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Abstract: We have previously reported that juglone, a natural compound found in Juglandaceae
with a wide range of biological activities, can reduces the developmental competence of bovine
oocytes. In the current study, we investigated the possible mechanisms behind the toxicity of juglone
and the relationship with PI3K/AKT/mTOR signaling during the in vitro maturation (IVM) of
oocytes. Results show that oocyte exposure to juglone was associated with a significant decrease
in filamentous actin (F-actin) accumulation. The RT-qPCR showed downregulation of the meiosis
progression indicator GSK-3A, oocyte development marker BMP15, mitochondria fusion controlling
MFN1, oxidative stress-related OGG1, and histone methylation-related EZH1, EZH2, SUZ12, G9a,
and SUV39H2 genes in juglone-treated oocytes. In addition, glycolysis- (PFK1 and GLUT1), ATP
synthesis- (ATPase8 and ATP5F1B), and OXPHOS-specific markers (SDHA and SDHD), as well as the
oocyte survival regulators (SOD2, VEGF, and MAPK1) significantly decreased upon juglone treatment.
Moreover, lower expression of PI3K, AKT, and mTOR was observed at the transcriptional and/or
translational level(s). The autophagy markers LC3B and beclin-1 as well as the DNA damage-specific
marker 8-OxoG displayed overexpression in juglone-exposed oocytes. Taken together, our results
show that administration of juglone during the IVM can reduce the quality and developmental health
of bovine oocytes through downregulation of the PI3K/AKT/mTOR pathway and its downstream
signaling cascades.

Keywords: juglone; oocyte quality; histone methylation; PI3K; AKT; mTOR; signaling

1. Introduction

The capability of oocytes to develop embryos depends mainly on the quality of oocyte
that can be affected by different factors, including the conditions of in vitro maturation
(IVM) [1]. The synthesis of mRNA and protein during the development and maturation
of oocyte is also linked to the quality of oocytes to generate embryos [1]. On the other
hand, histone modification is a key post-translational epigenetic regulator that has a vital
role in controlling gene expression, and thereby affecting the different cellular processes.
In oocyte, histone alternation is an important hallmark involved in the control of oocyte
quality and development. Disturbance in histone methyltransferases causes a delay in
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oocyte maturation, and affects several meiotic progression events, such as chromosome
segregation and organization, and finally contributes to oocyte aging [2].

During oocyte maturation, the supplementation of IVM medium with different anti-
developmental agents and specific inhibitors for critical pathways regulating cell survival
and function, such as the PI3K/AKT pathway, can attenuate the quality of oocyte, disrupt
histone modification and mitochondrial activity, promote apoptosis, and alter the expres-
sion of different genes related to DNA damage, proliferation, cell cycle, mitochondrial
fission/fusion, and histone methylation [3–5]. For example, in vitro treatment of bovine
oocytes with the SH6 (specific AKT inhibitor) significantly downregulated the expression
of AKT in oocytes [4].

Juglone, 5-hydroxy-1,4-naphthalenedione, is a natural compound found in walnut
trees (Juglans). It exhibits wide biological activities, including anticancer characteristics
documented in hepatocellular carcinoma (HCC), leukemia, melanoma, gastric, and prostate
cancer [6–10]. The effect of juglone on cancer cells occurred via different mechanisms,
including the induction of apoptosis, autophagy, inhibition of cell proliferation, invasion
and migration of cells, in addition to its influence on different cell signaling pathways, such
as interleukin 6 (IL-6)/STAT3, AMP-activated protein kinase (AMPK), mitogen- activated
protein kinases (MAPK), glycogen synthase kinase-3 (GSK3) protein kinases, and the
PI3K/AKT/mTOR [6–11]. Despite the cytotoxicity of juglone, it was used in treatment
of some conditions such as abdominal disorders, in addition to its anti-microbial, and
anti-allergic effects [12].

The AKT, or protein kinase B (AKT/PKB), is a serine (Ser)/threonine (Thr) protein
kinase that is a key mediator of the phosphatidylinositol 3-kinase (PI3K) [13]. Mammalian
target of rapamycin (mTOR) is a downstream product of AKT and the full functionality of
AKT requires the phosphorylation of AKT (at Thr308 and Ser473 phosphorylation sites), the
later which mediates the activation of mTOR complex 2 [14,15]. The cooperation between
AKT with its upstream PI3K and downstream mTOR, as well as with other protein kinases,
can influence the quality and development of oocytes [16,17].

Previously, we identified a deleterious effect of juglone, administered during the
IVM step, on the developmental competence of preimplantation embryos by induction of
apoptosis in oocyte [18]. In the current study using bovine oocyte as a model, we sought to
explore the quality of oocytes as well as the PI3K/AKT/mTOR signaling pathway post
juglone treatment. The different markers related to cell survival, histone methylation,
autophagy, aerobic glycolysis, ATP synthesis, and oxidative phosphorylation reactions
were also studied at transcriptional and/or translational levels.

2. Materials and Methods
2.1. Oocytes Collection, In Vitro Maturation (IVM), and Juglone Treatment

Ovaries from Hanwoo cows were collected at a local abattoir, transported to the
laboratory within 2 h after slaughter, and washed in fresh Dulbecco’s phosphate-buffered
saline (D-PBS). Follicles with a diameter of 2–8 mm were aspirated using 18-gauge needles
attached to a vacuum pumps. Cumulus-oocyte complexes (COCs) with compact cumulus
cells were picked up and washed three times in IVM medium (TCM-199 supplemented with
10% FBS, 1 µg/mL estradiol-17ß, 10 µg/mL follicle-stimulating hormone, 10 ng/mL EGF,
0.6 mM cysteine, and 0.2 mM sodium pyruvate).

