
Abstract. Background: MK 886, a 5-lipoxygenase inhibitor,
induces a type 1 "apoptotic" form of programmed cell death in
Bcl-2-positive U937 monoblastoid cells. In Ca2+-depleted, non-
permeabilized U937 cells studied with MK 886 in a Ca2+-free
medium, an acute increase in Ca2+ occured within 10 to 20
seconds, detected with fura-2 measured with a
spectrofluorimeter. Methods and Results: The increased
fluorescence was nuclear in location, as judged by confocal
microscopy. The antioxidant, N-acetyl-L-cysteine, three agents
that inhibit mitochondrial function at identified sites, antimycin
A, atractyloside and cyclosporin A , the L/N-channel inhibitor,
loperamide and BAPTA, an intracellular Ca+ chelator pre-
loaded into cells each reduced the extent or prevented the acute
MK 886-induced rise in Ca2+, as determined by radiometric
detection. Rhodamine-2, a more selective mitochondrial Ca2+

probe, provided no evidence for nuclear Ca2+ originating from
that extra-nuclear site or from the endoplasmic reticulum. With
2',7'- dichloro-dihydrofluorescein-labelled cells to detect reactive
oxygen species, MK 886 increased the initial fluorescent signal
from a number of intracellular, largely extra-nuclear sites,
including mitochondria. Two chemicals that inhibit the function
of Bcl-2, HA14-1 and 2-methyl-antimycin A3, reduced the Ca2+

response to MK 886, if pre-incubated with the Bcl-2-positive
U937 cells at 37ÆC for several hours. MK 886 was previously
shown to induce reactive oxygen species and a fall in
mitochondrial membrane potential in both Bcl-2-positive U937
and in Bcl-2-negative PC-3 prostate and panc-1 pancreatic
cancer cells. The latter solid tumor cells undergo an atypical
"type 2" PCD without an acute rise in nuclear Ca2+.
Conclusion: These results are consistent with an MK 886-
induced increase of reactive oxygen species from intra-cellular
sites including mitochondria which release Ca2+ located
primarily at or near nuclei. These events may involve Bcl-2,
participating in some form of Ca2+ channel and nuclear Ca2+

binding proteins undergoing conformational changes due to
reactive oxygen species. Reasons for the different PCD responses
in Bcl-2 positive lympho-hematopoietic compared to Bcl-2-
negative solid cancer cell lines, respectively with and without the
induced nuclear Ca2+ signal, remain to be defined. 

Micro-molar concentrations of the 5-lipoxygenase inhibitor,

MK 886, induce a "type 1" form (1) of programmed cell

death in human Bcl-2-positive U937 monoblastoid cells (2).

This is associated with a rapid increase in cellular Ca2+,

occurring within 10-20 seconds that, under the restrictive

conditions employed, appears to be largely nuclear in

location (3). In Bcl-2-negative human Panc-1 pancreatic

cancer cells cultured with MK 886, no acute Ca2+ response

preceded the development of a "type 2" form of cell death

(4). These pancreas cells exhibited a distinctive ultra-

structure and were caspase-negative, differing in these ways

from the type 1 programmed cell death induced in them by

actinomycin D (5). Whether Bcl-2 modulates U937 cellular

and especially nuclear Ca2+, as has been reported in other

types of cells such as the Dunning G prostate carcinoma (6),

has not been established.

The role of ionized calcium as a second messenger-

modulator of transcription, the sources of imported or in situ
nuclear Ca2+, details of its uptake or release, proximate

mechanisms through which transcription is modulated and

subsequent effects on DNA synthesis, proliferation or the

induction of PCD are discussed in recent papers and reviews
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(7-26). From this body of information, much of it based on

studies of "excitable" muscle or central nervous system cells,

an overview of nuclear Ca2+ dynamics emerges, some details

of which need not apply to other types of cells (18). 

Nuclear Ca2+ is considered to originate from cytosol,

juxta-nuclear and nuclear sources, including the adjacent

nuclear envelope and its lumen (7-9,15-17,23,25,26). Major

generic features of the latter two sources include the

continuity between the intra-nuclear and peri-nuclear space

encompassed by the inner and outer leaves of the nuclear

envelope and the endoplasmic reticulum (7), the location of

calcium-ATPase, a SERCA 2b- related pump on the outer

nuclear leaf regulated by a cAMP PKA, calmodulin, IP3 and

IP3 receptors and GTP-dependent and ranodyne/cADPr

forms of Ca2+ uptake by nuclei with 1,4,5-trisphosphate

(InsP3)- sensitive ranodyne receptor L-type voltage-activated

channels on the inner leaf. Nuclear membrane "pores" for

larger (10 kD) molecules and other channels for smaller

molecules and ions both exhibit differential regulation

(9,11). The recent reports of an intra-nucleoplasmic reticular

network connected with the peri-nuclear and ER systems for

calcium storage and signaling in SKHep 1 epithelial cells

containing InsP3 receptors is especially relevant (15,16,25).

