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Abstract
Background/Aims: To investigate the mechanism that enables oxidative stress and 
cytoskeleton protein carbonylation to contribute to axonal dysfunction in traumatic brain 
injury (TBI). Methods: We created an in vitro model of neuronal oxidative damage by exposing 
a neuron-like cell line (PC-12) to different concentrations (100 μM, 200 μM, and 300 μM) of 
H2O2 for 24 h or 48 h. Carbonyl modification of cytoskeletal proteins (β-actin and β-tubulin) 
and its impact on β-actin/β-tubulin filament dynamics were determined by enzyme-linked 
immunosorbent assay, immunostaining, and western blotting. Depolymerization of β-actin/β-
tubulin filaments was evaluated using the monomer/polymer ratio of each protein via western 
blotting. Phosphorylation of the neurofilament heavy chain (P-NFH) was used as an axonal injury 
marker and detected by immunostaining. Results: Our results showed that H2O2 treatment 
led to increased oxidative stress in PC-12 cells, as indicated by the increased generation of 
malondialdehyde and 8-hydroxydeoxyguanosine and decreased intracellular glutathione 
levels. H2O2 treatment also increased carbonyl modification of total proteins and cytoskeleton 
proteins β-actin/β-tubulin, which occurred concurrently with the suppression of proteasome 
activity. Moreover, H2O2 treatment increased the generation of the axonal injury marker 
P-NFH, and depolymerization of the β-actin/β-tubulin filaments was indicated by increased 
monomer/polymer ratios of each protein. Lastly, overexpression of the proteasome β5 subunit 
in PC-12 cells significantly reduced the H2O2-induced accumulation of carbonylated β-actin/
β-tubulin, P-NFH, and β-actin/β-tubulin depolymerization. Conclusions: We concluded that 
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carbonylation of cytoskeleton proteins could lead to depolymerization of their filaments and 
axonal injury, and proteasome suppression contributes to the accumulation of carbonylated 
proteins under oxidative conditions.

Introduction

Traumatic brain injury (TBI) results from an impact to the head that disrupts normal 
brain function. Severe TBI can cause permanent brain damage or death [1]. Diffuse axonal 
injury (DAI) is a typical pathological change after TBI and is closely associated with clinical 
prognosis [2]. DAI has two distinct pathological features: swellings and large terminal bulbs 
due to excessive neurofilament aggregation [3, 4]. Secondary axonal injury resulting from 
cytoskeleton abnormalities is the most common cause of DAI [5, 6].

Oxidative stress is a well-known factor implicated in DAI [7], and the mitochondrial 
phosphorylating capacity, concentrations of the nicotinic coenzyme pool, and oxidative/
nitrosative stress correlate closely with the severity of DAI [8, 9]. Carbonyl modification 
occurs as a direct result of oxidative damage to proteins, leading to protein dysfunction and 
the formation of protein aggregates [10]. Protein carbonylation has been shown to contribute 
to the pathogenesis of several neurodegenerative diseases such as multiple sclerosis, 
Parkinson’s disease, and Alzheimer’s disease [11]. Under normal conditions, carbonylated 
proteins are thought to be degraded by proteasomes whose main function is to recognize and 
degrade unneeded, damaged, or misfolded proteins [12-14]. Under prooxidative conditions, 
however, the increased generation of reactive oxygen species (ROS) or reactive carbonyl 
species may reduce the activity of proteasomes [11, 15, 16], leading to the accumulation of 
carbonylated proteins in affected cells.

Axoplasmic transport, also called axonal transport, is a cellular process responsible for 
the movement of mitochondria, lipids, synaptic vesicles, proteins, and other cell parts (i.e., 
organelles) to and from the neuron cell body through the cytoplasm of the axon [17]. Normal 
axonal transport depends on normal formation of the cytoskeletal structure of neurons. 
Under TBI conditions, cytoskeleton proteins—in particular actin—could be carbonylated due 
to excessive ROS generation in affected neurons [11, 18-20]. However, whether cytoskeleton 
protein carbonylation contributes to axonal dysfunction in TBI remains unknown.

