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A B S T R A C T

Carbon ion therapy is a promising modality in radiotherapy to treat tumors, however, a potential risk of in-
duction of late normal tissue damage should still be investigated and protected. The aim of the present study was
to explore the long-term cognitive deficits provoked by a high-linear energy transfer (high-LET) carbon ions in
mice by targeting to hippocampus which plays a crucial role in memory and learning. Our data showed that, one
month after 4 Gy carbon ion exposure, carbon ion irradiation conspicuously resulted in the impaired cognitive
performance, neurodegeneration and neuronal cell death, as well as the reduced mitochondrial integrity, the
disrupted activities of tricarboxylic acid cycle flux and electron transport chain, and the depressed antioxidant
defense system, consequently leading to a decline of ATP production and persistent oxidative damage in the
hippocampus region. Mechanistically, we demonstrated the disruptions of mitochondrial homeostasis and redox
balance typically characterized by the disordered mitochondrial dynamics, mitophagy and glutathione redox
couple, which is closely associated with the inhibitions of PINK1 and NRF2 signaling pathway as the key reg-
ulators of molecular responses in the context of neurotoxicity and neurodegenerative disorders. Most im-
portantly, we found that administration with melatonin as a mitochondria-targeted antioxidant promoted the
PINK1 accumulation on the mitochondrial membrane, and augmented the NRF2 accumulation and transloca-
tion. Moreover, melatonin pronouncedly enhanced the molecular interplay between NRF2 and PINK1.
Furthermore, in the mouse hippocampal neuronal cells, overexpression of NRF2/PINK1 strikingly protected the
hippocampal neurons from carbon ion-elicited toxic insults. Thus, these data suggest that alleviation of the
sustained mitochondrial dysfunction and oxidative stress through co-modulation of NRF2 and PINK1 may be in
charge of restoration of the cognitive impairments in a mouse model of high-LET carbon ion irradiation.

1. Introduction

In hadrontherapy, although high-LET carbon ions as an innovative
modality of high-precision tool for the treatment of cancer, such as
brain tumors and eye melanoma [1], potential damage to healthy tis-
sues surrounding the tumor target along its penetrating path should still
be considered. Given cancer therapy, there is a demand for reliable
estimates of the effective protection of the normal brain against high-
LET carbon ion radiation.

Brain has a high density of mitochondria, which are one of the main
sources of reactive oxygen species (ROS), as it utilizes the oxygen for
the energy production [2]. Overproduction of ROS results in the

oxidative damage and mitochondrial dysfunction which have been
implicated in the pathogenesis of several neurodegenerative diseases,
including Alzheimer's disease, Parkinson's disease, Huntington's dis-
ease, Pelizaeus-Merzbacher disease and amyotrophic lateral sclerosis
[3,4]. Recently, discoveries paint a rather cogent argument that mi-
tochondrial positioning and shape can also affect the brain function and
cognition [5,6]. Our previous data revealed that the ionizing radiation
easily led to the mitochondrial ROS production, the alterations of the
mitochondrial genome in the control region and the supercoiling for-
mation of mitochondrial DNA as well as mitochondrial dysfunction
which in turn enhanced ROS production [7–9]. Due to the lack of
protective histones, limited DNA repair systems, mitochondria are more
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vulnerable to oxidative damage and eventually to form a vicious cycle
between mitochondrial dysfunction and oxidative stress [10].

PTEN-induced putative kinase1 (PINK1) encodes a highly con-
served, 581-amino acid, putative serine-threonine protein kinase and
conducts autophagic removal of damaged mitochondria through the
modulation of mitochondrial network homeostasis and quality control
[11,12]. Emerging data indicate that PINK1/Parkin system serves as
key neuroprotective proteins in response to multiple stress conditions
[13–15]. Particularly, several lines of evidence suggest that PINK1
protects cells from oxidative stress [16–18]. On the contrary, PINK1-
deficient cells enhance susceptibility to oxidative stress as well [19,20].

Nuclear factor erythoid 2-related factor 2 (NRF2), a member of the
cap ‘n’ collar subfamily of basic region-leucine zipper transcription
factors, is an emerging regulator of the cellular expression of a number
of genes to encode anti-oxidative enzymes, detoxifying factors, anti-
apoptotic proteins and drug transporters [21,22]. NRF2 has been re-
cently proposed as a therapeutic target for the treatment of neurode-
generative diseases, including Alzheimer's disease, Parkinson's disease,
Amyotrophic lateral sclerosis, and Huntington's disease [23]. In addi-
tion, the emerging evidence of NRF2 has been found to modulate the
mitochondrial function and metabolism [24,25].

Melatonin (N-acetyl-5-methoxytryptamine) is a powerful anti-
oxidant that can easily permeate the blood-brain barrier and accumu-
late high concentration in mitochondria [26]. It is well demonstrated
that melatonin has neuroprotective benefits for Alzheimer's disease
[27], parkinsonism [28], aging [29], posttraumatic stress disorder [30],
ischemic-stroke [31], neural tube defects [32], subarachnoid hemor-
rhage [33] and aging process [34]. There appears to be some evidence
suggesting that the mechanism of neuroprotection of melatonin is
partially mediated by the activation of NRF2 [35,36] or PINK1 [37,38].
In addition, melatonin had a marked inhibitory capacity on the devel-
opments of malignant brain tumors [39,40]. Intriguingly, the multiple
actions of melatonin are known to vary between cancer and normal
cells [41]. In doing so, if applicable to the clinical level, melatonin
would have important implications in cancer therapies [42,43].

Hippocampus as one of the most vulnerable brain regions to oxi-
dative damage is a brain region important for long-term memory and
learning [44]. In this regard, herein this study has been undertaken to
investigate the mechanisms of deterioration /amelioration of cognitive
functions via modulating the key molecules of the signal transduction
pathway in the hippocampus of the mouse brain after exposure to high-
LET carbon ions.

