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Abstract: AIM: To investigate the underlying mechanisms of xanthohumol (XN) on the proliferation
inhibition and death of C6 glioma cells. METHODS: To determine the effects of XN on C6 cells, cell
proliferation and mortality after XN treatment were assessed by SRB assay and trypan blue assay
respectively. Apoptotic rates were evaluated by flowcytometry after Annexin V-FITC/PI double
staining. The influence of XN on the activity of caspase-3 was determined by Western blot (WB); and
nuclear transposition of apoptosis-inducing factor (AIF) was tested by immunocytochemistry and
WB. By MitoSOXTM staining, the mitochondrial ROS were detected. Mitochondrial function was also
tested by MTT assay (content of succinic dehydrogenase), flow cytometry (mitochondrial membrane
potential (MMP)—JC-1 staining; mitochondrial abundance—mito-Tracker green), immunofluores-
cence (MMP—JC-1 staining; mitochondrial morphology—mito-Tracker green), WB (mitochondrial
fusion-fission protein—OPA1, mfn2, and DRP1; mitophagy-related proteins—Pink1, Parkin, LC3B,
and P62), and high-performance liquid chromatography (HPLC) (energy charge). Finally, mito-
chondrial protein homeostasis of C6 cells after XN treatment with and without LONP1 inhibitor
bortezomib was investigated by trypan blue assay (proliferative activity and mortality) and WB
(mitochondrial protease LONP1). All cell morphology images were taken by a Leica Microsystems
microscope. RESULTS: XN could lead to proliferation inhibition and death of C6 cells in a time-
and dose-dependent manner and induce apoptosis of C6 cells through the AIF pathway. After long
incubation of XN, mitochondria of C6 cells were seriously impaired, and mitochondria had a diffuse
morphology and mitochondrial ROS were increased. The content of succinic dehydrogenase per cell
was significantly decreased after XN insults of 24, 48, and 72 h. The energy charge was weakened
after XN insult of 24 h. Furthermore, the MMP and mitochondrial abundance were significantly
decreased; the protein expression levels of OPA1, mfn2, and DRP1 were down-regulated; and the
protein expression levels of Pink1, Parkin, LC3B-II/LC3B-I, and p62 were up-regulated in long
XN incubation times (24, 48, and 72 h). XN incubation with bortezomib for 48 h resulted in lower
proliferative activity and higher mortality of C6 cells and caused the cell to have visible vacuoles.
Moreover, the protein expression levels of LONP1 was up-regulated gradually as XN treatment time
increased. CONCLUSION: These data supported that XN could induce AIF pathway apoptosis of
the rat glioma C6 cells by affecting the mitochondria.

Keywords: xanthohumol; mitochondrial stress; glioma cell

1. Introduction

Glioma is one of the most common central nervous system (CNS) tumors. According
to 2007 WHO CNS tumor classification, glioma is divided into five categories, including
oligoastrocytic, oligodendroglial, astrocytic, ependymal, neuronal, and mixed neuronal–
glial [1]. Recently, in 2016, WHO introduced a new edition of glioma classification, based
on the degree of malignancy. Among all the types of glioma, glioblastoma is considered
the most malignant, as it is classified as WHO grade IV [2,3]. The standard treatment for
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this tumor is surgery followed by radiotherapy and chemotherapy. To some extent, this
treatment can extend patients’ survival time, but it can also cause many severe side effects
that are undesirable. Mounting evidence shows that natural medicinal compounds could
play diversified beneficial roles in cancer therapy, while with less adverse reaction [4–6].

Xanthohumol (XN) (Figure 1A), a natural compound consisted in hops, is an isoprene
flavonoid with a wide range of biological activities, such as anti-inflammation, antioxidant,
anti-cancer, antibacterial, and lipid-lowering benefits [7]. Several studies showed the anti-
glioma effects of XN. Chen et al. found that the miR-204-3p-targeted IGFBP2 pathway
was involved in XN-induced glioma cell apoptotic death [8]. And Festa et al. reported
that XN induces apoptosis in human malignant glioblastoma cells by increasing reactive
oxygen species (ROS) and activating MAPK pathways [9]. However, most of these studies
investigated the mitochondria as the key node in the process of apoptosis but did not
reveal the status of the mitochondria [8–10]. Therefore, in this study, we used an in vitro
cultured rat glioma C6 cells to investigated the effects of XN on the cell survival and the
mitochondrial response mechanism.
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measured by SRB assay. (C,D,G) C6 cells were incubated for different time with 20 uM XN, the
survived and dead cells were detected by trypan blue staining, and the morphology changes were
captured by a Leica Microsystems microscope (200× g magnification). (E,F) The cell cycle of C6 cells
treated with 20 uM XN for 48 h was detected by flow cytometry after PI mono-staining. All data
presented are the mean ± SEM from three independent experiments. ** p < 0.01 vs. control groups.

2. Results

Based on our research, it was confirmed that XN can inhibit C6 cell proliferation and
eventually induce cell death by triggering mitochondrial stress. This is discussed in further
detail in the following sections.

2.1. XN Affected C6 Cell Proliferation in Concentration and Time-Dependent Way

Our primary data showed that XN significantly inhibited the C6 glioma cell prolif-
eration in concentration and time-dependent way. Figure 1B clearly shows that with the
increase of the concentration of XN from 5 uM to 60 uM, the cell viability decreased ob-
viously. Along with the increase of the XN (20 uM) treatment time, the cell proliferation
was completely suppressed (Figure 1C), while the cell mortality increased correspondingly
(Figure 1D). Surprisingly, in this process, XN did not induce the obvious changing of cell
morphology which allows us to check for more details about the death process of C6 cells.
Therefore, this concentration was chosen for further investigation. Moreover, incubation for
48 h with 20 uM XN dramatically increased the cells in G0/G1 cycle phase (Figure 1E,F).

Overall, the data we collected strongly supported our expectations. XN treatment can
certainly inhibit C6 cell proliferation and even cause its death when the treatment time is
long enough.

