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Background
Oocytes are the female gametes and the oocyte matu-
ration quality is critical for successful fertilization and 
following early embryo developmental competence. 
Organelles such as mitochondria, Golgi apparatus that 
perform specific functions are all necessary for mamma-
lian oocyte meiotic maturation and fertilization. Mito-
chondria are responsible for generating ATP production 
through cellular respiration. Mitochondria also play a 
crucial role in the production and removal of reactive 
oxygen species (ROS), which is generated as a byproduct 
of ATP production. Aberrant ROS level will lead to oxi-
dative stress, which refers to an imbalance between the 
production and removal of reactive oxygen species (ROS) 
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Abstract
Background  Oocyte quality is critical for the mammalian reproduction due to its necessity on fertilization and early 
development. During aging, the declined oocytes showing with organelle dysfunction and oxidative stress lead to 
infertility. AMP-activated protein kinase (AMPK) is a serine/threonine protein kinase which is important for energy 
homeostasis for metabolism. Little is known about the potential relationship between AMPK with oocyte aging.

Results  In present study we reported that AMPK was related with low quality of oocytes under post ovulatory 
aging and the potential mechanism. We showed the altered AMPK level during aging and inhibition of AMPK 
activity induced mouse oocyte maturation defect. Further analysis indicated that similar with its upstream regulator 
PKD1, AMPK could reduce ROS level to avoid oxidative stress in oocytes, and this might be due to its regulation on 
mitochondria function, since loss of AMPK activity induced abnormal distribution, reduced ATP production and 
mtDNA copy number of mitochondria. Besides, we also found that the ER and Golgi apparatus distribution was 
aberrant after AMPK inhibition, and enhanced lysosome function was also observed.

Conclusions  Taken together, these data indicated that AMPK is important for the organelle function to reduce 
oxidative stress during oocyte meiotic maturation.
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in cells [27]. Oocytes contain a large number of mito-
chondria, which provide the energy required for oocyte 
spindle assembly, actin dynamics and other processes 
during meiosis [8]. However, the high metabolic activ-
ity and mitochondrial DNA replication during oocyte 
maturation make them vulnerable to oxidative stress. 
On the other sides, oxidative stress in oocytes can lead 
to mitochondrial dysfunction, impaired energy produc-
tion, compromised oocyte quality, which associated with 
decreased fertilization rates, impaired embryo develop-
ment and increased risk of chromosomal abnormalities 
[21]. Several conditions such as aging, environmental 
pollute exposure or certain diseases could induced the 
excessive ROS level in oocytes, resulting in oxidative 
damage to cellular components, including mitochondrial 
DNA, proteins and lipids (Y. Wang, Xing, Zhang, Pan, 
& Sun [32]; Xu et al [36]. To counteract the detrimen-
tal effects of oxidative stress, oocytes have various anti-
oxidant defense mechanisms including the presence of 
enzymes such as superoxide dismutase (SOD), catalase, 
and glutathione peroxidase, which neutralize and remove 
ROS. Additionally, oocytes rely on antioxidant molecules 
like glutathione, vitamin C, and melatonin to scavenge 
and neutralize excessive ROS [15, 23]. Understanding the 
relationship between oxidative stress and mitochondrial 
function in oocytes is crucial for reproductive health and 
for developing strategies to improve oocyte quality, fertil-
ity, and assisted reproductive technologies.

Besides mitochondria, other organelles are also impor-
tant to ensure oocyte maturation quality. In oocytes, 
endoplasmic reticulum (ER) produces proteins and lipids 
necessary for cellular functions and involves in the syn-
thesis of proteins for early embryo development (Kang, 
Wang, & Yan [13]); Golgi apparatus modifies newly syn-
thesized proteins and packages them into vesicles for 
transportation to specific cellular locations in oocytes; 
while lysosomes are involved in the degradation of non-
functional organelles and the recycling of cellular com-
ponents. Dysfunction of these organelles by external 
environmental exposure such as acrylamide, nivalenol 
could lead to oocyte maturation defects, further causing 
the failure of fertilization and embryo development (Y. 
Wang, Pan, Xing, Zhang, & Sun [30]; Wu et al [34].

AMP-activated protein kinase (AMPK) is a serine/thre-
onine protein kinase that acts as a key regulator of cel-
lular energy homeostasis, which is activated in response 
to a decrease in cellular energy levels (X. Wang, Tan, 
Zhang, Wu, & Shi [29]). AMPK acts as a metabolic sen-
sor, enabling cells to adapt and survive under conditions 
of energy stress, and it is a heterotrimeric enzyme com-
plex consisting of three subunits: the catalytic α subunit, 
and regulatory β and γ subunits. The α subunit contains 
the kinase domain and is responsible for substrate phos-
phorylation; the β subunit is involved in the stability and 

localization of the complex, while the γ subunit func-
tions as an AMP and ADP binding domain. AMP bind-
ing to the γ subunit induces a conformational change 
that exposes the catalytic site on the α subunit, allowing 
it to phosphorylate downstream targets. Additionally, 
AMP binding promotes the phosphorylation of a specific 
threonine residue on the α subunit by upstream kinases 
such as LKB1 or CaMKKβ [9]. Activated AMPK phos-
phorylates numerous downstream targets, coordinating 
a wide range of metabolic responses to restore energy 
balance, including the inhibition of anabolic processes 
such as protein and lipid synthesis, and activation of cat-
abolic pathways such as glycolysis, fatty acid oxidation, 
and autophagy [19]. AMPK also plays a role in regulating 
cellular processes involved in glucose and lipid metabo-
lism, insulin sensitivity, mitochondrial biogenesis, and 
cell growth and survival. Dysfunction of AMPK signal-
ing has been implicated in various metabolic disorders, 
including obesity, type 2 diabetes, and cancer, making it 
an important therapeutic target for these conditions [6]. 
In oocytes, AMPK is also shown to associate with aging-
related oxidative stress [24, 28].