In the present study, we generated an in vitro model of neuronal oxidative damage 
by exposing a neuron-like cell line (PC-12) to H2O2 to investigate carbonyl modification of 
cytoskeletal proteins (β-actin and β-tubulin) and the impact on β-actin/β-tubulin filament 
dynamics. Our data show that H2O2 exposure increased β-actin/β-tubulin carbonylation, 
which promoted the depolymerization of these proteins and the generation of an axonal 
injury marker, namely, the phosphorylation of neurofilament heavy chain (P-NFH). Moreover, 
all these changes were significantly reversed by proteasome β5 subunit overexpression.

Materials and Methods

Materials
PC-12 cells were obtained from the Cell Resource Center of the Institute of Basic Medical Sciences, 

Peking Union Medical College/Chinese Academy of Medical Sciences (Beijing, China). Dulbecco’s modified 
Eagle’s medium (DMEM), fetal bovine serum (FBS), horse serum, and Lipofectamine 2000 were purchased 
from Life Technologies (Grand Island, NY, USA). H2O2, penicillin, and streptomycin were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). Malondialdehyde (MDA) and glutathione (GSH) detection kits were 
purchased from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China). The primary antibodies 
against β-actin, β-tubulin, DNP, or neurofilaments and their corresponding secondary antibodies were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

© 2018 The Author(s)
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Cell culture and treatments
The neuron-like PC-12 cells were grown on DMEM supplemented with 10% (v/v) heat-inactivated 

fetal bovine serum, 5% (v/v) heat-inactivated horse serum, 100 U/mL penicillin, and 100 μg/mL 
streptomycin and maintained at 37 °C in a humidified incubator ventilated with 95% air and 5% CO2. Cells 
in the exponential phase of growth were used in the experiments. PC-12 cells were transfected with the 
β5 expression vector plasmid using Lipofectamine 2000 (Life Technologies) and stable transfectants were 
selected in 1 mg/mL Geneticin (G418; Thermo Fisher Scientific, Waltham, MA, USA). Stable clones were 
maintained in DMEM supplemented with 200 μg/mL G418, 10% (v/v) heat-inactivated fetal bovine serum, 
5% (v/v) heat-inactivated horse serum, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were 
treated with different concentrations (100 μM, 200 μM, and 300 μM) of H2O2 for 24 h or 48 h. Cell viability 
was tested with CCK-8 to monitor the cytotoxicity of the H2O2 concentrations.

Measurements of MDA, GSH, and 8-hydroxydeoxyguanosine (8-OHdG)
PC-12 cells at ~90% confluence in six-well plates were subjected to the indicated H2O2 treatments 

before measuring the biomarkers (MDA, GSH, & 8-OHdG) for oxidative stress using commercial assay kits.
MDA assay was performed using an Abcam kit (Catalog No. ab118970; Cambridge, UK). In brief, the cells 

were lysed in MDA lysis solution. After centrifugation at 13, 000 g for 10 min, supernatants were collected, 
and the total protein concentration was determined by a bicinchoninic acid assay. The supernatant was 
mixed with thiobarbituric acid (TBA) solution and incubated at 95 °C for 60 min. The MDA-TBA adduct was 
determined by absorbance at 532 nm. A calibration curve was obtained using MDA standard solution, and 
each curve point was subjected to the same treatment as that of the supernatants. TBA-MDA content was 
calculated as nanomoles of MDA formed per milligram of protein and expressed as the percentage of the 
value for untreated control cells.

GSH was assessed with a kit from Cayman Chemical Co. (Item No. 703002; Ann Arbor, MI, USA). In 
brief, the cells were harvested using a rubber policeman and homogenized in cold MES buffer containing 1 
mM EDTA. After centrifugation at 10, 000 g for 15 min, supernatants were collected and mixed with equal 
volumes of metaphosphoric acid solution. After centrifugation at 3000 g for 3 min, the resultant supernatants 
were mixed with triethanolamine at a ratio of 20:1 (vol/vol) and then incubated with freshly prepared Assay 
Cocktail for 25 min. After incubation, the absorbance of each sample was read at 410 nm. A calibration curve 
was obtained using oxidized glutathione (GSSG) standard. Total GSH content was calculated as nanomoles 
of GSSG formed per milligram of protein. Quantification of GSSG, exclusive of GSH, was accomplished by 
derivatizing GSH with 2-vinylpyridine before incubation with the Assay Cocktail. The amount of reduced 
GSH was calculated by subtracting GSSG from total GSH and it was expressed as percentage of the value 
untreated control cells.

