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ABSTRACT

Addition of glucose to activated RAW 264.7 macrophages or addition of mitochondrial electron-transfer chain in-
hibitors enhanced the cellular nitric oxide production. An additive effect of rotenone or antimycin A and glucose
on enhancing nitric oxide production was shown. Uncoupling the mitochondria by a chemical uncoupler decreased
nitric oxide production. The mitochondria membrane potential was found to be important for cell viability. Al-
though nitric oxide is the physiological inhibitor of mitochondrial respiration, this study indicates that mito-
chondria were not inhibited in the activated macrophages. Furthermore, a role of mitochondria in the rapid reg-
ulation of nitric oxide synthesis by the inducible nitric oxide synthase has been demonstrated. Antioxid. Redox
Signal. 3, 711–719.
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INTRODUCTION

DIFFERENT KINDS OF IMMUNE STIMULI to in-
flammatory cells promote the expression

of the cytosolic inducible nitric oxide synthase
(iNOS). Such signal transduction-dependent
gene expression of iNOS facilitates the com-
mitment of a macrophage for its antitumor and
cytotoxic activity (10, 14). At normal cellular
calcium levels nitric oxide (NO?) production by
iNOS is believed to be limited only by the
amount of enzyme substrates or cofactors pres-
ent. This hypothesis has been demonstrated by
the addition of L-arginine to stimulated im-
mune cells (1, 3). However, little is known
whether changes in other iNOS co-factors such
as pyridine nucleotides level in cells and

whether the cellular energetic status can regu-
late NO? production.

NO? is so far the only known physiological
inhibitor of mitochondrial respiration (4, 21).
This regulatory effect is facilitated by two sep-
arate mechanisms: (a) NO? can inhibit re-
versibly at low physiological concentrations
the mitochondrial respiration (4, 21), and (b) in
contrast, peroxynitrite, a product of NO? reac-
tion with superoxide radical (2), causes irre-
versible inhibition of mitochondrial respira-
tion, which is accompanied by extensive
protein oxidation and lipid peroxidation (7, 18).
The binding site of NO? to mitochondria is pri-
marily the oxygen-binding site of the cy-
tochrome oxidase (22, 23). Such an interaction
results in the inhibition of the electron respira-
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tory chain in the mitochondria and cellular oxy-
gen consumption. A low level of NO? caused
significant reversible inhibition of the mito-
chondrial respiration dependent on the oxygen
tension (5).

In this study we have used electron spin res-
onance (ESR) and spin-trapping techniques (12,
17, 25) to test the hypothesis that NO Ç produc-
tion in RAW 264.7 macrophages stimulated by
interferon-g (IFN-g) and lipopolysaccharide
(LPS) (11, 24) is regulated by the cell metabo-
lism and by the degree of mitochondial ener-
getic status. We have demonstrated that (a)
macrophages up-regulate reduced pyridine
nucleotides within minutes in response to glu-
cose or by treatment with mitochondria respi-
ration inhibitors, which results in multifold en-
hanced production of NO?, (b) RAW 264.7
macrophages maintain mitochondrial respira-
tory chain activity in spite of the NO?-gener-
ated flux, and (c) the mitochondrial membrane
potential is vital for the activated macrophages
to sustain viability.

MATERIALS AND METHODS

Materials

Sodium N-methyl-D-glucamine dithiocarba-
mate (MGD) was from Polyscience Inc. (War-
rington, PA, U.S.A.). L-Lysine, NG-monomethyl-
L-arginine (L-NMMA), superoxide dismutase
(SOD), L-arginine, rotenone, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), and
antimycin A were from Sigma (St. Louis, MO,
U.S.A.). Propidium iodide (PI) and 5,59,6,69-tetra-
chloro-1,19,3,39-tetraethylbenzimidazolylcarbo-
cyanine iodide (JC-1) were from Molecular
Probes (Eugene, OR, U.S.A.). RPMI 1640
medium and Dulbecco’s phosphate-buffered
saline (DPBS) were obtained from GIBCO
(Gaithersburg, MD, U.S.A.). IFN-g and LPS were
purchased from Genzyme (Cambridge, MA,
U.S.A.). Fetal calf serum was obtained from the
University of California, San Francisco cell cul-
ture facility.

