
Mol Cell Toxicol (2015) 11:79-87
DOI 10.1007/s13273-015-0010-x

Abstract 2,5-Hexanedione (HD) is the main active
metabolite of n-hexane and mediates the neuroto-
xicity of the parent compound. Studies suggested that
apoptosis involved in HD neurotoxicity. However,
the mechanism of HD-induced neuronal apoptosis
remains unknown. To explore its underlying mecha-
nism, we treated PC12 cells with 5, 10 and 20 mM
HD for 24 h, respectively. We found that HD induced
apoptotic death in PC12 cells in a dose-dependent
manner. Moreover, HD down-regulated Bcl-2 expres-
sion, up-regulated Bax expression and Bax/Bcl-2
ratio, promoted the disruption of mitochondrial trans-
membrane potential, induced the release of cytoch-
rome c from mitochondria, and increased the activity
of caspase-3 in PC12 cells, which were all the key
regulators of intrinsic apoptotic pathway. These results
indicate that HD induces apoptosis via a mitochon-
dria-mediated pathway in PC12 cells.
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The organic solvent n-hexane belongs to one of the
most important aliphatic compounds and is widely
used in the glue industry, varnishes, paints, shoe manu-
facturing, printing inks, shoe repair, and the food in-

dustry. Many studies have documented that n-hexane
is neurotoxic and can cause central-peripheral neuro-
pathy in both humans and experimental animals1,2.
Since n-hexane neurotoxicity was described firstly in
1960s3, tens of thousands of cases have reported in
Asia4, Europe5, North America6 and South America7.
Therefore, n-hexane neurotoxicity has been a major
health concern and occupational health hazard. 

Metabolism studies have demonstrated that 2,5-
Hexanedione (HD) is the main active metabolite of n-
hexane and that this metabolite mediates the neuro-
toxicity of the parent compound8. Many evidences
showed that HD directly induced a spectrum of cell
body modifications of neurons9-11. Ogawa et al. also
reported that dorsal root ganglion cells showed signi-
ficant cell loss after HD exposure in vitro12. Strange
et al. evaluated the effect of HD on the neocortical
neurons and discovered that the total number and size
of neurons were markedly reduced13. Zilz et al. re-
ported that apoptosis was observed in human neuro-
blastoma line SK-N-SH exposed to HD14. Further-
more, Cui et al. indicated that expression of regula-
tory proteins related to apoptosis was disturbed in
nerve tissue of HD-exposed rats15. These studies sug-
gested that HD could induce apoptosis in nerve cells,
and the induced apoptosis seemed to involve in HD
neurotoxicity. However, the mechanism of HD-induc-
ed neuronal apoptosis remains unclear.

Experimental evidence suggests that apoptosis can
be mediated by several different pathways and that
there are numerous regulatory molecules associated
with these pathways16,17. Mitochondrial pathway is a
major signaling leading to apoptosis. It has been docu-
mented that mitochondria-mediated pathway includes
the disturbance in the expression of Bax and Bcl-2,
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loss of mitochondrial transmembrane potential (MMP),
release of cytochrome c from the mitochondria into
the cytoplasm, activation of caspase-3 and ultimately
trigger apoptosis18,19. In vitro studies indicated that HD
induced human ovarian granulosa cell apoptosis by the
regulation of Bax, Bcl-2, and caspase-320. Moreover,
Mishra et al. found the loss of MMP in spermatoge-
nic cells exposed to HD21. Therefore, we are interest-
ed in whether mitochondria-mediated pathway in-
volve in HD-induced apoptosis in nervous system. 

