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Introduction

Turmeric has been used as a medicine for millennia in India. 
Curcumin (diferuloylmethane), a polyphenolic extract of tur-
meric, induces cell death in multiple cancer cell types with 
minimal toxicity to normal cells in cell culture as well as in 
mouse xenograft models.1-4 Clinical trials also suggest that cur-
cumin, even at relatively high doses, is safe for humans.5,6 The 
mechanisms underlying curcumin-induced cancer cell death 
have not been clearly defined, although available evidence 
suggests that curcumin downregulates NFκB signaling lead-
ing to suppression of proliferation and induction of apopto-
sis.7,8 Curcumin induces reactive oxygen species (ROS), which 
cause mitochondria-mediated apoptosis.9,10 Additionally, both 
p53-dependent and -independent mechanisms of apoptotic cell 
death have been reported in multiple types of cancer cells.9,11-13 
Curcumin also upregulates various pro-apoptotic proteins such 
as Bax/Bak, which can play critical roles in curcumin-induced 
apoptosis.14-16

Apoptosis is executed by caspases, which are activated by two 
well-known mechanisms. In the intrinsic pathway, released cyto-
chrome c from mitochondria interacts with an adaptor protein, 
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apoptotic peptidase activating factor 1 (Apaf-1) to initiate 
apoptosome-mediated caspase 9 activation.17 In death receptor- 
mediated signaling, death ligands promote death receptor 
trimerization and recruitment of Fas-associated death domain 
(FADD)/tumor necrosis factor related (TNFR)1-associated 
death domain (TRADD) leading to the activation of cas-
pase 8. Active caspase 9 or caspase 8 then activate executioner 
caspases such as caspase 3 to execute apoptosis.18,19 Although 
both caspase 8-mediated and/or caspase 9-dependent apoptosis 
have been reported to occur upon curcumin exposure in cancer 
cells,20-23 which caspase functions as initiator caspase remains 
unclear.

Here, we provide comprehensive evidence that curcumin 
induces Apaf-1-dependent caspase activation and apoptosis. The 
release of cytochrome c early during apoptosis further supports 
Apaf-1-mediated caspase signaling. Deficiency of caspase 8 does 
not prevent curcumin-induced caspase activation excluding 
death receptor signaling as an initiating event. Notably, absence 
of p21 leads to a marked reduction in expression of Apaf-1 upon 
curcumin treatment, pointing to p21 as a critical regulator of 
Apaf-1 levels and a key player in curcumin-induced caspase acti-
vation and apoptosis in cancer cells.
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substrate cleavage assays for caspase 3/7. As shown in 
Figure 1B, curcumin induced time-dependent caspase 
activity in MDA-MB231 cells. For example, curcumin 
enhanced caspase activity 9-fold over control at 24 h 
of treatment. Similar effects were observed in PC3 and 
LNCaP prostate cancer cells. Caspase 3 was processed 
in both cell lines and caspase 3 activity was enhanced 8- 
and 5-fold relative to DMSO-treated controls at 24 h in 
PC3 and LNCaP cells, respectively (Fig. 1C–F). These 
findings clearly demonstrate that curcumin induces 
caspase activation, and suggest that caspase activity is 
required for execution of apoptotic cell death.

To further demonstrate that curcumin induces cas-
pase-dependent apoptosis, we pre-treated MDA-MB231, 
LNCaP and HCT116 cells with the pan-caspase inhibi-
tor z-VAD and confirmed that curcumin-induced cas-
pase 3 activity was inhibited upon z-VAD treatment 
(Fig. 2A). As shown in Figure 2B, inhibition of caspase 
activation by z-VAD abrogated curcumin-induced cell 
death. Data from these experiments clearly demonstrate 
that curcumin induces caspase-dependent apoptotic cell 
death.

Deficiency of caspase 8 does not affect curcumin-
induced caspase activation and cell death. Having 
established that curcumin induces caspase-dependent 
apoptotic cell-death, we began investigating how the 
caspase cascade is initiated. To determine if caspase 3 
is activated via death receptor-mediated signaling, we 
treated caspase 8-deficient Jurkat cells with curcumin 
and measured DEVDase activity (i.e., caspase 3 activ-
ity). As shown in Figure 3A, caspase 8 deficiency did 
not significantly affect curcumin induction of caspase 3 
activity, indicating that death receptor-mediated caspase 
8-dependent signaling is not significantly involved in 
curcumin-induced apoptotic cell death. Quantification 
of cell viability demonstrated that curcumin-induced 
cell death is not significantly altered in caspase 8- 
deficient Jurkat cells (Fig. 3B).