Iron-dithiocarbamate complex spin trap agent
[(MGD)2-Fe21] for trapping NO? was prepared
by reacting MGD (25 mM) with FeSO4 (5 mM).

The FeSO4 solution was freshly prepared for
each experiment (17).

Cell culture

The murine cell line of monocyte macro-
phages RAW 264.7 (American Type Culture
Collection, Rockville, MD, U.S.A.) was used in
this study to generate NO? (11). Cells were
grown at 37°C 5% CO2 in RPMI 1640 medium
supplemented with 10% fetal calf serum, 1%
(wt/vol) penicillin–streptomycin, and 2 mM L-
glutamine. Cells were utilized for experiments
at , 90% confluence.

Experimental design: production of NO? in
stimulated cells

RAW 264.7 cells were stimulated for 6 h with
10 mg/ml LPS and 50 units/ml IFN-g. Cells in
monolayer were washed twice with DPBS
(room temperature) and then harvested. Cells
were spun down, the DPBS was aspirated, and
cells were resuspended in DPBS; cells were
then counted and aliquots taken for the exper-
iment. L-Arginine, glucose, mitochondrial res-
piration regulators, and the spin trap complex
[(MGD)2-Fe21] were added to the stimulated
cells. The strategy was to avoid interference of
the glucose and mitochondrial regulators with
iNOS expression during activation. The mix-
ture was incubated in a water bath at 37°C for
90 min, and then the entire sample was loaded
into a quartz glass flat cell for ESR measure-
ment. Each sample contained 2.4 3 106 cells in
a final volume of 75 ml. Rotenone, antimycin A,
and FCCP were dissolved in dimethyl sulfox-
ide (DMSO) concentrations so that the final
concentration of the solvent in cell culture sus-
pension did not exceed 0.2% (vol/vol). Re-
spective controls were treated with an equal
volume of DMSO.

Electron spin resonance spectroscopy

ESR spectra were recorded using an IBM ER
200D-SRC ESR spectrometer (Danbury, CT,
U.S.A.). The following ESR spectroscopy set-
tings were used: central field, 3420 G; modula-
tion frequency, 100 kHz; modulation ampli-
tude, 3.2 G; microwave power, 20 mW; scan
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width, 200 G; gain, 6.3 3 105; temperature,
298K.

Griess reaction assay of nitrite formation from
stimulated macrophages 

The amount of nitrite production in the in-
cubation medium was determined by using the
Griess reaction (6, 13). The Griess reaction was
carried out to quantify the total nitrite produc-
tion (nitrite plus nitrate) occurring during the
period of incubation using a NO? assay kit. In
brief, after a 90-min incubation, the incubation
medium was centrifuged and supernatants
were collected and mixed for 20 min with ni-
trate reductase and NADH, which were used
to convert the nitrate to nitrite prior to quan-
tification using the Griess assay; then the Griess
reagent [1% sulfanilamide/0.1% N-(1-naph-
thyl)ethylenediamine dihydrochloride in 3 M
HCl] was added and the mixture incubated for
10 min at room temperature. The total nitrite
concentration was determined by measuring
the absorbance at 540 nm in a Titertek Multi-
skan (Flow Laboratories, North Ryde, Aus-
tralia). Total nitrite concentration was calcu-
lated using potassium nitrite as a standard.

Determination of cell viability

Cell membrane integrity was detected by
flow cytometry (EPICS Elite or XL, Coulter,
Miami, FL, U.S.A.) as a measurement of cell vi-
ability. For this assay, the nonpermeant DNA
interchelating dye PI, which is excluded by vi-
able cells, was used. Fluorescence settings were
excitation at 488 nm and emission at 575 nm
(20).

