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ABSTRACT. A 3-hr exposure of U937 cells to hydrogen peroxide (H,O,) followed by a 6-hr posttreatment
incubation in fresh culture medium promotes apoptosis or necrosis, depending on the oxidant concentration.
Addition of 3-aminobenzamide (3AB) during the recovery phase prevented necrosis and caused apoptosis. 3AB
did not, however, affect the apoptotic response of cells treated with apogenic concentrations of H,0O,. Cells
exposed for 3 hr to 1.5 mM H,O,, while showing some signs of suffering, maintained a normal nuclear
organization and good organelle morphology. At the biochemical level, the oxidant promoted the formation of
Mb-sized DNA fragments and rapidly depleted both the adenine nucleotide and non-protein sulphydryl pools,
which did not recover during posttreatment incubation in the absence or presence of 3AB. These results allow
anovel interpretation of the concentration-dependent switch from apoptosis to necrosis. We propose that H,O,
activates the apoptotic response at the early times of peroxide exposure and that this process can be completed,
or inhibited, during the posttreatment incubation phase. Inhibition of apoptosis leads to necrosis and can be
prevented by 3AB via a mechanism independent of inhibition of poly(ADP-ribose)polymerase. As a corollary,
the necrotic response promoted by high concentrations of H,O, in U937 cells appears to be the result of specific
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inhibition of the late steps of apoptosis. BIOCHEM PHARMACOL 58;11:1743-1750, 1999. © 1999 Elsevier Science
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The study of the mechanisms of apoptosis is an emerging
area of research with important biological implications and,
as a consequence, has attracted the interest of a large
number of laboratories [1, 2]. Much less attention has been
given to understanding the process of necrosis, which is
considered to be a degenerative response of the cell to
overwhelming damage. In other words, the general opinion
is that necrosis is a passive, non-specific, and obligatory
event in direct opposition to apoptosis, which is typically
an active process. This would imply that once the cell has
received an insult potentially leading to necrosis, loss of cell
viability will necessarily occur and, as a corollary, preven-
tion of the necrotic response can only be achieved via
reduction of the extent of the insult.

We recently demonstrated, however, that this is not
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necessarily always true. Indeed, the necrotic response of
U937 cells treated for 3 hr with 1 mM H,O,T and
postincubated for 6 hr in drug-free medium was prevented
by the addition of the PARP inhibitor 3AB during the
posttreatment incubation phase [3]. Under these condi-
tions, 3AB is obviously unable to exert direct protective or
scavenging effects and can only modulate secondary re-
sponses triggered by the insult inflicted on the cells by
H,O,. It must therefore be concluded that, at least in this
specific experimental system, a biochemical pathway lead-
ing to necrosis exists and can be modulated by 3AB. The
second parallel observation made was that 3AB did not
simply prevent necrosis induced by H,O,, but also led these
cells into apoptosis. As a consequence, the same treatment
can be a triggering event for both apoptosis and necrosis, a
finding which introduces a new concept which should be

q Abbreviations: H,0,, hydrogen peroxide; 3AB, 3-aminobenzamide;
PARP, poly(ADP-ribose)polymerase; TBE, Tris-borate-EDTA; PACE,
programmable, autonomously controlled electrode electrophoresis; and
NPSH, non-protein sulphydryls.
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taken into account in interpreting the apoptosis—necrosis
switch that is observed after exposure to increasing concen-
trations of different agents, including H,O, [4-7] and
redox-cycling quinones [8]. Thus, further research is needed
in order to better define the relationships existing between
apoptosis and necrosis in oxidatively injured cells.

In this study, we present experimental results indicating
that the necrotic response evoked by high concentrations
of H,O, in U937 is the result of a specific and reversible
inhibition of the late steps of the apoptotic programme.

MATERIALS AND METHODS
Cell Line and Cell Culture

U937 cells were cultured in suspension in RPMI 1640
medium (GIBCO), supplemented with 10% fetal bovine
serum, penicillin (50 units/mL), and streptomycin (50
pg/mL) (Sera-Lab), at 37° in T-75 tissue culture flasks
(Corning) gassed with an atmosphere of 95% air-5% CO,.
Stock solutions of hydrogen peroxide were freshly prepared
in distilled water. 3AB was dissolved directly in the culture
medium. Because the cytotoxicity of H,O, toward cultured
cells is dependent on cell density [9], a constant density of
3 X 10° cells/mL was used at the H,O, treatment stage.
Under these conditions, a 1.5-mM concentration of the
oxidant corresponds to 5 wmol/million cells.