To further demonstrate that caspase 8 is not an 
initiating caspase in curcumin-induced apoptosis, we 
silenced caspase 8 in LNCaP cells and treated them 
with curcumin for multiple times. Curcumin-induced 

caspase 3 activity was only modestly reduced (~20%) at 24 h in 
caspase 8 silenced cells and caspase 9 activity was not affected 
(Fig. 3C and D), suggesting that caspase 9 activation initiates the 
caspase cascade. Note that the slight decrease in caspase activity 
at the 24 h time point (Fig. 3C and D) might reflect a minor 
contribution of caspase 8 activity in the amplification of caspase 
cascade. Together, these findings clearly demonstrate that the 
curcumin-induced caspase cascade and cell death do not signifi-
cantly depend upon a caspase 8-activated mechanism.

Deficiency of Apaf-1 inhibits caspase activation and cell 
death. Apaf-1 plays a critical role in caspase 9 activation, 
which in turn activates caspase 3. We selected wild-type MEFs 
(MEFs WT) and Apaf-1-deficient MEFs to further understand 
the molecular mechanism of curcumin-induced apoptotic cell 

Results

Curcumin induces caspase-dependent apoptotic cell death. As a 
first step in the analysis of curcumin-induced apoptosis, we exam-
ined activation of executioner caspases. Caspase 3 is a 34-kDa 
protein, which can be processed to p20, 19 and 17 kDa frag-
ments during apoptosis.24,25 To determine if curcumin treatment 
induces caspase 3 processing, we treated MDA-MB231, PC3 and 
LNCaP cells with curcumin (15 μM) for various time periods, 
and protein gel blotting was performed. In MDA-MB231 cells, 
caspase 3 was processed to multiple fragments (Fig. 1A), sug-
gesting that curcumin induces apoptosis in a caspase-dependent 
manner. Since processing is not always associated with func-
tional activation of caspases, we performed DEVDase assays, i.e., 

Figure 1. Curcumin induces caspase 3 activation in multiple cell types. MDA-
MB231 (A and B), PC3 (C and D) and LNCaP (E and F) were treated with curcumin 
(15 μM) for the indicated times. At the end of treatment, cells were harvested, 
washed with 1x PBS and lysed in caspase lysis buffer.26 Equal amounts of protein 
were subjected to protein gel blotting for detection of caspase 3 processing or 
used for caspase 3 activity measurements (i.e., DEVDase activity). MDA, MDA-
MB231 cells; and procasp-3, procaspase 3. Data are mean ± SD of three indepen-
dent experiments. *p < 0.01.
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Upon curcumin treatment, labeling of cytochrome c became dif-
fuse suggesting that curcumin induces cytochrome c release.

Curcumin treatment leads to upregulation of Bim, Bid, Bax 
and Bak, which contribute to the release of cytochrome c. Bcl-2 
family proteins play a critical role in the regulation of cytochrome 
c release from mitochondria. They are divided into BH3-only 
proteins (such as Bim and Bid), multidomain pro-apoptotic 
proteins (e.g., Bax and Bak) and anti-apoptotic proteins such as 
Bcl2 and Bcl-x

L
. BH3 only proteins such as Bim inhibit Bcl-2/

Bcl-x
L
 function and, thus, allow activation of Bax/Bak, which 

undergo oligomerization to form channels on the mitochondrial 
membrane.28,29 To understand whether curcumin upregulates 
pro-apoptotic proteins such as Bim, Bid, Bax and Bak, we treated 
MDA-MB231 cells with curcumin and protein gel blot analysis 
was performed to detect the levels of these proteins. We observed 
upregulation of Bid, Bim, Bax and Bak (Figs. 5A and  7A). 
Upregulation of Bim and Bid activates Bax/Bak and inhibits the 
function of Bcl-2/Bcl-x

L
, ultimately, resulting in oligomerization 

death. We treated MEFs WT and Apaf-1-deficient MEFs with 
curcumin for various times and observed that curcumin-induced 
caspase 3 activity was inhibited in Apaf-1-deficient cells (Fig. 4A), 
supporting a requirement for Apaf-1 apoptosome-mediated cas-
pase 9 activation in initiation of the caspase cascade. As shown 
in Figure 4B, cell death was also significantly inhibited in Apaf-
1-deficient cells. It is important to mention that in the absence 
of Apaf-1, we observed a low level of cell death, suggesting that 
non-apoptotic mechanisms of cell death (e.g., autophagy) may 
also contribute to the killing effect of curcumin. Together, our 
findings suggest that curcumin targets Apaf-1 to induce mito-
chondria-dependent apoptotic cell death.

