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Abstract

Aim: TNF (tumor necrosis factor)-related apoptosis-inducing ligand (TRAIL), is a selective killer of tumor cells,
although its potential is limited by the development of resistance. In this article, we investigated whether the
polyherbal preparation Zyflamend� can sensitize tumor cells to TRAIL. Results: We found that Zyflamend
potentiated TRAIL-induced apoptosis in human cancer cells. Zyflamend manifested its effects through several
mechanisms. First, it down-regulated the expression of cell survival proteins known to be linked to resistance to
TRAIL. Second, Zyflamend up-regulated the expression of pro-apoptotic protein, Bax. Third, Zyflamend up-
regulated the expression of death receptors (DRs) for TRAIL. Up-regulation of DRs was critical as gene-silencing
of these receptors significantly reduced the effect of Zyflamend on TRAIL-induced apoptosis. The up-regulation
of DRs was dependent on CCAAT/enhancer-binding protein-homologous protein (CHOP), as Zyflamend in-
duced CHOP, its gene-silencing abolished the induction of receptors, and mutation of the CHOP binding site on
DR5 promoter abolished Zyflamend-mediated DR5 transactivation. Zyflamend mediated its effects through
reactive oxygen species (ROS), as ROS quenching reduced its effect. Further, Zyflamend induced DR5 and
CHOP and down-regulated the expression of cell survival proteins in nude mice bearing human pancreatic
cancer cells. Innovation: Zyflamend can sensitize tumor cells to TRAIL through modulation of multiple cell
signaling mechanisms that are linked to ROS. Conclusion: Zyflamend potentiates TRAIL-induced apoptosis
through the ROS-CHOP-mediated up-regulation of DRs, increase in pro-apoptotic protein and down-regulation
of cell survival proteins. Antioxid. Redox Signal. 16, 413–427.

Introduction

TNF (tumor necrosis factor)-related apoptosis-
inducing ligand (TRAIL) was first identified in 1995 (47)

and reported to selectively induce apoptosis in tumor cells—
but not in most normal cells—through its action with two
distinct death receptors (DRs), DR4 and DR5. Owing to this
selectivity, this cytokine is a candidate for clinical investiga-
tion in cancer therapy. Although TRAIL signals via DR4 or
DR5, most studies suggest that DR5 is the primary receptor
leading to apoptosis (16). One difference between DR4 and
DR5 is the capacity of p53 to induce DR5 transcription widely
in response to deoxyribonucleic acid (DNA) damage in vitro
and in vivo (48). In addition, wild-type TRAIL has a higher

affinity for DR5 than for DR4 (45). Furthermore, a recent study
has demonstrated that induction of DRs is cell type specific; so
far, surface DR5 expression has been broadly found on
TRAIL-sensitive tumor cell lines by flow cytometry and in
primary tumors by immunohistochemistry. In contrast, DR4
has been found on the surface of selected tumor cell lines. For
example, primary cells with chronic lymphocytic leukemia
and mantle cell lymphoma almost exclusively express
DR4 (28).

These receptors interact with the Fas-associated death do-
main (FADD), which leads to sequential activation of initiator
caspase-8 and caspase-3. Although TRAIL can induce apo-
ptosis in most cancer cells, the emergence of resistance to
TRAIL is amajor problem that limits its utility as a therapeutic
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agent. TRAIL resistance appears to be mediated through
multiple mechanisms. One potential mechanism involves
dysregulation of DR4 and DR5 (22). A second mechanism
involves defects in effector caspases, such as caspase-3. A
third mechanism of TRAIL resistance involves changes in
proteins that affect caspase activation, including either inac-
tivation of pro-apoptotic molecules (Bax, Bak, Bad, Bim, or
Bid) or the overexpression of death inhibitors (cellular FADD-
like interleukin-1b converting enzyme [FLICE] inhibitory
protein [c-FLIP], Bcl-2, Bcl-xL, or inhibitor of apoptosis [IAP]).
Whereas Bcl-2 and Bcl-xL bind to Bax and Bak and inhibit
cytochrome c release by pore-forming proteins (Bid, Bik),
IAPs directly bind and inhibit caspases-3, -7, and -9. Two
different forms of the proteins c-FLIPL and c-FLIPS are known
to prevent caspase-8 activation.

Natural products have been used as therapeutics for centu-
ries and are thus envisioned as safe (31). As much as 70% of all
drugs approved for cancer treatment between 1981 and 2002
were either natural products or based on natural products (31).
Among agents with such potential, Zyflamend is a polyherbal
formulation composed of 10 standardized herbal extracts
(baikal skullcap, barberry, chinese goldthread, ginger, green
tea, holy basil, hu zhang, oregano, rosemary, and turmeric) (38)
(Table 1). Previously we reported that Zyflamend could inhibit
TNF-induced nuclear factor-kappaB (NF-jB) activation in
myelogenous leukemia cells (38). Because Zyflamend contains
constituents that can suppress tumor cell proliferation, inva-
sion, angiogenesis, andmetastasis (3, 7, 10, 13, 19, 20, 29, 41, 44),
we investigated whether Zyflamend could potentiate TRAIL-
induced apoptosis in cancer cells. To test this possibility, we
investigated the effect of Zyflamend on TRAIL-induced apo-
ptosis and the mechanism by which Zyflamend mediates its

effects. Our results demonstrate that Zyflamend potentiated the
apoptosis induced by TRAIL by up-regulating the expression of
DRs via reactive oxygen species (ROS)-dependent up-regulation
of the cysteine-cysteine-alanine-alanine-threonine (CCAAT)/
enhancer-binding protein-homologous protein (CHOP) path-
way and by down-regulating anti-apoptotic proteins.