Measurement of intracellular NAD(P)H content
using flow cytometer

Over 90% of the cellular autofluorescence is
accounted for by reduced pyridine nucleotides
(16). Therefore, after a 6-h stimulation with LPS
and IFN-g, macrophages were harvested in
DPBS and treated in the presence of 0.7 mM L-
arginine with 5 mM rotenone, 5 mg/ml an-
timycin A, or 25 mM glucose. Then aliquots
were taken from the cell suspension at differ-
ent time points and analyzed by flow cytome-

ter (EPICS Elite or XL). Cells were excited with
a blue laser at 340 nm and detected between
400 and 480 nm. A mean autofluorescence of
10,000 viable cells per sample was collected (9).

Determination of mitochondrial membrane
potential (MMP)

Determination of MMP was carried out us-
ing the ratiometric dye JC-1, a dual-emission
potential-sensitive probe. The green fluores-
cent (emission at 529 nm) JC-1 exists as a
monomer at low concentrations or at low mem-
brane potential. However, at higher concentra-
tions (aqueous solutions above 0.1 mM) JC-1
forms red fluorescent “J-aggregates” that ex-
hibit a broad excitation spectrum and an emis-
sion maximum at , 590 nm. To stain cells with
JC-1, 2.4 3 106 cells (75 ml) were resuspended
in 0.5 ml of DPBS containing 2.5% bovine
serum albumin and incubated with 10 mg/ml
JC-1 for 15 min at room temperature. The cells
were then diluted 100 times by DPBS and an-
alyzed by flow cytometer.

Statistical analysis

Statistical analysis was carried out by analy-
sis of variance. p , 0.05 was considered signif-
icant. Experimental data are expressed as the
means of three experiments 6 SD.

RESULTS

NO? production from macrophages

Introduction of a spin-trap agent, the
[(MGD)2-Fe21] complex, to activated macro-
phages in the presence of 0.7 mM L-arginine
produced a three-line ESR spectrum of the
[(MGD)2-Fe21-NO] spin adduct (Fig. 1A). The
spectral parameters of this ESR signal (g 5 2.04,
aN 5 12.5 G) are identical to those reported in
the literature when an aqueous solution of au-
thentic NO? was added to a solution contain-
ing the complex of iron and MGD (21).

Activation of cells with a combination treat-
ment of IFN-g plus LPS resulted in NO? pro-
duction as was detected by ESR. NO? signals
were detectable and peaked after 4 and 6 h of
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activation, respectively. Further exposure re-
sulted in a weaker ESR signal, indicating di-
minished NO? production (Fig. 1B). Therefore,
all other experiments were carried out using 6-
h activated cells. The dependency of NO? for-
mation on the presence of the iNOS substrate,
L-arginine, was studied by incubating activated
macrophages for 90 min in the presence of in-
creasing concentrations of L-arginine (0–3.5
mM). L-arginine induced a marked increase in
NO? production up to 0.7 mM. Higher concen-
trations of L-arginine resulted in only a minor
further increase in NO? production (Fig. 1C).
Inhibition of the ESR signal in the presence of
0.7 mM L-arginine has been facilitated by us-
ing the iNOS inhibitor L-NMMA and by using
L-lysine as an L-arginine uptake competitor.
SOD increased the NO? signal by 30% (Fig. 1D).

Glucose and mitochondrial regulation of 
NO? production

NO? production from cells was markedly af-
fected by glucose. The addition of glucose to
the activated cell suspension in the presence of
L-arginine showed up to threefold increase in

the NO? production (Fig. 2). The enhancement
effect of glucose on NO? production was satu-
rated at 2.5 mM glucose, and further supple-
mentation with up to 25.0 mM glucose did not
show further augmentation (Fig. 2).