2. Materials and methods

2.1. Animals

Male mice (26 ± 2 g) of outbred Kun-Ming strain obtained from
Lanzhou Medical College (Lanzhou, China) were used. All animal stu-
dies were performed according to the requirements of the Animal Care
Committee of the Institute. Mice were kept at a constant temperature
(22 ± 1 °C) with a light-dark cycle (12 h light-12 h dark).

2.2. Cell culture

Immortalized mouse hippocampal neuronal cell line (HT22) ob-
tained from BeNa Culture Collection (BNCC, Beijing, China). HT22 cell
line were maintained in Eagle′s minimum essential medium with non-
essential amino acids (BNCC, Beijing, China), and supplemented with
10% (v/v) fetal bovine serum (Gibco, MA) and then incubated at 37 °C
under 5% CO2.

2.3. Irradiation procedure

The entire mouse and HT22 hippocampal cell line were irradiated
with a high-LET carbon ion beams at the initial energy of 300MeV u−1

generated from Heavy Ion Research Facility in Lanzhou (HIRFL,
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou,
China). Mouse and HT22 hippocampal cell line received a 4 Gy dose at
a dose rate of about 0.5 Gymin−1. The collimation of the beams to the
place irradiated was controlled by a microcomputer. One month after
4 Gy carbon ion exposure, the hippocampal region of mouse brain were
collected for the further experiments [45].

2.4. Morris water maze (MWM) test

Morris water maze (MWM) is a widely used behavioral test for
evaluating neurocognitive ability of animal models [46]. MWM appa-
ratus (ZS Dichuang New Technological Development Limited Liability
Company, Beijing, China) which consist of a circular metal pool
(120 cm in diameter, 40 cm in height, filled to a depth of 21 cm with
water at 21 ± 1 °C) and a video capturing system were used to esti-
mate the spatial learning and memory ability of mice. One month after
carbon ion irradiation, during the experiment each mouse was given
four trials per session for 5 days. They were placed in the water to find
out the hidden platform to escape from the swimming. Each mouse has
120 s to find the hidden platform by itself; if the mouse failed to escape
within this time, it was gently placed on the platform. Once the mouse
reached the platform, it remained there for 10 s.

Five days after the acquisition phase, a probe test was conducted by
removing the platform on the sixth day. The mice were allowed to swim
freely in the pool. The time spent in the target quadrant, which had
previously contained the hidden platform was recorded. The time spent
in the target quadrant indicated the degree of memory consolidation,
which had taken place after learning.

2.5. Histological study

Brain tissues which fixed in 4% paraformaldehyde were washed,
dehydrated in ethanol with different concentration of 50–100%, cleared
in xylene, and embedded in paraffin at 55 °C for 3 h. Paraffin blocks
were cut with coronal sections by a microtome (Jung SM 2000R, Leica,
Nussloch, Germany). Sections cut into 4 µm thickness were stained with
H&E and Nissl (Beyotime Biotechnology, Nanjing, China). Sections
were digitized using Pannoramic P250 Flash (3DHistech, Hungary).

2.6. Transmission electron microscope (TEM) observation

About 1mm×1mm pieces were rapidly cut for brain, fixed in 4%
formaldehyde and 1% glutaraldehyde in 0.1M phosphate buffer (PH
7.4) for 2 h at room temperature and then post-fixed in 2.5% osmium
tetroxide in 0.1 M phosphate buffer. After that, en bloc stain with 2%
aqueous uranyl acetate for 1 h at room temperature in dark, dehydrated
in graded ethanol and embedded in beam capsules. Sections, 70–80 nm-
thick, were cut from the embedded tissue and collected onto grids to air
dry overnight. Stained grids with uranyl acetate for 15–30min and lead
citrate for 3–15min, and then observed under transmission electron
microscope (JEM-1230).

2.7. Detection of respiratory chain complexes activities

The activities of mitochondrial respiratory chain complexes were
performed as described previously [47]. After treatment with irradia-
tion, cells were collected and washed twice with cold PBS. Cells were
immediately pulverized by an ultrasonic cell Crusher (VCX130PB, SO-
NICS Corporation). After determining the amount of total protein in the
mixture, we detected the intracellular respiratory chain complex I
(NADH dehydrogenase), complex II (succinic-coenzyme Q reductase),
complex III (cytochrome c reductase), complex IV (cytochrome c oxi-
dase) according to the instructions for reagent kits (Suzhou Comin
Biotechnology, China).
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2.8. ATP synthase activity measurement

ATP synthase activity was determined by a commercially available
ATP synthase enzyme activity microplate assay kit (Abcam, Cambridge,
MA) according to the manufacturer's instructions [48]. The change in
absorbance at 340 nm between 12 and 30min was recorded. The rate is
calculated as ΔOD (m) /ΔT (min).

2.9. Detection of tricarboxylic acid (TCA) cycle enzymatic activities

Hippocampal cells were used for detecting the activities of pyruvate
dehydrogenase (PDH), citrate synthase (CS), isocitrate dehydrogenase
(ICDH), succinate dehydrogenase (SDH) and alpha-ketoglutarate de-
hydrogenase (α-KGDH) according to the manufacturer's instructions
(Solarbio, Beijing, China) [49].

2.10. Intracellular ATP production

Intracellular ATP production measurement was performed using a
commercially available luciferin-luciferase assay kit according to
manufacturer's instructions (Beyotime Institute of Biotechnology,
Shanghai, China) [50]. The bioluminescence value of mixture was
measured with a microplate reader (Infinite M200, TECAN, and Swit-
zerland).