Results

The primary objective of this study was to determine
whether Zyflamend, a polyherbal preparation that is con-
sumed by thousands of people in the United States and con-
sidered safe (6) can potentiate TRAIL-induced apoptosis in
cancer cells. If so, we sought to determine the mechanism by
which Zyflamend modulates this effect. We used Zyflamend,
as it contains multiple phytochemicals and nutraceuticals
linked to cancer prevention and chemosensitization. The dif-
ferent components present in Zyflamend have been found
safe (2, 4, 8, 14, 34). For most studies, we used human colo-
rectal adenocarcinoma (HCT)-116 cells because the mecha-
nism of TRAIL-induced apoptosis in this cell line has been
extensively studied. We also used other cell lines to examine
the specificity of Zyflamend effect.

Zyflamend potentiates TRAIL-induced apoptosis

We used various assay systems to examine the effect of Zy-
flamend on apoptosis induced by TRAIL. First, we used the
live/dead assay todeterminewhetherZyflamend canpotentiate
TRAIL-induced apoptosis inHCT-116 colon cancer cells. Results
indicated that treatmentwithZyflamend alone for up to 24h did
not induce any significant cell death. While Zyflamend and
TRAIL alone induced cell death in the range of 7–15%, combined
treatment of 2 increased cell death to 32%and 65%at 100lg/mL
and 250lg/mL Zyflamend, respectively (Fig. 1A).

Second, we measured apoptosis (at the sub-G1 stage) using
the propidium iodide staining method by fluorescence-
activated cell sorting (FACS). We found that Zyflamend alone
and TRAIL alone induced 4.17% and 7.11% apoptosis, re-
spectively, but the combination of the two enhanced the ap-
optosis to 47.02% (Fig. 1B).

Third, we determined whether Zyflamend could enhance
the effect of TRAIL in a long-term colony-formation assay.We
found that Zyflamend alone or TRAIL alone was minimally
effective in inhibiting colony formation of HCT-116 cells, but
the combination treatment significantly suppressed the colo-
ny-forming ability of these tumor cells (Fig. 1C).

Activation of caspases is another hallmark of apoptosis
induced by most agents. Therefore, we investigated the effect
of Zyflamend, TRAIL, and the combination on the activation
of caspase-8, caspase-9, caspase-3, and poly (ADP-ribose)
polymerase (PARP) cleavage (Fig. 1D). We found that al-
though Zyflamend alone and TRAIL alone had little effect on
caspase activation and PARP cleavage, the two together were
highly effective.

Overall, these results indicate that Zyflamend can enhance
TRAIL-induced apoptosis. Next, we investigated in detail
how Zyflamend enhances TRAIL-induced apoptosis.

Zyflamend down-regulates the expression of cell

survival proteins

We examined whether Zyflamend had any effect on the
expression of anti-apoptotic proteins. Zyflamend significantly

Innovation

Although TNF (tumor necrosis factor)-related apopto-
sis-inducing ligand (TRAIL) is known to selectively kill
cancer cells, the development of resistance to TRAIL is one
of the major hurdles for its use as a cancer therapy. Thus
agents that are safe, affordable, and easily available and
can overcome the TRAIL resistance are urgently needed. In
this study, for the first time, we demonstrate that Zy-
flamend�, a polyherbal preparation can sensitize tumor
cells to TRAIL-induced apoptosis. Furthermore, the
mechanism by which this polyherbal preparation sensi-
tizes tumor cells to TRAIL was delineated. We found that
Zyflamend mediated its effect through several mecha-
nisms. First, it down-regulated the expression of cell
survival proteins linked to resistance. Second, Zyflamend
up-regulated the expression of pro-apoptotic protein.
Third, Zyflamend induced the expression of death receptor
(DR)-5. We found that up-regulation of the receptors was
mediated through the expression of CCAAT/enhancer-
binding protein-homologous protein (CHOP) and through
generation of reactive oxygen species (ROS). The sensiti-
zation of cancer cells to TRAIL-induced apoptosis was
abolished by ROS quenchers. Overall, our observations
indicate that Zyflamend sensitizes cancer cells to TRAIL
through the ROS-CHOP-DR5 mechanism. This study
provides the evidence that this polyherbal preparation can
be used for sensitization of cancer cells to TRAIL.
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down-regulated Bcl-xL, Bcl-2, and survivin and also slightly
decreased c-FLIP and cellular inhibitor of apoptosis proteins
(c-IAPs) in a concentration-dependent manner (Fig. 2A). Zy-
flamend also reduced the expression of these proteins in a
time-dependent manner (Fig. 2B).

Zyflamend up-regulates the expression

of pro-apoptotic protein

Whether Zyflamend could affect the expression of pro-
apoptotic proteins was examined. Zyflamend enhanced the
expression of pro-apoptotic Bax in a concentration- (Fig. 2C)
and time-dependent manner (Fig. 2D).

Zyflamend up-regulates the death receptor

Another possible mechanism by which Zyflamend could
affect TRAIL-induced apoptosis is through the modulation

of DRs. To investigate this possibility, we examined the ef-
fect of Zyflamend on the expression of DR4 and DR5 in
HCT-116 cells. HCT-116 cells were treated with various
concentrations of Zyflamend for 24 h. Zyflamend induced
DR5 in HCT-116 cells in a concentration- (Fig. 3A) and time-
dependent manner (Fig. 3B). Zyflamend, however, failed to
induce DR4 expression.

We also analyzed the cell surface expression of DRs in cells
treated with Zyflamend. Results showed that Zyflamend
significantly increased the cell surface expression of DR5 but
failed to have much effect on DR4 (Fig. 3C).

