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Abstract: Structural and functional integrity of the brain is adversely affected by reduced oxygen 

saturation, especially during chronic hypoxia exposure and often encountered by altitude travel-

ers or dwellers. Hypoxia-induced generation of reactive nitrogen and oxygen species reportedly 

affects the cortex and hippocampus regions of the brain, promoting memory impairment and 

cognitive dysfunction. Cerium oxide nanoparticles (CNPs), also known as nanoceria, switch 

between +3 and +4 oxidation states and reportedly scavenge superoxide anions, hydrogen per-

oxide, and peroxynitrite in vivo. In the present study, we evaluated the neuroprotective as well 

as the cognition-enhancing activities of nanoceria during hypobaric hypoxia. Using polyethylene 

glycol-coated 3 nm nanoceria (PEG-CNPs), we have demonstrated efficient localization of PEG-

CNPs in rodent brain. This resulted in significant reduction of oxidative stress and associated 

damage during hypoxia exposure. Morris water maze-based memory function tests revealed 

that PEG-CNPs ameliorated hypoxia-induced memory impairment. Using microscopic, flow 

cytometric, and histological studies, we also provide evidences that PEG-CNPs augmented 

hippocampus neuronal survival and promoted neurogenesis. Molecular studies revealed that 

PEG-CNPs promoted neurogenesis through the 5′-adenine monophosphate-activated protein 

kinase–protein kinase C–cyclic adenosine monophosphate response element-binding protein 

binding (AMPK-PKC-CBP) protein pathway. Our present study results suggest that nanoceria 

can be translated as promising therapeutic molecules for neurodegenerative diseases.
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Introduction
The partial pressure of oxygen in the inspired air diminishes with the increase in altitude, 

resulting in hypobaric hypoxia and compromised supply of oxygen to the tissues. Brain 

is the first organ to be compromised in response to low oxygen levels.1,2 Moreover, 

inadequacy of cerebral oxygen delivery systems during chronic hypobaric hypoxia 

results in adverse consequences such as neuroinflammation, high-altitude cerebral 

edema, motor impairment, memory impairment, and cognitive dysfunctions, along 

with structural alterations of brain.2–5 Hypoxia induces the cells to undergo anaerobic 

glycolysis, as well as shifts the glucose metabolism from mitochondria to glycolysis, 

which partially compensates the cellular energy demand.6,7 Concomitantly, hypoxia also 

causes oxidative stress from uncontrolled generation of mitochondrial reactive oxygen 

species (ROS) that may be detrimental for cell survival.7–9 We, along with others, have 

previously reported that brain regions such as hippocampus and cortex are more vulner-

able to hypoxic oxidative damage.8,10,11 This hypoxia-induced pronounced oxidative 

stress also promotes neurodegeneration and spatial memory impairment.8,12
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Hippocampus is the key site for long-term memory 

formation and viability of hippocampal neurons and is there-

fore obligatory for cognition.13–16 Unfortunately, a deficient 

antioxidant defense system, higher content of polyunsatu-

rated fatty acids, along with abundance of transition metals 

such as iron and copper facilitating Fenton’s reaction make 

the hippocampus vulnerable to hypoxia-induced oxidative 

damage and adversely affect cognition.8–11 Studying the effect 

of hypobaric hypoxia on memory impairment, Maiti et al8,12 

have reported that hypoxia-induced oxidative stress and neu-

ronal apoptosis in brain regions such as hippocampus, cortex, 

and striatum significantly affect spatial reference memory. 

With respect to hippocampus, it has been reported that the 

CA3 neurons are more susceptible to hypoxia-induced cell 

death than CA1 neurons. These studies suggest the deleteri-

ous roles of hypoxia-induced oxidative stress in promoting 

alterations to hippocampal neuronal morphology, neuronal 

degeneration, apoptosis, and cognitive dysfunction. It has 

been suggested that timely intervention of antioxidants may 

curtail oxidative damage during hypoxia.9

Cerium oxide nanoparticles (CNPs) possess excellent 

catalytic activities (both oxidation and reduction catalyst), 

which are derived from transition of oxidation states between 

Ce3+ and Ce4+.17–19 They also exhibit oxygen vacancies in the 

lattice structure that augment their antioxidant capacity.20 

Moreover, CNPs reportedly possess enzyme mimetic proper-

ties of superoxide dismutase, catalase, peroxidase, oxidase, 

as well as scavenge hydroxyl and nitric oxide radicals.20,21 

The in situ regeneration of antioxidant properties depend-

ing on the biological environment is highly desirable22 and 

repeated supplementation is not required unlike conventional 

antioxidants. Because of these properties, nanoceria have 

been extensively studied for their antioxidant properties in 

several biological systems. The neuroprotective efficacies of 

nanoceria have been studied in adult rat spinal cord neurons,23 

brain slice model of ischemia,24 animal models of ischemic 

stroke,25 multiple sclerosis,26 and Parkinson’s disease.27 These 

studies have reported efficient neuroprotection activities of 

nanoceria, primarily by reducing nitrosative stress.24,27,28

In this study, we evaluated the neuroprotective efficacy as 

well as cognition-promoting activities of CNP nanoparticles 

during chronic hypobaric hypoxia. Using polyethylene glycol 

(PEG) coating, we ensured brain delivery and penetration 

of CNPs within the brain tissue,25,29–31 which was confirmed 

by imaging studies. Brain-localized PEG-CNPs minimized 

hypoxia-induced oxidative stress and neuronal apoptosis. 

Interestingly, PEG-CNPs also ameliorated hypoxia-

induced memory impairment and promoted hippocampal 

neurogenesis. We further investigated neurogenesis 

activities of nanoceria using an array of techniques, includ-

ing microscopy, flow cytometry, and histology. Our studies 

reveal that nanoceria promote neurogenesis via 5′-adenine 

monophosphate-activated protein kinase (AMPK)-mediated 

phosphorylation of protein kinase C (PKCζ) and activating 

cyclic adenosine monophosphate response element-binding 

protein (CREB) binding protein (CBP). These results sug-

gest the therapeutic potential of PEG-CNPs for improving 

cognition in a variety of neurogenerative disorders.