In this study, upon stimulation with IP3, intra-nuclear Ca2+

increased in localized areas before changes in cytosol Ca2+,

followed by translocation of nuclear PKC to the nuclear

envelope and movement of cytosol PKC to the nuclei. 

Nuclei from diverse types of cells contain tyrosine, MAP

and calmodulin-dependent protein kinases, the

phosphatase, calcineurin and receptors for 1,4,5-

trisphosphate. Differential transcription, dependent upon

increased nuclear rather than cytosol Ca2+, has been

demonstrated (12,14). The cyclic AMP-response element

(CRE) and the CRE-binding protein, CREB in ATt20 cells

function as a response element sensitive to nuclear Ca2+-

dependent transcription, distinct from transcription due to

the serum-response element (SRE) sensitive to cytosolic

Ca2+. In a DNA micro-array study of calcium uptake-

deficient and control T cells, a central role for the type 2B

phosphatase, calcineurin, in Ca2+-positive and Ca2+-

negative modulation of gene expression was demonstrated

(22). In this T-cell receptor-mediated apoptosis, Ca2+-

activated calmodulin associated with cytoplasmic calcineurin

which de-phosphorylated a number of early transcription

factors, including NFAT and various intermediate-early

genes such as c-fos. Nuclear Ca2+ signaling in cortical

neurones via voltage-activated L-type calcium channels

included a calmodulin complex that activated the MAP

kinase pathway (20). A cyclic AMP response-element was

activated by a Ras/mitogen -responsive MAPK pathway.

The general conclusion from these and other studies is that

Ca2+ present at different intracellular sites and released by

diverse signals generates differential transcription.

As the basis for the studies reported below, our hypothesis

was that MK 886 induced the formation, probably primarily

in mitochondria, their major intracellular source, of reactive

oxygen (or possibly nitrogen) species. These diffuse to nuclei

and evoke a major acute release of Ca2+ at or near that site.

Some nuclear Ca2+ might also originate from mitochondria,

a major calcium storage site or from the endoplasmic

reticulum. In an effort to reduce the potentially confounding

movement of Ca2+ from multiple intra- and from extra-

cellular sources, we used the restrictive conditions of studying

Ca2+-depleted, non-permeabilized U937 cells in a Ca2+-free

medium. We accepted the fact that some intracellular Ca2+-
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Table I. Acute effects of some agents of interest on MK 886-induced Ca2+

measured with a spectrometer. Any changes in fluorescence were recorded
after exposure to the agents of interest for 50 seconds, followed by MK 886
to a final concentration of 40 ÌM.  

Agents that inhibited or prevented the rise in Ca2+

antimycin A (inhibits e- transfer at complex III, cyto C to B1)10 ÌM    

atractyloside (inhibits ADP/ATP, adenine nucleotide transport, 

release of cytochrome C, opens permeability transpores) 25 ÌM

loperamide (Ca2+ L/N channel inhibitor) 10 ÌM

cyclosporin A (inhibits phosphatase 2B and nitric ox syn, 

inhibit mito. perm. trans pore opening) 10 ÌM     

N-acetyl-cysteine (antioxidant) 50 ÌM

Agents without acute (within 3 min) Concentration
effects on Ca2+.
H2O2 (oxidizing agent) 0.1%

NTBN (free radical spin trap) 100 ÌM

butylated hydroxy-toluene 100 ÌM

mercapto ethanol 100 ÌM

dithiothreitol 100 ÌM 

sodium arsenate (uncouples oxidative phos) 100 ÌM     

sodium cyanide (inhibit terminal e- transport) 2 ÌM

nifedipine (Ca2+ channel blocker, 1,4r dihydropyridine type) 5 ÌM

ionomycin (Ca2+ ionophore) 5 ÌM

thapsigargin ( inhibits E.R. ATPase, IP3 Ca2+ release) 10 nM

BAPTA (intracellular Ca2+ chelator) 100 ÌM

2-methyl-antimycin A3 (Bcl-2 inhibitor) 10 nM

wortmannin (IP3 kinase inhibitor) 50 ÌM

SC 41661A (5-lipoxygenase inhibitor) 40 ÌM

theophyllin (phosphodiesterase ihhibitor 100 ÌM

caffeine (cAMP phosphopdiesterase inhibitor 100 ÌM     

indomethacin (cyclooxygenase inhibitor) 100 ÌM     

Agents excluded from cells. Concentration  
superoxide dismutase 3000 U/ml

catalase 200 U/ml

peroxidase 5000 U/ml

Agents reported to inhibit Bcl-2 function that reduced the Ca2+–

response following incubation with cells at 37ÆC.
HA 14-1 24 ÌM

2-methyl-antimycin A3 5 ÌM



storage and extra-cellular capacitative storage-related events,

the latter dependent upon intra-cellular Ca2+-depletion,

would either be attenuated or circumvented altogether (e.g.,
27-33). Finally, in view of the absence in Bcl-2-negative Panc-

1 and PC-3 cells of an acute nuclear Ca2+-response to MK

886, despite comparable changes in mitochondrial membrane

potential and induction of ROS (34), whether Bcl-2 could be

implicated in the MK 886-induced rise in U937 nuclear Ca2+

was an additional point of interest (28, 29, 35-37). 

