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Cholesterol oxidase from Bordetella species promotes
irreversible cell apoptosis in lung adenocarcinoma by
cholesterol oxidation

J Liu1,7, G Xian1,7, M Li2, Y Zhang3, M Yang4, Y Yu4, H Lv3, S Xuan5, Y Lin*,6 and L Gao*,5,6

Cholesterol oxidase (COD), an enzyme catalyzing the oxidation of cholesterol, has been applied to track the distribution of
membrane cholesterol. Little investigations about the effect of COD on tumor cells have been performed. In the present study, we
provided evidence that COD from Bordetella species (COD-B), induced apoptosis of lung cancer cells in vitro and in vivo. COD-B
treatment inhibited Akt and ERK1/2 phosphorylation in dose- and time-dependent manner, which was not reversed and was even
aggravated by cholesterol addition. Further investigation indicated that COD-B treatment promoted the generation of reactive
oxygen species (ROS) and that cholesterol addition further elevated ROS levels. Moreover, COD-B treatment resulted in JNK and
p38 phosphorylation, downregulation of Bcl-2, upregulation of Bax, activated caspase-3 and cytochrome C release, which likely
responded to freshly produced hydrogen peroxide that accompanied cholesterol oxidation. Catalase pretreatment could only
partially prevent COD-B-induced events, suggesting that catalase inhibited H2O2-induced signal transduction but had little effect
on signal pathways involved in cholesterol depletion. Our results demonstrated that COD-B led to irreversible cell apoptosis
by decreasing cholesterol content and increasing ROS level. In addition, COD-B may be a promising candidate for a novel
anti-tumor therapy.
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Cholesterol is an essential component of the plasma
membrane in eukaryotic cells and has an important role in
maintaining structure integrity, receptor function, dynamics
and ion channels in the plasma membrane.1–3 Cholesterol is a
critical constituent for the formation of lipid rafts.4 Lipid rafts
are plasma membrane microdomains locating abundant
signaling molecules, such as caveolin-1 protein and
epidermal growth factor receptor (EGFR).5 These molecules
conduct a series of cellular functions, including cell prolifera-
tion and apoptosis.6 Because cholesterol has a bridging role in
liquid-ordered rafts by binding tightly to the sphingolipids with
saturated hydrocarbon chains, modification or depletion of
membrane cholesterol is speculated to perturb the properties
of lipid rafts.7,8 Several studies have demonstrated that the
depletion of membrane cholesterol led to the disruption of lipid
rafts and dissociation of signaling molecules from lipid rafts,
which generated aberrant signal transductions and disturbed
cellular functions.9 Therefore, membrane cholesterol concen-
tration is accurately regulated.10

Cholesterol metabolism is disorganized in various tumors,
such as prostate, lung, acute myeloid leukemia and breast
cancer and especially in chemoresistant tumors.11–15 Solid

tumors accumulate more cholesterol compared with normal
tissue, which contributes to the proliferation, differentiation
and migration of tumor cell.16,17 The elevated content of
membrane cholesterol modulates the activation of cellular
surface receptors, such as EGFR.18,19 Several reports have
demonstrated that EGFR is upregulated in most malignant
cells and stimulates the proliferation of cells by promoting the
downstream activation of protein kinase B (Akt).20–22 Deple-
tion of cholesterol from plasma membrane induces Akt
inactivation and cell death.23,24 Furthermore, the alteration
of membrane cholesterol also affects the expression of the
B-cell lymphoma/leukemia-2 (BCL-2) family members.21,25

Therefore, it has been proposed that membrane cholesterol
could potentially be a therapeutic target for tumors.

The modification of membrane cholesterol can be mainly
performed by methyl-beta-cyclodextrin (MbCD), statin
and filipin.9,21 Previous reports have indicated that MbCD
could take up cholesterol into the internal hydrophobic pocket
to form a MbCD–cholesterol complex and that the hydrophilic
surface promoted the complex to dissolve in the aqueous
phase.26 Statins serve as competitive inhibitors to 3-hydroxy-
3-methylglutaryl CoA reductase (HMG-CoA) to block
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synthesis of cholesterol. Filipin, as a macrolide polyene
antibiotic, binds specifically to cholesterol and causes the
disruption of lipid rafts.27 A common factor shared by the
above three agents is that the cholesterol alteration caused
by each of them can be reversed by the supplement
of exogenous cholesterol. In view of high cholesterol in the
modern diet, the effect of MbCD, statin and filipin on tumors
would be attenuated, although prolonged suppression of
cholesterol synthesis reduces the risk of advanced prostate
cancer.28

Cholesterol oxidase (COD) is a flavoprotein from
microorganisms that catalyzes the oxidation of cholesterol to
4-cholesten-3-one with the reduction of oxygen to hydrogen
peroxide.29 COD can convert membrane cholesterol to
4-cholesten-3-one and can inhibit the formation of lipid rafts.30

Different from other cholesterol-depleting agents, COD
disrupts lipid rafts by displacing cholesterol with 4-choles-
ten-3-one. However, because the action of COD is dependent
on the microenvironment of membrane cholesterol, such as
the phospholipid composition, cholesterol content and ionic
strength, COD does not attack all cell types. So far, despite
the fact that COD has been well known as a lipid raft
destroyer, few investigations have been conducted to
directly determine the impact of COD on signal transduction
in cancer.

