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Mutations in mitochondrial DNA, affecting the activity of respira-
tory complexes, have been implicated in many chronic degenera-
tive diseases. Mitochondrial proteins coded for by both the mito-
chondrial and nuclear genes are known to have important
signaling roles in apoptosis. However, the impact of the inhibition
of mitochondrial protein synthesis on apoptosis is largely un-
known. This inhibition is particularly important in NO-dependent
cytotoxicity, which is believed to have a significant mitochondrial
component and depend on other factors such as glycolysis. In this
study we have examined whether the inhibition of mitochondrial
protein synthesis by chloramphenicol increases the susceptibility
of endothelial cells to undergo NO-dependent apoptosis in
glucose-free media. Bovine aortic endothelial cells were treated
with chloramphenicol, which resulted in a decreased ratio of
mitochondrial complex IV to cytochrome c and increased oxidant
production in the cell. Inhibition of mitochondrial protein synthesis
was associated with a greater susceptibility of the cells to apopto-
sis induced by NO in glucose-free medium.

Endothelial cell apoptosis is thought to play an important role
in many chronic vascular diseases including atherosclerosis

(1–3). Potential cytotoxic mediators include increased formation
of reactive oxygen and nitrogen species (ROS�RNS) during the
atherosclerotic process. Nitric oxide (NO) has been demon-
strated to have a biphasic action on oxidative cell killing with low
concentrations protecting against cell death, whereas higher
concentrations are cytotoxic (4). High levels of NO can be
produced by inducible nitric-oxide synthase in response to
cytokine stimulation, primarily from macrophages (5), and ele-
vated levels of NO can induce injury to the endothelium (6). NO
induces cell death through mechanisms involving cytochrome c
release and caspase activation (7, 8). Furthermore, ROS can
induce mitochondrial DNA damage in endothelial cells, and this
damage is accompanied by a decrease in mitochondrial RNA
(mtRNA) transcripts, mitochondrial protein synthesis, and cel-
lular ATP levels (9). Mitochondria have been recognized to play
a pivotal role in the signaling cascade of apoptosis (10) and have
been implicated in atherosclerosis-induced damage in endothe-
lial cells (11, 12). Little is known of the effect of inhibition of
mitochondrial protein synthesis on the sensitivity of endothelial
cells to apoptosis; this effect is the focus of this study.

The processes involved in the signaling pathways leading to
apoptosis are complex but have some degree of convergence
between cell types including those in the vasculature. Release of
cytochrome c from mitochondria is a proapoptotic signal, which
activates several downstream signaling events including forma-
tion of the apoptosome and activation of caspases (13). The
impact of the interaction of cytochrome c with its redox partners
in the respiratory chain on apoptosis is less well understood.
Ubiquinol cytochrome c reductase (complex III) is a site for
ROS formation, and cytochrome c oxidase (complex IV) is a
target for the interaction of NO in mitochondria (14–16). We
have also shown that binding of NO to complex IV can inhibit
cytochrome c release from mitochondria (17). Both these en-
zyme complexes contain subunits coded for by the mitochondrial

genome and are thus susceptible to the consequences of mito-
chondrial DNA damage. A recent study suggested that the
cytoprotective effects of NO in endothelial cells depended on the
mitochondrial respiratory chain (18). An interplay between ROS
or RNS derived from the mitochondrion and the availability of
glucose for glycolysis has also been suggested, but how the
synthesis of mitochondrial proteins would have an impact on
apoptosis is not known. These data led us to hypothesize that
inhibition of transcription of the mitochondrial genome would
have an impact on the cytotoxicity of NO.

In this study selective inhibition of specific components of
the mitochondrial respiratory chain was achieved by treatment
of the cells with an inhibitor of mitochondrial protein synthesis.
The susceptibility of these cells to apoptosis induced by the high
fluxes of NO that can be generated by inducible nitric-oxide
synthase was then examined.