We investigatedwhether induction of DRs by Zyflamend is
cell type specific. Colon cancer cells (HT29), pancreatic cancer
cells (Panc-28), and embryonic kidney carcinoma cells (A293)
were exposed to Zyflamend and then examined for DR5 and
DR4 protein expression. Zyflamend induced DR5 but was
unable to induce DR4 (Fig. 3D) in all three cell lines, clearly

FIG. 1. Zyflamend enhances
TRAIL-induced HCT-116 cell
death. (A) Cells were treated
with 100lg/mL (upper panel)
or 250lg/mL (lower panel)
Zyflamend for 12h, washed
with PBS to remove Zy-
flamend andwere then treated
with 25ng/mLTRAIL for 24h.
Cell death was determined by
the live/dead assay. (B) Cells
were treated with 100lg/mL
Zyflamend, 25ng/mL TRAIL
either alone or in combination
for 24h. Cells were then
stained with propidium io-
dide, and the sub-G1 fraction
was analyzed using FACS. (C)
Cells were treated with
100lg/mL Zyflamend for
12h, washed with PBS to re-
move Zyflamend, and then
treated with TRAIL (25ng/
mL) for 24h. The cells were
then reseeded in six-well plates
and allowed to form colonies
for 7 days, after which they
were stained with crystal vio-
let, as described in Materials
and Methods. Each bar repre-
sents a mean number of colo-
nies– SD of three experiments.
(D)Cellswere pre-treatedwith
100lg/mLZyflamend for 12h
and then washed with PBS to
remove Zyflamend. Cells were
then treated with TRAIL for
24h. Whole-cell extracts were
prepared and analyzed by
Western blotting using anti-
bodies against caspase-3, cas-
pase-8, caspase-9, and PARP.
b-Actinwas usedas an internal
control to verify equal protein
loading. (To see this illustration
in color the reader is referred to
thewebversionof this article at
www.liebertonline.com/ars).
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FIG. 2. Zyflamend modulates anti-
apoptotic and pro-apoptotic protein ex-
pression. HCT-116 cells were treated with
the indicated concentrations of Zyflamend
for 24 h (A, C) or with 250lg/mL Zy-
flamend for the indicated times (B, D).
Whole-cell extracts were prepared and
analyzed by Western blotting using the
relevant antibodies. b-Actin was used as
an internal control to verify equal protein
loading.

FIG. 3. Zyflamend induces
expression of death recep-
tors. HCT-116 cells were
treated with the indicated
concentrations of Zyflamend
for 24 h (A) or with 250 lg/
mL Zyflamend for the indi-
cated times (B). Whole-cell
extracts were prepared and
analyzed for DR5 and DR4
by Western blotting. b-Actin
was used as an internal con-
trol to verify equal protein
loading. (C) HCT-116 cells
were treated with 100 lg/mL
Zyflamend for 24 h and then
harvested for analysis of cell
surface expression of DR5 and
DR4 by FACS. (D) Zyflamend
up-regulated DR5 in various
types of cancer cells. Cells
were treated with the indicated
concentrations of Zyflamend
for 24h, and whole-cell extracts
were prepared and analyzed
by Western blotting using an-
tibodies against DR5 and DR4.
The same blots were stripped
and reprobed with b-actin an-
tibody to verify equal protein
loading. (Zy, Zyflamend) (To
see this illustration in color the
reader is referred to the web
version of this article at www
.liebertonline.com/ars).
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demonstrating that induction of DRs by Zyflamend is not cell
type specific.

Induction of death receptors by Zyflamend is needed

for TRAIL-induced apoptosis

To determine the role of DR5 and DR4 in TRAIL-induced
apoptosis, we used small interfering ribonucleic acids (siR-
NAs) specific to DR5 and DR4 to down-regulate the expres-
sion of these receptors. Transfection of cells with DR5 siRNA
but not with the control siRNA reduced Zyflamend-induced
DR5 expression (Fig. 4A).

We next used the live/dead assay to examine whether the
suppression of DR5 or DR4 by siRNA could abrogate the
sensitizing effects of Zyflamend on TRAIL-induced apoptosis.
We found that the effect of Zyflamend on TRAIL-induced
apoptosis was remarkably abolished in cells transfected with
DR5 siRNA but not in cells transfected with DR4 siRNA or
control siRNA (Fig. 4B). These results suggest that DR5 plays
a major role in TRAIL-induced apoptosis by Zyflamend.

Zyflamend-induced up-regulation of TRAIL receptors

is mediated through activation of CCAAT/

enhancer-binding protein-homologous protein

How Zyflamend induces DRs was investigated. It has been
shown that the induction of DRs by certain agents is mediated
through activation of CCAAT/enhancer-binding protein-ho-
mologous protein (CHOP) (40). We therefore investigated
whether Zyflamend could induce the expression of CHOP.
Cells were treated with the different concentrations of Zy-
flamend for 24 h and then examined for relative CHOP ex-
pression. We found that Zyflamend increased the expression
of CHOP in a concentration- (Fig. 5A) and time-dependent
(Fig. 5B) manner. Zyflamend also induced CHOP in pancre-
atic, kidney, and colorectal cancer cells (Fig. 5C).

Mutation of CHOP binding site on DR5 promoter

abolishes Zyflamend-induced DR5 transactivation

We examinedwhether the CHOP expression is essential for
DR5 induction by Zyflamend. We transfected HCT-116 cells
with CHOP siRNA and then treated the cells with Zyflamend.
Results indicated that transfection of HCT-116 cells with
CHOP siRNA completely suppressed Zyflamend-induced
DR5 expression (Fig. 5D).

To confirm that the CHOP is required for DR5 induction by
Zyflamend, we performed a mutational experiment using
DR5 promoter plasmids that contained a wild-type or mu-
tated CHOP binding site. A293 cells were transfected with
wild-type or mutant plasmids before treatment with Zy-
flamend. Zyflamendwas found to induce luciferase activity in
cells transfected with wild-type plasmids. However, lucifer-
ase activity was significantly regressed in the cells transfected
with mutant plasmids (Fig. 5E).

Induction of CHOP is required for potentiation

of TRAIL-induced apoptosis by Zyflamend

We next examined whether expression of CHOP is needed
for potentiation of TRAIL-induced apoptosis by Zyflamend.
Results indicated that CHOP siRNA markedly reduced the
effect of Zyflamend on TRAIL-induced apoptosis (from 45%

to 10%) in HCT-116 cells, whereas treatment with control
siRNA had no effect (Fig. 5F). These results suggest that po-
tentiation of TRAIL-induced apoptosis by Zyflamend re-
quires the expression of CHOP.