In this study, we investigated whether COD purified from
Bordetella species (COD-B) could suppress the growth of a
lung adenocarcinoma cell line by its effect on membrane
cholesterol. We provide the evidence that COD-B induces
apoptosis in lung adenocarcinoma cells by catalyzing
oxidation of membrane cholesterol and elevating reactive
oxygen species (ROS) levels. Moreover, COD-B-induced
apoptosis is not reversed and is aggravated by cholesterol
supplementation.

Results

COD-B catalyzed the oxidation of membrane cholesterol
in lung adenocarcinoma cells. Previous studies have
demonstrated that membrane cholesterol could be oxidized
by COD.31,32 In this investigation, we examined whether
COD-B oxidized membrane cholesterol in lung adenocarci-
noma cells. We first measured the cholesterol alteration
probed by the sterol-specific dye filipin in whole cells.
The results showed that COD-B treatment induced mem-
brane cholesterol levels despite cholesterol repletion by the
exogenous cholesterol (Figure 1A). Consistent with
cholesterol staining, TLC analysis confirmed that treatment
of A549 cells with COD-B caused oxidation of cholesterol
(Figure 1Ba). The product held functional groups visualized
by UV irradiation (Figure 1Bb). Mass spectrum (MS) analysis
verified that the molecular weight (Mr) of the product
was 384.7 consistent with 4-cholesten-3-one by Figure 1D.
Exposure of A549 cells to 1 U/ml COD-B for 6 h resulted in
the oxidation of nearly 60% of the cholesterol, and
cholesterol addition could partially prevent the oxidation but
did not affect the formation of 4-cholesten-3-one (Figure 1C).
Taken together, the oxidation of membrane cholesterol was
caused by exposure of A549 cells to COD-B (Figure 1E) and
could not be completely restored by cholesterol addition.

COD-B-induced lung adenocarcinoma cell apoptosis.
Because of the important role of membrane cholesterol in
signal transduction, we tested the effect of COD-B on A549
and SPC-A-1 cells’ viabilities. After exposure to COD-B for
24 h, A549 and SPC-A-1 cells’ viabilities were significantly
inhibited by COD-B with IC50 of 0.34±0.04 U/ml and
0.52±0.03 U/ml, respectively (Figure 2a). Exposure of
A549 and SPC-A-1 cells to 1.0 U/ml COD-B for 6 h induced
cell death in approximately 70 and 50% of the cells
(Figure 2b). After treatment with COD-B, the cells were
progressively more circular shaped with increasing concen-
trations of COD-B (Figure 2c). Because the process of
apoptosis is accompanied by morphological changes,33,34

and membrane cholesterol was implicated in pro-apoptotic
and anti-apoptotic signaling pathways, we assessed whether
COD-B influenced the activation of Akt and extracellular
signal-regulated kinase 1/2 (ERK1/2) for cell survival, as well
as caspase-3 for cell apoptosis. As shown in Figure 2d,
with increasing doses, COD-B gradually suppressed the
phosphorylation of Akt and ERK1/2 and activated caspase-3.
To verify whether the COD-B-induced Akt and ERK1/2
inactivation could be reversed by supplying cholesterol, cells
were treated with COD-B for 6 h followed by incubation with
1 mM cholesterol for 1 h, and the phosphorylation of Akt and
ERK1/2 was determined by western blotting. Figure 2e
illustrates that cholesterol supplementation slightly restored
the activation of Akt and ERK1/2, whereas we noted an
increase in the accumulation of activated caspase-3. TUNEL
staining showed that the exposure to COD-B led to extensive
DNA damage with increasing doses of COD-B (Figure 3a),
which confirmed COD-B-induced apoptosis. Internucleo-
somal degradation of the genome DNA, another biochemical
hallmark of apoptosis, was further analyzed by agarose
electrophoresis. As shown in Figure 4b, exposure of cells to
COD-B caused significant degradation of the genome DNA
with increasing time of treatment, which was further
aggravated by cholesterol addition. Inconsistent with the
results in Figure 1E, cholesterol addition did not prevent cell
apoptosis but even slightly promoted cell apoptosis, which
was further verified by measuring Annexin V binding to cell
membranes using flow cytometer analysis (Figure 3b). It was
perplexing that cholesterol addition slightly activated Akt
and ERK1/2, whereas it did not prevent cell apoptosis.
To explain these results, we tested whether ROS had a role
in COD-B-induced apoptosis.

