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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the tumor necrosis
factor family with apoptosis-inducing activity. Given that TRAIL selectively induces cell death in various
tumors but has little or no toxicity to normal cells, TRAIL agonists have been considered as promising
anti-cancer therapeutic agents. However, the resistance of many primary tumors and cancer cells to
TRAIL poses a challenge. In our present study, we found that carnitine, a metabolite that transfers
long-chain fatty acids into mitochondria for beta-oxidation and modulates protein kinase C activity, sen-
sitizes TRAIL-resistant cancer cells to TRAIL. Combination of carnitine and TRAIL was found to synergis-
tically induce apoptotic cell death through caspase activation, which was blocked by a pan caspase
inhibitor, but not by an inhibitor of autophagy or an inhibitor of necrosis. The combination of carnitine
and TRAIL reversed the resistance to TRAIL in lung cancer cells, colon carcinoma cells, and breast carci-
noma cells. We further demonstrate that carnitine, either alone or in combination with TRAIL, enhances
the expression of the pro-apoptotic Bcl-2 family protein, Bcl-2-associated X protein (Bax). The down-
regulation of Bax expression by small interfering RNA reduced caspase activation when cells were treated
with TRAIL, and experiments with cells from Bax knockout mice confirmed this result. Taken together,
our current results suggest that carnitine can reverse the resistance of cancer cells to TRAIL by up-regu-
lating Bax expression. Thus, a combined delivery of carnitine and TRAIL may represent a new therapeutic

strategy to treat TRAIL-resistant cancer cells.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The tumor necrosis factor (TNF)-related apoptosis-inducing li-
gand (TRAIL) is a member of the tumor necrosis factor family of
cytokines. The binding of TRAIL to its receptors, death receptor 4
(DR4) and DR5, triggers apoptotic signaling. The activation of
DR4 or DR5 recruits the Fas-associated death domain protein
(FADD) and procaspase-8 to form the death-inducing signaling
complex (DISC), which leads to the activation of the caspase cas-
cade [1,2]. Caspase activation can be suppressed by the inhibitor
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of apoptosis protein (IAP) family members, as well as by anti-apop-
totic B-cell lymphoma 2 (Bcl-2) family proteins [3].

The ability of TRAIL to selectively induce cell death in various
tumors, whilst showing little or no toxicity to normal cells, has
spurred several clinical development initiatives to test TRAIL for
cancer therapy [4]. However, most primary tumors and a range
of patient-derived cancer cell lines eventually become resistant
to TRAIL. For example, approximately 50% of all non-small cell lung
cancer (NSCLC) cells are resistant to the apoptotic effects of TRAIL
[5]. Resistance to TRAIL can arise from either dysfunctional TRAIL
receptors, defects in DISC proteins, or the abnormal expression of
either anti-apoptotic or pro-apoptotic proteins [6,7]. Hence, an
understanding of the molecular mechanisms of TRAIL resistance,
and thereby overcoming it, is a major challenge for the develop-
ment of effective TRAIL-based therapeutic strategies. Numerous
studies have indicated that a combined delivery of TRAIL and
chemotherapeutic agents sensitizes cells to TRAIL through
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mechanisms such as the up-regulation of death receptors, and reg-
ulation of Bcl-2 protein expression [8,9].

Our previous efforts to find a novel TRAIL sensitizer involved
simple screening of a bio-active chemical library, using TRAIL-
resistant cells [10]. From this endeavor, we identified L-carnitine
(carnitine) as a strong TRAIL sensitizer. Carnitine is an essential
cofactor in fatty acid metabolism, and regulates the activity of pro-
tein kinase C (PKC) [11-13]. In this study, we investigated the ef-
fects of carnitine on cell death in TRAIL-resistant cancer cells and
found that it strongly sensitizes these cells to TRAIL-induced apop-
tosis through the up-regulation of the Bax protein.

2. Materials and methods
2.1. Cells

Cancer cells originating from lung (A549, H460, and H129), co-
lon (HCT116, HT29, and SW620) and breast (MCF-7) tumors were
purchased from the American Type Culture Collection (ATCC).
These cells were maintained in Roswell Park Memorial Institute
(RPMI) or McCoy’s medium supplemented with 10% FBS and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA). HCT116 Bax
null cells were kindly provided by Dr. Bert Vogelstein (Johns Hop-
kins University, MD).