Materials and methods
Materials
All the chemicals and reagents were purchased from Sigma-

Aldrich (St Louis, MO, USA) unless specified otherwise in 

the following section.

experimental design and ethics statement
All the animal care and experimental protocols were 

approved by Defense Institute of Physiology and Allied 

Sciences animal ethical committee under the supervision of 

Committee for the Purpose of Control and Supervision of 

Experiments on Animals (CPCSEA), Ministry of Environ-

ment and Forest, Government of India.

Adult male Sprague Dawley rats of age 6 weeks were 

used in the study. All the animals were housed at controlled 

temperature (25°C±2°C) and humidity (65%±5%) in 

12/12 hour day and night cycle with food and water available 

ad libitum. Forty-eight rats were randomly divided into two 

groups (n=24) as control and PEG-CNPs supplemented. Five 

micrograms of PEG-CNPs in 100 µL in phosphate-buffered 

saline (PBS) (50 µg/mL) were administered to animals via 

intraperitoneal route in three successive doses on a weekly 

basis. During the route optimization, intravenous (IV) and 

peroral routes were also chosen for administration of the 

drug. Both the experimental groups were subjected to Morris 

water maze (MWM) behavioral assay for 8 days, and then 

12 animals from the control group and 12 animals from 

PEG-CNPs group were exposed to hypobaric hypoxia for 

10 days and were named hypoxia and PEG-CNPs + hypoxia 

groups, respectively. Both groups were again subjected to 

MWM test. Remaining animals were euthanized and their 

brains were isolated and stored under liquid nitrogen till 

further experimentation. Finally, the animals from hypoxia 

and PEG-CNPs + hypoxia groups were also euthanized 

and their plasma and brain tissues were harvested and used 

immediately for further experimentation. Figure 1 illustrates 

the experimental design.
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hypobaric hypoxia exposure
Hypoxia and PEG-CNPs + hypoxia animals were subjected 

to simulated hypobaric hypoxia for 10 days. The animals 

were exposed to a simulated altitude of 25,000 ft (7,620 m, 

282 mmHg) in a specially designed hypobaric chamber 

in which the altitude could be maintained by reducing the 

barometric pressure by air suction pumps. The exposure 

was continuous for 10 days except for a 15-minute interval 

after each 48 hours for the replacement of cage, water, and 

food. Fresh air was continuously flushed into the chamber 

at a constant rate of 8 L/min. The chamber temperature was 

maintained at 25°C±2°C, and humidity was kept 65%±5%. 

Also, a 12–12 hour day night cycle was maintained for ani-

mal housing.

synthesis and characterization of 
Pegylated cNPs
PEGylated CNPs (PEG-CNPs) were synthesized by aqueous 

route using cerium (III) nitrate hexahydrate [Ce(NO
3
)

2
⋅6H

2
O], 

polyethylene glycol-8000 (PEG-8000) (Sigma-Aldrich), 

ceric ammonium nitrate [(NH
4
)

2
Ce(NO

3
)

6
] (Nice Chemicals, 

Gurgaon, India), and ammonia solution (Rankem, Center 

Valley, PA, USA). In brief, an equimolar mixture (0.01 M 

each) of Ce(NO
3
)

2
⋅6H

2
O and (NH

4
)

2
Ce(NO

3
)

6
 was added to 

1% w/v aqueous solution of PEG-8000 in drop wise man-

ner with continuous stirring to reach a final concentration 

of 0.5 µM. Further, after complete solubilization, 2.5 mL of 

1 M NH
4
OH was gradually added to this mixture. Once an 

off-white colloid suspension started to form (~0.5 hours), 

the solution was constantly stirred for 4 hours to allow 

complete hydrolysis of the salts. The colloidal was then 

incubated at room temperature for 1 hour to complete the 

nucleation process. Finally, the solution was centrifuged at 

approximately 7,500× g for 3 minutes. The precipitate was 

washed thrice with ion-free water to remove water-soluble 

impurities and three times with acetone. The obtained pre-

cipitate was desiccated and vacuum dried for further use. The 

particle size and morphology were determined using phase-

contrast high-resolution transmission electron microscope 

(TEM; Philips Technai G230 TEM, OR, USA) operating at 

an accelerating voltage of 300 kV and equipped with energy-

dispersive spectrometry and selected area electron diffraction 

(SAED). X-ray diffraction (XRD) patterns were measured 

with a Bruker D8 Advance and a Rigaku miniflex-(II) X-ray 

(Billerica, MA, USA) diffractometer employing monochrom-

atized Cu Kα radiation (α=1.54056 Å) at 298 K. Zeta poten-

tial and relative hydrodynamic radius were estimated using 

dynamic light scattering on Nanotrac™ (Montgomeryville, 

PA, USA). Infrared spectra of synthesized PEG-8000 and 

mixed ceria (CeO
2
-x) nanoparticles were performed using 

Fourier transform infrared spectrometer (Bruker; Billerica, 

MA, USA) fitted with KBr beam splitter, and deuterated 

triglycine sulfate/KBr detector. The spectra were recorded in 

the solid state in KBr pellets. In the employed configuration, 

it has been possible to cover the 400–4,000 cm−1 range with 

a resolution of 4 cm−1.

Imaging nanoparticles’ internalization 
using TeM
Animals were fixed, perfused with 2% paraformaldehyde, and 

intact brains were collected. Hippocampus was microdissected 

and sectioned into 1×1 mm pieces and allowed to fix overnight 

in 2.5% gluteraldehyde. Further, tissues were embedded in 

aryldite resin, cut into 2 nm thin sections using ultramicro-

tome (Ultramicrotome EM UC7; Leica Microsystems, USA) 

and fixed on copper grids (Wetzlar, Germany). Grids were 

Figure 1 schematic of experimental design.

Notes: The animals were randomly divided into two groups (n=24 each); one group received Peg-cNPs injection (concentration 5 µg/kg BW, intraperitoneally) and the 

other group received normal saline (phosphate-buffered saline). animals were habituated for 2 days by keeping them in the room containing MWM and placing them in water 

for 5 minutes each day. Next the animals were randomly divided into two groups. The second dose (out of the three) was administered on third day before beginning the 

Morris Water Maze experiments. Third dose of Peg-cNPs was injected on the sixth day, and after 7 days of training, in each quadrant, 12 animals from each group were 

subjected to probe trial, while the remaining 12 animals were exposed to hypobaric hypoxia (10 days). These groups were renamed as hypoxia (without Peg-cNPs injection) 

and hypoxia + Peg-cNPs groups. after 10 days of hypoxia, animals were again subjected to MWM learning for 2 days followed by probe trial.

