
Kidney International, Vol. 63 (2003), pp. 1104–1115

Role of endogenous nitric oxide in unilateral ureteropelvic
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Role of endogenous nitric oxide in unilateral ureteropelvic Congenital obstructive nephropathy is one of the pri-
junction obstruction in children. mary causes of renal failure in infants and children [1].

Background. Obstructive nephropathy leads to tubulointer- The developing kidney is far more susceptible to injurystitial fibrosis and loss of renal function. Nitric oxide has been
resulting from chronic urinary obstruction in relation toshown to have antifibrotic properties. We examined nitric oxide
adult kidneys. Whereas obstructive nephropathy in thesynthase (NOS) activity and expression in kidneys from chil-

dren who underwent surgery release of unilateral ureteropelvic adult is characterized by progressive interstitial infiltra-
junction (UPJ) obstruction in relation to clinical and histologic tion by mononuclear cells, interstitial fibrosis and tubular
parameters. atrophy, in the maturing kidney, impaired renal growth,Methods. NOS activity and the expression of NOS isoforms

and development are also included [2–3]. Interstitialmeasured at the mRNA level by reverse transcription-polymer-
macrophage kinetic data have shown that parenchymalase chain reaction (RT-PCR) assay were determined in tissue

obtained by biopsy from obstructed kidneys of 18 children at infiltration develops 12 hours after ureteral ligation and
the time of pyeloplasty. Tissue from kidneys removed because significantly increases in the 3 days after obstruction [4].
of various malignancies were issued as control.

The invasion of the renal interstitium by macrophagesResults. A significant increase in calcium/calmodulin-inde-
and T lymphocytes in experimental model of unilateralpendent NOS activity (iNOS) and iNOS mRNA expression

was found in the medulla of obstructed kidneys. Calcium/ ureteral obstruction (UUO) coincides with a decline in
calmodulin-dependent NOS activity (cNOS) and endothelial renal hemodynamic parameters [5]. Decreased renal blood
(eNOS) mRNA, by contrast, were increased in the cortex from flow and glomerular filtration rate (GFR) in the unilat-
obstructed kidneys. A role of tumor necrosis factor-� (TNF-�)

eral obstructed kidney are mediated by several vasocon-on enhanced iNOS was suggested by the finding of increased
strictors, including angiotensin II and tromboxane [6].urine levels in obstructed pelvis. Increased interstitium macro-

phage number, by immunolabeling of CD68, was related to Following the onset of unilateral obstruction, angioten-
the delay in obstruction release and to decreased glomerular sin II production is rapidly stimulated [7]. Angiotensin
filtration rate (GFR) at surgery. A positive linear relationship II, in turn, up-regulates the expression of other factors,was found between cNOS activity in cortex and creatinine

including tumor necrosis factor-� (TNF-�), a proinflam-clearance. The degree of interstitial fibrosis correlated nega-
matory peptide produced by monocytes/macrophagestively with cNOS activity in cortex.

Conclusion. In kidneys from children with UPJ obstruction and resident cells [8]. In human monocytic cell lines, the
an increased activity and expression of iNOS in medulla and synergistic interaction between interferon-� (INF-�) and
cNOS-dependent eNOS in cortex were demonstrated. A role TNF-� in the expression of inducible nitric oxide syn-of cNOS in modulating GFR and interstitial fibrosis can be

thase (iNOS) has been previously reported [9].suggested. Prolonged UPJ obstruction would lead to a worsened
prognosis on renal injury . There is evidence that vasodilatory mechanisms re-

spond to counterbalance renal vasoconstriction in ob-
struction. Besides, increased glomerular eicosanoid has
been shown in UUO [10]. A role for soluble guanylyl
cyclase to angiotensin-mediated vasoconstriction because
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of UUO has been reported [11].synthase activity, inducible nitric oxide synthase mRNA, tumor necro-

sis factor-�, macrophage, endothelial nitric oxide synthase mRNA. Nitric oxide is also known to function as an antifibrotic
factor in UUO [12]. Due to the interaction of nitric oxideReceived for publication October 15, 2001
and transforming growth factor-� (TGF-�) induced byand in revised form October 24, 2002

Accepted for publication October 28, 2002 angiotensin II, such may be a target for intervention in
the fibrotic processes in obstruction [13]. We have demon- 2003 by the International Society of Nephrology
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strated interaction between angiotensin II and nitric ox- dard protocols described by Majd [22]. All patients were
hydrated with 5% dextrose in 0.3% sodium chlorideide synthase (NOS) on the inhibition of H�-ATPase

in inner medullary collecting duct segments (IMCD) of (15 cm/kg) beginning 15 minutes before injection of the
radionuclide. An in-dwelling bladder catheter was placedexperimental UUO kidneys [14].