The ROS–mitochondrial apoptotic pathway was
involved in COD-B-induced apoptosis. Given that
hydrogen peroxide was generated along with cholesterol
oxidation catalyzed by COD-B (Figure 1D), ROS levels were
evaluated by detecting the DCF fluorescence intensity. As
shown in Figure 4a, COD-B induced a dose-related increase
in DCF fluorescence intensity, confirming that COD-B
treatment did induce ROS generation. Cholesterol addition
markedly elevated ROS levels, which was likely due to
the oxidation of exogenous cholesterol and accumulation of
hydrogen peroxide. The anti-apoptotic protein Bcl-2 and pro-
apoptotic protein Bax are closely related to ROS generation.
We examined whether COD-B treatment could affect the
expression of both proteins. As expected, COD-B treatment
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induced the downregulation of BCL-2 and the upregulation of
Bax (Figure 4b), which was promoted by cholesterol addition.
Given that BCL-2 family members have important roles in
mediating cytochrome C (Cyt C) release from mitochondria,
we further tested the effect of COD-B on Cyt C release.
Figure 4c showed that COD-B treatment resulted in
Cyt C release from mitochondria to cytoplasma, which was
enhanced by cholesterol addition. Because c-Jun NH2-
terminal kinase (JNK) and p38 are considered mediators of
pro-apoptotic signaling in cells exposed to oxidative stress,
we also tested whether COD-B influenced the activation of
JNK and p38. The results authenticated that COD-B
could induce phosphorylation of JNK and p38 (Figure 4d).
Combined with COD-B-induced caspase-3 activation, we
reasoned that the ROS–mitochondrial apoptotic pathway
should be implicated in COD-B-induced apoptosis. There-
fore, the activation of Akt and ERK1/2 was transiently

induced by freshly generated hydrogen peroxide during
the oxidation of cholesterol addition.

Subsequently, we tested the effect of catalase on the
COD-B-induced signaling response. When cells were pre-
treated with catalase (10 U/ml) before adding COD-B and
cholesterol, the phosphorylation of Akt and ERK1/2 remained
attenuated compared with the group without catalase treat-
ment (Figure 5a). Catalase pretreatment also partially blocked
the activation of caspase-3. Furthermore, preincubation of
cells with catalase led to a slight increase in cell viability
compared with cells without catalase before COD-B treatment
(Figure 5b). Inactive COD-B (incubation in boiling water for
5 min) had little effect on cell viability in the presence of
cholesterol and catalase. Because the hydrogen peroxide-
induced phosphorylation of Akt and ERK1/2 peaked after a
short time, we investigated the effect of COD-B on phosphor-
ylation of Akt and ERK1/2 at short intervals. As shown in

Figure 1 Effect of COD-B on membrane cholesterol in lung adenocarcinoma cells. A549 cells were treated with different concentration of COD-B or cholesterol for 6 h.
(A) Cholesterol staining by the sterol-binding probe filipin. (B) TLC analysis of membrane lipids extracted from A549 cells. (a) TLC plate was colorized by 10% sulfuric acid;
(b) TLC plate was detected by UV irradiation. (C) Relative content of membrane cholesterol and oxidation product. (D) Mass spectrum analysis of the oxidation product.
MrþH, represented molecular weight of product plus Hþ ; MrþNa, represented molecular weight of product plus Naþ . (E) The cholesterol oxidation catalyzed by COD-B.
Mr, represented molecular weight. Values are means of at least three independent experiments. *Po0.05 versus control group; **Po0.01 versus control group; #Po0.05
versus the group treated with 0.5 U/ml COD-B; ##Po0.01 versus the group treated with 1.0 U/ml COD-B
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Figures 5c and d, COD-B induced the transient phosphoryla-
tion of Akt and ERK1/2 with peaks at 20 min. After 240 min of
exposure, the COD-B-induced phosphorylation of Akt and
ERK1/2 returned to basal levels and decreased gradually to
dephosphorylation. The addition of cholesterol could not block
the transient activation. To verify the involvement of exo-
genous hydrogen peroxide in the COD-B-mediated signaling
response, the catalase-pretreated cells were incubated with
COD-B or COD-B/cholesterol for 20 min, and then phosphor-
ylation of Akt and ERK1/2 was examined. As shown in
Figures 5e and f, phosphorylation of Akt and ERK1/2 was
significantly increased after exposure to 0.5 mM H2O2 or
1.0 U/ml COD-B with 1 mM or no cholesterol for 20 min.
Catalase treatment attenuated the phosphorylation of Akt
and ERK1/2 induced by COD-B and also inhibited H2O2-
induced activation of Akt and ERK1/2. These data indicated

that exogenous H2O2 during oxidation of cholesterol
indeed had a role in the COD-B-induced signaling response
and apoptosis.

