
Molecular and Cellular Biochemistry 271: 107–112, 2005. c�Springer 2005

The effects of nitric oxide synthesis on the
Na+,K+-ATPase activity in guinea pig kidney
exposed to lipopolysaccharides

Ilgim Seven,1 Nurten Türközkan1 and Behzat Çimen2
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Abstract

Endotoxins (lipopolysaccharides; LPS) are known to cause multiple organ failure, including renal dysfunction. LPS triggers the
synthesis and release of cytokines and the vasodilatör nitric oxide (NO•). A major contributor to the increase in NO• production
is LPS-stimulated expression of inducible nitric oxide synthase (iNOS). This occurs in vasculature and most organs including
the kidney. During endotoxemia, NO• and superoxide react spontaneously to form the potent and versatile oxidant peroxynitrite
(ONOO−) and the formation of 3-nitrotyrosine (nTyr)-protein adducts is a reliable biomarker of ONOO− generation. Therefore,
the present study was aimed at investigating the role of endogenous nitric oxide in regulating Na+,K+-ATPase activity in the
kidney, and at investigating the possible contribution of reactive nitrogen species (RNS) by measuring of iNOS activity. In
addition, the present study was aimed at investigating the relationship between nTyr formation with iNOS and Na+,K+-ATPase
activities. Previously in our study, nTyr was not detectable in kidney of normal control animals but was detected markedly in LPS
exposed animals. In this study, kidney Na+,K+-ATPase activity were maximally inhibited 6 h after LPS injection (P:0.000) and
LPS treatment significantly increased iNOS activity of kidney (P:0.000). The regression analysis revealed a very close correlation
between Na+,K+-ATPase activity and nTyr levels of LPS treated animals (r = −0.868, P = 0.001). Na+,K+-ATPase activity
were also negatively correlated with iNOS activity (r = −0.877, P = 0.001) in inflamed kidney. These data suggest that
NO• and ONOO− contribute to the development of oxidant injury. Furthermore, the source of NO• may be iNOS. iNOS are
expressed by the kidney, and their activity may increase following LPS administration. In addition, NO• and ONOO− formation
inhibited Na+,K+-ATPase activity. This results also have strongly suggested that bacterial LPS disturbs activity of membrane
Na+,K+-ATPase that may be an important component leading to the pathological consequences such as renal dysfunction in
which the production of RNS are increased as in the case of LPS challenge. (Mol Cell Biochem 271: 107–112, 2005)
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Introduction

LPS, the cell wall component of many bacteria including
Escherichia coli (E. coli), can induce many of the host de-
fenses required for bacterial killing and up-regulates nitric
oxide and cytokine production in single cells, is isolated tis-
sues and in whole animals models. Intraperitoneal injection
of LPS induces the expression of iNOS protein in many cells
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and tissues including kidney. In other words, intraperitoneal
LPS treatment up-regulates iNOS and cytokine production in
the kidney [1]. Sepsis is a response to infection characterized
by the production of inflammatory mediatörs and cytokines,
such as TNF-α, IL-1β, IFN-γ , CD14, ICAM-1 [2, 3].

Induction of iNOS in LPS-treated animals is associ-
ated with hypotension, reduction in glomerular filtration
rate (GFR) [4]. Renal proximal tubule and inner medullary
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collecting duct cells can produce NO• via expression of an
inducible isoform of nitric oxide synthase [5].

Acute kidney dysfunction, manifested by a reduction in
renal blood flow and in the GFR, is a common finding in
septic shock [6]. E. coli endotoxin (LPS) can induce renal
cortical necrosis [7].

Administration of bacterial LPS produces the clinical syn-
drome of septic shock by initiating a variety of processes
including activation of cytokines. Pathophysiologic conse-
quences include cellular injury and major cardiovascular ef-
fects including hypotension, reduction in systemic vascular
resistance, and compromise of renal function [4].

An iNOS has recently been described in proximal tubule
epithellium [8]. The pathological alterations in the proximal
tubules may directly contribute to the reduction in the reab-
sorption ability of the proximal tubules [9].