Although the roles of AMPK were revealed in multi-
ple models, there are few studies on how AMPK affects 
mouse oocyte meiotic maturation, and the relationship 
between AMPK and oocyte aging is still largely unclear. 
In this study, we investigated the effects of AMPK activity 
loss on oocyte polar body extrusion, ROS level mainte-
nance, mitochondria and other organelle functions. Our 
results showed that AMPK decreased in post ovulatory 
aging oocytes and AMPK activity was essential for the 
control of mitochondria-related oxidative stress during 
mouse oocyte maturation.

Methods
Antibodies and chemicals
All chemicals and agents used in this study were pur-
chased from Sigma-Aldrich and Merck (St. Louis, MO) 
unless otherwise indicated. Anti-rabbit AMPK antibody 
was purchased from Abcam (ab32047, Cambridge, UK); 
Alexa Fluor 488 goat anti-rabbit antibody was purchased 
from Invitrogen (Carlsbad, CA, USA). Hoechst 33,342 
(B2261) were purchased from Sigma-Aldrich and Merck 
(St. Louis, MO, USA). Rabbit anti-β-actin antibody 
(3700) were purchased from Cell Signaling Technology 
(Devers, MA, USA).

Oocyte maturation and post-ovulatory aging
This study was approved by the Animal Care and Use 
Committee of Nanjing Agricultural University and were 
performed in accordance with related guidelines. 5–6 
weeks old ICR mice were used to collect the ovaries, and 
then the oocytes were acquired at fully grown stage. The 
oocytes then were washed in the M2 medium for several 
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times and were cultured in M16 medium under paraf-
fin oil with 37 ℃ and 5% CO2. For post-ovulatory aging 
treatment, after 12-hour culture of ICR mouse oocytes, 
we retained the oocytes in the culture medium for addi-
tional 12 h, the time point which is well accepted in pre-
vious studies.

For COM C treatment, we first prepared COM C to 
dissolve in DMSO with 10 mM, and then we diluted it in 
M16 culture medium to the different final concentration 
as 5 µM, 10 µM etc., ensuring that the DMSO final con-
centration in the medium was no more than 0.1%.

Fluorescence staining and confocal microscopy
For AMPK antibody staining, we performed the proto-
cols following previous studies [12]. We first fixed the 
mouse oocytes with 4% paraformaldehyde for 30 min at 
room temperature; and then we moved the oocytes to the 
medium with 0.5% Triton X-100 for 20 min for permea-
bilization. With the blocking buffer incubation for 1  h 
under 1% BSA-supplemented phosphate-buffered saline 
(PBS), the oocytes were stained with AMPK antibody 
for 4 h at room temperature. Oocytes were then washed 
with PBS for 3 times, stained with the secondary anti-
body for 1 h at room temperature. With another washing, 
the oocytes were then stained with Hoechst 33,342 for 
10 min at room temperature.

For ROS, mitochondria, ER, Golgi apparatus and lyso-
some detection, the mouse live oocytes were incubated in 
M16 medium with ROS (S0033, Beyotime), Mito-Tracker 
Red CMXRos (1:200) (M7512, Thermo Fisher), ER-
Tracker Red (1:200) (C1041, Beyotime), Golgi-Tracker 
Red (1:200) (C1043, Beyotime), and Lyso-Tracker Red 
(C1046, Beyotime), following the operation instruc-
tions by the relative manufacture. Then the oocytes were 
stained with Hoechst 33,342 for 10 min at room tempera-
ture. and examined with a confocal laser-scanning micro-
scope (Zeiss LSM900, Germany).

The glass slides were spread with the oocytes and 
put under the laser scanning confocal microscope 
(Zeiss LSM900, Germany) to scanning. All the experi-
ments were repeated at least three times with at least 30 
oocytes.

Western blotting
Western blotting protocol was adopted based on previ-
ous descriptions [40]. About 150–200 oocytes were col-
lected for western blotting detection. The oocytes were 
lysed in Laemmli sample buffer (SDS sample buffer 
with 2-mercaptoethanol), and then were heated at 100 
℃ for 10  min. SDS-polyacrylamide gel electrophoresis 
(PAGE) was performed for these samples. With the treat-
ment of electrophoretic separation, the general proteins 
were moved to the PVDF membrane (polyvinylidene 
fluoride) (Millipore, Billerica, MA), and then the PVDF 

membranes were blocked with 5% non-fat dry milk in 
TBST (Tris-buffered saline with 0.1% (w/w) Tween 20) at 
room temperature for 2 h. After the washing with TBST, 
the PVDF membrane was incubated with anti-AMPK 
antibody (1:1000) antibody (1:1000), anti- actin antibody 
(1:4000), and anti-GAPDH antibody (1:2000) at 4 ℃ for 
at least 8 h. With another washing in TBST, PVDF mem-
branes were incubated with relative secondary antibodies 
(1:2000) at room temperature for 1 h. Finally, the PVDF 
membranes were exposed to an enhanced chemilumines-
cence reagent (EMD Millipore, Billerica, MA, USA) and 
imaged by Tanon-3900 (Tanon, Shanghai, China).

ROS, ATP content and mtDNA detection
After culture, the 30 mouse oocytes were transferred to 
M16 medium containing 10 pM DCFH-DA (S0033, Bey-
otime) and treated for 30 min at 37 °C in 5% CO2 incuba-
tor, and then the oocytes were mounted on petri dish and 
examined by confocal laser-scanning microscope (Zeiss 
LSM 900, Germany).