2.11. Label-free Detection and Quantitation of Peptides

The peaklist of peptides was generated using DeCyder MS software
version 1.0 (GE Healthcare, Piscataway, NJ) and the quantitative ana-
lysis of peptides was performed. Peptide detection, elution profile
comparison, background subtraction and peptide quantitation were
carried out on the full scan precursor massspectra in fully automatic
mode. Peptide quantitation is based on MS signal intensities of in-
dividual LC-MS analyses. Different signal intensity maps were matched
using the PepMatch module and then the peptide quantitative results
were acquired. As there was no internal standard, the intensity dis-
tributions for all peptides detected in both samples were used for nor-
malization. Throughout these studies the mass tolerance in the software
was set to 0.5 amu and the retention time tolerance was set to 2min.

2.12. Western blot analysis

The hippocampus of the brain was washed with PBS and then
homogenized in 1ml RIPA buffer with 100 μg/ml phenylmethylsulfonyl
fluoride (Solarbio, Beijing, China) and further centrifugation at 12,000g
for 20min. The supernatant was collected, and the amount of protein
was estimated by the BCA protein assay kit. Protein samples were
loaded onto 10–12% sodium dodesyl sulfate (SDS) polyacrylamide gel,
and then the proteins were transferred to polyethylene difluoride
membranes (Millipore Corporation, USA). The membrane was blocked
and subsequently incubated with anti-PINK1 antibody, anti-Parkin an-
tibody, anti-superoxide dismutase 2 (SOD2) antibody and anti-NRF2
antibody (Abcam Inc, Cambridge, MA), anti-LC3B antibody (Genetex,
Irvine, CA, USA), anti-dynaminrelated protein 1 (Drp1) antibody and
anti-mitofusin 2 (Mfn2) antibody and anti-beta-actin antibody (Cell
Signaling Technology, Inc., Beverly, MA, USA) for overnight at 4 °C.
After primary antibody incubation was finished, the membranes were
washed three times and incubated with HRP-conjugated secondary
antibody. Secondary probes were detected by ECL Western blot detec-
tion reagents (GE Healthcare). The expression of protein was quantified
using FluorChem FC2 software (Alpha Innotech Corporation).

2.13. Immunofluorescence analysis

In brief, these sections were de-paraffinized, immersed in citrate
solution for antigen retrieval with an environment of high temperature

and pressure, or proteinase K solution was added to the tissue and in-
cubated for 5min at 37 °C. And then the sections were treated with
0.2% Triton X-100 for 15min at room temperature. Afterwards, sec-
tions were incubated with 1% bovine serum albumin (BSA) for 1 h and
incubated with primary antibody to microtubule-associated proteins
1 A/1B light chain 3B (LC3B), PTEN-induced kinase 1 (PINK1),
Translocase Of outer mitochondrial membrane 20 (TOMM20) and
Cytochrome c oxidase subunit IV (COX IV, Abcam, Cambridge, MA)
overnight at 4 °C. Then paraffin sections were exposed to Alexa Fluor-
488 goat anti-mouse fluorochrome-conjugated secondary antibody and
Alexa Fluor-555 goat anti-rabbit fluorochrome-conjugated secondary
antibody (Invitrogen, Carlsbad, CA, USA) with the concentration of
0.2% in tris buffered saline (TBS) and maintained for 1 h in the dark.
Slides were washed three times in PBS and medium containing 4′, 6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame,
CA, USA). At last, expression and location of was observed using a laser
scanning confocal microscope with a digital camera (LSM700, Carl
Zeiss).

2.14. Determination of oxidative stress-related parameters

Mitochondria were isolated from the hippocampus of the mouse
brain, according to instructions from a mitochondria isolation kit for
tissue (Thermo Scientific, Rockford, USA). After that, analysis in levels
of Malondialdehyde (MDA), 8-hydroxy-2′-deoxyguanosine (8-OHdG),
total antioxidant capacity (TAC) and glutathione/oxidized glutathione
(GSH/GSSG) ratio were performed using the commercial assay kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China, Shanghai
Enzyme-linked Biotechnology, Shanghai, China) [51]. Microplate
Reader was used for detecting (Infinite M200, TECAN, and Switzer-
land).

2.15. Flowsight data acquisition and analysis

Acquisition speed was set up to low speed and the highest resolu-
tion, an automated condition provided in Flowsight imaging flow cyt-
ometer (Amnis/Merck Millipore, Darmstadt, Germany) [52]. Approxi-
mately 5000 cells were acquired. Channel 5 was used to acquire DRAQ5
and channel 2 was used to detect Alexa Fluor 488. Data were analyzed
in IDEAS software after compensation of single color control samples
using a compensation matrix. The frequency of NRF2 translocation to
the nuclei was analyzed using the nuclear translocation application
wizard in IDEAS software.

Quantification of apoptotic cells was obtained using the Annexin V-
FITC apoptosis detection kit (BD Biosciences, San Jose, CA, USA) ac-
cording to the manufacturer's protocol. Following controls were used to
set up compensation and quadrants: unstained cells and cells stained
with FITC-Annexin V or with PI alone. The apoptotic/necrotic cell po-
pulation was analyzed with a Flowsight imaging flow cytometer.

2.16. Protein/protein binding analysis

Co-immunoprecipitation (CO-IP) was performed for investigating
the interactions of NRF2 and PINK1 according to the instruction from a
Crosslink IP kit (Thermo Scientific, Rockford USA). 500 μg of protein in
each group was incubated with 20 μl Protein A/G PLUS-Agarose for
30min at 4 °C. After centrifugation at 1000g for 5min at 4 °C, the su-
pernatant was collected as the protein sample. Each protein sample was
volume trice equally divided into 3 parts: IgG (negative control) Input
(positive control) and CO-IP. Protein samples of CO-IP and IgG were
respectively incubated with primary antibody and control IgG (Santa
Cruz Biotechnology Inc) for 1 h at 4 °C, then, 20 μl of Protein A/G PLUS-
Agarose was added, and the mixture was incubated on a rotating device
overnight at 4 °C; after being centrifuged at 1000g for 5min at 4 °C,
immune-precipitates were collected and re-suspended in loading buffer
for western blot analysis.
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NRF2 and PINK1 binding analysis was performed using an OpenSPR
localized surface plasmon resonance biosensor (Nicoya Life Science
Inc., Kitchener, Canada). Firstly, we immobilized the NRF2 antibody at
a concentration of 50 μg/ml on the activated COOH sensor chips using
standard 1-ethyl-3-(3-dimethylpropyl)-carbodiimide plus N-hydro-
xysuccinimide, and then injected the blocking solution. 30 μg/ml total
cell lysate protein was introduced into the sensor chip, and NRF2 was
captured by the sensor. Finally, 50 μg/ml IgG as a negative control and
PINK1 antibody as a target protein were injected into the sensor chip to
detect the interaction with NRF2.