NO• and ONOO− contribute to the development of oxi-
dant injury. Isoforms of nitric oxide synthase (NOS) are ex-
pressed by the kidney, and their activity may increase fol-
lowing LPS administration. The cell types responsible for
NO• and superoxide generation in the kidney in response
to LPS are not known. Interestingly, proximal tubule con-
stitutive NOS and iNOS are both capable of generating su-
peroxide in addition to NO• [10]. The production of both
NO• and superoxide increases in septic shock. The cogener-
ation of these molecules is known to yield ONOO−, which
preferentially nitrates tyrosine residues of protein and non-
protein origins [11]. The presence of nTyr in the kidney
has been associated with several pathological conditions
[12].

Na+,K+-ATPase is an energy utilizing transmembrane en-
zyme, which is responsible for the maintenance of ionic gra-
dients of Na+ and K+ATPase has been shown to very suscep-
tible to free radicals and membrane lipid peroxidation [13].
Previously, it has been demonstrated that NO•-derived prod-
ucts (NO2

• and ONOO−) or SNAP (a NO• donor) or SIN-1
(a ONOO− donor) inhibit Na+,K+-ATPase activity via the
possible oxidation of thiol groups of the enzyme in cerebral
cortex [14, 15], erythrocytes [16], kidney proximal tubule
[17] and liver plasma membrane [18]. Previously, it has been
suggested that peroxynitrite signaling participates in the reg-
ulation of renal Na+,K+-ATPase activity [17]. In addition, it
has been suggested that the endogenous NO• plays a direct
inhibitory role on Na+,K+-ATPase activity in the kidney [19].
On the other hand, it has been also reported that NO• gener-
ated by mouse proximal tubule epithelial cell iNOS inhibits
Na+,K+-ATPase activity in an autocrine fashion and that this
inhibition is accompanied by a reduction in a Na-dependent
solute transport [8].

Previously, we also had measured nTyr levels of exposed
LPS guinea pig kidney. The aim of this study is to evaluate
the effects on Na+,K+-ATPase and iNOS activities of LPS-
induced free radicals in guinea pig kidney and determine

the correlation with nTyr formation of this activation of the
enzymes.

Material and methods

Our chemical were obtained from Sigma Chemical (St. Louis,
MO) and Merck Chemical (Germany). All the reagents and
chemicals used in these experiments were of analytical grade
of highest purity. All organic solvents were HPLC grade.

Guinea pigs (300–500 g) were divided into two groups
(n = 10 each group). Group 1 animals were injected with
saline (control group). Group 2 animals were injected with
E. coli intraperitoneally dosed at 12 × 109 colony-forming
U/kg (LPS-treated group). Animals were sacrificed under
ether anaesthesia at 6 h after E. coli injection [16, 20, 21].
After sacrifice, the kidneys were removed, washed with cold
NaCI 0.9% and immediately kept frozen in liquid nitrogen.
The kidney tissues were stored at −70 ◦C until use.

Measurement of 3-nitrotyrosine

Kidney sample (0.5 g) in 1.5 ml buffer (50 mM potassium-
phosphate buffer, pH 7.4) was homogenised and hydrolysed
in 6 N HCI at 90–110 ◦C for 18–24 h. Hydrolysed sam-
ples were centrifugated at 3000 rpm for 10 min, the su-
pernatants were separated for the measurement of the 3-
nitrotyrosine levels. The samples were analysed on a Hewlett
Packard 1050 diode array detector HPLC apparatus (Hewlett
Packard, Waldbron, Germany). The analytical column was
5-µm pore size Spherisorb ODS-2 C18 reverse-phase col-
umn (4.6 × 250 mm, Alltech, Dearfield, IL). The guard col-
umn was a C18 cartridge (Alltech, Dearfield, IL). The mobile
phase was 50 mmol/l sodium acetate/50 mmol/l citrate/8%
(v/v) methanol pH 3.1. HPLC analysis was performed under
isocratic conditions at a flow rate of 1 ml/min and UV detector
set at 274 nm. 3-NT peaks were determined according to its
retention time and confirmed by spiking with added exoge-
nous nTyr. Concentrations of nTyr were calculated from nTyr
standard curve and expressed as nmol/g tissue [16, 20–22].

