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Abstract Nuphar alkaloids, originally isolated from
water lilies, induce apoptosis in mammalian cells in less
than 1 h, making them possibly the fastest known in-
ducers. However, the mechanism by which this rapid
apoptosis occurs remains unknown.We have investigat-
ed canonical aspects of apoptosis to determine how the
nuphar alkaloid, (+)-6-hydroxythiobinupharidine
(6HTBN), induces apoptosis. 6HTBN induced rapid
apoptosis in various leukemia, lymphoma, and carcino-
ma cell lines, suggesting that its mechanism is cell-type
independent. It also circumvented resistance of patient-
derived chronic lymphocytic leukemia cells generated
by co-culture on survival-promoting stroma. Intriguing-
ly, 6HTBN failed to induce apoptosis in platelets. The
mechanism of apoptosis involves activation of caspase 9
and caspase 3, but not caspase 8 as previously reported.
The release of cytochrome c from mitochondria oc-
curred even in the absence of BAX/BAK and in cells
that retained mitochondrial membrane potential. These
results suggest a novel mechanism of apoptosis that has

previously not been reported. The molecular target of
the nuphar alkaloids remains to be determined.
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Introduction

Nuphar alkaloids isolated from the yellow water lilies
Nuphar pumilum, Nuphar japonicum, and Nuphar lutea
have been shown to induce apoptosis in mammalian
cells in less than an hour, making them possibly the
fastest inducers of apoptosis known (Achmatowicz
and Bellen 1962; Matsuda et al. 2006). We and others
have recently synthesized both the natural dimeric
nuphar alkaloids, and a series of non-natural derivatives,
including monomeric analogs which also induce apo-
ptosis extremely rapidly (Jansen and Shenvi 2013;
Korotkov et al. 2015; Li et al. 2016; Li et al. 2017;
Lacharity et al. 2017). Structure activity analysis has
demonstrated the critical requirement for the aminal
hydroxyl group for apoptosis. In the current studies,
we have used (+)-6-hydroxythiobinupharidine (6-
HTBN; Fig. 1), which has one aminal hydroxyl group,
albeit the majority of other nuphar alkaloids synthesized
also induce rapid apoptosis.

The mechanism responsible for the rapid apoptosis
remains elusive. Matsuda et al. (2006) suggested that
nuphar alkaloids induce apoptosis through the extrinsic
pathway and activation of caspase 8; this is contradicted
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by our results presented here. Ozer et al. (2009) pro-
posed that nuphar alkaloids inhibit NF-kB, though re-
analysis of that paper suggests the inhibition of NF-kB
was more likely a consequence rather than a cause of
apoptosis. Tada et al. (2016) proposed that the sulfur of
dihydroxylated nuphar dimers can react as electrophiles
by undergoing a retrodimerization process in cellular
environments, but this cannot explain the acute apopto-
sis induced by all the nuphar derivatives such as
monohydroxylated (i.e., 6-HTBN) or monomeric vari-
ants (Korotkov et al. 2015; Li et al. 2016). We report
here a novel mechanism of apoptosis involving caspase
9 and caspase 3, but surprisingly, release of cytochrome
c from the mitochondria is both independent of BAX
and BAK and occurs without disrupting the mitochon-
drial membrane potential. These data, along with the
unprecedented rate of cell death, may indicate a new
biological target and mechanism of apoptosis.

Materials and methods

Reagents

6-HTBN is one of the nuphar alkaloids previously iso-
lated from water lilies; for these studies, it was synthe-
sized as previously reported (Korotkov et al. 2015).
ABT-737 was provided by AbbVie (North Chicago,
IL). Vinblastine was purchased from Sigma Chemical
Co. The caspase inhibitors DEVD-fluoromethyl ketone,
LEHD-fluoromethyl ketone, and QVD (quinoline-Val-
Asp-difluorophenoxymethyl ketone) were obtained
from Cayman Chemicals (Ann Arbor, MI).