The amount of 8-OHdG was measured using an enzyme-linked immunosorbent assay kit from Cell 
Biolabs Inc. (Catalog No. STA-320; San Diego, CA, USA). In brief, at the end of treatment, DNA was extracted 
from PC-12 cells and denatured at 95 °C for 5 min. After digestion, the sample was added to an 8-OHdG 
conjugate-coated plate and absorbance was read at 450 nm. A calibration curve was obtained using 8-OHdG 
standard. The content of 8-OHdG was calculated as nanograms per milligram of DNA and expressed as a 
percentage of the value for untreated control cells.

Measurement of protein carbonyls
Carbonyl content was assessed using a protein carbonyl content assay kit (Abcam, ab126287) 

according to the manufacturer’s instructions. This assay was based on the reaction of protein carbonyls 
with dinitrophenylhydrazine (DNPH) to form dinitrophenylhydrazone, a yellow compound, measured 
spectrophotometrically at 375 nm. Briefly, after H2O2 treatment, the cells were harvested and homogenized 
in lysis buffer. After centrifugation, protein concentrations of cell lysates were quantified using a BCA Protein 
Assay (Abcam, ab102536). Lysates (100 μL) were added to plastic tubes containing 100 μL DNPH solution. 
Samples were vortexed and incubated for 15 min at room temperature. Subsequently, trichloroacetic acid 
solution (30 µL) was added to each tube. The mixture was vortexed and centrifuged at 14, 000 × g for 2 min 
and the supernatant obtained was discarded. The pellet was washed with 0.5 mL acetone, sonicated for 30 s, 
and placed at -20 °C for 5 min. After centrifugation at 14, 000 × g for 2 min, the supernatant was discarded, 
and the pellet was re-suspended in 200 μL of guanidine solution and sonicated briefly. Samples were then 
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centrifuged at 14, 000 × g for 2 min, 100 μL of the supernatant was transferred to a 96-well plate, and the 
absorbance at was measured at 375 nm. Results were recorded as percentage of the value for untreated 
control cells.

Measurement of proteasome activity
Proteasome activity was assessed using Amplite™ Fluorometric Proteasome 20S Assay Kit (CNHAOBIO, 

Beijing, China) according to manufacturer’s instructions. In brief, PC-12 cells grown in a 96-well plate 
underwent the treatments before incubation with a proteasome assay loading solution at 37 °C for 2 h. 
Fluorescence intensity was measured at an excitation wavelength of 490 nm and emission wavelength of 
525 nm. Results were reported as relative fluorescence unit (RFU).

Immunostaining
PC-12 cells were seeded on poly-L-lysine-coated coverslips and fixed by incubation with 4% 

paraformaldehyde in PBS for 10 min at room temperature. Cells were permeabilized with 0.1% Triton-X 
100 for 10 min and then blocked with 1 % BSA for 1 h. Cells were rinsed with PBS and incubated with 
antibodies against β-actin (dilution, 1:500), β-tubulin (dilution, 1:500), DNP (dilution, 1:500) or P-NFH 
(dilution, 1:500) overnight at 4 °C, followed by incubation with Alexa Fluor® 488-conjugated goat anti-
rabbit (dilution, 1:500) or Alexa Fluor® 594-conjugated goat anti-mouse secondary antibodies (dilution, 
1:500) for 30 min at room temperature in the dark. After washing with PBS, the coverslips were incubated in 
PBS containing DAPI for 15 min and visualized under a fluorescence microscope (Leica Camera AG, Wetzlar, 
Germany). Cells incubated in the absence of primary antibodies served as negative controls and were not 
immunoreactive (data not shown).

Western blot
After the treatments, PC-12 cells were harvested and lysed with RIPA lysis buffer supplemented with 

protease inhibitor cocktail (Roche, Indianapolis, IN, USA). Whole cell lysates were centrifuged at 12, 000 
g for 15 min at 4 °C, and the supernatants were collected. Total protein concentration was determined 
by the bicinchoninic acid assay. Protein samples (30 µg protein/lane) were separated by electrophoresis 
on 10% sodium dodecyl sulfate polyacrylamide gels before transferring onto nitrocellulose membranes. 
The membranes were incubated with 5% (w/v) non-fat milk in Tris-buffered saline containing 0.1% (v/v) 
Tween-20 for 2 h to block nonspecific binding, incubated overnight at 4 °C with primary antibodies against 
β-actin or β-tubulin, and then incubated with the corresponding HRP-conjugated goat anti-mouse or goat 
anti-rabbit secondary antibodies. The membranes were developed with Amersham ECL western blotting 
detection reagents (GE Healthcare, Chicago, IL, USA) and photographed via a BioSpectrum Imaging System 
(Thermo Fisher Scientific).