Measurement of Na+K+ATPase activity

Ten percent kidney homogenate was prepared for the
Na+K+ATPase study using a glass-homogenizer. Ho-
mogenates were centrifuged at 3000 rpm for 5 min and su-
pernatant was separated. Na+K+ATPase activity in the super-
natant was determined. Na+K+ATPase activity was assessed
by the measurement of the produced inorganic phosphate and
results were expressed as specific activity (µmol Pi /h/mg pro-
tein) [16, 21–23].
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Assay for nitric oxide synthase

The kidneys were homogenized with 5 vol. of a buffer con-
taining 10 mM HEPES, 0.32 M sucrose, 0.1 mM EDTA,
1 mM dithiothretiol, 10 µg of soyabean tripsin inhibitör per
millilitre, 10 µg of leupeptin per millilitre, 2 µg of aprotinin
per millilitre and 1 mg of PMSF per millilitre, adjusted to
pH 7.4 (at room temperature) with NaOH. The homogenates
were then centrifuged at 100 000 × g for 1 h. NO• synthesis
was measured by a previously described method [24, 25], in
which the oxidation of oxyhaemoglobin to methaemoglobin
by NO• is monitored spectrophotometrically. The absorption
difference between 401 and 411 nm was continuously mon-
itored with a dual-wavelength recording spectrophotometer
by using a bandwidth of 2 nm, at 37 ◦C.

Statistical calculations

The data resulting from each experimental group were ex-
pressed as the mean ± S.E.M. A Mann–Whitney U test t-test
was used to compare means between the two groups, using
SPSS 10.0. Linear regression analysis was applied where in-
dicated. A p value < 0.05 was considered significant.

Results

Obtained from this study iNOS and Na+K+ATPase activities
in addition to nTyr levels were shown in Table 1. Previously
in our study, nTyr levels had been hardly detected in con-
trol guinea pig kidneys but nTyr levels had been detected
markedly in kidneys of animals exposed to LPS. nTyr levels
were also significantly increased in the LPS-injected group
when compared to the control (P:0.000). As can be seen in
Table 1.

The regression analysis between Na+K+ATPase activity
and nTyr levels of LPS-treated animals revealed negative cor-
relation (r = −0.868, P = 0.001) (Fig. 1). Similar to between
Na+K+ATPase activity with iNOS activity were also nega-
tive correlation (r = −0.877, P = 0.001) (Fig. 2).

Table 1. 3-Nitrotyrosine level, iNOS and Na+K+ATPase activities in
kidney homogenates of control or exposed guinea pig with E. coli
lipopolysaccharides

Na+K+ATPase
iNOS (nmol/ 3-nTyr (µmol Pi /h/mg
min/g tissue) (nmol/g tissue) protein)

Control (n = 10) 0.378 ± 0.019 Hardly detectable 2.604 ± 0.083

LPS-treatment 0.842 ± 0.044 4.524 ± 0.255 1.327 ± 0.078
(n = 10)

Fig. 1. Correlation between Na+K+ATPase activity and 3-nitrotyrosine for-
mation in kidney of guinea pigs exposed to bacterial lipopolysaccharide.

Fig. 2. Correlation between Na+K+ATPase activity and iNOS measure-
ments in kidney of guinea pigs exposed to bacterial lipopolysaccharide.

Fig. 3. Na+K+ATPase activities in kidneys of guinea pigs exposed to bac-
terial lipopolysaccharide and control.

In our this study, Na+K+ATPase activity significantly de-
creased in LPS-treated guinea pig kidneys compared to con-
trol animals and kidney Na+K+ATPase activity were inhib-
ited about 50% after LPS injection (P:0.000) (Fig. 3). Al-
though iNOS activities were low level detectable in kidney
of control animals, iNOS activity in kidneys of animals ex-
posed to LPS were significantly increased (P:0.000) (Fig. 4).

Discussion

Bacterial LPS is present on the outer membranes of all gram-
negative bacteria and causes the systemic inflammatory re-
sponse syndrome and septic shock, which finally develop
to multiorgan failure [26]. Septicemia and septic shock are



110

Fig. 4. iNOS measurements in kidneys of guinea pigs exposed to bacterial
lipopolysaccharide and control.

associated with high mortality, and current therapy is mostly
supportive and largely ineffective. Acute renal failure is a se-
rious complication of septicemia and septic shock. Although
hypotension and reduced renal blood flow can contribute to
renal failure, animal models have shown that LPS can cause
renal injury in the absence of significant falls in systemic
blood pressure or renal blood flow [10].