Nitric oxide (NO) is a common but short-lived product to maintain an empty bladder. The radionuclide, 0.1
�Ci/kg Tc 99m-DTPA was administered as an intrave-derived from the amino acid l-arginine in a reaction cata-

lized by a family of enzymes termed NOS, which convert nous bolus. Uptake of isotope between 1 and 3 minutes
after radionuclide injection, with the region of interestarginine and oxygen into citrulline and NO [15]. The two

major constitutive NOS isozymes, neuronal (nNOS) and outlined and background subtracted, was used to deter-
mine the percentage of contribution to total renal func-endothelial (eNOS), exhibit strict dependency on intra-

cellular calcium/calmodulin. Although they are classified tion of each kidney (differential renal function). When
radionuclide activity in the hydronephrotic kidney andas constitutive enzymes, expression of nNOS and eNOS

is regulated by specific physiologic and pathophysiologic renal pelvis was observed to peak as monitored by the
gamma camera, 1 mg/kg intravenous furosemide was given.stimuli, including increases in local vascular resistance

that enhances shear stress and hypoxia [16, 17]. The The tracer activity corresponding to regions of interest
over each kidney was observed for 30 minutes after theconstitutive neuronal isozyme of NOS has been localized

in the macula densa cells. By using reverse transcription- injection of furosemide. The reliability of the study has
been demonstrated in neonates and infants [23].polymerase chain reaction (RT-PCR) of microdissected

renal segments, Terada et al localized nNOS mRNA in Patients’ weight and differential function for each kid-
ney were recorded. Preoperative urinalysis and urine cul-IMCD segments and to a lesser extent, in the glomerulus

and outer medullary collecting duct (OMCD) segments ture revealed sterile urine in all children. Before surgery,
blood pressure was within normal limits [24]. Plasma cre-[18]. mRNA from eNOS has been demonstrated by RT-

PCR in the glomerulus, preglomerular vasculature and atinine showed normal values for their age [25].
in proximal tubules [19]. Expression of iNOS isoform

Protocolhas been demonstrated in epithelial cells of proximal
tubules and IMCD tubules. Cytokines and lipopolysac- All patients underwent dismembered pyeloplasty. Dur-

ing the procedure, urine from obstructed kidney was ob-charides (LPS) induce the expression of iNOS [20].
Until now, NO synthesis by unilateral obstructed kid- tained for the measurement of nitrite concentration, TNF-�

levels, and creatinine excretion. A full-thickness biopsyneys has been mainly demonstrated from experimental
studies. This study was undertaken to examine the evi- was performed in the lower pole with a 10 Fr punch and

a nephrostomy tube was placed in the corresponding calyx.dence for in vivo activity and expression of NOS isoforms
in children with unilateral ureteropelvic junction ob- Renal tissue was processed for microscopic optical analysis

and stained through an immunoperoxidase method bystruction (UPJO) and to suggest its clinical and histologic
significance. using CD68 antihuman macrophage antibodies. The re-

maining renal tissue from each biopsy was frozen imme-
diately and stored at �70�C until further analysis of NOS

METHODS
activity and NOS mRNA by RT-PCR. Owing to the small

Patients sample of tissue obtained at renal biopsy on the pediatric
patients, both determinations could not been performedThis study protocol was approved by the Ethical Com-

mitee of Notti Hospital and informed consent was ob- on the same sample. In 12 children, NOS activity was
measured. NOS isoforms expression was performed ontained from all the children’s parents after explaining

the purpose of the study. renal tissue samples from the remaining six patients.
Normal renal tissue was obtained from three patientsDuring the last 2 years, 18 patients [13 boys, age 2.41 �

0.5 years (range, 7 months to 5 years) and five girls, age in whom one kidney had been removed because of the
presence of a carcinoma. None of the patients was on5.28 � 1 years (range, 5 months to 7 years)] with a

diagnosis of UPJO (grade IV, hydronephrosis) and con- any drugs known to interfere with iNOS activity and
expression at the time of biopsy. Renal biopsy was per-tralateral normal kidney operated on were studied. Ini-

tial screening for UPJO consisted of renal ultrasonogra- formed in all the children after parental informed con-
sent had been obtained.phy to evaluate hydronephrosis, according to the Society

for Fetal Urology guidelines [21], and to measure the Seventy-two hours after the procedure and in the ab-
sence of hematuria, a 24-hour urine sampling was col-parenchyma thickness. A voiding cystourethrogram was

performed in all cases to rule out vesicoureteral reflux. lected from nephrostomy tube and from uretra. Creati-
nine, electrolytes, ammonium, and titrable acid wereThe diagnosis of obstruction was confirmed by techne-

tium 99m-diethylenetriaminepentacetate acid (Tc 99m- measured. The next morning, the first urine samples from
the catheter and from the uretra, under stream clean-DTPA) renal scan, which was performed using the stan-
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catch specimen, were divided into two aliquots, the first buffer provided in the kit. Another horseradish peroxi-
dase-conjugated polyclonal antibody (200 �L) directedto measure urine osmolality and the second to freeze at

�70�C for a later measurement of nitric oxide, TNF-�, against the cytokine was added, and the assay was incu-
bated for 1 hour at room temperature. A stop solutionand creatinine. No water deprivation challenge had been

performed before the urine concentrating ability was was added and the optical density of each well was deter-
mined immediately on a dual wavelength ELISA readertested.

A blood sample was obtained to measure creatinine, at 450 nm and 570 nm, respectively, which corrects
OD450 reading by subtracting OD570.electrolytes, plasma osmolality, and arterial blood pH

and pCO2. GFR was measured by the endogenous creati- To allow the dilution effect of varying urine output,
urinary levels of cytokines were expressed as the rationine clearance. Plasma and urine concentration of creati-

nine were determined using the modified Jaffe kinetic of cytokine-to-urinary creatinine (pg/�mol).
technique. Plasma and urine electrolytes were measured

Renal biopsyusing an autoanalyzer.
Urine and plasma osmolality were assessed by Wescor All renal specimens processed for optical analysis were

fixed in 10% buffered formalin, embedded in paraffinVapor Pressure Osmometer 5500 (Wescor, Inc., Logan,
UT, USA). Urine ammonium was determined spectro- and stained with hematoxylin and eosin and masson tri-

cromic. Two pathologists examined the biopsy material.photometrically by the Berthelot (phenol-hypoclorite)
reaction with minor modifications [26]. All standards Optical microscopic features in the glomeruli, tubules

and interstitium were assessed regarding the severity of(reagent grade NH4Cl) and samples were prepared on
the day of analysis. Ammonium analysis was performed lesions. The extent of interstitial fibrosis was evaluated

and graded on a percentage according to the lesion se-immediately after collection. Interassay coefficient of vari-
ation was 6.2%. Titrable acid was measured by titulation. verity.
The results were expressed in �Eq/min/1.73 m2 corporal.