Statistical analysis
All data were expressed as means ± SD. Differences between groups were evaluated by one-way ANOVA 

followed by Newman-Keuls multiple comparisons test. P < 0.05 was considered statistically significant.

Results

Protein carbonylation and proteasome inhibition in H2O2-treated PC-12 cells
To assess carbonyl modification of proteins under oxidative stress, we first established 

an in vitro oxidative stress model by exposing PC-12 cells to various concentrations of H2O2 
for up to 48 h. Three biomarkers for oxidative stress were analyzed to validate this model. As 
shown in Fig. 1, following H2O2 treatment, the level of intracellular GSH (reduced form) was 
significantly reduced, and accordingly, the amounts of MDA and 8-OHdG were significantly 
increased. Moreover, these changes were dose- and time-dependent (Fig. 1A–F).

We then assessed protein carbonylation in H2O2-treated PC-12 cells by measuring 
carbonyls using a DNPH tagging method. H2O2 treatment increased the amounts of protein 
carbonyls in a dose- and time-dependent manner (Fig. 2A & B).

http://dx.doi.org/10.1159%2F000491975
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The proteasome degradation pathway is responsible for the breakdown of carbonylated 
proteins; therefore, we assessed proteasome activity in H2O2-treated PC-12 cells by 
measuring the cleavage of the fluorogenic indicator LLVY-R110. H2O2 treatment led to a 
significant reduction in the generation of fluorescent R110, and this reduction was dose- and 
time-dependent, indicating suppressed proteasome activity in the cells (Fig. 2C & D). For the 
tested concentrations of H2O2, CCk-8 assay revealed cytotoxicity (~20% cell death) at 300 
µM, while no significant cytotoxicity was observed at the other two doses (data not shown). 
Therefore, in subsequent experiments, we chose 200 µM H2O2 as the oxidative stimulus.

Overexpression of proteasome β5 inhibited H2O2-induced protein carbonylation in PC-12 
cells
To establish a causal link between the suppression of proteasome activity and 

the accumulation of carbonylated proteins in H2O2-challenged PC-12 cells, PC-12 cells 
overexpressing the proteasome β5 subunit were exposed to 200 μM H2O2 for 24 h. Fig. 3A 
shows that cells transfected with the β5 subunit expression vector displayed strong green 
fluorescence, which indicates overexpression of the proteasome β5 subunit, while no 
fluorescence was observed in cells transfected with the control vector. Moreover, proteasome 
β5 subunit overexpression led to a significant increase in proteasome activity, which was 
partially inhibited by H2O2 treatment (Fig. 3B). Of note, overexpression of the proteasome 
β5 subunit significantly inhibited H2O2-induced protein carbonylation in PC-12 cells (Fig. 3B, 
right panel). Similar results were obtained by immunostaining, in which DNP tagging was 
used to label carbonyl groups (Fig. 3C).

Fig. 1. H2O2 treatment induced oxidative stress in PC-
12 cells. PC-12 cells were incubated with 0 μM, 100 
μM, 200 μM, or 300 μM of H2O2 for 24 or 48 h before 
GSH, MDA and 8-OHdG levels were measured. H2O2 
treatment significantly reduced intracellular GSH 
levels (A and B) and increased the amounts of MDA 
(C and D) and 8-OHdG (E and F) in a time- and dose-
dependent manner. For the experiments in B, D, and 
F, the cells were treated with 200 μM H2O2. Data are 
expressed as means ± SD; n = 3; *P<0.05.

Figure 1

Fig. 2. The effects of H2O2 on proteasome activity and 
protein carbonylation in PC-12 cells. PC-12 cells were 
incubated with 0 μM, 100 μM, 200 μM, or 300 μM 
of H2O2 for 24 h or 48 h before proteasome activity 
and protein carbonylation were assessed. H2O2 
treatment suppressed proteasome activity (A and B) 
and increased protein carbonylation (C and D) in PC-
12 cells in a time- and dose-dependent manner. For 
experiments B and D, the cells were treated with 200 
μM H2O2. Data are expressed as means ± SD; n = 3; * 
P<0.05.