Materials and Methods
Chloramphenicol, ATP, dichloroindophenol, ubiquinone, the-
noyltrif luoroacetone, cytochrome c, Tris, acetyl-CoA, oxaloac-
etate, pyruvate, and 5,5�-dithiobis-(2,4-nitrobenzoic acid) were
obtained from Sigma. DPTA-NONOATE was from Alexis
Biochemicals, San Diego. All other reagents used were of
analytical grade.

Cell Culture. Bovine aortic endothelial cells (BAEC) harvested
from descending thoracic aortas were maintained (37°C, 5%
CO2) in DMEM growth medium (GIBCO) containing glu-
tamine (4 mM), pyruvate (1 mM), sodium bicarbonate (3.7
g�liter), and 10% FCS (Atlanta Biologicals, Norcross, GA) with
penicillin (100 units�ml) and streptomycin (100 ng�ml). Cells
used in this study were between passages 5 and 11.

Treatment with Chloramphenicol and Nitric Oxide Donor. Bovine
aortic endothelial cells (BAECs) were grown to confluence and
then treated with 20 �g�ml chloramphenicol throughout the
entire experiment. Chloramphenicol was used in earlier models
to inhibit mitochondrial protein synthesis selectively, as reported
for BHK-21 cells (19). For treatment with the NO donor
DPTA-NONOATE (400 �M), chloramphenicol-treated cells
(48 h) were exposed to NO for the times indicated in either
glucose-replete or glucose-free media.

Assay of Respiratory Complex Activities, Citrate Synthase, and ATP
Levels. Complex IV activity was measured by the oxidation of
cytochrome c at 550 nm (20) and control activities were �9 �
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0.7 k (min�1�mg�1 protein). Data is represented as the peudo
first order rate constant (k) divided by the protein concentration.
Complex II activity was followed by measuring the reduction of
dichloroindophenol at 600 nm with succinate as the substrate,
and complex II�III was measured by monitoring the reduction of
cytochrome c at 550 nm, also with succinate as the substrate (21).
Replicate assays for complexes II and II�III within experiments
were within 5%, but control activities ranged from 25 to 50
nmol�min�1�mg�1 protein with passage number. Complex I
activity was measured by monitoring the oxidation of NADH to
NAD� at 340 nm (21) (control activity of approximately 140 �
10 nmol�min�1�mg�1 protein), and citrate synthase was measured
by using the coupled reaction with oxaloacetate, acetyl-CoA, and
5,5�-dithiobis-(2,4-nitrobenzoic acid) (22). ATP was measured
by luminometry by using the Enliten luciferin-luciferase kit
(Promega). Cell viability was measured as the proportion of
lactate dehydrogenase released into the medium. Mitochondrial
respiration and NO levels were determined as described (16).

Separation of Mitochondrial Fraction and Western Blot Analysis of
Complex IV (Subunit I) and Cytochrome c. BAECs were washed in an
isotonic sucrose buffer composed of 10 mM Tris�HCl (pH 7.4),
1 mM EDTA, and 0.25 M sucrose (TES), and suspended in the
same buffer. The cells were then homogenized in a Dounce
homogenizer and centrifuged at 3,000 � g for 10 min to obtain
the postnuclear supernatant. The supernatant was then centri-
fuged at 24,000 � g for 10 min to obtain the mitochondrial
fraction. Aliquots (30 �g protein) of mitochondrial sample were
then resolved on a SDS-15% polyacrylamide gel and transferred
to a polyvinylidene difluoride membrane (Millipore). The poly-
vinylidene difluoride membrane was probed with complex IV
(subunit I) (Molecular Probes) or cytochrome c (BD PharMin-
gen) antibodies. Goat anti-mouse IgG conjugated to alkaline
phosphatase was used as secondary antibody and developed by
a chemiluminescence detection method.