Immunohistochemical analysis
Urine nitrite concentration Kidney sections that had been fixed in 10% buffered

formalin before being embedded in paraffin, were subse-Nitrite concentration in the urine was determined by
the Griess reaction [27]. Nitrite reacts with 1 mmol/L quently deparaffined and rehydrated and incubated with

3% H2O2 for 30 minutes to quench endogenous peroxi-sulfanilamide, 0.1 mol/L HCl/1 mmol/L naphthalene-eth-
ylenediamine dihydrocloride (NED), forming a chromo- dase activity. After washing in Tris-buffer pH 7.6 and

nonspecific blocking with bovine serum albumin (BSA)phore absorbing at 540 nm. The Griess reaction was per-
formed immediately after receiving the samples. Urine 10% for 30 minutes, the sections were incubated with

primary antibody 1:500 dilution of a CD68 mouse mAbsamples (820 �L) and NaNO2 and standards (10 to 100
�mol/L /1000 �L H2O) were incubated at 37�C for 10 (Dako Corporation, Carpinteria, CA, USA), at 4�C over-

night. After being rinsed with phosphate-buffered salineminutes with 40 �L sulfanilamide 1 mmol/L and 40 �L
HCl 0.1 mmol/L. After 100 �L NED, 1 mmol/L was (PBS), the sections were incubated with the secondary

antibody, biotinylated rabbit polyclonal antibody againstadded and the samples were incubated at room tempera-
ture for 10 minutes. Absorbance was measured in a spec- mouse antibody (Dako) for 60 minutes. The sections were

then rinsed and incubated for 20 minutes with horseradishtrophotometer at 540 nm.
peroxidase–labeled streptavidin. Finally, sections were

Assay for cytokine TNF-� revealed with diaminobenzidine (DAB) kit (Dako) 1:25
in PBS plus 0.01% H2O2. After extensive washing inStored urine samples were thawed to room tempera-

ture before cytokine analysis. Samples were centrifuged PBS, sections were counterstained with hematoxylin and
examined under light microscopy. Positive controls runat 3000 rpm for 10 minutes to remove cells and particu-

late matter. The supernatant was used. The urine profiles for each antibody (nodes sections) were processed. Neg-
ative controls were performed by omitting the primaryof TNF-� were determined by using the quantitative

sandwich enzyme-linked immunosorbent assay (ELISA). antibody and employing a nonimmune mouse antiserum
as first layer.Commercially available sandwich ELISA involves a mono-

clonal antibody coated to microtiter wells. Precise ali-
Quantitative study of CD68-positive cellsquots of the urine sample (200 �L) were added to each

microtiter well coated with the appropriate cytokine anti- Interstitial macrophage infiltration was evaluated in
the absence of any clinical data. Only cells with a clearlybody. The plate was covered with an adhesive strip to

prevent sample evaporation. The apparatus was then identifiable nucleus were counted. Positive cells were
separately counted in a similar way as previously describedincubated at room temperature for 2 hours. Each well

was aspirated and washed after incubation for a total of [28], with some modifications. Briefly, in the cortex and
medulla from randomly selected interstitial areas, CD68-three washes using an automated plate washer and wash
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positive cells were counted by using an Ortholux (Ernest (FAD), 1.25 �g/mL calmodulin, 10 �mol/L tetrahydro-
biopterin, and l-[3H] arginine (approximately 300,000Leitz, Wetzlar, Germany) microscope eyepiece graticule

to identify 10 adjacent, microscopic fields, each 0.046 cpm, 6.8 Ci/mL) in 20 mmol/L HEPES buffer (reaction
buffer), pH 7.40, at 37�C for 30 minutes. Calcium/cal-mm2. Hence, a total area of 0.46 mm2 was counted. Mac-

rophages were counted in the sequence of the aforemen- modulin-independent NOS activity was measured by us-
ing the same buffer and cofactors, without calcium andtioned fields and no adjustments were made, except to

avoid glomeruli and vessels. The numbers were ex- calmodulin, after the addition of 0.5 mmol/L ethylenedi-
aminetetraacetic acid (EDTA). Parallel reactions werepressed as CD68-positive cells per mm2 � standard error

of the mean (SEM). analyzed in the presence of 20 mmol/L l-arginine analog
N-nitro-l-arginine methyl ester (L-NAME), an inhibitor

Renal tissue homogenates of inducible and constitutive isoforms of NOS in renal
cortex and medulla of control kidneys. The reaction wasRenal cortex and medulla were removed under a ste-

reomicroscope. After weighing both, the cortex and the stopped by the addition of L-NAME 20 mmolL HEPES
buffer (100 �L) at 4�C. The total volume (210 �L) wasmedulla were immediately frozen on dry ice. Later, the

tissues were homogenized by using a glass homogenator applied to a Dowex 50W-X8, 100 to 200 mesh column
(volume 0.6 mL) that had been preequilibrated with(Lightnin Model Mixer-Volts 100, Mixing Equipment