Previously, we explored the effect of different juglone concentrations (12.5, 25, and
50 µM) on oxidative stress in bovine oocyte and the developmental competence of em-
bryos [18]. Based on our earlier data, juglone at 25 µM concentration significantly reduced
the cleavage and blastocyst production rates [18]. In the present study, we used 25 µM of
juglone to check its impact on the quality and developmental health of oocytes. Groups of
around 50 COCs were cultured in four-well dishes containing 500 µL of IVM medium (in
presence or absence of 25 µM of juglone) and incubated at 38.5 ◦C and 5% CO2 for 22–24 h.
The experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Division of Applied Life Sciences (Approval ID: GAR-110502-X0017).
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The reagents used in the study were obtained from Sigma-Aldrich (St. Louis, MO, USA)
unless otherwise stated.

2.2. Visualization of Cytoskeleton

Oocytes (Four replicates; n = 20) were denuded by repeated pipetting and fixed
in 4% paraformaldehyde followed by co-incubation with blocking buffer (10% donkey
serum/3% BSA in PBS) for 2 h. Oocytes were then stained with Alexa Fluor 488–phalloidin
for 3 h, washed three times and mounted on glass slides with Prolong anti-fade reagent.
Stained oocytes were examined using a confocal laser-scanning Olympus Fluoview FV1000
microscope (Olympus, Tokyo, Japan) and the optical densities were estimated using ImageJ.

2.3. RNA Extraction and RT-qPCR

Total RNA was extracted from oocytes (n = 50, triplicate) using the Arcturus PicoP-
ure RNA isolation kit according to the manufacturer’s guidelines (Arcturus, Foster, CA,
USA). The concentration of RNA was estimated using NanoDrop 2000c spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA) and the cDNA was synthesized using
an iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). The RT-qPCR
was carried out using iQ-SYBR Green Supermix (Bio-Rad Laboratories) according to the
manufacturer’s instructions and the real-time PCR amplification was carried out on CFX96
instrument (Bio-Rad Laboratories). The sequences of primers are listed in Table S1. The rel-
ative gene expression is presented as fold change compared to the control group following
the 2−∆∆CT method.

2.4. Immunofluorescence

Denuded oocytes (Four replicates; n = 20), fixed in 4% paraformaldehyde, were
permeabilized using 0.5% Triton X-100 and left in blocking buffer (10% donkey serum/3%
BSA) for 4 h at room temperature before incubation overnight at 4 ◦C with the primary
antibodies (Table S2). Oocytes were washed three times and incubated for 90 min at room
temperature with the secondary antibodies (Table S2), and then incubated with Hoechst
33342 (10 mg/mL) for 15 min. Samples were mounted on glass slides with Prolong anti-
fade reagent and examined under confocal laser-scanning Olympus microscope while the
optical densities were estimated using ImageJ.

2.5. Statistical Analysis

Data were analyzed using GraphPad Prism version 6 (San Diego, CA, USA) and the
differences between groups were analyzed using Student’s t-test. All values are presented
as the mean ± standard error of the mean while the p-values below 0.05 were considered
statistically significant.

3. Results
3.1. Juglone Addministration Affects the Quality of Oocytes

We start to check the quality of bovine oocytes upon exposure to juglone. Using the
phalloidin-based staining, the fluorescence intensity corresponding to filamentous actin
(F-actin) significantly decreased in matured oocytes after juglone exposure compared to the
untreated control (Figure 1A,B).

Additionally, we checked the mRNA expression of oocyte quality and development
markers. As seen in Figure 1C, P21 was significantly upregulated whereas as GSK-3A and
BMP15 were downregulated post juglone treatment. Additionally, oocyte quality- mito-
chondrial fusion markers (MFN1 and MFN2) were investigated. As shown in Figure 1C,
a significant reduction in the transcription of MFN1 was witnessed in juglone-treated
oocytes compared to untreated ones. Next, testing the mRNA levels of the histone methyla-
tion, a critical process for oocyte development, -specific genes revealed downregulation of
EZH1, EZH2, SUZ12, G9a, and SUV39H2 after juglone treatment (Figure 1D).
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Figure 1. The effect of juglone treatment on the quality and developmental health of bovine oocytes. 
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Figure 1. The effect of juglone treatment on the quality and developmental health of bovine oocytes.
Oocytes were treated with 25 µM of juglone during in vitro maturation (IVM), four replicates (n = 20),
and three replicates (n = 50) were used for determining the filamentous actin (F-actin) and RT-qPCR
experiments, respectively. (A) Phalloidin-based staining explored the distribution of F-actin in oocytes.
(B) Fluorescence intensity of stained F-actin in treated and untreated oocytes. (C,D) Relative expres-
sion of oocyte quality- and development- related genes. (C) The mRNA levels of P21, P27/GSK-3A,
GSK-3B/ GDF9, BMP15/MFN1, MFN2 regulating cell cycle, meiosis progression, oocyte function and
mitochondrial fusion, respectively. (D) The mRNA levels of histone methylation H3K27me3 (EZH1,
EZH2, SUZ12, and EED), and H3K9me3 (G9a, SETDB1 and SUV39H2)-related methyltransferases.
Scale bar = 100 µm. Columns with an asterisk (*) indicate statistical significance. BF: Bright field.
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3.2. Modulation of PI3K/AKT/mTOR Signaling in Oocytes