COD-B induced the reversible translocation of
caveolin-1. Because caveolin-1 is believed to be involved
in trafficking membrane cholesterol, we tested whether
membrane cholesterol oxidation affected the location of
caveolin-1. As shown in Figure 6, most of the caveolin-1 was
assigned to the Triton X-100-insoluble fraction in untreated
cells. Immunofluorescent staining showed that caveolin-1
was mainly dispersed in the plasma membrane with a minor
portion in the intercellular space in untreated cells. COD-B
treatment induced the intercellular accumulation of caveolin-1,
whereas the addition of cholesterol blocked the transloca-
tion. In accordance, we showed that caveolin-1 disappeared

Figure 2 Effect of COD-B on cell viability, phosphorylation of Akt and ERK1/2 and caspase-3 activation. (a) Viability of serum-free A549 and SPC-A-1 cells treated with
different concentrations of COD-B for 24 h. (b) Viability of serum-free A549 and SPC-A-1 cells treated with 1.0 U/ml COD-B for the indicated time. (c) The microscopic images
of serum-free A549 cells treated with the indicated concentrations of COD-B. (d) A549 and SPC-A-1 cells were incubated in serum-free medium with the indicated
concentrations of COD-B overnight. Equal amounts of protein from each treatment were analyzed by western blotting. (e) A549 and SPC-A-1 cells were incubated in
serum-free medium in the presence of 1.0 U/ml COD-B for the indicated time. Select COD-B-treated cells after 6 h were incubated with 1 mM cholesterol for an additional 1 h.
Equal amounts of protein from each treatment were analyzed by western blotting. Values are means of at least three independent experiments
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from the Triton X-100-insoluble fraction in COD-B-treated
cells by western blotting, which could be reversed by the
addition of cholesterol. Interestingly, additional cholesterol
induced the redistribution of most caveolin-1 into the plasma
membrane but did not reduce the apoptotic rate.

COD-B induced apoptosis in xenograft tumors. To
determine whether COD-B also induced apoptosis

in vivo, we analyzed the effect of COD-B on growth
and apoptosis of xenograft tumors. Compared with the
control group, tumor volumes were decreased in the COD-B-
treated group (Figures 7a and b), and the apoptotic
percentage of tumor cells were significantly increased in
the COD-B-treated group (Figure 7c), indicating that COD-B
treatment inhibited tumors growth and induced tumors
apoptosis in vivo.

Figure 3 Analysis of apoptosis induced by COD-B. A549 cells were incubated in serum-free medium with the indicated concentrations of COD-B for 6 h. Select COD-B-
treated cells were incubated with 1mM cholesterol for an additional 1 h. (a) The treated cells were assessed by Hoechst staining and TUNEL assay. (b) The treated cells were
subjected to flow cytometer analysis. These experiments were repeated at least three times
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Discussion

COD has been utilized to detect the distribution of membrane
cholesterol.35 For whole cells, only membrane cholesterol has
responded to the oxidation of COD.35,36 However, because
the action of COD is dependent on the microenvironment of
cholesterol in the plasma membrane, such as the phospho-
lipid composition, cholesterol content and ionic strength, this
enzyme does not attack all cell types.35 Considering that the
enzymatic properties of COD from diverse microorganisms
are different, it is deduced that the reactivities of different
CODs on plasma membranes significantly depend on their
enzymatic properties, such as pH stability, temperature
stability, optimal functional pH and temperature, stability in
metal ionic buffers and Km values.36 Our previous study has
demonstrated that COD-B, a COD isolated from Bordetella
species, is very stable over a wide range of pH values and

temperatures and exhibits optimal activity around a pH of 7.0
at 37 oC.37 Moreover, metal ions can stimulate COD-B
activity.37 Thus the enzymatic properties of COD-B, combined
with elevated levels of membrane cholesterol in tumor
cells, facilitate its action on the membrane of tumor cells.
In the present study, our results demonstrated that exposure
of A549 cells to COD-B could reduce the level of membrane
cholesterol but did not obviously elevate the level of
4-cholesten-3-one (Figures 1A and C), which was consistent
with previous reports.18,38 Therefore, it is likely that
4-cholesten-3-one was dislocated from the membrane due
to loss of 30-OH.

The exposure to COD-B inhibited the growth of lung
adenocarcinoma cells in vitro and in vivo. (Figures 2 and 7).
Hoechst staining, TUNEL assay and flow cytometer analysis
illustrated COD-B-induced apoptosis (Figure 3). Furthermore,
DNA fragments’ assay also indicated COD-B-induced

Figure 4 Effects of COD-B on ROS generation and expression of Bcl-2, Bax, Cyt C, JNK and p38. A549 and SPC-A-1 cells were incubated in serum-free medium with the
indicated concentrations of COD-B for 6 h. Select COD-B-treated cells were incubated with 1 mM cholesterol for an additional 1 h. (a) ROS generation was assessed by
the oxidation-sensitive fluorescent probe (DCF-DA). (b) The profile of DNA from untreated and treated cells. (c) Effects of COD-B on the expression of Bcl-2 and Bax.
Equal amounts of protein from each treatment were analyzed by western blotting. (d) Effects of COD-B on release of Cyt C from mitochondria to cytosol. (e) Effects of COD-B
on phosphorylation of JNK and p38. All experiments were repeated at least three times
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apoptosis (Figure 4b). Although COD has been explored in
various cell types, such as HaCaT cells,9 hippocampal cells,37