Materials and Methods

Cell culture. U937 cells were cultured either in 25- or 75- cm2

flasks at 37ÆC with 5% CO2 for the times indicated. The RPMI

1640 medium contained 10% FBS, 2 mM glutamine, 50 U/ml

penicillin G, 50 Ìg/ml streptomycin and 25 mM HEPES. Cell

viability was determined with trypan blue and a hemocytometer.

MK 886 (3-(t-(4-chlorobenzyl-3-butyl) thioll-5-isopropylindiol-2-yl)-

2,3-dimethyl propionic acid was stored at -70ÆC as a 40 mM stock

solution in dimethyl sulfoxide. Controls contained an identical
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Figure 1. Electron microscopy of U937 Cells undergoing replication 24 hr after adding fresh medium. Mitochondria are distributed throughout the cytoplasm,
without evident juxta-nuclear concentration.(x 7300).



concentration of the DMSO vehicle, 0.1% maximum, previously

shown to have no effect on cell numbers. 

Electron microscopy was performed according to conventional

procedures.

Assay conditions for confocal microscopic Ca2+, for ROS signaling
studies and for radiometric Ca2+ studies with fura-2. Cells, washed

in Ca2+ and Mg2+-free Hanks buffer and adjusted in the same

medium to at least 1 million cells / ml were incubated in the same

buffer at 37ÆC for 30 minutes with 2 ÌM of fura-2-AM, rhodamine-

2-AM or 5(6) chloromethyl-2’,7’-dichloro-dihydrofluorescein

acetate (DCFDA) in Ca2+-free Hank's buffer, washed twice with

the same buffer at 2ÆC. In some experiments, U937 cells were

loaded together with fura-2-AM and BAPTA-AM. 

Confocal microscopy. For confocal microscopy of fura-2, 340

excitation and 510 nm emission were employed (38,41); for rhod 2,

excitation of 485 and emission of 590 nm (39,40). With DCFDC

–loaded cells, we used excitations from an argon/krypton mixed gas

laser with 488 excitation and 525 nm emission (42). Cells were

loaded with dye, as described in Materials and Methods, placed on

a planchette coated with Cell Tak and analyzed with an LSM 510

Zeiss Axiovert 100 M confocal microscope with the help of Dr.

Chen, Director of the Confocal Facility of the University of Illinois

at Chicago, U.S.A. A variety of controls including DMSO or cells

alone, or in combination without drug, or simply exposure to

incident radiation over the time course of an experiment were

included.

For radiometric detection of fura-2, excitation at 340/380 nm

and emission at 510 nm were used (38).The concentrations of

enzymes and chemicals added before and after challenging fura-2-

loaded cells with MK 886 are presented in Table I. The

concentrations chosen were based on values available from the

literature and were intended to try and restrict cellular response to

the intended target and avoid more generalized effects. 

Chemicals and tissue culture reagents were purchased from

Sigma Biochemicals , St. Louis, MO, Calbiochem, San Diego, CA,

Gibco-BRL, Bethesda, MD, Molecular Probes, Eugene, OR,

Tocris, Ellisville, MO and BioMol, Plymouth Meeting, PA, U.S.A. 

Results

Electron microscopy. To establish the location and qualitatively

estimate the number of mitochondria in representative U937

cells late in their cell cycle, electron microscopy was employed.
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Figure 2. Imaging of U937 Cells in Ca2+-free
medium, exposed to 40 ÌM MK 886 and
examined with a Zeiss Confocal Microscope.
Within 30 seconds of MK 886, a uniform
"nuclear" fura-2-dependent fluorescence without
peri-nuclear or cytosolic enhancement appeared,
overlying the affected nuclei. Increases were not
synchronous and most nuclei retained their initial
fluorescence. "0"- to 3-minute images are presented
(x 250). Insert, phase contrast overlays (x 400).



In Figure 1, numerous mitochondria are evident, without any

preferential concentration in the vicinity of nuclei in cells,

many of which were completing cell division.

We then used confocal microscopy to examine the acute

response to MK 886, defined as occurring within 10 or more

seconds and measured for 3 to 5 minutes, of fura-2, rhod-2

or 2',7'-dichloro-dihydrofluorescein (DCFDA)-loaded U937

cells in Ca2+-free medium. Subsequently, the ability of various

agents of interest to alter the MK 886-induced Ca2+ -response

was examined by radiometric spectrometry of fura-2-loaded

cells (38).

