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The mechanisms of nitric oxide (NO) signaling include binding to the
iron centers in soluble guanylate cyclase and cytochrome c oxidase
and posttranslational modification of proteins by S-nitrosation. Low
levels of NO control mitochondrial number in cells, but little is known
of the impact of chronic exposure to high levels of NO on mitochon-
drial function in endothelial cells. The focus of this study is the
interaction of NO with mitochondrial respiratory complexes in cell
culture and the effect this has on iron homeostasis. We demonstrate
that chronic exposure of endothelial cells to NO decreased activity
and protein levels of complexes I, II, and IV, whereas citrate synthase
and ATP synthase were unaffected. Inhibition of these respiratory
complexes was accompanied by an increase in cellular S-nitrosothiol
levels, modification of cysteines residues, and an increase in the labile
iron pool. The NO-dependent increase in the free iron pool and
inhibition of complex II was prevented by inhibition of mitochondrial
protein synthesis, consistent with a major contribution of the or-
ganelle to iron homeostasis. In addition, inhibition of mitochondrial
protein synthesis was associated with an increase in heat shock
protein 60 levels, which may be an additional mechanism leading to
preservation of complex II activity.

Endothelium-derived nitric oxide (NO) is essential for main-
tenance of vascular function, including control of mitochon-

drial respiration and apoptosis (1–3). A role for NO in modu-
lation of mitochondrial gene expression and protein synthesis has
been demonstrated at several levels in nonvascular cells such as
macrophages, where lipopolysaccharide-induced NO production
decreased levels of cytochrome b and complex IV subunit I (4,
5). In brown adipose tissue activation of soluble guanylate
cyclase has been shown to control mitochondrial number (6). In
addition to its effect on protein synthesis, NO can also modulate
the activity of a number of respiratory complexes by direct
interaction or through the formation of secondary metabolites
such as peroxynitrite. The reversible binding of NO to complex
IV regulates respiration at low concentrations but at high levels
can contribute to cytotoxicity (3). It also has been suggested that
fully reduced cytochrome c oxidase can ‘‘catalyze’’ the reduction
of NO under anaerobic conditions (7).

The cytotoxic potential of high concentrations of NO is
evident only under conditions of an additional stress such as low
glucose or compromised bioenergetics (3, 8, 9). In addition, it has
been demonstrated that IFN��lipopolysaccharide-induced cy-
totoxicity in fibroblasts requires both NO formation and inhi-
bition of glycolysis (10). Herein, we examine the effects of
chronic exposure to NO on mitochondrial function in endothe-
lial cells in the absence of an additional stress.

Several studies using isolated mitochondria have provided im-
portant insights into the mechanisms of NO or reactive nitrogen
species interaction with mitochondrial proteins (11–13). NO-
dependent inhibition at high concentrations has been shown to
interact with the complex III and the Q cycle, resulting in the
formation of peroxynitrite (14). This formation may be a major
source of NO-dependent dysfunction in mitochondria and could
underlie the inhibition of respiratory complexes I, II, and V (11).
Mitochondria play a central role in cellular iron homeostasis, with

synthesis of Fe–S centers and heme occurring in the organelle. It is
also well recognized that aconitase is an important target for
NO-mediated damage through dissociation of the Fe–S center (15,
16). Indeed, the NO-dependent release of iron has long been
recognized as a potential route to cytotoxicity with the formation
of low molecular weight carriers of iron such the dinitrosylcysteine
complexes (17, 18).

Because the respiratory complexes are critical for mainte-
nance of cellular energy, an interesting possibility is that the
interaction of NO with these enzymes can have significant effects
on cellular signaling (19, 20). This led us to the hypothesis that
the inhibition of mitochondrial respiratory complexes by NO
could influence cellular iron homeostasis. To test this hypothesis
we examined the inhibition of these enzymes in endothelial cells
exposed to rates of formation of NO that could be generated
from inducible NO synthase.

Materials and Methods
Chloramphenicol (CAP), dichloroindophenol, ubiquinone,
thenoyltrif luoroacetone, cytochrome c, Tris, acetyl-CoA,
oxaloacetate, pyruvate, 1,10-phenanthroline, and 5,5�-
dithiobis(2,4-nitrobenzoic acid) were obtained from Sigma. (Z)-
1-[2-(2-Aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-
1,2-diolate (DETA NONOate) was from Alexis (San Diego).
mAbs to respiratory subunits (39-kDa subunit-complex I, 70-
kDa subunit-complex II, subunit 1-complex IV, and � subunit-
complex V) and Phen green SK were purchased from Molecular
Probes. All other reagents used were of analytical grade.