Chinese hamster ovary cells,32 fibroblasts and kidney
epithelial cells,38 the apoptotic mechanism is largely unclear.
At present, the roles of membrane cholesterol in signal
transduction have been widely investigated by cholesterol
depletion or addition. Statins, as the HMG-CoA reductase
inhibitor, effectively reduce the membrane cholesterol content
and inhibit Akt phosphorylation, which results in cell

apoptosis.23,25 Cholesterol depletion by MbCD induces the
inactivation of Akt and provokes the apoptosis of cells.24

However, cholesterol addition can reverse the effects of
statins and MbCD. Our studies showed that COD-B treatment
for 6 h could inhibit Akt and ERK1/2 phosphorylation and could
activate caspase-3 (Figure 2d) in a dose-dependent manner.
Cholesterol addition could partially activate Akt and ERK1/2
but was not enough to prevent cells from undergoing
apoptosis (Figures 2e and 3). Because H2O2 could rapidly

Figure 5 Effects of COD-B on different signaling pathways. (a) A549 cells were incubated in serum-free medium with or without 1.0 U/ml COD-B and 10 U/ml catalase
for 6 h. Select COD-B-treated cells were incubated with 1 mM cholesterol for an additional 1 h. Equal amounts of protein from each treatment were analyzed by western
blotting. (b) Effects of different treatments as described in panel (a) on cell viability. *Po0.05 versus control group. (c) A549 cells were incubated in serum-free medium with
1.0 U/ml COD-B for the indicated time. Select cells were incubated simultaneously with 1.0 U/ml COD-B and 1.0 mM cholesterol for the indicated time. Equal amounts of
protein from each treatment were analyzed by western blotting. Values are means of at least three independent experiments. *Po0.05, comparisons between groups treated
for the indicated time with 1.0 U/ml COD-B in the presence or absence of cholesterol. (d) A549 cells were incubated in serum-free medium in the presence or absence of
1.0 U/ml COD-B, 1.0 mM cholesterol, 10 U/ml catalase, or 0.5 mM H2O2 for 20min. Equal amounts of protein from each treatment were analyzed by western blotting.
Values are means of at least three independent experiments. *Po0.05 versus control group
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induce transient phosphorylation of Akt and ERK1/2,39 it was
speculated that the additional generation of H2O2 was
involved in partial activation of Akt and ERK1/2. We first
examined the levels of ROS during COD-B treatment with or
without cholesterol. The results showed that elevated ROS
levels depended on the dose of COD-B. Cholesterol addition
promoted significant generation of ROS after COD-B treat-
ment (Figure 4a). Along with the elevated ROS, COD-B
promoted the generation of DNA fragments (Figure 4b), and

COD-B also induced Bcl-2 downregulation and Bax upregula-
tion (Figure 4c). Furthermore, COD-B treatment promoted the
release of Cyt C from mitochondria to cytoplasma (Figure 4d).
It has been well known that ROS mediates Cyt C release
from mitochondria.40 Correlating with the activation of
JNK, p38 and caspase-3 (Figures 2d and 4e), the ROS–
mitochondrial signal pathway was implicated in COD-B-
induced apoptosis. Therefore, the H2O2 produced, along with
cholesterol oxidation, had a critical role in the signal

Figure 6 Effects of COD-B on caveolin-1 location. (a) Analysis of caveolin-1 location in untreated A549 cells by western blotting. Lanes 1–5 represent five repeated
experiments; T-sf represents the Triton X-100-soluble fraction; T-isf represents the Triton X-100-insoluble fraction. (b) A549 cells were incubated in serum-free medium in the
presence or absence of 1.0 U/ml COD-B or 1.0 mM cholesterol for 1 h. Cells were permeabilized and stained with an anti-caveolin-1 antibody. (c) Equal amounts of protein
from T-isf from each treatment were analyzed by western blotting using anti-caveolin-1 antibody. (d) Cell apoptosis was assessed by flow cytometer analysis
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transduction induced by COD-B. Hence, COD-B-mediated
signal transduction might be a concurrent result of cholesterol
depletion and H2O2 generation, which was different from the
events induced by alone cholesterol depletion.

Further investigations were performed to ascertain the
involvement of H2O2 in COD-B-mediated signal transduction
by catalase pretreatment before cell exposure to COD-B.
The results indicated that the cholesterol addition caused low
levels of Akt and ERK1/2 phosphorylation in COD-B-treated
cells. In contrast, catalase pretreatment decreased Akt and
ERK1/2 phosphorylation and rescued a few cells from
apoptosis induced by COD-B (Figures 5a and b), which
suggested that the phosphorylation of Akt and ERK1/2 might
be in response to fresh H2O2. We further tested the activation
of Akt and ERK1/2 in the presence of COD-B without or
with cholesterol at short intervals. Our results indicated that
COD-B induced transient activation of Akt and ERK1/2 within
2 h and that there was a decrease in phosphorylation after 2 h
(Figures 5c and d), which was similar to H2O2-induced
phosphorylation.39 The simultaneous addition of COD-B and
cholesterol for 20 or 40 min significantly provoked Akt
and ERK1/2 phosphorylation, and transient activation of Akt
and ERK1/2 seemed to rescue cells from apoptosis.