Detection of Apoptosis. Apoptosis in endothelial cells was assessed
by examination of nuclear morphology and staining with the
phosphatidylserine-specific ligand, annexin V. For nuclear stain-
ing, BAECs on glass slides were allowed to air dry after
treatment. An ethanol�chloroform�acetic acid mixture (6:3:1
vol�vol) was used as fixative. After 10 min exposure, cells were
stained with Hoechst 33258 (50 �g�ml) for 10 min. The cells
were then examined under a Leitz Orthoplan fluorescent mi-
croscope with an UV filter. For the annexin-binding assay, cells
were detached by using trypsin-EDTA, washed with PBS, and
resuspended to 100 �l of annexin V-binding buffer, with 0.5 ng
of Annexin V-FITC and 2.5 ng of propidium iodide (CLON-
TECH). The cells (105) were then analyzed on a FACScan
(Becton Dickinson) by using WINMDI 2.8 software (The Scripps
Research Institute Cytometry Software Page) within 30 min
after staining.

Caspase Assay. For detection of caspase 3 activity, BAECs were
lysed in buffer (1% Triton X-100�10 mM Tris�HCl, pH 7.4�1
mM EDTA�0.25 M sucrose�100 �M phenylmethylsulfonyl f lu-
oride, pH 7.4), followed by centrifugation (20,000 � g, 10 min).
Caspase 3 activity was detected in the resulting supernatants by
measuring the proteolytic cleavage of the colorimetric substrate
acetyl-Asp-Glu-Val-Asp (DEVD)-pNA in assay buffer (100 mM
Hepes�10% sucrose�0.1% 3-[(3-cholamidopropyl)dimethylam-
monio]-1-propanesulfonate (CHAPS), pH 7.5�1 mM phenyl-
methylsulfonyl f luoride�10 mM DTT) by using the absorbance
of released para-nitroanilide at 405 nm.

Immunocytochemistry. BAECs grown on glass slides were incu-
bated with 500 nM Mitotracker Deep Red 633 (Molecular
Probes) for staining of mitochondria. Cells were washed with

PBS, fixed with 1% paraformaldehyde in PBS, and after per-
meabilization, incubated with a monoclonal cytochrome c anti-
body (1:200, BD PharMingen) for 60 min at 25°C. The secondary
antibody was Oregon Green 488 conjugated goat anti-mouse
(Molecular Probes). Nuclei were counterstained with Hoechst
33258 (20 �g�ml) (Sigma). Images were acquired through a Leitz
Orthoplan microscope and analyzed with IP LAB SPECTRUM
software (Scanalytics, Billerica, MA).

Measurement of Reactive Oxygen and Nitrogen Species. For mea-
surement of ROS�RNS coelenterazine (Molecular Probes, 20
�M) was added to 2–5 � 106 cells per ml resuspended in PBS �
1 mM Ca2�, in the absence of glucose. Chemiluminescence was
then monitored for 2 min by using an Autolumat LB953 lumi-
nometer (23). The ROS�RNS production is expressed as relative
light units per 106 cells.

Results
Effect of Chloramphenicol Treatment on Bioenergetics and Respira-
tory Chain Activity. Treatment of BAEC with chloramphenicol
(20 �g�ml) for 48 h inhibited complex IV activity by 70% and
complex I activity by 40%, whereas complex II, complex II�III,
and citrate synthase activity were unaffected, indicating the
specificity of inhibition to mitochondrial-encoded proteins in
endothelial cells (Fig. 1, Table 1). Chloramphenicol treatment
for up to 55 h in glucose-replete media did not alter total cellular
ATP levels (95.8 � 6.26% of control, mean � SEM, n � 3), or
cell viability (90.3 � 1.18%, mean � SEM, n � 3). The inhibition
of mitochondrial respiratory complex IV activity by chloram-
phenicol was reversed after withdrawal of the drug for 24 h from

Fig. 1. Activity of mitochondrial respiratory complexes after treatment with
chloramphenicol. BAECs were treated with 20 �g�ml chloramphenicol for the
times shown, and the activity of complex IV (A) and complex II (B) were
measured. Specific activity is k (min�1�mg�1 protein) for complex IV and
nmol�min�1�mg�1 protein for complex II. Values are mean � SEM; n � 3.
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the medium (result not shown). To confirm that chloramphen-
icol decreased complex IV by inhibiting protein synthesis the
levels of mitochondrially coded subunit I of the enzyme were
determined and found to be decreased when compared with
controls (Fig. 2A). However, the levels of the nuclear encoded
cytochrome c in mitochondria were not affected (Fig. 2B).