Cell culture

Cell lines were obtained from either the American Type
Culture Collection or the Developmental Therapeutics

Program, National Cancer Institute, Bethesda, MD.
Jurkat clones C3 and C4, which lack both BAX and
BAK, were kindly provided by Dr. Hanna Rabinowich,
Pittsburgh (Han et al. 2004). L4.5 cells are a derivative
of murine L929 fibroblasts expressing CD154 (CD40L)
and were obtained from Sonia Neron at Hema-Quebec
(Quebec, Canada) (Neron et al. 1996). Cells were rou-
tinely maintained in RPMI1640 media with 10% fetal
bovine serum, antibiotics, and antimycotic. All cells
were used within 3 months of thawing from frozen
stocks.

Blood was obtained from patients with chronic lym-
phocytic leukemia (CLL), and peripheral blood mono-
nuclear cells were purified using Ficoll-Paque as previ-
ously described (Bates et al. 2011). For stroma co-
culture experiments, CLL cells were plated on a conflu-
ent monolayer of CD154+ stroma cells for 24 h and then
incubated with 6-HTBN (Soderquist et al. 2013).

Platelets were isolated from non-cancer bearing indi-
viduals by mixing 10 mL of blood with 1 mL sodium
citrate (3% w/v). This mixture was centrifuged for
10 min at 1000 rpm, and the top layer containing the
platelet-rich plasma was collected. Purified platelets
were plated in RPMI-1640 plus 10% serum and treated
immediately with drugs.

To assess chromatin condensation, a hallmark of
apoptosis, cells were incubated with 2 μg/mL Hoechst
33342 for 15 min at 37 °C and visualized with a fluo-
rescent microscope. At least 200 cells were scored from
each sample, and data were expressed as the percentage
of cells with condensed chromatin.

Immunoblot analysis

Cells were lysed directly in urea sample buffer (4 M
urea, 10% β-mercaptoethanol, 6% SDS, 125 mM Tris
(pH 6.8), 0.01% bromophenol blue, and protease/
phosphatase cocktail inhibitor). Alternately, cells were
lysed in 10 mM Hepes (pH 7.5), 300 mMKCl, 1% NP-
40, and protease/phosphatase inhibitor mixture and then
combined with an equal volume 2× urea buffer (8 M
urea, 100 mM Tris (pH 6.8), 10% β-mercaptoethanol,
4% SDS, and 0.01% bromophenol blue). Lysates were
then boiled for 5 min. Proteins were subsequently sep-
arated by SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Millipore). All membranes were
blocked in 5% non-fat milk in Tris-buffered saline,
0.05% Tween 20, and then incubated in 5% BSA or
5% non-fat milk with the appropriate primary antibody

(+)-6-hydroxythiobinupharidine
Fig. 1 Structure of the nuphar alkaloid used in these studies
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overnight. Subsequently, membranes were washed in
Tris-buffered saline, 0.05% Tween 20, and incubated
with secondary antibody conjugated to horseradish per-
oxidase. Proteins were visualized by enhanced chemi-
luminescence (Amersham). Actin,MEK1/2, and Tom20
were used as loading controls.

Antibodies were obtained from the following
sources: Cell Signaling: caspase 8 (9746), GAPDH
(5174), MEK1/2 (9122), PARP (9532), and Tom20
(42406); BD Biosciences: cytochrome c (556433) and
gelsolin (610412); and Sigma: Actin-HRP (A3854).

Secondary antibodies were purchased from Bio-Rad
(Hercules, CA).

Digitonin permeabilization (cytochrome c release)

Separation of membrane/organelle fraction from cytosol
was performed based on previously published methods
(Single et al. 1998; Ganju and Eastman 2003). Cells
were incubated with digitonin buffer (8.75 μg digitonin/
106 cells, 75 mM NaCl, 1 mM NaH2PO4, 8 mM
Na2HPO4, 250 mM sucrose and protease/phosphatase
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Fig. 2 Concentration and time-
dependent apoptosis induced by
nuphar alkaloid. The indicated
cell lines (NB4, U937, HeLa, and
Raji) were incubated with 0–
10 μM 6-HTBN. Cells from one
CLL patients (CLL59) were sim-
ilarly incubated with 6-HTBN
before or after co-culture with
L4.5 cells. Cells were scored a for
chromatin condensation or b for
cleavage of PARP
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inhibitor mixture) for 2 min on ice. Cells were then
centrifuged at 12,500 rpm for 1 min at 4 °C. The
supernatant was transferred and supplemented with an
equal volume of 2× urea buffer. The pellet was dissolved
in an equal volume of digitonin buffer and 2× urea
buffer. The samples were then boiled for 5 min prior to
western blotting.

