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ABSTRACT Heat shock (HS) proteins (HSPs) induce
protection against a number of stresses distinct from HS,
including reactive oxygen species. In the human premonocytic
line U937, we investigated in whole cells the effects of preex-
posure to HS and exposure to hydrogen peroxide (H202) on
mitochondrial membrane potential, mass, and ultrastructure.
HS prevented H202-induced alterations in mitochondrial
membrane potential and cristae formation while increasing
expression of HSPs and the protein product of bcl-2. Protec-
tion correlated best with the expression of the 70-kDa HSP,
hsp7O. We propose that mitochondria represent a selective
target for HS-mediated protection against oxidative injury.

Heat shock (HS) proteins (HSPs) are a set of conserved
proteins induced in prokaryotes and eukaryotes by elevated
temperatures and a number of other types of cellular stresses,
including oxidative stress. HSPs are classified according to
their apparent molecular weight, their intracellular location,
their main inducer(s), and their functions. Members of the
hsp70 family locate themselves to the cytoplasm (hsp72-73), to
the endoplasmic reticulum (grp78), or to the mitochondria
(mthsp7o, grp75), whereas hsp65 is essentially a mitochondrial
protein (for reviews, see refs. 1 and 2). These HSPs act as
molecular chaperones and contribute to protein folding, re-
folding, transport, and translocation (1). HSPs induce ther-
motolerance and protection against a number of stresses
distinct from HS, including reactive oxygen species (ROS),
tumor necrosis factor a, and, in vivo, ischemia and reperfusion,
sepsis, and acute inflammation (3-7), whereas all of these
conditions are characterized by an increased oxidative burden
(8). We have shown in the premonocytic line U937 that the
induction of a HS response prevents subsequent H202-induced
cell death (3, 9). However, the precise molecular targets for
HSP protection from oxidative stress have remained elusive;
cell membranes, DNA, and proteins have all been suggested to
be protected by HSP (10). It has also been suggested that HS
may increase the expression or the activity of endogenous
scavengers of ROS, such as catalase or superoxide dismutase
(11, 12).
We hypothesize that mitochondria are a selective target for

protection from oxidative injury by HSP. A number of obser-
vations favor such a possibility. First, these organelles have
been suggested from the earliest HS studies to be directly
involved in the HS response (13). Second, whereas oxidative
stress induces many alterations within the cell, mitochondria
may be the first to be hit by ROS (14), which may be
exemplified by the cytotoxicity of tumor necrosis factor a.
Indeed, on the one hand, the earliest postreceptor event to be
observed after addition of tumor necrosis factor a to cells is the

generation of ROS within mitochondria (15), whereas on the
other hand, the HS-induced protection from the cytotoxicity of
the cytokine is clearly attributable to HSP (4, 5). Another
example is injury after postischemic reperfusion, which is
associated with mitochondrial disruption and which is pre-
vented by HS in vivo (6, 16). Third, Patriarca and Maresca (17)
have shown in Saccharomyces cerevisiae that, along with the
induction of HSP, acquired thermotolerance prevents impair-
ment in mitochondrial ATPase activity at elevated temperatures.
To test the hypothesis that HS protects cells from oxidative

injury by preventing alterations in mitochondrial function, we
preexposed U937 cells to HS, then exposed them to hydrogen
peroxide (H202) and analyzed the mitochondrial membrane
potential (A/p), mass, and ultrastructure. Our data indicate that
mitochondria may be a major target for the protective effects
of HSP against oxidative stress. We then analyzed the corre-
lations between the kinetics of the HS-induced protection
against H202-mediated alterations in Acp and the levels of
expression of hsp70 and hsp65, respectively. In addition, the
possibility that a modulation in the expression of bcl-2 protein
[the product of a gene that is essential for controlling cell death
by apoptosis and protecting cells via antioxidant mechanisms
(18, 19)] contributes to the antioxidant effects of HS was also
examined.

MATERIALS AND METHODS
Reagents and Media. 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-

benzimidazolcarbocyanine iodide (JC-1) and nonyl acridine
orange (NAO) were purchased from Molecular Probes. 1,25-
dihydroxyvitamin D3 [1,25-(OH)2D3] (kindly provided by U.
Fisher, Hoffmann-La Roche, Switzerland) was dissolved in
ethanol and used at 100 ng/ml.