To clarify the possible mechanisms behind the deleterious effect of juglone on oocyte
quality, we sought to investigate the PI3K/AKT/mTOR signaling pathway, a critical
parameter controlling oocyte development and survival, at transcription and translation
levels. The use of RT-qPCR revealed significant downregulation of AKT1, AKT3, and
mTOR genes in juglone-treated oocytes (Figure 2A). Similarly, immunofluorescence analysis
showed a dramatic decrease in expression of PI3K, pAKT, and pmTOR proteins in oocytes
of the treated group compared to the control (Figure 2B–G).
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Figure 2. The effect of juglone on the PI3K/AKT/mTOR pathway in oocytes. Bovine oocytes
were exposed to 25 µM of juglone during in vitro maturation (IVM), three replicate (n = 50), and
four replicates (n = 20) were used for RT-qPCR and immunofluorescence analysis, respectively.
(A) Relative expression of PI3K, AKT, and mTOR genes using RT-qPCR. (B,D,F) Immunofluorescence
of PI3K, pAKT, and pmTOR in juglone treated and untreated oocytes. (C,E,G) Fluorescence intensities
of PI3K, pAKT-Ser473, and pmTOR in juglone-treated and control groups. Scale bar = 100 µm.
Columns with an asterisk (*) indicate statistical significance. DAPI: 4′,6-diamidino-2-phenylindole.
pAKT: phosphorylated AKT; and pmTOR: phosphorylated mTOR.
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3.3. Downstream Cascades Affected by Juglone

PI3k/AKT/mTOR signaling regulates different cellular processes, including autophagy,
DNA damage, and different metabolic pathways. We hypothesized that the downregula-
tion of PI3k/AKT/mTOR in oocytes, following juglone exposure, might induce cellular
damage through disturbing the critical processes in the downstream pathway. Hence, we
moved forward to investigate the effect of juglone on autophagy, DNA damage, glucose
metabolism, ATP synthesis, and oxidative phosphorylation (OXPHOS) reactions in oocyte.

3.3.1. Induction of Autophagy

Checking the protein expression of the autophagy-related markers demonstrated
significant increase in the levels of LC3B and beclin-1 in juglone-exposed oocytes compared
to untreated ones (Figure 3A,B).
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Figure 3. Effect of juglone supplementation during IVM on autophagy. Juglone was treated at
25 µM during in vitro maturation (IVM) of bovine oocytes, four replicates (n = 20) were used
for immunofluorescence analysis. (A) Immunofluorescence of Beclin-1 and LC3B in treated and
untreated oocytes. (B) Fluorescence intensities of Beclin-1 and LC3B. Scale bar = 100 µm. Columns
with an asterisk (*) indicate statistical significance. DAPI: 4′,6-diamidino-2-phenylindole; LC3B
(MAP1LC3B): microtubule-associated protein 1 light chain 3 beta; and Beclin-1: autophagy-related
gene 6.

3.3.2. Induction of DNA Damage

Since the PI3K/AKT/mTOR signaling plays a critical role in the control of the DNA
repair mechanisms in several cell lines, we further executed to check the effect of juglone on
DNA damage using the DNA damage-specific marker (8-Oxoguanine; 8-OxoG). In addition,
the mRNA expression of 8-OxoG DNA Glycosylase-1 (OGG1), the gene responsible for
8-OxoG excision, was also inspected. As seen in Figure 4, the results of RT-qPCR and
immunofluorescence reveal a significant decrease in the transcription pattern of OGG1 and
overexpression of the 8-OxoG protein level, respectively, in treated oocytes.
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Figure 4. Effect of juglone (25 µM) supplementation during IVM of bovine oocytes on DNA damage,
four replicates (n = 20) were used for immunofluorescence analysis. (A) Relative gene expression
of OGG1. (B) Fluorescence intensities of 8-OxoG expression level. (C) Images representing the
immunofluorescence of 8-OxoG in juglone-treated and the untreated oocytes. Scale bar = 100 µm.
Columns with asterisk (*) indicate statistical significance. OGG1: 8-Oxoguanine DNA Glycosylase-1;
8-OxoG: 8-Oxoguanine; and DAPI: 4′,6-diamidino-2-phenylindole.

3.3.3. Downregulation of Aerobic Glycolysis, ATP Synthesis, and Oxidative
Phosphorylation Reactions

Moving forward, we checked the transcriptional levels of glucose metabolism, ATP
synthesis, and mitochondrial OXPHOS reactions in oocytes after administration of juglone.
As seen in Figure 5, the glycolysis-specific genes (PFK1 and GLUT1) were significantly
downregulated in juglone-treated oocytes when compared to untreated control. Moreover,
the RT-qPCR results of the ATP synthesis (ATPase8, ATP5F1B) genes show significant
decrease of in both genes oocytes of the treated group (Figure 5). Likely, SDHA and SDHD
(the markers for OXPHOS) significantly decreased albeit the non-significant downregu-
lation of cytochrome c (Cytc; the component of electron transport chain in mitochondria)
(Figure 5).
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Figure 5. The relative expression of metabolic pathways in oocytes using glucose metabolism-, ATP
synthesis-, and OXPHOS-related genes tested using RT-qPCR (three replicate; n = 50). Bovine oocytes
were incubated with 25 µM of juglone during in vitro maturation (IVM). Columns with an asterisk (*)
indicate statistical significance.
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3.3.4. Reduction in Oocyte Survival Rate following Juglone Exposure

Finally, we demonstrated the impact of juglone treatment on the modulation of genes
critical for oocyte survival (such as JAK2, SIRT3, SOD2, VEGF, and MAPK1). As seen in
Figure 6, significant reduction in SOD2, VEGF, and MAPK1 genes was observed in the
treated group as compared to control.
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n = 50 were used for the experiment. Columns with asterisk (*) indicate statistical significance.

The overall impact of juglone administration during IVM on the quality and develop-
mental health of bovine oocytes is summarized in Figure 7.
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Figure 7. Diagram showing the deleterious impact of juglone implication on bovine oocyte during
IVM. Juglone interact with the PI3K/AKT/mTOR signaling and the underlying cascades regulated
by this pathway, the effects that negatively retard the development and quality of exposed oocyte.
Red and green dots indicate the decrease and increase in the cellular processes affected by juglone in
bovine matured oocyte, respectively.



