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Recent findings suggest that nitric oxide (NO) is an important biologic mediator which exerts a wide variety
of effects on numerous physiological and pathophysiological processes. L-Arginine is oxidized to L-citrulline
with concomitant NO production; as a result, nitrate and nitrite accumulates. This study was conducted to
determine the potential NO production by proximal tubular cells (PTC) in response to bacterial lipopolysac-
charides (LPS) and cytokines and to evaluate the cytotoxic effect associated with NO release. After a 7-day
stimulation with LPS (100 mg/ml), interleukin-1b (IL-1b) (10 ng/ml), and tumor necrosis factor alpha
(TNF-a) (10 ng/ml), the nitrate and nitrite levels were determined by a spectrophotometric method based on
the Griess reaction. Moreover, a-methylglucopyranoside phosphate and lactate dehydrogenase release and the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay served as indicators of sodium-dependent
hexose transport integrity and cell death, respectively. IL-1b and TNF-a used alone or together or combined
with LPS led to a significant generation of NO by PTC. Our results also demonstrate that NO induced by LPS
and cytokines could inhibit sodium-dependent transport and could induce PTC damage.

Nitric oxide (NO), also referred to as endothelium-derived
relaxing factor (17), is a highly versatile molecule (30 Da) that
regulates a large number of cellular functions with a very short
biologic half-life (24). A role for inducible NO production in
renal pathophysiology has been assumed from studies measur-
ing NO production in glomeruli from nephritic kidneys (12).
Moreover, recent studies confirmed that tubular epithelial cells
are capable of high-output NO synthesis (29, 54). Conse-
quently, intensive research activities have focused on the pro-
duction and effects of NO in the kidney, since it is known that
NO affects renal function and hemodynamics (43). It has been
demonstrated that both glomerular microcirculation and med-
ullary microcirculation in the kidneys are regulated by endog-
enous NO (3, 4, 28, 39, 40), which also influences tubular
reabsorbtion, which may be relevant to hypertension (43).
Thus, we have conducted the current study to determine to
what extent endotoxin (lipopolysaccharide [LPS])- and cyto-
kine-induced production of NO is associated with tubular cell
dysfunction. Our results demonstrate that significant NO pro-
duction may be induced by the single cytokines interleukin-1b
(IL-1b) and tumor necrosis factor alpha (TNF-a) or their
combination in the presence or absence of LPS and that this
NO production is associated with damage of proximal tubular
cells (PTC).
(This work was presented in part at the 34th Interscience

Conference on Antimicrobial Agents and Chemotherapy, Or-
lando, Fla., 4 to 7 October 1994, session 20, paper G22.)

MATERIALS AND METHODS

Cell culture. Primary confluent monolayers were grown from proximal tubule
fragments as reported by Bello-Reuss and Weber (5) with minor modifications