2.17. Transfection of HT22 cells

HT22 cells (5× 104/well) were cultured in six-well plates until they
grew to approximately 50% coverage, and were infected with the len-
tivirus. The following lentiviruses vectors were designed and con-
structed by Genechem (Genechem Company, Shanghai, China):

Lentiviruses vector, Ubi-MCS-−3FLAG-SV40-EGFP-IRES-puromycin
for NRF2 overexpression and Ubi-MCS-3FLAG-SV40-EGFP-IRES-pur-
omycin for NRF2 negative control overexpression; lentiviruses vector,
Ubi-MCS-− 3FLAG-CBh-gcGFP-IRES-puromycin for PINK1 over-
expression and Ubi-MCS-−3FLAG-CBh-gcGFP-IRES-puromycin for
PINK1 negative control overexpression. After 12 h, the medium was
replaced with fresh medium and were gathered cells for an additional
72 h.

2.18. Growth curve analysis

The rate of cellular proliferation was analyzed with an iCELLigence
RTCA system (ACEA Bioscience, San Diego, CA, USA). Cells were grown
on the surfaces of microelectronic sensors, which are composed of
circle-online electrode arrays and are integrated into the bottom sur-
faces of the microtiter plate. Changes in cell number were monitored
and quantified by detecting sensor electrical impedance. HT22 cells
were harvested after different treatments and seeded into an E-8-well
plate at a density of 5× 103 cells/ well. The sensor devices were placed
into the 5% CO2 incubator and the cell index value was determined
every hour automatically by the xCELLigence system for up to 72 h
[53].

2.19. Statistical analysis

Data are presented as the mean± standard error of the mean (SEM)
from at least three independent experiment (n=3). Two tailed t-tests
were performed for single comparisons. Analysis of variance (ANOVA)
was used for statistical comparison between different groups. If the p-
value is under 0.05, the result is considered statistically significant.

3. Results

3.1. Cognitive deficits were induced by high-LET carbon ion irradiation

Morris water maze is the most common test used to assess cognitive
function [46]. Morris water maze data on the platform for 6 consecutive
days were represented in Fig. 1a-c to identify the degree of cognitive
deficits induced by carbon ions. It can be observed that the escape la-
tencies of the carbon ion radiation group showed conspicuous increases
compared to the control group from day 2 to day 6 (Fig. 1b). On day 6,
the mean escape latency of the control group, which decreased sig-
nificantly compared to that on day 1, was found to be about 18 s. But in
the irradiated group, it was found to be about 55 s. In the meantime, at
sixth day, the residence time in the target quadrant through the virtual
platform showed a significant reduction in the radiation group in
contrast to in the control group (Fig. 1c). However, there were no ef-
fects on swimming velocity of all test animals.

The hippocampus is the key brain area for spatial learning and

memory [54]. As seen in Fig. 1d-e, the morphological analysis focused
on the hippocampus and serial sections with H&E staining revealed that
the extent of the decrease and loose arrangement as well as the blurred
caryotheca and pyknotic nuclei occurred in the hippocampus of the
irradiated groups (Fig. 1e). Moreover, the group with carbon ion ex-
posure showed a conspicuous reduction in the density of Nissl-stained
cells in the hippocampal CA1 pyramidal neurons and granule cells of
the dentate gyrus (DG). Notably, Nissl-stained dark neurons (N-DNs)
with massive shrinkage and abnormal basophilia were observed in the
irradiated DG including subgranular zone and granular layer as one
kind of feature of damaged neurons (Fig. 1f). Cumulatively, these ob-
servations suggest that the high-LET carbon ion irradiation remarkably
caused the hippocampus cognitive deficits, accompanied with the
neurodegeneration and neuronal cell damage/death.

3.2. Mitochondrial damage was induced by carbon ions in the hippocampus
region

As exhibited in Fig. 2a, electron micrographs showed that the mi-
tochondria were swollen like empty bubbles, and the cristas broken and
reduced, and the internal membranes fragmented in the irradiated
mice. With regard to mitochondrial function, the results indicated that,
after carbon ion exposure, the activities of mitochondrial respiratory
chain complex I, IV and V (ATPase activity) in the hippocampus were
prominently decreased by approximately 47.0%, 36.1% and 31.3%
reduction compared with the control group, respectively (Fig. 2b),
whereas compared with control mice, no significant difference in the
activities of mitochondrial respiratory chain complex II and III was
observed in the irradiated mice (data not shown).

Meanwhile, Pyruvate dehydrogenase (PDH) and tricarboxylic acid
(TCA) cycle enzyme citrate synthase (CS), succinate dehydrogenase
(SDH) and Alpha-ketoglutarate dehydrogenase (α-KGDH) in the irra-
diated mice all significantly declined in contrast to the sham-irradiated
mice (Fig. 2c-d). To characterize the change of the energy metabolism
evoked by carbon ions, ATP production was assayed in the irradiated
hippocampal mitochondria. As a result, in the carbon ion irradiation
group, there was about 29.1% reduction of ATP content of the control
group (Fig. 2e). Collectively, these data imply that high-LET carbon
ions caused the persistent impairments to mitochondrial structure and
function at 1 month after irradiation.