Antioxidants 2023, 12, 114 9 of 13

4. Discussion

Manipulation of gametes during the in vitro production process can alter gene/protein
expression and phenotypes in pre- and post-implantation embryos [19]. Juglone, a natural
naphthoquinone, is used in traditional Chinese medicine [7,11]. The cytotoxicity of juglone
through the induction of apoptosis as well as inhibiting mRNA and protein synthesis
was reported [8,11,20,21]. Despite the multiple pharmacological actions of juglone, very
few studies have investigated its impact on embryonic development [18,20], whereas
little is known about the molecular mechanism behind the effects of juglone on female
reproduction, particularly oocyte development. In the current study, we used bovine
oocyte as a model to study the effect of juglone, administered during the IVM, on the
developmental quality of oocytes.

Actin is a multifunctional protein playing crucial roles during oogenesis, fertilization,
and embryo development [22]. The abnormal abundance and distribution of filamentous
actin observed in oocytes after juglone treatment match with previous findings on its
anti-developmental effect in bovine and porcine oocytes [18,20]. Next, we studied the effect
of juglone on the levels of mRNA markers involved in the regulation of oocyte quality and
development (including the cell cycle and meiosis progression (P21, P27, GSK-3A, and GSK-
3B) and oocyte functionality (GDF9, BMP15). The RT-qPCR results show upregulation of
P21 and downregulation of GSK-3A, BMP15, and MFN1 genes following juglone treatment,
confirming the toxic effect of juglone. These observations are in line with the previous stud-
ies that showed upregulated P21 expression in response to stress in various cell types [23].
The two oocyte secretion factors (GDF9 and BMP15) and the mitochondrial fusion markers
(MFN1 and MFN2) are critical for oocyte development and quality [24–27]. The MFN1
and MFN2 control mitochondrial dynamics by altering mitochondrial health, membrane
potential, and distribution pattern. They are also regulatory parameters for apoptosis,
cellular metabolism, and aerobic respiration [27,28]. Importantly, it was reported that the
deletion of MFN1 was associated with defects in oocyte development and impairment of
PI3K/AKT signaling [26].

Histone modification is another critical parameter that affects the quality and develop-
ment of oocytes and embryos [2]. In the current study, a downregulation of H3K9me3 and
H3K27me3 methyltransferases (EZH1, EZH2, SUZ12, G9a, and SUV39H2) were observed
in oocytes after juglone treatment. Previously, treatment of oocytes with paraquat herbicide
downregulated the expression of both H3K9me2 and H3K27me3 in mouse oocyte [29].
Additionally, a significant decrease in the level of H3K9me2 was observed after exposing
bovine oocytes to lipopolysaccharide toxin [30]. Although these findings are contradicted
by Han et al., who reported increased H3K9me3 (G9a, SUV39H2) and H3K27me3 (EZH1,
EZH2, and SUZ12) methyltransferases mRNA levels in oocyte exposed to the mycotoxin
deoxynivalenol [31], the results confirm the direct effect of juglone on the alternation of his-
tone methylation in matured oocyte. It was reported that the PI3K/AKT pathway plays an
important role in regulating the epigenome to promote oncogenesis as AKT-mediated phos-
phorylation of the histone methyltransferase EZH2 decreases EZH2 affinity for chromatin,
reducing the repressive promoter-associated H3K27me3 modification. Phosphorylation of
the histone demethylase KDM5A increases its cytoplasmic localization, thereby increasing
promoter H3K4me3 and transcriptional competence [32].

Based on accumulating evidence suggesting a linkage between PI3K/AKT/mTOR
signaling and oocyte maturation and ovarian function [4,17,33], we sought to investigate
whether this pathway is implicated in the anti-developmental effect of juglone. Interest-
ingly, downregulation of PI3K, AKT, and mTOR was witnessed in juglone-treated oocytes.
Previously, it was shown that AKT is responsible for the completion of meiosis, while
the specific inhibition of AKT resulted in meiotic arrest at the MI stage and hindered the
development of embryos [4,34,35]. It was reported that juglone inhibited PI3K activity
in mouse skin epidermal cells in vitro by directly binding with PI3K [36]. Additionally,
inhibitors for PI3K/AKT signaling adversely affected the developmental competences of
oocytes and embryos in vitro [3,4]. The mTOR was reported to be expressed in all stages of
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oocytes development, suggesting its vital role in oocytes meiosis completion and further
embryonic development [37]. Interestingly, activation of mTOR in cumulus cells must
be ensured in order to produce a functionally normal eggs [38]. This matches with our
study that demonstrated inhibition of PI3K/AKT/mTOR signaling pathway components
following juglone treatment could be attributed to inferior oocyte quality.

Then, we further investigate the cascades, downstream to PI3K/AKT/mTOR, that are
related to different cellular processes (including autophagy, DNA repair, aerobic glycolysis,
ATP synthesis, and OXPHOS reactions), as well as the levels of the oocyte survival related
markers in juglone-treated oocytes. Based on our results, the levels of protein expression of
the autophagy markers LC3B and beclin-1 showed significant increase in juglone-exposed
oocytes, confirming the detrimental effect of juglone on oocyte developmental competence.
In line with this, hyper-activated autophagy during oocyte maturation following exposure
of oocyte to toxic compounds was reported to negatively affect the oocyte and embry-
onic development competences [33,39]. Additionally, the toxicity of juglone reported in
multiple studies was mainly attributed to its ability to induce autophagy, DNA damage,
endogenous reactive oxygen species (ROS) accumulation, apoptosis, and meiotic defect
in oocyte [6,7,20,21]. Additionally, the enhancement in the rate of autophagic cell death
in human HL-60 promyelocytic leukemia cells, as well as in the expressions of LC3-II
and Beclin-1, was reported in a dose-dependent manner [7]. In line with these previously
mentioned results, we detected an overexpression of 8-OxoG protein levels and down-
regulation of OGG1 expression in juglone-treated oocytes. The common DNA oxidation
product, 8-OxoG, is produced when DNA is exposed to ROS. Likewise, juglone treatment
was associated with increased ROS levels in oocytes in a dose-dependent manner [18].
During stress conditions, OGG1 stimulates the removal of 8-oxoG through glycosylase and
endonuclease activities, which indicates the protection against the oxidative stress [40].