LPS via cytokines can stimulate production of NO• by the
activation of the iNOS [4]. Therefore, intraperitoneal LPS
treatment up-regulates iNOS and cytokine production in the
kidney. That is, when LPS is injected intraperitoneally, iNOS
and IL-6 mRNA are induced in the kidney [1]. Cytokine
production regulates the host response to inflammation and
infection. Although TNF-α and IL-1 are regarded as major
mediators of septic shock, IL-1 and to a greater extent TNF-α
production may be transitory. TNF-α and IL-1, in turn, induce
production of other cytokines such as IL-6. IL-6 levels pre-
dict mortality in septic shock and may represent the net effect
of biologically active TNF-α and IL-1 [1]. Kidney epithelial
cells exposed to cytokines could express an iNOS. Stimula-
tion of kidney epithelial cell with TNF-alpha and IFN-gamma
dramatically increase the level of iNOS mRNA [5].

Renal failure is a frequent complication of sepsis with a
high mortality. TNF has been suggested to be a factör in the
acute renal failure in sepsis or endotoxemia. Recent studies
also suggest involvement of NO•, generated by iNOS, in the
pathogenesis of endotoxin-induced renal failure [27].

LPS treatment in vivo induces the expression of an iNOS
mRNA and thus provide direct molecular evidence for the
involvement of NO• in septic shock [28]. Induction of ni-
tric oxide synthase is critical to the syndrome recognized as
sepsis after the administration of bacterial LPS. The sepsis
syndrome that followed LPS administration resulted in sig-
nificant reductions in blood pressure and GFR [4].

In kidney, iNOS activity after LPS treatment was detected
in both particulate and soluble fractions. Traditionally, iNOS
was considered a soluble enzyme; but recent reports indicate
that iNOS is at least partially membrane associated, and iNOS
activity in neutrophils isolated from patients with urinary tract
infections (UTIs) is primarily particulate [1].

The potential for direct toxicity of LPS to renal cells in vivo
is supported by in vitro studies showing that the biologically
active component of LPS, lipid A, produces NO•-mediated
oxidant injury to renal proximal tubules [10].

Stimulation of superoxide generation in response to LPS
has been suggested in kidney, as has its involvement in or-
gan injury. NO• and superoxide undergo a bi-radical addition
reaction to yield ONOO−. The rate constant for the reac-
tion of NO• with superoxide (6.7 × 109 M−1s−1) is faster
than that for superoxide reacting with superoxide dismutase
(SOD) (2.0 × 109 M−1s−1). Thus, the formation of ONOO−

is favored in conditions where both NO• and superoxide are
formed. ONOO− can react with lipids, proteins, and DNA.
ONOO− is difficult to measure in vivo because of its short
half-life. However, the formation of nTyr-protein adducts is
a reliable biomarker of ONOO− generation. The presence of
nTyr-protein adducts in the kidney indicated the generation
of both NO• and superoxide and the formation of the strong
oxidant ONOO− [10].

The aim of this study was to elucidate the effects of LPS
on kidney in an attempt to gain a better understanding of
the cellular mechanism underlying the pathogenesis of renal
dysfunction in endotoxemia and sepsis. For this reason, pre-
viously in our study in addition to measure of nTyr levels, in
the present study, we investigated the relationship between
nitrotyrosine formation with iNOS and Na+,K+-ATPase ac-
tivities in guinea pig kidney after animals received endotoxin
for 6 h.

In this study, we have found that there is a significant in-
crease in iNOS activity in kidney following 6 h after ad-
ministration of E. coli-LPS to the animals. This findings is
in accord with our previous observations in liver [21], and
also consistent with those of others showing that NO• or its
metabolites are significantly increased in many organs after
LPS administration [28–30].

Liu et al. reported that the LPS-induced increase in iNOS
mRNA [28] and it has been demonstrated that treatment with
LPS caused increase in the amount of iNOS mRNA in many
tissues such as in the liver or macrophages isolated from the
peritoneum, in glomeruli and the inner medulla, the outer
medulla [31]. Furthermore, Mayeux et al. demonstrate that
proximal tubules express a calcium/calmodulin-dependent
NOS activity that is increased in vivo by LPS [32]. In ad-
dition, Markewitz et al. reported that stimulation of kidney
epithelial cells with TNF-α and IFN-γ dramatically increased
the level of iNOS mRNA [5]. Our findings are also in accor-
dance with those of previous studies on elevated iNOS level
in endotoxic or bacteriemic shock.