Induction of ROS generation by Zyflamend

The nutraceuticals present in Zyflamend such as baicalein
(46), baicalin (27), berberine (26), curcumin (15), epigalloca-
techin gallate (EGCG) (25), gingerol (32), resveratrol (29),
rosmarinic acid (30), and ursolic acid (35), have been shown to
possess pro-oxidant property. Because DR5 induction by
certain agents requires ROS (15, 19), we sought to determine
whether Zyflamend-induced DR5 induction occurs through a
similar mechanism. We treated HCT-116 cells with Zy-
flamend and then measured changes in ROS levels inside the
cells using dichlorodihydrofluorescein diacetate (DCF-DA) as
a probe. Results indicated that Zyflamend significantly in-
duced ROS generation in HCT-116 cells while pre-treatment
of cells with N-acetyl-L-cysteine (NAC) (Fig. 6A) or glutathi-
one (GSH) (Fig. 6B) significantly reduced ROS generation.

To further confirm the ROS generating potential of Zy-
flamend, we used hydroethidine (HE) that basically measures
superoxide radicals (9). Results indicated that Zyflamend
significantly induced ROS generation in HCT-116 cells while
pre-treatment of cells with NAC or GSH significantly reduced
ROS generation (Figs. 6C, 6D).

Whether extracellular administration of NAC and GSH
increases intracellular glutathione content was determined
using monobromobimane (mBBr) by flow cytometry (9). Re-
sults indicated a significant increase in intracellular glutathi-
one content by GSH and NAC treatment that was abrogated
by Zyflamend treatment (Figs. 6E, 6F).

Induction of DR5 by Zyflamend is through

generation of ROS

We next sought to determine whether the induction of DR5
by Zyflamend is regulated by ROS. We found that pre-treat-
ment of HCT-116 cells with NAC (Fig. 7A) or GSH (Fig. 7B)
reduced the Zyflamend-induced up-regulation of DR5 ex-
pression in a concentration-dependent manner. The expres-
sion level of DR did not change when cells were treated with
the antioxidant NAC or GSH alone. These results suggest that
ROS play an important role in the induction of DRs by Zy-
flamend. Moreover, the expression of CHOP was also abol-
ished when cells were treatedwith the ROS scavengers. These
results suggest that induction of CHOP by Zyflamend also
requires ROS production.

Because ROS have been shown to control the expression of
Bcl-2 family proteins (5, 24), we sought to determine whether
ROS play a role in the modulation of Bcl-2 family proteins by
Zyflamend. Results indicated that the down-regulation in the
expression of Bcl-2, survivin, c-IAP-1, Bcl-xL and c-FLIP by
Zyflamend was abolished when cells were pre-treated with
NAC or GSH (Fig. 7C). We also found that Zyflamend failed
to induce Bax expression when cells were pre-treated with
ROS scavengers (Fig. 7D).

Whether Zyflamend-induced DR5 and CHOP in pancreatic
cancer cells and embryonic kidney cells are mediated through
ROS was investigated. A moderate increase in DR5 and
CHOP expression was observed by Zyflamend that was
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reduced by NAC and GSH. NAC and GSH, alone were un-
able to induce DR5 and CHOP under similar conditions (Fig.
7E). These results suggest that Zyflamend might induce DR5
and CHOP in pancreatic cancer cells and embryonic kidney
cells through ROS generation.

Potentiation of TRAIL-induced apoptosis by Zyflamend

is ROS dependent

Finally, we sought to determine whether potentiation of
TRAIL-induced apoptosis by Zyflamend is mediated through
ROS. Results indicated that pre-treatment of HCT-116 cells
with NAC or GSH significantly reduced the effect of Zy-
flamend on TRAIL-induced apoptosis (Fig. 8A-B). Similar
effects were observed in pancreatic cancer cells and embryonic

kidney cells (Fig. 8C-E). Concomitant with these observations,
we found that pre-treatmentwith ROS scavengers significantly
reduced caspase activation induced by Zyflamend and TRAIL
inHCT-116 cells (Fig. 8F). Taken together, these results indicate
that potentiation in TRAIL-induced apoptosis by Zyflamend
requires ROS and is not cell type specific.

Zyflamend up-regulates DR5 and suppresses

anti-apoptotic proteins expression in pancreatic

tumors in vivo

Whether Zyflamend modulates DR5 and CHOP in vivo was
investigated. TheWestern blot analysis showed that tissues from
vehicle-treated animals expressed little DR5 andCHOP, whereas
those from Zyflamend-treated animals exhibited a significant

FIG. 4. Knockdown of death receptors
abrogates Zyflamend’s ability to en-
hance TRAIL-induced apoptosis. (A)
HCT-116 cells were transfected with DR5
siRNA, DR4 siRNA, alone or in combi-
nation, and control siRNA. After 48 h,
cells were treated with 250 lg/mL Zy-
flamend for 24 h, and whole-cell extracts
were analyzed by Western blotting using
DR5 and DR4 antibodies. (B) After 48 h of
transfection with siRNA, cells were pre-
treated with 100 lg/mL Zyflamend for
12 h and then incubated with 25 ng/mL
TRAIL for 24 h. Cell death was deter-
mined by the live/dead assay. (To see this
illustration in color the reader is referred
to the web version of this article at
www.liebertonline.com/ars).
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increase in the protein expression (Fig. 8G). We further investi-
gated whether Zyflamend has the potential to modulate cell
survival proteins in vivo.We found that cell survival protein, such
as Bcl-2, survivin, c-FLIP, and Bcl-xL, were constitutively ex-
pressed in tumor tissues, whereas Zyflamend treatment signifi-
cantly reduced the expression of cell survival proteins (Fig. 8G).

