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Altered Regulation of Renal Nitric Oxide and Atrial Natriuretic
Peptide Systems in Lipopolysaccharide-induced Kidney Injury
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Nitric oxide (NO) and atrial natriuretic peptide (ANP) may induce vascular relaxation by increasing
the production of cyclic guanosine monophosphate (cGMP), an important mediator of vascular tone
during sepsis. This study aimed to determine whether regulation of NO and the ANP system is altered
in lipopolysaccharide (LPS)-induced kidney injury. LPS (10 mg - kg ') was injected in the tail veins
of male Sprague-Dawley rats; 12 hours later, the kidneys were removed. Protein expression of NO
synthase (NOS) and neutral endopeptidase (NEP) was determined by semiquantitative immuno-
blotting. As an index of synthesis of NO, its stable metabolites (nitrite/nitrate, NOx) were measured
using colorimetric assays. mRNA expression of the ANP system was determined by real-time
polymerase chain reaction. To determine the activity of guanylyl cyclase (GC), the amount of cGMP
generated in response to sodium nitroprusside (SNP) and ANP was calculated. Creatinine clearance
decreased and fractional excretion of sodium increased in LPS-treated rats compared with the controls.
Inducible NOS protein expression increased in LPS-treated rats, while that of endothelial NOS,
neuronal NOS, and NEP remained unchanged. Additionally, urinary and plasma NOx levels increased
in LPS-treated rats. SNP-stimulated GC activity remained unchanged in the glomerulus and papilla
in the LPS-treated rats. mRNA expression of natriuretic peptide receptor (NPR)-C decreased in
LPS-treated rats, while that of ANP and NPR-A did not change. ANP-stimulated GC activity reduced
in the glomerulus and papilla. In conclusion, enhancement of the NO/cGMP pathway and decrease

in ANP clearance were found play a role in the pathogenesis of LPS-induced kidney injury.
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INTRODUCTION

Sepsis and its common complication, septic shock, are
generally induced by the action of endotoxins or lip-
opolysaccharide (LPS), originating from gram-negative bac-
teria [1]. LPS is commonly used to induce endotoxemia or
sepsis in rodent models both in vivo and in vitro, and an
LPS-induced decrease in blood volume may lead to dysfunc-
tion or failure of major organs [2].

Sepsis alters the concentrations of nitric oxide (NO) in
plasma and endothelial cells [3,4]. NO is a free radical re-
leased from various types of cells such as macrophages, car-
diac myocytes, and vascular smooth muscle and glial cells.
Several studies have suggested that overproduction of NO
plays a major role in the pathophysiology of septic shock,
and induction of nitric oxide synthase (NOS) with con-
sequent excessive NO formation has been proposed as a ma-
jor factor in pathologic vasodilatation and tissue damage
[4-6].

The role of NO in an LPS-induced shock model has been
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suggested to be associated with atrial natriuretic peptide
(ANP) [7]. ANP, a 28-amino acid polypeptide, is secreted
from atrial myocytes in response to volume or pressure
loading. Physiologically, it has an important role in salt and
water homeostasis and renal and cardiac function [8]. One
of the main target organs for ANP is the kidney, which has
natriuretic peptide receptors (NPR) mainly in the glomeruli
and inner medulla. Studies have also shown that the kidney
itself produces ANP [9]. However, changes in renal ANP
and its receptor system have not yet been demonstrated
in LPS-induced sepsis. Thus, this study aimed to determine
whether there is altered regulation of local renal NO and
ANP system-associated guanylyl cyclase (GC) activity in an
LPS-induced septic shock rat model.

METHODS
Animals

Male Sprague-Dawley rats weighing 180~200 g were
used. Rats were kept in a temperature-controlled room

ABBREVIATIONS: LPS, lipopolysaccharide; NO, nitic oxide; ANP,
atrial natriuretic peptide; NPR, natriuretic peptide receptor; NEP,
neutral endopeptidase; GC, Guanylyl cyclases; SNP, sodium nitro-
prusside.
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regulated on a 12 : 12-h light-dark cycle. The study was
approved by the Ethics Committee of Chonnam National
University Medical School.