Abbreviations: cNPs, cerium oxide nanoparticles; MWM, Morris water maze; Peg, polyethylene glycol.
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analyzed under TEM (Technai G2 Spirit; FEI, OR, USA) at 

a power of 120 keV and 15,000 magnification. Images were 

acquired and analyzed using TechnaiEPU automation soft-

ware (Hillsboro, OR, USA). Presence of nanoceria was further 

confirmed with SAED pattern. A minimum of two grids per 

sample were analyzed with five different fields.

estimation of oxidative stress markers
Estimation of several known markers of oxidative stress 

was performed immediately after microdissecting the hip-

pocampus of rat brain. Estimation of ROS, malondialdehyde 

(MDA), carbonylation, protein oxidation, and DNA damage 

was performed as described later.

rOs estimation

ROS levels were measured with a nonfluorescent, lipophilic 

dye dichlorofluorescein diacetate that passively diffuses 

through cellular membranes where it is cleaved into 2,7-

dichlorofluorescein by intracellular esterase enzymes in 

the presence of intracellular ROS; this reaction is known 

to be directly proportional to ROS levels. Exactly 10 µL of 

10 µM 2′,7′-dichlorodihydrofluorescein diacetate was added 

to 150 µL of hippocampus tissue homogenate (10% w/v in 

Radioimmunoprecipitation assay buffer) and incubated for 

40 minutes at 37°C in amber tubes in dark. Fluorescence 

was measured at 488 nm excitation and 525 nm emission 

(LS45 luminescence spectrophotometer; PerkinElmer Inc., 

Waltham, MA, USA) and converted to fluorescence units 

per milligram of protein.

lipid peroxidation estimation

Lipid peroxidation was measured by direct estimation of 

MDA in hippocampus homogenate using the method sug-

gested by Okahawa et al32 with a slight modification. Briefly, 

750 µL of trichloro acetic acid (TCA; 20% in distilled water) 

and 750 µL of thiobarbituric acid (0.67% in 0.05 M NaOH) 

were added to 250 µL tissue homogenate. The mixtures were 

incubated in a water bath at 85°C for 45 minutes. The mixture 

was then allowed to cool at room temperature, followed by 

centrifugation at 400× g for 5 minutes. Approximately 200 µL 

of the supernatant was removed and the absorbance was 

measured at 531 nm using a spectrophotometer (Vera Max 

microplate reader; Molecular Devices LLC, Sunnyvale, CA, 

USA). The values were expressed in µmoles/mg protein.

DNa damage: 8-hydroxydeoxyguanosine estimation

As a measure of DNA damage caused by ROS, 8-hydroxyde-

oxyguanosine (8-OHdG) was estimated using 8-OHdG 

competitive enzyme-linked immunosorbent assay kit (Cat# 

E-EL-0028; Elabsciences, Beijing, People’s Republic of 

China) as per the manufacturer’s instructions. Briefly, hip-

pocampal tissue homogenate was prepared in cold PBS. 

Then 50 µL samples, standards, samples and blanks were 

mixed with biotinylated detection antibody to a 96 well 

plate in duplicate. The plate was incubated at 37°C for 

45 minutes. After three washings with wash buffer, 100 µL 

of streptavidin–horseradish peroxidase conjugate was added 

to each well and again incubated at 37°C for 30 minutes. 

Furthermore, the plate was washed three times, and 90 µL 

of substrate solution was added and incubated at 37°C for 

15 minutes in dark. Finally, 50 µL stop solution was added 

to each well, and the optical density was measured at 450 nm 

immediately. The concentration of 8-OHdG was measured 

using standard curve as described. Concentration was repre-

sented as ng/mg of protein.

Protein carbonylation estimation

Protein carbonylation assay was performed using protein 

carbonyl assay kit (Cayman Chemicals, Ann Arbor, MI, 

USA) as per the manufacturer’s instructions. Briefly, 200 µL 

hippocampus tissue homogenate was added to 800 µL of 

2,4-dinitrophenylhydrazine (DNPH). In the control tube was 

taken 800 µL of 2.5 M HCl. Both tubes were incubated in 

dark at room temperature for 1 hour. Then 1 mL of 20% TCA 

was added to each tube and incubated on ice for 5 minutes. 

Tubes were centrifuged at 10,000× g for 10 minutes at 4°C 

to pellet the protein. The pellet was resuspended in 1 mL 

of 10% TCA and incubated on ice for 5 minutes. The tubes 

were centrifuged at 10,000× g for 10 minutes, and the pel-

let was washed in 1:1 mixture of ethanol and ethyl acetate. 

Finally, the pellet was resuspended in 500 µL of guanidine 

hydrochloride and centrifuged at 10,000× g for 10 minutes. 

Then, 220 µL of the supernatant each from the sample tube 

and the control tube was loaded into microtiter plate and 

absorbance was measured at 370 nm. The carbonyl content 

was measured using molar absorption coefficient 22,000 M−1 

cm−1 and expressed as picomoles per milligram of protein.

Protein oxidation using oxyblot

Protein oxidation was assessed using oxyblot protein oxida-

tion kit (Millipore, Billerica, MA, USA) according to the 

manufacturer’s protocol. Briefly, protein samples from each 

group were quantified and equal amount of protein was dis-

pensed into two tubes, one derived with DNPH and the other 

underived. DNPH derivation was performed for 15 minutes, 

and the reaction was stopped using the neutralization solution. 

Then, derived and underived samples were loaded on 10% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 
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separated, and transferred to a nitrocellulose membrane. The 

nitrocellulose membrane was then blocked in 5% skimmed 

milk solution overnight at 4°C. The membrane was washed 

with PBS with 0.1% tween 20 and incubated with rabbit anti-

DNPH antibody (1:150 dilution) for 2 hours. The membrane 

was again washed and incubated with anti-rabbit antibody 

(1:300 dilution) for 1.5 hours. Finally, results were acquired 

on X-ray film using chemiluminescent substrate (cat# CPS 

1300-1KT). Underived samples transferred on the membrane 

were stained with Ponceau stain to visualize the protein bands. 