Confocal microscopy with fura-2: kinetics of increased Ca2+

and its nuclear localization examined by the two-dimensional
"Z"-stacking technique. Within 10 to 20 seconds of adding

MK 886 to fura-2-loaded, Ca2+-depleted U937 cells in

Hank’s Ca2+-free buffer and attached to the planchette with

Cell-Tak , an increased, rather uniform distribution of

fluorescence rapidly appeared over the center of affected

cells, encompassing individual nuclei (Figures 2, 3). No peri-

nuclear halo or increased peri-nuclear or decreased cytosol

fluorescence, were ibserved either before or after the

increase of Ca2+. A limited increase in cytosol fluorescence

was also present in some cells exhibiting increased nuclear

fluorescence. Increases in nuclear fluorescence were not

synchronous and most nuclei retained their fluorescence. In

some cells with relatively unstained nuclei, faint

fluorescence of cytoplasmic structures compatible with

mitochondria and the ER was present; why nuclei in these

cells were unaffected was not clear. During the subsequent

3 to 10 minutes, fluorescence occasionally associated with

nuclei became concentrated in smaller, rod-like bodies

(Figure 3). Some of this fluorescence may have contributed

to the particulate fluorescence that in a few cells

subsequently migrated through the cytosol and to the

plasma membrane. Often these changes occurred in cells

Anderson et al: MK 886, U937 Nuclear Ca2+ and PCD
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Figure 3. Time course and intracellular location of Ca2+ appearance and turnover under the conditions of Fig. 2. After 3 to 5 or more minutes,
occasional nuclei lost fluorescence, which concentrated in small rod to round or ovoid concentrations that migrated toward the plasma membranes.
Intervals of 3, 6 and 9 minutes.
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Figure 4. Z-stacking procedure in which fura-2-labelled cells were analyzed over 480 seconds (x-axis) while images at different "cuts" (y-axis) through the
cells from "0" to 61.1 Ìm we recorded. Note the relative constancy in location of increased fluorescence in individual cells, which can wax and wane as
"cuts" are made through them. An initial total of 120 images were recorded, of which 64 are presented (x 250).



with plasma membrane blebbing and we considered these

latter events a consequence of incipient cell death. 

To further confirm the kinetics and nuclear location of

the majority of the Ca2+ signal, fura-2-loaded cells

challenged with MK 886 were examined over 8 minutes with

successive confocal cross-sectioning from lower to upper

surfaces of the cells (Figure 4; Z-stacking technique).

During sampling, increased fluorescence appeared across

the x-axis in a number of cells. Along the y axis,

fluorescence increased through a central maximum, as

sections were recorded from the bottom (0.0 Ìm), through

the middle and finally reaching the upper surfaces (61.1 Ìm)

of cells. Increases occurred without change in the

developing central location of the major fluorescence, which

could recede as the upper boundaries of analyzed cells were

reached. Nuclear fluorescence was not observed to increase

at the expense of cytoplasmic fluorescence. These results

are consistent with the major increases in fluorescence

occurring within their initial sites of origin, the cell nuclei,

as defined earlier.

Confocal studies with Rhod-2-AM. Although fura-2 with a

negative charge at neutral pH is less likely to localize in

mitochondria, due to their mutual charge-relationships,

Ca2+ responsible for the "nuclear" fluorescence might be

due to a very rapid and difficult to observe release from that

site or from the ER with diffusion to nuclei, giving the

impression of a primary nuclear origin. Since rhodamine-2,

a more lipophilic probe for Ca2+ with a positive charge

around neutral pH, concentrates in mitochondria (39), we

incubated rhod 2-loaded U937 cells with MK 886, as

described for fura-2-AM (Figure 5). 

Initially, a number of control cells exhibited discrete

concentrations of fluorescing dye in rod-like structures

consistent with the dimensions of mitochondria. Other cells

had a more uniform distribution of fluorescence spread

through extra-nuclear regions of the cell, including

presumptive regions of the ER. With the exception of discrete

nucleolar staining, nuclei were not fluorescent. After addition

of 40 ÌM MK 886, fluorescence was measured at 20-second

intervals for 5 minutes. Generally, in cells exhibiting more

diffuse cytoplasmic fluorescence, little change occurred during

this time and the nucleoplasm, apart from fluorescing nucleoli,

which did not alter during the experiment, continued to be

represented by a non-fluorescent nucleoplasmic "halo",

separate from regions of cells that fluoresced. By 300 seconds,

in a few cells, small foci of fluorescence migrated toward or

even reached the plasma membranes. Some loss of

cytoplasmic, including putative mitochondrial fluorescence

occurred, in others cytosol fluorescence increased, or even

became apparent in an occasional cell where none had been

evident. We interpreted at least some of these later events as

representing cells undergoing unfavorable events due to the
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Figure 5. Rhodamine-2 fluorescence of U937 cells in Ca2+-free medium
after 40 ÌM MK 886. Upper panel: Phase contrast demonstrating
cytoplasmic and nucleolar location of fluorescence and its absence in the
nucleoplasm (x 400). Lower panel: time course from 0, 43, 86 and 129
seconds following 40 ÌM MK 886 (x 400). Rhod-2 fluorescence is located
primarily in the mitochondria, the extra-mitochondrial cytoplasm
including the endoplasmic reticulum and in nucleoli excluding the
nucleoplasm. In three separate experiments,this distribution did not visibly
alter after addition of MK 886. Following MK 886, the fluorescence
kinetics of nuclei (fura-2, Figs 2 and 3) and extra-nuclear regions differ. 