ATP assay kit (S0026, Beyotime) was adopted to mea-
sure the general ATP content in mouse oocytes, following 
the operation instructions by the relative manufacture. 
30 oocytes were diluted with ATP releasing reagent with 
pure water before use. The released sample was then 
mixed with ATP assay mix for ATP hydrolyzing, follow-
ing the bioluminescence value measurement.

To detect mtDNA copies number. 50 oocytes were 
used to extract the DNA with DNA extracted kit (R0083, 
Beyotime). Real-time quantitative PCR was performed 
to measure the relative content of mtDNA copy number. 
The primers were following our previous study: mtDNA 
primers: F, 5′- CCA ATA CGC CCT TTA ACA AC -3′; R, 
5′- GCT AGT GTG AGT GAT AGG GTAG − 3′. β-actin 
primers: F, 5′- TGT GAC GTT GAC ATC CGT AA -3′; 
R, 5′- GCT AGG AGC CAG AGC AGT AA-3′;

Fluorescence intensity and statistical analysis
To calculate the fluorescence intensity, we mounted the 
oocyte samples on the same glass slide with same set-
ting for scanning parameters to avoid the technique 
errors. Image J software (NIH, Bethesda, MD) was used 
to measure the fluorescence intensity. Detailed methods 
could be found in our previous studies [22]. Specifically, 
due to the fact that organelles were aggregated at spindle 
periphery at MI stage, we measure this area to more con-
cisely reflect the organelle siganls.

At least three independent biological repeats were per-
formed and at least 30 oocytes were examined for each 
experiment. The data were presented as means ± SEMs. 
Statistical analysis was done by GraphPad Prism 5.0 soft-
ware (San Diego, CA). Statistical comparisons were run 
by independent student t-tests. P value less than 0.05 was 
as significant.
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Results
Expression and localization of AMPK in mouse oocytes
We first examined the AMPK expression in oocytes. 
As shown in Fig.  1A, we found that AMPK both stably 
expressed in metaphase I and metaphase II during meio-
sis in mouse oocytes (1 vs. 1.17 ± 0.22). Immunofluores-
cence staining data revealed that during oocyte meiosis 
I, AMPK uniformly localized in the cytoplasm from GV 
stage (Fig.  1B). While we found that during post ovula-
tory aging, AMPK expression decreased at the metaphase 
II stage (1 vs. 0.64 ± 0.17, p < 0.0511111) (Fig. 1C). Consis-
tently, the fluorescence staining data also confirmed this, 
showing with weaker signals in the cytoplasm (Fig. 1D). 
This finding was also verified by the fluorescence inten-
sity analysis data (1 vs. 0.58 ± 0.09, p < 0.05) (Fig.  1E). 

These data suggested that AMPK existed in the oocytes 
and showed perturbated level during oocyte aging.

AMPK activity is essential for mouse oocyte maturation 
quality
The decreased AMPK expression in aged oocytes might 
be the response to the declined metabolism since pre-
vious studies indicated that mitochondria functions 
were weakened in mammalian aged oocytes. To exam-
ine whether AMPK was essential for oocyte maturation, 
we inhibited AMPK activity by COM C treatment. Our 
data showed that after 12  h culture, the fresh oocytes 
showed normal morphology, however, in aged oocytes 
there was big proportion of fragmentation, while supple-
ment with COM C in aged oocytes showed much high 

Fig. 1  Expression and localization of AMPK in mouse oocytes. (A) The AMPK protein expression in metaphase I and metaphase II of mouse oocytes by 
western blotting. 200 oocytes were used for each sample. (B) The localization of AMPK during mouse oocyte maturation. AMPK localized in the cytoplasm 
of mouse oocytes from GV and MI stage, while there was no AMPK signal in the negative control groups. Green, AMPK; blue, DNA. Bar = 20 μm. (C) The 
AMPK protein expression in metaphase II of mouse oocytes during aging. 150 oocytes were used for each sample. **P < 0.05. (D) The localization of AMPK 
during mouse oocyte aging. In the aged oocytes, there was no difference for the AMPK localization, however, the fluorescence signals were much weaker 
than the fresh oocytes. Green, AMPK; blue, DNA. Bar = 20 μm. (E) The rate of relative intensity of AMPK. **P < 0.05
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ratio of fragmentation (Fig. 2A). The statistical analy-
sis data confirmed our finding (7.87 ± 3.67% for control 
oocytes; 37.4 ± 10.7% for aging oocytes; 51.8 ± 17.8% for 
aging + COM C oocytes) (Fig. 2B). We then examined the 
development competence of oocytes after AMPK inhi-
bition, and as shown in Fig.  2C, loss of AMPK activity 
caused the failure of first polar body extrusion. The rate 
of polar body extrusion was significantly lower than the 
control group (65.00 ± 1.73% vs. 52.73 ± 2.16%, p < 0.05) 
(Fig. 2D). These data suggested that AMPK was essential 
for oocyte maturation.

AMPK suppresses oxidative stress in mouse oocytes
To explore the possible roles of AMPK in oocytes, we 
first examined ROS level, since several studies indicates 
that AMPK was related with oxidative stress in other 
models. As shown in Fig.  3A, there were few oocytes 
showed significant signals of ROS in the control group 
after 12 h culture; however, a big proportion of oocytes 
showed strong ROS signals. We also performed fluores-
cence intensity to qualify this, and the data was consis-
tent with our fluorescence staining finding (25.30 ± 1.6 vs. 
18.15 ± 1.2, p < 0.001) (Fig.  3B). To further evaluate this, 
we also inhibited the activity of PKD1, a molecule which 
was shown to be the upstream regulator for AMPK, and 

the results showed that increasing PKD1 inhibitor doses 
induced more ROS in mouse oocytes (Fig.  3C), which 
also was confirmed by the fluorescence intensity quali-
fication data (1 vs. 1.68 ± 0.27 vs. 3.09 ± 0.24, p < 0.05) 
(Fig. 3D). These data suggested that AMPK was essential 
for ROS level maintenance during oocyte maturation.