Since MEFs are not human cancer cells, we silenced Apaf-1 in 
LNCaP cells and treated them with curcumin for multiple times. 
As shown in Figure 4C and D, curcumin-induced caspase  9 
(LEHDase) and caspase 3 (DEVDase) activities were inhibited 
in Apaf-1 silenced LNCaP cells. Together, these experiments 
clearly demonstrated that Apaf-1-mediated caspase 9 activation 
initiates the caspase cascade during curcumin-induced apoptosis.

Curcumin treatment causes increased expression of Apaf-1 
and downregulation of FADD. The adaptor proteins Apaf-1 and 
FADD regulate intrinsic and extrinsic signaling, respectively. To 
further demonstrate that curcumin induces intrinsic signaling to 
execute apoptosis, we examined the levels of Apaf-1 and FADD, 
in MDA-MB231 cells by protein gel blot analysis. Apaf-1 was 
upregulated as early as 6 h after curcumin exposure, whereas 
FADD was downregulated (Fig. 5A), indicating that curcumin 
induces the intrinsic pathway for caspase activation and apop-
tosis. To further demonstrate that curcumin treatment causes 
Apaf-1 upregulation, we isolated RNA from control and cur-
cumin treated MDA-MB231 cells and performed real-time PCR 
analysis. As shown in Figure 5B, curcumin treatment induced 
a 3-fold upregulation of Apaf-1 mRNA, whereas mRNA levels 
of FADD were downregulated. Together, protein gel blot and 
RT-PCR analysis suggest that curcumin treatment upregulates 
Apaf-1 to initiate intrinsic signaling for apoptosis induction.

Curcumin induces cytochrome c release in cancer cells. 
Cytochrome c release from mitochondria is critical for the ini-
tiation of Apaf-1-mediated caspase 9 activation, which subse-
quently activates caspase 3. Therefore, we explored the effects 
of curcumin treatment on the subcellular distribution of cyto-
chrome c in various cancer cell types. Cytosol and mitochondria 
isolated from MDA-MB231 and LNCaP cells treated with cur-
cumin for various times were subjected to protein gel blot analy-
sis for cytochrome c. As shown in Figure 6A, cytochrome c was 
mostly detected in mitochondria of untreated MDA-MB231 
cells. Following treatment with curcumin, cytochrome c release 
was evident by 12 h and was prominent at 24 h. Similar effects 
were noted in LNCaP cells (data not shown). Contamination of 
cytosol preparations with mitochondria was excluded by examin-
ing the expression of the mitochondrial marker, cytochrome c 
oxidase subunit II (COX II). To further demonstrate that cur-
cumin treatment induces cytochrome c release from mitochon-
dria, immunofluorescence analysis was performed. As shown in 
Figure 6B, in untreated cells, cytochrome c showed tubular peri-
nuclear labeling, consistent with mitochondrial localization.26,27 

Figure 2. Curcumin induces caspase-dependent apoptosis. Cells were 
treated with curcumin (cur; 15 μM) or vehicle (control; DMSO) for 24 h, 
and percentage cell death was quantified using Trypan blue dye or cells 
were harvested and equal amounts of protein (50 μg) were subjected 
to caspase 3 activity (i.e., DEVDase activity) measurements. In some 
experiments, pan-caspase inhibitor (z-VAD; 50 μM) was added prior to 
curcumin treatment. Data are mean ± SD of three independent experi-
ments. *p < 0.01.
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and lanes 4 and 5) suggesting that 
Bax activation and its oligomeriza-
tion on mitochondria occur prior to 
caspase activation. Higher levels of 
Bax oligomerization were observed 
in the absence of z-VAD suggesting 
that curcumin-induced cytochrome 
c release triggers caspase activation, 
which in turn amplifies Bax activa-
tion/oligomerization.30 Collectively, 
these findings demonstrate that cur-
cumin targets pro-apoptotic proteins 
such as Bim, Bax and Bak to permea-
bilize the mitochondrial membrane 
and execute apoptosis.