non-physiologic conditions toward the end of the experiment;

cells maintained at 37ÆC in Ca2+-free medium and ambient

(0.03%) CO2. 

With non-laser excitation of cells left on the microscope

stage for prolonged periods of time, fluorescence could

uniformly diminish in all compartments due to cell death

with membrane blebbing, leakage of dye and possibly some

photo-bleaching (43,44).

Detection with 2,7-dichloro-dihydrofluorescin of intracellular
ROS and their rapid increase after MK 886. We employed

the fluorescein dye, DCDHF, to detect sites of formation

of reactive oxygen species such as hydrogen peroxide and a

precursor, superoxide (42), both before and after exposure

to MK 886. In control cells loaded with the dye, most cells

fluoresced to some extent. These included cells with small,

punctate regions consistent with mitochondria, in others as

ANTICANCER RESEARCH 24: 2601-2616 (2004)
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Figure 6. Two,7-dichloro-dihydrofluorescein
(DCDHF) fluorescence of U937 cells in Ca2+-free
medium after 40 ÌM MK 886. Careful observation
over 366 seconds revealed dynamic changes in
individual cells with the appearance and
disappearance of fluorescence in a highly
individualistic manner. Intensely fluorescent cells,
especially those with centrally located fluorescence,
may represent nuclear fluorescence, but in other
cells, in which central nuclear fluorescence was
minimal, cytosol fluorescence could appear and
subsequently disappear. Generally, the majority of
fluorescence appeared to be extra-nuclear. Of the
18 original images, 6 are shown ( x 250).



more diffuse regions compatible with the ER and, finally,

a few cells with intense fluorescence that encompassed

most or all of the structure. After addition of 40 ÌM Mk

886, three types of change were evident (Figure 6). Within

30 seconds and subsequently for the 5 minutes of

observation, fluorescence increased in some initially-

labelled cells. These included cells that continued to

exhibit "punctate" collections of fluorescence, cells with

evident non-mitochondrial cytoplasmic fluorescence, up to

and including cells in which an apparent "nuclear"

fluorescence occupied much or even most of the center of

the affected cells. Yet in many affected cells,

nucleoplasmic fluorescence was not prominent. Additional

cells, initially without much fluorescence, developed it up

to several minutes after addition of the drug. Other cells

lost fluorescence, in some associated with plasma

membrane blebbing. Thus, changes in fluorescence as a

measure of ROS formation varied markedly among the

population of cells, exhibiting much more variability than

those loaded with fura-2 or rhod-2.

Fluorescence spectrometry. In these studies, cells loaded with

fura-2 were examined with the radiometric technique (38)

before or after addition of MK 886 and any changes in Ca2+

monitored (Table I). Depending upon the agent employed,

concentrations from 25 nM to 100 ÌM were used. Figure 7

is representative of the procedure employed, as described

in Materials and Methods, in which N-acetyl- L-cysteine is

shown to inhibit induction of a Ca2+-response, while not

significantly reducing the fluorescence once achieved. 

Agents that did not acutely alter the rapid MK 886-induced
Ca2+ increase in non-permeabilized U937-fura-2-labelled cells
were examined in Ca2+-free medium with a LS-40
luminescence spectrometer: Agents of interest, added for 50

seconds before addition of 40 ÌM MK 886, that did not alter

the expected Ca2+ -response, are listed in Table I. These

included H2O2, (oxidative stress), NTBN (free radical spin

trap), 2-methylantimycin A3 (inhibits Bcl-2 function),

SC41661A (redox inhibitor of 5-lipoxygenase), thapsigargin

(ER ATPase) and ionomycin (Ca2+ ionophore), both able to

increase cytosol Ca2+, and nifedipine (L Ca2+ channel),

sodium arsenate (uncoupler of oxidative phosphorylation),

sodium cyanide (inhibits terminal respiration), MSH and DTT

(antioxidants) and modulators of cAMP including caffeine,

theophyllin and indomethacin. 

The inability to reduce the MK 886-induced rise in Ca2+

with 10-50 nM wortmannin was unexpected. We also

incubated cells with wortmannin at 37ÆC for 1-2 hours

without clear-cut inhibition. If the concentration was

increased 100 or more fold, inhibition could occur, but

cytotoxicity could not be excluded as the medium became

intensely acidic.