AMPK regulates mitochondria functions in mouse oocytes
The effects of AMPK on the prevention of oxidative stress 
may be due to mitochondria dynamics since it is well 
accepted that mitochondria dysfunction was one main 
cause for ROS level alteration. We first examined the 
mitochondria distribution, and the fluorescence probe 
staining showed that different with the spindle periph-
ery localization of mitochondria in the control oocytes, 
AMPK inhibition caused several aberrant distributions 
of mitochondria, such as weakened distribution at the 
spindle periphery, uniformly distribution in the cyto-
plasm, or the clustered accumulation in the cytoplasm 
(Fig.  4A). The rate of abnormal mitochondria distribu-
tion in the treatment group was significantly higher than 
the control group (30.2 ± 4.86% vs. 69.2 ± 5.26%, p < 0.05) 
(Fig.  4B). We also measured the fluorescence intensity 
and the statistical analysis data also confirmed this (1 
vs. 0.72 ± 0.02, p < 0.05) (Fig. 4C). To further evaluate the 

Fig. 2  AMPK activity is essential for mouse oocyte maturation quality. (A) The representative images of MII oocyte morphology in the control, aging, 
aging + COM C groups. The oocytes showed normal polar body in the control group; however, there were fragment oocytes after maturation in the aging 
oocytes; while more proportion of oocytes in the aging oocytes treated with AMPK inhibitor COM C. Bar = 50 μm. (B) The percentage of fragmentation of 
oocytes in the control, aging, aging + COM C groups. *p < 0.05. (C) The representative images of oocytes in the control and COM C groups. Bar = 20 μm. 
(D) The percentage of polar body extrusion in the oocytes of the control and COM C groups. *p < 0.05
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roles of mitochondria, we also measured ATP production 
and mtDNA copy number, and the data showed that the 
relative ATP reproduction was significantly lower than 
the control group (1 vs. 0.47 ± 0.11, p < 0.05) (Fig.  4D); 
similar finding was also found for the relative mtDNA 
copy number (1 vs. 0.66 ± 0.08, p < 0.05) (Fig.  4E). These 
data suggested that AMPK was essential for mitochon-
dria distribution and function during oocyte maturation.

AMPK maintains ER and Golgi apparatus in mouse oocytes
Due to the effects of AMPK on mitochondria, we also 
examined other organelles. Our data showed that ER 
distribution at the spindle periphery of MII oocytes was 
also disrupted after the loss of AMPK activity (Fig. 5A), 
which was verified by the fluorescence intensity analysis 
(56171 ± 635.9 vs. 21,015 ± 1227, p < 0.001) (Fig. 5B). Simi-
larly, the Golgi apparatus was failed to accumulate to the 
spindle periphery area after AMPK inhibition (Fig.  5C), 
and this was also confirmed by the Golgi fluorescence 
intensity analysis (1 vs. 0.42 ± 0.10, p < 0.01) (Fig.  5D). 
Mitochondria dysfunction and oxidative stress could 

lead to the autophagy, we then examined the lysosome, 
and the data showed that the lysosome signals in the 
cytoplasm significantly increased in the AMPK-inhib-
ited oocytes (Fig.  5E), and the general lysosome signal 
intensity was much higher than the control group (1 vs. 
3.97 ± 1.1, p < 0.01) (Fig.  5F). These data suggested that 
AMPK activity was important for ER and Golgi distribu-
tion during oocyte maturation.

Discussion
AMPK is one critical regulator for metabolism and is 
related with mitochondria, autophagy and other multiple 
cellular processes. In present study, we investigated the 
potential relationship between AMPK expression and 
aging in oocytes, and we explored the roles of AMPK in 
oocytes. Our data indicated that AMPK expressed altered 
in aged oocytes and AMPK inhibition induced increased 
ROS level, mitochondria dysfunction and the aberrant 
organelle function, which contributed the oocyte matu-
ration defects with mouse model.

Fig. 3  AMPK suppresses oxidative stress in mouse oocytes. (A) The representative images of ROS level in the oocytes of the control and COM C groups. 
Green, ROS. Bar = 100 μm. (B) The relative fluorescence intensity of ROS in the control and COM C groups. ***P < 0.001. (C) The representative images of 
ROS level in the oocytes of the control and PKD1 inhibition groups. Green, ROS. Bar = 100 μm. (D) The relative fluorescence intensity of ROS in the control 
and PKD1 inhibition groups. *p < 0.05, **P < 0.01
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We first examined the expression of AMPK in mouse 
oocytes and the data showed that AMPK expressed at the 
different stage of oocyte meiotic maturation. The local-
ization pattern was consistent with other cell models of 
previous studies [37]. Next, we explored the relation-
ship between AMPK and oocyte aging, and interestingly 
AMPK expression decreased in the aging oocytes, which 
was similar with many other metabolic proteins. Since 
during oocyte aging, many proteins showed decreased 
level, which contribute to the declined cellular function 
and low oocyte developmental competence [11]. Espe-
cially, mitochondria distribution and functions were 
aberrant in aged oocytes [39]. The low AMPK expression 
level might be related with the decreased metabolism in 
the oocytes. To further testify this, we treated the oocytes 
with AMPK inhibitor COM C, and the results showed 
that inhibition of AMPK further aggravated the declined 
oocyte quality caused by aging, due to the fragmentation 
from morphology, which further confirm that potential 
relationship between AMPK and oocyte aging.