Cytotoxicity Assay

Cells were inoculated into 35-mm tissue culture dishes and
exposed for 3 hr to increasing concentrations of H,O,.
After the treatments, the cells were washed with saline A
(0.14 M NaCl, 5 mM KCl, 4 mM NaHCO;, and 5 mM
glucose), resuspended in prewarmed culture medium, plated
in 35-mm culture dishes, and incubated at 37° for 6 hr.
Cytotoxicity was determined using the trypan blue exclu-
sion assay. Briefly, an aliquot of the cell suspension was
diluted 1:1 with 0.4% trypan blue and the cells were
counted with a hemocytometer. Results are expressed as the
percentage of dead cells (ratio of stained cells vs the total
number of cells).

DNA Fragmentation Analysis by the
Filter-binding Assay

Secondary DNA fragmentation was quantified using the
filter-binding assay developed by Bertrand et al. [10], with
minor modifications [3]. DNA fragmentation was deter-
mined as the percent ratio of the *C-labelled DNA eluted
out of the filter versus the total DNA radioactivity in the
sample.

DNA Fragmentation Analysis by Conventional
Gel Electrophoresis

Genomic DNA was isolated from 3.5 X 10° U937 cells.
Cells were sedimented in a 15-mL conical tube at 400 g for
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10 min (4°), and the pellet was washed three times with 5
mL prechilled PBS (0.121 M NaCl, 10 mM NaH,PO,, 1.5
mM KH,PO,, 3 mM KCI) containing 5 mM EDTA, pH
8.3. Cells were lysed with 100 L of buffer containing 10
mM Tris/HCI, 25 mM EDTA, 100 mM NaCl, 0.2% SDS,
0.5 mg/mL proteinase K, and the cell suspension was left in
a 55° water bath for 2 hr. Two percent agarose (low-melt
agarose, BioRad) was melted in TBE buffer (89 mM Tris
base, 89 mM sodium borate, 2 mM Na,EDTA [pH 8.3]),
and 50 wL was added to the cell lysate. The mixture was
quickly dispensed into a plug former on ice. The plugs were
analyzed by electrophoresis using a 1.5% agarose gel in TBE
for 4 hr at 50 V. The gel was incubated with DNase-free
RNase (20 wg/mL) at 37° for 4 hr before staining with
ethidium bromide and then photographed under a UV
transilluminator.

DNA Fragmentation Analysis by Programmable,
Autonomously Controlled Electrode
(PACE) Electrophoresis

Cells prelabelled with [methyl-"*C]thymidine (0.05 pnCi/
mL) were embedded into agarose plugs as previously de-
scribed by Sestili et al. [11]. PACE electrophoresis was
carried out using a BioRad DRIII variable angle system.
Briefly, the gels were cast using 1.0% w/v chromosomal
grade agarose in 0.5X TBE buffer (composition of the 0.5X
concentrated buffer: 44.5 mM Tris—=HCI, 44.5 mM boric
acid, 1 mM Na,EDTA [pH 8.3]) and run for 24 hr at 160
V with a switch time linearly ramped from 10 to 150 sec,
120° reorientation angle, at a constant buffer temperature
of 14° (gel in Fig. 2D), or according to the three-block assay
(gel in Fig. 5) described in Sestili et al. [11]. Gels were
stained with ethidium bromide, viewed with a UV transil-
luminator, and photographed. The distribution of radioac-
tivity in the gel was determined using a BioRad GS 250
photostimulable storage phosphor imager.

Electron Microscopy

After the treatments, the cells were sedimented and imme-
diately fixed with 2.5% glutaraldehyde in PBS for 1 hr. The
cells were then rinsed, postfixed with 1% osmium tetroxide
in veronal buffer, alcohol-dehydrated, and embedded in
araldite. Preliminary light microscopy observations were
performed on semi-thin sections stained with 1% toluidine
blue. Thin sections, collected on Formvar-carbon-coated
nickel grids, were stained with uranyl acetate and lead
citrate. Observations were carried out with a Philips CM10
electron microscope at 80 KV.