2.2. Reagents

Recombinant human TRAIL and zVAD-FMK were purchased
from R&D Systems (Minneapolis, MN). L-Carnitine, bafilomycin,
and necrostatin-1 were obtained from Sigma-Aldrich (St. Louis,
MO). A SsiRNA previously shown to target Bax (5-
AACATGGAGCTGCAGAGGAT-3’) [14] and a negative scrambled siR-
NA (5’-CCUACGCCACCAAUUUCGU-3") were synthesized by Bioneer
corporation (Daejeon, Korea).

2.3. Cell viability assay

Cell viability was determined using a cell counting kit-8 (CCK-8)
in accordance with the manufacturer’s protocol (Dojindo Corpora-
tion, Japan). Briefly, cells incubated with a test compound in a 96-
well plate received 10 pl of CCK-8 solution, and were then incu-
bated for 1h in a CO, incubator. The subsequent colorimetric
change was measured using a Victor microtiter plate reader (Perk-
inElmer) set to monitor changes in absorbance at 450 nm.

2.4. Western blotting

All cells lysates were prepared with 2 x Laemmli sample buffer
(62.5 mM Tris-HCI, pH 6.8, 25% glycerol, 2% SDS, 5% B-mercap-
toethanol, 0.01% bromophenol blue) (BioRad, Hercules, CA). Pro-
teins (approximately 50ug) were quantitated by using the
Bradford solution (BioRad) according to the manufacture’s instruc-
tion. Then the samples were separated by SDS-polyacrylamide gel
electrophoresis, and transferred to PVDF membrane (BioRad). After
blocking with 4% skim milk in TBST (25 mM Tris, 3 mM 140 mM
NacCl, 0.05% Tween 20), the membranes were incubated over-night
with specific primary antibodies; anti-actin (MAB1501) antibody
was obtained from Millipore (Temecula, USA); Anti-Bcl-xL
(#2764), anti-Bax (#2772), anti-Bid (#2002), anti-Bik (#4592),
anti-cleaved caspase-3 (#9661), anti-Mcl-1(#5453) antibodies
were all purchased from Cell Signaling Technology (Danvers,
MA); anti-DR4 (ab13890) and anti-DR5 (ab47179) antibodies were
sourced from Abcam (Cambridge, MA); an antibody against cas-
pase-10 (IMG-4150) was obtained from Imgenex (San Deigo, CA);
anti-XIAP (61062) antibody was obtained from BD Bioscience
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Fig. 1. Carnitine potentiates TRAIL-induced cell death in A549 cells. (A) Cytotoxic
activity of TRAIL in lung cancer cell lines. Both A549 and H460 cells were treated
with TRAIL (20 ng/ml) for the times indicated, and cell viability was measured by
CCK-8 assay. (B) Carnitine sensitizes A549 cells to TRAIL-induced cell death. The
A549 cells were incubated with different concentrations of carnitine (1-30 mM) in
the presence (closed box) or absence (Con; open diamond) of TRAIL (20 ng/m) for
6 h. Cell viability was then determined by CCK-8 assay. The data are presented as
the means + standard error (SEM) (n=3).

(San Jose, CA); and the antibody against caspase-8 used in our
experiment was generated in our laboratory. For protein detection,
the membranes were incubated with HRP-conjugated secondary
antibodies (Pierce, Rockford, IL).

2.5. Statistical analysis

Values are presented as the means * standard error of the mean
(SEM) from at least three independent experiments. Statistical
evaluation of the results was performed using one-way ANOVA.

3. Results

3.1. Carnitine potentiates TRAIL-induced cell death in TRAIL-resistant
A549 cells

Although TRAIL is a promising anti-cancer agent that preferen-
tially kills tumor cells, most primary tumors and cancer cells de-
rived from cancer patients are resistant to TRAIL-induced cell
death. For instance, the A549 lung adenocarcinoma cell line is
resistant to the apoptotic effects of TRAIL [8]. Consistent with this
earlier report, treatment with TRAIL induced limited cell death in
A549 cells compared with that of H460 lung adenocarcinoma cells.
This indicates that A549 cells are highly resistant to TRAIL-induced
cell death (Fig. 1A). To identify new sensitizers of TRAIL, we previ-
ously screened a library that contains 2480 bioactive small mole-
cules (LOPAC1280™ from Sigma, and the Prestwick 1200
collection from Prestwick) and identified carnitine as a TRAIL sen-
sitizer [10].