Cell Culture. Bovine aortic endothelial cells (BAECs), passages
5–11, were grown to confluence as described (9) and treated with
the NO donor DETA NONOate (100–500 �M) for various
times. For inhibition of mitochondrial protein synthesis cells
were pretreated with 20 �g�ml CAP (21).

Assay of Respiratory Complex Activities, Citrate Synthase, and ATP
Levels. Respiratory enzyme activities were measured spectro-
photometrically and corrected by subtraction of the thenoyltri-
f luoroacetone-, KCN-, and rotenone-insensitive rates for com-
plexes II, IV, and I, respectively (22, 23). Citrate synthase was
measured by using the coupled reaction among oxaloacetate,
acetyl-CoA, and 5,5�-dithiobis(2,4-nitrobenzoic acid) (24).

Proteomics and Western Blotting. Mitochondria were isolated by
differential centrifugation from BAECs and then separated on blue

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: BAEC, bovine aortic endothelial cell; CAP, chloramphenicol; SNO,
S-nitrosothiols; HSP, heat shock protein; BIAM, N-(biotinoyl)-N-(iodoacetyl)ethylenedia-
mine; DETA NONOate, (Z)-1-[2-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,
2-diolate.

‡To whom correspondence should be addressed at: Department of Pathology, University of
Alabama at Birmingham, BMR II, 901 19th Street South, Birmingham, AL 35294. E-mail:
darley@ path.uab.edu.

© 2003 by The National Academy of Sciences of the USA

384–389 � PNAS � January 6, 2004 � vol. 101 � no. 1 www.pnas.org�cgi�doi�10.1073�pnas.0304653101



native-PAGE gels as described, and specific respiratory complexes
were identified by Western blotting using commercially available
mAbs to individual subunits of respiratory proteins (25).

Free sulfhydryl groups on cellular proteins were labeled by
using biotin-conjugated iodoacetamide [N-(biotinoyl)-N-
(iodoacetyl)ethylenediamine] (BIAM) (26). Cell lysates were
labeled with BIAM (100 �M) for 15 min in the dark, followed
by isoelectric focusing on an immobilized pH gradient (pH range
3–10). Second-dimension SDS�PAGE was performed on 10–
18% gradient acrylamide gels followed by Western blotting and
probing with streptavidin-horseradish peroxidase (Amersham
Pharmacia). Parallel gels were silver stained to visualize total
protein. The Western blots and silver-stained gels were then
analyzed by using the PD QUEST software (Bio-Rad).

Measurement of Cellular Labile Iron Pool. The chelatable intracel-
lular iron pool was determined by using the fluorescent probe
Phen green SK (27). BAECs were cultured on glass-bottomed
dishes and loaded with 20 �M Phen green SK for 30 min in PBS.
The cells were then washed with PBS and imaged (Olympus
X170) after sequential additions of 1,10-phenanthroline as a cell
permeant iron chelator. The intensity of cytosolic f luorescence
was then quantitated by using SIMPLEPCI software (Compix,
Cranberry Township, PA).

Measurement of S-Nitrosothiols (SNO) by Chemiluminescence. Nitrite
and SNO were measured by using a chemiluminescence detector
(Antek Instruments, Houston). To detect modifications after
treatment with NO, chemiluminescence was measured in sam-
ples incubated in I3

� reagent at 37°C after no treatment, treat-
ment with sulfanilamide (0.5%), or treatment with sulfanilamide
and HgCl2 (5 mM) to determine total nitrite, SNO, and other
adducts, respectively.

Western Blotting for Ferritin and Heat Shock Protein (HSP)60 and
Immunoprecipitation Experiments. BAECs were lysed and then
resolved by SDS�PAGE, followed by Western blotting using
anti-ferritin or anti-HSP60 Abs (Sigma). For immunoprecipita-
tion experiments, cell lysates were used for immunoprecipitation
with the complex II (70-kDa subunit) Ab, followed by Western
blotting and probing for HSP60.