NPSH Assay

NPSH levels were determined using the 5, 5'-dithiobis-(2-
nitrobenzoic acid) method, as previously described [12].
The concentration of NPSH in the samples was determined
by comparison with standard solutions of GSH. Protein
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FIG. 1. The effect of 3AB on H,0,-induced U937 cell death.
The cells were treated with increasing concentrations of H,0O,
for 3 hr and were then postincubated for 6 hr in the absence
(open circles) or presence (closed circles) of 1 mM 3AB. The
number of dead cells was estimated at the end of the posttreat-
ment incubation using the trypan blue dye exclusion assay. The
results are the means =SEM of at least three separate experi-
ments.

contents were assayed as described by Lowry et al. [13],
using BSA as standard.

Determination of Adenine Nucleotides

Adenine nucleotides were assayed by the method of Stoc-
chi et al. [14]. Briefly, after treatment cells were transferred
into a 15-ml Falcon tube and washed twice with cold saline
A. One milliliter of cold 2.5% perchloric acid was added to
each tube and, after a 10-min incubation in an ice bath, the
solution was removed and the extraction procedure re-
peated. Cell extracts were neutralized with K,CO; and the
precipitate was removed by centrifugation. The nucleotide-
containing supernatants were filtered through 0.22-pm
pore microfilters and analyzed for ATP and NAD™ content
by reversed-phase HPLC using a Supelcosil LC-18 column
(Supelco).

RESULTS
Concentration-dependent Induction of Apoptosis and
Necrosis in U937 Cells Exposed to H,0O,

U937 cells were exposed to increasing concentrations of
H,O, for 3 hr and then postincubated for 6 hr in fresh
culture medium before determination of viability by trypan
blue exclusion. At 0.3 mM, but not at lower levels, the
oxidant caused a significant loss of viability, and this effect
was further augmented by higher concentrations (Fig. 1).
Figure 2A shows the extent of secondary DNA fragmenta-
tion as a function of the H,O, concentration. The bell-
shaped curve relating these two parameters is characterized
by an ascending portion at levels below 0.1 mM, by a
plateau between 0.1 and 0.3 mM, and by a descending
portion above 0.6 mM. These results are in general agree-
ment with those obtained by conventional gel electro-
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FIG. 2. Concentration-dependent induction of apoptosis and
necrosis in U937 cells exposed to H,O, and the modulation of
these responses afforded by 3AB. The cells were treated as
described in the legend to Fig. 1 and then analyzed for DNA
fragmentation. (A) Results obtained using the filter-binding
assay. The H,O,-treated cells were postincubated in the absence
(open circles) or presence (closed circles) of 1 mM 3AB. Each
point represents the mean +=SEM of 3-5 separate experiments.
(B) Quantitation of the DNA associated with the <50 Kb
region of gels similar to that shown in (D). The amount of
14C.labelled DNA was determined by photostimulable storage
phosphor imaging, and the data represent the means +SEM of
3—4 separate experiments. Symbols are as in (A). (C) and (D)
Photographs of UV light-illuminated ethidium bromide-stained
gels obtained by conventional electrophoresis (C) or PACE (D)
containing total cellular DNA (representative of three experi-
ments with similar outcomes).

phoresis and PACE, indicating that concentrations of
H,0O, below 0.3 mM promote the formation of DNA
laddering (Fig. 2C) and =50 Kb double-stranded DNA
fragments (Fig. 2D), and that these effects progressively
disappear at higher levels. The latter information can be
better appreciated by the results illustrated in Fig. 2B, in
which the radioactivity associated with the =50 Kb region
was estimated using a photostimulable storage phosphor
imaging system. The =50 Kb band increased at levels from
0.1 to 0.3 mM H,0,, decreased at 0.6 mM, and disappeared
at 1 mM. It is noteworthy that the DNA from cells treated



1746

with 0.6, 1.0, and 1.5 mM H,0O, (Fig. 2D) displayed a
pattern of degradation indicative of necrosis [11, 15].

