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Abstract

The aim of this study was to investigate the effect of the mitochondrial cofactora-lipoic acid [R (1) LA] or its lipoamide analogue,
2-(N,N-dimethylamine) ethylamido lipoate [R (1) LA-plus], on nitric oxide (NO) production in RAW 264.7 macrophages. NO production
from RAW 264.7 cells stimulated with 10mg/mL of lipopolysaccharide and 50 U/mL of interferon-g was measured directly by electron spin
resonance using spin-trapping techniques.R (1) LA or R (1) LA-plus was found to inhibit NO production at pharmacologically relevant
concentrations. However, in a cell-free chemical system, neitherR (1) LA nor R (1) LA-plus was able to directly scavenge NO.
Furthermore, in the presence of 2.5 or 25 mM glucose, the inhibitory effects ofR (1) LA and R (1) LA-plus on NO production were
decreased markedly, while they showed more potent inhibitory effects in the presence of 2mM rotenone or 5mg/mL of antimycin A,
inhibitors of mitochondrial complex I and complex III, respectively. Glucose, rotenone, or antimycin A alone resulted in an increase of NO
production. These results suggest that NO production in macrophages can be regulated by glucose and mitochondrial respiration, and that
modulation of NO production by lipoic acid or lipoamide analogues in inflammatory situations is attributed not to their radical scavenging
activity but to their redox properties. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

NO, a short-lived free radical, serves as a messenger
molecule in diverse physiological and pathological condi-
tions such as blood pressure regulation, inhibition of platelet
aggregation, neurotransmission, inflammation, atheroscle-
rosis, and septic shock [1]. NO production by NOS is
divided into two major categories: (a) constitutive—low

(nanomolar) amounts of NO are produced by a constitutive
and calmodulin-dependent enzyme located predominantly
in neuronal (nNOS) and endothelial (eNOS) tissues [2]; and
(b) inducible—up to a 1000-fold greater amount of NO is
produced by an inducible and calmodulin-independent NOS
(iNOS) that can be induced by cytokines and endotoxins in
immune-system cells [1,2]. The main role of constitutive
NOS is to regulate physiological functions, e.g. blood vessel
tone and synaptic transmission. iNOS has a pivotal role in
the immune system [3,4].

R (1) LA is being used as a food supplement for its
antioxidant and antidiabetic properties. It is an eight-carbon
compound containing two sulfur atoms in a dithiolane ring
structure (Fig. 1). Reduction ofR (1) LA in living cells to
DHLA (Fig. 1) is regulated by metabolic pathways and
cellular enzymes [5–7]. Such a process can change the
reducing equivalent homeostasis of a cell. Indeed, direct
evidence describing the influence ofR (1) LA on the levels
of the cellular NAD(P)H/NAD(P) ratio in T-cells has been
reported [8].R (1) Lipoyllysine is a co-factor in several key
enzymatic reactions located in the mitochondria. Lipoamide
analogues more closely resemble the protein-bound lipoyl-
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lysine than the freeR (1) LA. Compared to the protein-
bound lipoyllysine or to lipoamide analogues, freeR (1)
LA is considered to be an inferior substrate for dihydroli-
poamide dehydrogenase, of the pyruvate dehydrogenase
complex, in the mitochondria [9,10].R (1) LA-plus, a
water-soluble analogue of lipoamide (Fig. 1), has been
shown to be more easily reduced in cells and to be a better
substrate for the dihydrolipoamide dehydrogenase enzyme
thanR (1) LA [9,11].

At normal cellular calcium levels, NO production by
iNOS was suggested to be limited only by substrate avail-
ability or cofactors present, such asL-arginine, oxygen, and
NADPH [12]. This study investigated the effect ofR (1)
LA or its analogue,R (1) LA-plus, on NO production in
RAW264.7 macrophages in the presence and absence of
glucose or inhibitors of mitochondrial respiration.R (1) LA
andR (1) LA-plus were used at relatively low concentra-
tions and for short exposure times [13]. This treatment is
consistent with the known pharmacokinetics ofR (1) LA in
plasma for up to 2 hr following oral supplementation [14].

2. Materials and methods

2.1. Materials

MGD was obtained from Polyscience Inc. SOD,L-lysine,
L-NMMA, SIN-1, and L-arginine were from the Sigma
Chemical Co. RPMI 1640 medium and DPBS were ob-
tained from the Gibco BRL Co. IFN-g and LPS were pur-
chased from Genzyme. Fetal bovine serum was obtained
from the cell culture facility of the University of California.
An NO assay kit was purchased from the Calbiochem-
Novabiochem Corp. R (1) LA-plus was prepared as de-
scribed in the literature [11]. R (1) LA, DHLA, and S (2)
LA were gifts from ASTA Medica.