Cells and Exposure to Stresses. Mycoplasma-free U937 (a
human premonocytic cell line), HL-60 (a human promyelo-
cytic cell line), and CCRF-CEM (CEM) (a lymphoblastoid
human T cell line) were maintained in stationary suspension
in RPMI 1640 medium (GIBCO) containing 10% fetal calf
serum (FCS) (GIBCO) and 1% glutamine (GIBCO) (com-
plete medium). In some experiments (e.g., electron microsco-
py), U937 cells were differentiated, or not, by incubation with
1,25-(OH)2D3 (10 ng/ml) for 72 hr before exposure to HS or
to H202. Exposure to HS was performed as described (20) in
the presence of 25 mM Hepes; recovery after HS ranged from
0 to 24 h. Exposure to H202 (1 mM) was for 1 hr at 37°C.

Determination ofMitochondrial Membrane Potential (ASp).
Asp was analyzed by an original method that we recently
described, which allows the direct measurement of Asp either

Abbreviations: HS, heat shock; HSP, HS protein; ROS, reactive
oxygen species; NAO, nonyl acridine orange; JC-1, 5,5',6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolcarbocyanine iodide;
1,25-(OH)2D3, 1,25-dihydroxyvitamin D3.
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in intact cells (21) or in isolated mitochondria (22). Briefly,
JC-1 is a lipophilic cation that is able to selectively enter into
mitochondria (23). JC-1 exists in a monomeric form emitting
at 527 nm after excitation at 490 nm; however, depending on

A/p, JC-1 is able to form J-aggregates that are associated with
a large shift in emission (590 nm) (24, 25). Thus, the color of
the dye changes reversibly from green to greenish orange as
the mitochondrial membrane becomes more polarized (23).
Both colors can be detected using filters commonly mounted
in flow cytometers, so that the green emission can be analyzed
in fluorescence channel 1 (FL1) and the greenish orange
emission in channel 2 (FL2).
The cell staining was performed as follows: cell suspensions

were adjusted to a density of 0.5 x 106 cells per ml and
incubated in complete medium with JC-1 (10 ,ug/ml) for 10
min at room temperature in the dark. At the end of the
incubation period, the cells were washed twice in cold phos-
phate-buffered saline (PBS) (GIBCO), resuspended in a total
volume of 400 ,tl, and analyzed. Flow cytometry was per-
formed using a FACScan flow cytometer (Becton Dickinson)
equipped with a single 488 nm argon laser. A minimum of
10,000 cells per sample were acquired in list mode and
analyzed using LYSYS II software as reported (26).

Determination of Mitochondrial Mass: NAO Staining of the
Phospholipid Cardiolipin. Mitochondrial mass was measured
by flow cytometry as described (26, 27). We took advantage of
NAO, a fluorescent dye capable of binding the mitochondrial
phospholipid cardiolipin in an energy-independent manner
and that subsequently can provide an indication of mitochon-
drial mass (28). Briefly, cell suspension was adjusted at 0.5 x
106 cells per ml and incubated with 10 mM NAO for 10 min
at room temperature in the dark, washed twice with cold PBS,
and immediately analyzed. A minimum of 10,000 cells per
sample were acquired in list mode using a log scale for the
photomultiplier which detected the green fluorescence emis-
sion of the dye. Median NAO fluorescence values were then
calculated as reported elsewhere (29).

Analysis of HSP Expression. U937 cells were exposed to HS
and then allowed to recover for the indicated times. Aliquots
corresponding to equal cell numbers were resolved by SDS/
PAGE (with 10% polyacrylamide) and revealed by autora-
diography as described (30). hsp7o and hsp65 expression was
revealed by Western blot analyses with mouse monoclonal
antibodies against, respectively, the human inducible hsp70
(SPA810, StressGen Biotechnologies, Sidney, Canada) or the
human hsp65 4B9-89 (a kind gift of G. Rook, London) (31).
Bound antibodies were revealed with anti-mouse IgG-
peroxidase conjugated (Sigma) in the presence of H202 and
4-chloro-1-naphthol (Sigma).