Further semiquantitation of the blots was performed using 

ImageJ (National Institute of Health, Bathesta, MD, USA) 

as described previously.33

MWM test
Hippocampal-dependent special cognition was tested in rats 

using standard MWM test as described earlier.34 The water 

maze consisted of a circular pool (diameter 1.2 m, height 0.5 m) 

fitted with an overhead video recording device connected to 

a computer. Initially, the animals were habituated for 2 days 

by keeping them in the room containing MWM and leaving 

in water for 5 minutes. Then, for the next 8 days, acquisition 

trials were conducted by keeping the Plexiglas platform hid-

den below the surface of water. Position of platform was kept 

constant, but the start position for animals was varied. On the 

final day, control and PEG-CNPs animals were subjected to 

probe trial, and the remaining animals were exposed to 10-day 

hypoxia. Finally, the hypoxia and PEG-CNPs + hypoxia 

animals were subjected to a 2-day acquisition trial and a final 

probe trial. The results were acquired using a professional 

software package Anymaze v3.0 (Wood Dale, IL, USA). In the 

acquisition trial, the latency to reach the hidden platform, path 

tracks, and the time spent in each quadrant were calculated. 

While during the probe trial, the platform was removed and 

the time spent by the animals in the platform quadrant and the 

number of annulus crossings were measured.

Primary culture of adult rat hippocampus 
and flow cytometry
Animals from each group were euthanized, and brains were 

microdissected to obtain hippocampi. Hippocampal tissue 

mass was suspended in culture media (DMEM). Tissue 

was then triturated using fine needle syringe 18–20 times to 

obtain a homogeneous cell suspension. Suspension was then 

centrifuged at 1,500 rpm for 15 minutes to obtain the cells as 

a pellet. The cells were then washed with Dulbecco’s PBS and 

plated on a poly-D-lysine precoated plate. The medium was 

changed after 24 hours on the first day and, subsequently, after 

48 hours. Cells were grown in normal cell culture conditions 

(37°C and 5% CO
2
) in DMEM supplemented with 10% fetal 

bovine serum and penicillin/streptomycin. Bromodeoxyuri-

dine was added to the culture media at a final concentration 

of 10 µM and incubated for 4 hours. Further, the cells were 

centrifuged, fixed, and permeabilized with Cytofix/Cytoperm 

Plus permeabilization buffer for 10 minutes at 4°C. Then, the 

cells were treated with 100 µL of DNase (300 µg/mL) for  

1 hour at 37°C. Further, the cells were resuspended in 20 µL 

of BD Perm/Wash Buffer + Alexa Fluor 488 Anti-BrdU (cat# 

ab115874; Abcam, Cambridge, UK) and Alexa Fluor 647 

Anti-NeuN (cat# ab190565; Abcam) antibodies for 20 minutes 

at room temperature. Finally, the cells were washed, and 

immunofluorescence measurements were performed on mul-

ticolor flow cytometer (LSR II; San Jose, CA, USA). Suitable 

single-color compensation controls and gating controls were 

also run in parallel. Data were analyzed with inbuilt software 

and presented as dot plot with quadrant statistics.

cresyl violet staining
Cresyl violet staining was performed as described previously35 

with slight modifications. In brief, rats were perfused with 

cold PBS and perfuse fixed with 4% paraformaldehyde. 

Brains were excised and stored in 4% paraformaldehyde till 

the completion of fixation. Paraffin blocks were prepared and 

sectioned in 7 µm thickness and processed in cresyl violet 

staining. Morphology of neurons was then observed under 

the light microscope, and the relative number of pyramidal 

neuronal cells of hippocampus was estimated using RGB his-

togram function of ImageJ software (NIH, v3.0). A minimum 

of three sections per slide were obtained, and three animals 

per group were analyzed. Results were represented as mean 

density of positively stained cells.

Immunoblotting
Immunoblotting was performed using rabbit anti-AMPK, 

rabbit anti-pCBP, rabbit anti-pPKCζ, rabbit anti-cleaved 

caspase-3, and caspase-9 primary antibodies. Sodium dode-

cyl sulfate-polyacrylamide gel electrophoresis was used to 

separate proteins were then transferred to a nitrocellulose 

membrane using semidry western transfer equipment (GE 

Healthcare Bio-Sciences Corp., Piscataway, NJ, USA). The 

nitrocellulose membrane (cat# Z613657; Sigma-Aldrich 

Co., St Louis, MO, USA) was then incubated with blocking 

solution overnight at 4°C. The following day, it was incu-

bated with primary antibody for 2 hours in a dilution of 

1:2,000 and then in secondary antibody for 1 hour in a dilu-

tion of 1:10,000. Each step was preceded by three washings 

with PBS with 0.1% Triton X for 5 minutes. Finally, the 

blots were developed using chemiluminescent peroxidase 
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substrate, and signals were obtained on a photographic film 

(XBT film; Kodak, India). Images were acquired using gel 

documentation system. The relative densities of the protein 

bands were determined using ImageJ and expressed as num-

ber of pixels per group.

statistical analysis
Performance on MWM test was analyzed using analysis of 

variance and simple comparisons between the groups were per-

formed by unpaired Student’s t-test with Mann–Whitney’s post 

hoc analysis. Cumulative distances, time spent in each quadrant, 

and escape latency were acquired using Anymaze software and 

data were independently analyzed in MS Excel with statistical 

package add-in. In all the tests, the difference was considered 

significant with P-value ,0.05. All the values were represented 

as mean ± standard error of mean unless specified.

Results
synthesis and characterization of 
Pegylated nancoeria
CNPs were synthesized using aqueous hydrothermal method 

with PEG as the coating agent23 and further subjected to 

extensive characterization before the experiment. Size and 

shape of the PEG-CNPs were analyzed using high-resolution 

TEM (HR-TEM), and the nanoparticles were observed as 

spherical heterogeneous mixture with a size range of 2–4 nm 

and averaging to 3 nm (Figure 2A and B). The purity of 

nanoparticles was assessed using XRD, and the XRD spectra 

showed prominent {111}, {200}, {044}, and {220} lattice 

indices that are characteristic of calcium fluorite structure, 

therefore confirming the purity of cerium oxide crystals 

used for the nanoparticle synthesis (Figure 2C). Further, to 

assess the stability of synthesized nanoparticles in aqueous 

phase, we used dynamic light scattering and observed hydro-

dynamic radii of 40–45 nm (Figure 2D). Furthermore, the 

Fourier transform infrared spectra were obtained to assess 

the conjugation of PEG. Figure 2E shows the OH stretching 

vibrations of the free PEG-8000 modified from 3,465 cm−1 to 

a broad band centered approximately 3,387 cm−1. The peak 

approximately at 3,481 cm−1 was assigned to Ce–O stretching 

vibration (Figure 2E).