PC12 cells, a rat pheochromocytoma cell line, pos-
sesses properties of neurons and exhibits cellular res-
ponses to toxicant that are similar to those found in
human primary cultures. It has been used extensively
as a model for studies of neurotoxicity. In the present
study, viability and apoptosis were determined in HD-
exposed PC12 cells by MTT assay, flow cytometry
and Hoechst 33342 staining. Mitochondrial transmem-
brane potential (MMP) was examined by rhodamine
123 and fluorescence spectrophotometer. We also in-
vestigated the expression of Bax and Bcl-2, cytoch-
rome c translocation and caspase-3 activity by real-
time PCR, western blot and immunochemistry. This
study aimed at investigating the apoptotic effect of
HD on PC12 cells and its underlying mechanism.

Effect of HD on viability and apoptosis of PC12 cells

The effect of HD on viability and apoptosis of PC12
cells was examined by MTT assay (Figure 1), Hoechst
33342 staining and flow cytometry (Figure 2). MTT
assay showed that the survival of PC12 cells decreas-
ed at 5, 10 and 20 mM HD in a concentration-depen-
dent manner compared to control (P⁄0.05). The re-
sults indicated that HD had significant cytotoxic effects
on PC12 cells. Meanwhile, the morphological pheno-
type of HD-exposed cells was assessed by Hoechst
33342 staining and fluorescent microscopy detection.
As shown in Figure 2A, the nuclei of control cells were
of a rounded shape with homogeneous intensity, and
HD-exposed cells only showed apoptotic morpholo-
gy, condensation and fragmentation, with heterogene-
ous intensity in the nuclei. It was demonstrated that
HD exerted its death effect by apoptosis. The results
were confirmed with the quantified assay through flow
cytometry after staining with annexin V and PI. After
HD treatment, the rates of apoptotic cells increased
significantly in a concentration-dependent manner at
5, 10 and 20 mM in PC12 cells (Figure 2B). The cell
scatter showed that the living cells, with intact cell
membranes, were negative for both annexin V and PI
in the lower left quadrant; cells at early stages of apo-
ptosis were positive for annexin V and negative for
PI in the lower right quadrant; cells with late apopto-

tic or necrotic were positive for both annexin V and
PI in the upper right quadrant; whereas non-viable
cells undergoing necrosis were negative for annexin
V but excluded PI in the upper left quadrant (Figure
2B).

Effect of HD on the expression of Bax and Bcl-2

The effect of HD on the expression of Bax and Bcl-2
was determined by real time RT-PCR and western blot,
respectively. The mRNA expression of Bax and Bcl-2
in HD-exposed PC12 cells at 0, 5, 10 and 20 mM was
shown in Figure 3A. Compared with the control, HD-
exposed cells showed a significant increase in mRNA
expression of Bax (P⁄0.05). Moreover, mRNA ex-
pression of Bax increased in a concentration-depend-
ent manner in the cells receiving HD with different con-
centrations. However, mRNA expression of Bcl-2 in
HD-exposed cells was significantly lower than that in
control group (P⁄0.05). As a marker for apoptosis,
the alteration in Bax/Bcl-2 ratio is more sensitive and
reliable than the change in individual Bax or Bcl-2.
Compared with the control, the ratio of Bax/Bcl-2 gene
expression significantly increased in HD-treated cells
(Figure 3B).

The protein expression of Bax and Bcl-2 in HD-
exposed cells is shown in Figure 4A. After treating
with HD, protein level of Bax increased concentration-
dependently in PC12 cells (P⁄0.05). On the contrary,
the protein level of Bcl-2 markedly decreased (P⁄
0.05). Compared to control cells, a significant increase
in the ratio of Bax/Bcl-2 protein was observed in cells
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Figure 1. Viability of PC12 cells exposed to HD. PC12 cells
were treated with 0, 5, 10 and 20 mM HD for 24 h. Then, MTT
was used to assay the cell viability. Data were presented as
mean±SD from three independent experiments. aP⁄0.05,
vs. control group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05,
vs. 10 mM HD group.



exposed to HD (P⁄0.05) (Figure 4C).

Effect of HD on MMP 

Figure 5 compare MMP in control cells with cells treat-
ed with HD at various concentrations. Significant ch-
anges in MMP were observed in cells exposed to HD
at all concentrations (P⁄0.05). Also, the dissipation
of MMP induced by HD was concentration-depend-
ent.