Figure 2
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Overexpression of proteasome β5 inhibits H2O2-induced NFH phosphorylation in PC-12 
cells
Axonal injury was assessed by measuring NFH phosphorylation, a well-known biomarker 

for axonal damage [21, 22]. As shown in Fig. 3C, P-NFH fluorescence was barely visible in 
control PC-12 cells, while it was significantly increased in H2O2-treated cells. Of note, P-NFH 
immunostaining co-localized with protein carbonylation (DNP staining) in H2O2-treated 
PC-12 cells, suggesting an association between protein carbonylation and axonal injury. 
Overexpression of the proteasome β5 subunit significantly inhibited NFH phosphorylation. 
These results indicate that exposure of PC-12 cells to H2O2 induced protein carbonylation 
and NFH phosphorylation concurrently in PC-12 cells, and proteasome overexpression 
effectively ameliorated these changes.

H2O2 increases cytoskeleton protein carbonylation in PC-12 cells
In neuronal cells, cytoskeleton proteins are responsible for the vital biological functions 

of the axon such as maintaining its mechanical integrity and shape and facilitating axonal 
transport. We speculated that carbonylation also occurs in cytoskeleton proteins in H2O2-
treated PC-12 cells, which in turn leads to axonal injury. To test this possibility, we double-
stained protein carbonyls (DNP tagging) and the cytoskeleton proteins β-actin and β-tubulin 
after exposing PC-12-cells to 200 μM H2O2 for 24 h. Indeed, DNP staining (red) and β-actin 
(green) or β-tubulin staining (green) were colocalized, supporting our speculation that 
cytoskeleton protein carbonylation occurs in H2O2-treated PC-12-cells (Fig. 4A,B). Of note, 
overexpression of the proteasome β5 subunit significantly inhibited the H2O2-induced 
carbonylation of both cytoskeleton proteins (Fig. 4A, B). These results indicate that exposure 
of PC-12 cells to H2O2 induced cytoskeleton protein carbonylation and this change could be 
alleviated by proteasome overexpression.

Fig. 3. Overexpression of proteasome β5 inhibits 
H2O2-induced protein carbonylation and NFH 
phosphorylation in PC-12 cells. PC-12 cells were 
transfected with proteasome β5 overexpressing 
vector or the control vector before they were 
exposed to 200 μM H2O2. Protein carbonylation 
and NFH phosphorylation were detected 24 h 
after H2O2 treatment. A. Fluorescence micrographs 
showed proteasome β5 subunit expression 
(green fluorescence) after transfection with the 
control vector (left) and β5 overexpressing vector 
(right). Magnification × 200. B. Proteasome β5 
overexpression significantly increased proteasome 
activity in PC-12 cells (left panel), which led to a 
significant reduction in H2O2-induced protein 
carbonylation (right panel). Data are expressed 
as means ± SD; n = 3; * P<0.05 versus control; # 
P<0.05 versus H2O2. C. Double-immunostaining 
revealed that protein carbonylation (DNP tagging, 
green fluorescence) co-localized with NFH-
phosphorylation (P-NFH, red fluorescence) in 
H2O2-treated PC-12 cells, and proteasome β5 
overexpression significantly reduced DNP and 
P-NFH immunostaining. DAPI staining was used 
to reveal the nuclei (blue). Magnification × 400. 
Immunostaining experiments were repeated three times with similar results.

Figure 3
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β-Actin and β-tubulin carbonylation promotes filament depolymerization
Coordinated regulation of the polymerization and depolymerization of β-actin/β-tubulin 

filaments is vital for maintaining the spatially and temporally controlled dynamics of actin 
cytoskeletal structures within cells [23]. Our data raised the important question of whether 
carbonyl modification affects β-actin and β-tubulin polymerization and depolymerization. 
To address this question, we performed western blot analysis to detect β-actin/β-tubulin 
monomer and polymer levels in H2O2-treated PC-12 cells. As shown in Fig. 5, H2O2 treatment 
significantly increased the monomer/polymer ratio of both β-actin and β-tubulin, and 
overexpression of the proteasome β5 subunit effectively reversed this change. These 
results indicate that carbonyl modification may disrupt the regulation of β-actin/β-tubulin 
polymerization and depolymerization, leading to β-actin/β-tubulin monomer accumulation 
in H2O2-treated cells, which could be partially reversed by proteasome overexpression.