RNS-induced alterations in organ architecture were shown
to associate with organ dysmetabolism or the modification
of biochemical markers of organ function, such as enzyme
activity [16, 25, 28, 29, 33–37]. In the present study, we
demonstrated that excess production of RNS is responsible
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for the impaired Na+,K+-ATPase activity in inflamed guinea
pig kidney. Guzman and co-workers induced NO• produc-
tion in mouse proximal tubule epithelial cells by treatment
with LPS and IFN-γ followed by determinations of ouabain-
sensitive ATPase activity and they reported that Na+,K+-
ATPase activity decreased after 4 h of LPS/IFN-γ treatment.
In addition, Guzman and co-workers reported that NO• gen-
erated by mouse proximal tubule epithelial cell iNOS inhibits
Na+,K+-ATPase activity in an autocrine fashion and that this
inhibition is accompanied by a reduction in Na-dependent so-
lute transport [8]. Our findings are in accordance with those
of previous studies on impaired Na+,K+-ATPase activity in
exposed LPS animals.

In our present study, the negative correlation observed be-
tween Na+,K+-ATPase and iNOS activity as well as nTyr lev-
els in LPS treated animals strengthens the direct involvement
of RNS. These data suggest that ONOO− signaling partici-
pates in the regulation of renal Na+,K+-ATPase activity and
the endogenous NO•, formation due to elevated iNOS activ-
ity, plays a inhibitory role on Na+,K+-ATPase activity in the
kidney. Furthermore, this finding is also in accord with previ-
ous observations in kidney [17, 19]. The results of our current
study is not parallel totally with the results of our previous
study, showing that Na+,K+-ATPase activity of erythrocytes
is significantly inhibited when they exposed to ONOO− in
vitro, but unchanged in E. coli injected rat [16]. The discrep-
ancy may be explained by the difference between the studied
tissues and their intracellular antioxidant capacity. Because,
it has been demonstrated that the increased erythrocyte an-
tioxidant capacity plays an important protective role against
oxidative effects of ONOO− induced by E. coli-LPS [16].
The activity of the transmembrane enzyme Na+,K+-ATPase
is very susceptible to free radicals and membrane lipid perox-
idation [13, 15]. Lipid peroxidation has been shown to alter
Na+,K+-ATPase function by modification at specific active
sites in a selective manner [15]. Depletion of glutathione and
other protective antioxidants by RNS may greatly contribute
to increasing amount of reactive species, which may also ac-
count for impaired activity of Na+,K+-ATPase [34]. ONOO−

has been shown to directly oxidize a SH group of the active
site of the Na+,K+-ATPase and then inhibits this enzyme
activity in porcine cerebral cortex [14].

In summary, our results show that although nTyr levels
and iNOS activity were increased, Na+,K+-ATPase activities
were decreased in guinea pig kidney exposed to E. coli-LPS.
Thus, the negative correlation of Na+,K+-ATPase activity
was observed with both iNOS activity and nTyr levels in the
kidney treated E. coli-LPS. In conclusion, the present study
have indicated that both endogenous production of NO• via
iNOS activity and simultaneously superoxide generation are
stimulated in response to LPS. Thus, NO• and superoxide
react spontaneously to form nitrating agent and versatile oxi-
dant ONOO−. Therefore, although Na+,K+-ATPase activity

is impaired, iNOS activity is increased in response to LPS.
In this sense, our this study have demonstrated that RNS-
dependent kidney dysfunction also include the modification
in membrane Na+,K+-ATPase, which impairs the activity of
the enzyme. This event may be a crucial component leading
to pathological consequences such as kidney dysfunction in
which the production of RNS are increased as in the case of
LPS challenge.
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Na+K+ATPase activity as a mechanism of reactive nitrogen species-
induced cytotoxicity in guinea pig liver exposed to lipopolysaccharides.
Mol Cell Biochem 2004

22. Ertabak A, Kutluay T, Unlu A, Türközkan N, Cimen B, Yaman H: The
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