Moreover, the different metabolic pathway markers were checked. These regulatory
parameters for aerobic glycolysis, ATP synthesis, and OXPHOS reactions were investigated
in juglone-treated oocytes. We detected a strong downregulation in the glycolysis PFK1
and GLUT1, the ATP synthesis ATPase8 and ATP5F1B, and OXPHOS SDHA and SDHD
genes in juglone-exposed oocytes. Recently, a decrease in mRNA and protein levels of PFK1
and GLUT1 caused inhibition of aerobic glycolysis in human umbilical vein endothelial
cells [41]. Importantly, AKT and mTOR are key regulators for metabolic flux and glycolysis
via controlling the activity of PFK1 and GLUT1, which confirms our abovementioned data
for the decrease in the PI3K/AKT/mTOR in juglone-treated oocytes.

We moved forward to assess the levels of oocyte survival related genes, we demon-
strated the suppression of the expression SOD2, VEGF, and MAPK1 genes in juglone treated
oocytes. These data suggest that there is a possible linkage between juglone and reduced
oocyte quality. This supports the previous study that showed antioxidant enzyme SOD2
plays a crucial role in controlling ROS production and poor quality of oocytes from diabetic
mice that lack the capacity to promote SOD2 activity in response to oxidative stress [42].
Vascular endothelial growth factor (VEGF), which is involved in oocyte maturation and
embryo development [43], was reported to improve the revascularization, survival, and
oocyte quality of cryopreserved, subcutaneously-transplanted mouse ovarian tissue [44].
Mitogen-activated protein kinase (MAPK) is involved in regulating preimplantation em-
bryo development [45]. Surprisingly, the suppression of MAPK activation in porcine
oocytes decreased the maturation promoting factor activity [46], while in mouse embryos,
it resulted in a reversible developmental blockade at the 8–16 cell stage [45]. Interestingly,
a direct linkage between MAPK signaling and glucose metabolism was previously reported,
which supports our data for the decrease in the glycolysis markers in juglone oocyte [47].

5. Conclusions

Collectively, we report that juglone can significantly affect the development of bovine
oocytes through the direct induction of autophagy, as well as DNA and mitochondrial
damage. Additionally, the negative effects of juglone on oocyte quality, histone methyla-
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tion, glucose metabolism, ATP synthesis, and oxidative phosphorylation reactions were
observed. Finally, to our knowledge, this is the first study reporting that juglone, adminis-
tered during IVM, can significantly interact with the PI3K/AKT/mTOR signaling pathway
and its downstream signaling cascades in bovine oocytes.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antiox12010114/s1, Table S1: The names of the genes and sequences of the
primer used in RT-qPCR analysis; Table S2: List of Antibodies used for immunofluorescence analysis.

Author Contributions: Conceptualization, M.E.-S. and A.A.M.; methodology, M.E.-S. and A.A.M.;
software, M.E.-S.; formal analysis, M.E.-S. and A.A.M.; resources, A.A.K.K., M.I. and M.-J.A.; data
curation, M.E.-S.; writing—original draft preparation, M.E.-S. and A.M.; writing—review and editing,
A.A.M.; supervision, I.-K.K.; project administration, I.-K.K.; funding acquisition, I.-K.K. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Research Foundation of Korea (NRF) grant
(MIST; No. 2020R1A2C2006614) and the BK21 Four program funded by the Korean Ministry
of Education.

Institutional Review Board Statement: The experimental procedures were approved by the in-
stitutional animal care and use committee of the division of applied life sciences (Approval ID:
GAR-110502-X0017).

Informed Consent Statement: Not applicable.

Data Availability Statement: All of the data is contained within the article and the supplemen-
tary materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lonergan, P.; Rizos, D.; Gutierrez-Adan, A.; Fair, T.; Boland, M.P. Oocyte and embryo quality: Effect of origin, culture conditions

and gene expression patterns. Reprod. Domest. Anim. 2003, 38, 259–267. [CrossRef] [PubMed]
2. Gu, L.; Wang, Q.; Sun, Q.Y. Histone modifications during mammalian oocyte maturation: Dynamics, regulation and functions.

Cell Cycle 2010, 9, 1942–1950. [CrossRef] [PubMed]
3. Jiao, Y.; Li, J.; Zhu, S.; Ahmed, J.Z.; Li, M.; Shi, D.; Huang, B. PI3K inhibitor reduces in vitro maturation and developmental

competence of porcine oocytes. Theriogenology 2020, 157, 432–439. [CrossRef] [PubMed]
4. El Sheikh, M.; Mesalam, A.; Mesalam, A.A.; Idrees, M.; Lee, K.L.; Kong, I.K. Melatonin Abrogates the Anti-Developmental Effect

of the AKT Inhibitor SH6 in Bovine Oocytes and Embryos. Int. J. Mol. Sci. 2019, 20, 2956. [CrossRef] [PubMed]
5. Idrees, M.; Oh, S.H.; Muhammad, T.; El-Sheikh, M.; Song, S.H.; Lee, K.L.; Kong, I.K. Growth Factors, and Cytokines; Un-

derstanding the Role of Tyrosine Phosphatase SHP2 in Gametogenesis and Early Embryo Development. Cells 2020, 9, 1798.
[CrossRef]

6. Wang, P.; Gao, C.; Wang, W.; Yao, L.P.; Zhang, J.; Zhang, S.D.; Li, J.; Fang, S.H.; Fu, Y.J. Juglone induces apoptosis and autophagy
via modulation of mitogen-activated protein kinase pathways in human hepatocellular carcinoma cells. Food Chem. Toxicol. 2018,
116, 40–50. [CrossRef]

7. Xiao, Y.; Ming, X.; Xu, J. Inhibition of human leukemia cells growth by juglone is mediated via autophagy induction, endogenous
ROS production, and inhibition of cell migration and invasion. J. BUON Off. J. Balk. Union Oncol. 2020, 25, 1600–1606.