We then inhibited AMPK and the results showed that 
loss of AMPK activity caused the failure of oocyte polar 

body extrusion, indicating the essential roles of AMPK 
for oocyte maturation. To explore how AMPK func-
tions in mouse oocytes, we examined the ROS level, 
and the results indicated that loss of AMPK activity 
induced increased ROS level, which is the typical index 
for the occurrence of oxidative stress. Previous studies 
also showed that AMPK could reduce oxidative stress in 
many models (Barone, Di Domenico, Perluigi, & Butter-
field [2]),. In oocytes, it is shown that during postovula-
tory oocyte aging, the AMPK expression is related with 
oxidative stress under the kaempferol treatment [28, 
38]. PKD1 is reported to regulate AMPK in many mod-
els [35], for example, it is shown that PKD1 could inhibit 
the phosphorylation of AMPK at Ser(485/491) in skele-
tal muscle cells [7]. Besides, Insulin and PMA treatment 
increased p-AMPK level through PKD1 in HepG2 cells 
[1]. Therefore, to confirm our finding, we also inhibited 
PKD1 and similar results were observed, which further 
support our finding. Indeed, during oocyte aging, ROS-
mediated oxidative stress is one important cause for the 
declined oocyte quality, and our results connected the 
relation between AMPK with oxidative stress during 

Fig. 4  AMPK regulates mitochondria functions in mouse oocytes. (A) The representative images of mitochondria distribution in the oocytes after AMPK 
inhibition. Red, mitochondria; blue, DNA. Bar = 20 μm. (B) The rate of abnormal mitochondria distribution in the oocytes after AMPK inhibition. **p < 0.01. 
(C) The relative intensity of mitochondria in the oocytes after AMPK inhibition. *p < 0.05. (D) The relative ATP production ratio in the oocytes after AMPK 
inhibition. **p < 0.01. (E) The relative mtDNA copy number in the oocytes after AMPK inhibition. *p < 0.05
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aging. Mitochondria is most close organelle with ROS as 
introduced above, and our data showed that inhibition of 
AMPK caused aberrant mitochondria distribution, low 
ATP production and even decreased mitochondria num-
ber due to mtDNA data, which may be the main reason 
for AMPK on oxidative stress control. Numerus studies 
provided multiple evidence for the relationship between 
AMPK and mitochondria from different models [10]. 
In oocytes, it is shown that α1AMPK depletion caused 

aberrant mitochondria physiology and junctional protein 
expression in mouse oocytes [3]. As the energy sensor, 
activation of AMPK by AICAR increased mitochondria 
function and promotes bovine oocyte developmental 
competence (Takeo, Abe, Shirasuna, Kuwayama, & Iwata 
[26]). Therefore, AMPK may regulate mitochondria func-
tion to prevent oxidative stress during mouse oocyte 
maturation.

Fig. 5  AMPK maintains ER and Golgi apparatus in mouse oocytes. (A) The representative images of ER distribution in the oocytes after AMPK inhibition. 
Blue, ER. Bar = 20 μm. (B) The relative ER fluorescence intensity in the oocytes after AMPK inhibition. ***p < 0.001. (C) The representative images of Golgi 
apparatus distribution in the oocytes after AMPK inhibition. Green, Golgi apparatus; blue, DNA. Bar = 20 μm. (D) The relative Golgi apparatus fluorescence 
intensity in the oocytes after AMPK inhibition. ***p < 0.001. (E) The representative images of lysosome distribution in the oocytes after AMPK inhibition. 
Red, lysosome; blue, DNA. Bar = 20 μm. (F) The relative lysosome fluorescence intensity in the oocytes after AMPK inhibition. **p < 0.01
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Besides its roles on mitochondria-related metabolism 
management, our results also exhibited that the AMPK 
inhibition caused a large proportion of organelles such 
as ER and Golgi apparatus showing with the aberrant 
distribution. Organelle dysfunction could lead to oocyte 
maturation defects. For example, exposure to mycotoxin 
citrinin or zearalenone both disrupted Golgi appara-
tus distribution and function, which induced the failure 
of mouse oocyte maturation (M. H. Sun et al [24, 25]; Y. 
Wang, Xing, Chen, & Sun [31]). Previous studies showed 
that AMPK could moderate the phosphorylation of GBF1 
for mitotic Golgi disassembly [18]. Metformin, as the 
activator of AMPK, could promote anti-tumor immunity 
though its effects on ER-related PD-L1 [5]. Moreover, 
it is shown that the localization of ER could be affected 
by mitochondria; similarly, previous studies also indi-
cated that mitochondria functions also could altered the 
Golgi apparatus fragmentation (Wenzel, Elfmark, Sten-
mark, & Raiborg [33]). The alternation in mitochondrial 
function was intimately connected to abnormal ER and 
Golgi function, and enhancing perturbation in the nor-
mal ER or Golgi function might lead to apoptotic cell 
death mediated by mitochondria (Khatoon, Pahuja, & 
Parvez [14]). Therefore, the disruption of ER and Golgi 
in AMPK-inhibited oocytes may be due to the effects of 
AMPK on mitochondria. Moreover, we also observed the 
increased lysosome after AMPK inhibition. Lysosome 
is the place for autophagy, while autophagy response 
to the oxidative stress. This further confirmed the roles 
of AMPK on oxidative stress control. A recent study 
showed that AMPK could phosphorylate FNIP1 for lyso-
somal and mitochondrial biogenesis [17]. Moreover, it 
is shown that lysosome acts as a critical hub for AMPK 
and mTORC1 [4]. Besides, several evidences indicate 
that AMPK signaling pathway could coordinates autoph-
agy and metabolism [20], and its roes on autophagy was 
through the phosphorylation mTROC1, ULK1 and oth-
ers [16]. Our finding was consistent with these findings 
and showed the conserved roles of AMPK on lysosome-
related autophagy.