Cells treated with a 5 mM concentration of
the mitochondrial complex I inhibitor rotenone
showed a marked increase in NO? production
(Fig. 3). Rotenone also exacerbated the effect of
glucose. Antimycin A, another inhibitor of the

TIROSH ET AL.714

FIG. 1. ESR detection of NO? production from RAW 264.7 macrophages. Cells were activated with 50 units/ml
IFN-g and 10 mg/ml LPS, and then cells were harvested in DPBS and incubated in the presence of the spin-trap agent
(MGD)2-Fe21 with the iNOS substrate L-arginine for 90 min. Cells were then loaded for ESR measurement (see Ma-
terials and Methods). (A) A typical ESR spectrum of the (MGD)2-Fe21-NO spin adduct. (B) Effect of time-dependent
exposure of cells to IFN-g and LPS on the NO? production in the presence of 0.7 mM L-arginine. (C) Effect of in-
creasing concentrations of L-arginine on NO? production from cells that were activated by IFN-g and LPS for 6 h. (D)
Effect of L-NMMA (0.1 mM), L-lysine (5.0 mM), or SOD (50 units/ml) on NO? production from 6-h-stimulated cells
in the presence of 0.7 mM L-arginine. Data are normalized to the control. *p , 0.05, different compared with control.

FIG. 2. Glucose-induced increase in NO? production
from cells. Activated cells (2.4 3 106) in the presence of
0.7 mM L-arginine were treated with different concentra-
tions of glucose for 90 min (see Materials and Methods).
NO Ç release was then evaluated by ESR signal. *p , 0.05,
higher compared with L-arginine-treated control.
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mitochondrial electron transfer chain (ETC;
complex III inhibitor), was used to confirm the
effect of mitochondrial respiration inhibition
on NO? production. Cells treated with 5 mg/ml
antimycin A showed a marked increase in NO?

production. Additive effects of rotenone or an-
timycin A and glucose on NO Ç production have
been shown (Fig. 3).

Rotenone as a complex I inhibitor and an-
timycin A as a complex III inhibitor deener-
gized mitochondria and diminished the MMP.
To evaluate the role of MMP on NO? produc-
tion and cell viability, FCCP, a mitochondrial
uncoupler that has no inhibitory effect on the
mitochondrial ETC was used. FCCP decreased
the NO? production by 20–30% from cells both
alone and in the presence of glucose (Fig. 4).
As FCCP, antimycin A, and rotenone had sim-
ilar toxic effects to the cells as was measured
by PI exclusion assay (Fig. 5A) and had simi-
lar reflection on cell size (Fig. 5B), it can be con-
cluded that only specific inhibition of the ETC
facilitated NO? production, whereas its accel-
eration by mitochondrial uncoupling de-
creased NO? production. Glucose had a stu-
pendous effect on improving the cell condition
as was evaluated from the flow cytometry PI
exclusion data and forward scatter measure-
ments of cell size (Fig. 5).

Griess reaction assay: total nitrite accumulation

Indirect measurements of NO? production
from macrophages by the colorimetric Griess

reaction assay for total nitrite accumulation
showed a basal production in the presence 
of 0.7 mM L-arginine of 156 6 20 pmol/106

cells/h. This production rate provided a 
total nitrite concentration of 7.5 mM after 90
min of incubation. The mitochondria ETC in-
hibitors rotenone and antimycin A elevated
the total nitrite accumulation by 30% (data
not shown).

MMP in activated macrophages

Treatment of activated cells with L-arginine
resulted in some loss of MMP (Table 1) as de-
termined by the red fluorescence component (J-
agreggate) of the membrane potential-sensitive
dye JC-1. Rotenone or antimycin A treatment
further obliterated the MMP. However, glucose
treatment induced an extensive elevation in
MMP.