Flow cytometry detection of JC-1

Perelman et al. (2012) demonstrated that excitation at
405 nm gave better resolution of JC-1 monomers and
aggregates than the more normally used 488 nm excita-
tion. Following further analysis of the various excitation
and emission wavelengths, we selected FL10 (405 nm
excitation 550/40 nm emission) for optimal detection of
monomers, and FL2 (488 nm excitation 575/30 nm
emission) for aggregates.

Results

Rapid apoptosis occurs in almost all cells

Our prior experiments with the nuphar alkaloids were
performed primarily in U937 human leukemia cells. We
have extended this analysis to additional cell lines and
find the high rate, and potency of nuphar-induced apo-
ptosis is similar across the panel. Apoptosis was scored

both by chromatin condensation and cleavage of the
caspase substrate poly(ADP-ribose) polymerase
(PARP) (Fig. 2a, b). The nuphar alkaloid 6-HTBN at
10 μM induced cleavage of PARP within 1 h and
chromatin condensation within 1–2 h. Lower concen-
trations exhibited slightly slower induction of apoptosis,
though even 1.25 μM 6-HTBN induced extensive chro-
matin condensation by 24 h. The cell lines studied
include U937, a histiocytic lymphoma, and NB4, and
acute myelocytic leukemia. The sensitivity of a
Burkett’s lymphoma line Raji is also shown in Fig. 2b.

We also demonstrated that chronic lymphocytic leu-
kemia (CLL) cells freshly isolated from blood of pa-
tients also undergo rapid 6-HTBN-induced apoptosis
(Fig. 2). In a patient, CLL cells also reside in the lymph
node and bone marrow where they are much more
resistant to most drugs due to upregulation of various
members of the BCL2 anti-apoptotic family, most nota-
bly BCLX and MCL1. This resistance can be mimicked
in vitro by co-culturing CLL cells with a stromal cell
line expressing CD154, the ligand for CD40 on the CLL
cells (Soderquist et al. 2013; Soderquist et al. 2014). 6-
HTBN is just as potent at inducing apoptosis in these co-
cultured cells (Fig. 2).

The rapid apoptosis was not restricted to hematopoi-
etic cells as many carcinomas also respond rapidly to
similar concentrations of 6-HTBN. As an example, rap-
id PARP cleavage was observed in HeLa cells (Fig. 2b)
and HCT116 cells as discussed below (Fig. 5). Intrigu-
ingly, we found that platelets were completely resistant
to 6-HTBN; in this case, apoptosis was measured as
cleavage of gelsolin (Fig. 3). Platelets rely on BCLX
for survival and a positive control for gelsolin cleavage
is shown upon incubation with the BCL2/BCLX inhib-
itor ABT-737 with or without the microtubule inhibitor
vinblastine. Platelets lack nuclei so would presumably
be resistant to many other drugs including those that
target DNA.

6-HTBN activates the intrinsic pathway of apoptosis

It was previously reported that caspase 8 is required
for nuphar-induced apoptosis (Matsuda et al. 2006).
Indeed, upon incubation of Jurkat cells with 6-
HTBN, caspase 8 cleavage is rapidly induced
(Fig. 4a). However, caspase 8 can also be cleaved
as a consequence of the intrinsic pathway of apopto-
sis downstream of caspase 9 and caspase 3. Accord-
ingly, we assessed the efficacy of 6-HTBN to induce
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Fig. 3 Resistance of human platelets to 6-HTBN. Freshly isolated
platelets were incubated with 0–10 μM 6-HTBN for 6 or 24 h;
then, lysates analyzed for cleavage of gelsolin. As a positive
control, platelets were incubated with ABT-737 (with or without
vinblastine which has no impact in this experiment) for 6 h
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apoptosis in a Jurkat derivative that lacks caspase 8.
These cells were as sensitive to 6-HTBN as the Jurkat
wild-type cells. In addition, we assessed the efficacy
of caspase 9 (z-LEHD-fmk) and caspase 3 (z-DEVD-
fmk) inhibitors to prevent apoptosis. Both inhibitors
effectively prevented PARP cleavage as well as cas-
pase 8 cleavage, while the combination of inhibitors