Pegylated cNPs crossed blood–brain 
barrier and deposited in brain
After characterization of PEG-CNPs, we performed a 

qualitative analysis of internalization of these particles in 

the brain tissue 24 hours after the last dose and observed that 

electron-dense particles were scattered heterogeneously in 

the neuronal cells (Figure 3). The identity of the particles was 

further confirmed using SAED. Moreover, we also assessed 

the presence of particles in the tissue 30 days after the last 

dose and found decreased density of particles indicating 

histological clearing (Figure S1). The suspension of PEG-

CNP in PBS at a concentration of 5 µg/kg body weight in 

successive three doses on a weekly basis was used in all the 

experiments, based on previous optimization regimes for 

primary neuronal culture and evidence from reports suggest-

ing 0.1% deposition of injected formulation in brain.36 The 

optimization of route was confirmed using radioactive Tc99 

label-based imaging of internalized PEG-CNPs and evalua-

tion using standard gamma scanning (Figure S1).

Peg-cNPs scavenged rOs en source and 
prevented biomolecule modification
Since CNPs possess inherent antioxidant activity, we evalu-

ated the basal ROS levels and prominent markers of oxidative 

Figure 2 (Continued)
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θ °

Figure 2 characterization of Peg-cNPs.

Notes: (A) Transmission electron micrographs of Peg-cNPs showing uniformly distributed spherical nanoparticles (scale bar: 20 nm). (B) Magnified view revealing diameter 
of PEG-CNPs in the size range of 3–5 nm. The selected area electron diffraction pattern confirms the ceria crystal structure in transmission electron microscopy. (C) X-ray 

diffraction analysis of the crystal lattice of Peg-cNPs showing prominent lattice planes {111}, {200}, and {220}. (D) Dynamic light scattering of CNPs in cerebrospinal fluid; 
mean hydrodynamic diameter was observed as 90 nm. (E) FT-Ir spectra showing conjugation of Peg to cNPs.

Abbreviations: cNPs, cerium oxide nanoparticles; Peg, polyethylene glycol; NPs, nanoparticles.

damage in isolated homogenate of brain hippocampi. 

We observed that the concentration of ROS in the hypoxic 

animals was twofold higher in comparison to control animals, 

while PEG-CNPs animals subjected to hypoxia showed ROS 

levels similar to normoxic levels. Interestingly, PEG-CNP 

itself did not elevate ROS levels (Figure 4A). We also 

estimated oxidative stress parameters such as MDA con-

tent as an indicator of lipid peroxidation, 8-OHdG levels 

Figure 3 assessment of polyethylene glycol-cerium oxide nanoparticles biodistribution using transmission electron microscopy.

Notes: electron micrograph of rat brain hippocampus region. (A) The electron-dense nanoparticles of polyethylene glycol-cerium oxide nanoparticles were observed after 

24 hours of third dose. arrows indicate the presence of cNPs in the hippocampus. scale bar: 1 µm. (B) Magnified view of nanoparticles is indicated with their size (~4–5 nm) 

and selected area electron diffraction with characteristic diffraction fringes (inset). scale bar: 100 nm.

Abbreviation: cNPs, cerium oxide nanoparticles.
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Figure 4 evaluation of oxidative stress in the hippocampus region of rat brain.

Notes: (A) ROS dichlorofluorescein diacetate fluorescence in arbitrary units as a measure of relative ROS content in the isolated rat hippocampi showed twofold higher 
ROS content in animals exposed to hypoxia. PEG-CNPs pretreatment significantly reduced the ROS content. Also, PEG-CNPs alone did not cause any increase in ROS. 
(B) MDa estimation using thiobarbituric acid reactive substances assay showed 2.4-fold higher MDa content in hypoxia, while Peg-cNPs pretreatment reduced the level 

of MDa to 1.4-fold in comparison to control. Peg-cNPs alone did not cause any elevation in MDa. (C) 8-Ohdg concentration in animals exposed to hypoxia was 1.8-fold 

higher, while Peg-cNPs pretreatment in hypoxia reduced the concentration to 1.3-fold in comparison to control. Peg-cNPs alone did not elevate 8-Ohdg. (D) Protein 

carbonylation estimation using enzyme-linked immunosorbent assay and (E) protein carbonylation estimation using oxyblot showed highest degree of protein carbonylation 

in hypoxia samples, while Peg-cNPs pretreatment prevented the carbonylation. graphical view of immunoblot analyzed using ImageJ represents relative intensity at each 

level in the gel. Data represented as mean ± standard error of mean of three independent experiments (*P,0.01, **P,0.05).

Abbreviations: 8-Ohdg, 8-hydroxydeoxyguanosine; cNPs, cerium oxide nanoparticles; MDa, malondialdehyde; Peg, polyethylene glycol; rOs, reactive oxygen species; 

DNPh, dinitrophenylhydrazine.
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as a marker of nucleic acid damage, and levels of protein 

carbonylation. We observed that MDA content in normoxic 

animals was 23.5±3.2 µM, while hypoxia increased the MDA 

content to 56.5±8.4 µM. PEG-CNP pretreatment significantly 

prevented this elevation and restricted the MDA content to 

34.5±7.3 µM. PEG-CNPs alone showed no significant eleva-

tion in MDA content (Figure 4B). Similarly, 8-OHdG levels 

were 38.4±5.4 ng/mg tissue in normoxic condition, which 

elevated to 68.4±7.9 ng/mg in hypoxia, while PEG-CNPs pre-

treatment reduced the level to 52.4±9.3 ng/mg (Figure 4C). It 

is important to note that extensive protein carbonylation levels 

(more than 12-fold) were observed in hypoxic animals. The 

carbonyl content in normoxia was 0.4±0.1 nM but increased 

to 6.27±0.9 nM in hypoxia. PEG-CNPs pretreatment during 

hypoxia effectively reduced this to 0.76±0.07 nM (Figure 4D). 