Co., Inc., Rochester, NY, USA) in a solution (10 mg 20 mmol/L HEPES buffer (7.40) and saturated with 20
mmol/L cold citrulline. l-[3H]citrulline was eluted withtissue/100 �L solution) containing 10 mmol/L HEPES-

Tris, 0.32 mol/L sacarose, 1 mmol/L DTT, 1 mg/100 mL 200 �L deionized water and radioactivity was quantified
by scintillation counting, (Wallac, LK Beta Rack, Fin-soybean tripsin inhibitor, and 2.5 �g/mL trasylol to pH

7.40. The homogenate of each biopsy (N 	 12) was land). Blanks included 50 �L homogenate buffer plus
60 �L reaction buffer without or with calcium/calmodulinused for the measurement of NOS enzyme activity. All

chemicals were purchased from Sigma Chemical Com- for measuring iNOS and cNOS, respectively. The results
are expressed as fmol l-[3H] citrulline/mg protein/minutepany (St. Louis, MO, USA) unless otherwise noted.
incubation. Protein concentrations were measured ac-

Determination of nitrite release in homogenates from cording to Bradford [31] using Bio-Rad reagent (Rich-
renal cortex tissue mond, CA, USA). BSA was used as standard (1 mg/mL).

We measured the release of nitrite on renal cortex
RNA isolation, RT-PCR, and semiquantification fortissue using a previously described method [29]. Homog-
NOS isoformsenates from renal cortex tissue of obstructed kidneys

and from tissue of cortex kidneys under nephrectomy Total RNA was obtained from renal cortex and me-
dulla by using Trizol reagent (Life Technologies, Gibcoissued as controls were incubated with 10 mmol/L

l-arginine in a buffer (pH 7.40) containing 25 mmol/L BRL, Gaithersburg, MD, USA). Three to five micro-
grams RNA have been denaturated in the presence ofHEPES, 140 mmol/L NaCl, 5.4 mmol/L KCl, 1.8 mmol/L

CaCl2, 1 mmol/L MgCl2, and 5 mmol/L glucose at 37�C 0.5 �g/50 �L Oligo (dT)15 primer and 40 U recombinant
ribonuclease inhibitor (Rnasin, Promega, Madison, WI,for 24 hours. After centrifugation at 6400 rpm for 20

minutes, the supernatants were used for the assay of NO USA). RT was performed in the presence of mixture using
200 U reverse transcriptase Moloney-murine leukemiaproduction and the amount of NO�

2 was corrected by
means of the protein amount, measured according to the virus (M-MLV) RT in reaction buffer (Promega), 0.5

mmol/L deoxynucleotide triphosphates (dNTPs) each andBradford method. Nitrite was measured by a spectropho-
tometer at 540 nm wavelength using the Griess reaction. incubating 60 minutes at 37�C. The cDNA (10 �L) was

amplified by PCR. Each sample from obstructed andThe NO�
2 present was expressed as nanomole of nitrite

generated per milligram of protein per minute. control kidney cortex tissue was measured for iNOS,
nNOS, eNOS, and �-actin cDNA in separate tubes by

Determination of NOS activity using 50 pmol from specific primers. iNOS expression
was also performed in samples from obstructed and con-NOS activity on renal homogenates of cortex and me-

dulla was quantified by measuring the conversion of l-[3H] trol kidney medullas. The upstream and downstream
primers for iNOS were sense 5
-GCATGGACCAGTarginine to l-[3H] citrulline in the presence of saturating

concentrations of the enzyme’s cofactors as it was de- ATAAGGCAAGCA-3
 and antisense 5
-GCTTCTGG
TCGATGTCATGAGCAA-3
, respectively. These yieldscribed before [30] with brief modifications.

Homogenates from renal biopsies were centrifuged at a single band corresponding to a 220 bp fragment. Analy-
sis of the sequence revealed that it was identical to posi-3000 rpm at 4�C for 10 minutes. A 40 �L aliquot of the

each supernantant fraction was incubated with 3 mmol/L tion 1693-1915 in mouse macrophage iNOS cDNA [32].
The upstream and downstream primers for nNOS wereCaCl2, 1 mmol/L nicotinamide adenine dinucleotide phos-

phate (NADPH), 25 �mol/L flavin adenine dinucleotide 5
-GAACCCCCAAGACCATCC-3
 and 5
-TTGACAC
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Table 1. Renal junction parameters 72 hours after obstruction release in children with unilateral ureteropelvic junction (UPJ) obstruction

Creatinine clearance Urine amonium Titrable acid Osmolality
mL/min/1.73 m2 lEq/min/1.73 m2 lEq/min/1.73 m2 mOsm/kg H2O

OK CLK OK CLK OK CLK OK CLK
16.4 �1.3a 50.1�2.3 5.3 �0.9a 21.8�3.0 4.7 �0.7a 23�2.1 174 �17.2a 620.1�63.7

Abbreviations are: OK, postobstructed kidney; CLK, contralateral kidney. Data are mean � SEM.
a P � 0.01 OK vs. CLK

CCTCGTTTCGG-3
, respectively, which provide a sin- design consisted of two samples. Statistical significance
was assessed by Student impaired t test. Linear regressiongle band encompassing the 308-bp cDNA fragment [33].