The rats were fed once daily in the morning and ate all of
the offered food during the course of the day. LPS from
Escherichia coli serotype 026 : B6 was obtained from Sigma
Chemical Co. (Sigma; St. Louis, MO, USA) dissolved in py-
rogen-free sterile phosphate based saline. LPS (10 mg - kg )
was injected via tail vein of rat. Twelve hours later the kidneys
were taken. The rats were maintained individually in the met-
abolic cages to allow urine collections for the measurement of
Na® and creatinine. Under anesthesia with isoflurane, blood
samples were collected from the inferior vena cava and ana-
lyzed for plasma levels of Na™ and creatinine. The right kidney
was removed and processed for immunoblotting. The left kid-
ney was removed and assayed for mRNA expression by real
time-polymerase chain (PCR) reaction. Another set of experi-
ment was performed for GC enzyme activity.

Expression of natriuretic peptide system

Total RNA was extracted from kidney with Trizol reagent
(Invitrogen, Carlsbad, CA, USA). RNA was extracted with
chloroform, precipitated with isopropanol, washed with
75% ethanol, and then redissolved in distilled water. The
RNA concentration was determined by the absorbance read
at 260 nm (Ultraspec 2000; Pharmacia Biotech, Cambridge,
UK). The mRNA expression of ANP, natriuretic peptide re-
ceptor (NPR)-A, and NPR-C was determined by real-time
PCR. ¢cDNA was made by reverse transcribing 5 /g of total
RNA using oligo (dT) priming and superscript reverse tran-
scriptase II (Invitrogen; Carlsbad, CA, USA). cDNA was
quantified using Smart Cycler II System (Cepheid; Sunny-
vale, CA, USA) and SYBR Green was used for detection.
PCR was done using Rotor-Gene™ 3,000 Detector System
(Corbette Research; Mortlake, New South Wales, Austra-
lia). Primers were prepared as described previously [10].
Data from the reaction were collected and analyzed with
the Corbett Research Software [11].

Membrane preparation and guanylyl cyclase activity

The biological effect of NO is mediated by activation of
sGC and subsequent generation of cGMP, whereas most of
the biological effects of ANP are mediated by secondary for-
mation of ¢cGMP catalyzed by pGC coupled with NPR-A
[12]. Therefore, the tissue was fractionated into cytosolic
and membrane portions.

The glomerulus was isolated by graded sieve methods.
In brief, the kidney was decapsulated, and the cortex was
consecutively filtered through standard sieves (250, 150,
125, and 75 #m). The glomeruli on the 75 1« m sieve were
collected by centrifugation (1,000 g for 15 min at 4°C). The
glomerulus or papilla was homogenized in an ice-cold ho-
mogenization buffer (50 mM Tris-HCI, pH 8.0, containing
1 mM ethylenediaminetetraacetate, 0.2 mM phenylme-
thylsulfonyl fluoride, and 250 mM sucrose). The homoge-
nate was centrifuged at 1,000 g for 15 min at 4°C and the
supernatant was recentrifuged at 100,000 g for 60 min at
4°C. The resulting pellet was used as membrane prepara-
tion for the measurement of pGC activity. The supernatant
was used as soluble fraction for the measurement of sGC
activity. Protein concentrations were determined using bi-
cinchoninic acid assay kit (Pierce; Rockford, IL, USA).

pGC activity was measured in the glomerular and papil-

lary membrane aliquots by the method of Winquist et al.
[10] with a slight modification. The aliquots were incubated
for 15 min at 37°C in 50 mM Tris HCl (pH 7.6) containing
1 mM 3-isobutyl-1-methylxanthine, 1 mM GTP, 1 mM ATP,
15 mM MgCl,, in the presence of ANP (10 ™ to 10~ ¢ M).
The reaction was stopped by adding ice-cold 50 mM sodium
acetate (pH 5.0) and boiling for five min. Samples were then
centrifuged (10,000 g for 5 min at 4°C).