Conclusions
In summary, our data showed that AMPK expressed in 
mouse oocytes and was related with oocyte aging, and 
AMPK may affect mitochondria function for oxida-
tive stress and maintain organelle ER/Golgi function in 
mouse oocytes.

Acknowledgements
Not applicable.

Author contributions
Conceptualization: SCS FLY; Data curation: LLH MHL YXL; Formal analysis: YXL 
SCS; Funding acquisition: SCS; Investigation: LLH MHL YXL CHX; Methodology: 
YXL CHX; Project administration: SCS; Resources: LLN; Supervision: SCS; Roles/
Writing - original draft: LLH SCS; Writing - review & editing: SCS.

Funding
This work was supported by Natural Science Foundation of Guangxi in China 
(2021GXNSFDA220001, 2021GXNSFBA220010); Fundamental Research Funds 
for the Central Universities of China (KYT2023002); Natural Science Foundation 
of China (82360292).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
This study was approved by the Animal Care and Use Committee of Nanjing 
Agricultural University and were performed in accordance with related 
guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 29 December 2023 / Accepted: 2 April 2024

References
1	 Allen KM, Coughlan KA, Mahmood FN, Valentine RJ, Ruderman NB, Saha AK. 

The effects of troglitazone on AMPK in HepG2 cells. Arch Biochem Biophys. 
2017;623–624:49–57. https://doi.org/10.1016/j.abb.2017.05.010.

2	 Barone E, Di Domenico F, Perluigi M, Butterfield DA. The interplay among 
oxidative stress, brain insulin resistance and AMPK dysfunction contribute to 
neurodegeneration in type 2 diabetes and Alzheimer disease. Free Radic Biol 
Med. 2021;176:16–33. https://doi.org/10.1016/j.freeradbiomed.2021.09.006.

3	 Bertoldo MJ, Guibert E, Faure M, Rame C, Foretz M, Viollet B, Froment P. 
Specific deletion of AMP-activated protein kinase (alpha1AMPK) in murine 
oocytes alters junctional protein expression and mitochondrial physiol-
ogy. PLoS ONE. 2015;10(3):e0119680. https://doi.org/10.1371/journal.
pone.0119680.

4	 Carroll B, Dunlop EA. The lysosome: a crucial hub for AMPK and mTORC1 
signalling. Biochem J. 2017;474(9):1453–66. https://doi.org/10.1042/
BCJ20160780.

5	 Cha JH, Yang WH, Xia W, Wei Y, Chan LC, Lim SO, Hung MC. Metformin pro-
motes Antitumor Immunity via Endoplasmic-Reticulum-Associated degrada-
tion of PD-L1. Mol Cell. 2018;71(4):606–e620607. https://doi.org/10.1016/j.
molcel.2018.07.030.

6	 Chauhan S, Singh AP, Rana AC, Kumar S, Kumar R, Singh J, Kumar D. Natural 
activators of AMPK signaling: potential role in the management of type-2 
diabetes. J Diabetes Metab Disord. 2023;22(1):47–59. https://doi.org/10.1007/
s40200-022-01155-4.

7	 Coughlan KA, Valentine RJ, Sudit BS, Allen K, Dagon Y, Kahn BB, Saha AK. PKD1 
inhibits AMPKalpha2 through phosphorylation of serine 491 and impairs 
insulin signaling in skeletal muscle cells. J Biol Chem. 2016;291(11):5664–75. 
https://doi.org/10.1074/jbc.M115.696849.

8	 Duan X, Sun SC. Actin cytoskeleton dynamics in mammalian oocyte meiosis. 
Biol Reprod. 2019;100(1):15–24. https://doi.org/10.1093/biolre/ioy163.

9	 Feng Y, Chen Y, Wu X, Chen J, Zhou Q, Liu B, Yi C. Interplay of energy metabo-
lism and autophagy. Autophagy. 2023;1–11. https://doi.org/10.1080/1554862
7.2023.2247300.

10	 Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeo-
stasis. Nat Rev Mol Cell Biol. 2018;19(2):121–35. https://doi.org/10.1038/
nrm.2017.95.

11	 Huang J, Chen P, Jia L, Li T, Yang X, Liang Q, Zhou C. Multi-omics Analysis 
reveals translational landscapes and regulations in mouse and human oocyte 
aging. Adv Sci (Weinh). 2023;10(26):e2301538. https://doi.org/10.1002/
advs.202301538.

12	 Ju JQ, Pan ZN, Zhang KH, Ji YM, Liu JC, Sun SC. Mcrs1 regulates G2/M 
transition and spindle assembly during mouse oocyte meiosis. EMBO Rep. 
2023;24(5):e56273. https://doi.org/10.15252/embr.202256273.

https://doi.org/10.1016/j.abb.2017.05.010
https://doi.org/10.1016/j.freeradbiomed.2021.09.006
https://doi.org/10.1371/journal.pone.0119680
https://doi.org/10.1371/journal.pone.0119680
https://doi.org/10.1042/BCJ20160780
https://doi.org/10.1042/BCJ20160780
https://doi.org/10.1016/j.molcel.2018.07.030
https://doi.org/10.1016/j.molcel.2018.07.030
https://doi.org/10.1007/s40200-022-01155-4
https://doi.org/10.1007/s40200-022-01155-4
https://doi.org/10.1074/jbc.M115.696849
https://doi.org/10.1093/biolre/ioy163
https://doi.org/10.1080/15548627.2023.2247300
https://doi.org/10.1080/15548627.2023.2247300
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1002/advs.202301538
https://doi.org/10.1002/advs.202301538
https://doi.org/10.15252/embr.202256273


Page 10 of 10Hu et al. Biology Direct           (2024) 19:29 

13	 Kang X, Wang J, Yan L. Endoplasmic reticulum in oocytes: spatiotemporal 
distribution and function. J Assist Reprod Genet. 2023;40(6):1255–63. https://
doi.org/10.1007/s10815-023-02782-3.