Curcumin induces p53-indepen-
dent but p21-mediated cytochrome c 
release. In addition to Bim/Bid, p53 
also modulates the activation and 
oligomerization of Bax/Bak leading 
to cytochrome c release from mito-
chondria.31,32 To examine the impor-
tance of p53 in curcumin-induced 
cytochrome c release, we selected iso-
genic HCT116 WT, HCT116 p53-/-, 
HCT116 Bax-/- and HCT116 p21‑/- 
colon cancer cells. These isogenic 
cells were treated with curcumin for 
various times, and cytosol and mito-
chondria were prepared to detect 
the localization of cytochrome c. As 
shown in Figure 8A and B, curcumin 
induced cytochrome c release in WT 
as well as p53-/- cells, suggesting that 
p53 does not play an essential role in 
the release of cytochrome c. However, 
cytochrome c release was inhibited in 

HCT116 Bax‑/- cells treated with curcumin (Fig. 8C), indicat-
ing that Bax plays a key role in curcumin-induced cytochrome 
c release in cancer cells. Surprisingly, cytochrome c release was 
blocked in HCT116 p21-/- cells suggesting that p21 regulates 
cytochrome  c release during curcumin-induced apoptosis (Fig. 
8D).

Deficiency of p21 reduces Apaf-1 protein expres-
sion and inhibits caspase activation. Blockade of cyto-
chrome c release in the absence of p21 would be expected to 
result in inhibition of caspase activation. Indeed, curcumin 
induced robust caspase 3 activation in HCT116-WT cells, 
whereas, caspase activation was inhibited in HCT116 p21-/-  
cells (Fig. 9A). Specifically, curcumin induced ~5 fold increase in 
caspase 3 activity at 24 h treatment in WT cells, an effect that 
was abrogated in HCT116 p21-/- cells (Fig. 9A). These findings 
suggest that curcumin induces p53-independent, p21-mediated 
cytochrome c release and caspase activation. To further under-
stand how deficiency of p21-/- inhibits curcumin-induced cas-
pase activation and apoptosis, we examined the levels of Apaf-1 

of Bax/Bak on the mitochondrial membrane to induce the release 
of cytochrome c.

Curcumin induces Bax oligomerization, which occurs prior 
to caspase activation. To examine whether curcumin-induced 
upregulation of pro-apoptotic BH3-only proteins (Bim or Bid) 
promotes Bax oligomerization leading to pore formation on 
the mitochondrial membrane, unstimulated and curcumin-
treated MDA-MB231 and HCT116 cells were cross-linked with 
BMH, an irreversible cross-linker, and protein gel analysis was 
performed to detect Bax oligomers. As shown in Figure 7B, 
curcumin induced Bax oligomerization as indicated by detec-
tion of dimers, trimers and multimers of Bax during curcumin-
induced apoptosis. Bax oligomerization on mitochondria leads 
to the release of cytochrome c, which then triggers apoptosome-
mediated caspase activation. To examine if Bax oligomerization 
is the initiating event prior to cytochrome c release and, thus, 
caspase activation, we pre-treated MDA-MB231 cells with pan-
caspase inhibitor, z-VAD. Notably, we observed that curcumin 
induced Bax oligomerization in the presence of z-VAD (Fig. 7B 

Figure 3. Caspase 8 deficiency does not modulate caspase activation and apoptosis. Jurkat WT and Jur-
kat caspase 8-/- cells (A and B) or Caspase 8-silenced LNCaP cells (C and D) were treated with curcumin 
(15 μM) for the indicated times. Percentage cell death was quantified using Trypan blue dye or cells 
were harvested and equal amounts of protein (50 μg) were subjected to caspase 3 activity measure-
ments. Casp-8-/-, Jurkat caspase 8-/- cells; casp-8, procaspase 8. Data are mean ± SD of three independent 
experiments. *p < 0.01.
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protein in HCT116 p21‑/- cells upon cur-
cumin treatment using protein gel blotting. 
Surprisingly, curcumin treatment mark-
edly reduced expression of Apaf-1 in p21-/- 
cells (Fig. 9B). These findings suggest that 
p21 regulates the expression of Apaf-1 pro-
tein during curcumin-induced apoptosis.

Discussion

Curcumin has been shown to possess anti-
cancer activities but the molecular mecha-
nisms of apoptotic cell death have not been 
clearly defined. Here, we provide evidence 
that curcumin induces caspase-dependent 
apoptotic cell death. Initiation of the 
caspase cascade is Apaf-1-dependent as 
curcumin failed to induce caspase 3 activa-
tion and apoptosis in Apaf-1-deficient and 
Apaf-1-silenced cells. In contrast, silenc-
ing or knockout of caspase 8 did not affect 
curcumin-induced caspase activation, indi-
cating that caspase 8 does not play a criti-
cal role in curcumin-induced apoptosis. 
Upregulation of Apaf-1 along with inhibi-
tion of FADD expression further support 
a critical role for Apaf-1 in initiating the 
caspase cascade. Activation of caspases 
was associated with release of cytochrome 
c from mitochondria to the cytosol, pro-
viding further support for involvement of 
the Apaf-1 apoptosome-dependent caspase 
cascade. Curcumin treatment upregu-
lated Bim and Bid suggesting that these 
pro-apoptotic proteins deactivate the anti-
apoptotic function of Bcl-2/Bcl-x