Further, we also confirmed the protein carbonylation levels 

using Western blot-based oxyblot technique and analyzed the 

results with ImageJ software (NIH, v3.0). The oxyblot results 

further revealed higher protein carbonyl content in hypoxic 

brain homogenate as compared to normoxic animals. The 

PEG-CNP pretreated animals exhibited significantly reduced 

levels of protein carbonyls post-hypoxia, corroborating the 

in vitro antioxidant potential of nanoceria (Figure 4E).

Peg-cNPs improve cognition in rat 
during chronic hypobaric hypoxia
Animal studies have reported that chronic hypobaric hypoxia 

exposure results in memory impairment and loss of neuronal 

viability.8,12 We have previously reported the antioxidant and 

antiapoptotic roles of CNPs in primary neuronal culture during 

oxidative stress.37 In the present study, we have evaluated the 

neuroprotective roles of PEG-CNPs in protecting rodent brain, 

specifically cognition, during chronic hypobaric hypoxia. 

Using the conventional MWM spatial memory assay, we eval-

uated the abrogation of memory impairment after 10 days of 

hypobaric hypoxia. Latency to reach the hidden platform was 

used as an indication of learning abilities in animals. On com-

paring normoxic controls with PEG-CNPs treated animals, 

we observed an improved cognition in the latter. Furthermore, 

on subjecting both these groups to hypobaric hypoxia for 7 

days, we observed a significant memory loss in the untreated 

animals, while PEG-CNPs pretreated animals showed early 

recovery and responded to spatial learning (Figure 5A).  

Figure 5 evaluation of spatial memory in rat after Peg-cNPs intervention.

Notes: spatial memory function test in rat using Morris water maze. (A) graph showing latency to reach the hidden platform. steeper slope in animals treated with Peg-

cNPs, compared to controls indicated better retention of spatial memory. after hypoxia, the increase in latency was smaller in Peg-cNPs pretreated animals as compared 

to hypoxic animals. (B) Number of annulus crossings during the probe trial. Control animals showed five times mean annulus crossing, PEG-CNP treated animals showed six 
times, hypoxia-exposed animals showed only one annulus crossing, and Peg-cNPs + hypoxia animals showed four time annulus crossing. (C) analysis of time spent in each 

quadrant during the probe trial showed that Peg-cNPs treated animals spent maximum time in target quadrant which was 40% higher than control, while minimum time 

was observed in animals subjected to hypoxia, which was 20% less than control; Peg-cNPs + hypoxia group spent 30% more time compared to control (*P,0.05, **P,0.01 

Q1 – target quadrant containing hidden platform). (D) representative path tracks of animals during spatial acquisition trials.

Abbreviations: cNPs, cerium oxide nanoparticles; Peg, polyethylene glycol.
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Figure 6 Peg-cNPs prevented apoptosis and induced neurogenesis.

Notes: (A) Phase-contrast microphotographs showing reduced number of neurons in hypoxia-exposed animals and increased density of neurons in Peg-cNP treated cells 

exposed to hypoxia (scale bar: 20 µm). (B) Dot plots showing the neuronal population with BrdU incorporation. lower left quadrant represents neuronal nonproliferating 

cells, lower right quadrant represents nonproliferating neuronal cells, upper left quadrant shows neuronal nonproliferating cells, and upper right quadrant shows neuronal 

proliferating cells. There were 51.95 BrdU-positive neuronal cells in the control group, 64.4% in Peg-cNPs group, 23.3% in hypoxia group, and 62.9% in Peg + hypoxia group. 

(C) Photomicrographs of dentate gyrus region of rat hippocampus stained with cresyl violet show neurodegeneration, while neuron density was higher in Peg-cNPs treated 

animals. At higher magnification, the number of pyramidal cells (deep violet stained) was higher in PEG-CNPs treated cells. Insets represent the histograms of blue channel 
with mean values representing relative number of cresyl violet positive cells (control – 107.5, Peg-cNPs – 109.19, hypoxia – 98.93, Peg-cNPs + hypoxia – 109.13). arrows 

indicate neurodegeneration.

Abbreviations: cNPs, cerium oxide nanoparticles; Peg, polyethylene glycol.

On the final day during the probe test, the number of annulus 

crossings were also higher in case of animals pretreated with 

PEG-CNPs in comparison to hypoxic animals (Figure 5B). 

Similarly, the time spent by rats in the platform quadrant was 

minimum for hypoxic animals, but PEG-CNPs pretreated ani-

mals showed a higher fraction of time spent in Q1 (Figure 5C). 

Representative path tracks are shown in Figure 4D, which 

indicate increased travel distance in animals exposed to probe 

trial after hypobaric hypoxia exposure and a significant recov-

ery in the animals pretreated with PEG-CNPs (Figure 5D). 

Associated media files containing CCD track records of rats 

during the probe trial have been enclosed as media files in: 

Control (Video S1), CNPs (Video S2), Hypoxia (Video S3), 

and Hypoxia + CNPs (Video S4).

Peg-cNPs promoted adult hippocampal 
neuron survival
In the present study, we also observed enhanced cognition 

in PEG-CNP-treated normoxic animals (Figure 5A) along 

with hypoxia-exposed animals during MWM tests. We next 

evaluated the neurogenesis patterns of PEG-CNP treated 

animals by culturing the adult hippocampus neurons to assess 

the effect of PEG-CNPs in improving the memory func-

tions. Microscopic observations revealed that the neurons 

cultured from animals treated with PEG-CNPs showed higher 

neuronal density compared with the neurons cultured from 

hypoxia-exposed animals. On performing relative image 

quantification using ImageJ, we observed a 20% increase 

in the cell density in PEG-CNPs group, which was reduced 
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by 30% in hypoxia group in comparison to control. PEG-

CNP + hypoxia also showed an increase in the cell density 

by 10% when compared to control (Figure 6A). Next, we 

confirmed neurogenesis using the BrdU incorporation into 

the neuronal cells (with neuron-specific marker NeuN) using 

flow cytometry. We observed that there were 51.9% BrdU-

positive neuronal cells in the control group, 64.4% in PEG-

CNPs group, 23.3% in hypoxia group, and 62.9% in PEG + 

hypoxia group. This indicated that PEG-CNPs promoted 

hippocampal neurogenesis in normoxia as well as in hypoxic 

condition, concomitant with improvement in the cognitive 

functions (Figure 6B).