had greater efficacy. It is worth noting that it required
40 μM LEHD-fmk to prevent PARP cleavage,
whereas the prior experiments used 20 μM LEHD-
fmk and thereby concluded that caspase 9 was not
required for 6-HTBN-induced apoptosis (Matsuda
et al. 2006). Our results demonstrate that the caspase
9/3 pathway is required for apoptosis.
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Fig. 4 6-HTBN-mediated apoptosis is dependent on caspase 3
and 9, but not caspase 8. a Jurkat wild type (left) and a derivative
lacking caspase 8 (right) were incubated with 5 μM 6-HTBN for
2 h in the presence of the indicated concentration of caspase 3
inhibitor DEVD or caspase 9 inhibitor LEHD and then analyzed
for PARP cleavage and caspase 8 cleavage. While caspase 8 is
cleaved in the Jurkat wt cells, this is likely a consequence of
caspase 3 activity as it is inhibited by both DEVD and LEHD. b
The caspase 8 negative Jurkat cells were incubated with 6-HTBN,

then fractionated into (1) pellet which includes mitochondria and
(2) cytosol which contains cytochrome c released from mitochon-
dria. The incubation also contained the pan-caspase inhibitor QVD
to prevent loss of cytochrome c and to demonstrate that the release
of cytochrome c occurs independently of caspases. The blots
shown are derived from one exposure of a single western blot,
but intervening lanes that are not relevant to this paper were
excised where indicated
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Caspases are activated as a consequence of cytochrome
c release from the mitochondria. Upon incubation of the
caspase 8-defective Jurkat cells with 6-HTBN, cytochrome
cwas rapidly released and detected in the cytosol (Fig. 4b).
These experiments were performed in the presence of the

pan-caspase inhibitor QVD which preserves the released
cytochrome c in the cytosol and also demonstrates that this
release is not a consequence of caspase activity.

Cytochrome c release occurs independently of BAX
and BAK

Cytochrome c is usually released through amitochondrial
pore formed by oligomerization of the pro-apoptotic
proteins BAX and/or BAK. The absence of these proteins
usually makes cells completely resistant to inducers of
the intrinsic pathway of apoptosis. Jurkat cells constitu-
tively lack BAX. We used a Jurkat derivative that also
lacks BAK (Han et al. 2004). These cells are completely
resistant to the BCL2/BCLX inhibitor ABT-737 but still
underwent PARP cleavage when incubated with 6-
HTBN (Fig. 5a, b). Furthermore, 6-HTBN still induced
release of cytochrome c from the mitochondria of these
BAX/BAK-deficient cells (Fig. 5c). A confirmatory ex-
periment was performed in an HCT116 derivative that
also lacks BAX and BAK; 6-HTBN again induced apo-
ptosis in a BAX/BAK–independent manner (Fig. 5d).

An alternate pathway for the release of cytochrome c
can occur if mitochondria lose their inner membrane
potential resulting in swelling and rupture of the outer
mitochondrial membrane.We assessed the mitochondrial

�Fig. 5 6-HTBN-mediated apoptosis is independent of BAX
and BAK. a Jurkat wild-type cells and two clonal deriva-
tives lacking BAX and BAK (c3 and c4) were incubated
with 0–10 μM ABT-737 for 6 or 8 h and then assayed for
PARP cleavage to demonstrate the resistance afforded by
the lack of BAX and BAK. b The Jurkat c4 cell line was
incubated with 0–10 μM 6-HTBN for 0–2 h and then
assayed for PARP cleavage. The Jurkat c3 cell line gave
identical results. c Jurkat c4 cell line was incubated with
10 μM 6-HTBN for 1 h and then fractionated to assess the
translocation of cytochrome c from pellet (containing mito-
chondria) to cytosol. The caspase inhibitor QVD was in-
cluded in the indicated samples as this preserves cyto-
chrome c once released from mitochondria but prevents
PARP cleavage. Much of the cleaved PARP also appears
in the cytosolic fraction. MEK1/2 and Tom20 are controls
for cytosol and mitochondria respectively. The Jurkat c3
cell line gave identical results. d HCT116 wild-type cells
and a derivative deleted for both BAX and BAK (DKO)
were incubated with 6-HTBN for 1 h and analyzed for
PARP cleavage. WCL whole cell lysate