To confirm our earlier screening results, A549 cells were treated
with differential doses of carnitine with or without TRAIL (Fig. 1B).
Co-treatment of carnitine with TRAIL significantly increased cell
death in these cultures, suggesting that carnitine may sensitize
A549 cells to TRAIL. We next examined the activation of caspases
that mainly mediate TRAIL-induced cell death. Whereas treatment
of A549 cells with either TRAIL alone or carnitine alone minimally
activates caspase-8 or caspase-3, combined treatment with both
TRAIL with carnitine strongly activated both caspase-3 and cas-
pase-8 (Fig. 2A).

Given that cell death can be classified as one of three different
types—apoptotic, necrotic, and autophagic—we next investigated
the cell death mechanism induced by three specific inhibitors:
ZVAD, a pan caspase inhibitor; bafilomycin, an inhibitor of the mat-
uration of autophagosomes to autolysomes; and necrostatin-1,
which inhibits necrotic cell death. The A549 cells were exposed
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Fig. 2. A combination of carnitine and TRAIL induces apoptotic cell death in A549 cells. (A) Activation of caspases by a combined delivery of carnitine and TRAIL. The A549
cells were treated for six hours with TRAIL (T, 20 ng/ml), carnitine (10 mM), or a combination of the same concentrations of carnitine and TRAIL (CT). The cells were then
harvested, and analyzed by Western blotting with antibodies against the proteins indicated. Actin was used as an internal loading control. (B) and (C) Suppression of CT-
induced cell death by zVAD. A549 cells were exposed to CT with or without the cell death inhibitors zVAD (40 pM), bafilomycin (Baf, 100 nM), or necrostatin-1 (Necro,

10 uM). Cell viability and caspase activation were then analyzed by CCK-8 assay (B) and western blotting (C). The data are presented as the means + SEM (n = 3).
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Fig. 3. Carnitine induces Bax expression in A549 cells. After A549 cells were treated for 6 h with TRAIL (T, 20 ng/ml), carnitine (10 mM), or a combination of carnitine and
TRAIL at the same concentrations (CT), the cells were then harvested for western blotting using antibodies against the DR4 and DR5 death receptors (A), the anti-apoptotic
Bcl-2 proteins Bcl-xI, Bcl-2, Mcl1, and XIAP (B), and the pro-apoptotic Bcl-2 proteins Bax, Bid, and Bik (C).

to both carnitine and TRAIL with or without each of these three
inhibitors. Inhibition of caspase by zVAD treatment notably sup-
pressed the cell death induced by the combination of carnitine
and TRAIL, whereas bafilomycin or necrostatin-1 did not have this
effect (Fig. 2B). Consistently, caspase-8 and caspase-3 activation
were only inhibited in zVAD-treated cells (Fig. 2C), implying that
the combination of carnitine and TRAIL induces caspase-dependent
apoptotic cell death.

3.2. Carnitine increases Bax expression in A549 cells

Resistance to TRAIL can be conferred at multiple levels, includ-
ing at the sites of receptors upstream and downstream of the cas-
pase cascade. To further investigate the mechanism responsible for
carnitine-mediated sensitization to TRAIL-induced apoptosis, we
examined the expression of TRAIL receptors and anti-apoptotic
and pro-apoptotic Bcl-2 family proteins (Fig. 3A-C). The expression
levels of TRAIL receptors such as DR4 and DR5 were not altered by
treatment with carnitine alone or by a combination of carnitine
and TRAIL. Similarly, the expression of anti-apoptotic proteins,
including Bcl-2, Bcl-X;, Mcl-1, and XIAP protein, was also unal-
tered. However, Bax expression was highly increased in carni-
tine-treated cells (Fig. 3C). Bid is a well known substrate for

caspase-8 during apoptosis [15]. Thus, down-regulation of bid pro-
tein also indicated that the combination of carnitine and TRAIL
promotes apoptotic cell death. Interestingly, it was recently re-
ported that combination treatment of carnitine and butyrate in-
creases the expression of Bax in colon cancer cells [16].
Consistent with the findings of this earlier report, our current re-
sults suggest that Bax is associated with the ability of carnitine
to sensitize cells to TRAIL.