Effects of 3AB on the Apoptotic and Necrotic Responses
Ewvoked by H,0,

Addition of 1 mM 3AB during the 6-hr recovery phase
prevented the loss of viability elicited by 0.3-1.5 mM H,0,
(Fig. 1). Importantly, however, the cytoprotection afforded
by 3AB was only apparent since the inhibitor, while
abolishing necrosis, led the cells into apoptosis. Indeed,
under these experimental conditions, we were able to
detect secondary DNA fragmentation (Fig. 2A), DNA
laddering (Fig. 2C), and the formation of =50 Kb DNA
fragments (Fig. 2, B and D). Interestingly, the extent of
secondary DNA fragmentation (Fig. 2A) and the accumu-
lation of =50 Kb DNA fragments (Fig. 2B) measured in
3 AB-supplemented cells linearly increased after exposure to
concentrations of H,O, ranging from 0.03 to 1.5 mM.
Finally, 3AB did not affect the extent of secondary DNA
fragmentation (Fig. 2A), DNA laddering (Fig. 2C), or the
formation of =50 Kb DNA fragments (Fig. 2, B and D)
evoked by concentrations of H,O, lower than 0.3 mM.
3AB alone neither caused loss of viability (Fig. 1) nor
delayed apoptosis (Fig. 2, A-C).

Morphological Features of Cells Exposed to a High
Concentration of H,0,

Electron microscopic analysis of untreated U937 cells
showed a large round nucleus with dispersed chromatin and
a large nucleolus (Fig. 3a). A 3-hr exposure to 1.5 mM
H,0O, led to the appearance of diffuse cytoplasmic vacuol-
ization (Fig. 3, b and ¢), and this response was both
observed in the majority of the cells and associated with
preservation of the other cellular compartments. The nu-
cleus and chromatin appeared to be normally organized,
except for some occasional swelling of the perinuclear
cisternae. The mitochondria, while slightly hydrated,
showed a good morphology (Fig. 3c). A 6-hr posttreatment
incubation in fresh culture medium promoted dramatic
changes in these cells, most of which displayed typical
morphological features of necrosis such as disruption of the
cytoplasm and appearance of remnants of swollen or-
ganelles (Fig. 3d). The nucleus, however, maintained its
arrangement and the spatial organization of its compo-
nents. The morphology of cells that were postincubated for
6 hr in the presence of 1 mM 3AB was indicative of
apoptosis. Indeed, a large number of apoptotic cells and
apoptotic bodies were found by light microscopy on semi-
thin sections (not shown). Electron microscopic analysis
allowed the detection of cells with an initial chromatin
margination (Fig. 4a), which is indicative of a very early
apoptotic stage. Late apoptotic cells characterized by deep
cytoplasmic rearrangements, micronuclei, and nucleolar
residues scattered throughout the cytoplasm (Fig. 4b) were
also identified.

L. Palomba et al.

Effects of a High Concentration of H,O, on the
Formation of Double-Stranded DNA Fragments and
Adenine Nucleotide or NPSH Intracellular Levels

Treatment with 1.5 mM H,0O, produced a time-dependent
formation of double-stranded DNA fragments, as measured
by the highly sensitive PACE three-block assay (Fig. 5).
About 20% of the DNA was eluted after a 3-hr treatment
and the size of these fragments was >2.2 Mb (inset to Fig.
5). Treatment with 1.5 mM H,O, also produced a dramatic
decline in cellular ATP (Fig. 6A) and NAD™ (Fig. 6B),
whose levels remained extremely low during the posttreat-
ment incubation in fresh culture medium. Addition of 3AB
did not ameliorate the status of the adenine nucleotide
pool. Figure 6C shows that 1.5 mM H,0O, also depleted the
NPSH pool, which remained low during recovery; once
again, this response was not affected by 3AB.