Discussion

In the current study, we found that the polyherbal formu-
lation Zyflamend potentiated TRAIL-induced apoptosis, as

indicated by intracellular esterase activity, DNA strand
breaks, and activation of caspases-3, -8, and -9. It is well
documented that the DR-mediated apoptotic signaling path-
way requires recruitment of FADD and caspase-8, which re-
sults in caspase-8 activation and subsequent activation of its
downstream caspase cascades and apoptosis (17). Our results
showed that neither TRAIL alone nor Zyflamend alone in-
duced apoptosis in HCT-116 cells. However, the combination
of Zyflamend with TRAIL induced activation and cleavage of
caspase-8, caspase-9 and caspase-3, which are critical for DR-
mediated apoptosis. Activation of caspase cascade and

FIG. 5. Up-regulation of
death receptors by Zy-
flamend is CHOP depen-
dent. (A, B) HCT-116 cells
were treated with the indi-
cated concentrations of Zy-
flamend for 24 h (A) or with
250 lg/mL Zyflamend for
the indicated times (B).
Whole-cell extracts were pre-
pared and analyzed by Wes-
tern blotting using the
relevant antibodies. b-Actin
was used as an internal con-
trol to verify equal protein
loading. (C) Zyflamend up-
regulated CHOP in various
types of cancer cells. Cells
were treated with the in-
dicated concentrations of
Zyflamend for 24 h, and
whole-cell extracts were pre-
pared and analyzed by Wes-
tern blotting using antibodies
against CHOP. The same
blots were stripped and re-
probed with b-actin antibody
to verify equal protein load-
ing. (D) Silencing of CHOP
reversed the effect of Zy-
flamend on DR5 expression.
Cells were transfected with
either CHOP siRNA or con-
trol siRNA. After 48 h, cells
were treated with 250 lg/mL
Zyflamend for 24 h, and
whole-cell extracts were sub-
jected to Western blotting for
CHOP and DR5. The same
blots were stripped and re-
probed with b-actin antibody
to verify equal protein load-
ing. (E) Mutation of CHOP
binding site on DR5 pro-
moter abolishes Zyflamend-
induced DR5 transactivation.
A293 cells were transfected with DR5/-552 luciferase plasmid containing wild type or mutated CHOP binding site. After
24 h, cells were treated with Zyflamend for 24 h and luciferase activity was determined as described in materials and
methods. Each bar represents means of luciferase activity – SD of three independent experiments (F) Gene silencing of CHOP
abolishes the effect of Zyflamend on TRAIL-induced apoptosis in colon cancer cells. HCT-116 cells were transfected with
CHOP siRNA for 48 h. Cells were then treated with 100lg/mL Zyflamend for 12 h, washed with PBS, and then incubated
with 25 ng/mL TRAIL for 24 h. Cell death was determined by the live/dead assay. (To see this illustration in color the reader
is referred to the web version of this article at www.liebertonline.com/ars).

ZYFLAMEND ENHANCES TRAIL-INDUCED APOPTOSIS 419



cleavage of PARP is the hallmark of apoptosis, which in turn
causes DNA fragmentation and cell death. The cell-intrinsic
pathway involves mitochondrial disruption by pro-apoptotic
Bcl-2 family members and consequent release of factors such
as cytochrome c that promote activation of caspase-9 (18). Our
study showed that Zyflamend induces up-regulation of Bax
and down-regulation of survivin, Bcl-2, and Bcl-xL, and ac-
tivation of caspase-9. Therefore, Zyflamend activated both the
major extrinsic and intrinsic apoptosis signaling pathways—
leading to enhancement of TRAIL-induced apoptosis.

We investigated in detail how Zyflamend could enhance
the sensitivity of colon cancer cells to TRAIL-induced apo-
ptosis. We found that Zyflamend significantly up-regulated
the expression of the TRAIL receptor DR5 but did not have
much effect on DR4. TRAIL-induced apoptosis appears to

require expression of one or both of its death domain-con-
taining receptors, DR4 or DR5 (12) and is mediated via a
FADD-dependent pathway (39).

We found that silencing of DR4 had only a minimal effect
on TRAIL-induced apoptosis. This result indicates that en-
hancement of apoptosis by Zyflamend is mediated through
the induction of DR5 over that of DR4. Furthermore, because
wild-type TRAIL has a higher affinity for DR5 than for DR4
(45), it seems logical to observe a major role of DR5 in the
enhancement of TRAIL-induced apoptosis by Zyflamend.
CHOP, known as growth arrest- and DNA damage-inducible
gene 153, is a transcription factor that is up-regulated fol-
lowing multiple stimuli. It has been shown, for example, that
the induction of DRs by certain agents (i.e., tunicamycin, si-
libinin) is mediated through the activation of CHOP (40, 43).

FIG. 6. Zyflamend induces ROS generation. HCT-116 cells were pre-exposed to NAC (A and C) or GSH (B and D) for 1 h,
washed off and then exposed to 250 lg/mL Zyflamend for 1 h. Cells were labeled with DCF-DA (A-B) or HE (C-D) and
examined for ROS generation by FACS. (E-F) HCT-116 cells were pre-exposed to NAC (E) or GSH (F) for 1 h, washed off and
then exposed to Zyflamend for 1 h, stained with monobromobimane and then examined for intracellular glutathione content by
flow cytometer. (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline
.com/ars).
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Of note, our results showed that Zyflamend induced the ex-
pression of CHOP. The role of CHOP in inducing DR5 by
Zyflamend was confirmed by gene silencing and DR5 pro-
moter analyses. The suppression of CHOP by siRNA abro-
gated the effects of Zyflamend on TRAIL-induced apoptosis.
These results indicate that CHOP-dependent DR5 up-
regulation contributes to the sensitizing effect of Zyflamend
on TRAIL-induced apoptosis. It has not been reported whe-
ther CHOP induces DR5 transcription widely in response to
damage, but it has been reported that one difference between
DR4 and DR5 is the capacity of p53 to induce DR5 tran-
scription widely in response to DNA damage in vitro and
in vivo (48). The effect of CHOP in preferring DR5 to DR4 in
HCT-116 cells remains to be elucidated.