14	 Khatoon R, Pahuja M, Parvez S. Cross Talk between Mitochondria and other 
targets in Alzheimer’s Disease. J Environ Pathol Toxicol Oncol. 2020;39(3):261–
79. https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020034249.

15	 Lan M, Zhang Y, Wan X, Pan MH, Xu Y, Sun SC. Melatonin ameliorates ochra-
toxin A-induced oxidative stress and apoptosis in porcine oocytes. Environ 
Pollut. 2020;256:113374. https://doi.org/10.1016/j.envpol.2019.113374.

16	 Li Y, Chen Y. AMPK and Autophagy. Adv Exp Med Biol. 2019;1206:85–108. 
https://doi.org/10.1007/978-981-15-0602-4_4.

17	 Malik N, Ferreira BI, Hollstein PE, Curtis SD, Trefts E, Novak W, Shaw S, R. J. 
Induction of lysosomal and mitochondrial biogenesis by AMPK phosphoryla-
tion of FNIP1. Science. 2023;380(6642):eabj5559. https://doi.org/10.1126/
science.abj5559.

18	 Mao L, Li N, Guo Y, Xu X, Gao L, Xu Y, Liu W. AMPK phosphorylates GBF1 for 
mitotic golgi disassembly. J Cell Sci. 2013;126(Pt 6):1498–505. https://doi.
org/10.1242/jcs.121954.

19	 Metur SP, Klionsky DJ. Nutrient-dependent signaling pathways 
that control autophagy in yeast. FEBS Lett. 2023. https://doi.
org/10.1002/1873-3468.14741.

20	 Mihaylova MM, Shaw RJ. The AMPK signalling pathway coordinates cell 
growth, autophagy and metabolism. Nat Cell Biol. 2011;13(9):1016–23. 
https://doi.org/10.1038/ncb2329.

21	 Pan ZN, Pan MH, Sun MH, Li XH, Zhang Y, Sun SC. RAB7 GTPase regulates 
actin dynamics for DRP1-mediated mitochondria function and spindle 
migration in mouse oocyte meiosis. FASEB J. 2020;34(7):9615–27. https://doi.
org/10.1096/fj.201903013R.

22	 Shan MM, Zou YJ, Pan ZN, Zhang HL, Xu Y, Ju JQ, Sun SC. Kinesin motor KIFC1 
is required for tubulin acetylation and actin-dependent spindle migration in 
mouse oocyte meiosis. Development. 2022;149(5). https://doi.org/10.1242/
dev.200231.

23	 Silva BR, Silva JRV. Mechanisms of action of non-enzymatic antioxidants to 
control oxidative stress during in vitro follicle growth, oocyte maturation, 
and embryo development. Anim Reprod Sci. 2023;249:107186. https://doi.
org/10.1016/j.anireprosci.2022.107186.

24	 Sun GY, Gong S, Kong QQ, Li ZB, Wang J, Xu MT, Tan JH. Role of AMP-activated 
protein kinase during postovulatory aging of mouse oocytesdagger. Biol 
Reprod. 2020;103(3):534–47. https://doi.org/10.1093/biolre/ioaa081.

25	 Sun MH, Li XH, Xu Y, Xu Y, Pan ZN, Sun SC. Citrinin exposure disrupts organelle 
distribution and functions in mouse oocytes. Environ Res. 2020;185:109476. 
https://doi.org/10.1016/j.envres.2020.109476.

26	 Takeo S, Abe T, Shirasuna K, Kuwayama T, Iwata H. Effect of 5-aminoimid-
azole-4-carboxamide ribonucleoside on the mitochondrial function and 
developmental ability of bovine oocytes. Theriogenology. 2015;84(4):490–7. 
https://doi.org/10.1016/j.theriogenology.2015.03.013.

27	 Tian Y, Liu X, Pei X, Gao H, Pan P, Yang Y. Mechanism of mitochondrial Homeo-
stasis Controlling Ovarian Physiology. Endocrinology. 2022;164(1). https://doi.
org/10.1210/endocr/bqac189.

28	 Wang L, Tang J, Wang L, Tan F, Song H, Zhou J, Li F. Oxidative stress in oocyte 
aging and female reproduction. J Cell Physiol. 2021;236(12):7966–83. https://
doi.org/10.1002/jcp.30468.

29	 Wang X, Tan X, Zhang J, Wu J, Shi H. The emerging roles of MAPK-AMPK in 
ferroptosis regulatory network. Cell Commun Signal. 2023;21(1):200. https://
doi.org/10.1186/s12964-023-01170-9.

30	 Wang Y, Pan ZN, Xing CH, Zhang HL, Sun SC. Nivalenol affects spindle forma-
tion and organelle functions during mouse oocyte maturation. Toxicol Appl 
Pharmacol. 2022;436:115882. https://doi.org/10.1016/j.taap.2022.115882.

31	 Wang Y, Xing CH, Chen S, Sun SC. Zearalenone exposure impairs organ-
elle function during porcine oocyte meiotic maturation. Theriogenology. 
2021;177:22–8. https://doi.org/10.1016/j.theriogenology.2021.10.008.