Fig. 5. H2O2 treatment promotes depolymerization of 
β-actin/β-tubulin filaments in PC-12 cells. PC-12 cells 
were transfected with proteasome β5 overexpressing 
vector or control vector before incubating with 200 
μM H2O2. β-actin and β-tubulin filament monomers 
and polymers were detected by western blot 24 h 
after H2O2 treatment. A. Representative western blots 
showing β-actin and β-tubulin filament monomer 
and polymer bands. B. Quantitative analyses of band 
intensity showed that H2O2 treatment significantly 
increased the monomers/polymers ratios of 
β-actin (left panel) and β-tubulin (right panel) and 
proteasome β5 overexpression effectively reversed 
this change. Data are expressed as means ± SD; n = 
3; * P<0.05.

Figure 5

Fig. 4. Effects of proteasome β5 overexpression on 
β-actin/ β-tubulin carbonylation in H2O2-treated 
PC-12 cells. PC-12 cells were transfected with 
proteasome β5 overexpressing vector or control 
vector and incubated with 200 μM H2O2. Carbonyl 
modification of β-actin/ β-tubulin was detected 
by double-staining DNP and β-actin/ β-tubulin 24 
h after H2O2 treatment. H2O2 treatment induced 
carbonyl modification (red fluorescence) of β-actin 
(A) and β-tubulin (B) (green fluorescence) in PC-12 
cells, while DNP fluorescence in control cells was 
very weak or absent. Proteasome β5 overexpression 
effectively inhibited carbonyl modification of β-actin/ 
β-tubulin proteins. DAPI staining was used to reveal 
the nuclei (blue). Magnification × 200. Experiments 
were repeated three times with similar results.

Figure 4
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Discussion

Protein carbonylation resulting from excessive ROS generation is a common feature 
of TBI [11, 18, 19]; however, little is known about its significance in the pathophysiology 
of TBI. In this study, we investigated carbonyl modification of cytoskeletal proteins and its 
impact on cytoskeleton dynamics and axonal integrity in a neuron-like cell line exposed 
to H2O2. The major findings include: 1) H2O2 treatment increased the levels of cellular 
oxidative markers (MDA, TABARS, 8-OHdG and protein carbonylation) and depleted 
intracellular GSH in PC-12 cells; 2) carbonyl modification of cytoskeleton proteins β-actin 
and β-tubulin occurred co-localized with NFH phosphorylation, a marker of axonal injury; 
3) carbonyl modification seemed to deregulate the balance between the polymerization and 
depolymerization of β-actin/β-tubulin, leading to β-actin/β-tubulin monomer accumulation 
in H2O2-treated cells; 4) H2O2 treatment suppressed proteasome activity and proteasome β5 
subunit overexpression significantly inhibited NFH phosphorylation and β-actin/β-tubulin 
carbonylation and depolymerization. These results suggested that carbonyl modification 
of β-actin/β-tubulin disrupts cytoskeleton dynamics and causes axonal injury, and may 
represent an important mechanism of axonal injury following TBI.