Chloramphenicol Treatment Renders Endothelial Cells More Suscep-
tible to NO-Induced Apoptosis. In agreement with the literature in
which other cell types were used, NO (DTPA-NONOATE, 400
�M) did not cause cytotoxicity in endothelial cells, with or
without chloramphenicol treatment, in glucose-replete media
(24–27). However, chloramphenicol-treated endothelial cells
exposed to the NO donor in glucose-free media (10 h) showed

marked condensation of nuclei, consistent with apoptosis com-
pared with control (Fig. 3A). The NO donor resulted in a steady
state of 3.37 � 0.28 �M NO (mean � SEM, n � 3) in the media,
which is comparable with the amounts produced in vivo after
activation of inducible nitric-oxide synthase (28). Chloramphen-
icol-treated cells showed a higher number of annexin-positive
cells when compared with NO treatment alone (Fig. 3B). The
activity of caspase 3 was determined after treatment with a range
of NO donor concentrations with or without chloramphenicol.
It was found that caspase 3 increased as a function of the
concentration of NO donor in chloramphenicol-pretreated cells
with detectable activation within 5 h after NO exposure (Fig. 4).
No significant induction of apoptotic markers in control or
chloramphenicol-treated cells in glucose-replete media was ob-
served in cells exposed to NO.

Table 1. Mitochondrial enzyme activities after treatment with
chloramphenicol

Mitochondrial enzymes Specific activity, % control

Complex I 61 � 10.3*
Complex II 89 � 2.4
Complex II�III 84.3 � 7.1
Complex IV 32 � 4.0*
Citrate synthase 105 � 0.66

BAECs were treated with CAP (20 �g/ml) for 48 h, and the activity of the
various respiratory complexes were measured. Values are mean � SEM, n � 3.

*, P � 0.05 compared with control.

Fig. 2. Complex IV (subunit I) and cytochrome c levels in mitochondria after
treatment with chloramphenicol. BAECs were treated with 20 �g�ml chlor-
amphenicol (CAP) for 48 h and the mitochondrial fraction separated and
probed for complex IV (subunit I) (A) or cytochrome c (B). The intensity of the
bands was determined and plotted as arbitrary units. (Inset) Representative
blots showing levels of complex IV (subunit I) (A) and cytochrome c (B) in
control and chloramphenicol-treated cells. (*, P � 0.05.)