For the measurement of sGC activity, the protein sam-
ples were incubated for 15 min at 37°C in 50 mM Tris HCl
(pH 7.6), containing 1 mM 3-isobutyl-1-methylxanthine, 1
mM GTP, 1 mM ATP, and 15 mM MgCls, in the presence
of sodium nitroprusside (SNP, 10 7 to 10 ? M). Incubation
was stopped by adding ice-cold 50 mM sodium acetate (pH
5.0) and boiling for 5 min. Samples were then centrifuged
(10,000 g, 4°C, 10 min), of which supernatant was used to
measure cGMP by equilibrated radioimmunoassay. In brief,
standards and samples were introduced in a final volume of
100 1 of 50 mM sodium acetate buffer (pH 4.8), and 100 1
of dilute cGMP antiserum (Calbiochem-Novabiochem, San
Diego, CA, USA) and iodinated ¢cGMP (10,000 cpm/100 1).
Results are expressed as pmol cGMP generated/mg protein
per min.

Semiquantitative immunoblotting

The dissected kidney was homogenized in ice-cold iso-
lation solution containing 0.3 M sucrose, 25 mM imidazole,
1 mM ethylenediaminetetraacetic acid (EDTA), 8.5 «M leu-
peptin, 1 mM phenylmethylsulfonyl fluoride (PMSF), with
pH 7.2. The homogenates were centrifuged at 1,000 g for
15 min at 4°C to remove whole cells, nuclei and mito-
chondria. The total protein concentration was measured by
BCA assay kit (Pierce; Rockford, IL, USA). All samples
were adjusted with isolation solution to reach the same fi-
nal protein concentrations. They were then dissolved at
65°C for 15 min in SDS-containing sample buffer and stored
at —20°C. To confirm equal loading of protein, an initial
gel was stained with Coomassie blue. SDS-PAGE was per-
formed on 9 or 12% polyacrylamide gels.

The proteins were transferred by gel electrophoresis
(Bio-Rad, Mini Protean II; Hercules, CA, USA) onto nitro-
cellulose membranes (Amersham Pharmacia Biotech, Hy-
bond ECL RPN3032D; Little Chalfont, UK). The blots were
subsequently blocked with 5% milk in PBS with tween 20
(80 mM NasHPO,, 20 mM NaH;PO,4, 100 mM NaCl, 0.1%
Tween 20, pH 7.5) for 1 hr and incubated overnight at 4°C
with primary antibodies, followed by incubation with secon-
dary anti-rabbit (Dako; Glostrup, Denmark) or anti-mouse
(Dako) horseradish peroxidase-conjugated antibodies. The
labeling was visualized by an enhanced chemiluminescence
system. The monoclonal antibodies to endothelial NOS
(eNOS), neuronal NOS (nNOS), inducible NOS (INOS)
(Transduction Laboratories; Lexington, KY, USA), sGC,
neutral endopeptidase (NEP, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-B-actin antibody (Sigma;
St. Louis, MO, USA) were commercially obtained.

Colorimetric assay of nitrite/ nitrate

As an index of synthesis of NO, its stable metabolites
(nitrite/nitrate, NOx) were measured by a colorimetric NO
assay kit (Oxford Biochemical; Oxford, MI, USA). Micro-
plate was used to perform enzyme reactions in vitro. For
spectrophotometric assay of nitrite with griess reagent, 80 1
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MOPS (50 mM) / EDTA (1 mM) buffer and 5 1 samples
were added to wells. Nitrate reductase (0.01 U) and 10 «1
NADH (2 mM) were added to the reaction mixture, and
the plate was shaken for 20 min at room temperature. Color
reagents, sulfanilamide and N-(1-naphthyl) ethylenediam-
ine dihydrochloride were added, and absorbance values
were read at 540 nm in a microtitre plate reader (Bio-Rad,
Model 3,550).