2.2. XN Treatment-Induced AIF-Dependent Apoptosis in C6 Cells

In our study, XN treatment caused C6 cell apoptosis, and more specifically, via AIF-
dependent pathway apoptosis [11–13]. Figure 1G shows the morphology changes of C6 cell
at different times after 20 uM XN treatment. When C6 cells were treated with XN for 72 h,
C6 cells began to shrink. After 96 h treatment with XN, more apoptotic cells were identified
with the flowcytometry and fluorescence microscope observation compared to the control
group (Figure 2A,B), while no Caspase-3 was cleaved as shown in Figure 2C. Moreover,
treatment with the pan-caspase inhibitor Z-VAD-FMK did not show any improvement
in cell viability (Figure 2D–F). Thus, we targeted AIF intracellular localization. AIF is a
mitochondrial resident protein that regulates cell apoptosis via nuclear translocation [13].
The Western blot and fluorescence immunohistochemistry results showed that AIF content
in nucleus increased significantly (Figure 3A,B) and a mass of AIF located in the nucleus
after XN treatment (Figure 3C,D). To conclude, all the evidence we found can certainly
prove that the XN-triggered C6 cell apoptosis pathway is AIF rather than cleaved caspase-3.
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Figure 2. XN-induced apoptosis of C6 cells. (A,B) C6 cell apoptosis evaluation by flow cytometry 
and fluorescence microscopy through Annexin-V/PI double staining after treatment with XN for 
96 h (400× g magnification). (C) Cleaved caspase-3 was detected by Western blot (WB) after XN 
incubation for 96 h. (D–F) The C6 cells were pretreated with 5 uM inhibitor of caspase-3 Z-VAD-
FMK for 1.5 h before the co-treatment with XN for another 96 h. The morphology changes were 
captured by a Leica Microsystems microscope (200× g magnification), and cell viability and cell 
death were measured by trypan blue staining. All data presented are the mean ± SEM from three 
independent experiments. ** p < 0.01 vs. control. 

Figure 2. XN-induced apoptosis of C6 cells. (A,B) C6 cell apoptosis evaluation by flow cytometry and fluorescence
microscopy through Annexin-V/PI double staining after treatment with XN for 96 h (400× g magnification). (C) Cleaved
caspase-3 was detected by Western blot (WB) after XN incubation for 96 h. (D–F) The C6 cells were pretreated with 5 uM
inhibitor of caspase-3 Z-VAD-FMK for 1.5 h before the co-treatment with XN for another 96 h. The morphology changes
were captured by a Leica Microsystems microscope (200× g magnification), and cell viability and cell death were measured
by trypan blue staining. All data presented are the mean ± SEM from three independent experiments. ** p < 0.01 vs. control.
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Figure 3. Effects of XN (20 uM) on intracellular localization of AIF. (A,B) The C6 cells were ex-
posed to XN for 96 h. The levels of AIF in cytoplasm (cp-AIF) and nucleus (nu-AIF) were detected 
by WB. (C,D) Cells were treated with XN for 96 h, and then cells were subjected to immunocyto-
chemistry using anti-AIF (green). Positioning was captured, and the fluorescence distribution was 
analyzed by a Leica Microsystems microscope (400× g magnification). All data presented are the 
mean ± SEM from three independent experiments. ** p < 0.01 vs. control groups. 
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production and accumulation of ROS can damage the cells via oxidative stress, and even-
tually cause pathophysiological changes, such as apoptosis [14–17]. Referring to Section 
2.2, the incubation of XN can cause C6 cell apoptosis, and it can be predicted that cell 
death caused by XN treatment may be related to the increase of ROS. An investigation 
which involved three antioxidants (NAC, Mito-Tempo, or APO) was undertaken to ex-
plore the ROS formation in XN induced cell death. As expected, the results showed that 
when NAC or Mito-Tempo were mixed with XN in the solution, fewer C6 cells died de-
spite continuous exposure to proliferation inhibition, but when APO was used, there was 

Figure 3. Effects of XN (20 uM) on intracellular localization of AIF. (A,B) The C6 cells were exposed to XN for 96 h. The
levels of AIF in cytoplasm (cp-AIF) and nucleus (nu-AIF) were detected by WB. (C,D) Cells were treated with XN for
96 h, and then cells were subjected to immunocytochemistry using anti-AIF (green). Positioning was captured, and the
fluorescence distribution was analyzed by a Leica Microsystems microscope (400× g magnification). All data presented are
the mean ± SEM from three independent experiments. ** p < 0.01 vs. control groups.

2.3. XN Increased the Amount of Mitochondrial ROS in the Process of Cell Death

Reactive oxygen species as cell signaling molecules play very important roles in
cell metabolic processes. The generation of ROS can protect the cells and also help send
signals in normal cell biological processes. However, apart from the benefits to cells,
imbalanced production and accumulation of ROS can damage the cells via oxidative stress,
and eventually cause pathophysiological changes, such as apoptosis [14–17]. Referring to
Section 2.2, the incubation of XN can cause C6 cell apoptosis, and it can be predicted that
cell death caused by XN treatment may be related to the increase of ROS. An investigation
which involved three antioxidants (NAC, Mito-Tempo, or APO) was undertaken to explore
the ROS formation in XN induced cell death. As expected, the results showed that when
NAC or Mito-Tempo were mixed with XN in the solution, fewer C6 cells died despite
continuous exposure to proliferation inhibition, but when APO was used, there was no
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change in cell death rates (Figure 4A,B). In addition, Figure 4C,D show that XN did increase
the amount of ROS in C6 cells; and the number went up to the top when C6 cells were
incubated by XN for 24 h and 48 h. Thus, it can be concluded that XN can kill C6 cell by
increasing mitochondrial ROS.
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Figure 4. Effects of XN (20 uM) on ROS formation in C6 cells. (A,B) The C6 cells were pretreated
with 500 uM NAC to scavenge the intracellular total ROS, or 10 uM Mito-Tempo to scavenge the
mitochondrial ROS, or 10 uM APO to inhibit the NADPH oxidase for 1.5 h before the co-treatment
with XN for another 96 h, and the cell viability and death were measured by trypan blue assay.
(C) The change of mitochondrial ROS in C6 cells during the initial 20 min of XN incubation was
detected by flow cytometry. (D) The change of mitochondrial ROS in C6 cells during the 24, 48,
and 72 h of XN incubation was detected by flow cytometry. Mitochondrial ROS were labeled by
mitoSOXTM. ** p < 0.01 vs. control groups. All data presented are the mean ± SEM from three
independent experiments. ## p < 0.01 vs. XN-treated group.