8. Ji, Y.B.; Qu, Z.Y.; Zou, X. Juglone-induced apoptosis in human gastric cancer SGC-7901 cells via the mitochondrial pathway. Exp.
Toxicol. Pathol. 2011, 63, 69–78. [CrossRef]

9. Aithal, B.K.; Kumar, M.R.; Rao, B.N.; Udupa, N.; Rao, B.S. Juglone, a naphthoquinone from walnut, exerts cytotoxic and genotoxic
effects against cultured melanoma tumor cells. Cell Biol. Int. 2009, 33, 1039–1049. [CrossRef]

10. Fang, F.; Chen, S.; Ma, J.; Cui, J.; Li, Q.; Meng, G.; Wang, L. Juglone suppresses epithelial-mesenchymal transition in prostate
cancer cells via the protein kinase B/glycogen synthase kinase-3beta/Snail signaling pathway. Oncol. Lett. 2018, 16, 2579–2584.
[CrossRef]

11. Tang, Y.T.; Li, Y.; Chu, P.; Ma, X.D.; Tang, Z.Y.; Sun, Z.L. Molecular biological mechanism of action in cancer therapies: Juglone
and its derivatives, the future of development. Biomed. Pharm. 2022, 148, 112785. [CrossRef]

12. Jahanban-Esfahlan, A.; Ostadrahimi, A.; Tabibiazar, M.; Amarowicz, R. A Comprehensive Review on the Chemical Constituents
and Functional Uses of Walnut (Juglans spp.) Husk. Int. J. Mol. Sci. 2019, 20, 3920. [CrossRef] [PubMed]

13. Bellacosa, A.; Testa, J.R.; Staal, S.P.; Tsichlis, P.N. A retroviral oncogene, akt, encoding a serine-threonine kinase containing
an SH2-like region. Science 1991, 254, 274–277. [PubMed]

14. Franke, T.F. PI3K/Akt: Getting it right matters. Oncogene 2008, 27, 6473–6488. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/antiox12010114/s1
https://www.mdpi.com/article/10.3390/antiox12010114/s1
http://doi.org/10.1046/j.1439-0531.2003.00437.x
http://www.ncbi.nlm.nih.gov/pubmed/12887565
http://doi.org/10.4161/cc.9.10.11599
http://www.ncbi.nlm.nih.gov/pubmed/20436284
http://doi.org/10.1016/j.theriogenology.2020.08.019
http://www.ncbi.nlm.nih.gov/pubmed/32877843
http://doi.org/10.3390/ijms20122956
http://www.ncbi.nlm.nih.gov/pubmed/31212969
http://doi.org/10.3390/cells9081798
http://doi.org/10.1016/j.fct.2018.04.004
http://doi.org/10.1016/j.etp.2009.09.010
http://doi.org/10.1016/j.cellbi.2009.06.018
http://doi.org/10.3892/ol.2018.8885
http://doi.org/10.1016/j.biopha.2022.112785
http://doi.org/10.3390/ijms20163920
http://www.ncbi.nlm.nih.gov/pubmed/31409014
http://www.ncbi.nlm.nih.gov/pubmed/1833819
http://doi.org/10.1038/onc.2008.313
http://www.ncbi.nlm.nih.gov/pubmed/18955974


Antioxidants 2023, 12, 114 12 of 13

15. Sarbassov, D.D.; Guertin, D.A.; Ali, S.M.; Sabatini, D.M. Phosphorylation and regulation of Akt/PKB by the rictor-mTOR complex.
Science 2005, 307, 1098–1101. [CrossRef]

16. Han, S.J.; Vaccari, S.; Nedachi, T.; Andersen, C.B.; Kovacina, K.S.; Roth, R.A.; Conti, M. Protein kinase B/Akt phosphorylation of
PDE3A and its role in mammalian oocyte maturation. EMBO J. 2006, 25, 5716–5725. [CrossRef]

17. Makker, A.; Goel, M.M.; Mahdi, A.A. PI3K/PTEN/Akt and TSC/mTOR signaling pathways, ovarian dysfunction, and infertility:
An update. J. Mol. Endocrinol. 2014, 53, R103–R118. [CrossRef]

18. Mesalam, A.A.; El-Sheikh, M.; Joo, M.D.; Khalil, A.A.K.; Mesalam, A.; Ahn, M.J.; Kong, I.K. Induction of Oxidative Stress and
Mitochondrial Dysfunction by Juglone Affects the Development of Bovine Oocytes. Int. J. Mol. Sci. 2020, 22, 168. [CrossRef]
[PubMed]

19. Nie, J.; An, L.; Miao, K.; Hou, Z.; Yu, Y.; Tan, K.; Sui, L.; He, S.; Liu, Q.; Lei, X.; et al. Comparative analysis of dynamic
proteomic profiles between in vivo and in vitro produced mouse embryos during postimplantation period. J. Proteome Res. 2013,
12, 3843–3856. [CrossRef]

20. Zhang, X.; Li, W.; Sun, X.; Li, J.; Wu, W.; Liu, H. Vitamin C protects against defects induced by juglone during porcine oocyte
maturation. J. Cell Physiol. 2019, 234, 19574–19581. [CrossRef]

21. Paulsen, M.T.; Ljungman, M. The natural toxin juglone causes degradation of p53 and induces rapid H2AX phosphorylation and
cell death in human fibroblasts. Toxicol. Appl. Pharmacol. 2005, 209, 1–9. [CrossRef] [PubMed]

22. Sun, Q.Y.; Schatten, H. Regulation of dynamic events by microfilaments during oocyte maturation and fertilization. Reproduction
2006, 131, 193–205. [CrossRef]