L
, thus 

allowing the formation of pores on the outer mitochondrial mem-
brane and cytochrome c release from mitochondria. Indeed, cur-
cumin promoted Bax oligomerization, via a caspase-independent 
mechanism, suggesting that Bax activation and oligomerization 
are early events during curcumin-induced caspase activation. 
Notably, the release of cytochrome c from mitochondria was pri-
marily dependent upon Bax and did not require p53-mediated 
signaling, as indicated by the release of cytochrome c in HCT116 
p53-/- cells. Surprisingly, p21 was shown to play a critical role in 
the release of cytochrome c from mitochondria as p21 deficiency 
blocked cytochrome c release and caspase activation. Importantly, 
p21 also plays a critical role in maintenance of Apaf-1 expression 
during curcumin-induced apoptosis.

Curcumin has been reported to induce caspase-dependent or 
caspase-independent apoptotic cell death as well as autophagy in 
cancer cells.20,33-35 Our findings using z-VAD demonstrate that 
curcumin primarily induces caspase-dependent apoptotic cell 
death, although caspase-independent mechanism(s) may also 
play a role late during apoptosis. The involvement of caspase-
independent pathways is indicated by the detection of low levels 

Figure 4. Apaf-1 deficiency inhibits curcumin-induced caspase 3 activation and apoptosis. MEFs 
WT and MEFs Apaf-1-/- cells (A and B) and Apaf-1 silenced LNCaP cells (C and D) were treated with 
curcumin (15 μM) for the indicated times. Percentage cell death was quantified using Trypan 
blue dye or cells were harvested and equal amounts of protein (50 μg) were subjected to caspase 
activity measurements. Data are mean ± SD of three independent experiments. *p < 0.01.

of cell death in Apaf-1-deficient cells, which fail to induce caspase 
activation in response to curcumin treatment. It is also possible 
that, in the absence of caspase activation, curcumin is able to 
induce alternate cell death pathways such as caspase-independent 
apoptotic or autophagic cell death.

The initiating caspase that triggers the caspase cascade in 
response to curcumin has not been defined.15,20-23,36 In the current 
study, we provide comprehensive evidence that Apaf-1-dependent 
activation of caspase 9 is an initiating event in curcumin-induced 
apoptosis. This conclusion was further supported by the findings 
that curcumin-induced caspase activation and apoptosis were 
not significantly affected in caspase 8-deficient cells. These data 
are consistent with earlier reports that curcumin induces caspase 
9-mediated apoptosis.22,23 However, other studies have indicated 
that curcumin also induces FAS or death receptor-mediated apop-
tosis.20,21 Since activation of caspase 8 is not sufficient to induce 
apoptosis in epithelial cancer cells,37 it is possible that in some 
cell types, curcumin induces a low level of caspase 8 activation, 
leading to cleavage of Bid, Bax oligomerization and cytochrome 
c release,20 which, in turn, triggers Apaf-1-dependent caspase 9 
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caspase-independent manner, suggesting that Bax oligomeriza-
tion is an early event in curcumin-induced apoptosis.

Although activation of p53 promotes apoptosis in can-
cer cells,38,39 wild-type p53 protects normal cells.40 Absence of 
p53-dependent apoptosis leads to cellular senescence.41 However, 
the involvement of p53 in curcumin-induced apoptosis remains 
unclear. For example, curcumin has been shown to induce apopto-
sis in a p53-dependent manner in multiple cancer cell types,11,14,42 
and via a p53-independent mechanism in others.9,13,43,44 We 
recently demonstrated that the pro-apoptotic function of p53 is 
inhibited in multiple types of cancer cells27 due to failure of p53 
to activate Bax/Bak and inhibit the anti-apoptotic functions of 
Bcl-2/Bcl-x

L
.27 Findings in this study provide further evidence 

that p53 is not a critical player in curcumin-induced cytochrome 
c release and apoptosis.

p21 protects cells by upregulating the Nrf2 signaling path-
way,45 and is also implicated in regulation of apoptosis.46,47 
Although p21 is a p53-target protein, the stress-induced 