The upstream and downstream primers for eNOS analysis was performed for the evaluation of the likelihood
of cNOS or iNOS activity dependency on the GFR through(325 bp) were 5
-CTACAGAGCAGCAAATCCAC

CCG-3
 and 5
-AGCAGTCGAAGGAGGCGAGGAC the measurement of creatinine clearance in obstructed
kidneys. Nonparametric correlation coefficient (Spear-TAG-3
, respectively. These primers were designed by

Dr Maria Rüttler using the PC/Gene (the nucleic acid man r test) was performed pursuant to the relationship
between the degree of interstitial fibrosis and the activityand protein sequence analysis software system from the

University of Geneva, Switzerland, IntelliGenetics Re- of nitric oxide synthase isoforms at renal cortex. P �
0.05 was considered to be significant. Results are givenlease 6.85, 1995, serial number IGI 3481).

The upstream and downstream primers for �-actin were as means � SEM. Statistical tests were performed by
using GraphPad InSat version 3.00 for Windows 95sense 5
-TGGAGAAGAGCTATGAGCTGCCTG-3
 and

antisense 5
-GTGCCACCAGACCAGCACTGTGTTG-3
, (GraphPad Software, Inc., San Diego, CA, USA).
respectively, which yield a single band corresponding to
a 201 bp cDNA fragment.

RESULTS
PCR was performed by incubating 10 �L sample

PatientscDNA with 50 mmol/L KCl Tris-ClH, 0.1% gelatin,
1.5 mmol/L MgCl2, 2 U Taq polymerase, 0.2 mmol/L Before surgery, 18 pediatric patients had a DTPA

filtration rate difference of 36.0 � 1.1%. Ultrasonogra-dNTPs, 50 pmol �-actin or iNOS, nNOS or eNOS prim-
ers in 50 �L final volume. PCR reaction was carried out phy showed a parenchyma thickness in the obstructed

kidney before surgery compared to normal kidney 3.7 �for 30 cycles (30 seconds at 94�C; 60 seconds at 57�C,
and 90 seconds at 72�C). 0.3 mm vs. 11.0 � 0.3 mm (P � 0.01). Acid base balance

was within normal range: pH 7.37 � 0.02, pCO2 (mm Hg),
Relative quantification of NOS mRNA isoforms 36 � 2, Hco�

3 (mEq/L), 21.2 � 1.8. Table 1 shows data
from glomerular and distal tubular function. SignificantThe final PCR product (15 �L) was electrophoresed

by using 2% agarose gel in Tris-borate disodium EDTA decrease of creatinine clearance (mL/min/1.73 m2) was
observed in the previously obstructed kidney (OK) re-buffer. Gels were stained with 1 mg/mL ethidium bro-

mide, visualized with an ultraviolet transluminator (UV lated to contralateral kidney (CLK) (P � 0.01). The
ability to concentrate the urine (mOsm/Kg H2O) wasCole Parmer Instruments, Chicago, IL, USA), and pho-

tographed. impaired in OK compared to CLK (P � 0.01). An inten-
sive defect on hydrogen ion secretion by the measure-The photograph was digitized using a scanner (LACIE

Silver Scanner for Macintosh) and the Desk Scan soft- ment of urine ammonium and titrable acid excretion
(�Eq/min/1.73 m2) was observed on the previously OKware (Adobe PhotoShop) on a desktop computer. The

image was inverted before performing densitometric compared to CLK.
Urinary levels of TNF-� (pg/�mol creatinine) showedanalysis using the United States National Institutes of

Health Image 1.66 software (Rasband Wayne et al, Divi- a significant increase on pelvis urine after surgery, com-
pared to the urine levels of the cytokine TNF-� ob-sion of Computer Research and Technology, NIH, Be-

thesda, MD, USA). The NOS signal was standardized tained from bladder of the CLK (N 	 18; 2.87 � 0.27
vs. 0.17 � 0.02 (P � 0.01). Significant differences wereagainst �-actin signal for each sample and results were

expressed as the NOS/�-actin ratio. also demonstrated when urine levels of the cytokine
TNF-� (pg/�mol creatinine) obtained from the nephros-

Statistical analysis tomy tube of the previously OK was compared to urine
cytokine levels of CLK bladder, 1.00 � 0.19 vs. 0.17 �The results were assessed by one-way analysis of vari-

ance for comparisons between groups. Significance of dif- 0.02 (P � 0.05) (Fig. 1). Pelvis urine nitrite (�mol/mL
NO2:�mol/mL creatinine) (N 	 18) obtained during sur-ferences was estimated by Bonferroni’s test. Student t test

was used to compare the means when the experimental gery significantly increased compared to nitrite urine
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Fig. 1. Urinary levels of tumor necrosis factor-� (TNF-�). Urine from Fig. 2. Urinary nitrite concentration. Urine from renal pelvis obtained
renal pelvis obtained during surgery proceeding pelvic obstructed kid- during surgery proceeding pelvic obstructed kidney (Pelvis OK). Urine
ney (Pelvis OK). Urine from obstructed kidneys (OKs) 72 hours after from obstructed kidneys (Oks) 72 hours after obstruction release. Urine
obstruction release. Urine from contralateral kidneys (CLK) 72 hours from contralateral kidneys (CLK) 72 hours after obstruction release.
after obstruction release. Values are mean � SEM (N 	 18). *P � Values are mean � SEM (N 	 18). *P � 0.05 OK vs. CLK; **P �
0.05 OK vs. CLK; **P � 0.01 pelvis OK vs. CLK. 0.01 pelvis OK vs. CLK.