Fig. 3. Detection of apoptosis in BAECs after treatment with chloram-
phenicol and NO donor. (A) BAECs were treated with 20 �g�ml chloram-
phenicol for 48 h and then exposed to DPTA-NONOATE (400 �M) for 10 h.
The cells were then stained with Hoechst 33258. Control cells (a), cells
treated with chloramphenicol alone (b), or NO donor alone (c) show normal
morphology. Apoptotic cells (arrowhead) are visible among cells treated
with the NO donor after chloramphenicol treatment (d). (B) Fluorescence-
activated cell sorter analysis for exposure of phosphatidylserine. BAECs
were treated with 20 �g�ml chloramphenicol for 48 h and then exposed to
DPTA-NONOATE (400 �M) for the various times indicated. The cells were
then collected, labeled with annexin V antibody conjugated to FITC
and propidium iodide and analyzed by fluorescence-activated cell sorter.
Diagrams were obtained from bivariate annexin V�PI analysis. The per-
centage of apoptotic (annexin V-FITC positive) cells is indicated. - - -, NO
alone; —, NO � chloramphenicol. The data are expressed as mean � SEM;
n � 3. (*, P � 0.05.)
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Apoptosis After Chloramphenicol Pretreatment Involves the Mito-
chondrial Pathway. Treatment with the caspase 9 inhibitor
(LEHD-fmk) resulted in a significant decrease in the activation
of caspase 3 (caspase activation of 180.3 � 17% of control with
LEHD-fmk compared with 367 � 36% without inhibitor,
mean � SEM, n � 3, P � 0.05), indicating that caspase 9 is
upstream of caspase 3 and involved in NO-dependent apoptotic
cell death. Because cytochrome c release from mitochondria is
required for caspase 9 activation, localization of cytochrome c in
BAECs after treatment with chloramphenicol and NO was
examined by immunocytochemistry. As seen in Fig. 5, cyto-
chrome c (green fluorescence) colocalized to mitochondria (red
fluorescence) in the control and cells treated with chloramphen-
icol or NO alone. However, in cells treated with NO and
chloramphenicol, a loss of cytochrome c f luorescence occurs,
indicating release from the mitochondrion. This result was
confirmed by Western blotting of mitochondrially enriched
subfractions and showed a decrease in mitochondrially associ-
ated cytochrome c in cells treated with NO and chloramphenicol
(Fig. 6).

Cellular ATP and ROS Production in Cells Treated with NO and
Chloramphenicol. As expected, a decrease in cellular ATP levels
in control or chloramphenicol-treated cells is evident after
withdrawal of glucose from the medium (Fig. 7A). NO treatment
did not affect ATP levels in glucose-replete media in control
cells but did show a significant decrease in the chloramphenicol-

treated cells. Removal of glucose from the medium in cells
exposed to NO results in a further suppression of ATP levels in
both control and chloramphenicol-treated cells to approximately
the same levels.

The susceptibility of mitochondrial respiration to inhibition by
NO (400 �M DPTA NONOATE) determined in cells suspended
in an oxygen electrode was not altered after chloramphenicol
treatment in BAECs (time for 100% inhibition of respiration for
control being 107 � 2 sec, compared with 108 � 1 sec for
chloramphenicol-treated cells). By using coelenterazine as a
probe for ROS�RNS (23) the levels of chemiluminescence
generated in the BAECs treated with chloramphenicol alone or
NO alone were both significantly higher than in the control cells
(Fig. 7B). However, no significant difference occurred in the
ROS�RNS levels between these cells and those exposed to NO
in the presence of chloramphenicol.

Discussion
Reactive oxygen and nitrogen species can inhibit mitochondrial
protein synthesis, which suggests that during chronic exposure to
inflammatory mediators differential inhibition of mitochondri-
ally and nuclear coded proteins may occur. The importance of
the respiratory chain in maintaining ATP levels is well recog-
nized, but the effects of inhibiting mitochondrial protein syn-
thesis on oxidant formation in cells and apoptosis are not
understood in detail, which is potentially important because it
has been proposed that the balance between ATP formation and
cytochrome c release may regulate the pathway of cell death
through necrosis or apoptosis (29). Nitric oxide, depending on
concentration, cell type, and the absence or presence of glucose,

Fig. 4. Caspase 3 activity in chloramphenicol-pretreated cells exposed to NO
donor. BAECs were treated with 20 �g�ml chloramphenicol for 48 h and then
exposed to varying concentrations of DPTA-NONOATE for 10 h (A) or exposed
to DPTA-NONOATE (400 �M) for various times as indicated (B). The cells were
then lysed and the caspase 3 activity determined. - - -, NO alone; —, NO �
chloramphenicol. The data are expressed as mean � SEM. (*, P � 0.05.)