3.3. The ablation of Bax expression decreases TRAIL- induced caspase
activation

Given that carnitine treatment was found to increase Bax
expression, we next investigated the effects of the combination
of carnitine and TRAIL in cells in which Bax expression was si-
lenced. This combined treatment induced caspase-3 activation
and Bax accumulation in cells transfected with scrambled siRNA.
However, the level of caspase-3 activation was lower in cells trans-
fected with Bax siRNA than in control cells (Fig. 4A). We further
investigated caspase activation in Bax knockout cells treated with
a combination of carnitine and TRAIL. This treatment of HCT116
cells and Bax-null HCT116 cells caused activation of caspase-3
(Fig. 4B). The lower rate of caspase-3 cleavage in the Bax-null cells
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Fig. 4. Silencing of Bax expression reduces caspase activation in cells treated with a
combination of carnitine and TRAIL. (A) 3 days after A549 cells were transiently
transfected with scrambled negative siRNA (Scram) or Bax specific siRNA (siBax),
the cells were treated with a combination of carnitine (10 mM) and TRAIL (20 ng/
ml) for 6 h. The cells were then harvested, and subjected to western blot analysis
with antibodies against Bax, active caspase-3, and actin. (B) Wild type (WT) and Bax
knockout (Bax /") HCT116 cells were treated with a combination of carnitine
(10 mM) and TRAIL (20 ng/ml) for 4 h. The cells were then harvested, and subjected
to western blot analysis with antibodies against Bax and active caspase-3. Actin was
used as internal loading control.

compared with the control HCT116 cells in this experiment sug-
gests that Bax is a critical mediator of the cell death triggered by
the combination of carnitine and TRAIL.

3.4. Carnitine reverses the TRAIL resistance of various cancer cells

We next investigated whether the sensitizing effect of carnitine
with TRAIL is specific to A549 cells, or is also effective in other
TRAIL-resistant cancer cells. We treated H1299 lung adenocarci-
noma cells, MCF-7 breast adenocarcinoma cells, SW620 colorectal
adenocarcinoma cells, and HT29 colorectal adenocarcinoma cells
either with carnitine alone, TRAIL alone, or a combination of carni-
tine and TRAIL. Consistent with the results obtained using A549
cells, treatment with a combination of carnitine and TRAIL syner-
gistically induced cell death in all of these additional cancer cell
types (Fig. 5A-D). These results suggest that carnitine sensitizes
a range of TRAIL-resistant cancer cells to TRAIL-induced cell death.
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4. Discussion

In our current study, we demonstrate that carnitine potentiates
TRAIL-induced apoptosis in TRAIL-resistant cancer cells. Carnitine
plays roles in energy production as a cofactor in fatty acid metab-
olism and regulates the transport of long chain fatty acids across
the inner mitochondrial membrane prior to their catabolism
through B-oxidation. Moreover, carnitine and its analogs are in-
volved in cell death. As an antioxidant, carnitine suppresses
neurotoxicity and cardiovascular risk [11,17,18]. Carnitine also
suppresses apoptosis in skeletal muscle cells and prevents skeletal
muscle myopathy following heart failure [17]. However, carnitine
can selectively kill cancer cells while not harming normal cells.
For example, carnitine induces apoptosis in HT29, U936, and
Hepalclc7 cancer cells but not in a normal NCTC1469 cell line
[19-21]. The ability of carnitine to inhibit hepatocarcinogenesis
in rat models also suggests that carnitine has different functions
in different cell types [12]. Kong et al. showed that a low concen-
tration of carnitine (less than 5 mM) did not affect cell viability,
whereas a high concentration (30 mM) of carnitine significantly
induced apoptosis of myocytes [22]. Similarly, we also observed
in our present analyses that carnitine alone, at a concentration of
30 mM but not at 10 mM, slightly reduces the viability of A549
cells. On the other hand, when combined with TRAIL, 10 mM carni-
tine strongly induced cell death in A549 cells (Fig. 1).