2.4. XN Affected Mitochondrial Metabolism in C6 Cells

Mitochondria is a relatively independent organelle in cells, with its own genome. It is
the place where cell energy comes from and plays a significant role in a cell’s life [18–20].
In order to further investigate if XN induced cell death by interfering with mitochondrial
metabolism, we analyzed the mitochondrial metabolic activities by MTT assay in C6 cells.
As well-known, MTT can interact with succinic dehydrogenase in mitochondria to form
formazan [21,22]. Under the premise of the constant cell number, the formazan production
is related to the mitochondrial function of cells. With the result shown in Figure 5A, XN
treatment indeed impaired the mitochondrial function in time-dependent way. Further
investigation of the intracellular contents of ATP, ADP and AMP with HPLC [23] proved
that XN treatment just slightly decreased the cell energy charge (Figure 5C), while it
significantly brought down the total content of ATP, ADP and AMP to 31.83% of control
(Figure 5B). To summarize, our research proved that XN can affect the mitochondrial
metabolism and reduce cell energy charge.
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Figure 5. Effect of XN on energy metabolism of C6 cells. (A) MTT assay was used to assay the
effects of XN treatment on C6 cells within different times. (B,C) XN (20uM) reduced the ATP content
and energy charge. Cells were treated with XN (20uM) for 24 h, then the content of ATP, ADP, and
AMP were determined by HPLC. All data presented are the mean ± SEM from three independent
experiments. * p < 0.05, ** p < 0.01 vs. control groups.

2.5. XN Reduced Mitochondrial Membrane Potential (MMP) in C6 Cell

As the key marker of mitochondrial function, the mitochondrial membrane potential is
an essential driver of ATP synthesis. MMP is so important that its drops can lead to reduced
mitochondrial productivity and even cell death [24–27]. In our study, flow cytometry and
immunofluorescence analysis showed a decrease in JC-1 aggregates after C6 cells were
incubated by XN (Figure 6). Thus, it can be seen that XN induced MMP decrease.
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flow cytometry detection. (B) Cells were treated with 20 uM XN for 48 h or 100 µM CCCP for 30 min,
then visualized by a Leica Microsystems microscope after being incubated with 10 µM JC-1 for 30 min
(400× g magnification). All data presented are the mean ± SEM from three independent experiments.
** p < 0.01 vs. control groups.

2.6. XN Caused Fusion and Fission Imbalance by Reducing the Mitochondrial Fusion Function in
C6 Cells

In cells there is a dynamic balance to maintain the mitochondrial function for a cell’s
normal life [28,29]. Mitochondrial fusion and fission are set in a suitable speed to keep the
balance. This process is controlled by three key proteins, which are two fusion proteins
(OPA1 and mfn2) and one fission protein (DRP1) [30,31]. Based on previous experiments,
we concluded that XN treatment can cause mitochondrial dysfunction. However, it is
unclear if XN triggers apoptosis through impairing the mitochondrial balance. Our further
investigation indicated that the XN treatment decreased the intracellular abundance of
mitochondria (Figure 7A,B) and kept the mitochondria in a fragmented state (Figure 7C).
In the process of damaging the balance, the fission protein DRP1 just slightly dropped
down (Figure 8A,D), whereas the OPA1 and mfn2 decreased dramatically. Although the
level of those protein went up slightly when XN treatment time was increased, overall
the cells treated with XN were disturbed significantly, and mitochondrial fusion-fission
balance was impaired seriously. Figure 8 have expressed the change clearly. To sum up,
XN can certainly break down the balance by reducing the three proteins, especially the two
fusion proteins, OPA1 and mfn2.
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Figure 7. Effect of XN (20 uM) on mitochondrial abundance and mitochondrial morphology in C6 cells. (A,B) After
treatment with XN for 24, 48, and 72 h, mitochondrial abundance was detected by flow cytometry after being incubated with
150 nM Mito-Tracker green for 30 min. (C) Cells were treated with XN for 48 h, and then visualized by a Leica Microsystems
microscope after incubated with 150 nM Mito-Tracker green and 10 uM Hoechst 33342 for 30 min (400× g magnification).
All data presented are the mean ± SEM from three independent experiments. ** p < 0.01 vs. control groups.
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(A)The OPA1, mfn2, and DRP1 expression levels were analyzed by Western blot, and ACTIN was used as a loading control.
(B–D) Quantitative analysis of the expression levels of OPA1, mfn2 and DRP1. All data presented are the mean ± SEM from
three independent experiments. * p < 0.05, ** p < 0.01 vs. control groups.

2.7. XN-Induced Mitophagy in C6 Cell

Mitophagy is a process that selectively degrades mitochondria that are damaged or in
stress. It is one of the ways for cells to remove abnormal mitochondria and maintain cells’
healthy environments [32,33]. In cells, those mitochondria with low membrane potential
or that are diffused tend to be removed through mitophagy in different pathways. For
example, mammalian cells normally clear damaged mitochondria via the pink1-parkin
pathway [34–36]. As is explained in 2.5, XN can reduce MMP in C6, and furthermore,
mitochondrial morphology is presented in an unfussed state. Those mitochondria in
unfussed states in C6 were the ones being cleared, and Figure 9A–C shows the obvious
increase of PINK1 and PARKIN, and Figure 9D and 9F show the obvious raise of LC3B-
II/LC3B-I. This is enough to prove that mitophagy occurred due to XN treatment.

In addition to triggering mitophagy, whether XN also has impacts on autophagy flow
was also checked by analyzing the quantity of p62 protein, which is considered as a marker
of normal fusion between autophagosomes and lysosomes [5,37,38]. Figure 9D,E show
obvious increases of p62 in the XN group, which indicates that XN inhibited the fusion
between autophagosomes and lysosomes. In a word, XN can induce mitophagy as well as
affect autophagy flow to damage the cells ultimately.
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Figure 9. XN (20 uM)-induced mitophagy in C6 cells. (A–C) Cells were treated with XN for 24, 48,
and 72 h, and then protein expression of PINK1, PARKIN was determined by Western blot analysis.
(D–F) Cells were treated with XN for 24, 48, and 72 h, and then protein expression of LC3B, and
p62 was determined by Western blot analysis. All data presented are the mean ± SEM from three
independent experiments. * p < 0.05, ** p < 0.01 vs. control groups.

2.8. LONP1 Alleviated the Injury of XN

As discussed before, XN can greatly affect mitochondrial function, including mito-
chondrial fusion dysfunction and lower MMP. To explore more details about how XN can
cause this series of reactions, we further investigated the level of LONP1, a mitochondrial
matrix protein that belongs to the Lon family of ATP-dependent proteases, which mediates
the selective degradation of misfolded, unassembled or oxidatively damaged polypeptides
in the mitochondrial matrix [39–41]. The level of LONP1 expression is regulated by a
variety of cellular stresses, including unfolded protein stress [41–43]. In a word, LONP1 is
supposed to be in a balanced level to maintain cell’s healthy and normal functions.