Antioxidant agents unable to enter cells, including SOD, catalase

and peroxidase, did not inhibit the Ca2+ response (45). 

Agents acutely inhibiting the increase: Antimycin A (inhibitor

of mitochondrial oxidative phosphorylation which can

increase cytosol Ca2+), atractyloside (inhibits oxidative

phosphorylation and an agonist for initiating the

mitochondrial membrane pore transition, MMP), loperamide

(L/N-type Ca2+ channel), cyclosporine A (inhibits opening of

mitochondrial membrane pores and Ca2+ release) and N-

acetyl -L-cysteine, an antioxidant, all prevented or reduced

the extent of the MK 886-induced rise in Ca2+. 

Response of U937 cells to BAPTA. To examine whether the

intracellular Ca2+ chelator, BAPTA, inhibited the response

of fura-2-loaded cells (46, 47), we preloaded cells with fura-

2-AM and 25 or 100 ÌM BAPTA-AM (37ÆC, 30 minutes)

as described and subsequently added MK 886. In these

experiments, no MK-886-induced increase in Ca2+

occurred (not shown). The basal concentrations of BAPTA-

treated cells were less than that of the control cells and

CCCP (carboxy cyanide p[trifluoromethoxy]phenyl
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Figure 7. A representative fluorescence spectrometry experiment in which
suppression of the MK 886-induced Ca2+ signal by N-acetyl-cysteine
before and lack of significant reduction after addition of 40 ÌM MK 886
is depicted. Individual spectrometry experiments listed in Table I were
performed in a similar manner, generally repeated 3 or more times.
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Figure 8A, B. One proposed major pathway (I) thought to contribute to the
acute release of Ca2+ from U937 nuclear sites by MK 886 (8A) and 2
additional pathways ( 8B; II, III) that may also participate are depicted.
Reactive oxygen (or nitrogen) species generated in mitochondria or other
intracellular sites that act either locally (II, possibly III) or more distantly
(I), depending upon their half lives and other circumstances, release Ca2+

at their sites of origin (II,III) or more distantly (I), which can diffuse to and
be detected at sites (nuclear, in particular) containing resident fura-2. Some
of these events may occur asynchronously in the same or in different cells.



hydrazone) at 10 ÌM evoked a robust Ca2+ signal in

control cells, augmented by additional MK 886; in BAPTA-

treated cells, both events were greatly reduced (not shown).

BAPTA-AM added to established Ca2+ increases did not

quench the signal.

A role for Bcl-2 in this "nuclear" Ca2+ signaling? A potential

relationship between Bcl-2 and the immediate Ca2+

signaling in U937 cells was considered. Several agents, HA

14-1 (48) and 2-methoxy antimycin A3 (49), which impair

the function of Bc-2, were examined acutely as described

and after culture at 37ÆC. Two hours of culture with HA 14-

1 inhibited the response to MK 886, but this was not found

during an acute exposure. Prior culture for 2 hours with 3-

0-methyl antimycin A3 delayed a rise in Ca2+ and partially

attenuated the final response to MK 886. Acute exposure

did not reduce or abolish the response.

The conclusions reached with some of these agents would

probably be different had higher concentrations and longer

exposure under more physiological conditions been

employed. Almost all the agents examined exert multiple

concentration -and time-dependent effects on cells, some of

which are lineage-dependent.

Finally, as mentioned, MK 886 rapidly induces oxidative

stress and reduces mitochondrial membrane potential in

U937 cells. These events also occurred in Bcl-2-negative

Panc-1 and PC-3 prostate cells, in which MK 886 did not

acutely generate a Ca2+ signal (34).

Discussion

With the methodology employed and under the

intentionally restrictive conditions of these experiments, we

believe the following conclusions are warranted (Figure 8).

1. Reactive oxygen species following exposure to MK 886 are

mechanistically central to the increase in nuclear Ca2+, based

on its inhibition by N-acetyl-L-cysteine and the results of

imaging with 2',7'-dichloro-dihydrofluorescin, demonstrating

their increased formation in many cells.

2. Mitochondria are implicated in the acute MK-886-induced

rise in nuclear Ca2+, as judged from its inhibition by antimycin

A, with potential effects including inducing a chemical hypoxia,

inhibition of oxidative phosphorylation at complex III,

increased formation of ROS, inhibition of succinic oxidase,

NADH oxidase and the mitochondrial pore permeability

transition (MPPT) with reduced Ca2+ uptake and increase in

its cytosolic concentration; by atractyloside, which inhibits the

ADP/ATP translocase, mitochondrial adenine nucleotide

transport, and as a mitochondrial membrane pore agonist,

augmenting the release of cytochrome C and Ca2+; and by

cyclosporin A, which is reported to reduce respiration, prevents

the "opening" of mitochondrial membrane pores , inhibits the

2B phosphatase, calcineurin, blocks Ca2+-related ionomycin-

induced apoptosis in BLB cells (50) and inhibits nitric oxide

synthesis (51). Mitochondria serve as an important storage site

for excess cytosol Ca2+, released under circumstances

including oxidative stress (52, 53), antimycin (54) or

atractyloside (55). In addition, mitochondria serve as a major

source of ROS and RNS (56).