Due to the dramatic changes taken place in the hippocampus, we
used proteomics profiling to identify changes in protein expression that
occur in the hippocampal cells at 1 month after irradiation with a dose
of 4 Gy. In comparison with the control group, a total of 838 proteins
(63 of which located in the mitochondria) was derived from LC-MS/MS
analysis. The proteomics data were further analyzed by Gene Ontology,
which included Biological Process (BP, Fig. 2f), Cellular Component
(CC, Fig. 2g) and Molecular Function (MF, Fig. 2h). Focusing on BP
linked to the mitochondrial function, two notable aspects were classi-
fied as shown in Fig. 2i: 1) bioenergetic process; 2) oxidative stress.

3.3. Carbon ions regulated the mitochondrial homeostasis in the
hippocampus with or without melatonin

Considering in the significant alterations of the bioenergetic profiles
and oxidative stress in the irradiated hippocampus, we investigated the
underlying mechanisms of alleviation of hippocampal damage elicited
by carbon ions through administration of melatonin (10mg/kg daily for
7days i.p.) as a mitochondria-targeted antioxidant and a stabilizer of
mitochondrial function [42]. Our data showed that carbon ions sig-
nificantly increased Drp-1 (a major executor of mitochondrial fission)
and decreased Mfn-2 (a key factor of mitochondrial fusion) in com-
parison with the control group. However, melatonin supplement pro-
minently increased the expression of Mfn-2 1.6-fold and depressed Drp-
1 by about 35.6% compared with the irradiation group, respectively
(Fig. 3a-b).
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To determine whether carbon ion treatment regulated the mito-
phagy, we examined the quantity of mito-LC3 II in the irradiated hip-
pocampus with or without melatonin. The analysis demonstrated that
there was a notable observation of the decreased ratio of LC3II /LC3I in
the irradiation group (Fig. 3c-d). On the other hand, co-location of LC3
and COX IV was considered to be an evidence for mitophagosomes as
observed by confocal microscopy. In the carbon ion irradiated group,
images showed that less obvious co-localization of COX IV (green) with
LC3B (red)-positive signal was distributed in the cells (Fig. 3e). How-
ever, supplementation with melatonin dramatically restored the sup-
pressive mitophagic process in the carbon-ion irradiated cells.

3.4. Carbon ions modulated the redox status in the irradiated hippocampus
in the presence or absence of melatonin

Biomarkers of oxidative lesions can be quantitatively estimated with
malondialdehyde (MDA) and 8-hydroxy-2′-deoxyguanosine (8-OHdG)
in the brain hippocampus (Fig. 4a-b). Carbon ion group resulted in a
significant augment in MDA level or 8-OHdG content related to the
control group, indicating that carbon ions caused the chronic elevation
in oxidative damage in the hippocampus. As expected, in comparison

with the carbon ion group, our results showed that the greater reduc-
tions in the contents of MDA (P < 0.01) and 8-OHdG (P < 0.01) were
observed in the irradiated animals with melatonin pretreatment.

For the anti-oxidative systems, our data exhibited that the TAC
activity was reduced by about 37.3% in the irradiated group than in the
control group (Fig. 4c). Moreover, Western blot results showed that the
depressed expression of SOD2 was displayed in the irradiation-alone
group (Fig. 4d), which plays an essential role in maintaining normal
mitochondrial redox homeostasis, critical for the survival of eukaryotic
cells. Additionally, the GSH/GSSG ratio was used to evaluate the cel-
lular redox potential as shown in Fig. 4e. Compared with the control
group, the carbon ion treatment caused a significant decrease in the
GSH/GSSG ratio (P < 0.05). But pretreatment with melatonin mark-
edly increased the TAC activity and the levels of SOD2 or GSH/GSSG.

3.5. Carbon ions regulated the PINK1 signaling pathway in the irradiated
hippocampus with or without melatonin

The Pink1/Parkin system acts as a sensor for mitochondrial quality
and modulated the mitophagy process [15,55]. Hence, we investigated
the role of carbon ions in regulating PINK1/Parkin signaling pathway

Fig. 1. Carbon ion irradiation caused the cognitive deficits
(n=6). (a) Representative heat map and tracing images of
the test trials were evaluated for spatial learning and
memory. (b) Escape latency in the irradiated group of on
days 1–6 was conspicuously detected. (c) Swimming speed
and time spent in the target quadrant was exhibited in the
all groups. (d) Hippocampus structures of brain were
scanned at 30 days after exposure to carbon ions. (e) H&E-
stained hippocampus of mice was observed at 30 days
after exposure to carbon ions. (f) Nissl-stained hippo-
campus of mice was observed at 30 days after exposure to
carbon ions. Magnified views (white box) show Nissl-
stained dark neurons. Values are presented as
mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001
versus the control group.
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Fig. 2. Carbon ion irradiation induced the mitochondrial damage (n= 6). (a) Mitochondrial ultrastructural morphology was evaluated by transmission electron
microscope. Black arrow indicates swollen mitochondria. (b) Enzymatic activities of mitochondrial respiratory chain enzymes were detected in the irradiated
hippocampus. (c-d) Activities of TCA cycle enzymes and pyruvate dehydrogenate were measured in the irradiated hippocampus. (e) ATP content was detected in the
hippocampus cells using the luciferin-luciferase assay. (f) Biological process using GO enrichment analysis. (g) Cell component using GO enrichment analysis. (h)
Molecular function using GO enrichment analysis. (i) Significantly enriched biological processes were analyzed from proteomics data. Values are presented as
mean± SEM. *P < 0.05,**P < 0.01, ***P < 0.001 versus the control group.
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with or without melatonin. Confocal microscopy images as indicated in
Fig. 5a revealed a weak PINK1 fluorescence in the DG region of the
irradiated group in comparison to that of the control group. Moreover,
in cells exposed to carbon ions, there was a marked decrease in the
PINK1 and TOMM20 colocalization, indicating that carbon ions abated
the PINK1 accumulation on the outer mitochondrial membrane.