Results
Chronic Exposure to NO Results in Inhibition of Mitochondrial Respi-
ratory Complexes. In the first series of experiments, the effect of NO
released from DETA NONOate on the activity and amounts of key
mitochondrial proteins was determined in confluent BAECs in
complete medium. Under these conditions, no cytotoxicity was
associated with NO exposure, in agreement with previous studies
(28, 29). After incubation for 2–24 h, the medium was removed and
cells were lysed for the measurement of mitochondrial activities. As
seen in Fig. 1, NO exposure was associated with a progressive
decrease in the activities of complexes I (Fig. 1A) and IV (Fig. 1B),
whereas complex II activity (Fig. 1C) was unchanged over the first
7 h, after which a decrease occurred. Complexes IV and II were also
inhibited over a range of DETA NONOate concentrations from
100 to 500 �M (data not shown). There was no change in the
specific activity of citrate synthase, a mitochondrial matrix enzyme,
under these conditions (0.336 � 0.03 �mol per min per mg of
protein with 500 �M DETA NONOate vs. 0.331 � 0.017 from
control, mean � SEM, n � 3). The activity of complex III was too
low to be accurately measured in these cells.

Recovery of Activity on Inhibition by NO Requires New Protein
Synthesis. The mitochondrial genome encodes 13 subunits of the
respiratory chain enzymes, including 3 subunits of complex IV and
7 subunits from complex I. However, the 4 subunits of complex II
are all encoded by the nuclear genome. To determine whether the

inhibition of the respiratory complexes could be reversed and
whether this required new protein synthesis, experiments were
conducted with the mitochondrial protein synthesis inhibitor CAP.
Cells were initially exposed to DETA NONOate for 48 h, after
which a subset of cells was used for the measurement of enzyme
activities. Cells were also incubated for a further 24–48 h in the
absence or continued presence of NO. In a parallel group in which
NO had been removed, CAP was added to inhibit mitochondrial
protein synthesis. As seen in Fig. 2, the activities of both complex
II (Fig. 2A) and complex IV (Fig. 2B) recover on withdrawal of the
NO donor. However, in the case of complex IV, recovery of enzyme
activity was prevented by CAP, consistent with a requirement for
new mitochondrial protein synthesis to repair NO-dependent dam-
age. In contrast, the recovery of complex II after NO withdrawal
was not affected. These data indicate that under these conditions
significant irreversible damage to the mitochondrial genome and
translation machinery has not occurred.

NO Treatment Decreased Protein Levels of Mitochondrial Respiratory
Complexes. To investigate whether NO treatment resulted in
alterations in protein levels of the intact respiratory complexes,
blue native-PAGE was used. In this experiment, cells were
exposed to DETA NONOate for 24 h before being washed, and
a mitochondrially enriched fraction was prepared. These samples
were then separated by blue native-PAGE, which was followed
by Western blotting using Abs specific to mitochondrial respi-
ratory complexes. As seen in Fig. 3, treatment with NO for 24 h
resulted in a decrease in complexes I, II, and IV. However, there
was no change in the levels of complex V, indicating that

Fig. 1. NO inhibits mitochondrial respiratory complexes. BAECs were
treated with 500 �M DETA NONOate for the indicated time periods, after
which the activities of complexes I, II, and IV were measured. Values are
mean � SEM, n � 3.

Ramachandran et al. PNAS � January 6, 2004 � vol. 101 � no. 1 � 385

PH
YS

IO
LO

G
Y



mitochondrial proteins susceptible to NO are not uniquely
characterized by being coded for by the mitochondrial genome.

Chronic Exposure to NO Increases Levels of SNO and Modifies Reactive
Cysteines on Cellular Proteins. SNO modification of cysteine res-
idues on proteins has been proposed to be a mechanism for
signal transduction by NO in cells and was measured here by
chemiluminescence. After 24-h exposure to 500 �M DETA
NONOate, each sample was divided into three aliquots, which
were left untreated (to determine the total concentration of NO
oxidation products formed in the sample), treated with sulfa-
nilamide (to determine the concentration of SNO formed), or
treated with sulfanilamide and HgCl2 (resulting in a signal that
is indicative of species such as iron-nitrosyl compounds). A
significant increase in nitrite levels was detected in the cells
treated with NO donor (336.7 � 49.2 vs. 116 � 4.97 pmol�mg of
protein in control, mean � SEM, n � 3). The levels of SNO were
undetectable in controls (limit of detection 1 pmol�mg of
protein), whereas substantial levels were detected in NO-treated
samples (11.2 � 0.07 pmol�mg of protein, mean � SEM). This
value represents a relatively minor level of modification of the
total cellular thiol content because the levels of total glutathione
are typically 25–40 nmol�mg of protein. The levels of Hg-
resistant species (iron nitrosyl compounds and N-nitrosamines)
were also undetectable in control cells, whereas a signal was seen
after NO treatment (68 � 7.7 pmol�mg of protein, mean � SEM,
n � 3). It should be noted, however, that any species resistant to
mercury oxidation (other than SNO) will result in a signal under
these conditions. Taken together, these data demonstrate that
endothelial cell proteins are susceptible to modification by
chronic exposure to NO, and SNO are formed under these
conditions.