Statistical analyses

Results are expressed as meantSEM. The statistical sig-
nificance of differences between the groups was determined
using an unpaired ¢-test. Differences with values of p<0.05
were considered significant.

RESULTS

Renal function

Table 1 shows body weight, creatinine clearance, and

fractional excretion of sodium. Creatinine clearance was de-

Table 1. Changes in blood pressure and renal functional data

Control (n=8) LPS (n=9)
Body weight (g) 200+5.0 200+6.3
UO (ml/12 hr) 9.9+2.6 8.4+2.4
P-Cr (mg/dl) 0.25+0.07 0.73+015*
Cer (ml/min) 1.16+0.34 0.26+0.14*
FExa (%) 0.47+0.18 1.36+0.19%

Values are expressed as mean+SEM. These values are meas-
ured on the last day of experiments. LPS, lipopolysaccharide
induced endotoxemia rat model; UO, urine output; P-Cr, plas-
ma creatinine; Ccr, creatinine clearance; FEx,, fractional ex-
cretion of sodium into urine. *p<0.05 compared with control.
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creased, while fractional excretion of sodium increased in
LPS rats compared with controls. However, body weight
and urinary output were not different between two groups.

Alteration of nitric oxide system

Semiquantitative immunoblotting revealed increased
abundance of iNOS proteins in the LPS injection rats, while
protein expression of eNOS and nNOS showed no change
between two groups (Fig. 1). The amount of plasma and
urinary NOx excretion was increased in LPS injection rats
(Fig. 2). Fig. 3 shows semiquantitative immunoblotting of
sGC and ¢cGMP generation in response to graded doses of
SNP. The expression of sGC protein was not altered in the
cortex. The cGMP generation in response to SNP was not
different in the glomerulus and papilla in LPS rats.

Alteration of natriuretic peptide system

Fig. 4 shows mRNA expression of ANP, NPR-A and NPR-C
in the kidney. The expression of NPR-C was decreased in
LPS injection rats. In contrast, the expression ANP and
NPR-A was not different between two groups. Fig. 5 shows
semiquantitative immunoblotting of NEP and ¢cGMP gen-
eration in response to graded doses of ANP. The protein
expression of NEP was not changed in the cortex in LPS
injection rats. The ¢cGMP generation in response to ANP
was blunted in glomerulus and papilla on LPS injection
rats.

DISCUSSION

Endotoxins, LPS is product of the cell walls of gram-neg-
ative bacteria that cause septic shock. Acute kidney injury
due to septicemia may be caused by decreased glomerular
blood pressure and renal blood flow [13]. In the present
study, LPS caused marked renal damage, as demonstrated
by a significant decrease in the glomerular filtration rate
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Fig. 2. Nitric oxide metabolites (nitrite/nitrate, NOx) in
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276 EH Bae, et al

A B
Control LPS .
(n=5) (n=5) Glomerulus Papilla
400 400
PPV S PR = < Control
sGCa 3 e LPS
g 300 300 4
= g g Fig. 3. (A) Semiquantitative
2 g /:* immunoblotting of soluble
5 5 56 E 200 / 200 'y guanylnyl cyclase (sGC) in
o .; : S the kidney. (B) ¢cGMP pro-
&2 pe _ E / é duction in response to sod-
% 10 o 100 / 100 / ium nitroprusside (SNP) in
© g 49_,2.//, 4‘—))/7 the glomerulus and papilla.
L oo Control T o == Each point represents mean+
e S T— SEM of experimental rats.
f 26 & R *p<0.05 compared with con-
SNP, -Log [M] trol.
3.0 3.0 3.0
- ) )
% 2.0 é 2.0 ; 2.0
3 < Q .
% 1.0 T i ; 1.0 x ; 1.0 *
0.0 0.0 0.0 —_
Control LPS Control LPS Control LPS
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(GFR). Acute kidney injury during sepsis is associated with
increased NO production [14]. Consistent with this, the
present study demonstrated that urinary and plasma NOx
levels markedly increased in LPS rats.