The 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 [15]. Stock solu-
tions (50 mM) of R (1) LA and R (1) LA-plus were
prepared in DPBS, pH 7.4. Briefly,R (1) LA was first
dissolved in an aqueous alkaline solution (1 N NaOH). Then
DPBS was added to the solution, and the pH was neutralized
with 1 N HCl.R (1) LA-plus was first dissolved in an acidic
solution (1 N HCl). Then DPBS was added, and the pH was
neutralized using 1 N NaOH [9].

2.2. Cell culture

The murine cell line of monocyte-macrophages RAW
264.7 (American Type Culture Collection) was used to
produce NO. in this study [13]. Cells were grown at 37°, 5%
CO2 in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 1% (w/v) penicillin-streptomycin, and 2 mM
L-glutamine. Cells were used for experiments at about 90%
confluence.

2.3. Activation and treatment of macrophages

RAW 264.7 cells were harvested in DPBS after a 6-hr
stimulation with 10mg/mL of LPS and 50 U/mL of IFN-g.
Cells were then incubated in the presence of the spin-trap
complex [(MGD)2–Fe21] with L-arginine,R (1) LA, R (1)
LA-plus, glucose, and the mitochondrial respiratory inhib-
itor rotenone or antimycin A, alone or in various combina-
tions, as indicated. The strategy was to avoid interference of
R (1) LA, R (1) LA-plus, or glucose with iNOS gene
expression during activation. The mixtures were incubated
in a water bath at 37° for 90 min, and then all the samples
were loaded into a quartz capillary and fitted into a quartz
glass flat cell for ESR measurement. Each sample contained
2.4 3 106 cells in a final volume of 75mL.

2.4. Chemical production of NO in a cell-free system

To test if R (1) LA and R (1) LA-plus can directly
scavenge NO radical, SIN-1 was used to spontaneously

Fig. 1. Chemical structures. Top, the ionized form of lipoic acid. Middle,
LA-plus (the protonated form ofN,N-dimethyl,N9-2-ethylamido-lipoate at
pH 7.4; the term plus indicates a positive ionic charge in neutral aqueous
solutions). Bottom, the reduced form, dihydrolipoic acid. An asterisk (*)
indicates chiral centers.
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generate NO and O2
-. during decomposition in an aqueous

solution. The reaction medium containing 1.3 mM SIN-1,
spin-trap complex [(MGD)2–Fe21], and various concentra-
tions of R (1) LA, R (1) LA-plus, DHLA, or SOD was
incubated at 37° for 20 min, and then was transferred to a
quartz capillary and fitted into a quartz glass flat cell for
ESR measurement.

2.5. ESR spectrometer

ESR spectra were recorded using an IBM ER 200D-SRC
ESR spectrometer. ESR spectrometer settings were: central
field, 3420 G; modulation frequency, 100 kHz; modulation
amplitude, 3.2 G; microwave power, 20 mW; scan width,
200 G; gain, 6.33 105; temperature, 298 K.

2.6. Griess reaction assay of nitrite formation from
activated macrophages

The amount of nitrite production in the incubation me-
dium was determined using the Griess reaction [16]. After a
6-hr stimulation with 10mg/mL of LPS and 50 U/mL of
IFN-g, macrophages were harvested in DPBS and incubated
with R (1) LA, R (1) LA-plus, or other compounds at 37°
for 90 min. The Griess reaction was carried out to quantify
the total nitrite production (nitrite plus nitrate) occurring
during the incubation period, using an NO assay kit. Briefly,
after 90 min of incubation, the medium was centrifuged, and
supernatants were collected and mixed for 20 min with
nitrate reductase and NADH, which were used to convert
the nitrate to nitrite prior to quantitation using the Griess
assay. Then the Griess Reagent (1% sulfanilamide/0.1%
N-(1-naphthyl)-ethylenediamine dihydrochloride in 3 M
HCl) was added, and the samples were incubated for 10 min
at room temperature. The total nitrite concentration was
determined by measuring the absorbance at 540 nm in a
Titertek Multiskan microplate spectrophotometer (Flow
Laboratories). Total nitrite concentration was calculated us-
ing potassium nitrate as a standard.