We found intriguing parallels between COD-B and H2O2

treatments, that is, both treatments caused transient phos-
phorylation of Akt and ERK1/2 in a short period of time, which
could be abolished by catalase pretreatment (Figures 5e
and f). The difference was that the catalase pretreatment
resulted in full dephosphorylation in the COD-B-treated
groups, whereas catalase pretreatment only restored cells
to basal phosphorylation in the H2O2-treated groups. These
observations suggested that catalase reduced the H2O2

generated with cholesterol oxidation and eliminated H2O2-
induced phosphorylation; however, catalase had little effect
on the dephosphorylation induced by cholesterol depletion.
Previous findings have revealed that cholesterol depletion led
to the inactivation of Akt but the activation of ERK1/2.18,24

However, our results suggested that cholesterol oxidation
affected phosphorylation of Akt and ERK1/2 in parallel, which

should be a combined effect of cholesterol depletion and H2O2

generation.
It is well known that cholesterol depletion induces caveolae

internalization, resulting in the inactivation of the Akt and
ERK1/2 pathways.41,42 Caveolin-1 is an important structural
protein of caveolae and is mainly distributed in the plasma
membrane, with a small portion found in the Golgi appara-
tus.38 Upregulation of caveolin-1 has been reported in lung
adenocarcinoma and prostate cancer, which are closely
related with their metastatic and invasive capacities.43–46 In
the present investigation, we found that cholesterol oxidation
caused translocation of caveolin-1 from the plasma mem-
brane to the cytoplasm (Figure 6). Cholesterol addition could
reverse the translocation but did not prevent cell apoptosis,
which suggested that cholesterol oxidation induced signal
transduction and apoptosis independently of caveolin-1.
Previous reports have proposed that lipid rafts are able to
mediate signal transduction associated with tumor progres-
sion in the absence of caveolin-1.47 Cholesterol level
has a more important role in cell survival than caveolin-1.21

Thus, combined with the reported literature, membrane
cholesterol should be a potential therapeutic target. COD-B
may be a promising therapeutic agent for tumors, especially
for chemoresistant tumors, which might be due to elevated
cholesterol levels and the action of COD-B dependent on the
membrane cholesterol content.48,49

Conclusions

In summary, we have provided the evidence that COD-B,
isolated from Bordetella species, oxidizes membrane choles-
terol to 4-cholesten-3-one with the reduction of O2 to H2O2,
which results in a decrease of cholesterol content and an
increase of ROS levels. The events induced by COD-B lead to
cell apoptosis by inactivation of the Akt and ERK1/2 pathway
as well as activation of caspase-3. The elevated ROS levels
also contribute to cell apoptosis by JNK phosphorylation and
the imbalance between Bax and Bcl-2, despite the initial
transient phosphorylation of Akt and ERK1/2 that responded
to oxidative stress to rescue the cells from apoptosis
(Figure 8). COD-B also oxidizes exogenous cholesterol to
4-cholesten-3-one and H2O2. Therefore, cholesterol addition
is not able to prevent the COD-B-induced apoptosis. These
findings suggest that COD-B may be a promising therapeutic
agent for cancer by targeting membrane cholesterol.

Materials and methods
Antibodies and reagents. The following monoclonal antibodies and
polyclonal antibodies (pAbs) were used: anti-Akt (pAb) and anti-Bcl-2 (pAb) were
from Anbo Biotechnology Company (San Francisco, CA, USA); anti-phospho-Akt
(Ser473, pAb), anti-phospho-ERK1/2 (pAb), anti-caspase-3 (pAb), anti-Bax (pAb),
anti-caveolin-1 (pAb), anti-phospho-JNK1/2 (pAb), anti-beta-actin (pAb) and
anti-alpha-tubulin (pAb) were purchased from Abcam (Cambridge, MA, USA).
RIPA lysis buffer was purchased from Cell Signaling Technology (Beverly, MA,
USA). The In Situ Cell Death Detection Kit was purchased from Roche Applied
Science (Shanghai, China). 3-(4,5-Dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), 20,70-dichlorofluorescin diacetate (DCF-DA) and water-soluble
cholesterol were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Cell culture. The human lung adenocarcinoma cell line A549 and SPC-A-1
were purchased from American Type Culture Collection (Manassas, VA, USA). Cells
were cultured in Dulbecco’s modified Eagle’s medium (Hyclone, Logan, UT, USA)

Figure 7 COD-B induced tumors’ apoptosis in vivo. (a) Five xenograft tumors
from control group and COD-B-treated group are shown. (b) COD-B treatment
suppressed tumors; growth in vivo. (c) TUNEL assay revealed COD-B-induced
apoptosis
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supplemented with 10% fetal bovine serum (Hyclone), 100 U/ml penicillin,
100 U/ml streptomycin and 0.03% L-glutamine at 37 oC in 5% CO2.