concentration obtained from bladder urine of CLK, tubules at medulla showed CD68 expression within and
on the cell surface in renal tissue from children who1.84 � 0.33 vs. 0.04 � 0.02 (P � 0.01). Minor differences

were obtained on urine nitrite concentration (�mol/mL underwent delayed obstruction release, but not in con-
trols (Fig. 3).NO2:�mol/mL creatinine) (N 	 18), 72 hours after ob-

struction release; from the nephrostomy tube of the pre- The Tc99m-DTPA renal scan and creatinine clearance
study were performed in all patients (N 	 18) at theviously OK related to the nitrite urine concentration

from the CLK bladder, 0.80 � 0.07 vs. 0.04 � 0.02 (P � time of renal biopsy to determine the relationship of the
CD68-positive macrophage expression in the OK tissue0.05) (Fig. 2).
and the renal hemodynamics. A significant decrease on

Immunochemical studies GFR was observed in the group of children who pre-
sented the higher number of CD68-positive cells andInterstitial macrophage infiltration was detected by
who underwent obstruction release at 2.7 � 2 years ofimmunohistochemical staining for CD68 monoclonal an-
age (N 	 9), compared to the group of children whotibodies. A significant increase in the cortical interstitium
underwent obstruction release at 1.2 � 0.2 years of agemacrophage number, on CD68 immunolabeling, was
(N 	 5) The Tc 99m-DTPA was 30.6 � 1.3% vs. 36.1 �shown between biopsies obtained from kidneys of chil-
1.7% (P � 0.05), creatinine clearance (mL/min/1.73 m2)dren who underwent obstruction release at 1.2 � 0.2
was 13.21 � 1.61 vs. 19.09 � 2.17 (P � 0.05), respectively.years of age (N 	 5), and control kidney tissues: cortex,
However, two children under 8 months of age at the47.8 � 1.8 vs. 21.2 � 1.5 CD68-positive cells/mm2 (P �
time of surgery who presented a severe decrease of GFR0.01).
(�10 mL/min) were included in the group of increasedBy contrast, no differences were observed on renal
number of interstitial macrophages.interstitium medulla between these groups: 13.1 � 6.2

No remarkable staining for CD68 was observed invs. 11.6 � 0.7 CD68-positive cells/mm2. A significant
OKs from four children with atrophia and intense fibro-difference in macrophage infiltration in cortex and me-
sis, released at mean 6.2 � 0.1 years of age.dulla interstitium was found in kidney tissues from nine

children who underwent obstruction release at 2.7 � 2
Nitrite oxide generated from renal tissueyears of age, compared to control kidney tissues (N 	

3): cortex, 419 � 100 vs. 21.2 � 1.5 CD68-positive cells/ Measurement of nitrite generated from homogenates
of cortex tissue from OKs (N 	 6) was significantlymm2 (P � 0.005); medulla, 301.6 � 55.3 vs./11.6 � 0.7

CD68-positive cells/mm2 (P � 0.001). In the OK tissue, higher compared with the same tissue of control kidneys,
678.5 � 121.3 vs. 330 � 10 nmol/mg/min (P � 0.05).the increased number of CD68-positive macrophage was

observed in the peritubular cortical and medulla intersti-
NOS activity on renal tissue in obstructiontial space. Immunocytochemical localization of CD68

also revealed that tubular epithelial cells from proximal NOS activity was quantified by measuring the conver-
sion of l-[3H] arginine to l-[3H] citrulline. When homoge-tubules and cortical collecting ducts in cortex and dilated



Fig. 3. Immunohistochemical staining for CD68 monoclonal antibodies. CD68 immunolabeling in tissue from control kidney. There is sparse
interstitial macrophage infiltrate (�400). Immunostaining with CD68 antibodies of the cortex (A ) and medulla (B ) reveals a slight increase in
macrophage interstitium infiltration on tissue from obstructed kidney in children who underwent obstruction release at 1 year of age. Immunostaining
with CD68 antibodies of the cortex (C ) and medulla (D ) shows a higher increase in macrophage interstitium infiltration on tissue from obstructed
kidney in children who underwent delayed obstruction release. Slight dilation of cortical collecting ducts and proximal tubules in the cortex (E ).
Intense dilation of medullary collecting ducts (F ) with immunostaining with CD68 antibodies exhibits an intensive macrophage interstitium
infiltration on tissue from obstructed kidney in children who underwent delayed obstruction release and intensive decrease on glomerular filtration
rate (GFR) at surgery. CD68 expression within and on the cell surface in tubular epithelial cells from proximal tubules and cortical collecting
ducts (G ). CD68 expression within the cells in tubular epithelial cells from dilated medullary collecting ducts (H ).
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Fig. 5. Relationship between calcium/calmodulin-dependent NOS ac-
tivity (cNOS) activity in cortex tissue from obstructed kidneys and
glomerular filtration rate (GFR) through creatinine clearance in chil-
dren with unilateral ureteropelvic junction (UPJ) obstruction 72 hours
after surgery released. Symbols represent individual subjects. The solid
line is the fitted, least squared, regression line. Y 	 86.61 � 42.59 X;
r2 	 0.61; P � 0.002.