2.7. HPLC measurement of uptake of R (1) LA and R
(1) LA-plus

After a 6-hr stimulation with LPS and IFN-g, macro-
phages were harvested and incubated for 90 min in the
presence of 100mM R (1) LA or R (1) LA-plus. Then R
(1) LA, DHLA, R (1) LA-plus, and DHLA-plus from cell
extracts and media were analyzed using HPLC as described
before [9].

2.8. Statistical analysis

Statistical analysis was carried out by ANOVA using
SPSS software.P , 0.05 was considered significant. Data
are expressed as means6 SD of triplicate experiments.

3. Results

3.1. Detection of NO by ESR spin-trapping techniques

Introduction of a spin-trap agent, the [(MGD)2–Fe21]
complex, to macrophages activated with LPS and IFN-g in
the presence of 0.7 mML-arginine produced a three-line
ESR spectrum of the [(MGD)2–Fe21–NO] complex (Fig.
2). The spectral parameters of this ESR signal (g5 2.04, aN

5 12.5 G) were identical to those reported in the literature
when an aqueous solution of authentic NO was added to a
solution containing a complex of iron and MGD [15]. Mac-
rophages produced detectable amounts of NO after 4 hr of
activation, as indicated by the relatively weak ESR signal
(Fig. 2A). The level of NO production peaked at 6 hr and
decreased thereafter. As a result, in subsequent experiments,
macrophages were activated for 6 hr with LPS and IFN-g
before any treatment. In addition,L-arginine, the iNOS
substrate, increased NO production in a concentration-de-
pendent manner. Concentrations ofL-arginine higher than
0.7 mM resulted in only an additional small increase in NO
production (Fig. 2B).

L-NMMA, a competitive inhibitor of NOS, decreased
NO production, in a concentration-dependent manner, in
activated macrophages in the presence of exogenousL-
arginine (Table 1). In the absence of exogenousL-arginine,
L-NMMA at concentrations of 0.1 and 0.5 mM decreased
NO signals to the basal noise level, indicating that NO
production in cells was inhibited completely byL-NMMA.
Similarly, L-lysine, a competitive inhibitor ofL-arginine
transport, also greatly decreased NO production in the pres-
ence ofL-arginine.L-Lysine at 5 mM completely abolished
NO production in the cells not treated withL-arginine.
These results further confirmed that NO production was via
theL-arginine–NOS pathway. The formation of NO in mac-
rophages not treated withL-arginine suggests the existence
of an endogenous pool ofL-arginine that is capable of
sustaining NO production. In contrast, SOD markedly in-
creased NO production in the absence and presence of
L-arginine, indicating that SOD scavenged superoxide rad-
icals generated in activated cells, thereby reduced the for-
mation of peroxynitrite.

3.2. Effect of lipoic acid and its analogues on NO
production from macrophages

R (1) LA and its analogue, R (1) LA-plus, inhibited NO
production, in a concentration-dependent fashion, in the
presence ofL-arginine (Fig. 3A). However, in the absence of
L-arginine, their effect on NO production was negligible.
One hundred micromolar R (1) LA or R (1) LA-plus
showed no toxic effects on cell viability (data not shown). In
addition, DHLA, the reduced form of lipoic acid, had a
similar inhibitory effect on NO production, although HPLC
measurement showed that DHLA was unstable and was
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oxidized completely to R (1) LA after 90 min of incubation
(data not shown).

In addition, the effects of naturally occurringR (1) LA
and its isomer,S(2) LA, on NO production were compared
in a similar experiment (Fig. 3B). It was found thatS (2)
LA was less efficient thanR (1) LA at inhibiting NO
production. Therefore, the inhibitory effect of those com-
pounds on NO production decreased in the following order:
R (1) LA-plus . R (1) LA . S (2) LA.

The effect ofR (1) LA or R (1) LA-plus on NO release
from macrophages was confirmed by measuring total nitrite
accumulation in the incubation medium (Fig. 4). In the
presence ofL-arginine, total nitrite levels in media from
cells treated with 0.1 mML-NMMA, 5.0 mM L-lysine, 100
mM R (1) LA, or 100 mM R (1) LA-plus decreased
compared with controls. Similar to the above results ob-
tained using ESR spin-trapping techniques,R (1) LA-plus
was more potent thanR (1) LA in reducing total nitrite
accumulation, although this effect was weaker in the ab-
sence ofL-arginine.