In this study, although just a slightly increase of LONP1 protein was induced by
XN exposure for at least 48 h (Figure 11A,B), the pretreatment with LONP1 inhibitor
bortezomib obviously exacerbated the C6 cell proliferation inhibition and mortality as
well as cytoplasmic vacuoles formation induced by XN exposed (Figure 10). Consistent
with this, bortezomib pretreatment entirely reversed the LONP1 increase induced by XN
(Figure 11C,D). That means LONP1 played a certain role in alleviating XN injury, though
the changes in LONP1 expression were not so prominent.
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Figure 10. Effect of bortezomib on XN (20 uM)-induced inhibition of C6 cell proliferation. The
C6 cells were pretreated with 2 nM or 4 nM bortezomib, and inhibitor of the LONP1 for 1.5 h
before the co-treatment with XN for another 48 h. (A,B) The cell viability and the cell deaths were
measured by SRB assay. (C) The morphology changes were captured by a Leica Microsystems
microscope (200× g magnification), and intracellular vacuoles were marked by red arrows. All data
presented are the mean ± SEM from three independent experiments. ** p < 0.01 vs. control groups.
# p < 0.05, ## p < 0.01 vs. XN-treated group.
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Figure 11. Effect of XN (20 uM) on the level of LONP1 protein with or without bortezomib. (A,B) Cells
were treated with XN for 24, 48, and 72 h, and then protein expression of LONP1 was determined by
Western blot analysis. (C,D) The C6 cells were pretreated with 4 nM bortezomib for 1.5 h before the
co-treatment with XN for another 48 h, and then protein expression of LONP1 was determined by
Western blot analysis. All data presented are the mean ± SEM from three independent experiments.
* p < 0.05, ** p < 0.01 vs. control groups. # p < 0.05.vs the XN treated group.
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3. Discussion

XN, a natural compound, has been reported due to its anti-cancer benefits [7]. Recently,
there have been many studies about how XN can treat glioma [8–10]. However, there are
very few articles about the effects of XN on the mitochondria. Thus, this work focuses on
how XN affects glioma C6 cells based on mitochondria. We firstly confirmed that XN can
inhibit C6 proliferation and induced cell death in the concentration and time-dependent
way. Then we proved that XN treatment blocked the cell cycle at G0/G1 phase and induced
the AIF-mediated apoptosis, which was accompanied by the mitochondrial structure and
function impairment and mitophagy blockage.

Mitochondria play important roles in maintaining the cellular endoenvironmental
stability and modulating cell survival not only by producing ATP but also via releasing
some modulators such as AIF and bcl-2 to control the cell fate [18–20,43,44]. In our study,
the XN-induced mitochondrial impairments were identified by excess ROS formation,
decrease of succinic dehydrogenase content and MMP, imbalance of fusion and fission, and
the ATP synthesis. The XN-induced C6 cell death was partially reversed by the intracellular
total ROS scavenger NAC and the mitochondrial ROS scavenger mito-TEMPO, which
indicates the oxidative stress is involved in the cell death mediated by mitochondrial
dysfunction.

In order to maintain the mitochondrial healthy, the damaged mitochondria are cleared
by mitophagy after their fission [34–36]. So, the dynamic equilibrium of fission and fusion
of mitochondria is essential for cell survival even it needs to consume lots of energy. In
addition, an ATP-dependent serine protease, LONP1 also contributes to the mitochondrial
homeostasis by degradation of misfolded, unassembled or oxidatively damaged proteins
in the mitochondrial matrix, which also needs to consume energy. So, the mitochondria
injury not only impairs the cell ATP synthesis, but also consumes a large amount of ATP
to restore intracellular stability. This vicious cycle exacerbates cellular energy depletion.
Here our results showed XN-treatment induced a dramatically decrease of the intracellular
ATP content at the early stage of XN exposure, which further supported the mitochondrial
dysfunction played key role in XN-induced cell death. However, the exact underlying
mechanism and the target of XN involved in mitochondrial stress needs to be further
elucidated.

As discussed before, the mitochondrial environment was disturbed badly after XN
treatment, and XN also blocked the main clear pathway of mitochondria-the mitophagy
effectively, so C6 cells could not do more to reverse the damage from XN, and finally
went to their last stage-apoptosis, which is the most common type of cell death [11,12].
Furthermore, our study explained more specifically that C6 cell apoptosis happened via
the AIF pathway instead of through the caspase-3 pathway. Although much more work
will need to be done before XN truly becomes the clinical treatment for glioma, our study
on rat glioma C6 cells has provided a very positive start and will become a very supportive
reference for future XN research on human glioma cells.

In summary, as a natural compound, XN may be a good source of glioma treatment
through triggering mitochondrial stress and the AIF-mediated apoptosis in glioma.

4. Materials and Methods
4.1. Chemicals and Reagents

XN was purchased from Nanjing Spring & Autumn Biological Engineering Co. Ltd.
The purity of XN was over 99% assayed by HPLC. XN was stored in dimethyl sulfoxide
(DMSO) at a concentration of 100 mM at −20 ◦C and diluted to the required concentration
before use. The 0.4% trypan blue reagent was bought from Solarbio Life Science (Beijing,
China). N-Acetyl-L-cysteine (NAC) was bought from Beyotime (Shanghai, China). Mito-
Tempo was bought from Sigma-Aldrich (St. Louis, MO, USA). Bortezomib was purchased
from Sigma-Aldrich. Apocynin (APO) was purchased from Selleck (Houston, TX, USA).
Z-VAD-FMK was purchased from Selleck.
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4.2. Cell Culture

Rat glioma C6 cell was provided by the Shanghai Cell Bank (Shanghai, China). The
cells were cultured by F12 (Gibco, Waltham, MA, USA) supplemented with 5% (v/v) fetal
calf serum (FBS) (TIANHANG) and 5% (v/v) horse serum (HS) (Solarbio), 100 U/mL
penicillin, and 100 mg/mL streptomycin (Gibco). The C6 cells were cultured in a 5% CO2,
37 ◦C humidified incubator and were passaged once every two days. The experiments were
classed as control group (containing DMSO, 0.1% DMSO) and experimental group (con-
taining compounds). According to different conditions, cells were seeded (3000 cells/cm2)
into different culture plates in the exponential growth phase.

4.3. Cell Viability Assay and Morphological Observation

The proliferative activities of C6 cells with XN incubation were evaluated by the SRB
assay. C6 cells were seeded in 96-well microplates and cultured for 48 h. Then, cells were
treated with different doses of XN for 24 h and 48 h. Next, 50% trichloroacetic acid was
added to the 96-well microplates (final concentration: 10%). After incubation for 1 h at
4 ◦C, the cells were washed with ultrapure water and then dried. Next, cells were stained
with 0.4% SRB for 20 min at room temperature. Furthermore, cells were then washed with
1% glacial acetic acid. After washing and airing, bound SRB was dissolved in 100 µL of
10 µM unbuffered Tris base. The absorbance was measured at 540 nm using a microplate
reader (Molecular Devices, Sunnyvale, CA, USA). For cell morphology, cell photos were
captured by a Leica Microsystems microscope (Solms, Germany).