Fig. 6 Nuphar-induced apoptosis
does not change the
mitochondrial membrane
potential. Jurkat wt cells were
incubated with 0 or 10 μM 6-
HTBN for 1 h or 50 μM CCCP
for 5 min as indicated then stained
with 2.5 μM JC-1 for 15–30 min.
Additionally, some cells were in-
cubated concurrently with 20 μM
QVD. Each sample was analyzed
by flow cytometry to detect JC1
monomers and aggregates
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membrane potential using JC-1 fluorescence and flow
cytometry (Fig. 6). JC-1 forms red fluorescent oligomers
in polarized mitochondria, but green monomers follow-
ing depolarization. We also used wavelengths that better
resolve the green shift of the monomers (Perelman et al.
2012). Incubation with carbonyl cyanide m-
chlorophenylhydrazone (CCCP) acts as a control and
shows a clear green shift with decreased red signal.
Incubation with 6-HTBN for 1 h (with or without inclu-
sion of the caspase inhibitor QVD) caused no significant
change in JC-1 fluorescence demonstrating no decrease
in mitochondrial membrane potential.

Discussion

The nuphar alkaloids are of great interest because of
their rapid induction of apoptosis. We reiterated this
observation in our synthetic program, showing that
many nuphar derivatives elicited this effect as long
as they retain at least one aminal hydroxyl group
(Korotkov et al. 2015; Li et al. 2016, 2017). Those
experiments were extended here in an attempt to
better understand the mechanism of their action.
Many cell lines, both leukemia and carcinoma,
underwent apoptosis in less than 1 h. This is the
most rapid onset of apoptosis that we are aware of.
To date, the only exception we have observed is
platelets. Platelets are cytoplasmic fragments de-
rived from megakaryocytes, lacking a nucleus, but
retaining mitochondria and other cytoplasmic organ-
elles. Their survival is dependent on BCLX, and
apoptosis can be readily observed as either cleavage
of gelsolin or externalization of phosphatidylserine
(Zhang et al. 2017). Here, we confirmed their sen-
sitivity to the BCLX inhibitor ABT737, but their
resistance to 6-HTBN. Why the sensitivity of plate-
lets is so different from cell lines remains a mystery.

The use of genetically modified cells lacking caspase
8 suggests the extrinsic pathway of apoptosis is not
involved, while protection by caspase 3 and caspase 9
inhibitors supports an intrinsic mechanism. This contra-
dicts a prior publication suggesting the extrinsic path-
way is involved (Matsuda et al. 2006), but we question
their evidence as the caspase 9 inhibitor was used at sub-
inhibitory concentrations.

Our most unexpected observation was that 6-HTBN
still induced apoptosis in the absence of BAX and BAK,
the two proteins normally considered essential for the

release of cytochrome c and the consequential apopto-
sis. The mitochondrial membrane potential was also
retained suggesting that the mitochondria did not swell
and release cytochrome c (Vander Heiden et al. 1997).
There is currently no other known mechanism by which
cytochrome c might be released from mitochondria.

We have recently identified another compound that
has a very similar mechanism of action as 6-HTBN.
This compound, A1210477, was developed as an inhib-
itor of the anti-apoptotic protein MCL1 (Leverson et al.
2015), but at slightly higher concentrations, it induced
rapid induction of apoptosis independent of the MCL1
status (Mallick et al. 2019). This apoptosis was also
induced in a BAX/BAK–independent manner, and the
mitochondrial membrane potential was also retained.
Consequently, this acute pathway of apoptosis is not
unique to the nuphar alkaloids but may have a much
broader applicability. The target for either 6-HTBN or
A1210477 remains to be determined, but these results
appear to reflect a novel means to induce apoptosis that
requires further investigation.
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