(26). Briefly, kidneys were obtained aseptically from New Zealand male rabbits
(1.5 to 2 kg), decapsulated, and sliced in 1-mm-thick sections which were kept at
48C in Hanks balanced salt solution combined with 10 mM HEPES and 5 mM
D-glucose, pH 7.4 (HBS-HEPES). The cortical slices were rinsed three times in
HBS-HEPES and placed in a mixture of 4.25 ml of HBS-HEPES, 4 ml of culture
medium, 25 mg of bovine serum albumin, and collagenase (final concentration,
0.75 mg/ml). The suspension was transferred to a trypsinizing flask and incubated
for 35 min at 378C in an atmosphere of 5% CO2–95% air. The suspension was
strained to remove large debris, and the strained effluent was washed by centrif-
ugation in cold HBS-HEPES at 700 3 g at 48C for 5 min. The pellet was
resuspended in the same solution, and the operation was repeated three times.
The pellet was resuspended in 5% albumin–HBS-HEPES solution, kept on ice
for 5 min, and centrifuged as described above. Homogeneous populations of
nephron segments were separated as follows by Percoll centrifugation adapted
from the method of Vinay et al. (53): the pellet was resuspended in 50% Percoll
in a concentrated HBS solution (iso-osmotic) and centrifuged at 24,000 3 g at
48C for 35 min. There were four distinct bands in the gradient. The proximal
fragments (.98% pure [53]) were found in the F4 layer obtained in the gradient.
They were removed and washed twice in HBS-HEPES (7003 g, 48C, 5 min). The
final pellet was resuspended in culture medium, and tubules were seeded in
24-well plastic trays (2 3 105 to 5 3 105 fragments per well) which had been
coated with calf skin collagen, type 1. Serum-free culture medium consisted of a
1:1 (vol/vol) mixture of Ham F-12 medium and Dulbecco modified Eagle me-
dium supplemented with 25 mM HEPES, 8.9 mM NaHCO3, 1 mM sodium
pyruvate, 4 mM L-glutamine, 10 ml of a 1003 nonessential amino acid mixture
per liter, 5,000 IU of penicillin per ml, 5,000 mg of streptomycin per ml, 100 nM
sodium selenite, 1.22 mg of ethanolamine per liter, 35 mg of transferrin per liter,
5 mg of insulin per liter, and 100 nM hydrocortisone. The medium was changed
every 2 days. The cultures became confluent in 4 to 6 days. All studies were
performed with cells at confluence, 4 to 6 days after incubation at 378C in a 5%
CO2 environment.
Experimental protocol. (i) Immunohistochemistry. Confluent PTC were ex-

amined for their epithelial lineage by actin-vimentin staining: briefly, monolayers
were fixed in ice-cold acetone, washed in phosphate-buffered saline (PBS), and
incubated for 30 min at 378C with mouse antiactin-antivimentin monoclonal
antibody. Cells were rinsed in PBS and incubated for 30 min at 378C with goat
anti-mouse antibody. After a final wash in PBS for 10 min at room temperature,
monolayers were observed directly in the well bottoms with an optical micro-
scope.
(ii) Assay for nitrate and nitrite levels. At 378C in a CO2 environment, PTC

were treated over a period of 7 days as follows: LPS, 100 mg/ml; IL-1b, 10 ng/ml;
TNF-a, 10 ng/ml; IL-1b plus TNF-a; and LPS plus IL-1b plus TNF-a. In another
series of experiments, LPS–IL-1b–TNF-a was used in the presence or absence of
1 mM NG-monomethyl-L-arginine monoacetate (L-NMMA) supplemented or
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not supplemented with 5 mM L-Arg. The LPS–IL-1b–TNF-a treatment was also
carried out with or without 1 mM EGTA. Throughout these series of experi-
ments, treatments were repeated every 48 h. At the end of the incubation time,
the supernatants from the above-described conditions were harvested, aliquoted,
and stored at 2708C until assayed. The level of nitrate and nitrite, the stable end
products of nitric oxide, was determined by the Griess reaction (15, 20). Samples
were first incubated for 24 h at room temperature with 100 mM NADPH and 0.1
U of Aspergillus nitrate reductase to convert nitrate to nitrite. The nitrite con-
centration of the resulting supernatants was taken to reflect total nitrate and
nitrite in the medium. To this, 200 ml of Griess reagent [1% sulfanilamide in 30%
acetic acid and 0.1% N-(1-naphthyl)ethylenediamine dihydrochloride in 60%
acetic acid in a 1:1 mixture] was added. The Griess reagent reacted with nitrite
to form a chromophore absorbing at 550 nm, which was quantified spectropho-
tometrically. Known concentrations of NaNO2 were used as the standard. Nitrate
and nitrite levels were normalized with respect to protein quantities determined
by the method of Bradford (10).
(iii) Uptake studies. a-Methyl glucopyranoside (MGP) uptake, a marker of