3. MK 886 did not induce an evident change in cytosol

fluorescence of rhod-2-loaded cells examined with confocal

microscopy. The absence of fluorescence in the nucleoplasm

of rhod-2-labelled cells presumably is due to a lack of

retention of the probe at that site. The lack of a visually

evident decline in non-nuclear fluorescence in rhod-2-

labelled cells following addition of MK 886 supports the

view that, under these conditions, most "nuclear" Ca2+

originates in situ, which can include the perinuclear

membranes, encompassed lumen and nucleoplasm. The lack

of altered nucleolar fluorescence in rhod-2-labelled cells

after MK886 had been added indicates a differential

regulation of Ca2+ at that site and the nucleoplasm.

4. BAPTA at 25 or 100 ÌM pre-loaded with fura-2 into cells,

subsequently washed, prevented the rise in Ca2+, as

determined by radiometric detection. The previous result

with rhod-2 suggests that no major diffusion of Ca2+ from

extra-nuclear to nuclear sites occurred. The potential

release of Ca2+ still resident at extra-nuclear sites may be

less evident in cells washed and incubated in Ca2+-free

medium. BAPTA reduced the basal Ca2+ of treated cells

(not shown) and may have partially depleted a relevant

Ca2+ store due to its higher Kd for that ion. BAPTA can

disrupt the mitochondrial membrane potential (57), release

Ca2+ from mitochondria, reduce voltage-gated K+ currents

(58) and translocate and inhibit PKC (59). BAPTA might

chelate Ca2+ released by MK 886-related ROS from peri-

or intra-nuclear sites and so prevent its detection.

5. Murine liver cell nuclei exhibit a form of respiration with

oxidative phosphorylation and generate ROS (60,61).

Whether comparable events occur in U937 cell nuclei which

thus become susceptible to inhibitors of mitochondrial

function, does not seem to have been studied (8B, III).

6. In view of the inhibition of increased Ca2+ by

loperamide, an L/N Ca2+ channel blocking agent, and

assuming the absence of confounding effects, participation

of an intra-cellular "channel" may be implicated (62). 

7. Based on incubation at 37ÆC with HA-14-1, a direct

inhibitor of Bcl-2 (48) and with 2-methyl-antimycin A3, an

agent that is not considered to inhibit oxidative

phosphorylation but binds with and inhibits Bcl-2 (49), Bcl-2

may participate in the rise of nuclear Ca2+. Bcl-2 and

especially other members of this family of proteins, such as

BAX, can participate in the formation of ion channels (63).

In earlier studies, it was demonstrated that MK 886

induces oxidative stress in FL5.12 IL-3-dependent murine

prolymphoid cells (64), U937 monoblastoid, PC-3 prostate
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and Panc-1 pancreatic cancer cells (34). High (10 ÌM or

more) concentrations of MK 886 inhibit respiration,

depolarize the mitochondrial membrane and cause an

ionophoretic effect with increased uptake of mono and

divalent cations (65). MK 886 may itself serve as an

ionophore, whether directly or by disruption of lipophilic

membranes is not established. The interplay between

reductive (anoxic) and oxidative stress, inhibition of ATP

synthesis and inhibition and uncoupling of respiration from

ATP synthesis as they are affected by inhibitors of

mitochondrial function, when identified, should render the

individual effects of nuclear Ca2+ understandable.

Inhibition of oxidative phosphorylation can be associated

with formation of excess ROS and release of Ca2+ from

mitochondria (66, 67). Uncoupled respiration with

energetically "futile" cycling of electrons may be associated

with formation by MK 886 of reactive oxidative species by

mitochondria. Mitochondria generate ROS from multiple

sites; 8 are cited in Table I of reference (68), affecting

complex I through IV. Other sites for formation of ROS

could be affected by MK 886 including NADPH oxidase,

cytochrome p450 - dependent oxygenases or it might serve

as a xenobiotic capable of inducing futile electron cycling

associated with formation of ROS or RNS. The observed

increases in ROS (RNS) occurred primarily at extra-nuclear

regions, but in DCDHF-labelled cells dominated by the

increase in non-nuclear fluorescence, nuclear participation

was not excluded. 

Acute exposure of U937 cells to antimycin A or

atractyloside, which inhibit specific steps of oxidative

phosphorylation but can have opposite effects on the

MMPT or to cyclosporin A, which closes the "pore", each

reduced or prevented the MK 886-induced acute rise in

nuclear Ca2+ without themselves generating a Ca2+ signal.