Figure 6. Curcumin induces cytochrome c release to the cytosol and 
is accompanied by nuclear fragmentation. (A) MDA-MB231 cells were 
treated with curcumin (15 μM) for indicated times. Cytosolic and 
mitochondrial fractions were isolated and equal amounts of protein 
were subjected to protein gel blotting for the detection of cytochrome 
c (Cyt. c), cytochrome c oxidase subunit II (COX II), heat shock protein 60 
(Hsp60), actin or lactate dehydrogenase (LDH). Actin and Hsp60 serve 
as loading controls. (B) MDA-MB231 cells were treated with curcumin 
(15 μM) for 24 h. Following treatment, cells were incubated live with 
DAPI to label the nucleus and immunostained for cytochrome c (Cyt. c). 
Representative micrographs are shown; magnification bar represents 
20 μM. Consistent with the protein gel analysis data, cytochrome c 
was released in individual cells as represented by diffuse cytochrome 
c staining. Apoptotic cells show fragmented or shiny nuclei with DAPI 
staining in (d). Data are representative of three independent experi-
ments. Arrows indicate apoptotic cells showing cytochrome c release.

Figure 5. Curcumin treatment induces expression of Apaf-1 but down-
regulates FADD. MDA-MB231 cells were treated with curcumin (Cur)
(15 μM) for the indicated times. At the end of treatment, samples were 
used for total RNA isolation or for the preparation of whole cell lysates. 
Equal amounts of protein were subjected to protein gel blotting for the 
detection of Apaf-1, FADD and Bak. A non-specific band serves as load-
ing control. Isolated total RNAs were used to quantitate the expression 
of Apaf-1 and FADD using real-time PCR analysis. MDA, MDA-MB231 
cells; NS, non-specific band serve as a loading control. Data are repre-
sentative of three independent experiments.

and 3 activation and apoptosis. In certain cell types, activation 
of caspase 8 by curcumin may, thus, initiate the caspase cascade; 
however, execution of apoptosis appears to be largely dependent 
on activation of a caspase 9-mediated pathway.

Upregulation of pro-apoptotic multidomain proteins such 
as Bax/Bak seems to play an essential role for in curcumin-
induced cytochrome c release.15,16 Published reports have sug-
gested a redundant role of Bax and Bak in curcumin-induced 
apoptosis.15 However, whether Bax and/or Bak undergo oligo-
merization to permeabilize the mitochondrial membrane is 
not known. Our findings point to Bax as the primary media-
tor of cytochrome c release in curcumin-treated cells, as the 
effect was inhibited in HCT116-Bax-deficient cells, which still 
express Bak. These data suggest that Bak does not play a criti-
cal role in mediating cytochrome c release in curcumin-induced  
apoptosis.

How is Bax activated to undergo oligomerization and pore 
formation on the mitochondria during curcumin-induced 
apoptosis? Activation/oligomerization of Bax requires multiple 
mechanisms, including Bax channel formation upon activation 
by BH3-only proteins.28,29 Our analysis demonstrated upregu-
lation of pro-apoptotic BH3-only proteins Bim and Bid in 
response to curcumin. These BH3-only proteins then contribute 
to Bax recruitment, activation and oligomerization. Our studies 
further demonstrated that Bax undergoes oligomerization in a 
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release, via a p53-independent mechanism. Importantly, p21 was 
shown to regulate curcumin-induced apoptosis both upstream 
and downstream of mitochondria. Specifically, (1) inhibition 
of cytochrome c release in the absence p21 suggests that p21 
regulates permeabilization of the mitochondrial membrane and 
(2) regulation of Apaf-1 expression levels by p21 supports a role 
for p21 in apoptosome-mediated caspase activation.

phosphorylation pattern of p53 differs in the presence and 
absence of p21.48 These findings suggest that p21 regulates apop-
tosis via p53-dependent or-independent pathways. Previous stud-
ies have shown that silencing of p21 blocks curcumin-induced 
apoptosis,49 however, the underlying molecular mechanisms 
involved in this effect are not known. Our findings provide the 
first evidence that p21 promotes permeabilization of the mito-
chondrial membrane leading to release of cytochrome c during 
curcumin-induced apoptosis. Our conclusions are based on the 
findings that deficiency of p21 inhibited cytochrome c release 
and caspase activation. Importantly, we have further observed 
that p21 deficiency leads to reduced expression of Apaf-1. The 
underlying mechanisms are currently under investigation, but 
this finding suggests a new pathway for inhibition of caspase 
activation in the absence of p21 during curcumin-induced apop-
totic cell death.