In the next series of experiments, we used a proteomics
approach to investigate these modifications further. After treat-
ment with the NO donor, cell lysates were prepared, and protein
thiols were tagged with biotin by using the reagent BIAM. Under
these conditions, NO-dependent modification of the thiol is
reflected in decreased BIAM labeling relative to control. The
lysates were separated in the first dimension on isoelectric
focusing strips, followed by a second-dimension resolution by
SDS�PAGE. The proteins were then transferred to nitrocellu-
lose and probed with streptavidin-horseradish peroxidase. Anal-
ysis of the silver-stained gels from control cells by using PD QUEST
revealed �145 spots (Fig. 4A), of which �90% matched with the
NO-treated samples (data not shown). Treatment with NO
resulted in a significant decrease in BIAM labeling (Fig. 4C)
compared with control (Fig. 4B). Approximately 135 spots were
detected on the control samples, of which only 41 spots were
matched to the NO-treated samples. A ‘‘master map’’ was
generated from these data (Fig. 4D), which shows spot position
and the matching proteins as filled spots. These data indicate
that a major proportion of the proteins in endothelial cells
separated by this technique contain reactive thiols, and �70% of
these are modified after chronic exposure to NO. In a separate
series of experiments nitration of proteins was also assessed, and
no change in nitrotyrosine levels was detected in response to NO
exposure (results not shown).

Chronic Exposure to NO Increases the Cellular Labile Iron Pool and
Decreases Ferritin Levels. A common factor among the complexes
I, II, and IV is that they are metalloproteins with Fe–S centers,

Fig. 2. Inhibition by NO is reversible and requires new protein synthesis.
BAECs were treated with 500 �M DETA NONOate initially for 48 h, and
activities of complexes II and IV were measured. The medium was then
removed and cells were washed with PBS, followed by addition of fresh
medium with or without CAP (20 �g�ml). The cells were lysed and the activities
of the complexes were measured again. White bar, NO; black bar, NO with-
drawn; gray bar, NO withdrawn � CAP. Values are mean � SEM, n � 3 (*, P �
0.05 vs. control; #, P � 0.05 vs. NO).

Fig. 3. NO treatment results in decrease in protein levels of mitochondrial
respiratory complexes. BAECs were treated for 24 h with 500 �M DETA
NONOate, and the mitochondrial fraction was run on a blue native-PAGE gel
and stained with Coomassie blue. The gels were also probed for various
respiratory complex subunits. (A) Representative blue native gel and Western
blot after probing with the indicated Abs. (B) The intensity of bands in A was
determined and plotted as arbitrary units (*, P � 0.05 vs. control).
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copper, or heme, which are all targets for interaction with NO
or other reactive nitrogen species such as peroxynitrite (11, 16).
NO has been shown to modulate the cellular iron and to test for
a mitochondrial contribution to this modulation, cells were
exposed to DETA NONOate for 16 h and iron was measured by
using Phen green SK (27). BAECs were exposed to 500 �M
DETA NONOate for 16 h and then loaded with Phen green SK,
which fluoresces when iron is not bound. After incubation of the
cells, excess dye was removed and any iron-bound Phen green SK
was converted to the free fluorescent form by the addition of the
cell-permeant iron chelator 1,10-phenanthroline while monitor-
ing the increase in fluorescence. This f luorescence is shown for
control cells by comparison of Fig. 5 A and C. In contrast, cells
treated with NO showed an increase in cytosolic f luorescence
(Fig. 5 B and D), indicating an increase in the labile iron pool
compared with control (Fig. 5E).