cellular integrity of PTC, was determined at 378C in a buffered solution with the
following composition per liter: NaCl, 137 mmol; KCl, 5.4 mmol; CaCl2, 1 mmol;
MgSO4, 1.2 mmol; and HEPES, 1.5 mmol (pH 7.4). After removal of culture
medium, cells were washed twice with a solution of 137 mM NaCl and 15 mM
HEPES (pH 7.4) and incubated in the presence of methyl-(a-D-U-[14C]gluco-
)pyranoside ([14C]MGP) (0.5 mCi/ml) and appropriate concentrations of unla-
beled MGP. MGP was used instead of D-glucose because the latter is metabo-
lized by kidney cells while the former is not. At the end of the incubation time
(30 min), the uptake was stopped by washing the cells twice with 1 ml of the
buffer solution. Cells were then solubilized in 0.5% Triton X-100 (250 ml per
well), and aliquots were counted with a scintillation counter. Radioactive counts
in each sample were normalized with respect to protein quantities determined by
the method of Bradford (10).
(iv) LDH release. Lactate dehydrogenase (LDH) was assessed by using the

Sigma diagnostics LDH reagents that measure the enzyme activity based on the
optimized standard method. Each determination was standardized with respect
to the total protein of the corresponding well.
(v) Colorimetric MTT assay. PTC were incubated for 72 h at 378C in a 5%

CO2 environment under the following conditions: LPS, 100 mg/ml; IL-1b, 4
ng/ml; TNF-a, 20 ng/ml, IL-1b plus TNF-a; and LPS plus IL-1b plus TNF-a.
These treatments were repeated every 12 h. At intervals cell viability was as-
sessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) reduction assay as follows: MTT was dissolved in PBS at 5 mg/ml and
filter sterilized to remove the small amount of insoluble residue present. At
intervals, stock MTT solution (10 ml/100 ml of medium) was added to all wells of
an assay, and plates were incubated at 378C for 4 h. Acid-isopropanol (100 ml of
0.04 N HCl in isopropanol) was added to all wells and mixed thoroughly to
dissolve the dark blue crystals. The plates were read on a micro-enzyme-linked
immunosorbent assay reader, using a test wavelength of 570 nm, a reference
wavelength of 630 nm, and a calibration setting of 1.99. Plates were normally
read within 1 h of adding the isopropanol. For each series of experiments
mentioned above, control groups which received no treatment were included.
Statistical analysis. Unless otherwise stated, all values are expressed as

mean 6 standard error of the mean. A one-way analysis of variance (ANOVA)
was used to assess the statistical significance of results (P of ,0.05 was consid-
ered significant).
Materials. Ethanolamine, insulin, transferrin, hydrocortisone, MGP, sodium

selenite, endotoxin (lipopolysaccharide O127:B8 from Escherichia coli), Percoll,
N-acetylglucosaminide, L-glutamyl-anilide, type 1 collagenase, bovine serum al-
bumin, collagen from calf skin type 1, EGTA, Aspergillus nitrate reductase, LDH
reagents, MTT, NADPH, and L-arginine were purchased from Sigma Chemical
Co. St. Louis, Mo. [14C]MGP was from Amersham, Oakville, Ontario, Canada.
L-NMMA was from Calbiochem, La Jolla, Calif. Recombinant human IL-1b and
recombinant human TNF-a were from Genzyme, Cambridge, Mass. Culture
media were from Flow Laboratories, McLean, Va., and Sigma Chemical Co.
Endotoxin-free plasticware was from Costar, Ottawa, Ontario, Canada.

RESULTS

PTC culture. PTC monolayers were 99% actin positive and
vimentin negative, confirming the epithelial lineage of our
cells. Trypan blue dye was excluded by more than 95% of
untreated PTC.
Nitrate and nitrite level. Only LPS at 100 mg/ml failed to

increase significantly the total nitrite level in the supernatants
when used alone (129% 6 4% of the control level; P , 0.05),
whereas IL-1b (10 ng/ml) and TNF-a (10 ng/ml) used sepa-
rately induced significant total nitrite elevation (138% 6 4%
and 142% 6 25% of the control level, respectively; P , 0.05)
(Fig. 1). Both IL-1b–TNF-a and LPS–IL-1b–TNF-a combina-
tions led to a further increase in total nitrite accumulation in