In summary, our study provides novel mechanistic informa-
tion on curcumin-induced apoptotic cell death. We provide com-
prehensive evidence that curcumin induces Apaf-1-dependent 
caspase activation and apoptosis. Our conclusion is based on 
the following major findings: curcumin-induced caspase 9 and 
caspase 3 activation was blocked in Apaf-1-deficient MEFs and 
Apaf-1 silenced cancer cells, curcumin induced expression of 
Apaf-1 both at protein and mRNA levels, cytochrome c release 
is associated with increased caspase 3 activation in curcumin-
treated cells, and reduced expression of Apaf-1 in p21-deficient 
cells was associated with inhibition of caspase 3 activity and 
apoptosis. Caspase 8 was excluded as a major initiator of the 
caspase cascade, and activation and oligomerization of Bax was 
shown to play a critical role in curcumin-induced cytochrome c 

Figure 8. Curcumin induces Bax-dependent, p21-mediated cytochrome 
c release without p53 requirement. HCT116 WT (A), HCT116-p53-/- (B), 
HCT116-Bax-/- (C) and HCT116-p21-/- (D) cells were treated with curcumin 
(15 μM) for the indicated times. Cytosolic and mitochondrial fractions 
were isolated and equal amounts of protein were subjected to protein 
gel blotting for the detection of cytochrome c (Cyt. C), cytochrome c ox-
idase subunit II (COX II), heat shock protein 60 (Hsp60) and actin. Actin 
and Hsp60 serve as loading controls. *represents a non-specific band.

Figure 7. Curcumin induces upregulation of Bax, Bim and Bid, which 
trigger Bax oligomerization. (A) MDA-MB231 cells (MDA) were treated 
with curcumin (Cur) (15 μM) for the indicated times. Equal amounts 
of whole cell protein were separated on SDS-PAGE for detection of 
indicated proteins. Actin serves as loading control. (B) MDA-MB231 
and HCT116 cells were treated with curcumin (15 μM) for the indicated 
times. In some treatment conditions, cells were pretreated with pan-
caspase inhibitor (z-VAD) one h prior to curcumin treatment. At the 
end of treatments, cells were cross-linked with BMH and subjected to 
protein gel blotting for the detection of Bax oligomers. Data are repre-
sentative of three independent experiments.
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pAbs; Biomol), -caspase 9 (Cell Signaling), -poly (ADP-ribose) 
polymerase (PARP), -lactate dehydrogenase (LDH) and -actin 
(mAb; ICN). Secondary antibodies and ECL reagents were 
acquired from GE Healthcare. AlexaFluor 594 or 488 conju-
gated goat anti-mouse or rabbit IgG (H + L) and mitochondrial 
dye (i.e., MitoTracker Orange, CMTMRos) were purchased 
from Molecular Probes (Invitrogen). The fluorogenic caspase 
substrates DEVD-AFC, LEHD-AFC, general caspase inhibi-
tor z-VAD-fmk and cross-linkers were bought from Enzo Life 
Sciences. All other chemicals were purchased from Sigma unless 
specified otherwise.

Subcellular fractionation and protein gel blotting. Whole 
cell lysates and mitochondrial/cytosolic fractions were prepared 
and protein gel blotting was performed as previously described in 
references 26 and 53.

Quantification of apoptosis and caspase activity measure-
ment. To quantify percentage apoptosis, apoptotic cells were 
counted based on live cell staining with DAPI to label apoptotic 
nuclei.26 In addition, both live and dead cells were counted using 
Trypan blue dye. DEVDase and LEHDase, representing caspase 
3 and caspase 9 activities, respectively, were measured as previ-
ously described in references 26 and 27.

Establishment of cancer cells stably expressing Apaf-1 or 
caspase 8 siRNA using shRNA lentiviral vectors. To establish 
stable cancer cells expressing siRNA for Apaf-1 and caspase 8, 
green fluorescence protein (GFP)-tagged short hairpin RNAs 
(shRNAs) specific to Apaf-1, caspase 8, and negative control 
shRNA were cloned into the pGIPZ (Open Biosystems) lentivi-
ral vector to generate lentiviral particles. The shRNA sequences 
were caspase 8 (5'-GAC TTC AGC AGA AAT CTT T-3') and 
Apaf-1 (5'-CCT TTG ATG GAA TCA TAA A-3'). Apaf-1, 
caspase 8 and control shRNA-specific lentiviral particles were 
obtained from the Roswell Park Cancer Institute (RPCI) shRNA 
core resource and were directly utilized to infect cells at a mul-
tiplicity of infection (MOI) of 3. Stable cells expressing siRNA 
were selected after 48 h using puromycin (1 μg/ml).27