Fig. 4. Nitric oxide synthase (NOS) activity on tissues from obstructed
kidneys and kidneys under nephrectomy. (A ) Calcium/calmodulin-
dependent NOS activity (cNOS) and calcium/calmodulin-independent
NOS activity (iNOS) on tissue from cortex of obstructed kidneys (�)
and on tissue from cortex of control kidneys (�). Values are mean �
SEM. *P � 0.05, cNOS on tissue from obstructed vs. control kidney
cortex. (B ) iNOS and cNOS on tissue from medulla of obstructed
kidneys (�) and on tissue from medulla of control kidneys (�). Values
are mean � SEM. *P � 0.05, iNOS vs. cNOS on tissue from medulla
of obstructed kidneys. *P � 0.05 iNOS on tissue from medulla of
obstructed kidneys vs tissue from control kidney medulla.

Fig. 6. Correlation in cortex tissue from obstructed kidneys between
the calcium/calmodulin-dependent NOS activity (cNOS) activity and
the severity of the tubulointerstitial damage evaluated through tri-
chrome staining as a percentage. r 	 �0.92; P � 0.001.

nates from OK tissues (N 	 12) were incubated in the
presence of saturating concentrations of the enzyme co-
factors, significant increase on cNOS activity (fmol l-[3H] early in relation to GFR (r, 0.62; P � 0.002) (Fig. 5).
citrulline/min/mg protein) was observed in the cortex Correlation between the cNOS activity in renal cortex
related to the cortex from control kidneys cNOS, 857.7 � tissue to the severity of the tubulointerstitial damage
96.2 vs. 253.1 � 6.2 (P � 0.05). iNOS) (fmol l-[3H]citrul- in renal cortex evaluated through trichrome staining is
line/min/mg protein) was observed in OK medulla tissues shown in Figure 6. Significant inversed correlation was
compared to control medulla tissues, 942 � 143 vs. 325.2 � shown (r, �0.92; P � 0.001). Interstitial fibrosis became
3.2 (P � 0.05). Significant increase on iNOS activity com- severe according to the decrease in cNOS activity in
pared to cNOS activity was shown from OK medulla tis- the kidney homogenates. No correlation was observed
sues, 942 � 143 vs. 584 � 32 (P � 0.05). On the contrary, between iNOS activity in cortex tissue of OKs and tubu-
no differences on cNOS activity compared to iNOS activ- lointerstitial damage in tissue from OK cortex (r, 0.25;
ity (fmol l-[3H]citrulline/min/mg protein) were observed P � 0.43 NS).
in OK cortex tissues, 857.7 � 96.2 vs. 643.3 � 90.2 (Fig. 4).

NOS mRNA isoforms on renal tissue in obstructionThe relationship between cNOS activity in renal cortex
tissues and GFR 72 hours after obstruction release is Under identical conditions, a constant amount from

each sample of OK medulla and cortex (N 	 6) anddepicted in Figure 5. The cNOS activity increased lin-
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Fig. 7. Reverse transcription-polymerase chain reaction (RT-PCR) for
inducible nitric oxide synthase (iNOS) and �-actin in human tissue
from obstructed and control kidneys. PCR products from iNOS primers
(220 bp) in human medulla and cortex tissues from control and ob-

Fig. 8. Expression of endothelial nitric oxide synthase (eNOS) identi-structed kidneys. �-actin mRNA expression was also determined in
fied by reverse transcription-polymerase chain reaction (RT-PCR) inRT-PCR on same samples. Ten microliters of the RT-PCR reaction
human cortex tissue from obstructed and control kidneys. Representa-were loaded on a 2% agarose gel and the DNA fragments were stained
tive gel of PCR products from eNOS mRNA in control and obstructedwith ethidium bromide. These results are one of six independent obser-
human kidney cortex tissues. Amplification of the housekeeping �-actinvations.
cDNA (201 bp) from identical samples is shown. The first nonlettered
lane represents the migration of 100 bp ladder of molecular weight
standards from Promega, Madison, WI, USA. These results are one of
six independent observations.

samples from control kidney medulla and cortex tissues
(N 	 3) were amplified by the PCR method and the
integrated optical intensity of amplified target gene fluo-

actions of NO have been demonstrated, including regula-rescence in the ethidium bromide-stained were analyzed.
tion of glomerular hemodynamics and sodium and waterThe intensity of the amplified housekeeping gene, �-actin,
excretion, as well as participation in both immune-medi-was almost uniform in all tissues, confirming that the
ated and hypoxia-reoxygenation–induced renal injuryefficiency of RT did not vary significantly among sam-
[17]. In the present study, presence of endogenous NOples. The target gene iNOS (220 bp) was clearly visible
in renal tissue from unilateral UPJO was demonstratedin obstructed kidney medulla and cortex tissues. A slight
through the enhanced in vivo iNOS and cNOS activitydetection was demonstrated in control kidney cortex and
and increased iNOS and eNOS mRNA. To date, NOSmedulla tissues. Densitometric analysis of the iNOS
by unilateral OKs has been mainly demonstrated frommRNA corrected for �-actin expression showed an in-
in vivo [34] and in vitro [12] experimental studies.crease in OK medulla compared to control medulla tis-