Effect of HD on cytochrome c release

Western blot analysis was performed to investigate the
effect of HD on the changes of the expression level of
cytochrome c in mitochondria and cytosol. Compared

with the control, the protein levels of cytochrome c de-
creased in mitochondrial fraction (Figure 6A) and in-
creased in cytosolic fraction (Figure 6B) in HD-expos-
ed cells. Treatment of PC12 cells with HD for 24
hours facilitated cytochrome c release from mitoch-
ondria into cytosol as compared with the control con-
dition. The release of cytochrome c from mitochond-
ria to cytosol was significantly increased as dose-de-
pendently.

Effect of HD on the activity of caspase-3 

The activity of caspase-3 in HD-exposed cells is shown
in Figure 7. The activity of caspase-3 in HD-exposed
cells was significantly higher than that in control group
(P⁄0.05). Moreover, the increase in the activity of
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Figure 2. Apoptosis of PC12 cells exposed to HD. PC12 cells were treated with 0, 5, 10 and 20 mM HD for 24 h. A: PC12 cells
were stained with the cell-permeable DNA dye Hoechst 33342 to examine the nuclear morphological changes in response to HD
treatment and visualized by fluorescent microscopy (400×). Cells marked with arrow are apoptotic; B: Flow cytometry analyze
of Annexin V/PI double-staining-labeled cells in each group. Data were presented as mean±SD from three independent
experiments. aP⁄0.05, vs. control group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05, vs. 10 mM HD group.
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Figure 3. Expression levels of Bax and Bcl-2 mRNA in PC12 cells exposed to HD. PC12 cells were treated with 0, 5, 10 and 20
mM HD for 24 h. Then, real time RT-PCR was used to detect mRNA expression of Bax and Bcl-2. A: HD increased Bax mRNA
expression and decreased Bcl-2 mRNA expression dose-dependently; B: The ratio of Bax/Bcl-2 was analyzed. Compared with
the control, HD significantly increased the ratio of Bax/Bcl-2 in a dose-dependent manner. Data were presented as mean±SD
from three independent experiments. aP⁄0.05, vs. control group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05, vs. 10 mM HD
group.

Figure 4. Expression levels of Bax and Bcl-2 protein in PC12 cells exposed to HD. PC12 cells were treated with 0, 5, 10 and 20
mM HD for 24 h. Then, Western blot was used to detect protein expression of Bax and Bcl-2. A: HD increased Bax protein
expression dose-dependently; B: HD decreased Bcl-2 protein expression dose-dependently; C: The ratio of Bax/Bcl-2 protein
expression significantly increased in a dose-dependent manner in HD-treated cells. Data were presented as mean±SD from
three independent experiments. aP⁄0.05, vs. control group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05, vs. 10 mM HD group.

(A) (B)
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caspase-3 in HD-exposed cells was concentration-
dependent.

Discussion

Apoptosis, also known as programmed cell death, plays
an important role during neuronal development and
in the homeostasis of the adult nervous system. How-
ever, an abnormal increase in apoptosis is the main
form of cell death caused by various toxicants23. Some

reports have showed that apoptosis involved in the
neurotoxicity of HD12-15. Although the important role
of apoptosis in the neurotoxic effects of HD has been
indicated, the underlying mechanism of HD-induced
apoptosis is not fully understood. Currently, a poten-
tial link between the mitochondrial apoptotic pathway
and neuron loss is highlighted in the neurotoxic effects
of several toxicants24-26. However, it remains unclear
whether or not HD-induced neuronal apoptosis is
associated with the activation of mitochondria-mediat-
ed pathway. In this study, our results showed that HD
induced apoptotic death in PC12 cells in a dose-depen-
dent manner. Moreover, we found that HD exposure
disturbed the expression of apoptosis-related proteins,
promoted the loss of MMP, induced the release of
cytochrome c from mitochondria and increased the
activity of caspase-3 in PC12 cells. The results demon-
strated that HD could induce apoptosis via a mitochon-
dria-dependent pathway in PC12 cells.