We found that perhaps themost important upstream signal
linked to the modulation of TRAIL signaling is ROS. Zy-
flamend was found to induce ROS, and scavenging of ROS
abrogated the effect of Zyflamend on the induction of DRs
and CHOP and also abolished the potentiation of TRAIL-
induced apoptosis by Zyflamend. These results are similar to
that reported with curcumin for induction of DR5 (15). Our
findings also corroborate with previous findings on quercetin
(19) and zerumbone (50). The major components of Zy-
flamend that have the potential to act as pro-oxidants are
baicalein (46), baicalin (27), berberine (26), curcumin (15),
epigallocatechin gallate (EGCG) (25), gingerol (32), resvera-
trol (29), rosmarinic acid (30), and ursolic acid (35). Although
difficult to establish accurately, it is likely that the pro-oxidant
property of Zyflamend is due to all these components.

Besides induction of DRs, our results also established
that Zyflamend induces the up-regulation of Bax and down-

regulation of survivin, Bcl-2, and Bcl-xL protein, which might
have led to the promotion of TRAIL-induced apoptosis. Down-
regulation of c-FLIP by Zyflamend may also lead to the
enhancement of TRAIL-induced apoptosis. Recently it has
been shown that withaferin A also enhances TRAIL-induced
apoptosis through down-regulation of c-FLIP (23). How Zy-
flamend mediates the down-regulation of anti-apoptotic pro-
teins and up-regulation of pro-apoptotic protein is not clear.
However, previous reports have suggested that the expression
of Bcl-2 (24), Bcl-xL (24), and Bax (5) are controlled by ROS.
Concurring with these observations, we also found that down-
regulation in the expression of Bcl-2, Bcl-xL, and up-regulation
in Bax is controlled by ROS. In addition, results also indicated
that the modulation of survivin and c-FLIP expression by
Zyflamend is controlled by ROS. The anti-apoptotic proteins
(Bcl-2, Bcl-xL, and survivin) are known to be regulated by pro-
inflammatory transcription factor NF-jB. Because Zyflamend
has been shown to suppress NF-jB activation (38), it is likely
that this polyherbal preparation is inhibiting anti-apoptotic
proteins though suppression of NF-jB activation.

Zyflamend is a polyherbal preparation that is being con-
sumed by thousands of people in America as an effective anti-
inflammatory agent. There are 10 different plant extracts present
in Zyflamend (Table 1), the main plants being turmeric, rose-
mary, hu zhang, andgreen tea. Themain nutraceuticals present in
Zyflamend are baicalein, berberine, curcumin, EGCG, eugenol,
gingerol, resveratrol, ursolic acid, and wogonin (Table 1). Most
of these agents have been reported to possess anti-inflammatory
and anti-cancer properties (3, 7, 10, 13, 20, 29, 41, 44, ). For in-
stance, 100lg/mLof Zyflamend (the concentration employed in
the present study) contains 6.56lg of turmeric, which has 5–6.6

FIG. 7. Zyflamend induced up-
regulation of DR5 and CHOP is
mediated through generation of
ROS. (A-B) HCT-116 cells were trea-
ted with indicated concentrations of
NAC (A) or GSH (B) for 1 h, and then
treated with 250 lg/mL Zyflamend
for 24 h. Whole-cell extracts were
prepared and analyzed by Western
blotting using indicated antibodies. b-
Actin was used as a loading control.
(C-D) Zyflamend-modulated anti-
apoptotic and pro-apoptotic proteins
expression is dependent on ROS.
HCT-116 cells were pre-treated with
NAC or GSH for 1 h and then treated
with Zyflamend (250lg/mL) for 24 h.
Whole-cell extracts were prepared
and analyzed by Western blotting
using the relevant antibodies. b-Actin
was used as an internal control to
verify equal protein loading. (E)
Zyflamend-induced DR5 and CHOP
expression in pancreatic cancer cells
and human embryonic kidney cells is
mediated through ROS. Cells were
first treated with NAC or GSH for 1 h
and then with 250 lg/mL Zyflamend
for 24 h. Whole-cell extracts were
prepared and analyzed by Western
blotting using indicated antibodies. b-
Actin was used as a loading control.
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% of curcumin (328–433ng/ml) (36). In a previous study, 30lM
(11.16lg/ml) of curcumin was found to enhance TRAIL-
induced apoptosis (15). Thus in our studies curcumin at 25x–34x
lower concentration in Zyflamend was effective in potentiat-
ing the effect of TRAIL. Similarly, we found that EGCG (42),
ursolic acid (1, 35) and resveratrol (11, 37) present in Zy-
flamend were at concentrations 10 to 4,000 times lower than
their reported effective concentrations. These observations
suggest that most of these nutraceuticals mediate their effects
in a synergistic manner.

There are a limited number of studies about the safety of
Zyflamend in animals and humans. Zyflamend components,
such as turmeric (14), rosemary (2), green tea (8), ginger (4), and
baikal skullcap-wogonin (34), have been shown to be safe in
animals and humans. None of the reports indicated any ad-
verse effects of the other five components. One study examined
the effect of Zyflamend in men with prostatic intraepithelial
neoplasia (PIN) (6). Zyflamend, when administered orally for
18months tomenwith high-grade PIN, had no serious adverse
effects. Based on these published reports, we speculate that
Zyflamend can be used safely in cancer patients who develop
resistance to TRAIL.

Overall, our results indicate that Zyflamend can enhance
TRAIL-induced apoptosis in human cancer cells through (i)
the up-regulation of DR5 in an ROS-CHOP-dependent man-
ner, (ii) down-regulation of anti-apoptotic proteins and up-
regulation of pro-apoptotic protein in an ROS-dependent
manner (Fig. 9). Our results also indicate the efficacy of Zy-
flamend in nude mice implanted with pancreatic cancer cells.
However, further in vivo studies using combinations of Zy-
flamend and TRAIL preceding human clinical trials are
required to fully realize the potential of this polyherbal
preparation.