DISCUSSION

It is now well established that hydrogen peroxide [4-7] and
redox-cycling quinones [8] induce apoptosis or necrosis,
depending on the severity of the insult inflicted on the
cells. In the present study, we present results that are
consistent with this notion, since the mode of U937 cell
death mediated by H,O, was found to be apoptosis at =0.1
mM and necrosis at =1 mM. At intermediate concentra-
tions the oxidant induced apoptosis as well as necrosis.
Experimental support for this observation is given by the
results shown in Fig. 2A-D, indicating that low levels of
H,0O, produced secondary DNA fragmentation, DNA lad-
dering, and the formation of =50 Kb paired DNA frag-
ments, and in Fig. 4a, b, showing the characteristic mor-
phological features of apoptosis. These effects gradually
disappeared at higher concentrations of the oxidant (Fig.
2A-D) and were accompanied by a parallel loss of cell
viability, as assessed by trypan blue exclusion (Fig. 1) and
by electron microscopy, indicating that under these condi-
tions the mode of cell death was necrosis (Fig. 3d). We also
found that 3AB prevents the necrotic response of cells
exposed to concentrations of H,O, higher than 0.3 mM
(Fig. 1) and switches these cells into apoptosis (Fig. 2A-D
and Fig. 4a, b). 3AB, however, did not affect the apoptotic
response triggered by low concentrations of H,O, (Fig. 2).
The fact that 3AB neither affected the fate of those cells
treated with apogenic concentrations of the oxidant nor
increased the extent of the resulting apoptotic response
indicates that the inhibitor does not directly or indirectly
affect the pathways involved in the execution of the
apoptotic programme.

The above results, while confirming our previous data [3]
obtained using U937 cells treated with 1 mM H,0,, clearly
demonstrate that the sole effect of 3AB is prevention of
necrosis. It should also be emphasized that this response was
observed under experimental conditions in which the
inhibitor was given after exposure to the oxidant. This
would imply that 3AB abolishes the acute lethal response
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FIG. 3. The morphology of eated U937 cells (a)
nu = nucleolus; cells exposed for 3 hr to 1.5 mM H,0, (b, ¢); cells treated as in (b, c) and postincubated for 6 hr in fresh culture
medium (d). In (b) and (c), a diffuse vacuolization is associated with occasional swelling of perinuclear cisternae (s) and well-preserved
plasma membranes ()) and cytoplasmic morphology. (d) shows a necrotic cell with a general cytoplasmic disruption (*) and a lasting
partial preservation of the nucleus. n = nucleus; V = vacuoles; a = X13,000; b = x10,000; ¢ = X14,000; and d = x16,000.
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FIG. 4. The effect of 3AB on the morphology of U937 cells treated with a high concentration of H,O,. Electron micrographs of cells
exposed for 3 hr to 1.5 mM H, O, and postincubated for 6 hr in fresh culture medium supplemented with 1 mM 3AB. (a) Early phase
apoptotic cell showing progressive chromatin margination ()). (b) Late phase apoptotic cell with micronuclei (m) and dispersed

nucleolar remnants (*). a = X11,000; b = X 14,000.

evoked by H,O, without changing the extent and the
nature of the initial damage induced by the oxidant. In
another study [11], we reported that a 3-hr exposure to 1
mM H,0O, promoted the formation of double-stranded
DNA fragments of > 2 < 5.7 Mb. Similar results were
obtained in the present study using 1.5 mM H,O, (inset to
Fig. 5). The extent of DNA strand scission was quantified

30

% DNA ELUTED

T T T T T T
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FIG. 5. Kinetics of formation of double-stranded DNA frag-
ments in cells exposed to H,O,. The cells were exposed for
increasing time intervals to 1.5 mM H,O, and the resulting
double-stranded DNA fragments were resolved by the three-
block PACE assay. The inset shows a typical distribution
pattern of double-stranded DNA fragments from cells treated
for 3 hr.

and found to linearly increase from 0.5 to 3 hr of peroxide
exposure (Fig. 5). In principle, this response could be the
consequence of either direct or indirect DNA fragmenta-
tion. The first possibility, however, is unlikely, since H,O,
has been shown to be a potent inducer of DNA single-
strand breakage but a very poor inducer of DNA double-
strand breakage in an array of investigations [16—19]. The
cells treated with 1.5 mM H,0O, for 3 hr, while showing
some signs of suffering, maintained a normal nuclear
organization and good organelle morphology (Fig. 3b).
Their NAD™ and ATP levels, however, were dramatically
low (Fig. 6A, B), a finding which suggests that these cells
were energy-depleted. Their redox status also appeared to
be compromised, since a 40% decline in cellular NPSH was
detected (Fig. 6C).