Quantitative data showed that the level of PINK1was markedly (about
36.3%) less in the radiation group than in the shamed irradiation group
(Fig. 5b-c). But adding melatonin was obviously reversed these de-
creases. Likewise, the level of Parkin protein expression was sub-
stantially declined by irradiation, but melatonin pretreatment also re-
stored this reduction.

Fig. 3. Effects of carbon ions on the mi-
tochondrial homeostasis-related proteins in the
hippocampus of 1 month postirradiation with
or without melatonin (n=6). (a)
Representative Western blots of Mfn-2 and
Drp-1 were observed in the irradiated hippo-
campal cells with or without melatonin. (b)
Quantitative data of Mfn-2 and Drp-1 were
normalized by β-actin. (c) A representative
Western blot of mito-LC3 was observed in the
irradiated hippocampal cells in the presence or
absence of melatonin. (d) Quantitative data of
LC3 II normalized against LC3 I. (e) Co-locali-
zation of LC3 (red) and COX IV (green) was
detected by confocal microscopy. Nuclei were
counterstained with DAPI (blue). Values are
presented as mean±SEM. *P < 0.05,
**P < 0.01 versus the control group;
#P < 0.05 versus the irradiated group.
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Altogether, our results indicated that carbon ions inhibited the
PINK1/Parkin activation, whereas administration of melatonin could
facilitate PINK1/Parkin activation in hippocampus cells, which are
tightly related to the impaired mitochondrial homeostasis under high-
LET carbon ion exposure.

3.6. Carbon ions modulated the NRF2 redox signaling in the irradiated
hippocampus with or without melatonin

NRF2 is a transcription factor that responds to oxidative stress by
binding to the antioxidant response element (ARE) [56]. Respected to
the control group, there was no significant increment in the carbon ion
irradiated group. Whereas, the level of NRF2 expression in the com-
bined melatonin-radiation group was approximately increased 1.45-
fold than that of in the irradiated group, while the opposite trend of
expression of Keap1 was observed in Fig. 6a-b.

Furthermore, the data from Imaging Flow Cytometry showed that
green color denoted NRF2 protein and red color denoted nucleus as
observed in Fig. 6c. The merged color regions with high density re-
presented the NRF2 translocation into the nucleus. Herein, there were
lots of the merged color regions with low density in the carbon ion
irradiated cells. Nonetheless, co-treatment with melatonin promoted
the NRF2 nuclear translocation in the irradiated cells. Summarily, these
data indicate that the reduced expression and translocation to the nu-
cleus of NRF2 were mainly in charge of the imbalance of redox status
caused by carbon ions.

Interestingly, as noted in Fig. 6e-g, our data demonstrated that

significant co-immunoprecipitation of NFR2 with PINK1 and amplifi-
cation of their binding signal were occurred in the cells treated with
melatonin prior to the carbon ion irradiation using Co-IP and SPR assay.
This evidence revealed that melatonin administration resulted in the
positive interaction between NRF2 and PINK1 signaling.

3.7. Amelioration of cognitive deficits induced by carbon ions via regulating
mitochondrial function

As seen in Fig. 7a, the results indicated that the decreased activities
of PDH and TCA cycle CS, SDH and α-KGDH induced by carbon ion
radiation were neutralized in the melatonin plus carbon ion treated
group (P < 0.01, P < 0.05, P < 0.001 and P < 0.001). Meanwhile,
our data showed that the activities of mitochondrial respiratory chain
complex I and IV were prominently increased by approximately 1.6-fold
and 1.3-fold in the hippocampus subjected to melatonin treatment prior
to the carbon ions compared to the hippocampus irradiated with carbon
ions alone, respectively (Fig. 7b). As a result, melatonin co-treatment
prominently helped in the recovery of depressed ATP production in-
duced by carbon ions (Fig. 7c). As observed in Fig. 7d, the escape la-
tencies of the combination melatonin and carbon ion treatment group
showed a significant decrease compared to the carbon ion exposed
group.

Fig. 4. The effects of carbon ion irradiation on
redox systems were exhibited in the in the
presence or absence of melatonin (n= 6). (a-b)
MDA and 8-OHdG were detected as the hall-
mark of oxidative stress. (c) TAC enzyme was
measured in the hippocampus to monitor the
total antioxidant power. (d) Immunoboltting
assay for SOD2 expression represented the
mitochondrial antioxidant was measured in the
irradiated hippocampus with or without mel-
atonin. (e) The GSH/GSSG ratio was measured
as an index of the redox status. Values are
presented as mean±SEM. *P < 0.05,
**P < 0.01 versus the control group;
#P < 0.05, ##P < 0.01versus the irradiated
group.
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Fig. 5. Carbon ions modulated the PINK1-dependent pathway in the brain hippocampus pretreated with melatonin (n=6). (a) Co-localization of PINK1 (red) and
TOMM20 (green) was detected by confocal microscopy in the dentate gyrus at 1 month after irradiation with and without melatonin pretreatment. Nuclei were
counterstained with DAPI (blue). (b) Western blot analysis for PINK1 and Parkin was performed on whole extracts of the hippocampus. (c) Quantifications of average
western blot ban intensity are mean± SEM. *P < 0.05 versus the control group; #P < 0.05 versus the irradiated group.
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3.8. Neuroprotection against the injury induced by carbon ions via NRF2
and PINK1 signaling pathway

To better understand the cellular mechanisms of neuronal injury
and protection, the expression levels of NRF2 and PINK1 were

dramatically increased by lentiviral vectors in the mouse hippocampal
neuronal cell line (HT22) (Fig. S3). As seen in Fig. 8a, compared to the
sham-irradiated cells, carbon ion irradiation significantly inhibited the
growth of HT22 cells for up to 72 h, and increased obvious proportion
of apoptotic cells at 48 h after exposure to carbon ions (Fig. 8b). This