It has been reported that increases in the free iron pool are
accompanied by an increase in ferritin levels to scavenge the iron
and prevent it from participating in redox reactions. To deter-
mine the effects of NO on ferritin, cells were again pretreated
with DETA NONOate and lysed, and the total cellular ferritin
was determined by Western blotting (Fig. 5F). In contrast to
other conditions associated with increased cellular iron, NO
treatment resulted in a decrease in ferritin level to �20% of that
in controls.

Interference with Mitochondrial Protein Synthesis Prevents Alteration
in the Cellular Labile Iron Pool. To test for a contribution of
mitochondrial electron transport proteins to cellular iron, the

effect of inhibition of mitochondrial protein synthesis on the
NO-dependent iron increase was examined. Treatment of cells
with CAP before addition of NO resulted in a significant
attenuation of the increase in labile iron (Fig. 6A).

In addition to decreasing levels of mitochondrially encoded
proteins, damage of the mitochondrial protein biosynthetic
machinery can induce synthesis of heat shock proteins, which
may then protect against iron release and oxidative stress
(30–32). The effect of inhibition of mitochondrial protein syn-
thesis by CAP on HSP60 levels was then investigated. BAECs
were treated with CAP or NO donor, after which the cells were
lysed and Western blotting was performed with an anti-HSP60
Ab. As seen in Fig. 6 B and C, treatment with CAP resulted in
a significant increase in HSP60, whereas NO had no effect.
These data suggested the hypothesis that CAP treatment could
protect the NO-induced decrease of respiratory complex activity
through an HSP60-dependent mechanism (33). Because com-
plex II is the only respiratory complex that is not affected by CAP
treatment per se (9), this enzyme was chosen to examine the
potential protective effect of HSP60 induction. Immunoprecipi-
tation of cell lysates from endothelial cells with the complex II
(70-kDa subunit) Ab, followed by Western blotting against
HSP60, indicates that there is an association between the two
proteins (Fig. 6D), which is independent of CAP treatment. To
assess the functional significance of HSP60 association with the
respiratory complex, enzyme activity was examined after NO
treatment in the presence and absence of CAP. As seen in Fig.

Fig. 4. NO treatment results in an increase in modifications of reactive
cysteines on cellular proteins. BAECs were treated for 16 h with 500 �M DETA
NONOate, followed by cell lysis, labeling with BIAM, and 2D separation of
proteins. Numbers on right are molecular weight 	 10�3. Extent of labeling
was determined by Western blotting using streptavidin-horseradish peroxi-
dase. (A) Silver-stained gel from control. (B) BIAM labeling in control. (C) BIAM
labeling of NO-treated cells. (D) ‘‘Master map’’ indicating matching of spots
between B and C (matched spots in black).

Fig. 5. NO increases the cellular free iron pool and decreases ferritin levels.
BAECs were treated for 16 h with 500 �M DETA NONOate, loaded with Phen
green SK for 30 min, incubated in 1,10-phenanthroline, and imaged on an
inverted fluorescent microscope. (A and B) Baseline fluorescence in control (A)
and NO-treated (B) cells. (C and D) Control (C) and NO-treated (D) cells 25 min
after 1,10-phenanthroline. (E) Quantitation of the increase in fluorescence in
NO-treated cells compared with controls (*, P � 0.05). (F) Western blotting for
ferritin after treatment with NO donor (16 h). After NO treatment, cell lysates
were probed for ferritin and intensity of bands was plotted as arbitrary units
(*, P � 0.05). (Inset) Representative blot showing levels of ferritin in control
and NO-treated cells.
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6E, pretreatment with CAP resulted in partial protection
(�50%) of the NO-induced decrease in complex II activity.

Discussion
The effect of NO on mitochondrial respiratory complexes has
been extensively studied in vitro, and these proteins have been
shown to be exquisitely sensitive to modulation by NO or reactive
nitrogen species (3). Furthermore, the interaction between NO
and the mitochondria in the cell and the effect this has on signal
transduction is now emerging as an important area of research
(19). NO has been implicated in the etiology of a wide variety of
diseases, especially in the cardiovascular system, where endo-
thelial cells can be chronically exposed to high concentrations of
this molecule during inflammation (34). It is important to note
that at low concentrations NO can be cytoprotective, and recent
studies suggest that maintenance of intracellular iron has a
critical role to play here (35).