Cellular reduced pyridine nucleotide level

Changes in the cellular NAD(P)H levels are
shown in Fig. 6. Treatment of macrophages
with glucose, rotenone, or antimycin A en-
hanced the NAD(P)H level. Glucose, rotenone,
or antimycin A up-regulated the cellular re-
duced pyridine nucleotide NAD(P)H level
within 10 min of incubation. Therefore, the mi-
tochondrial ETC in immune stimulated macro-
phages functions as a consumption pathway
for cellular reduced pyridine nucleotides.
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FIG. 3. Exacerbating effect of mitochondrial respira-
tory chain inhibitors on NO? production from cells.Ac-
tivated cells (2.4 3 106) in the presence of 0.7 mM L-argi-
nine were treated with 5 mM rotenone or 5 mg/ml
antimycin A in the presence or absence of 25 mM glucose
for 90 min. NO? release was then evaluated by ESR sig-
nal. *p , 0.05, higher compared with L-arginine-treated
control. ap , 0.05, higher compared with the corre-
sponding glucose-treated control.

FIG. 4. Inhibitory effect of the mitochondrial uncou-
pler FCCP on NO? production from cells.Activated cells
(2.4 3 106) in the presence of 0.7 mM L-arginine were
treated with 10 mM FCCP in the presence or absence of
25 mM glucose for 90 min. NO? release was then evalu-
ated by ESR signal. *p , 0.05, lower compared with L-
arginine-treated control. ap , 0.05, lower compared with
the corresponding glucose-treated control.
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DISCUSSION

Production of NO? from an NOS can be up-
regulated in immune-system cells (5, 15). As
NO? is the physiological mitochondrial respi-
ration inhibitor, it was of interest to evaluate
the reciprocal interactions between mitochon-
dria and NO Ç in inflammatory cells.

Mitochondrial ETC is not inhibited in 
activated macrophages

Inhibition of the mitochondrial ETC by two
different inhibitors, rotenone and antimycin A,
resulted in enhanced production of NO?,
whereas the mitochondrial uncoupler that ac-
celerates mitochondrial respiration decreased

TIROSH ET AL.716

TABLE 1. CHANGES IN MMP IN ACTIVATED MACROPHAGES

L-Arginine L-Arginine L-Arginine
JC-1 Control L-Arginine 1 glucose 1 rotenone 1 AA

J-aggregates 1.00 6 0.05 0.92 6 0.09 1.67 6 0.04* 0.82 6 0.01* 0.81 6 0.05*
(FL2 fluorescence)

Macrophages were treated or not with 0.7 mM L-arginine, 25 mM glucose, 5 mg/ml antimycin A (AA), or 5 mM
rotenone for 90 min in DPBS. Cells were then stained with the dye JC-1.

*p , 0.05, different compared with control value.

FIG. 5. Cell viability. (A) Flow cytometer dot plot presentations of 10,000 cells incubated with 2 mg/ml PI in DPBS:
control cells, 25 mM glucose-treated cells, DMSO (0.2%)-treated cells, DMSO 1 rotenone (5 mM), DMSO 1 antimycin
A (AA) (5 mg/ml), DMSO 1 FCCP (10 mM). The numbers on the left side of the plots represent percentage of dead
cells. (B) Mean cell size measured by forward scatter. *p , 0.05, higher compared with control. ap , 0.05, lower com-
pared with DMSO-treated control.
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NO? production. This line of evidence suggests
that the ETC of mitochondria of activated RAW
264.7 macrophages were not blocked by the
high amount of NO? released. Supporting evi-
dence includes the elevation in membrane po-
tential in response to glucose and the fast ele-
vation in reduced pyridine nucleotide content
of the cells following rotenone or antimycin A
treatment. These data indicate that the ETC in
the macrophages were effectively excluding
protons from the mitochondria matrix and con-
suming cellular reduced pyridine nucleotides.
A nanomolar range of NO? is sufficient to block
ETC completely at an atmospheric oxygen ten-
sion (5). However, the study suggests that in
active macrophages that release a constant flux
of NO? there was little or no ETC inhibition.
We, therefore, hypothesize that NO? produc-
tion is a facilitated process of releasing to the
extracellular environment rather than a ran-
dom leakage to the surrounding environment.
Supporting the hypothesis is the combination
of glucose and mitochondrial respiration in-
hibitors that led to an additive effect in NO?

production. Indicating that, the ETC in the cells
were not blocked by the extensive NO? pro-
duction instigated by glucose. 