Materials and Methods

Materials

The Zyflamend� used in our studies was a standardized
preparation supplied by NewChapter Inc.. Zyflamend was
dissolved in dimethyl sulfoxide (DMSO) as a 100mg/ml stock
solution, stored at - 20�C, and then diluted further in cell cul-
ture medium as needed. Soluble recombinant human TRAIL
was purchased from PeproTech. Penicillin, streptomycin,
RPMI 1640, Dulbecco’s modified Eagle medium (DMEM), and
fetal bovine serum (FBS) were purchased from Invitrogen. Tris,
glycine, NaCl, sodium dodecyl sulfate (SDS), bovine serum
albumin (BSA),N-acetyl-L-cysteine (NAC), glutathione (GSH),
and b-actin antibody were obtained from Sigma-Aldrich. An-
tibodies against DR4, poly (ADP-ribose) polymerase (PARP),
Bcl-2, Bcl-xL, Bax, caspase-3, caspase-8, cIAP-1, c-FLIP, CHOP,
and caspase-9 were obtained from Santa Cruz Biotechnology.
Anti-DR5 was purchased from ProSci, Inc. Antibodies against
survivin and phycoerythrin (PE)-conjugated DR5 and DR4
were obtained from R & D Systems. Anti-c-FLIP was pur-
chased from Imgenex. Dichlorodihydrofluorescein diacetate
(DCF-DA), hydroethidine (HE), and monobromobimane
(mBBr) were purchased from Molecular Probes.

Cell lines

HCT-116, HT29 (human colon adenocarcinoma), A293 (hu-
man embryonic kidney carcinoma), and Panc-28 (pancreatic
cancer) cell lines were obtained from American Type Culture
Collection. HT29 cells were cultured in RPMI 1640 medium,
HCT-116, Panc-28, and A293 cells were cultured in DMEM. All
media were supplemented with 10% FBS and penicillin/
streptomycin.

Table 1. The Composition of Zyflamend

Plant Botanical name Amt/serving* Amount{ Active component

Baikal skullcap (root) Scutellaria baicalensis 10mg 1.19 lg baicalein, baicalin, wogonin
Barberry (root) Berberis vulgare 20mg 2.38 lg Berberine
Chinese goldthread (root) Coptis Chinensis 20mg 2.38 lg Berberine
Ginger (rhizome) Zingiber officinalis 50mg 5.96 lg gingerol, shogaol, paradol
Green tea (leaf ) Camellia sinensis 50mg 5.96 lg epicatechin gallate, epigallocatechin,{

epigallocatechin gallate{

Holy basil (leaf ) Ocimum sanctum 50mg 5.96 lg eugenol, methylchavikol, rosmarinic
acid, ursolic acid{

Hu zhang (root and rhizome) Polygonum cuspidatum 40mg 4.77 lg resveratrol{

Oregano (leaf ) Origanum vulgare 20mg 2.38 lg ursolic acid,{ carvacrol, linalool, rosmarinic
acid, thymol

Rosemary (leaf ) Rosmarinus officinalis 75mg 8.94 lg borneol, camphor, cineol, rosmarinic acid
Turmeric (rhizome) Curcuma longa 55mg 6.56 lg curcumin{

*One serving consists of 30 drops; {Amount present in 100lg/mL Zyflamend; {Amount of active component out of total corresponding
amount from column 4 (EGCG, 1,800 ng; catechin, 1,788–2,384 ng; ursolic acid, 2.682 ng; resveratrol, 28.62 ng; curcumin, 328–433ng).

FIG. 8. Potentiation of TRAIL-induced apoptosis by Zyflamend is ROS dependent. (A-E) NAC and GSH reversed cell
death induced by the combination of Zyflamend and TRAIL in cancer cells. Cells were pre-treated with NAC or GSH for 1 h
before treatment with Zyflamend. After 12 h, cells were washed with PBS and then treated with TRAIL for 24 h. Cell death
was determined by the live/dead assay. (F) Whole-cell extracts prepared from treated cells were analyzed by Western
blotting using antibodies against caspase-8, caspase-9, and caspase-3. b-Actin was used as an internal control to verify equal
protein loading. (G) Zyflamend induces expression of DR5, CHOP and down-regulates anti-apoptotic proteins in vivo. The
protein extract obtained from the tumor tissues of vehicle treated and Zyflamend treated nude mice were analyzed by
Western blot analysis using indicated antibodies. (To see this illustration in color the reader is referred to the web version of
this article at www.liebertonline.com/ars).
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Live/dead assay

To measure apoptosis, we used the Live/Dead� assay kit
(Invitrogen), which determines intracellular esterase activity
and plasmamembrane integrity. In brief, treated or untreated
cells were stained with the live/dead reagent (5 lM ethidium
homodimer and 5lM calcein-AM) and incubated at 37�C for
30min. Cells were then analyzed under a fluorescence mi-
croscope (Labophot-2; Nikon).

Clonogenic assay

HCT-116 cells were treated with Zyflamend (100 lg/mL)
for 12 h. The medium was changed, and cells were treated
with TRAIL for 24 h and allowed to form colonies. After 7
days, colonies were stained with 0.3% crystal violet, and the
number of colonies was counted.

Western blot analysis

Proteins were resolved by sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and electro-
transferred to nitrocellulose membranes, blotted with the
relevant antibody, and detected by enhanced chemilumines-
cence reagent (GE Healthcare) (50).

Analysis of cell surface expression of DR4 and DR5

Cellswere treatedwith Zyflamend for 24h andwashedwith
phosphate buffered saline (PBS) containing 0.5% BSA. Cells
were then stained with phycoerythrin (PE)-conjugated mouse
monoclonal anti-human DR5 or DR4 for 45min at 4�C ac-
cording to the manufacturer’s instructions. Cells were then

washed and resuspended in 0.5% BSA-supplemented PBS for
analysis by FACS (FACSCalibur, BD Biosciences) using an
excitation wavelength of 488nm (50).