4.4. Trypan Blue Assay

After XN treatment, all the cells were recovered and made into cell suspensions, and
cell suspensions were mixed with 0.4% trypan blue solution at room temperature (cell
suspension volume:solution volume = 9:1). Each count was done within three minutes
using a hemocytometer.

4.5. Cell Cycle Assay

C6 cells were seeded in 6-well plates for 48 h and then treated with different treatments
for indicated times. The cell suspension was then prepared and stained with a Cell Cycle
and Apoptosis Analysis Kit (Beyotime Biotechnology, Shanghai, China) according to the
instruction book. Cell Cycle flow cytometry was carried out on a Novocyte Instrument
using Novo Express software (ACEA, China).

4.6. Apoptosis Assay

C6 cells were seeded in 6-well plates for 48 h and then treated with different treatments
for indicated times. The cell suspension was then prepared and stained with an Annexin
V-FITC Cell Apoptosis Assay Kit (Beyotime Biotechnology, Shanghai, China) according to
the instruction book. Apoptosis flow cytometry was carried out on a Novocyte Instrument
using Novo Express software (ACEA, China), and the stained cells were examined by a
Leica Microsystems microscope.

4.7. Measurement of Mitochondrial ROS

MitoSOXTM (ThermoFisher, Massachusetts, America) was used to measure the mito-
chondrial ROS formation. In brief, logarithmic growth phase cells were taken to make cell
suspensions, and then the 0.3 mL cell suspension containing 1.3 × 105 cells were selected
and fused with 0.1 mL 20 µM MitoSOXTM. After 0.5 h incubation, compounds of different
concentrations (final volume: 1 mL) were added, and the fluorescence was continuously
monitored for 20 min by flow cytometry.

Cells were seeded in 6-well plates. Then, after 48 h, cells were treated with 20 µM XN
for another 24 h, 48 h, or 72 h, followed by incubation with 5 µM MitoSOXTM at 37 ◦C for
30 min in the incubator. The MitoSOXTM signal was visualized by flow cytometry.
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4.8. Detection of the Mitochondrial Membrane Potential

Cells were seeded in 6-well plates. Then, after 48 h, cells were treated with 20 µM XN
for another 24 h, 48 h, or 72 h or 50 µM FCCP (Sigma-Aldrich) for another 2 h, followed by
incubation with 10 µM JC-1 (Sigma-Aldrich) at 37 ◦C for 30 min in the incubator. The JC-1
signal was visualized by flow cytometry.

Cells were seeded on coverslips in 24-well plates. Then, after 48 h, cells were treated
with 20 µM XN for another 48 h or 100 µM CCCP (Sigma-Aldrich) for another 30 min,
followed by incubation with 10 µM JC-1 at 37 ◦C for 30 min in the incubator. The JC-1
signal was tested by a Leica Microsystems microscope.

4.9. Western Blot Analysis

After XN incubation, all the C6 cells were collected in 1.5 mL Eppendorf tube (EP
tube), and RIPA buffer was used with protease inhibitor PMSF to lyse the cells on ice for
20 min. Then, lysates were centrifuged at 12,000× g for 20 min at 4 ◦C. The supernatant
was collected to another EP tube. Furthermore, the nucleus proteins were obtained by
a nuclear and cytoplasmic protein extraction kit (Beyotime Biotechnology). Then, the
concentration of the protein samples was tested by an enhanced BCA protein assay kit
(Beyotime Biotechnology); and about 30 µg denatured protein was separated using 6%, 10%,
12%, or 15% SDS-PAGE gel, and then the protein was transferred onto PVDF membranes.
Membranes were blocked in 5% skimmed milk for 1 h at room temperature. Then the
PVDF membranes were washed three times with TBST (10 min once time), incubated with
primary antibodies (anti-caspase-3, anti-LC3B, anti-p62, anti-Pink1, anti-Parkin, anti-Drp1,
anti-mfn2, anti-OPA and anti-LONP1) at 4 ◦C overnight, and the next day the membranes
were washed three times (10 min each time) with TBST. Subsequently, the membranes were
incubated with horseradish peroxidase (HPR)-conjugated secondary antibodies for 1 h
at room temperature. Membranes were washed and incubated with ECL reagents, and
finally the membranes were visualized by a 5200 multi luminescent image analyzer (Tanon
Science & Technology Co., Ltd. Shanghai, China). ImageJ software was used to quantify
the intensity of immunoreactive bands and normalized to loading controls. Anti-caspase-3,
anti-p62, anti-Pink1, anti-Parkin, anti-Drp1, anti-mfn2, anti-OPA1, and anti-LONP1 were
purchased from Cell Signaling Technology (Massachusetts, America). Anti-LC3B was
purchased from Abcam (Cambridge Science Park, UK).

4.10. Immunocytochemistry

After treatment with XN, cells seeded on coverslips were washed three times with
PBS, then fixed with 4% paraformaldehyde for 15 min and washed three times with PBS;
and permeabilized with 0.5% PBS-Triton X-100 for 15 min and washed three times with
PBS; and then incubated with 5% BSA (free fatty acids) for 30 min and washed three times
with PBS. Then, cells were incubated with anti-AIF overnight at 4 ◦C. The next day, cells
were washed three times with PBST, followed by FITC-labeled secondary antibody (1:500,
Beyotime, China) for 1 h at room temperature. Hoechst 33342 was used to stain cell nuclei
at a concentration of 10 µM for 20 min. Images were taken and observed using a Leica
Microsystems microscope.