Analysis of Apaf-1 and FADD mRNA expression in real-
time. Total RNA was isolated from DMSO- or curcumin-
treated cells using Tri-reagent (Molecular Research Center, 
Inc.). Reverse transcription was performed using superscript II 
(Invitrogen) with 1 mg of total RNA. 0.5 ml of cDNA was mixed 
with iTaq SYBR supermix with Rox (Biorad) to perform a quan-
titative real-time PCR reaction on an Applied Biosystems 7500. 
Apaf-1F, CCT CTC ATT TGC TGA TGT CG; Apaf-1R, TCA 
CTG CAG ATT TTC ACC AGA; FADD-F, TCT CCA ATC 
TTT CCC CAC AT; FADD-R, GAG CTG CTC GCC TCC 
CT; actin F, CTT CGT CGC ACA TTG TGT CT; and actin R, 
GAC AGC GCC AAG TGA AGC primers were used to amplify 
the mRNA expression levels. The results were then processed and 
Apaf-1 or FADD gene expression was normalized to actin expres-
sion in the same sample. The data are presented as fold change 
with respect to the DMSO-treated control.54

Immunofluorescence. Cells were treated with curcumin and 
incubated live with either DAPI alone (to label the nucleus) 
or MitoTracker Orange (CMTMRos) and DAPI (to label 
mitochondria and nuclei, respectively). Cells were then fixed, 

It is critical to establish the molecular mechanisms of cur-
cumin-induced apoptotic cell death, so that the maximum 
medicinal benefits of this compound can be harnessed. As shown 
in multiple clinical trials,5,6 curcumin is not toxic to humans even 
at higher doses. This agent, therefore, has therapeutic potential 
and could be exploited for the development of new anticancer 
agents with minimal toxicity to noncancerous cells.

Materials and Methods

Cells and reagents. Most cancer cells were subcultured as previ-
ously described in reference 50. Colon cancer cells (HCT116, 
HCT116-Bax-KO, HCT116-p21-KO and HCT-p53-KO) were 
kindly provided by Dr. B. Vogelstein51,52 and cultured in McCoy’s 
5A media supplemented with 10% FBS. Prostate cancer (PC3 
and LNCaP), breast cancer (MDA-MB231), immortalized nor-
mal human fibroblast (GM701), Jurkat WT, Jurkat caspase 8-/-, 
MEFs WT and MEFs Apaf-1-/- cells were obtained from the 
ATCC or from various investigators and were subcultured as 
described previously in reference 50 and 53. Primary antibod-
ies were anti-cytochrome c (mAb, monoclonal antibody), -Apaf-1 
and -Bax (Rb pAb, rabbit polyclonal antibody), -Bid, and -cas-
pase 8 purchased from BD PharMingen. Anti-Bax N-terminus 
or NT (Rb pAb; Upstate), -Bak (Rb pAb; Santa Cruz), -p53 and 
-p21(Santa Cruz), -COX II (Mito Sciences), -Hsp60 (Millipore), 
-Bak NT (Rb pAb; Upstate), -Bim (Calbiochem), -caspase 3 (Rb 

Figure 9. p21 deficiency reduces Apaf-1 expression and inhibits 
curcumin-induced caspase activation. HCT116 WT and HCT116-p21-/- 
cells were treated with curcumin (Cur) (15 μM) for the indicated times. 
At the end of treatment, cells were harvested and equal amounts of 
protein (50 μg) were subjected to caspase 3 activity measurements, or 
protein gel blotting for Apaf-1. Actin serves as a loading control. HCT-
WT, HCT116-WT cells; HCT-p21-/-, HCT116-p21-/--deficient cells. Data are 
mean ± SD of three independent experiments. *p < 0.01.
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permeabilized and immunolabeled for cytochrome c as described 
previously in references 26 and 27.

Chemical cross-linking and oligomerization assays. Cells 
were suspended in 45 μl of HIM buffer (200 mM mannitol, 70 
mM sucrose, 10 mM HEPES-KOH, 1 mM EGTA, pH 7.5) fol-
lowed by addition of freshly prepared BMH (bismaleimidohex-
ane) to a final concentration of 2 mM and incubated at room 
temperature for 30 min. Cells were then lysed in protein sample 
buffer and subjected to protein gel blotting.27,55

Statistical analysis. Results are presented as mean ± standard 
deviation (SD) of data from at least three independent experi-
ments. Statistical analysis was performed by ANOVA using 
Sigma Stat. Significant changes (p < 0.01) are represented by *.
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