Transfection with siRNA

HCT-116 cells were plated in each well of six-well plates for
Western blot or in a four-well chamber slide for the live/dead
assay and allowed to adhere for 24h. On the day of transfection,
12lL of Hiperfect transfection reagent (Qiagen) was added to
50nM siRNA or scRNA in a final volume of 100lL of culture
medium. After 48h of transfection, cells were treated with Zy-
flamend for 12h, washed, and then exposed to TRAIL for 24h.

Assay for luciferase activity

The DR5 promoter DNA constructs used in this study have
been described before (33, 49). Cell transfection with the pGL3
basic luciferase reporter plasmids was conducted using cal-
cium phosphate transfection kit (Invitrogen) essentially
following the manufacturer’s instructions. In brief, A293
cells were seeded and co-transfected with 0.05 lg/lL of the
b-galactosidase as a normalization control and 3 lg of firefly
luciferase constructs containing the wild-type or mutant DR5
promoter region. After 12 h, media was changed and cells
were left for another 12 h. Cells were then treatedwith 250 lg/
mL Zyflamend for 24 h. To measure luciferase activity, 50lg
ofwhole cell proteinwasmixedwith 200 ll of substrate (1mM
luciferin salt, 3mM adenosine triphosphate (ATP) and 15mM
MgSO4 in 30mMHEPES buffer, pH 7.8) in eachwell of 96well
plates. We used Victor 3 microplate reader (Perkin Elmer Life
and Analytical Sciences) to measure luciferase activity.

Propidium iodide staining for DNA fragmentation

Cells were pre-treated with Zyflamend for 12 h and then
exposed to TRAIL for 24 h. Propidium iodide staining was
then performed to analyze DNA content (50).

Measurement of reactive oxygen species

Cells were pre-incubated with 20lM dichlorodihydro-
fluorescein diacetate (DCF-DA) for 30min at 37�C before they
were pre-treated with NAC or GSH for 1 h, washed off, and
then were treated with Zyflamend. After 1 h, the increase in
fluorescence resulting from oxidation of DCF-DA to DCFwas
measured by FACS with an excitation wavelength of 488 nm,
emission was collected with a 530/30 nm bandpass filter. The
mean fluorescence intensity (MFI) of DCF among different
samples was compared. To measure the superoxide produc-
tion, cells were pre-incubated with NAC or GSH for 1 h, wa-
shed off, and treated with Zyflamend for 1 h. Cells were
washed and loaded with 1 lM HE for 45min at 37�C and the
increase in fluorescence resulting from oxidation of HE to
ethidium bromide was measured as MFI by FACS (FACS-
Calibur, BD Biosciences) at 575/26 nm.

Intracellular glutathione measurement

To measure the effect of NAC and GSH on intracellular
glutathione content, HCT-116 cells were treated with NAC or
GSH for 1 h before Zyflamend treatment. Cells were then
washed and loaded with monobromobimane (9). Fluorescence

FIG. 9. A schematic diagram showing the mechanisms by
which Zyflamend sensitizes cancer cells to TRAIL-induced
apoptosis. (To see this illustration in color the reader is re-
ferred to the web version of this article at www.liebertonline
.com/ars).
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of mBB-sulfhydryl adducts was measured by flow cytometry
with an excitation wavelength of 405nm, and emission was
collected with a 440/40nm bandpass filter. Data were ana-
lyzed from 10,000 cells at a flow rate of 250–300 cells/s.

Animal study

The pancreatic MIA PaCa-2 cells, stably transfected with
luciferase were orthotopically implanted in athymic nu/nu
mice as described before (21). One week after tumor im-
plantation, mice were randomized into the following treat-
ment groups (n = 6/group) based on the bioluminescence
measured with an in vivo imaging system (IVIS 200, Xenogen
Corp.): (a) untreated control (olive oil, 100 lL by gavage,
daily); (b) Zyflamend (1g/kg once daily orally). Therapy was
continued for 4 weeks, and the animals were euthanized 1
week later. Primary tumors in the pancreas were excised,
snap-frozen in liquid nitrogen, and stored at - 80�C. The
experimental protocol was reviewed and approved by the
Institutional Animal Care and Use Committee at MD An-
derson Cancer Center.

Statistical analysis

Experiments were repeated a minimum of 3 times with
consistent results. Data presented are the mean – standard
deviation (SD). Statistical analysis was carried out using a
two-tailed unpaired Student’s t-test. Values of p< 0.05 and
p < 0.01 was considered statistically significant.
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Abbreviations Used

ADP¼ adenosine diphosphate
ATP¼ adenosine triphosphate
BSA¼ bovine serum albumin

c-FLIP¼ cellular FLICE inhibitory protein
CHOP¼CCAAT/enhancer-binding protein-homologous

protein
c-IAPs¼ cellular inhibitor of apoptosis proteins

CCAAT¼ cysteine-cysteine-alanine-alanine-threonine
DCF-DA¼dichlorodihydrofluorescein diacetate
DMEM¼Dulbecco’s minimum essential medium
DMSO¼dimethyl sulfoxide
DNA¼deoxyribonucleic acid
DRs¼death receptors

EGCG¼ epigallocatechin gallate
FACS¼fluorescence-activated cell sorting
FADD¼ Fas-associated death domain

FBS¼ fetal bovine serum
FLICE¼ FADD-like interleukin-1b converting enzyme
GSH¼ glutathione
HCT¼human colorectal adenocarcinoma
HE¼hydroethidine
IAP¼ inhibitor of apoptosis
mBB¼monobromobimane
MFI¼mean fluorescence intensity
NAC¼N-acetyl-L-cysteine

NF-jB¼nuclear factor-kappaB
PAGE¼polyacrylamide gel electrophoresis
PARP¼poly (ADP-ribose) polymerase
PBS¼phosphate buffered saline
PE¼phycoerythrin

PIN¼prostatic intraepithelial neoplasia
ROS¼ reactive oxygen species
SD¼ standard deviation

SDS¼ sodium dodecylsulfate
siRNA¼ small interfering ribonucleic acid
TNF¼ tumor necrosis factor

TRAIL¼TNF-related apoptosis-inducing ligand
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