3.3. Effect of lipoic acid and its analogues on NO
production from macrophages in the presence of glucose

The addition of 2.5 mM glucose to the activated cell
suspension in the presence ofL-arginine increased NO pro-

Fig. 2. iNOS-mediated NO production from RAW 264.7 macrophages measured by ESR spin-trapping techniques. (A) Effect of stimulation time on NO
production. Macrophages were stimulated with 50 U/mL of IFN-g and 10mg/mL of LPS for various time intervals. Then stimulated cells were harvested
in DPBS and incubated with 0.7 mML-arginine in the presence of the spin-trap agent [(MGD)2–Fe21] for 90 min. (B) Concentration-dependent effect of
L-arginine on NO production. Cells were stimulated with 50 U/mL of IFN-g and 10mg/mL of LPS for 6 hr, harvested in DPBS, and incubated with increasing
concentrations ofL-arginine (0 to 3.5 mM) in the presence of the spin-trap agent [(MGD)2–Fe21] for 90 min. The incubation mixtures were then loaded for
ESR measurements.

Table 1
NO production in activated macrophages via theL-arginine-iNOS
pathway

Treatment Concentration NO production
(% relative to control withL-arginine

Without 0.7 mM
L-arginine

With 0.7 mM
L-arginine

Control 366 1.5 1006 5.6
L-NMMA 0.1 mM NLa 44.76 2.3**
L-NMMA 0.5 mM NL 15.86 2.5*
L-lysine 1.0 mM 13.66 1.5** 54.36 4.2*
L-lysine 5.0 mM NL 8.96 1.0*
SOD 100 U/mL 51.96 4.2 129.86 6.2
SOD 200 U/mL 62.26 4.1 157.36 2.1

Macrophages were harvested in DPBS and treated withL-NMMA,
L-lysine, or SOD in the absence or presence of 0.7 mML-arginine for 90
min after a 6-hr activation with 50 U/mL of IFN-g and 10mg/mL LPS.
Activated cells were then loaded for ESR measurements (see “Materials
and Methods”). Data are normalized to the control withL-arginine addition.
values are mean6SD, N 5 3.

a NL, the signal intensity did not exceed the noise level.
* Lower compared with the control withL-arginine,P , 0.05.
** Lower compared with the control withoutL-arginine,P , 0.05.
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duction more than 3-fold (Fig. 5). Supplementation with 25
mM glucose did not produce further augmentation. In the
absence of glucose, treatment with 100mM R (1) LA or R
(1) LA-plus decreased NO production by 25 and 39%,
respectively, compared with the untreated control. How-
ever, as compared to the corresponding concentrations of
the glucose-treated control, the inhibitory effect ofR (1)
LA or R (1) LA-plus on NO production was decreased

from 8 and 25% to 5 and 13% in the presence of 2.5 and 25
mM glucose, respectively.

3.4. Effect of lipoic acid and its analogues on NO
production from macrophages in the presence of
mitochondrial respiratory inhibitors

Treatment of activated macrophages with 2mM rote-
none, a mitochondrial complex I inhibitor, resulted in a
considerable increase in NO production (Fig. 6). In the

Fig. 3. Effects ofR (1) LA and its analogues on NO production in RAW 264.7 macrophages measured by ESR spin-trapping techniques.(A) Effect of R
(1) LA and its positively charged analogue,R (1) LA-plus, on NO production. Activated cells (2.4 x 106) in the absence (open symbols) or presence (closed
symbols) of 0.7 mML-arginine were treated with various concentrations ofR (1) LA (circles) orR (1) LA-plus (triangles) for 90 min (see “Materials and
methods”). (B) Effects ofR (1) LA and its isomer,S (2) LA, on NO production. Activated cells (2.43 106) in the presence of 0.7 mML-arginine were
treated with the indicated concentrations ofR (1) LA or S (2) LA for 90 min (see “Materials and methods”). NO production was then evaluated by ESR
signal intensity. Data were normalized to the control. Key: (*) lower compared with the control,P , 0.05; (a) lower compared with the corresponding
concentrations ofR (1) LA-treated samples,P , 0.05; and (b) lower compared with the corresponding 50mM S (2) LA-treated sample,P , 0.05. Values
are means6 SD, N 5 3.