The feature of TRAIL that makes it such a promising anticancer
agent is its ability to preferentially trigger apoptosis in tumor cells.
Accordingly, the therapeutic potential of TRAIL is currently being
tested in various clinical trials [23]. However, the fact that most
primary tumors are resistant to TRAIL highlights the importance
of elucidating the mechanism(s) that underlie this resistance and
identifying new sensitizers that will enhance the therapeutic po-
tential of TRAIL [23]. Several molecular mechanisms of TRAIL-resis-
tance have now been proposed. Functional defects in TRAIL
receptors, including DR4 and DR5, are one possibility [24]. Thus,
an increased abundance of the receptors would likely potentiate
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Fig. 5. Carnitine sensitizes TRAIL-resistant cancer cells to TRAIL-induced cell death.The H1299 (A), MCF7 (B), HT29 (C), and SW620 (D) cancer cell lines were treated with
TRAIL (20 ng/ml) alone, carnitine (10 mM) alone, or a combination of TRAIL and carnitine (T + Carnitine) for 6 h Control treatments (Con) involved neither carnitine nor TRAIL.
Cell viability was determined by CCK-8 assay. The data are presented as the means + SEM (n = 3).
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the susceptibility of cancer cells to TRAIL-induced apoptosis [8]. To
investigate this possibility, we studied the effects of carnitine on
the expression of both DR4 and DR5 receptors in A549 cells, but
found no effect either alone or in combination with TRAIL
(Fig. 3). Another possible explanation of TRAIL resistance is that
it is associated with particular characteristics of tumor cells, such
as the ability to avoid cell death [25]. Tumors suppress apoptosis
in a general manner through mechanisms such as enhanced
expression of anti-apoptotic proteins and reduced expression of
pro-apoptotic proteins. For example, anti-apoptotic proteins such
as Bcl-2 family proteins, IAP family proteins, and FLICE-inhibitory
proteins (FLIP proteins) are highly up-regulated in several tumor
cells [26-30]. Various chemotherapeutic agents like HDAC inhibi-
tors and proteasome inhibitors are often reducing expressional le-
vel of these anti-apoptotic molecules [31,32]. Therefore, it has been
suggested that a combination of these agents with TRAIL could be
an effective strategy for targeting and killing TRAIL-resistant can-
cer cells. To investigate the mechanism by which carnitine reverses
TRAIL-resistance, we examined the expression levels of several
pro-apoptotic and anti-apoptotic proteins. Interestingly, we found
that Bax was notably increased by treatment with carnitine, either
alone or in combination with TRAIL, whilst the expression of other
anti-apoptotic proteins was not significantly changed.

Apoptosis is controlled by the functional interaction of Bcl-2
family proteins, which include anti-apoptotic Bcl-2 like members
(e.g., Bcl-2, Bcl-xL, Bcl-w, Mcl-1, Boo, and A1l protein), pro-apopto-
tic Bax-like proteins (e.g., Bax, Bak, Bcl-xS, and Bok), and pro-apop-
totic BH3-only proteins (e.g., Bad, Bid, Bim, Bik, Blk, Hrk, Noxa, and
Puma) [33]. The relative abundance of these pro-apoptotic and
anti-apoptotic Bcl-2 proteins is critical to the appropriate regula-
tion of apoptotic responses in the cell. The interaction of BH3-only
proteins with anti-apoptotic Bcl-2 proteins effectively neutralizes
their survival-promoting activities. Moreover, the oligomerization
of Bax, induced by BH3-only proteins, and the subsequent perme-
abilization of the outer mitochondrial membrane initiates the cas-
pase cascade. In addition, Bax expression could be increased by
transcriptional regulation during cell death [34]. Although we
could not demonstrate the precise mechanism by which carnitine
increases the expression of Bax, the findings of recent reports have
indicated that pretreatment with the carnitine derivative acetyl-L-
carnitine abolishes the decrease in p53 protein abundance trig-
gered by 3-nitropropionic acid [35]. In addition, carnitine also in-
creases the expression of the p53 and CD95 genes in
doxorubicin-induced cardiomyopathy in rats [36]. The p53 tumor
suppressor regulates apoptosis in a number of different cellular
contexts. The Bax protein is a target of p53 transcription factor
activity and Bax induction has been observed during p53-mediated
apoptosis [37,38]. Furthermore, it has been reported that carnitine
also increases the expression of caspase-8 and caspase-9, as well as
TNF-a, at the mRNA level [21]. Thus, the mechanisms that underlie
the effects of both p53 and carnitine during the up-regulation of
Bax remain to be further elucidated.

In conclusion, we here report that carnitine induces synergistic
apoptosis in A549 cells via the increased expression of the pro-
apoptotic Bax protein. In addition, the combination of carnitine
and TRAIL strongly potentiates apoptosis in various TRAIL-resistant
cell lines. These insights suggest that simultaneous administration
of carnitine and TRAIL may be an efficient approach to overcoming
TRAIL resistance in many tumor types.
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