the supernatants (175%6 9% and 151%6 14% of the control
level, respectively; P , 0.01). The addition of 1 mM L-NMMA
to LPS–IL-1b–TNF-a-treated cells prevented the total nitrite
elevation in the supernatants (100%6 3% of the control level;
P , 0.01) (Table 1). The addition of 5 mM L-Arg reversed
partially but not significantly the inhibitory effect of L-NMMA,
leading to a weak increase of the total nitrite level (117% 6
4% of the control level; P , 0.01). Finally, no significant
difference in the total nitrite was observed between the LPS–
IL-1b–TNF-a-treated groups which did and did not receive 1
mM EGTA (data not shown).
MGP uptake. LPS (100 mg/ml), IL-1b (10 ng/ml), and

TNF-a (10 ng/ml) alone led to a significant decrease of the

FIG. 1. Nitrate and nitrite levels in supernatants of cultured kidney PTC
exposed to LPS, IL-1b, and TNF-a. Over a period of 7 days, cells were treated
with LPS (100 mg/ml), IL-1b (10 ng/ml), and TNF-a (10 ng/ml) alone or com-
bined together. The treatments were repeated every 48 h. Supernatants were
harvested at the end of the incubation time, and the nitrite level was determined
by using the Griess reagent as described in Materials and Methods. pp and p, P,
0.01 and P , 0.05, respectively, versus control (ANOVA). Each value is the
mean 6 standard error of four to six determinations from two different cultures.

TABLE 1. Nitrate and nitrite levels of kidney PTC following
exposure to LPS, IL-1b, and TNF-a in the presence of L-NMMA

with or without L-Arg

Treatmenta
Nitrate and
nitrite level

(% of control)b

LPS 1 IL-1b 1 TNF-a ..........................................................151 6 14c

LPS 1 IL-1b 1 TNF-a 1 L-NMMA...................................100 6 3
LPS 1 IL-1b 1 TNF-a 1 L-NMMA 1 L-Arg ...................117 6 4

a Over a period of 7 days, cells were treated with LPS (100 mg/ml), IL-1b (10
ng/ml), and TNF-a (10 ng/ml). L-NMMA and L-Arg were used at 1 and 5 mM,
respectively. The treatments were repeated every 48 h. Supernatants were har-
vested at the end of incubation time, and the total nitrite level was determined
by using the Griess reagent as described in Materials and Methods.
b Each value is the mean 6 standard error of at least five determinations.

Nitrate and nitrate levels were measured in nanomoles per milligram of protein.
c P , 0.01 versus control, P , 0.01 versus when L-NMMA was added, and P ,

0.05 versus when L-NMMA and L-Arg were present (ANOVA).
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MGP uptake by PTC (64% 6 11%, 74% 6 3%, and 77% 6
4% of the control level, respectively; P , 0.01) (Fig. 2). Fur-
thermore, this decrease was more important with both IL-1b–
TNF-a (47% 6 5% of the control level; P , 0.01) and LPS–
IL-1b–TNF-a (54% 6 2% of the control level; P , 0.01).
LDH measurement. No significant accumulation of LDH in

the supernatants was measured following incubation with
IL-1b (10 ng/ml) or TNF-a (10 ng/ml) alone (121%6 18% and
91% 6 6% of the control level, respectively) (Fig. 3). Treat-
ment with both IL-1b and TNF-a did not lead to a significant
rise of the LDH level in the supernatants (180% 6 32% of the
control level). Interestingly, a significant increase of the LDH
level was reached with LPS (100 mg/ml) alone (228%6 51% of
the control level; P , 0.01) and when LPS was combined with
IL-1b and TNF-a (302%6 56% of the control level; P, 0.01).
MTT assay. Cellular viability was assessed over 72 h of

incubation time (Table 2). Four nanograms of IL-1b per mil-
liliter and 20 ng of TNF-a per ml used in this experiment were
determined as the lowest concentrations needed to decrease
significantly PTC viability following 72 h of exposure time, with
an addition of fresh material every 12 h. IL-1b and TNF-a used
alone reduced significantly cell viability (87% 6 2% of the
control level [P , 0.01] and 91% 6 4% of the control level
[P , 0.05], respectively). Both IL-1b–TNF-a and LPS–IL-1b–
TNF-a led to a significant decrease in cell viability (65%6 5%
and 75% 6 3% of the control level, respectively; P , 0.01).