TBI initiates a series of complex and dynamic detrimental events, such as hypoxia/
ischemia, excitotoxicity, intracellular calcium overload and elevated intracranial pressure, 
which establish an environment of mitochondrial dysfunction to favor ROS generation [24, 
25]. Thus, oxidative stress has long been implicated in the pathophysiology of TBI. As a well-
documented and quantifiable indicator of oxidative stress, protein carbonylation following 
TBI has attracted considerable attention. Ansari et al. demonstrated the time-dependent 
generation of protein carbonyls in injured brain tissue following TBI, with peak values 
obtained at 24–48 h [26]. More recently, Lazarus et al. reported cell specificity, regional 
susceptibility, and gender differences in protein carbonylation after TBI [19, 27]. In a previous 
study, we have also shown that TBI induces oxidative stress and protein carbonylation 
within the injured region of the brain in a rat model of fluid percussion brain injury [28]. As a 
continuation of our previous study, here we have further investigated whether cytoskeleton 
proteins are subject to protein carbonylation in neuron-like cells exposed to oxidative stress 
and the effects on cytoskeletal and axonal integrity. Our data show that carbonyl modification 
is detected in cytoskeleton proteins β-actin and β-tubulin after H2O2 treatment. Of note, cells 
with carbonyl modification of cytoskeleton proteins had increased NFH phosphorylation, 
which is specific to axons and considered a biomarker for axonal injury [29]. Moreover, in 
animal and human studies, phosphorylated NFH (p-NFH) rises significantly in both the CSF 
and serum, and the rise is significantly higher in more severe injuries and correlates with 
cortical loss [29-31]. Therefore, our data suggest that cytoskeleton protein carbonylation 
occurs concurrently with axonal injury in neuron-like cells exposed to oxidative stress. 
This observation raises two important questions. First, is there an intrinsic link between 
cytoskeleton protein carbonylation and NFH phosphorylation? Second, do neurofilaments, 
the major cytoskeleton elements in axons, also undergo carbonyl modification when neurons 
are exposed to oxidative stress? Future studies are warranted to examine these questions.

The axon is composed of cytoskeletal proteins, among which actin and tubulin—the 
two most abundant structural cytoskeletal proteins—are the cornerstones. The actin 
cytoskeleton plays a major role in path-finding, while the tubulin cytoskeleton provides 
structure to the axon shaft, serving as a scaffold. Actin and tubulin cytoskeleton interaction 
is fundamental for axon extension [32]. It is well known that protein carbonylation is a 
non-enzymatic and irreversible reaction that can destroy the structures and disrupt the 
functions of proteins [33]. However, in what way carbonyl modification affects the function 
of cytoskeleton proteins remains unknown. In our data, carbonyl modification appeared 
to promote both β-actin and β-tubulin to depolymerize because more filament monomers 
and less polymers were detected when the cells were challenged by ROS. It is known that 
coordinated regulation of the assembly and disassembly of actin and tubulin filaments 
enables spatially and temporally controlled dynamics of cytoskeletal structures within cells 
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[32]. Therefore, carbonyl modification of β-actin and β-tubulin may deregulate the dynamics 
of the cytoskeletal structures. In this study, we did not further investigate whether oxidative 
stress promotes the disassembly of β-actin and β-tubulin by direct carbonyl modification or 
by affecting their regulatory proteins, such as cyclase-associated protein, profilin, Arp2/3 
activating factors, and AIP1 [34, 35].

Carbonylated proteins are thought to be degraded by the 20S proteasome [36], and 
degradation is ubiquitin-independent and ATP-independent [12, 13, 37]. However, under 
pro-oxidative conditions, the activity of the 20S proteasome appears to be inhibited via 
4-hydroxy-2-nonenal (4-HNE) modification and glycation of the peptidases [38-40]. Here, 
our data also demonstrated that the activity of the proteasome was significantly inhibited by 
H2O2 in PC-12 cells. Of note, when proteasome β5 subunits were overexpressed, the activities 
of the proteasomes in H2O2-treated PC12 cells were completely inhibited but comparable 
to the control cells, suggesting that a dose response may exist in the interaction between 
H2O2 and proteasomes, and 200 µM H2O2 may not be enough to inhibit all peptidases of 
the proteasome when the latter is overexpressed. In this context, the PC12 cells should 
still function to degrade carbonylated proteins and thus reduce oxidative damage to the 
axons. Indeed, our data show that overexpression of proteasome β5 subunits reduced H2O2-
induced protein carbonylation, NFH phosphorylation, and depolymerization of cytoskeleton 
proteins, emphasizing the important role of proteasomes in the removal of carbonylated 
proteins and protection of the axons against oxidative injury.

Our study demonstrated that under pro-oxidant conditions, carbonyl modification 
of cytoskeleton proteins β-actin and β-tubulin occurred, and proteasome suppression 
contributed to the accumulation of carbonylated proteins in the oxidized cells. Moreover, 
carbonyl modification disrupted the balance between β-actin/ β-tubulin polymerization and 
depolymerization, which could in turn lead to impaired dynamics of cytoskeletal structures 
and eventually axonal dysfunction of neurons in response to oxidative stress.
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