Fig. 5. Depletion of cytochrome c from mitochondria in BAECs treated with
NO and chloramphenicol. BAECs on glass slides were treated with 20 �g�ml
chloramphenicol for 48 h and then exposed to DPTA-NONOATE (400 �M) for
10 h. Immunostaining for cytochrome c was then performed in permeabilized
BAECs stained with Mitotracker Deep Red 633 to localize mitochondria. The
panels on the right indicate the overlay of the first two micrographs illustrat-
ing colocalization of cytochrome c to mitochondria in all cells except those
treated with NO and chloramphenicol, where cytochrome c is lost from
mitochondria. The cell nuclei were counter-stained with Hoechst 33258.
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has been shown to be either pro- or antiapoptotic through
mechanisms thought to involve the mitochondria (7, 8, 30).
Taken together these data led to the hypothesis that changes in
the rate of mitochondrial protein synthesis and the resulting
decrease in the activity of the mitochondrial respiratory chain
would have an impact on apoptosis through several interrelated
mechanisms: (i) through changing the relative proportion of
cytochrome c to complex IV and complex III, (ii) by the decrease
in the availability of complex IV as a site for NO to inhibit
cytochrome c release, (iii) the ability of the respiratory chain to
serve the cells energy requirements, and (iv) increasing the
formation of ROS�RNS.

To test these ideas mitochondrial protein synthesis was inhib-
ited with chloramphenicol and was clearly evident in a decrease
of complex IV to approximately 30% of control levels. In
contrast chloramphenicol had little or no effect on complex II,
complex II�III or citrate synthase activity, consistent with re-
striction of the defect to the mitochondrially coded proteins. This
reversible and partial inhibition of mitochondrial protein syn-
thesis did not change ATP levels or cell viability in glucose-
replete media supporting the use of this model of mitochondrial
damage in endothelial cells.

The levels of cytochrome c, which is nuclear encoded, were not
altered in these mitochondria. The diffusion rate, the concen-
tration of cytochrome c, and concentration of complexes III and
IV are rate limiting for maximal electron transport activity (31,
32). In addition, the cytochrome c potentially available for
initiating the apoptotic cascade is not modified by chloramphen-
icol treatment. Mechanisms leading to cytochrome c release
from the mitochondrion in apoptosis are controversial but it is
likely a two-step process, involving its initial detachment from
the inner membrane before exit through the outer membrane
(33, 34). From these data we hypothesized that a potential
consequence of inhibition of mitochondrial protein synthesis

would be to increase cytochrome c available to initiate apoptosis
on exposure to NO.

Chloramphenicol-treated cells, on exposure to NO, showed
several changes characteristic of apoptotic cell death (35). For
example, an increase in caspase 3 activation was observed with
further involvement of caspase 9, indicating involvement of the
mitochondrial pathway of apoptosis (13). Furthermore, expo-
sure of chloramphenicol-treated cells to NO induced release of
cytochrome c from the mitochondria.

However, NO-dependent apoptosis was only observed in
glucose-free media. This dependence of NO cytotoxicity on
glucose deprivation was also observed in several different studies
(24, 25). For example, glycolytic metabolism of glucose was
shown to affect IFN��lipopolysaccharide-induced cytotoxicity
in mouse embryonic fibroblasts. Withdrawal of glucose from the
media at later time points after treatment (30–48 h) was needed
for cell death, whereas withdrawal of L-arginine from the culture
medium prevented cell death, indicating that cytotoxicity in
these cells was due to an NO- and glycolysis-dependent mech-
anism (36). Hypoxic HeLa cells were dramatically sensitive to

Fig. 6. Western blot and quantitation of mitochondria for cytochrome c:
BAECs were treated with 20 �g�ml chloramphenicol (CAP) for 48 h and then
exposed to DPTA-NONOATE (400 �M) for 12 h. The mitochondrial fraction was
then separated and probed for cytochrome c. The intensity of the bands was
quantitated and expressed as arbitrary units. (*, P � 0.05.) A representative
blot for cytochrome c in mitochondria after the various treatments is also
shown.