DISCUSSION

The findings presented in this study demonstrate that LPS-
and cytokine-induced NO release by PTC is associated with a

cellular impairment characterized by an inhibition of the sodi-
um-dependent uptake process and cytosolic enzyme leakage.
Cytokines and LPS have been shown to cause morphological

and functional alterations in numerous cell types (6, 18, 23).
The underlying mechanisms involved in these deleterious
events are unclear; however, a potential mediator has recently
been identified as NO, a highly reactive compound that spon-
taneously decomposes to nitrates and nitrites in culture me-
dium (24, 30, 37, 38). NO is synthesized from L-arginine by
nitric oxide synthase (NOS), a dioxygenase that exists in sev-
eral isoforms which may principally be classified as inducible
and constitutive (27, 32). NOS catalyzes the oxidation of one of
the terminal guanidine nitrogen atoms of L-Arg to NO via an
NADPH-dependent citrulline-forming enzyme (32, 46, 50).
Experiments performed to induce NO production by PTC fol-
lowing exposure to cytokines and LPS demonstrated that sin-

FIG. 2. Sodium-dependent uptake of MGP following 7 days of exposure of
kidney PTC to LPS, IL-1b, and TNF-a. Cells were treated with LPS (100 mg/ml),
IL-1b (10 ng/ml), and TNF-a (10 ng/ml) alone or combined together. The
treatments were repeated every 48 h. At the end of incubation time, sodium-
dependent uptake of MGP was measured in the cell homogenate as described in
Materials and Methods. pp, P , 0.01 versus control; CC and C, P , 0.01 and P ,
0.05, respectively, versus each cytokine alone (ANOVA). Each value is the
mean 6 standard error of six determinations from two different cultures.

FIG. 3. LDH leakage following kidney PTC exposure to LPS, IL-1b, and
TNF-a. Over a period of 7 days, cells were treated with LPS (100 mg/ml), IL-1b
(10 ng/ml), and TNF-a (10 ng/ml) alone or combined together. The treatments
were repeated every 48 h. Supernatants were harvested at the end of incubation
time, and the LDH level was determined as described in Materials and Methods.
pp and p, P , 0.01 and P , 0.05, respectively, versus control; CC and C, P , 0.01
and P , 0.05, respectively, versus each cytokine alone; ‡, P , 0.05 versus IL-1b
plus TNF-a (ANOVA). Each value is the mean 6 standard error of six deter-
minations from two different cultures.

TABLE 2. PTC viability following 72 h of exposure to LPS, IL-1b,
and TNF-a alone or in combination

Treatmenta Cell viability
(% of control)b

LPS, 100 mg/ml .......................................................................98 6 3
IL-1b, 4 ng/ml .........................................................................87 6 2**
TNF-a, 20 ng/ml.....................................................................91 6 4*
IL-1b 1 TNF-a ......................................................................65 6 5**#
LPS 1 IL-1b 1 TNF-a .........................................................75 6 3**

a The treatments were repeated every 12 h. At 72 h, cell viability was assessed
by the MTT reduction assay as described in Materials and Methods.
b pp and p, P , 0.01 and P , 0.05, respectively, versus control; #, P , 0.01