Furthermore, neurogenesis was confirmed by cresyl violet 

staining of paraffin sections of PEG-CNP treated normoxic 

as well as hypoxic brains. We observed dense staining of 

pyramidal neurons in the dentate gyrus region of hippocam-

pus of PEG-CNP treated normoxic and hypoxic brains as 

compared to normoxic brains, further corroborating neuro-

genesis (Figure 6C). These cumulative results suggest that 

PEG-CNPs promote neurogenesis in rat brain, irrespective 

of the oxygen availability.

Nanoceria regulate aMPK–PKc–cBP 
axis for neurogenesis
Our previous studies along with other studies have reported 

the abilities of nanoceria in modulating mitochondrial 

functions and bioenergetics.37,38 In the present study, we 

evaluated the expression levels of AMPK and downstream 

regulators PKC and CBP central to neurogenesis by 

western blotting. We observed significantly higher levels 

of AMPK in hypoxia + CNPs group (Figure 7). Interest-

ingly, AMPK activates a molecular cascade via nuclear 

histone acyltransferase protein CBP and PKC, directing the 

adult neurogenesis.39 PEG-CNPs treatment also increased 

the amount of phosphorylated aPKCζ and further activated 

the CBP by phosphorylation (Figure 7). Conventionally, 

AMPK–CBP axis is involved in regulation of glucose 

metabolism in the liver, but a relatively new route has been 

recently reported in neuronal cells where activated pCBP is 

involved in adult neurogenesis.39 These observations further 

support abrogation of hypoxia-induced memory impairment 

by PEG-CNPs intervention. Concomitantly, we observed 

significant decrease in the expression of apoptosis-associated 

proteins caspase-3 and caspase-9 in PEG-CNPs pretreated 

hypoxic hippocampus as compared to hypoxic hippocam-

pus (Figure 7). These results provide indirect evidences for 

enhanced survival of PEG-CNP pretreated hippocampal 

tissue during hypoxia.

Discussion
The present study reports the neurogenic and memory 

impairment ameliorating activities along with antioxidant 

activities of nanoceria during chronic hypoxia in rodent brain. 

Both human and animal studies have provided evidences for 

enhanced oxidative stress and damage as well as memory 

impairment during chronic hypobaric hypoxia. Since the 

brain regions such as hippocampus and cortex are deficient 

in antioxidant enzymes and rich in transition metals such 

as iron and copper, the degree of oxidative damage is more 

severe for these regions. Unfortunately, the conventional 

neuroprotective drugs find limited clinical applications due 

to limited brain penetration. With the advantages of brain 

targeting without blood–brain barrier (BBB) disruption40 

and specific coatings for long retention in brain,25,26,30 nano-

particles are emerging as promising antioxidants as well 

as drug carriers for neuronal diseases. Using PEG-coated 

CNPs that are uniform with a size of 3 nm, Kim et al6,25 

have reported protection against ischemic stroke by reduc-

ing ROS and apoptosis. Similarly, CNPs with PEG as well 

as citrate/EDTA coatings have been used for free radical 

scavenging and specific targeting to amyloid beta (Aβ) 

aggregates.27 In the present study, we extend the usage of 

ζ

ζ

Figure 7 evaluation of key molecular targets of Peg-cNPs using immunoblotting.

Notes: Immunoblots show changes in expression or phosphorylation of neurogenic 

and apoptotic markers in the rat brain homogenates. aMPK expression was 

increased after Peg-cNPs treatment, while it was reduced in hypoxic exposure. 

Further, it was the highest in Peg-cNPs group. Phosphorylation of PKcζ and pcBP 

was increased in both Peg-cNPs and hypoxia + Peg-cNPs groups, while decreased 

phosphorylation was observed in hypoxia group compared with control. caspase-3 

and caspase-9 (cleaved forms) were upregulated in hypoxia alone, while Pegylated-

cNP treatment reduced the concentration of both in comparison to control. alpha 

tubulin was used as the loading control for all samples.

Abbreviations: aMPK, 5′-adenine monophosphate-activated protein kinase; 

cBP, cyclic adenosine monophosphate response element-binding protein binding 

protein; cNPs, cerium oxide nanoparticles; Peg, polyethylene glycol; PKc, protein 

kinase c.
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PEG-CNPs for neurogenesis-promoting as well as memory 

impairment abrogating activities, along with antioxidant and 

antiapoptotic activities during long-term hypobaric hypoxia. 

Moreover, the coating of PEG on nanoparticle did not cause 

any significant loss of antioxidant activity or any change in 

the surface properties (Figure S2).