Fig. 6. Carbon ion irradiation modulated the redox signaling NRF2 in the brain hippocampus pretreated with melatonin (n= 6). (a) Immunoblotting assay for Keap1
and NRF2 expression was measured. (b) Quantifications of average western blot ban intensity were represented as mean± SEM. (c) NRF2 nuclear translocation was
detected in the cells using Flowsight. Green color demotes NRF2 protein and red color indicates the nucleus. (d) The nuclear translocation frequency of NRF2 protein
was calculated. (e) Co-IP with NRF2 antibody followed by immunoblot with PINK1 primary was performed in hippocampus exposed to carbon ions with melatonin
pretreatment. (f-g) NRF2/PINK1 binding analysis was performed using an OpenSPR assay. Yellow curve denotes the signal of PINK1 and Pink curve denotes the
signal of the negative control. Values are presented as mean±SEM. #P < 0.05 versus the irradiated group.
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observation demonstrated that the inhibition of proliferation might be
an apoptosis-dependent induction in the irradiated hippocampal cells.
However, overexpressions of NRF2 and PINK1 notably restored the cell
growth, and prominently decreased the number of apoptotic cells in the
hippocampal cells treated with carbon ions.

4. Discussion

Owing to a focused dose distribution in addition to high-LET and
subsequently high relative biological effect, carbon ion radiotherapy in
cancer treatment is growing rapidly [57,58]. However, compared to
low-LET ionizing irradiation, high-LET carbon ions, also produce more
cytotoxic and genotoxic to normal cells [59]. The brain with highly
peroxidizable fatty acids and supraproportional oxygen consumption
makes neuronal tissues easily damaged by ionizing radiation [60], and
eventually leading to the radiation encephalopathy. Within the brain,
hippocampus located in the ventromedial part of the temporal lobes is
exceptionally susceptible to a wide variety of toxic insults [61,62].
Hence there is a demand for reliable investigation and apprehension of
the effective protection of the normal brain against high-LET carbon ion
radiation.

The impact of cognitive impairment in the primary and metastatic
brain tumor patient's quality of life is recognized as second only to
survival in clinical trials [63,64]. Our present results displayed that the

massive cognitive impairment caused by high-LET carbon ion irradia-
tion, as illustrated by their increased latencies to find the hidden plat-
form from the Morris water maze test. This indicates that carbon ions
worsened spatial learning and memory abilities. Comparable outcomes
from cognition testing were found in the animals, exposing to high-LET
56Fe, 28Si and 16O particle irradiation, even at lower doses [65–67].

With respect to the histopathology evaluation, high-LET carbon ions
led to the injured neuron in the brain hippocampus characterized by the
Nissl-stained dark neurons, especially in the edge of the DG and CA1
region. The edge of the DG consists of the granule cell layer (GCL)
which is critical to the spatial memory formation and the subgranular
zone (SGZ) which is one of neurogenic regions in adulthood to correlate
with certain aspects of brain cognitive function, including learning and
memory [68,69]. Likewise, CA1 region plays a vital role in spatial
learning and participating in temporal information of visible objects
[70]. These data suggest that carbon-ion induced cognitive changes
were mainly manifested as hippocampus-mediated learning and
memory deficits.

Cognitive decline is a manifestation of mitochondrial disorders [71]
and mitochondrial abnormalities are well-known to cause cognitive
impairments as well [72,73]. Our data exhibited that high-LET carbon
ions resulted in the swelling of the mitochondria, and impairing mi-
tochondrial dysfunction marked by the reduced activities of tri-
carboxylic acid cycle enzymes such as PDH, CS, SDH and α-KGDH as

Fig. 7. Regulation of mitochondrial function ameliorated carbon ion-induced cognitive deficits (n=6). (a) Activities of TCA cycle enzymes and pyruvate dehy-
drogenate were measured in the irradiated hippocampus with melatonin administration. (b) Enzymatic activities of mitochondrial respiratory chain enzymes were
detected in the irradiated hippocampus with melatonin administration. (c) ATP content was detected in the hippocampus cells in the presence of melatonin. (d)
Escape latency in the test groups of on days 1–6 was conspicuously detected. Values are presented as mean± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 versus the
control group; #P < 0.05, ##P < 0.01, ##P < 0.01versus the irradiated group.
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Fig. 8. Lentiviral vector-mediated NRF2 and PINK1 expression modulated the hippocampal cell proliferation and apoptosis. (a) Cell index values were determined
every 1 h using an iCELLigence RTCA system for up to 72 h. (b) Annexin V-FITC/PI staining and flow cytometric determination of apoptosis in the cells. Percentage
denotes proportion of apoptotic cells in right lower quadrant and right upper quadrant. (c) The proposed mechanisms for the counteraction of cognitive deficits in the
mouse model of high-LET carbon ion irradiation.
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well as the decreased activities of respiratory chain complexes such as
complex I, IV and V. Abnormal mitochondrial morphology and mi-
tochondrial dysfunctions have been reported to disrupt energy meta-
bolism, increase mitochondrial oxidative stress, induce apoptosis, and
cause cognitive decline/neurodegenerative disorders [74–76]. Our
study also found that carbon ions created a major energy crisis, as re-
flected by the low ATP yield and the alterations in bioenergetic-related
protein abundance from proteomics analysis.

Melatonin as a mitochondria-targeted antioxidant has been docu-
mented to accumulate in mitochondria with high concentration, and
thus involves in situ in mitochondrial activities and physiology [26,77].
To better understand the mechanism of improvement of carbon ion
induced-cognitive deficits, melatonin as a stabilizer of mitochondrial
function was pretreated with the carbon ion irradiated animals. In the
present study, mitochondrial dynamics and mitophagy as two critical
processes underlying mitochondrial homeostasis were investigated.