Fig. 7. ATP levels and free radical production after treatment of cells with
CAP and NO. (A) BAECs were treated with 20 �g�ml chloramphenicol (CAP) for
48 h and then exposed to DPTA-NONOATE (400 �M) for 12 h in either
glucose-replete (�) or glucose-free media (■ ). Total ATP levels were measured
by luminometry. Values are mean � SEM of three separate experiments. (*,
P � 0.05 compared with control in glucose-replete media; #, P � 0.05 com-
pared with control in glucose-free media.) (B) BAECs were initially pretreated
with chloramphenicol for 72 h after confluence. The cells were then collected
and resuspended in PBS containing 1 mM calcium for 30 min. Cells treated with
NO donor were exposed to DPTA NONOATE (400 �M) at the time of resus-
pension for 30 min. ROS generation was measured for 2 min at 37°C by using
the chemiluminescent probe, coelenterazine (20 �M). Results are means �
SEM for triplicate experiments, normalized to 106 cells (*, P � 0.05 relative to
control).
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heat under glucose deprivation (37), and this treatment also
enhanced tumor necrosis factor-related apoptosis-inducing
ligand–induced apoptosis in prostate adenocarcinoma DU-145
cells (38). Earlier studies showed that L1210 cells pretreated with
cytotoxic-activated macrophages are susceptible to cell death on
withdrawal of glucose from the medium, whereas control L1210
cells maintained viability in glucose-free medium (26). Taken
together these data emphasize the critical interplay between
cellular bioenergetics and the susceptibility of different cell types
to NO-dependent apoptosis. Inhibition of glycolysis could en-
hance NO-dependent cytotoxicity through several mechanisms
including decreased ATP formation and loss of the maintenance
of NADPH for antioxidant defenses (25, 39). Also, NO, or other
RNS, could further increase these effects by inhibition of
glycolytic enzyme, notably glyceraldehyde-3-phosphate dehy-
drogenase (40).

The role of cellular bioenergetics and ROS production in
modulating the increased susceptibility of chloramphenicol-
treated cells to NO-induced apoptosis was then investigated. The
finding that NO exposure of chloramphenicol-treated cells in
glucose-replete media resulted in decreased ATP levels indicates
that the bioenergetic status of these cells is compromised, as
might be expected. In the absence of glucose, ATP levels are
further decreased on NO exposure with chloramphenicol treat-
ment, although this level is not significantly different from NO
alone. Thus, the emergence of a threshold of cellular bioener-
getics in the combined treatments of NO and inhibition of
mitochondrial protein synthesis renders the cell susceptible to
additional stressors which could include glucose deprivation and
oxidants derived from the mitochondrion itself or other intra-

cellular sources. Indeed, measurement of ROS�RNS reveals that
chloramphenicol treatment also results in an increase in oxidant
production as shown by others in RL 34 cells (41). NO also
caused an increase in coelenterazine chemiluminescence in the
control cells, but this chemiluminescence was not further in-
creased by chloramphenicol treatment. The probe used here
measures both superoxide and peroxynitrite and these cannot be
distinguished using these protocols (23).

In conclusion, this study has shown NO-dependent apoptosis
in endothelial cells is influenced by a complex interaction
between several factors that have not been integrated in previous
studies. These include (i) the relative ratio of cytochrome c to
cytochrome c oxidase in the electron transport chain, (ii) the
alteration in cellular bioenergetics due to inhibition of mito-
chondrial protein synthesis, (iii) increased ROS�RNS formation
in cells in which mitochondrial protein synthesis is inhibited. The
site of formation of the increased oxidant production in chlor-
amphenicol-treated cells is not clear at present but these data
suggest that mitochondrial function is more closely associated
with the modulation of ROS�RNS in the cell than thought
previously. Importantly, these data suggest that inhibition of
mitochondrial protein synthesis contributes to the shift in the
balance between the cytotoxic and cytoprotective properties of
NO during chronic inflammation.
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