23. Gorospe, M.; Wang, X.; Holbrook, N.J. Functional role of p21 during the cellular response to stress. Gene Expr. 1999, 7, 377–385.
24. Li, Y.; Li, R.Q.; Ou, S.B.; Zhang, N.F.; Ren, L.; Wei, L.N.; Zhang, Q.X.; Yang, D.Z. Increased GDF9 and BMP15 mRNA levels in

cumulus granulosa cells correlate with oocyte maturation, fertilization, and embryo quality in humans. Reprod Biol. Endocrinol.
2014, 12, 81. [CrossRef] [PubMed]

25. Liu, Q.; Kang, L.; Wang, L.; Zhang, L.; Xiang, W. Mitofusin 2 regulates the oocytes development and quality by modulating
meiosis and mitochondrial function. Sci. Rep. 2016, 6, 30561. [CrossRef]

26. Carvalho, K.F.; Machado, T.S.; Garcia, B.M.; Zangirolamo, A.F.; Macabelli, C.H.; Sugiyama, F.H.C.; Grejo, M.P.; Augusto Neto,
J.D.; Tostes, K.; Ribeiro, F.K.S.; et al. Mitofusin 1 is required for oocyte growth and communication with follicular somatic cells.
FASEB J. 2020, 34, 7644–7660. [CrossRef]

27. Hou, X.; Zhu, S.; Zhang, H.; Li, C.; Qiu, D.; Ge, J.; Guo, X.; Wang, Q. Mitofusin1 in oocyte is essential for female fertility. Redox
Biol. 2019, 21, 101110. [CrossRef] [PubMed]

28. Sebastian, D.; Hernandez-Alvarez, M.I.; Segales, J.; Sorianello, E.; Munoz, J.P.; Sala, D.; Waget, A.; Liesa, M.; Paz, J.C.;
Gopalacharyulu, P.; et al. Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic reticulum function with insulin signal-
ing and is essential for normal glucose homeostasis. Proc. Natl. Acad. Sci. USA 2012, 109, 5523–5528. [CrossRef]

29. Sun, Y.L.; Wang, X.L.; Yang, L.L.; Ge, Z.J.; Zhao, Y.; Luo, S.M.; Shen, W.; Sun, Q.Y.; Yin, S. Paraquat Reduces the Female Fertility by
Impairing the Oocyte Maturation in Mice. Front. Cell Dev. Biol. 2020, 8, 631104. [CrossRef]

30. Zhao, S.J.; Pang, Y.W.; Zhao, X.M.; Du, W.H.; Hao, H.S.; Zhu, H.B. Effects of lipopolysaccharide on maturation of bovine oocyte
in vitro and its possible mechanisms. Oncotarget 2017, 8, 4656–4667. [CrossRef]

31. Han, J.; Wang, Q.C.; Zhu, C.C.; Liu, J.; Zhang, Y.; Cui, X.S.; Kim, N.H.; Sun, S.C. Deoxynivalenol exposure induces au-
tophagy/apoptosis and epigenetic modification changes during porcine oocyte maturation. Toxicol. Appl. Pharmacol. 2016, 300,
70–76. [CrossRef] [PubMed]

32. Spangle, J.M.; Roberts, T.M.; Zhao, J.J. The emerging role of PI3K/AKT-mediated epigenetic regulation in cancer. Biochim. Biophys.
Acta Rev. Cancer 2017, 1868, 123–131. [CrossRef] [PubMed]

33. El Sheikh, M.; Mesalam, A.A.; Idrees, M.; Sidrat, T.; Mesalam, A.; Lee, K.L.; Kong, I.K. Nicotinamide Supplementation during
the In Vitro Maturation of Oocytes Improves the Developmental Competence of Preimplantation Embryos: Potential Link to
SIRT1/AKT Signaling. Cells 2020, 9, 1550. [CrossRef]

34. Tomek, W.; Smiljakovic, T. Activation of Akt (protein kinase B) stimulates metaphase I to metaphase II transition in bovine
oocytes. Reproduction 2005, 130, 423–430. [CrossRef] [PubMed]

35. Ashry, M.; Rajput, S.K.; Folger, J.K.; Knott, J.G.; Hemeida, N.A.; Kandil, O.M.; Ragab, R.S.; Smith, G.W. Functional role of AKT
signaling in bovine early embryonic development: Potential link to embryotrophic actions of follistatin. Reprod Biol. Endocrinol.
2018, 16, 1. [CrossRef] [PubMed]

36. Chae, J.I.; Cho, J.H.; Kim, D.J.; Lee, K.A.; Cho, M.K.; Nam, H.S.; Woo, K.M.; Lee, S.H.; Shim, J.H. Phosphoinositol 3-kinase,
a novel target molecule for the inhibitory effects of juglone on TPA-induced cell transformation. Int. J. Mol. Med. 2012, 30, 8–14.
[CrossRef]

37. Guo, J.; Zhang, T.; Guo, Y.; Sun, T.; Li, H.; Zhang, X.; Yin, H.; Cao, G.; Yin, Y.; Wang, H.; et al. Oocyte stage-specific effects of
MTOR determine granulosa cell fate and oocyte quality in mice. Proc. Natl. Acad. Sci. USA 2018, 115, E5326–E5333. [CrossRef]

38. Guo, J.; Shi, L.; Gong, X.; Jiang, M.; Yin, Y.; Zhang, X.; Yin, H.; Li, H.; Emori, C.; Sugiura, K.; et al. Oocyte-dependent activation of
MTOR in cumulus cells controls the development and survival of cumulus-oocyte complexes. J. Cell Sci. 2016, 129, 3091–3103.
[CrossRef]

