Shi LY, Jin HF, Kim JG, Mohana Kumar B, Bala-
subramanian S, Choe SY, et al. Ultra-structural 
changes and developmental potential of porcine 
oocytes following vitrification. Anim Reprod Sci. 
2007;100(1-2):128-40. 

 

38. Nazmara Z, Salehnia M1, HosseinKhani S. Mito-
chondrial Distribution and ATP Content of Vitri-
fied, In vitro Matured Mouse Oocytes. Avicenna J 
Med Biotechnol. 2014;6(4):210-7. 

 

39. Hochi S, Kozawa M, Fujimoto T, Hondo E, Yama-
da J, Oguri N. In vitro maturation and transmission 
electron microscopic observation of horse oocytes 
after vitrification. Cryobiology. 1996;33(3):300-10. 

 

40. Dai J, Wu C, Muneri CW, Niu Y, Zhang S, Rui R, 
et al. Changes in mitochondrial function in porcine 
vitrified MII-stage oocytes and their impacts on 
apoptosis and developmental ability. Cryobiology. 
2015;71(2):291-8. 

 

41. Somfai T, Matoba S, Inaba Y, Nakai M, Imai K, 
Nagai T, et al. Cytoskeletal and mitochondrial pro-
perties of bovine oocytes obtained by Ovum Pick-
Up: the effects of follicle stimulation and in vitro 
maturation. Anim Sci J. 2015;86(12):970-80. 
 

42. El-Shalofy AS, Moawad AR, Darwish GM, Ismail 
ST, Badawy AB, Badr MR. Effect of different vit-
rification solutions and cryodevices on viability 
and subsequent development of buffalo oocytes 
vitrified at the germinal vesicle (GV) stage. Cryo-
biology. 2017;74:86-92. 

 

43. Lei T, Guo N, Tan MH, Li YF. Effect of mouse 
oocyte vitrification on mitochondrial membrane 
potential and distribution. J Huazhong Univ Sci 
Technolog Med Sci. 2014;34(1):99-102. 

44. Takahashi Y, Hashimoto S, Yamochi T, Goto H, 
Yamanaka M, Amo A, et al. Dynamic changes in 
mitochondrial distribution in human oocytes during 

meiotic maturation. J Assist Reprod Genet. 2016; 
33(7):929-38. 

 

45. Kuwayama M. Highly efficient vitrification for cr-
yopreservation of human oocytes and embryos: the 
Cryotop method. Theriogenology. 2007;67(1):73-
80. 

 

46. Abdi S, Salehnia M, Hosseinkhani S. Quality of 
oocytes derived from vitrified ovarian follicles cul-
tured in two- and three-dimensional culture system 
in the presence and absence of kit Ligand. Bio-
preserv Biobank. 2016;14(4):279-88. 

 

47. Burstone MS. Modifications of histochemical tech-
niques for the demonstration of cytochrome oxi-
dase. J Histochem Cytochem. 1961;9:59-65. 

 

48. Vivarelli E, Siracusa G, Mangia F. A histochem-
ical study of succinate dehydrogenase in mouse oo-
cytes and early embryos. J Reprod Fertil. 1976;47 
(1):149-50. 

 

49. Van Blerkom J, Davis P, Mathwig V, Alexander S. 
Domains of high-polarized and low-polarized mi-
tochondria may occur in mouse and human oocytes 
and early embryos. Hum Reprod. 2002;17(2):393-
406. 

 

50. Nohales-Córcoles M, Sevillano-Almerich G, Di 
Emidio G, Tatone C, Cobo AC, Dumollard R, et al. 
Impact of vitrification on the mitochondrial activi-
ty and redox homeostasis of human oocyte. Hum 
Reprod. 2016;31(8):1850-8. 

 

51. Gupta MK, Uhm SJ, Lee HT. Effect of vitrification 
and beta-mercaptoethanol on reactive oxygen spe-
cies activity and in vitro development of oocytes 
vitrified before or after in vitro fertilization. Fertil 
Steril. 2010;93(8):2602-7. 

 

52. Kauppila TE, Kauppila JH, Larsson NG. Mamma-
lian Mitochondria and Aging: An Update. Cell 
Metab. 2017;25(1):57-71. 

 

53. Liu Y, Fiskum G, Schubert D. Generation of reac-
tive oxygen species by the mitochondrial electron 
transport chain. J Neurochem. 2002;80(5):780-7. 