Iron is now known to contribute to signal transduction and the
mechanisms of cytotoxicity related to exposure to both high
concentrations of NO and reactive oxygen species (36–38). We
hypothesized that the inhibition of mitochondrial respiratory
complexes by NO could influence cellular iron homeostasis. It
has been shown that NO inhibits mitochondrial respiratory
complexes in vitro, both by direct interaction as in the case of
complex IV, and also through secondary mediators such as
peroxynitrite in the case of complex I (3). Endogenous NO can
inhibit complex II in rat aortic smooth muscle cells, and one of
the mechanisms for this inhibition been suggested to be disso-
ciation of the Fe–S cluster (39, 40).

In the present study, the principal findings were that exposure
of NO at high fluxes resulted in the progressive loss of activity
of complexes I, II, and IV but not citrate synthase. Inhibition of
complex IV was reversible on removal of NO, but new protein
synthesis was required to restore activities to control levels. It is
known that high concentrations of NO inhibit protein synthesis
at the level of ribonucleotide reductase (41), but this inhibition
is unlikely to be a major contributory mechanism here because
both the levels of complex V and the activity of citrate synthase
were unaffected by NO exposure. It is interesting to note that
complex II activity decreases at a much slower rate compared
with the other complexes after treatment with the NO donor. It
has been demonstrated in hepatoma cells that there is a variation
in the sensitivity of mitochondrial Fe–S clusters to inactivation
by NO, where complex II was more resistant to inhibition,
compared with complex I (42).

These responses are similar to those reported for cytochrome b
and subunit 1 of complex IV on exposure of macrophages to
endogenous NO derived from inducible NO synthase (4, 5). Ex-
posure of hepatocytes to authentic NO led to a concentration-
dependent inhibition of mitochondrial aconitase and complexes I
and II (43). Treatment of BAECs with the NO donor results in
decreased protein levels of complexes I, II, and IV. The Western
blotting of the native gels did not reveal complexes after NO
treatment at different molecular weights, suggesting that an assem-
bly defect due to the loss of mitochondrial membrane potential is
not contributing to NO-dependent damage to the organelle.

S-nitrosation of cysteine thiols may constitute a major route of
conveying NO bioactivity through post-translational modifica-
tions regulating the activity of proteins involved in cell signaling
and metabolism (44). Chronic exposure to NO significantly
increased levels of nitrite, SNO, and unidentified nitrosated
species (e.g., iron nitrosyl compounds). To determine the effect
of these modifications on cellular proteins, we used a proteomics
approach coupled to labeling with BIAM, which tags reactive
cysteines with a low pKa. Labeling with BIAM has been used to
identify proteins containing H2O2-sensitive cysteines (26) and
oxidative modifications of red blood cell membrane proteins
(45). A significant number of proteins in endothelial cells were
labeled with BIAM, and chronic exposure to NO resulted in a
substantial decrease in labeling. This observation indicates that
there is a population of cellular proteins susceptible to modifi-
cation by chronic exposure to NO. Previous studies have iden-
tified some members of this subproteome. For example, specific
S-nitrosation of cysteine residues on caspase enzymes has been
identified as a mechanism of NO-induced inhibition of these
enzymes (46), and it has also been shown that the majority of
mitochondrial, but not cytoplasmic, caspase-3 zymogens contain
this inhibitory modification (47). Prolonged exposure to NO in
J774 cells results in an inhibition of complex I that appears to
result from S-nitrosation of critical thiols in the enzyme complex
(48). It has also been shown that S-nitrosation of metallothionein
by NO donors is associated with an increase in the labile zinc
pool in the pulmonary endothelium (49).

In endothelial cells, the effect of chronic exposure to NO was
most prominent on complexes I, II, and IV, and a common link