versus each agent used alone and P , 0.05 versus LPS plus IL-1b plus TNF-a
(ANOVA). Each value is the mean 6 standard error of at least five determina-
tions.
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gle cytokines, but not LPS, were capable of inducing a signif-
icant amount of total nitrite in the supernatants at the doses
mentioned above. Both IL-1b and TNF-a acted synergistically
and led to a further elevation of total nitrite. Contrary to its
effects on macrophages, LPS alone is considered a weak in-
ducer of inducible NOS in renal epithelium, and its combina-
tion with cytokines is required for full expression of inducible
NOS (1, 2, 35, 49). Recently, the NF-kB proteins, a ubiquitous
group of transcription factors that exist mainly as inactive
dimers in the cytoplasm of cells, have been reported to be
involved in the control of renal epithelial inducible NOS (1).
These NF-kB proteins would be necessary for the transcrip-
tional induction of renal epithelial inducible NOS by LPS and
cytokines. However, it has been demonstrated that in renal
epithelium NF-kB activation by LPS alone is not sufficient for
induction of inducible NOS activity (1). It is important to note
that these significant increases of total nitrite occurred only
with a 7-day exposure, since 24- and 72-h-treated cells did not
release a significant amount of nitrite (data not shown). In a
previous study it was reported that at least 96 h of exposure to
cytokines was required to induce a significant nitrite level in
the supernatants of renal epithelial cells (29). In contrast, NO
induction by macrophages and other cell types occurs more
rapidly after exposure to cytokines (6–8, 13, 19, 36). Thus, it
seems that NO production by PTC requires a long period of
stimulation. Furthermore, it is important to mention that, in
our experiments, NO determination was achieved by the indi-
rect method, NO being measured in its final metabolites, ni-
trate and nitrite. Unfortunately, this method is not specific and
is less sensitive than direct methods. Indirect measurement of
NOS activity by incubating radiolabeled L-arginine with PTC
and measuring the production rate of L-citrulline (45) did not
appear to be a more specific method compared to the Griess
reaction, since there is competition between NOS and arginase
which catalyzes the formation of ornithine and urea from ar-
ginine (32). The direct measurement of gaseous NO by chemi-
luminescence, because of its greater specificity and ability to
quantitate NO levels as low as 1 pmol/liter (11, 48), is another
suitable technique for a better appreciation of the PTC ability
to generate NO.
L-NMMA, an L-Arg analog, is a well-known NOS inhibitor

(19, 23). However, there are several analogs of L-Arg capable
of inhibiting NOS activity as L-NMMA does (21, 23). The most
likely mechanism of action of these substances is competitive
inhibition of the conversion of L-Arg to NO (16). It is inter-
esting that both the inducible and the constitutive isoforms of
NOS revealed characteristic differences in susceptibility to in-
hibition by various L-Arg analogs (21). Unfortunately, inhibi-
tors with true isoform specificity have not yet been reported,
although it has been demonstrated that Nv-nitro-L-arginine,
another L-Arg analog, was more potent than L-NMMA as a
specific inhibitor in an LLC-PK1 porcine kidney epithelial cell
model (25). As mentioned in Table 1, L-NMMA prevented
nitrite accumulation in the supernatant, whereas an excess of
L-Arg reversed partially but not significantly this blockade.
This property of L-NMMA to inhibit nitrite induction in PTC
has been already demonstrated with rat renal tubular cells
stimulated with various concentrations of cytokine combina-
tions (31). Indeed, L-NMMA has been demonstrated to be an
effective inhibitor of cytokine-induced NO in a rat PTC model,
and this NO generation occurred via expression of an inducible
NOS isoform (29).
Since constitutive NOS enzymes are reported to be generally

calcium-calmodulin dependent, whereas the inducible iso-
forms are calcium independent (32), we have conducted an
experiment with EGTA, a potent calcium chelator currently

used to determine the NOS isoform involved in NO synthesis
(22). Although our results demonstrated that EGTA had no
effect on the nitrite accumulation in the supernatants and a
recent study with normoxic and hypoxic tubule models also
showed that NO production was calcium independent (54), we
think that further investigations are needed to confirm exactly
which NOS isoform synthesized NO in the present study, be-
cause in kidney and other cell types a calcium-independent
membrane-bound constitutive isoform of NOS has been found
(22) and because both constitutive and inducible NOS mRNAs
have been detected in the proximal tubule (29, 31, 51). Fur-
thermore, an immunohistochemical study performed recently
in our laboratory has demonstrated the expression of both
inducible and constitutive NOS in rat epithelial tubular cells
(unpublished data).
In the present study, the inhibition of sodium-dependent