Determination of bcl-2 Levels. The amount of bcl-2 present
in different cell lines was quantified by flow cytometry. U937
cells, HL-60 and CCRF-CEM cells were heat shocked as
described above, kept for 18 hr at 37°C, and stained with
anti-bcl-2 mAb, as described elsewhere (32). Briefly, a pellet of
2 x 106 cells was resuspended in 1 ml of 2% paraformaldehyde
in PBS and kept for 10 min at 4°C; 100 1A of 0.5 Triton X-100
(Sigma) in PBS was then added and 1 min later the cells were
washed twice in cold PBS with 1% bovine serum albumin. For
labeling, cells were incubated for 30 min at 4°C with saturating
doses of fluorescein-conjugated anti-bcl-2 mAb (Dako),
washed twice with cold PBS, and analyzed. Negative controls
were represented by cells treated in the same manner except
that the labeling was performed with fluorescein isothiocya-
nate-conjugated isotype-matched mAbs (Dako). A minimum
of 10,000 cells per sample was analyzed. To better describe the
variations in the fluorescence emissions of untreated or heat-
shocked cells after staining them with the anti-bcl-2 mAb, for
each sample the median linear fluorescence channel was
calculated using the LYSYS ii software according to procedures
established by Schmid et al. (29). Then, from the median

fluorescence value of each stained sample, the value of its
negative control was subtracted. The resulting number indi-
cated the net value of fluorescence of cells stained with
anti-bcl-2 mAb and was directly proportional to the amount of
protein present inside the cell.

Electron Microscopy. After the respective treatments, U937
cells were fixed in suspensionW (_ 106 cells per specimen) with
2.5% glutaraldehyde in 0.1 M PBS, pH 7.4, for 10 min at 4°C
and as a pellet for 2 hr. After washing in the same buffer to
which 0.2M sucrose had been added, the pellets were postfixed
using 2% osmic acid in 0.1 M sodium cacodylate, pH 7.3, for
30 min at room temperature, then washed again in distilled
water, stained en bloc with aqueous uranyl acetate, washed in
distilled water, dehydrated in a graded series of ethanol, and
embedded in Spurr resin (33). Ultra-thin sections were cut
using a Reichert-Young ultramicrotome, equipped with a
diamond knife, and counterstained with lead citrate. They
were examined in a Philips EM-300 electron microscope
operating at 60 kV.

RESULTS

HS Protected Mitochondria from H202-Induced Functional
and Morphological Alterations. The first aim of this investi-
gation was to ascertain whether HSPs were able to protect cells
from oxidative stress at the mitochondrial level. Thus, a

cytofluorimetric approach was used to study, at the single cell
level, the modifications of A/p induced by the oxidative dam-
age. The main results are depicted in Fig. 1 (one representative
experiment) and in Table 1 (results obtained from three
disctinct experiments). In Fig. 1, in each panel, the number
indicates the percentage of cells with depolarized mitochon-
dria. A small percentage of control U937 cells had a low
membrane potential (Fig. 1, Upper Left). HS per se was able to
induce a small increase in such a percentage (data not shown);
however, cells returned to normal after 18 hr (Fig. 1, Upper
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FIG. 1. HS protects mitochondria from H202-mediated damage.
Cytofluorimetric analysis of mitochondrial membrane potential as
assessed by JC-1 staining showing changes in control and heat-shocked
U937 cells subsequently exposed to H202. All cells were incubated for
18 hr. One representative experiment out of three is shown. HS
completely prevented the H202-induced alteration in Aqp (compare the
two lower panels). Numbers (in the upper right corner of each panel)
indicate the percentage of cells with depolarized mitochondria.
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Table 1. HS prevents H202-induced mitochondrial
membrane depolarization

HS 18 hr
Treatment Control recovery

None 10.6 ± 0.9a 11.7 ± 2.0b
H202 29.7 ± 2.5c 12.8 ± 1.4d

Numbers refer to % cells with depolarized mitochondria (mean ±
SEM, n = 3). Statistical analysis, performed by two-tailed paired
Student's t test, indicates that: a vs. b, P = NS; a vs. c, P < 0.01; a vs.
d, P = NS; b vs. d, P = NS; c vs. d, P < 0.01. NS, not significant.