Fig. 6. (A) Inhibition of mitochondrial protein synthesis prevents increase in
cellular labile iron pool. BAECs were treated with CAP for 48 h, followed by 500
�M DETA NONOate for 16 h. The cells were then loaded with Phen green SK
and imaged as mentioned earlier (*, P � 0.05 vs. control; #, P � 0.05 vs. NO).
(B) Inhibition of mitochondrial protein synthesis induces HSP60 synthesis in
BAECs. BAECs were treated with CAP (20 �g�ml for 48 h) or with DETA
NONOate (500 �M for 16 h) (parallel to the last 16 h of the CAP treatment). The
levels of HSP60 in total cell lysates were then determined by Western blotting,
followed by densitometry (*, P � 0.05). (C) Representative blot of total cellular
HSP60 after the treatment. (D) HSP60 coimmunoprecipitates with complex II.
BAECs were treated with CAP (20 �g�ml) for 48 h and the cell lysates were
immunoprecipitated with the complex II (70-kDa subunit) Ab. The immuno-
precipitates were then separated by SDS�PAGE and probed with the HSP60
Ab. (E) Decrease in complex II activity by NO is prevented by CAP. BAECs were
treated with 500 �M DETA NONOate for 16 h either with or without pretreat-
ment for 48 h with CAP (20 �g�ml), and the activity of complex II was
measured. Values are mean � SEM, n � 3 (*, P � 0.0014 vs. control; **, P � 0.02
vs. NO; #, P � 0.02 vs. CAP).
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between these proteins is the presence of iron, in heme a in complex
IV and in Fe–S centers in complex I and II. NO and peroxynitrite
promote complete disruption of the cytosolic isoform of aconitase
or iron-regulatory protein 1, resulting in release of iron (16). NO has
also been shown to dissociate Fe–S complexes in mitochondrial
proteins, and to mobilize iron from these Fe–S clusters (42). The
cytosolic pool of labile iron has substantial cytotoxic potential and
has been implicated in formation of hydroxyl radicals from hydro-
gen peroxide (50). It is maintained at minimal levels by modulation
of the uptake of iron by the transferrin receptor and sequestration
of iron although ferritin, which has been suggested to have a
protective role against oxidative stress in a number of different cell
types (51), including endothelial cells (52).

We next investigated whether the inhibition of mitochondrial
electron transfer proteins by NO had an impact on cellular iron
homeostasis. Treatment of BAECs with NO for 16 h resulted in
a significant increase in the free iron pool accompanied by a
decrease in ferritin levels, so further exacerbating the cytotoxic
potential of the chelatable iron pool. A mitochondrial involve-
ment in this process was indicated by the fact that inhibition of
mitochondrial protein synthesis abolished the NO-dependent
increase in free iron. However, CAP can have a number of
effects because it prevents all mitochondrial translation. We
have earlier demonstrated that treatment of BAECs with CAP
results in mitochondrial respiratory complex assembly defects
(25), and it has been shown that accumulation of unfolded
protein within the mitochondrial matrix and loss of mitochon-
drial DNA can result in up-regulation of mitochondrial stress
proteins such as HSP60 and HSP10 (30, 31). A 70-kDa member
of the HSP family has also been implicated in mitochondrial iron
metabolism in yeast (53). In BAECs, the CAP treatment resulted
in a significant increase in levels of mitochondrial HSP60 and
was associated with prevention of the NO-dependent increase in

the cellular labile iron pool. Based on our hypothesis that the
increase in cellular free iron was derived from the mitochondrial
respiratory complexes, these data implied that the increase in
HSP60 levels after CAP treatment should have a protective role
against NO-induced inhibition of complex activity. HSP60 over-
expression has been shown to protect both nuclear and mito-
chondrially encoded proteins from ischemic damage (33) and
heat stress in the heart (54). Treatment with CAP resulted in a
significant protection against the NO-induced decrease in com-
plex II activity, indicating that the HSP60 induction could
preserve function of the respiratory complex, probably by main-
tenance of the Fe–S center. Immunoprecipitation experiments
using Abs to the 70-kDa subunit of complex II also indicated that
this chaperone protein is associated with the enzyme. HSP60
mediates the folding and assembly of mitochondrial proteins
such as complex II, and it has been demonstrated that the
chaperone interacts with the flavoprotein subunit in yeast (55).
Overexpression of mitochondrial HSP60 in cardiac myocytes has
been shown to protect mitochondrial function and prevent
apoptotic cell death induced by ischemia–reperfusion (56).

In conclusion, our studies indicate that mitochondria are an
important modulator of the effect of NO on cellular iron
homeostasis. NO can affect iron-containing proteins beyond the
well recognized interaction with aconitase and including com-
plexes I, II, and IV of the mitochondrial respiratory chain. We
hypothesize that this effect can lead to an increase in the cellular
pools of labile iron, and an important regulatory element is the
mitochondrial heat shock proteins.
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