Mitochondria-dependent pathway is one of major
signaling pathways leading to apoptosis and plays
important roles in programming death induced by vari-
ous toxicants24-26. Several proteins are known to be
involved in the regulation of mitochondrial apoptosis,
among them Bcl-2 family holds significant place27,28.
The members of Bcl-2 family include both pro- and
anti-apoptotic proteins, pro-apoptotic Bax and anti-
apoptotic Bcl-2 belong to the most important mem-
bers, which elicit opposing effects on mitochondria29.
Under normal conditions, Bcl-2 complexes with Bax
to neutralize the pro-apoptotic molecule and prevent
cell death. Under apoptotic stimulation, however, it
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Figure 5. The MMP in PC12 cells exposed to HD. PC12
cells were treated with 0, 5, 10 and 20 mM HD for 24 h.
Then, the dissipation of MMP was induced in a concentra-
tion-dependent manner after HD exposure. aP⁄0.05, vs.
control group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05, vs.
10 mM HD group.

Figure 6. The release of cytochrome c in PC12 cells exposed to HD. Western blot was used to detect cytochrome c levels in
mitochondrial fraction (A) and cytosolic fraction (B) in HD-exposed cells. Data were presented as mean±SD from three inde-
pendent experiments. aP⁄0.05, vs. control group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05, vs. 10 mM HD group.

(A) (B)



will lead to the enhancement of Bax expression level
and trigger the loss of MMP. Several reports have sug-
gested that the loss of MMP eventually causes the
release of apoptogenic factors, which promotes the
efflux of death-promoting cytochrome c from mito-
chondria to cytosol. Then the cytochrome c in cytosol
in turn induces the activation of caspase cascade30.
Caspases are a family of intracellular proteases and
are responsible directly or indirectly for the morpho-
logical and biochemical events that characterize classi-
cal apoptosis.

In our study, when different concentrations of HD
were applied on PC12 cells, the expression of Bax
gene and protein increased with increasing HD con-
centration. Substantial evidences have demonstrated
that up-regulation of Bax could promote apoptotic
death of neuron populations in response to various
toxic stimuli including cocaine31, arsenic24, organopho-
sphorus esters26 and so on. Bax-deficient mice exhibit-
ed significantly decrease in neuronal apoptosis in ner-
vous system32. In contrast to Bax, Bcl-2 plays a role in
controlling the integrity of the mitochondrial mem-
brane and forms heterodimers with Bax to prevent
mitochondria dysfunction. It was reported that Bcl-2
inhibited a neuronal apoptotic cascade which was in-
duced by death-inducing neurotoxins33-35. The present
study revealed that after HD exposure, the expression
of Bcl-2 gene and protein decreased with increasing
HD concentration in PC12 cells. However, Cui et al.
reported that the level of Bcl-2 was up-regulated in the
nerve tissues of HD-exposed rats. They detected no
features of apoptosis in morphological studies15. On
the contrary, we found typical apoptotic phenotype in

HD-exposed PC12 cells by Hoechst 33342 staining
and FACS analysis. The different degree of damage
caused by HD probably led to the difference between
the expression of Bcl-2. If the damage was not severe
enough to make cells overt death, the increase of Bcl-
2 was a protective mechanism in response to HD ex-
posure. Along with the increased exposure of HD, the
expression of Bcl-2 decreased and promoted the pro-
gress of apoptosis. As well known, Bax/Bcl-2 ratio
determines the fate of cell by regulating MMP collapse,
an early event in mitochondrial apoptosis36. In the pre-
sent study, the ratio of Bax/Bcl-2 significantly increas-
ed in PC12 cells after HD exposure, which supported
our hypothesis that the mechanism of apoptosis might
involve mitochondria-dependent pathway.