Fig. 4. Effects ofR (1) LA and R (1) LA-plus on NO release from RAW
264.7 macrophages measured by the Griess reaction. Activated cells (2.43
106) in the absence (open bars) or presence (closed bars) of 0.7 mM
L-arginine were treated with 0.1 mML-NMMA, 5.0 mM L-lysine, 100mM
R (1) LA, or 100 mM R (1) LA-plus for 90 min (see “Materials and
methods”). NO release was then evaluated spectrophotometrically at 540
nm. Key: (*) lower compared with theL-arginine-treated control,P , 0.05;
and (a) lower compared with the correspondingR (1) LA-treated sample,
P , 0.05. Values are means6 SD, N 5 3.

Fig. 5. Glucose-induced increase in NO production from RAW 264.7
macrophages and the effects ofR (1) LA and R (1) LA-plus. Activated
cells (2.43 106) in the presence of 0.7 mML-arginine were treated with
glucose,R (1) LA (100 mM), or R (1) LA-plus (100mM) either alone or
in combination for 90 min (see “Materials and methods”). NO production
was then evaluated by ESR signal intensity. Data were normalized to the
control. Key: (*) higher compared with the control,P , 0.05; (a) lower
compared with the correspondingR (1) LA-treated samples,P , 0.05; and
(b) lower compared with the 2.5 mM glucose-treated sample,P , 0.05.
Values are means6 SD, N 5 3.
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absence of rotenone, treatment with 100mM R (1) LA or R
(1) LA-plus inhibited NO production 27 and 47%, respec-
tively, as compared with the untreated control. In the pres-
ence of 2mM rotenone, 100mM R (1) LA or R (1)
LA-plus decreased NO production by 35 and 70%, respec-
tively, as compared with the rotenone-treated control. Sim-
ilar results were obtained in the presence of 5mg/mL of
antimycin A (data not shown).

3.5. Radical scavenging properties

SIN-1 was used to chemically generate NO and super-
oxide radicals. SOD added to this system spared NO by
scavenging superoxide radicals generated simultaneously in
the chemical system (Fig. 7).R (1) LA and R (1) LA-plus
showed only minor scavenging activity at a relatively high
concentration of 0.5 mM, whereas DHLA, the reduced form
of R (1) LA, spared NO in a SOD-mimicking manner,
probably because DHLA scavenged superoxide radicals
generated in the chemical system, as SOD did. The ability
of DHLA to scavenge superoxide radicals has been demon-
strated by Suzuki et al. [17].

3.6. Reduction of R (1) LA and R (1) LA-plus in
macrophages

Incubation of activated macrophages with 100mM R (1)
LA or R (1) LA-plus for 90 min showed the formation of
the corresponding reduced forms (Table 2). Levels of
DHLA-plus in macrophages treated withR (1) LA-plus
were more than 2-fold greater than those of DHLA in cells
incubated withR (1) LA, indicating thatR (1) LA-plus

was reduced more efficiently thanR (1) LA by macro-
phages.

4. Discussion

In the present study, using ESR and spin-trapping tech-
niques,R (1) LA and its analogue,R (1) LA-plus, were
found to inhibit NO production from activated macro-
phages. They had a smaller inhibitory effect on NO produc-
tion in the absence of exogenousL-arginine than in the
presence ofL-arginine. As a consequence, such a selective
inhibitory effect suggests that these compounds can regulate
NO production under situations of pathological overproduc-
tion of NO but will not interfere with the delicate physio-
logical balance of NO.

It has been reported thatR (1) LA cannot directly scav-
enge superoxide radicals [17,18]. In our investigation, it was
found that bothR (1) LA and R (1) LA-plus had no direct
NO-scavenging activity in a cell-free chemical system (Fig.
7). DHLA even spared NO in a SOD-mimicking manner. It
was observed that incubation ofR (1) LA and R (1)
LA-plus with macrophages resulted in their reduction to
DHLA and DHLA-plus, respectively, andR (1) LA-plus
was reduced at a greater rate thanR (1) LA (Table 2), in
agreement with previous observations in human Wurzburg
T cells [9]. In addition, our previous reports have shown that
bio-reduction of R (1) LA and R (1) LA-plus was
NAD(P)H dependent [6]. Taken together, these findings
suggest that inhibition of NO production byR (1) LA or R
(1) LA-plus probably is not attributed to the free radical-
scavenging activities ofR (1) LA or R (1) LA-plus, but to
their metabolic properties, that is,R (1) LA and R (1)

Fig. 6. Rotenone-induced increase in NO production from RAW 264.7
macrophages and the effects ofR (1) LA and R (1) LA-plus. Activated
cells (2.43 106) in the presence of 0.7 mML-arginine were treated with
rotenone (2mM), R (1) LA (100 mM), or R (1) LA-plus (100mM) either
alone or in combination for 90 min (see “Materials and methods”). NO
production was then evaluated by ESR signal intensity. Data were normal-
ized to the control. Key: (*) higher compared with the control,P , 0.05;
and (a) lower compared with the correspondingR (1) LA-treated samples,
P , 0.05. Values are means6 SD, N 5 3.