We speculate that the initial effects of antimycin A,

atractyloside and cyclosporin A on mitochondrial function

promoted the inhibition of ROS or RNS formation or

release, rather than a major direct release of Ca2+ from

mitochondria which we did not detect. Pre-treatment with

antimycin A , atractyloside or BAPTA may deplete a

mitochondrial Ca2+ store which is then unresponsive to

subsequent MK 886 - induced oxidative stress. However, we

should have detected an initial acute rise in Ca2+ preceding

addition of MK886. The mitochondrial membrane

permeability transition pore (MMPT), a major

mitochondrial Ca2+ channel, is inhibited by Ca2+,

atractyloside, cyclosporin A, H+ and other agents, a point

against release of Ca2+ from that site (69). Closure by

cyclosporin A of mitochondrial membrane "pores" should

reduce the formation or release of ROS or RNS induced by

MK 886. Ca2+ from the ER can be sequestered in

mitochondria in association with increasing oxidative stress,

leading to cell death (70,71). Whether MK 886 acutely

depletes ATP pools was not measured; agents such as

antimycin A can do so within several minutes of exposure. It

has been suggested that the level of mitochondrial Ca2+

determines the fate of cells; high concentrations lead to

necrosis, lower concentrations to apoptosis (72,73). 

Differences in the initial responses to antimycin A and 2-

methoxy-antimycin A3 distinguish events related to inhibition

of oxidative phosphorylation accompanied by a limited rise

in Ca2+ by the former from putative effects of the latter on

Bcl-2 (Table I). A reduced MK 886-induced rise in nuclear

Ca2+ after culture with 2-methoxy-antimycin A3 or HA14-1,

which both interact with Bcl-2, suggests an association with

Bcl-2 in these Bcl-2-positive U937 cells. With prolonged

culture, these agents exert additional effects on cells resulting

in programmed cell death. Inhibition of Bcl-2 should reduce

its anti-oxidant activity (74), augmenting any ROS/RNS-

dependent rise in Ca2+. Since this was not observed, any

putative Bcl-2 anti-oxidant activity seems mechanistically

irrelevant. As Bcl-2 and some of its congeners can participate

in the formation of ion channels, such channels may be

present at or near nuclei and their membranes. Reduced

nuclear Ca2+ by the L/N channel inhibitor, loperamide,

directs future attention to this possibility. 

The response to wortmannin was ambiguous and requires

further study (75). When Dulbecco’s Ca2+-free phosphate

buffer was used to prepare loaded cells, usually the response

to MK 886 was much less compared with Hank’s Ca2+-free

buffer. The phosphate concentration of Dulbecco’s buffer is

2.36 g/l compared with 0.15 g/l in Hank’s buffer, a 15.7-fold

difference. This was probably responsible for greater

depletion of Ca2+ from these cells. The use of CCCP to

assess a release of Ca2+ from mitochondria was useful.

A number of potential complications can mislead the

interpretation of confocal microscopy studies. These include

the extent to which fluorescent probes are retained in situ
or diffuse locally, auto-fluorescence, whether the ligand is

released and appears at other sites, radiation-induced

photo-bleaching and damage to cells, especially from laser

excitation with the DCDHF probe, quenching due to excess

probe or its metabolites or loss of a probe or ligand from

cells (43,44). However, from the results with fura-2 and

rhod-2 imaging, we believe most of the increased nuclear

Ca2+ induced by MK 886 originated from calcium present

in situ, including the peri-nuclear endoplasmic reticulum, its

membranes, lumen and any extensions into the nucleoplasm

(12, 22; Figure 8A, I), 

The lack of a Ca2+ -response to MK 886 in Bcl-2-

negative epithelial cancer cell-derived Panc-1 and PC-3 cells

and its presence in Bcl-2-positive U937 and HL-60 cells is

striking. In the Dunning rat prostate model, Bcl-2 reduced

nuclear uptake of Ca2+ (6). Whether modulation of nuclear

Ca2+ by Bcl-2 depends upon the lineage of the cells studied

or is a more general property is not defined. 
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Overall the evidence leads us to favor the formation of

ROS induced by MK 886 at the most likely site, the

mitochondria, their diffusion to nuclei and release of

significant Ca2+ at that site (Figure 8A, I). It can be argued

that opening of the MMPT by MK 886, loss from

mitochondria with diffusion of Ca2+ to nuclei may

contribute at some point, but we have no definite evidence

of this (Figure 8B, II). Finally, MK 886 might induce

synthesis of ROS by nuclei with release of Ca2+ from that

and contiguous structures (Figure 8B, III and ref 76). 

Whether increase in nuclear Ca2+ due to MK 886 alters

nuclear transcription, and the effect of directly reducing

U937 Bcl-2 protein on nuclear Ca2+, are considerations for

future studies. However, further identifying the sites and

mechanism by which MK 886 induces increased ROS or

RNS, the mechanism of release of Ca2+ from putative

nuclear sites, structures including enzymes with which it

associates and any consequences for early transcription

underlying inhibition of replication and programmed cell

death remain to be defined. 
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