Lots of evidences indicated that the disruption of
MMP involved in various toxicant induced-apopto-
sis24,25,37. MMP collapse had been found in HD expos-
ed- spermatogenic cells21. In our study, a significant
decrease in MMP was also observed in HD-exposed
PC12 cells in a concentration-dependent manner. It
was showed that the loss of MMP eventually causes
the efflux of death-promoting cytochrome c from mito-
chondria to cytosol. We also found an increase of
cytochrome c in cytosolic fraction and a correspond-
ing decrease in mitochondrial fraction in PC12 cells
after HD exposure. The results indicate that HD ex-
posure induces the loss of MMP and translocation of
cytochrome c in PC12, which involved in the induc-
tion activation of caspase cascade.

Caspase-3 is the ultimate enforcer of caspases in
apoptosis. Cells deficient in caspase-3 were resistant
to apoptosis38. The activation of caspase-3 alone was
sufficient to cause mitochondria-mediated apoptosis
in neurons24. By activation caspase-3, the induction
of mitochondria-mediated apoptotic death has been
shown in various cells24,37,39,40. In our study, caspase-3
activity was significantly increased by HD in a con-
centration-dependent manner. It was suggested that
the initiation of apoptosis was triggered by the activat-
ed caspase-3, followed by an overt apoptotic changes
(showed by Hoechst 33342 staining and flow cytome-
try). 

The current study clearly showed that HD induced
apoptosis in PC12 cells. The mechanism involved with
up-regulation of Bax and down-regulation of Bcl-2,
followed by the loss of MMP, along with the release
of cytochrome c, the activation of caspase-3 and finally
resulted in apoptosis. This study provides a new possi-
bility that mitochondria-mediated apoptosis involves in
the neurotoxicity of HD. However, further studies still
needed to explore the mechanistic details of HD-in-
duced apoptosis, such as the change of other pro-apo-
ptotic factors, and the expression of upstream regula-
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Figure 7. The activity of caspase-3 in PC12 cells exposed to
HD. HD increased caspase-3 activity in PC12 cells in a con-
centration-dependent manner. Data were presented as mean
±SD from three independent experiments. aP⁄0.05, vs. con-
trol group; bP⁄0.05, vs. 5 mM HD group; cP⁄0.05, vs. 10
mM HD group.



tors mitochondria-dependent pathway, caspase-8 and
-9 etc.

Materials & Methods

Cell culture and HD exposure

PC12 cells were purchased from Shanghai Institute of
Cell Biology, Chinese Academy of Sciences (Shang-
hai, China) and cultured in DMEM with 10% FBS,
100 U/mL penicillin and 100 U/mL streptomycin. After
48 h of incubation, PC12 cells grew into 80% conflu-
ent monolayer. The cells were treated with 5, 10 and
20 mM HD in DMEM culture media for 24 h, respec-
tively. DMEM medium without HD was added to the
control group. 

Cell viability assay

Cell viability was assessed by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
on a 96-well plate. In brief, PC12 cells were treated
with 5-20 mM HD for 24 h, according to literature re-
sources.13,22 At the end of treatment, the cells were
incubated with 0.5 mg/mL MTT (Sigma, USA) for 4
h. The medium was then removed and replaced with
750 μL DMSO. The plate was shaken for 10 min and
the absorbance was measured at 570 nm using a micro-
plate reader (SPECTRA FLUOR, Austria). Cell viabi-
lity was expressed as percent of the control culture
value.

Hoechst 33342 staining

After treated as described above, the cells were observ-
ed by microscope, and then fixed with 4% paraformal-
dehyde for 20 min at room temperature and washed
with PBS thrice for 5 min. Cell nuclei were stained
with Hoechst 33342 (Sigma, USA) at a final concentra-
tion of 10μg/mL in PBS, for 20 min in a dark chamber.
Then the cells were observed under converted fluore-
scence microscope (Olympus U-RFLT50, Japan) and
photographed.