COD treatments. COD from Bordetella sp. B4 (COD-B) was purified as
previously described.37 When the cells were grown to approximately 50%
confluence, the medium was changed to serum-free medium for 4 h before COD-B
treatments. COD-B was diluted with fresh serum-free medium at the indicated
concentration. The cells were washed with fresh serum-free medium and
immediately exposed to various concentrations of COD-B for 24 h. The cells were
also cultured in serum-free medium containing 1.0 U/ml COD-B for the indicated
time. To examine whether cholesterol oxidation could be reversed by the addition
of cholesterol, some cells that had been treated with COD-B for 6 h were
incubated with 1 mM cholesterol for an additional 1 h. One unit of COD-B (1 U)
was defined as the amount of enzyme that converted 1 mmol cholesterol into
cholest-4-en-3-one per minute at 37 1C.

The analysis of cholesterol and oxidation products. The treated
cells were rinsed with phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde for 30min. After rinsing three times, the cells were incubated
with 100mg filipin for 1 h and detected by a fluorescence microscope
(LEICA DMIRE2, Bensheim, Germany).
The preparation of the A549 cell membranes was performed as previously

described.31 Briefly, cells (1B2� 108) were scraped into the buffer (20mM Tris,
250mM sucrose, 1.0 mM EDTA, 10mM iodoacetamide, 200mM PMSF, 1 mM DTT,
10mg/ml aprotinin, 10mg/ml leupeptin and 0.02% sodium azide, pH 7.4). The cell
suspensions were sonicated on ice. After centrifugation at 100 000� g for 1 h, the
membrane fraction pellet was separated from the cytosolic fraction and washed
three times with the same buffer. The membrane pellet was mixed with chloroform
and methanol (2 : 1, v/v). After sonication, the chloroform layer extract was spotted
onto a thin layer chromatography plate (GF254, 0.25-mM thickness, 10� 10 cm2).
The plate was developed in dichloromethane : petroleum ether : ethyl acetate
(7.7 : 2 : 0.3), visualized by UV irradiation and sprayed with 10% sulfuric acid.

The spot corresponding to the oxidation product was scraped from the plate and
then redissolved in methanol for MS analysis.

Cell viability. The cells were seeded at 1� 104 in 100ml culture medium in a 96-
well microplate. After treatment, MTT solution (5mg/ml) was added and incubated
together for 4 h. The produced formazan was dissolved in DMSO and measured at the
dual wavelength of 570 nm and 650 nm using SpectraMax M2 (MDC, CA, USA).

Analysis of apoptosis. Cell apoptosis was assessed by Hoechst staining,
the TUNEL assay and flow cytometer analysis. The TUNEL assay was performed
using the In Situ Cell Death Detection Kit (Roche). Briefly, cells were washed with
cold PBS and fixed in 4% paraformaldehyde for 30min. The TUNEL reaction
mixture was prepared immediately and incubated with cells for 1 h. After rinsing
three times with PBS, Hoechst33258 (10mg/ml) was added and incubated
for 20min. Apoptosed cells were detected under a fluorescence microscope
(LEICA DMIRE2).
Flow cytometer analysis was applied to further determine the occurrence of

apoptosis. The cells in the supernatant were collected and combined with digested
cells using trypsin without EDTA and phenol red at 37 oC. After rinsing one time with
PBS, cells were incubated with fluorescein isothiocyanate-conjugated annexin-V
reagent (2.5 mg/ml) and PI (5 mg/ml) in binding buffer followed by flow cytometer
analysis.

DNA fragmentation assay. The cell were treated with 1 U/ml COD-B for
the indicated time in the presence or absence of 1mM cholesterol. The treated
cells were lysed in the buffer containing 10mM Tris-HCl (pH 7.4), 10 mM EDTA,
0.5% TritonX-100 and RNase A (400mg/ml) for 30min at 37 oC, followed by
incubation with proteinase K (400mg/ml) for 1 h at 50 oC. The lysates were
collected by centrifugation at 14 000� g for 10min. The fragmented DNA in the
supernatant was further extracted with phenol/chloroform/isoamyl alcohol
(25 : 24 : 1, v/v/v) and analyzed by agarose electrophoresis.