NO is synthesized by eNOS and nNOS localized in the
vascular endothelium and macula densa [15], whereas
iNOS is present in the proximal tubule and inner medullary
collecting duct [16]. iINOS may be a key mediator of in-
flammatory processes such as septic shock [17] and ische-
mic/reperfusion injury [18]. Recent data suggest that eNOS
restores renal function after injury, whereas activation of
iNOS leads to excessive NO production and aggravation of
kidney injury [19]. In the present study, iNOS expression
was found to increase in the kidney in association with de-
creased GFR in LPS-treated rats, whereas eNOS and nNOS
expression did not change. iNOS increases the production
of NO up to 1,000 times more than the normal production

5 0 10 9 8 7 6 5 *p<0.05 compared with con-
ANP, -Log [M] trol.

by constitutive NOS. Therefore, although NO generation in
the kidney is essential for preservation of renal perfusion
and function, high levels of NO secondary to an increase
in iINOS activity may inhibit eNOS activity, resulting in
renal vasoconstriction, decreased GFR [14], and cytotoxic
injury, leading to LPS-induced kidney injury.

The present study demonstrated that SNP-induced cyclic
guanosine monophosphate (cGMP) generation did not
change in the glomerulus and papilla, which suggests that
increased production of cytotoxic NO by iNOS combined
with unaltered soluble-GC activity plays a role in the
pathogenesis of LPS-induced kidney injury.

Increased plasma ANP concentrations have been pre-
viously reported during early sepsis in vivo [20]. In the
present study, mRNA expression of ANP did not change,
but that of NPR-C decreased in LPS-treated rats. Binding
of ANP to NPR-C results in internalization of the re-
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ceptor-ligand complex, followed by hydrolytic degradation
of ANP. Moreover, the widely distributed ectoenzyme NEP
cleaves the ANP Cys7-Phe8 bond close to the disulfide
bond, breaking the ring structure and rendering ANP bio-
logically inactive [21]. Consequently, a reduction in ANP
clearance may result in augmentation of its plasma levels.
ANP is linked to particulate GC, and its activation results
in secondary ¢cGMP formation [22]. In the present study,
pGC activity in response to ANP decreased in the glomer-
ulus and papilla in the kidneys of LPS-treated rats. These
findings suggest dissociation of ANP synthesis and reduc-
tion in its responsiveness in the kidney. We believe that
decreased GC activity in this model may be a compensatory
mechanism in response to enhanced ANP activity in the
kidney [23], and may play a compensatory role against hy-
potension and decreased tissue perfusion.

In conclusion, enhancement of the NO/cGMP pathway,
as well as decreased ANP clearance, plays a role in the
pathogenesis of LPS-induced kidney injury.

ACKNOWLEDGEMENTS

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education, Science
and Technology (2011-0009743), and by the Korea Science
and Engineering Foundation through the Medical Research
Center for Gene Regulation grant (2011-0030732) at Chon-
nam National University.

REFERENCES

1. Parrillo JE, Parker MM, Natanson C, Suffredini AF, Danner
RL, Cunnion RE, Ognibene FP. Septic shock in humans.
Advances in the understanding of pathogenesis, cardiovascular
dysfunction, and therapy. Ann Intern Med. 1990;113:227-242.

2. Rackow EC, Astiz ME. Pathophysiology and treatment of septic
shock. JAMA. 1991;266:548-554.

3. MacMicking J, Xie QW, Nathan C. Nitric oxide and macrophage
function. Annu Rev Immunol. 1997;15:323-350.

4. Thiemermann C. Nitric oxide and septic shock. Gen Pharmacol.
1997;29:159-166.

5. Carnio EC, Stabile AM, Batalhdo ME, Silva JS, Antunes-
Rodrigues J, Branco LG, Magder S. Vasopressin release during
endotoxaemic shock in mice lacking inducible nitric oxide
synthase. Pflugers Arch. 2005;450:390-394.