Our evidence from the identification of mitochondria dynamics-re-
lated proteins exhibited that carbon ions reduced the mitofusin-2 (Mfn-
2) level, which is a mitochondrial membrane protein that participates
in mitochondrial fusion in the mammalian cells. On the other hand,
carbon ions elevated the dynamin-related protein 1 (Drp1) level, which
is a dynamin-related protein that promotes mitochondrial fission.
However, application of melatonin significantly reversed the reduction
of Mfn-2 level and the elevation of Drp1 level, which is similar in the
cortical neurons after melatonin and 1-methyl-4-phenylpyridinium co-
treatment [78].

Compared with the sham-irradiated mice, the animals exposed to
carbon ions profoundly dampened the mitophagy, as demonstrated by
the decreasing amount of LC3II in mitochondria. However, pretreat-
ment with melatonin effectively reversed the loss of mitophagic pro-
gression marked by the significant increase of LC3II level and obvious
co-location of LC3 and COX IV. Very recently, several lines of evidence
also demonstrate that melatonin promoted mitophagy and improved
homeostasis of mitochondria to offer neuroprotection [37,38,79]. Col-
lectively, our data indicated that mitochondrion-targeted antioxidant
could modulate mitochondrial dynamics and mitophagy to sustain the
mitochondria homeostasis in the carbon ion-irradiated mice.

Oxidative stress is inseparably linked to mitochondrial dysfunction
and has been implicated in the cognitive impairment [80–82]. The
current study showed the carbon ions induced the persistent oxidative
lesions to lipids and DNA, as well as the decreased total antioxidant
capacity and mitochondrial antioxidant SOD2. But melatonin effec-
tively eliminated the sustained oxidative injury elicited by high-LET
carbon ions. To date, there is a keen interest in the introduction and
development of antioxidant therapies for the treatment of cognitive
decline. This was further supported by clinical observations of the at-
tenuated oxidative lesions to deplete the mild cognitive impairment and
Alzheimer's disease [83].

To further confirm the detail mechanism underlying the effects of
carbon ion on the mitochondria homeostasis, we determined the al-
teration of PINK1-dependent pathway in the presence or absence of
melatonin. In mammalian cells, PINK1 and Parkin are critically in-
volved in cell survival and excessive neurological disorders [84,85]. In
this study, we demonstrated that PINK1 expression and stabilization at
the outer mitochondrial membranes were significantly decreased,
especially in the DG region of the hippocampus, accompanied with the
down-regulation of PINK1 and Parkin expressions. Deficiency for PINK1
or Parkin could disrupt the damaged mitochondrial degradation and
thereby increase oxidative stress due to the accumulation of dysfunc-
tional mitochondria that release ROS [16]. However, in this study,
melatonin dramatically reversed the up-regulation of PINK1 and Pakin
expression and promoted PINK1 to be stabilized at the mitochondria,
and subsequently maintained the mitochondria homeostasis.

The transcription factor NRF2, a master redox switch in turning on
the cellular signaling, represents an attractive therapeutic target for
neurologic disorders [86]. NRF2 is negatively regulated by the

cytoplasmic redox-sensor protein Keap1 via its Neh2 (Nrf2/ECH
homology 2) domain [23]. In the current study, we found that NRF2
expression and translocation to the nucleus significantly reduced in the
mice subjected to carbon ion exposure while melatonin pretreatment
could effectively promote these decreases. Similar results of melatonin
received the support of the glioma cells [87] and neural stem cells [88].
As we known, NRF2 as a regulator of oxidative stress also exerts neu-
roprotective roles in prevention of cognitive impairment [89]. Recently,
the emerging role of NRF2 in mitochondrial function has been found,
contributing to the overall mitochondrial homeostasis via affecting
mitochondrial membrane potential and respiration, oxidative phos-
phorylation and the synthesis of ATP, mitochondrial biogenesis and
mitochondrial integrity [24,25,90].

To better understand whether the relationship exists between NRF2
and PINK1 as two critical neuroprotective proteins, a mutual interplay
between NRF2 and PINK1 was detected in the irradiated hippocampus
with melatonin pretreatment. We found that melatonin administration
facilitated the positive interaction between NRF2 and PINK1 signaling,
as evidenced by results from Co-IP and SPR assay. Several lines of
evidence also indicate that PINK1 expression could be positively
regulated by NRF2 activity and the NRF2/PINK1 signaling axis is clo-
sely associated with cell survival and longevity [91–93].

To get detail information about the signaling pathways of the neu-
roprotection against carbon ions, NRF2 and PINK1 were overexpressed
in the mouse hippocampus HT22 cells. HT22 hippocampal cell line,
which lacks a functional glutamate receptor, is valuable for studying
the molecular mechanism of spatial memory deficits [94,95]. Our study
showed that overexpressions NRF2 and PINK1 significantly promoted
the cell growth and attenuated the apoptotic populations in NRF2+/+

and PINK1+/+ hippocampal cells treated with carbon ions, suggesting
that NRF2 and PINK1 overexpressing were more resistant to neuro-
toxins elicited by carbon ion exposure. Consistent with the data of
melatonin pretreatment, this demonstrated the major contributions of
NRF2 and PINK1 in counteracting carbon-ion induced damage.

Taking these data together, as shown in Fig. 8c, this study illustrated
that carbon ion irradiation at 4 Gy induced the obvious spatial cognitive
impairments, and disrupted the mitochondrial homeostasis and redox
balanced, which closely associated with inactivation of NRF2 and
PINK1 signaling. However, administration of melatonin upregulated
the NRF2-PINK1 signaling and enhanced the crosstalk between NRF2
and PINK1. Moreover, in NRF2+/+ and PINK1+/+ hippocampal neu-
ronal cells, the carbon ion-induced reductions in cell proliferation and
survival were stirringly ameliorated. As a result, a carbon ion-caused
cognitive deficit was effectively reversed through restoring the mi-
tochondrial functions as well as eradicating the oxidative insults.
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