Right). When cells were treated with H202, significant modi-
fications of the Avp took place (Fig. 1, Lower Left). Preexposure
to HS (followed by 18 hr recovery) completely prevented the
H202-induced mitochondrial depolarization (Fig. 1, Lower
Right).
To rule out the possibility that changes in Ap were due to a

loss in mitochondrial content, we studied the staining of
cardiolipin by NAO, a recognized indicator of mitochondrial
mass (28). Fig. 2 shows that exposure of cells to H202 did not
provoke any loss in their mitochondrial mass.
The morphological data confirmed the functional data (Fig.

3). HS induced a transient perinuclear relocalization of mito-
chondria, which returned to normal by 18 hr (unpublished
data). We have shown before that 1,25-(OH)2D3 increases
both intracellular Ca2+ and the sensitivity of U937 cells to
H202 (3). In agreement with these results, the morphological
alterations in mitochondria of U937 cells preincubated with
1,25-(OH)2D3 appeared more important (compare Fig. 3 e and
f to a and b). This is likely to be the case because the previous
accumulation of Ca21 induced by the hormone within these
organelles rendered them unable to cope with an increased
oxidative burden, resulting in an increase of cytosolic Ca2+. It
is noteworthy that the morphological changes observed (in
particular, the alterations in mitochondrial volume) occurred
in the absence of alterations in mitochondrial mass.

In both undifferentiated and 1,25-(OH)2D3-differentiated
cells, HS prevented, at least in part, the morphological alter-
ations induced in mitochondria by H202 (compare Fig. 3 c and
d to a and b and g and h to e and f). In contrast, nuclear
condensation (absent in control U937 cells; data not shown)
induced by exposure to H202 was similar whether or not the
cells had been preexposed to HS.

Correlation Between HS-Induced Protection from H202
and hsp7O Expression. Kinetic experiments were performed
and cells were exposed to H202, either immediately or in
increments of 2, 4, 12, 18, and 24 hr after HS. Control cells were
not heat shocked. For each increment of time, a protection
index was calculated (i.e., the ratio between the percentage of
cells with normal mitochondria in heat-shocked cells and a
control population). As a result, 100% relative protection was
attributed to the highest protection observed, which was always
18 hr after HS (Fig. 4). Kinetics for protection was then
correlated with the expression of hsp70 (Fig. 4) and hsp65
(data not shown), as obtained by Western blotting with the
specific antibodies (SPA-801 and 4B9-89 for hsp70 and hsp65,
respectively). Whereas the expression of hsp65 doubled 12 hr
after HS, then remained constant up to 24 hr (data not shown),
the expression of hsp7O varied with time in close correlation to
the degree of relative protection (Fig. 4), and the time for
maximal protection (18 hr) correlated with maximal expres-
sion of hsp70. In the presence of the transcriptional inhibitor
Actinomycin D, for which we have previously published in
detail the conditions under which it selectively prevents HSP
induction without altering overall protein synthesis (34, 35),
hsp7O expression was completely inhibited (data not shown).
This result also paralleled the inhibition of any protective
effect of HS on subsequent H202 exposure (Fig. 4).
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FIG. 2. H202 induces no alteration in mitochondrial mass. Expo-
sure of U937 cells to H202 did not alter mitochondrial cardiolipin
staining by NAO as revealed by cytofluorimetric analysis. Numbers in
each panel indicate the linear median fluorescence channel, in pro-
portion to the cardiolipin content; this parameter is related to mito-
chondrial mass. One representative experiment out of five is shown; all
cells were incubated for 18 hr.

HS Increased the Expression of bcl-2 in Different Human
Cell Lines. To determine whether bcl-2 was involved in the
protective effect ofHS on mitochondria, we studied using flow
cytometry the amount of the protein present in three untreated
or heat-shocked human cell lines. Fig. 5 shows the fluorescence
emission of cells stained with anti-bcl-2 mAb, the height of
each column being directly proportional to the intracellular
quantity of bcl-2. The data indicate that (i) different cell lines
expressed different basal levels of bcl-2 protein, and (ii) HS
(after 18 hr of recovery) induced an increase in bcl-2 protein
expression in all three cell lines tested.

DISCUSSION
Here we report that the induction of a HS response prevented
alterations in Alp, which were induced by a subsequent expo-
sure to H202 in the human premonocytic line U937.