MGP uptake occurred in the early 24 h of exposure (data not
shown). Each agent induced inhibition of MGP uptake when
used alone and led to synergistic inhibition when combined
together. It is known that the determination of sodium-depen-
dent MGP uptake is a very sensitive and rapid method for
assessment of the loss of cellular function at an early time point
(9); furthermore, it has been demonstrated that sodium trans-
port by cortical collecting tubular cells was inhibited by NO
and that this inhibition was associated with an increase in
cGMP (43). It is interesting that cGMP itself has been shown
to act as an NO second messenger and that it can inhibit both
sodium and water transport in the collecting duct (33, 34, 41,
52, 55). Moreover, Stoos et al. (44) demonstrated that NO
release from cultured kidney cells or NO donors inhibits so-
dium reabsorption in the isolated kidney cells, as determined
by decreases in intracellular sodium flux, and that this inhibi-
tion appears to occur via the blockade of sodium entry via
apical membrane sodium channels. All the evidence men-
tioned above demonstrates that the inhibition of sodium trans-
port induced by NO occurred via a mechanism involving
cGMP and intracellular sodium regulation. Since in the
present study sodium-dependent uptake of MGP markedly
decreased when inducers were combined and this failure cor-
related with significant NO production, we can postulate that
NO-induced inhibition of sodium-dependent uptake of MGP is
involved in the alteration of this important physiological func-
tion of PTC.
LPS led to significant LDH release which was markedly

enhanced when both IL-1b and TNF-a were associated with
LPS, demonstrating a severe injury of PTC. This injury was
parallel to an increased nitrite level in the supernatants. NO
has been found to exert a cytotoxic activity directly, as dem-
onstrated with macrophages and other cell types (6, 23, 36). It
is known that the macrophage cytotoxic effector mechanism
which is L-Arg dependent causes inhibition of mitochondrial
respiration, aconitase activity, and DNA synthesis in tumor
target cells (7, 14, 23, 42). Furthermore, this cytotoxic activity
induced via the inhibition of mitochondrial respiration in tar-
get cells has been reported to be proportional to the concen-
tration of L-Arg in the medium (19, 23). It has been reported
also that NO can exert its cytotoxic activity through reaction
with superoxide radical to yield peroxinitrite anion and its
derivative products to initiate lipid peroxidation (54). Investi-
gations about insulinoma b-cell damage revealed that cyto-
kine-induced increases of nitrite levels were accompanied by
increases in DNA fragmentation, followed by mitochondrial
damage and cell destruction (47). These findings suggest that
NO is involved in mediating the cytodestructive effects of cy-
tokines in cells. Such mechanisms described above could prob-
ably explain the decrease of cell viability observed with PTC
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exposed to cytokines over 72 h in the present study. Although
weak, the increased nitrite level observed with an L-Arg excess
confirmed that NO synthesis occurred via an L-Arg-dependent
pathway. Thus, it is possible that the cellular impairment and
damages associated with NO production are the consequence
of its cytotoxic activity. However, cytokine-induced NO pro-
duction did not appear to be the sole condition for cell de-
struction, since the cytodestructive action of cytokine combi-
nation could be prevented without inhibiting the NO-
stimulating action (47). Moreover, in this present study, LPS
alone, which was a weak inducer of NO, led to a significant
increase of the LDH level as well as remarkably inhibited MGP
uptake, while single or combined cytokines which induced im-
portant nitrite production failed to increase significantly the
LDH level when not associated with LPS.
In conclusion, this study demonstrates that NO generation

by PTC in response to LPS and cytokines is closely related to
cellular damage. Although NO is known to mediate cytode-
structive effects of cytokines and LPS, its production did not
account for the sole cytotoxic effects of cytokine and LPS, and
other actions of these compounds might be involved in cell
dysfunction, since cell impairment can occur even in the pres-
ence of weak induction of NO.
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