Fig. 7. Effects ofR (1) LA andR (1) LA-plus on NO release from the NO
donor SIN-1, measured by ESR spin-trapping techniques. SIN-1 (1.3 mM)
was incubated with the indicated concentrations ofR (1) LA, R (1)
LA-plus, DHLA, or SOD in the presence of the spin-trapping agent
[(MGD)2–Fe21] for 20 min at 37°, and then NO release was evaluated by
ESR signal intensity (see “Materials and methods”). Data were normalized
to the control. Key: (*) higher compared with the control,P , 0.05. Values
are means6 SD, N 5 3.
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LA-plus consumed cellular NAD(P)H during their bio-re-
duction and then indirectly regulated NO production from
activated macrophages. NADPH supply also has been dem-
onstrated to be important to sustain macrophage NO pro-
duction [19].

The inhibitory effects on NO production byR (1) LA
andR (1) LA-plus were investigated further in the presence
of glucose or inhibitors of mitochondrial respiration. Addi-
tion of glucose alone to activated macrophages significantly
increased NO production, indicating that the rate-limiting
factor in NO production is indeed metabolic. This coincides
with the fact that NADPH is one of the products of glucose
metabolism through the pentose phosphate pathway. Addi-
tionally, the inhibitory effect ofR (1) LA or R (1) LA-plus
on NO production was much weaker in the presence of high
glucose (25 mM) than that obtained in a 2.5 mM glucose-
treated or a glucose-free system. These results suggest that
the regulation of NO production directly correlated with the
changes in the cellular levels of pyridine nucleotides.

Moreover,R (1) LA and R (1) LA-plus are substrates
for the mitochondrial enzyme lipoamide dehydrogenase [9].
This enzyme, which supplies NADH to complex I of the
mitochondrial respiratory chain, is dependent on NADH to
reduceR (1) LA or R (1) LA-plus. Thus, the hypothesis
that mitochondrial respiration could be a regulator of NO
levels in cells was tested. Rotenone, an inhibitor of mito-
chondrial complex I, was found to enhance NO production.
Antimycin A, a mitochondrial complex III inhibitor,
showed a similar effect on NO production (unpublished
data). These data support the idea that the regulation of NO
production by mitochondrial respiratory inhibitors may not
be mediated by superoxide radicals from a mitochondrial
source since it has been reported that rotenone inhibits
intramitochondrial superoxide production in macrophages,
whereas antimycin A increases superoxide leakage from
mitochondria [20,21]. In addition, bothR (1) LA andR (1)
LA-plus were more potent in inhibiting NO production in
rotenone-treated macrophages than in glucose-treated cells.
One possible explanation for this regulatory pattern is rote-
none-induced acceleration of the rate of reduction ofR (1)
LA [6].

It is well known that NO acts as an inhibitor of mito-
chondrial respiration by inhibiting cytochrome oxidase or
other respiratory chain complexes [2]. Interestingly, in this

study, it was found for the first time that inhibition of
mitochondrial respiration by rotenone or antimycin A reg-
ulated NO production. This may be due to changes in local
oxygen and NAD(P)H concentrations in the vicinity of
iNOS that were modulated by the status of mitochondrial
respiration, an hypothesis supported by the finding that
treatment of activated macrophages with rotenone increased
cellular NAD(P)H levels (unpublished data). This involved
mechanism was similar to that proposed in other reports
indicating that mitochondria regulate cellular function by
affecting local calcium concentrations in cells [22,23].
Therefore, this work provides evidence that there is a direct
interaction between NO levels in macrophages and the sta-
tus of the mitochondrial electron transport chain acting as a
major route for cellular oxidation of pyridine nucleotides.

In conclusion, the inhibitory effects ofR (1) LA and R
(1) LA-plus on NO production from activated macrophages
have been demonstrated for the first time. The inhibitory
effects ofR (1) LA and R (1) LA-plus were decreased in
the presence of glucose supplementation, but were in-
creased in the presence of inhibitors of mitochondrial res-
piration. Compounds such asR (1) LA and R (1) LA-plus,
which decrease NO release from activated macrophages,
might serve as potential anti-inflammatory agents.
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