Mechanism for metabolic regulation of 
NO? production

The additive potentiation of rotenone or an-
timycin A with glucose was up to eightfold
compared with the basal NO? production. The
inducible enzyme has a pivotal role in the im-
mune system function. NO? is needed for the
cytotoxic activity during pathological situa-
tions, e.g., inflammation, septic shock, athero-
sclerosis, and cancer cell elimination (10, 14,
19). The results indicate that iNOS expression
could be only an initial player in the biological
response of NO? production.

We propose that mitochondria can regulate
NAD(P)H concentrations in the vicinity of the
cytosolic iNOS. Rotenone and antimycin A as
two separate mitochondrial respiration inhibi-
tors can spare NADH and diminish oxygen
consumption, and therefore intensity the NO?

717

FIG. 6. Regulation of intracellular NAD(P)H concentrations. Activated cells (2.4 3 106) in the presence of 0.7 mM L-
arginine were diluted 100 times with DPBS after treatments. The panels show flow cytometer histograms represent-
ing changes in cell autofluorescence (340 nm) of 5,000 cells (A) with and without glucose (25 mM), (B) with and with-
out rotenone (5 mM) and (C) with and without antimycin A (5 mg/ml).
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production. Introducing FCCP to cells de-
creased the NO? production. FCCP, which re-
lieves mitochondria coupling, accelerates con-
sumption of pyridine nucleotides by the
respiratory chain. Thereby, the cellular ener-
getic status regulates the biological specific
function of NO? production.

Cell viability: the role of MMP

Rotenone and antimycin A collapsed the
MMP by blocking the ETC, therefore abrogat-
ing the driving power for matrix-inter mem-
brane space proton pumping. FCCP can col-
lapse the MMP by directly delivering protons
into the matrix and has been shown to do so in
numerous mitochondria cell studies. A result-
ing of the loss of MMP is a rapid loss of cell vi-
ability. Therefore, the MMP is necessary for
survival of the activated macrophages and
probably cannot be self-inhibited by NO?

which will lead to cell death and impairment
of the immune response.

In conclusion, previous reports demon-
strated NO? dependent inhibition of the mito-
chondrial ETC. However, a novel function of
mitochondrial metabolism to down-regulate
inducible NO? production has now been
shown. Addition of glucose to macrophages
was found to increase NO? production from ac-
tivated cells at physiologically relevant con-
centrations. Collapsing the MMP induced
rapid loss of cell viability. Therefore, mito-
chondria in activated macrophages modulate
the immune response because they are func-
tional and uninhibited and changes in their en-
ergetic status serve as a rapid response mech-
anism that regulates NO? production.
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ABBREVIATIONS

DMSO, dimethyl sulfoxide; DPBS, Dulbecco’s
phosphate-buffered saline; ESR, electron spin

resonance; ETC, electron-transfer chain; FCCP,
carbonyl cyanide p-trifluoromethoxyphenylhy-
drazone; IFN-g, interferon-g; iNOS, inducible
nitric oxide synthase; JC-1, 5,59,6,69-tetrachloro-
1,19,3,39-tetraethylbenzimidazolylcarbocyanine
iodide; LPS, lipopolysaccharides; MGD, sodium
N-methyl-D-glucamine dithiocarbamate; MMP,
mitochondrial membrane potential; L-NMMA,
NG-monomethyl-L-arginine; NO?, nitric oxide;
PI, propidium iodide; SOD, superoxide dismu-
tase.
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