4.11. Detection of ATP, ADP, and AMP

C6 cells were seeded in 100 mm culture dishes. After 48 h, cells were incubated with
XN for 24 h. Then, all cells were collected and divided into the same two parts to EP
tubes—one to detect the protein concentration, another to detect the levels of ATP, ADP,
and AMP. The concentration of the protein samples was determined by an enhanced BCA
protein assay kit, and the levels of ATP, ADP, and AMP were detected by HPLC. First,
cells were resuspended with 450 µL 5% cold perchlorate and were broken by repeated
freeze–thaw cycles in liquid nitrogen (5 times). Then, the mixture was centrifuged at
14,000× g for 10 min at 4 ◦C. A total of 400 µL supernatant was collected, and the steps
above were repeated, and a total of 350 µL supernatant was collected. Then the pH was
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adjusted to neutral using 1 mM KOH solution, and the final volume was recorded in detail.
The analytical column was a SUPELCO ODS C18 column (250 mm × 4.6 mm, 5 µm). The
mobile phase was 0.1M phosphate buffer, and the flow rate was set to 0.6 mL/min. The
level of ATP, ADP, and AMP was determined by an adjustable UV-detector at 254 nm. The
energy charge: ([ATP] + 1/2[ADP])/([ATP] + [ADP] + [AMP])

4.12. Detection of Content of Succinic Dehydrogenase

Cells were seeded in 24-well plates. After 48 h, cells were incubated with XN for
24, 48, and 72 h, and the content of succinic dehydrogenase was determined by MTT
assays. Then 10% MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Beyotime Biotechnology, Shanghai, China) (5 mg/mL) was added (60 µL per well) and then
incubated for 2–4 h in the incubator. After formazan crystals were sufficiently dissolved by
DMSO, the optical density (OD) at 490 nm was measured using the Multimode Detection
platform (Molecular Devices, San Jose, CA, USA). Furthermore, the number of living cells
passing through the Trypan blue assay was counted. Succinate dehydrogenase content was
calculated with the same number of living cells.

4.13. Immunofluorescence staining

C6 cells were grown on coverslips in 24-well plates. After treatment with XN for 48 h,
cells were incubated with 150 nM Mito-Tracker green and 10 µM Hoechst 33342 for 30 min
at 37 ◦C. The fluorescence signal was visualized by a Leica Microsystems microscope.

4.14. Detection of Mitochondrial Abundance

C6 cells were seeded in 6-well plates. After treatment with XN for 24, 48, and 72 h,
cells were incubated with 150 nM Mito-Tracker green for 30 min at 37 ◦C. The fluorescence
signal was visualized by flow cytometry.

4.15. Statistical Analysis

Data were expressed as mean ± SEM of at least three independent experiments.
Differences between groups were analyzed using non-paired Student’s t-test by SPSS 18.0
software (SPSS Inc., IBM Company, Chicago, IL, USA). Differences between groups were
considered statistically significant at P < 0.05. Furthermore, all analyses were performed
using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

In conclusion, glioma, as one of the most malignant CNS tumors with poor prognosis,
currently has only the standard treatment of surgery followed by chemotherapy and
radiotherapy. This traditional treatment has many severe side effects, so we eagerly need
to find a new treatment for those patients who are suffering from glioma. This study
proves that XN can induce rat glioma C6 cells death by triggering the mitochondrial stress.
The results are very positive indications that XN may possibly benefit cancer treatment in
the future, for its induction of cell apoptosis via activating AIF pathway, which might be
complementary to the classical apoptotic pathway dependent on caspase-3.

Author Contributions: Conceptualization, S.H., and Z.W.; methodology, S.H..; software, S.H. valida-
tion, Z.W.; formal analysis, Y.S. investigation, Y.S. and D.S.; resources, S.Z.; data curation, S.H. and
D.S.; writing—original draft preparation, S.H.; writing—review and editing, S.H. and Z.W.; visualiza-
tion, S.H. and S.Z.; supervision, S.H. and Z.W.; project administration, Z.W.; funding acquisition Z.W.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Shandong Provincial Natural Science Foundation (ZR2019MH094;
ZR2020MH380); Yantai ShuangBai Scholar Program; Innovation Platform for the Development and
Construction of Special Project of Qinghai Province (2021-ZJ-T05) and Qinghai Province Applied
Basic Research Project (2020-ZJ-905).

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2021, 22, 4506 16 of 17

Data Availability Statement: Data sharing not applicable.

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

References
1. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P. The 2007 WHO

classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109. [CrossRef]
2. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;

Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

3. Chen, R.; Smith-Cohn, M.; Cohen, A.L.; Colman, H. Glioma Subclassifications and Their Clinical Significance. Neurother. J. Am.
Soc. Exp. NeuroTher. 2017, 14, 284–297. [CrossRef]

4. Zhang, Y.M.; Shi, X.B.; Xu, B.; Yuan, C.S.; Zheng, W.; Li, G.; Li, J.; Wang, Z.H. Endoplasmic reticulum stress mediated the
xanthohumol induced murine melanoma B16-F10 cell death. J. Asian Nat. Prod. Res. 2020, 22, 850–863. [CrossRef]

5. Han, Q.; Han, L.; Tie, F.; Wang, Z.; Ma, C.; Li, J.; Wang, H.; Li, G. (20S)-Protopanaxadiol Ginsenosides Induced Cytotoxicity via
Blockade of Autophagic Flux in HGC-27 Cells. Chem. Biodivers. 2020, 17, e2000187. [CrossRef] [PubMed]

6. Sun, C.; Zhang, H.; Ma, X.F.; Zhou, X.; Gan, L.; Liu, Y.Y.; Wang, Z.H. Isoliquiritigenin enhances radiosensitivity of HepG2 cells via
disturbance of redox status. Cell Biochem. Biophys. 2013, 65, 433–444. [CrossRef] [PubMed]

7. Liu, M.; Hansen, P.E.; Wang, G.; Qiu, L.; Dong, J.; Yin, H.; Qian, Z.; Yang, M.; Miao, J. Pharmacological profile of xanthohumol, a
prenylated flavonoid from hops (Humulus lupulus). Molecules 2015, 20, 754–779. [CrossRef]

8. Chen, P.H.; Chang, C.K.; Shih, C.M.; Cheng, C.H.; Lin, C.W.; Lee, C.C.; Liu, A.J.; Ho, K.H.; Chen, K.C. The miR-204-3p-targeted
IGFBP2 pathway is involved in xanthohumol-induced glioma cell apoptotic death. Neuropharmacology 2016, 110 Pt A, 362–375.
[CrossRef]

9. Festa, M.; Capasso, A.; D’Acunto, C.W.; Masullo, M.; Rossi, A.G.; Pizza, C.; Piacente, S. Xanthohumol induces apoptosis in
human malignant glioblastoma cells by increasing reactive oxygen species and activating MAPK pathways. J. Nat. Prod. 2011, 74,
2505–2513. [CrossRef]

10. Ho, K.H.; Kuo, T.C.; Lee, Y.T.; Chen, P.H.; Shih, C.M.; Cheng, C.H.; Liu, A.J.; Lee, C.C.; Chen, K.C. Xanthohumol regulates
miR-4749-5p-inhibited RFC2 signaling in enhancing temozolomide cytotoxicity to glioblastoma. Life Sci. 2020, 254, 117807.
[CrossRef] [PubMed]

11. Zhu, G.Y.; Li, Y.W.; Tse, A.K.; Hau, D.K.; Leung, C.H.; Yu, Z.L.; Fong, W.F. 20(S)-Protopanaxadiol, a metabolite of ginsenosides,
induced cell apoptosis through endoplasmic reticulum stress in human hepatocarcinoma HepG2 cells. Eur. J. Pharmacol. 2011,
668, 88–98. [CrossRef]

12. Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 2007, 35, 495–516. [CrossRef] [PubMed]
13. Susin, S.A.; Lorenzo, H.K.; Zamzami, N.; Marzo, I.; Snow, B.E.; Brothers, G.M.; Mangion, J.; Jacotot, E.; Costantini, P.; Loeffler, M.;

et al. Molecular characterization of mitochondrial apoptosis-inducing factor. Nature 1999, 397, 441–446. [CrossRef]
14. Dröge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [CrossRef]
15. Reth, M. Hydrogen peroxide as second messenger in lymphocyte activation. Nature Immunol. 2002, 3, 1129–1134. [CrossRef]
16. Kirshner, J.R.; He, S.; Balasubramanyam, V.; Kepros, J.; Yang, C.Y.; Zhang, M.; Du, Z.; Barsoum, J.; Bertin, J. Elesclomol induces

cancer cell apoptosis through oxidative stress. Mol. Cancer Ther. 2008, 7, 2319–2327. [CrossRef]
17. Halliwell, B. Oxidative stress and cancer: Have we moved forward? Biochem. J. 2007, 401, 1–11. [CrossRef]
18. Kramer, P.; Bressan, P. Our (Mother’s) Mitochondria and Our Mind. Perspect. Psychol. Sci. J. Associ. Psychol. Sci. 2018, 13, 88–100.

[CrossRef] [PubMed]
19. Nunnari, J.; Suomalainen, A. Mitochondria: In sickness and in health. Cell 2012, 148, 1145–1159. [CrossRef] [PubMed]
20. Annesley, S.J.; Fisher, P.R. Mitochondria in Health and Disease. Cells 2019, 8, 680. [CrossRef]
21. Kumar, P.; Nagarajan, A.; Uchil, P.D. Analysis of Cell Viability by the MTT Assay. Cold Spring Harb. Protoc. 2018, 2018, 469–471.

[CrossRef]
22. Grela, E.; Kozłowska, J.; Grabowiecka, A. Current methodology of MTT assay in bacteria—A review. Acta Histochem. 2018, 120,

303–311. [CrossRef] [PubMed]
23. Yu, D.J.; Gao, H.Y. Effect of propofol on mitochondrial ATP content and ATPase activity in hippocampus of rats with cerebral

ischemia-reperfusion injury. Saudi J. Biolog. Sci. 2017, 24, 246–250. [CrossRef] [PubMed]
24. Teodoro, J.S.; Palmeira, C.M.; Rolo, A.P. Mitochondrial Membrane Potential (∆Ψ) Fluctuations Associated with the Metabolic

States of Mitochondria. Methods Mol. Biol. 2018, 1782, 109–119.
25. Chang, S.Y.; Lee, M.Y.; Chung, P.S.; Kim, S.; Choi, B.; Suh, M.W.; Rhee, C.K.; Jung, J.Y. Enhanced mitochondrial membrane

potential and ATP synthesis by photobiomodulation increases viability of the auditory cell line after gentamicin-induced intrinsic
apoptosis. Sci. Rep. 2019, 9, 19248. [CrossRef]

26. Davila, M.P.; Muñoz, P.M.; Bolaños, J.M.; Stout, T.A.; Gadella, B.M.; Tapia, J.A.; da Silva, C.B.; Ferrusola, C.O.; Peña, F.J.
Mitochondrial ATP is required for the maintenance of membrane integrity in stallion spermatozoa, whereas motility requires
both glycolysis and oxidative phosphorylation. Reproduction 2016, 152, 683–694. [CrossRef]

27. Sakthivel, R.; Malar, D.S.; Devi, K.P. Phytol shows anti-angiogenic activity and induces apoptosis in A549 cells by depolarizing
the mitochondrial membrane potential. Biomed. Pharmacother. 2018, 105, 742–752. [CrossRef] [PubMed]

http://doi.org/10.1007/s00401-007-0243-4
http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.1007/s13311-017-0519-x
http://doi.org/10.1080/10286020.2019.1644623
http://doi.org/10.1002/cbdv.202000187
http://www.ncbi.nlm.nih.gov/pubmed/32384197
http://doi.org/10.1007/s12013-012-9447-x
http://www.ncbi.nlm.nih.gov/pubmed/23086355
http://doi.org/10.3390/molecules20010754
http://doi.org/10.1016/j.neuropharm.2016.07.038
http://doi.org/10.1021/np200390x
http://doi.org/10.1016/j.lfs.2020.117807
http://www.ncbi.nlm.nih.gov/pubmed/32422304
http://doi.org/10.1016/j.ejphar.2011.06.008
http://doi.org/10.1080/01926230701320337
http://www.ncbi.nlm.nih.gov/pubmed/17562483
http://doi.org/10.1038/17135
http://doi.org/10.1152/physrev.00018.2001
http://doi.org/10.1038/ni1202-1129
http://doi.org/10.1158/1535-7163.MCT-08-0298
http://doi.org/10.1042/BJ20061131
http://doi.org/10.1177/1745691617718356
http://www.ncbi.nlm.nih.gov/pubmed/28937858
http://doi.org/10.1016/j.cell.2012.02.035
http://www.ncbi.nlm.nih.gov/pubmed/22424226
http://doi.org/10.3390/cells8070680
http://doi.org/10.1101/pdb.prot095505
http://doi.org/10.1016/j.acthis.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29606555
http://doi.org/10.1016/j.sjbs.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28149158
http://doi.org/10.1038/s41598-019-55711-9
http://doi.org/10.1530/REP-16-0409
http://doi.org/10.1016/j.biopha.2018.06.035
http://www.ncbi.nlm.nih.gov/pubmed/29908495


Int. J. Mol. Sci. 2021, 22, 4506 17 of 17

28. Fransen, M.; Lismont, C.; Walton, P. The Peroxisome-Mitochondria Connection: How and Why? Int. J. Mol. Sci. 2017, 18, 1126.
[CrossRef]

29. Michel, S.; Wanet, A.; De Pauw, A.; Rommelaere, G.; Arnould, T.; Renard, P. Crosstalk between mitochondrial (dys)function and
mitochondrial abundance. J. Cell. Physiol. 2012, 227, 2297–2310. [CrossRef] [PubMed]

30. Mishra, P.; Chan, D.C. Mitochondrial dynamics and inheritance during cell division, development and disease. Nat. Rev. Mol.
Cell Biol. 2014, 15, 634–646. [CrossRef] [PubMed]