Protein extraction. The treated cells were harvested and resuspended
in RIPA lysis buffer (Thermo, Waltham, MA, USA), which was incubated in ice for
30min. After centrifugation at 10 000� g for 20min, the supernatant was collected
as the total protein. Cytosol and mitochondria protein were isolated using
cytoplasmic and mitochondrial protein extraction kit (Sangon Biotech, Shanghai,
China) according to the manufacturer’s protocol. Briefly, cells were collected by
centrifugation at 800� g for 5min. After being washed with PBS, the cell pellets
were resuspended in 1.0ml cytoplasmic extraction buffer and homogenized in a
precooling Dounce homogenizer (Active Motif, Carlsbad, CA, USA), followed by
vigorous shock for 15 s and incubation in ice for 15min. After centrifugation at
800� g for 10min, the supernatant was centrifuged again at 10 000� g for 30min
at 4 oC. The supernatant was collected as a cytosol protein and the pellet was
mitochondria fraction. The pellet was resuspended in 0.1-ml cytoplasmic extraction
buffer and vigorously shocked for 30 s at 4 oC. After centrifugation at 10 000� g for
10min, the pellet was resuspended in 0.1-ml mitochondria extraction buffer and
incubated in ice for 30min. After centrifugation at 10 000� g for 10min, the
supernatant was collected as mitochondria protein. The concentration of solubilized
protein was determined using the bicinchoninic acid method.

Western blotting analysis. Equal amounts of proteins (50mg) were loaded
and separated using 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis.
After separation, the proteins were transferred onto polyvinylidene fluoride
membranes. The membranes were blocked overnight with 5% BSA at 4 oC and
then probed with the indicated primary antibodies overnight at 4 oC. The membranes
were washed three times with TBST followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 1 h at room temperature. The
labeled proteins were detected using the enhanced chemiluminescence method and
quantified using Alpha Imager2200 (Cell Biosciences, Inc., Santa Clara, CA, USA).

Determination of ROS levels. The ROS level was assessed by the
oxidation-sensitive fluorescent probe (DCF-DA). After treatment with COD-B, cells
were washed with cold PBS and incubated in 10 mM DCD-DA for 30min at 37 oC.
The fluorescence excitation was performed at 488 nm, and the emission was
detected at 525 nm using a fluorescence microscope (LEICA DMIRE2).

Immunofluorescence. Cells on cover slips were fixed with 4% paraform-
aldehyde in PBS for 10min, permeabilized with 0.2% Triton X-100 in PBS for

Figure 8 Summary diagram of the signal pathways likely involved in
COD-B-induced apoptosis. COD-B oxidizes membrane or exogenous cholesterol
to 4-cholesten-3-one and H2O2, transiently activating Akt and ERK1/2 to rescue the
cells from apoptosis. Prolonged exposure to COD-B results in dephosphorylation of
Akt and ERK1/2 and ROS generation. The elevated ROS contributes to JNK
and p38 phosphorylation, upregulation of Bax, downregulation of Bcl-2 and Cyt
C release. Finally, caspase-3 is activated, leading to cell apoptosis
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5min and blocked with 2% BSA in PBS for 1 h at room temperature. After washing
with PBST three times, cells were incubated with anti-caveolin-1 (1 mg/ml)
overnight at 4 oC. Then, cells were washed gently with PBST for 10 times and
were incubated with Texas red-conjugated secondary antibody IgG for 1 h. After
washing with PBST for five times, cells were detected under a fluorescence
microscope (LEICA DMIRE2).

Analysis of caveolin-1. The isolation of caveolin-1 was performed as
previously described.32 Briefly, cells (1B2� 108) were washed with PBS and
harvested and incubated in MBS buffer (MBS, 25mM 2-(N-morpholino)-
ethanesulfonic acid, pH 6.5, 150mM NaCl, 1 mM EDTA, 1mM PMSF) containing
1% Triton X-100 on ice for 30min. After thorough homogenization and
centrifugation at 16 000� g, supernatants were obtained as Triton-soluble
fractions. Insoluble pellets were resuspended in MBS buffer with 1% Triton
X-100. After sonication on ice, Triton-insoluble fractions were obtained. Caveolin-1
in Triton-soluble and -insoluble fractions was analyzed by western blotting.
Moreover, caveolin-1 in live cells was also detected by immunofluorescence.

Mice xenograft models. Male 6-week-old BALB/c nude mice were purchased
from Weitonglihua Animal Center (Beijing, China) and maintained under specific
pathogen-free conditions in the animal facility. All procedures were approved by the
Institutional Laboratory Animal Care and Use Committee at Shandong Provincial
hospital. A total of 106 A549 cells in 100ml PBS were injected into both flanks of
mice. Long (L) and short axes (S) of tumors were measured by vernier caliper, and
the tumor volumes were calculated as follows: V¼ (L� S2)� p/6.50 When the tumor
volume reached approximately 60mM3, mice were randomized to two parts.
Thereafter, COD-B (5 U, q3 days) was injected in tumor, and the mice in control
group were injected with PBS. After treatment for 2 weeks, the mice were killed, and
the tumors were removed for histological analysis.

Statistical analysis. Statistical analysis was performed using the SPSS
software package (SPSS 18.0, Chicago, IL, USA). The results were presented as
the mean±S.E. of at least three independent experiments. The comparisons
between the two groups were performed by Student’s t-test. The comparisons
among multiple groups were performed by one-way ANOVA. Po0.05 was
considered to be statistically significant.
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