39. El-Sheikh, M.; Mesalam, A.A.; Song, S.H.; Ko, J.; Kong, I.K. Melatonin Alleviates the Toxicity of High Nicotinamide Concentrations
in Oocytes: Potential Interaction with Nicotinamide Methylation Signaling. Oxid Med. Cell Longev. 2021, 2021, 5573357. [CrossRef]

http://doi.org/10.1126/science.1106148
http://doi.org/10.1038/sj.emboj.7601431
http://doi.org/10.1530/JME-14-0220
http://doi.org/10.3390/ijms22010168
http://www.ncbi.nlm.nih.gov/pubmed/33375280
http://doi.org/10.1021/pr301044b
http://doi.org/10.1002/jcp.28555
http://doi.org/10.1016/j.taap.2005.03.005
http://www.ncbi.nlm.nih.gov/pubmed/16271620
http://doi.org/10.1530/rep.1.00847
http://doi.org/10.1186/1477-7827-12-81
http://www.ncbi.nlm.nih.gov/pubmed/25139161
http://doi.org/10.1038/srep30561
http://doi.org/10.1096/fj.201901761R
http://doi.org/10.1016/j.redox.2019.101110
http://www.ncbi.nlm.nih.gov/pubmed/30690319
http://doi.org/10.1073/pnas.1108220109
http://doi.org/10.3389/fcell.2020.631104
http://doi.org/10.18632/oncotarget.13965
http://doi.org/10.1016/j.taap.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/26988607
http://doi.org/10.1016/j.bbcan.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28315368
http://doi.org/10.3390/cells9061550
http://doi.org/10.1530/rep.1.00754
http://www.ncbi.nlm.nih.gov/pubmed/16183860
http://doi.org/10.1186/s12958-017-0318-6
http://www.ncbi.nlm.nih.gov/pubmed/29310676
http://doi.org/10.3892/ijmm.2012.969
http://doi.org/10.1073/pnas.1800352115
http://doi.org/10.1242/jcs.182642
http://doi.org/10.1155/2021/5573357


Antioxidants 2023, 12, 114 13 of 13

40. Park, J.H.; Zhuang, J.; Li, J.; Hwang, P.M. p53 as guardian of the mitochondrial genome. FEBS Lett. 2016, 590, 924–934. [CrossRef]
41. Hu, W.H.; Duan, R.; Xia, Y.T.; Xiong, Q.P.; Wang, H.Y.; Chan, G.K.; Liu, S.Y.; Dong, T.T.; Qin, Q.W.; Tsim, K.W. Binding of

Resveratrol to Vascular Endothelial Growth Factor Suppresses Angiogenesis by Inhibiting the Receptor Signaling. J. Agric. Food
Chem. 2019, 67, 1127–1137. [CrossRef]

42. Liu, X.; Zhang, L.; Wang, P.; Li, X.; Qiu, D.; Li, L.; Zhang, J.; Hou, X.; Han, L.; Ge, J.; et al. Sirt3-dependent deacetylation of SOD2
plays a protective role against oxidative stress in oocytes from diabetic mice. Cell Cycle 2017, 16, 1302–1308. [CrossRef]

43. Wu, W.B.; Chen, H.T.; Lin, J.J.; Lai, T.H. VEGF Concentration in a Preovulatory Leading Follicle Relates to Ovarian Reserve and
Oocyte Maturation during Ovarian Stimulation with GnRH Antagonist Protocol in In Vitro Fertilization Cycle. J. Clin. Med. 2021,
10, 5032. [CrossRef]

44. Li, S.H.; Hwu, Y.M.; Lu, C.H.; Chang, H.H.; Hsieh, C.E.; Lee, R.K. VEGF and FGF2 Improve Revascularization, Survival, and
Oocyte Quality of Cryopreserved, Subcutaneously-Transplanted Mouse Ovarian Tissues. Int. J. Mol. Sci. 2016, 17, 1237. [CrossRef]
[PubMed]

45. Madan, P.; Calder, M.D.; Watson, A.J. Mitogen-activated protein kinase (MAPK) blockade of bovine preimplantation embryoge-
nesis requires inhibition of both p38 and extracellular signal-regulated kinase (ERK) pathways. Reproduction 2005, 130, 41–51.
[CrossRef] [PubMed]

46. Ohashi, S.; Naito, K.; Sugiura, K.; Iwamori, N.; Goto, S.; Naruoka, H.; Tojo, H. Analyses of mitogen-activated protein kinase
function in the maturation of porcine oocytes. Biol. Reprod 2003, 68, 604–609. [CrossRef]

47. Marko, A.J.; Miller, R.A.; Kelman, A.; Frauwirth, K.A. Induction of glucose metabolism in stimulated T lymphocytes is regulated
by mitogen-activated protein kinase signaling. PLoS ONE 2010, 5, e15425. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/1873-3468.12061
http://doi.org/10.1021/acs.jafc.8b05977
http://doi.org/10.1080/15384101.2017.1320004
http://doi.org/10.3390/jcm10215032
http://doi.org/10.3390/ijms17081237
http://www.ncbi.nlm.nih.gov/pubmed/27483256
http://doi.org/10.1530/rep.1.00554
http://www.ncbi.nlm.nih.gov/pubmed/15985630
http://doi.org/10.1095/biolreprod.102.008334
http://doi.org/10.1371/journal.pone.0015425
http://www.ncbi.nlm.nih.gov/pubmed/21085672

	Introduction 
	Materials and Methods 
	Oocytes Collection, In Vitro Maturation (IVM), and Juglone Treatment 
	Visualization of Cytoskeleton 
	RNA Extraction and RT-qPCR 
	Immunofluorescence 
	Statistical Analysis 

	Results 
	Juglone Addministration Affects the Quality of Oocytes 
	Modulation of PI3K/AKT/mTOR Signaling in Oocytes 
	Downstream Cascades Affected by Juglone 
	Induction of Autophagy 
	Induction of DNA Damage 
	Downregulation of Aerobic Glycolysis, ATP Synthesis, and Oxidative Phosphorylation Reactions 
	Reduction in Oocyte Survival Rate following Juglone Exposure 


	Discussion 
	Conclusions 
	References