FCM with FITC-Annexin V/PI double staining 

After treated as described above, the cells were gently
digested with trypsin, washed thrice with PBS and 4
×106 cells were collected. Then resuspended in 500
μL annexin V Binding buffer and incubated with PI
and annexin V-FITC (KeyGEN, China) at room tem-
perature in dark for 30 min. Fluorescence analysis
was carried out using a flow cytometer (BD FACS
Calibur, USA).

Real-time RT-PCR

Total RNA was extracted from PC12 cells by using
RNAiso Plus according to the manufacturer’s instruc-
tions (Takara, Japan). Only RNA samples with an A260/
A280 of 1.8-2.2 were used for reverse transcription.
Total RNA of 100 ng/μL  was reverse-transcribed using
Reverse Transcription Kit (Takara, Japan). Quantita-
tive real-time PCR was carried out with SYBR Green
II PCR kit (Takara, Japan) using a TP800 Real-Time
PCR Detection System (Takara, Japan). The follow-
ing primer pairs were used (Takara, Dalian): Bax: 5′-
CGA ATT GGC GAT GAA CTG GA-3′/5′-CAA
ACA TGT CAG CTG CCA CAC-3′; Bcl-2: 5′-GAC
TGA GTA CCT GAA CCG GCA TC-3′/5′- CTG
AGC AGC GTC TTC AGA GAC A-3′; β-actin: 5′-
GGA GAT TAC TGC CCT GGC TCC TA-3′/5′-GAC
TCA TCG TAC TCC TGC TTG CTG-3 ′.  The
reaction conditions were as follows: an initial denatura-
tion at 95�C for 5 min, followed by 40 cycles of 95�C
for 30 s, 55�C for 30 s and 72�C for 30 s. The β-actin
mRNA was used as internal controls probe.

Western blot

Cells were homogenized in ice-cold RIPA Tissue Pro-
tein Extraction Reagent (Beyotime, China) supplement-
ed with 1% proteinase inhibitor mix. The proteins were
mixed with an equal volume of SDS-PAGE loading
buffer and separated by SDS-PAGE and then electro-
transferred to Hybond-PVDF membrane (Millipore,
France). The membrane was incubated with appro-
priate primary antibodies at 4�C overnight. Antibodies
used were Bcl-2, Bax (1 : 500, Cell Signaling Techno-
logy, USA) and cytochrome c (1 : 500, Beyotime, China).
Immunoreactivity was visualized by second horsera-
dish peroxidase-conjugated antibody (1 : 5000, Sigma,
USA) and enhanced chemoluminescence. Quantified
densitometry analysis was using with UVP BioSpec-
trum Multispectral Imaging System (Ultra-Violet Pro-
ducts Ltd. USA).

MMP assay 

The uptake of the cationic fluorescent dye rhodamine
123 has been used for the estimation of MMP. Cells
were harvested and washed twice with PBS, and the
cell pellet was then resuspend in 2 mL fresh incuba-
tion medium containing 1 μM rhodamine 123 (Beyo-
time, China) and incubated at 37�C. Cells were then
separated, and the amount of rhodamine 123 was mea-
sured using a fluorescence spectrophotometer set (Hita-
chi650-60, Japan) at 490 nm excitation and 520 nm
emission wavelengths. Results were expressed as the
fluorescence retained within the cells.
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Caspase-3 activity detection

Caspase-3 activities were determined with a caspase-3
activity assay kit (Beyotime, China), which detected
the production of the chromophore p-nitroanilide after
its cleavage from the peptide substrate DEVD-p-nitro-
anilide and LEHD-p-nitroanilide. Colorimetric reac-
tion was developed and measured at 405 nm in a BioRad
plate reader.

Statistical analysis

Data were presented as mean±standard deviation
(SD) from at least three independent experiments. All
data were analyzed with SPSS 11.0 for windows. Dif-
ference in mean values between groups was tested with
the one-way ANOVA and LSD test. P values less than
0.05 were considered significant.
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