32	 Wang Y, Xing CH, Zhang HL, Pan ZN, Sun SC. Exposure to nivalenol declines 
mouse oocyte quality via inducing oxidative stress-related apoptosis and 
DNA damage. Biol Reprod. 2021. https://doi.org/10.1093/biolre/ioab171.

33	 Wenzel EM, Elfmark LA, Stenmark H, Raiborg C. ER as master regulator of 
membrane trafficking and organelle function. J Cell Biol. 2022;221(10). 
https://doi.org/10.1083/jcb.202205135.

34	 Wu SL, Ju JQ, Ji YM, Zhang HL, Zou YJ, Sun SC. Exposure to acrylamide 
induces zygotic genome activation defects of mouse embryos. Food Chem 
Toxicol. 2023;175:113753. https://doi.org/10.1016/j.fct.2023.113753.

35	 Xiang H, Zhang J, Lin C, Zhang L, Liu B, Ouyang L. Targeting autophagy-
related protein kinases for potential therapeutic purpose. Acta Pharm Sin B. 
2020;10(4):569–81. https://doi.org/10.1016/j.apsb.2019.10.003.

36	 Xu Y, Sun MH, Xu Y, Ju JQ, Pan MH, Pan ZN, Sun SC. Nonylphenol exposure 
affects mouse oocyte quality by inducing spindle defects and mitochondria 
dysfunction. Environ Pollut. 2020;266(Pt 1):114967. https://doi.org/10.1016/j.
envpol.2020.114967.

37	 Ya R, Downs SM. Perturbing microtubule integrity blocks AMP-activated pro-
tein kinase-induced meiotic resumption in cultured mouse oocytes. Zygote. 
2014;22(1):91–102. https://doi.org/10.1017/S0967199412000457.

38	 Zeng ZC, Jiang J, Wang XJ, Wei KN, Liang HS, Zeng LX, Wang HL. Kaemp-
ferol ameliorates in-vitro and in-vivo postovulatory oocyte ageing in mice. 
Reprod Biomed Online. 2022;45(6):1065–83. https://doi.org/10.1016/j.
rbmo.2022.07.005.

39	 Zhang C, Dong X, Yuan X, Song J, Wang J, Yin X, Wu K. Post-ovulatory aging 
affects mitochondria, spindle and protein metabolism in mouse oocytes. 
Reproduction. 2023;166(6):473–84. https://doi.org/10.1530/REP-23-0130.

40	 Zou YJ, Shan MM, Wan X, Liu JC, Zhang KH, Ju JQ, Sun SC. Kinesin KIF15 
regulates tubulin acetylation and spindle assembly checkpoint in mouse 
oocyte meiosis. Cell Mol Life Sci. 2022;79(8):422. https://doi.org/10.1007/
s00018-022-04447-3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/s10815-023-02782-3
https://doi.org/10.1007/s10815-023-02782-3
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2020034249
https://doi.org/10.1016/j.envpol.2019.113374
https://doi.org/10.1007/978-981-15-0602-4_4
https://doi.org/10.1126/science.abj5559
https://doi.org/10.1126/science.abj5559
https://doi.org/10.1242/jcs.121954
https://doi.org/10.1242/jcs.121954
https://doi.org/10.1002/1873-3468.14741
https://doi.org/10.1002/1873-3468.14741
https://doi.org/10.1038/ncb2329
https://doi.org/10.1096/fj.201903013R
https://doi.org/10.1096/fj.201903013R
https://doi.org/10.1242/dev.200231
https://doi.org/10.1242/dev.200231
https://doi.org/10.1016/j.anireprosci.2022.107186
https://doi.org/10.1016/j.anireprosci.2022.107186
https://doi.org/10.1093/biolre/ioaa081
https://doi.org/10.1016/j.envres.2020.109476
https://doi.org/10.1016/j.theriogenology.2015.03.013
https://doi.org/10.1210/endocr/bqac189
https://doi.org/10.1210/endocr/bqac189
https://doi.org/10.1002/jcp.30468
https://doi.org/10.1002/jcp.30468
https://doi.org/10.1186/s12964-023-01170-9
https://doi.org/10.1186/s12964-023-01170-9
https://doi.org/10.1016/j.taap.2022.115882
https://doi.org/10.1016/j.theriogenology.2021.10.008
https://doi.org/10.1093/biolre/ioab171
https://doi.org/10.1083/jcb.202205135
https://doi.org/10.1016/j.fct.2023.113753
https://doi.org/10.1016/j.apsb.2019.10.003
https://doi.org/10.1016/j.envpol.2020.114967
https://doi.org/10.1016/j.envpol.2020.114967
https://doi.org/10.1017/S0967199412000457
https://doi.org/10.1016/j.rbmo.2022.07.005
https://doi.org/10.1016/j.rbmo.2022.07.005
https://doi.org/10.1530/REP-23-0130
https://doi.org/10.1007/s00018-022-04447-3
https://doi.org/10.1007/s00018-022-04447-3

	﻿Loss of AMPK activity induces organelle dysfunction and oxidative stress during oocyte aging
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Antibodies and chemicals
	﻿Oocyte maturation and post-ovulatory aging
	﻿Fluorescence staining and confocal microscopy
	﻿Western blotting
	﻿ROS, ATP content and mtDNA detection
	﻿Fluorescence intensity and statistical analysis

	﻿Results
	﻿Expression and localization of AMPK in mouse oocytes
	﻿AMPK activity is essential for mouse oocyte maturation quality
	﻿AMPK suppresses oxidative stress in mouse oocytes
	﻿AMPK regulates mitochondria functions in mouse oocytes
	﻿AMPK maintains ER and Golgi apparatus in mouse oocytes

	﻿Discussion
	﻿Conclusions
	﻿References