31. van der Bliek, A.M.; Shen, Q.; Kawajiri, S. Mechanisms of mitochondrial fission and fusion. Cold Spring Harb. Perspect. Biol. 2013,
5, a011072. [CrossRef] [PubMed]

32. Eiyama, A.; Okamoto, K. PINK1/Parkin-mediated mitophagy in mammalian cells. Curr. Opin. Cell Biol. 2015, 33, 95–101.
[CrossRef] [PubMed]

33. Luciani, A.; Schumann, A.; Berquez, M.; Chen, Z.; Nieri, D.; Failli, M.; Debaix, H.; Festa, B.P.; Tokonami, N.; Raimondi, A.; et al.
Impaired mitophagy links mitochondrial disease to epithelial stress in methylmalonyl-CoA mutase deficiency. Nat. Commun.
2020, 11, 970. [CrossRef] [PubMed]

34. Twig, G.; Elorza, A.; Molina, A.J.; Mohamed, H.; Wikstrom, J.D.; Walzer, G.; Stiles, L.; Haigh, S.E.; Katz, S.; Las, G.; et al. Fission
and selective fusion govern mitochondrial segregation and elimination by autophagy. EMBO J. 2008, 27, 433–446. [CrossRef]
[PubMed]

35. Jian, F.; Chen, D.; Chen, L.; Yan, C.; Lu, B.; Zhu, Y.; Chen, S.; Shi, A.; Chan, D.C.; Song, Z. Sam50 Regulates PINK1-Parkin-Mediated
Mitophagy by Controlling PINK1 Stability and Mitochondrial Morphology. Cell Rep. 2018, 23, 2989–3005. [CrossRef]

36. Mizushima, N. Autophagy: Process and function. Genes Dev. 2007, 21, 2861–2873. [CrossRef]
37. Xia, M.; Yu, H.; Gu, S.; Xu, Y.; Su, J.; Li, H.; Kang, J.; Cui, M. p62/SQSTM1 is involved in cisplatin resistance in human ovarian

cancer cells via the Keap1-Nrf2-ARE system. Int. J. Oncol. 2014, 45, 2341–2348. [CrossRef]
38. Islam, M.A.; Sooro, M.A.; Zhang, P. Autophagic Regulation of p62 is Critical for Cancer Therapy. Int. J. Mol. Sci. 2018, 19, 1405.

[CrossRef]
39. Lu, B.; Lee, J.; Nie, X.; Li, M.; Morozov, Y.I.; Venkatesh, S.; Bogenhagen, D.F.; Temiakov, D.; Suzuki, C.K. Phosphorylation of

human TFAM in mitochondria impairs DNA binding and promotes degradation by the AAA+ Lon protease. Mol. Cell 2013, 49,
121–132. [CrossRef] [PubMed]

40. Pareek, G.; Thomas, R.E.; Vincow, E.S.; Morris, D.R.; Pallanck, L.J. Lon protease inactivation in Drosophila causes unfolded
protein stress and inhibition of mitochondrial translation. Cell Death Discov. 2018, 4, 51. [CrossRef]

41. Pareek, G.; Pallanck, L.J. Inactivation of Lon protease reveals a link between mitochondrial unfolded protein stress and mitochon-
drial translation inhibition. Cell Death Dis. 2018, 9, 1168. [CrossRef] [PubMed]

42. Fiorese, C.J.; Schulz, A.M.; Lin, Y.F.; Rosin, N.; Pellegrino, M.W.; Haynes, C.M. The Transcription Factor ATF5 Mediates a
Mammalian Mitochondrial UPR. Curr. Biol. CB 2016, 26, 2037–2043. [CrossRef] [PubMed]

43. Shpilka, T.; Haynes, C.M. The mitochondrial UPR: Mechanisms, physiological functions and implications in ageing. Nat. Rev.
Mol. Cell Biol. 2018, 19, 109–120. [CrossRef]

44. Juwono, J.; Martinus, R.D. Does Hsp60 Provide a Link between Mitochondrial Stress and Inflammation in Diabetes Mellitus? J.
Diabetes Res. 2016, 2016, 8017571. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms18061126
http://doi.org/10.1002/jcp.23021
http://www.ncbi.nlm.nih.gov/pubmed/21928343
http://doi.org/10.1038/nrm3877
http://www.ncbi.nlm.nih.gov/pubmed/25237825
http://doi.org/10.1101/cshperspect.a011072
http://www.ncbi.nlm.nih.gov/pubmed/23732471
http://doi.org/10.1016/j.ceb.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25697963
http://doi.org/10.1038/s41467-020-14729-8
http://www.ncbi.nlm.nih.gov/pubmed/32080200
http://doi.org/10.1038/sj.emboj.7601963
http://www.ncbi.nlm.nih.gov/pubmed/18200046
http://doi.org/10.1016/j.celrep.2018.05.015
http://doi.org/10.1101/gad.1599207
http://doi.org/10.3892/ijo.2014.2669
http://doi.org/10.3390/ijms19051405
http://doi.org/10.1016/j.molcel.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23201127
http://doi.org/10.1038/s41420-018-0110-1
http://doi.org/10.1038/s41419-018-1213-6
http://www.ncbi.nlm.nih.gov/pubmed/30518747
http://doi.org/10.1016/j.cub.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27426517
http://doi.org/10.1038/nrm.2017.110
http://doi.org/10.1155/2016/8017571
http://www.ncbi.nlm.nih.gov/pubmed/27478851

	Introduction 
	Results 
	XN Affected C6 Cell Proliferation in Concentration and Time-Dependent Way 
	XN Treatment-Induced AIF-Dependent Apoptosis in C6 Cells 
	XN Increased the Amount of Mitochondrial ROS in the Process of Cell Death 
	XN Affected Mitochondrial Metabolism in C6 Cells 
	XN Reduced Mitochondrial Membrane Potential (MMP) in C6 Cell 
	XN Caused Fusion and Fission Imbalance by Reducing the Mitochondrial Fusion Function in C6 Cells 
	XN-Induced Mitophagy in C6 Cell 
	LONP1 Alleviated the Injury of XN 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Culture 
	Cell Viability Assay and Morphological Observation 
	Trypan Blue Assay 
	Cell Cycle Assay 
	Apoptosis Assay 
	Measurement of Mitochondrial ROS 
	Detection of the Mitochondrial Membrane Potential 
	Western Blot Analysis 
	Immunocytochemistry 
	Detection of ATP, ADP, and AMP 
	Detection of Content of Succinic Dehydrogenase 
	Immunofluorescence staining 
	Detection of Mitochondrial Abundance 
	Statistical Analysis 

	Conclusions 
	References