Thus, these results collectively indicate that a 3-hr
exposure to a high concentration of H,O, promotes forma-
tion of Mb-sized DNA fragments and profound alterations
in the energy and redox status of the cells, as well as minor
morphological alterations. One possible interpretation of
these results is that cells suffering from the insult inflicted
by the oxidant are initiated to death in a sort of “neutral”
fashion which can be directed, at a later stage, into necrosis
or apoptosis in the absence or presence of 3AB, respec-
tively. It is important to emphasize, however, that both the
adenine nucleotides and the NPSH declined sharply during
peroxide exposure and that these biochemical parameters
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FIG. 6. The effect of 3AB on H,O,-induced depletion of
adenine nucleotides or NPSH. The cells were treated with 1.5
mM H,O, for 3 hr and then postincubated for increasing
intervals in the absence (open circles) or presence (closed
circles) of 1 mM 3AB. The vertical line corresponding to time O
separates the H,O, exposure phase to postincubation with or
without 3AB. The levels of ATP (A) or NAD™" (B) were
measured by HPLC. The NPSH (C) content was estimated by
the colorimetric assay described in the Methods section. The
results are the means £SEM of at least three separate experi-
ments.

remained extremely low regardless of whether 3AB was
absent or present during the 6 hr of posttreatment incuba-
tion (Fig. 6A—C). This observation leads to three important
conclusions. First, cells depleted of energy and of reducing
equivalents are able to execute the late steps of the
apoptotic programme. As a corollary, the early steps, in
particular those which require ATP, must take place during
the early times of peroxide exposure. Secondly, the cells
which received 3AB were rescued from necrosis but were
nevertheless depleted of energy and of reducing equiva-
lents; as a consequence, these events appear to be unrelated
to the mechanism whereby H,O, causes necrosis. Thirdly,
these results are consistent with the possibility that the
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mechanism whereby 3AB blocks the necrotic response
involves inactivation of a specific pathway.

We therefore interpret our results as an indication that
micromolar as well as millimolar concentrations of H,O,
activate apoptosis, and in particular the energy-requiring
step(s), at very early times of peroxide exposure. The
apoptotic process, however, can be completed during the
posttreatment incubation phase only in those cells which
received micromolar levels of the oxidant. Millimolar
concentrations of H,O, would appear to activate some
process inhibiting the late steps of the apoptotic response
and, as a consequence, cells receiving these treatments
undergo necrosis since they are already committed to death.
By removing this obstacle, 3AB allows the expression of the
apoptotic response over the entire range of H,O, concen-
trations utilized in this study. Indeed, the apoptotic re-
sponse in 3AB-supplemented cells was a direct function of
the oxidant concentration (Fig. 2A, B).

Finally, the fact that following the 3-hr challenge with
high concentrations of H,O, the NAD™ levels were always
very low and were not affected by the addition of 3AB
strongly suggests that its effects were independent of PARP
inhibition. It is important to emphasize that this enzyme
functions by transferring large amounts of the ADP-ribose
moiety of NAD™ to acceptor proteins [20]. This makes it
highly unlikely that significant PARP activity can occur in
the presence of very low levels of the adenine nucleotide.
On the other hand, the rapid NAD™ consumption ob-
served immediately after H,O, addition strongly suggests
early PARP activation. Since it has been proposed that
PARP triggers the early and key steps of the apoptotic
programme [21], the possibility exists that PARP activation
is one of those energy-requiring processes occurring at the
very early times of peroxide exposure which finally lead
cells into apoptosis (see above). Thus, under the specific
experimental conditions used in the present study, the
effects of 3AB appear to be independent of PARP inhibi-
tion. It is important to note that these results do not rule
out the possibility that 3AB-mediated inhibition of PARP
is of importance in toxicity paradigms different from that
utilized in this study. Indeed, an extensive body of literature
(reviewed in Ref. 22) clearly indicates that PARP activa-
tion plays a pivotal role in the process of cell death.

In conclusion, the results presented in this study strongly
suggest that, at least under these specific experimental
conditions, necrosis is not an obligatory response to over-
whelming damage, but rather the result of a direct or
indirect inhibition of the late steps of the apoptotic
programme triggered by H,O,.
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