6. Knowles RG, Moncada S. Nitric oxide as a signal in blood
vessels. Trends Biochem Sci. 1992;17:399-402.

7. Sciduna JK, Mansart A, Ross JdJ, Reilly CS, Brown N, Brookes
ZL. Lipopolysaccharide alters vasodilation to atrial natriuretic

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

peptide via nitric oxide and endothelin-1: time-dependent ef-
fects. Eur J Pharmacol. 2009;621:67-70.

. De Bold AJ, Borenstein HB, Veress AT, Sonnenberg H. A rapid

and potent natriuretic response to intravenous injection of
atrial myocardial extract in rats. Life Sci. 1981;28:89-94.

. Totsune K, Takahashi K, Murakami O, Satoh F, Sone M, Saito

T, Sasano H, Mouri T, Abe K. Natriuretic peptides in the
human kidney. Hypertension. 1994;24:758-762.

Winquist RJ , Faison EP, Waldman SA, Schwartz K, Murad
F, Rapoport RM. Atrial natriuretic factor elicits an endo-
thelium-independent relaxation and activates particulate
guanylate cyclase in vascular smooth muscle. Proc Natl Acad
Sci USA. 1984;81:7661-7664.

Livak KdJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods. 2001;25:402-408.

Chinkers M, Garbers DL. The protein kinase domain of the ANP
receptor is required for signaling. Science. 1989;245:1392-1394.
Zhang C, Walker LM, Mayeux PR. Role of nitric oxide in
lipopolysaccharide-induced oxidant stress in the rat kidney.
Biochem Pharmacol. 2000;59:203-209.

Wang W, Jittikanont S, Falk SA, Li P, Feng L, Gengaro PE,
Poole BD, Bowler RP, Day BdJ, Crapo JD, Schrier RW.
Interaction among nitric oxide, reactive oxygen species, and
antioxidants during endotoxemia-related acute renal failure.
Am J Physiol Renal Physiol. 2003;284:F532-537.

Bachmann S, Bosse HM, Mundel P. Topography of nitric oxide
synthesis by localizing constitutive NO synthases in mam-
malian kidney. Am J Physiol. 1995;268:F885-898.
Markewitz BA, Michael JR, Kohan DE. Cytokine-induced
expression of a nitric oxide synthase in rat renal tubule cells.
J Clin Invest. 1993;91:2138-2143.

Titheradge MA. Nitric oxide in septic shock. Biochim Biophys
Acta. 1999;1411:437-455.

Del Zoppo G, Ginis I, Hallenbeck JM, Iadecola C, Wang X,
Feuerstein GZ. Inflammation and stroke: putative role for
cytokines, adhesion molecules and iNOS in brain response to
ischemia. Brain Pathol. 2000;10:95-112.

Noiri E, Peresleni T, Miller F, Goligorsky MS. In vivo targeting
of inducible NO synthase with oligodeoxynucleotides protects
rat kidney against ischemia. JJ Clin Invest. 1996;97:2377-2383.
Aiura K, Ueda M, Endo M, Kitajima M. Circulating con-
centrations and physiologic role of atrial natriuretic peptide
during endotoxic shock in the rat. Crit Care Med. 1995;23:
1898-1906.

Wilkins MR, Redondo J, Brown LA. The natriuretic-peptide
family. Lancet. 1997;349:1307-1310.

Parkes DG, Coghlan JP, McDougall JG, Scoggins BA. Long-
term hemodynamic actions of atrial natriuretic factor (99-126)
in conscious sheep. Am J Physiol. 1988;254:H811-815.
Roubert P, Lonchampt MO, Chabrier PE, Plas P, Goulin J,
Braquet P. Down-regulation of atrial natriuretic factor recep-
tors and correlation with ¢cGMP stimulation in rat cultured
vascular smooth muscle cells. Biochem Biophys Res Commun.
1987;148:61-67.