Previously we reported that the induction of a HS response
protects U937 cells from H202-induced cell death (3). We have
been investigating several possible targets for this protective
effect. Protection in terms of membrane alteration (measuring
lipid peroxidation) ranges from 20 to 25% (36), whereas
protection at the level of DNA (measuring ethidium bromide
fluorescence) varies according to in vitro cell aging (ref. 37; M.
Perin-Minisini, unpublished work). The HS-induced protection
against H202-mediated mitochondrial alterations consistently
ranged from 60 to 90%. Protection was thus higher for mito-
chondria than for DNA or membranes, suggesting that mitochon-
dria might represent a primary target for protection by HS.
The morphological analysis also confirmed the functional

studies. Preexposure to HS prevented, at least in part, the
alterations in mitochondrial ultrastructure. The morphological
mitochondrial alterations that we observed were very similar
to those observed by Currie et al. (16), i.e., swelling and cristae
disruption, and the protective effects of HS were similar,
whether HS was administered in vivo (16) or in vitro (our
study). As reported, differentiation of U937 cells with
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FIG. 3. HS prevents structural
mitochondrial alterations in both
control and differentiated U937
cells. Undifferentiated U937 cells
(a-d) and cells differentiated with
1,25-(OH)2D3 (e-h) were either ex-
posed to HS (42°C, 20 min) (c, d, g,
and h) or were maintained at 37°C
(a, b, e, andf). Eighteen hours after
HS, all cells were exposed to H202
and prepared for electron micros-
copy as described. Mitochondria of
cells that were exposed to HS (c, d,
g, and h) retained a normal mor-
phology, as compared with non-
heat-shocked H202-exposed cells
(a, b, e, and f), both in undifferen-
tiated (c and d) and in differenti-
ated (g and h) cells. In contrast,
intranuclear chromatin condensa-
tion was similar under all the con-
ditions tested. The pictures shown
are representative of four distinct
experiments, in each of which a
mean of 20 pictures was examined.
(a, c, e, andg, x4560; b, d,f, and h,
X26,500.)

1,25(OH)2D3 potentiated oxidative damage, an effect related to
an accumulation of intracellular Ca2+ (3). Interestingly,
1,25(OH)2D3 up-regulates HSP expression (38, 39), as well as

superoxide dismutase (unpublished work), both of which may
represent a self-protecting mechanism aiming at counteracting
the increase in oxidative stress.
The kinetics for protection against H202-induced alterations

in Ap correlated with those of hsp70 accumulation within the
heat-shocked cells, whereas protection was abolished when HS

was performed in the presence of the transcriptional inhibitor
Actinomycin D. These results indicate that the expression of
HSP, and not solely HS, is required for protection. Such
correlations between HSP expression and protection are usu-

ally considered to be a valuable argument for implying a direct
role for HSP in protection both in vitro and in vivo (3, 34, 35).
Our results are consistent with the fact that hsp70 likely
represents the major protective stress protein, as also proposed
by a number of investigators (4, 6, 34, 36, 40-42).
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FIG. 4. Time course of hsp70 expression and HS-induced prevention of mitochondrial membrane depolarization in cells exposed to H202. The
time for mitochondrial maximal protection (18 hr) (A) correlated with maximal expression of hsp70 (B, arrow). *, 100% relative protection,
attributed to the highest protection observed, was always at 18 hr (one representative experiment out of six is shown). (B) Aliquots corresponding
to equal cell numbers were loaded on each lane of the Western blot. The presence of the transcriptional inhibitor Actinomycin D completely inhibited
hsp70 expression (data not shown), which paralleled the inhibition of any protective effect of HS on subsequent H202 exposure (open circles).

hsp7O-mediated chaperoning and protection may be exerted
at the mitochondrial membrane and/or within the mitochon-
dria as well as within the cytoplasm, because among the
members of the hsp70 family, there are members locating
themselves specifically to these as well as other subcellular
compartments (2). Interestingly, the correlation between pro-
tection and HSP expression was stronger for hsp70 than for the
mitochondria-specific hsp65, which probably relates to the fact
that the heat inducibility of the latter is lower than it is for
hsp70. The specific role in mitochondrial protection of other
HSPs remains to be established.
Although the precise mitochondrial function that is pro-

tected remains to be determined, several arguments favor
some component of the respiratory chain:

(i) ATPase activity undergoes thermotolerance in S. cerevi-
siae (17), and HS prevents inhibition of oxidative phosphor-
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FIG. 5. HS increases bcl-2 expression in different human cell lines
(U937, HL-60, and CCRF-CEM). The graphs show the cytofluori-
metric analysis of the expression of bcl-2 in untreated or heat-shocked
cells (after 18 hr of recovery). The data represent the difference
between the median fluorescence channels (that have been converted
from logarithmic to linear scale) of cells stained with an unrelevant,
fluorescein isothiocyanate-labeled mAb (i.e., the negative control) and
cells stained with the anti-bcl-2 mAb. The height of the columns is
directly proportional to the quantity of protein present inside the cell
(mean ± SEM, n = 3; * = P < 0.03 and ** = P < 0.01 versus respective
controls by two-tailed paired Student's t test). Basal levels of bcl-2 were
characteristic for each cell line and increased 18 hr after HS.

ylation by the ATPase inhibitor oligomycin in cells strictly
dependent on oxidative metabolism (43).

(ii) We have found that induction of a HS response in vivo
in rats prevents alterations in mitochondrial respiration on
subsequent exposure of isolated perfused hearts to H202 and,
more specifically, in state III respiration (44). These data are
in agreement with those of Borkan et al. (45), who demon-
strated thermotolerance in stage III mitochondrial respiration
in inner-medullary collecting duct cells from rat kidneys. Both
of these studies (44, 45) were performed on isolated mito-
chondria, whereas the cytofluorimetric study of Alp in the
intact cells we used here offered an advantage: the mitochon-
dria were studied in their physiological environment, i.e.,
within the cell.

(iii) We can exclude the fact that the target for mitochondrial
oxidative damage in our experiments is mitochondrial DNA.
Indeed, although the concentrations of H202 we used induce
damage to genomic DNA in the U937 cells (46), we were
unable to detect any damage to mitochondrial DNA under the
conditions of our experiments (M. Morris, unpublished data).
The possibility that immortal cells benefit from an increased
ability to efficiently repair mitochondrial DNA may be con-
sidered, in view of recent results indicating that mitochondrial
DNA damage induced by ROS may indeed be repaired (47).

(iv) Finally, we can exclude loss in mitochondrial mass, as
assessed by NAO binding to- cardiolipin.
A number of similarities between the HS and the bcl-2-

induced antioxidant effects suggested to us the possibility that
overexpression of bcl-2 may contribute to the mechanisms by
which HS prevents mitochondrial oxidative damage (18, 19).
Indeed, both HS and/or HSP and bcl-2 protect cells from
oxidative stress (3, 19); both decrease ROS production (19,
35). In both cases, protection is distal to the Ca2+ entry that is
induced by oxidative stress (3, 19). Furthermore, HS prevents
apoptosis, as does bcl-2 (48, 49). We found that HS increased
the expression of bcl-2, as detected by cytofluorimetric analysis
of a number of human cell lines (Fig. 5). The promoter region
of bcl-2 contains a number of sequences resembling the HS
element (including n-AGAA-n), as well as a classical HS
element (n-GAA-nn-TTC-n) at position -622/-630, which
may explain the increased expression of bcl-2 protein after HS
(50, 51). However, the lack of prevention of nuclear conden-
sation by HS suggests that the contribution of bcl-2 to the
protective effects of HS was a minor one, because one would
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expect bcl-2 to prevent essentially those alterations associated
with apoptosis.

In conclusion, our data suggest that mitochondria might
represent the primary intracellular target for HS-induced
protection against oxidative injury. Although protection cor-
related best with hsp7O expression, the respective role of other
stress proteins remains to be determined. Furthermore, the use
of different agents acting at specific stages of mitochondrial
respiration (52) should help to define the targets for HS-
induced protection in mitochondrial respiration; current
knowledge suggests that state III respiration and F1-ATPase
are such preferential targets.

Protection from oxidative injury has wide medical implica-
tions, including inflammation, reperfusion injury, cancer, and
AIDS (8, 53). Therapeutic applications of HSP are being
considered in these clinical conditions (54). A better under-
standing of the molecular mechanisms for HSP-mediated
protection is a prerequisite for such applications.
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