Effective brain penetration without disrupting BBB 

has been reported for nanoparticles with ,10 nm particle 

diameter. Moreover, naked nanoparticles are rapidly engulfed 

by macrophages and cleared from the body before reaching 

targets.24,41 A dense coating of PEG on particles of small size 

(#10 nm) has been reported for effective brain targeting and 

diffusion within the brain tissue.29,30 In the present study, 

we synthesized 3 nm spherical CNPs with PEG coating for 

effective brain localization.25 Using a combination of TEM 

and radioactivity-based imaging, we observed efficient brain 

localization of PEG-CNPs in brain after 2 hours of intrap-

eritoneal injection. Interestingly, this mode of injection also 

resulted in heart localization of PEG-CNPs. In contrast, the 

same dose of PEG-CNPs administered though oral or IV 

route does not localize in brain and heart, suggesting that 

the route of administration also plays an important role in 

tissue localization of nanoparticles. Our present study also 

suggests that PEG-CNPs with ,5 nm size efficiently cross 

the BBB and localize in the brain.27,29,42

PEG-coated CNPs exhibit excellent stability and disparity 

in physiological solutions, as well as efficiently quench 

noxious free radicals and peroxides mimicking superoxide 

dismutase activity, as compared to bare CNPs.42,43 Hence, 

we evaluated the in vivo antioxidant activities and the 

level of oxidative modification of proteins after 10 days 

of hypobaric hypoxia exposure. This hypoxia exposure 

reportedly elevates brain ROS levels resulting in oxidative 

damage, as well as leads to memory impairment.8,44 PEG-

CNP pretreatment resulted in significant decrease in ROS 

levels, MDA content, as well as protein carbonyl content, 

as compared to hypoxic brain. Similarly, the protein oxida-

tion levels were also lower in pretreated animals, further 

supporting in vivo antioxidant potential of PEG-CNPs.42 

Next, we evaluated the expression levels of caspase-9, an 

initiator caspase, and caspase-3, an effector caspase, which 

mediate the terminal stages of neuronal apoptosis.45 Higher 

levels of both caspase-9 and caspase-3 were observed in 

hypoxia-exposed group, whereas a significant reduction 

of both proteins was observed in PEG-CNP pretreated and 

hypoxia-exposed animals. During transient global ischemia, 

loss of mitochondrial barrier function results in the release of 

caspase-9 from the mitochondria, which further accumulates 

in the nucleus of hippocampal neurons preceding apoptosis.46 

This mitochondrial membrane permeabilization is a decisive 

step for cellular survival and death and is a pharmacological 

target for prevention of unwarranted cell death.47 We have 

previously reported that CNPs stabilize mitochondrial 

membrane potential and prevent apoptosis during hypoxia in 

primary cortical culture.37,48 The results of the present study 

showing lower expression of caspase-3 and caspase-9 with 

brain homogenates of PEG-CNP pretreated animals can be 

attributed to the mitochondrial membrane permeabilization 

and, thus, the antiapoptotic activities of nanoceria.

In vitro studies have reported that CNPs confer neuropro-

tection to adult rat spinal cord neurons23 as well as primary 

cortical neuron cultures,37 primarily by scavenging the free 

radicals. Using in vitro and in vivo models, Kim et al25 have 

reported that 3 nm PEG-coated CNPs scavenge ROS, reduce 

apoptosis, and confer neuroprotection during ischemic stroke. 

Similar studies with murine model of multiple sclerosis 

have reported mitigation of ROS-induced tissue damage 

and alleviation of clinical symptoms and motor deficits by 

IV injection of CNPs.26 In their study on the neuroprotec-

tive efficacy of CNPs, Dowding et al27 have also reported 

that CNPs prevent neuronal cell death during Alzheimer’s 

disease by reducing endogenous peroxynitrite levels and 

Aβ-induced mitochondrial fragmentation. In corroboration, 

our observed results of lower levels of free radicals and 

oxidative modified macromolecules, along with salvation 

of memory during chronic oxidative stress emphasize the 

neuroprotective efficacy of PEG-CNPs.

The lifelong generation of new neurons in the dentate 

gyrus region of the hippocampus is sustained due to prolif-

eration and differentiation of adult neural stem cells.14,49,50 

The integration of these neurons into the circuitry of the 

adult hippocampus suggests an important role for adult 

hippocampal neurogenesis in learning and memory.14 Since 

PEG-CNP pretreated animals performed better in MWM 

task after hypoxia exposure, we evaluated the neurogenesis 

patterns of both hypoxic and PEG-CNP pretreated hypoxic 

brains. Microscopic examination of cultured adult hippocam-

pus neurons suggested higher neuronal density in PEG, thus 

providing evidence for neurogenesis-promoting activities 

of nanoceria which might have contributed to improved 

cognition after hypoxic challenge.15,16 Activation of CREB 

stimulates neurogenesis in adult dentate gyrus.51 Recent stud-

ies suggest AMPK–CREB axis represents an evolutionarily 

conserved pathway in response to low energy availability.52,53 

Moreover, activation of AMPK pathway also regulates 

neuronal structure in developing hippocampal neurons.54 
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We observed higher expression of AMPK in PEG-CNP 

pretreated brain homogenates. Since phosphorylation of 

the transcriptional coactivator CBP by PKC at serine 436 

is critical for the physiological effects of CREB,55 we also 

measured the phosphorylation status of both CBP and PKC. 

Along with AMPK, we also observed higher levels of pCBP 

and pPKC in PEC-CNP pretreated brain homogenates, as 

compared to that in hypoxic brains. It is important to note 

that CNPs possess inherent cellular signaling activities,56 

apart from their widely reported antioxidant activities. In 

their study on PEG-coated and anti-Aβ antibody-conjugated 

CNPs, Cimini et al57 have reported modulation of brain-

derived neurotrophic factor pathway promoting neuronal 

survival. Future use of omics technologies may identify the 

cell signaling potentials of nanoceria.

The present study has limitations of using Tc99-labeled 

CNPs for imaging studies. Due to short half-life of Tc99 

label, we were not able to track the particles beyond 24 hours, 

and therefore, an alternative label should be used to further 

establish the pharmacokinetics. Moreover, we have not 

quantified the accumulation and persistence of PEG-CNPs 

in rodent brain as well as in brain regions. In their study 

on similar-sized (2.9 nm diameter) citrate/EDTA CNPs, 

Heckman et al26 have reported higher plasma half-life, 

and tolerance, and brain accumulation in animal models. 

Moreover, PEG-coated CNPs as large as 114 nm in diameter 

can diffuse though brain extracellular spaces at appreciable 

rates.30 These studies tend us to speculate that PEG-CNPs 

used in this study can accumulate throughout the brain, war-

ranting future experimental evidence.

In conclusion, the results of the present study with 3-nm-

diameter PEG-coated CNPs extend the usage of CNPs in 

preventing memory loss during severe oxidative stress. 

Concomitantly, the study also provides evidence that PEG-

CNPs promote neurogenesis by AMPK–PKC–CBP pathway 

(Figure 8). The observed neurogenesis-promoting activities 

along with previously reported neuroprotective efficacy of 

nanoceria during Alzheimer’s disease and multiple sclerosis 

suggest the potential of nanoceria as a promising therapeutics 

for neuronal degenerative disorders.

ζ ζ

Figure 8 Mechanism of hippocampal neurogenesis and cell survival by Peg-cNPs.

Notes: aMPK activates a molecular cascade via nuclear histone acyltransferase protein cBP and PKc, directing the adult neurogenesis. Peg-cNPs treatment also increased 

the amount of phosphorylated aPKcζ and further activated cBP by phosphorylation, thereby activating adult hippocampal neurogenesis. another route that operated during 

hypoxia was activation of apoptotic events mediated via caspase-3 and caspase-9, which was also inhibited by Peg-cNPs pretreatment.

Abbreviations: aMPK, 5′-adenine monophosphate-activated protein kinase; cBP, cyclic adenosine monophosphate response element-binding protein binding protein; 

cNPs, cerium oxide nanoparticles; Peg, polyethylene glycol; PKc, protein kinase c; rOs, reactive oxygen species.
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