 

54. Hernansanz-Agustín P, Ramos E, Navarro E, 
Parada E, Sánchez-López N, Peláez-Aguado L, et 
al. Mitochondrial complex I deactivation is related 
to superoxide production in acute hypoxia. Redox 
Biol. 2017;12:1040-51. 

 

55. Baldissera MD, Souza CF, Grings M, Parmeggiani 
BS, Leipnitz G, Moreira KLS, et al. Inhibition of 
the mitochondrial respiratory chain in gills of Rha-
mdia quelen experimentally infected by Pseudo-
monas aeruginosa: Interplay with reactive oxygen 
species. Microb Pathog. 2017;107:349-53. 

 

56. Basit F, van Oppen LM, Schöckel L, Bossenbroek 
HM, van Emst-de Vries SE, Hermeling JC, et al. 
Mitochondrial complex I inhibition triggers a mito-



D
ow

nl
oa

de
d 

fr
om

 h
ttp

://
w

w
w

.jr
i.i

r 
 

 

 

J Reprod Infertil, Vol 18, No 4, Oct-Dec 2017 351

                                                  Amoushahi M, et al. JRI 
phagy-dependent ROS increase leading to necrop-
tosis and ferroptosis in melanoma cells. Cell Death 
Dis. 2017;8(3):e2716. 

 

57. Manipalviratn S, Tong ZB, Stegmann B, Widra E, 
Carter J, DeCherney A. Effect of vitrification and 
thawing on human oocyte ATP concentration. 
Fertil Steril. 2011;95(5):1839-41. 

 

58. Amoushahi M, Salehnia M, HosseinKhani S. The 
effect of vitrification and in vitro culture on the 
adenosine triphosphate content and mitochondrial 
distribution of mouse pre-implantation embryos. 
Iran Biomed J. 2013;17(3):123-8. 

 

59. Desquiret-Dumas V, Clément A, Seegers V, Bouc-
ret L, Ferré-L'Hotellier V, Bouet PE, et al. The mi-
tochondrial DNA content of cumulus granulosa 
cells is linked to embryo quality. Hum Reprod. 
2017;32(3):607-14. 

 

60. Tsai TS, Rajasekar S, St John JC. The relationship 
between mitochondrial DNA haplotype and the re-
productive capacity of domestic pigs (Sus scrofa 
domesticus). BMC Genet. 2016;17(1):67. 

 

61. Wu H, Yu XL, Guo XF, Zhang F, Pei XZ, Li XX, 
et al. Effect of liquid helium vitrification on the ul- 
trastructure and related gene expression of mature 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

bovine oocytes after vitrifying at immature stage. 
Theriogenology. 2017;87:91-9. 

 

62. Cavusoglu T, Popken J, Guengoer T, Yilmaz O, 
Uyanikgil Y, Ates U, et al. Ultra-Structural Altera-
tions in In Vitro Produced Four-Cell Bovine Em-
bryos Following Controlled Slow Freezing or Vit-
rification. Anat Histol Embryol. 2016;45(4):291-307. 

 

63. Chen SU, Chien CL, Wu MY, Chen TH, Lai SM, 
Lin CW, et al. Novel direct cover vitrification for 
cryopreservation of ovarian tissues increases folli-
cle viability and pregnancy capability in mice. 
Hum Reprod. 2006;21(11):2794-800. 

 

64. Li H, Kolluri SK, Gu J, Dawson MI, Cao X, Hobbs 
PD, et al. Cytochrome c release and apoptosis in-
duced by mitochondrial targeting of nuclear orphan 
receptor TR3. Science. 2000;289(5482):1159-64. 

 

65. Kukat C, Davies KM, Wurm CA, Spåhr H, Bone-
kamp NA, Kühl I, et al. Cross-strand binding of 
TFAM to a single mtDNA molecule forms the mi-
tochondrial nucleoid. Proc Natl Acad Sci USA. 
2015;112(36):11288-93. 

 

66. Kunkel GH, Chaturvedi P, Tyagi SC. Mitochondri-
al pathways to cardiac recovery: TFAM. Heart Fail 
Rev. 2016;21(5):499-517. 

 