We demonstrated that there is in vivo induction ofsues (relative densitometric units), 0.753 � 0.07% vs.
iNOS in human unilateral OK tissue. Both measurement0.283 � 0.01%, (P � 0.01). No significant difference was
of the iNOS activity and the iNOS expression throughobserved in OK cortex related to control renal cortex
RT-PCR technique provided evidence for the existencetissues, 0.499 � 0.09 vs. 0.279 � 0.05% (Fig. 7).
of iNOS in renal tissue from children at the time ofIncreased eNOS mRNA corrected for �-actin mRNA
obstruction release. Enhanced iNOS expression and ac-was shown in cortex tissue from OKs compared to cor-
tivity in tissue from OK medulla with lesser iNOS activitytex from control kidneys (Fig. 8), with a densitometric
and expression on tissue from the OK cortex were shown.ratio (relative densitometric units) of 0.885 � 0.01% vs.
Conversely, increased cNOS activity and constitutive0.743 � 0.03% (P � 0.05). The amplified gene nNOS
eNOS isoform mRNA were demonstrated in OK cortexagainst �-actin mRNA signal (relative densitometric
tissues.The results of enhanced iNOS activity in renalunits) showed no differences for cortex tissue of OKs
medulla in obstruction are consistent with our previouscompared to samples of control kidneys, nNOS, 0.602 �
data on an experimental model of UUO [14].0.02% vs. 0.616 � 0.03%.

The regulation of iNOS expression and activity in re-
sponse to inflammatory cytokines has been intensively

DISCUSSION communicated [20]. Recent evidence also suggests that
iNOS may be constitutively expressed in the kidney [35].NO is an important signaling and molecular mediator

of essential biological processes. In the kidney, important Our results of the presence of basal activity and expres-
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sion of the iNOS isoform in control kidney tissue confirm time was lengthened [4]. The steady increase in the num-
ber of interstitial macrophages continuing to the decreasethe constitutive expression and activity of iNOS. The

increased expression of iNOS we detected from OK tis- in renal function was noted due to the significant de-
crease in GFR and decreased filtration rate through renalsue is known to be induced by cytokines. Up-regulation

of TNF-� has been reported in obstruction [8]. Binding scan in patients who underwent delayed obstruction re-
lease. Expansion of the interstitial volume that includesto its receptors, TNF-� activates signals of transduction

pathways that result in the expression of a variety of monocyte-macrophage infiltration leads to increased spa-
tial separation of the peritubular capillary network fromtranscription factors, growth factors, and mediators of

inflammatory processes [36]. The exposure to TNF-�, at the tubules, resulting in insufficient perfusion and loss
of transport efficiency [40]. Data of distal tubular func-medullary collecting duct cells in the kidney, induces

expression of iNOS [20]. Experimental data support the tion in the present study showed an intensely impaired
hydrogen ion excretion in patients after kidney obstruc-concept that after unilateral obstruction of the kidney,

TNF-� contributes to the increased macrophage migra- tion release. In accordance to these clinical results, we
previously reported a significant decrease in H�-ATPasetion into the renal interstitium of the affected kidney

[37]. These data are consistent with the increased TNF-� activity on IMCDs in experimental UUO [41]. We dem-
onstrated that endogenous NO increased by iNOS wasexcretion from urine of renal obstructed pelvis and en-

hanced interstitial macrophage infiltration that we have involved in the inhibition of H�-ATPase activity in ob-
structed IMCD segments [14]. A direct cytotoxic effectdemonstrated in the patients. Furthermore, TNF-� has

been found to stimulate the activity of a monocyte che- of high intratubular pressure in obstruction may be in-
cluded in tubular hydrogen ion secretion defect and latermoattractant protein-1 (MCP-1), this chemokine has

been proved to be a mediator of monocyte influx in the progression to permanent renal injury. The loss of tubu-
lar epithelial cells leading to tubule atrophy has alsointerstitium. Increased MCP-1 gene expression and urine

excretion in congenital UPJO patients have been pre- been involved in renal function decline [42].
The role of infiltrating macrophages in decreasingviously reported [38]. Thus, a role of TNF-� in the macro-

phage recruitment and deployment to the renal intersti- GFR has been reported in obstructive nephropathy [5]
Inflammation of renal interstitium may activate angio-tium is suggested in children with UPJO. Despite a

pattern that included a slight increase of macrophage in tensinogen transcription through cytokines [interleukin-1
(IL-1) and TNF-�] produced by macrophages or intrinsicinterstitial cortex, no significant differences were found

in the expression of CD68-macrophage-positive cells be- renal cells [43]. Vasoconstrictors, including increased an-
giotensin II production, are known to mediate the selec-tween cortex and medulla interstitium in children with

UPJO, by contrast to what had been previously described tive increase in renal vascular resistance in the mecha-
nism of reduced GFR in obstruction. Early on, afterin an experimental model of obstructive nephropathy

[4]. Our demonstration of immunocytochemical localiza- ureteral occlusion, an increase in glomerular capillary
hydrostatic pressure, resulting in a lower net filtrationtion of CD68 in tubule epithelial cells of OKs could

reveal macrophage infiltration on collecting tubules and pressure, has been shown in previous micropuncture
studies [44]. Decreased renal flow, due to the constrictiondilated medullar tubules or that tubular epithelial cells

exhibit sporadic CD68 expression within and on the cell of the afferent arteriole, accompanied by a fall in plasma
flow per nephron and decreased GFR, has been reportedsurface. Morrissey et al [39] have described significant

induction of CD14 mRNA in tubular epithelial cells in 24 hours after unilateral obstruction [2]. It is conceivable
that physical stretch of the endothelium with an in-obstructed renal injury and its regulation by TNF-�

through TNF receptor [39]. creased hydrostatic pressure enhances the release of en-
dothelial-derived relaxing factor (EDRF) [34]. AlthoughPresence of interstitial macrophage infiltration in this

study showed that the increment in the number of CD68- they are classified as constitutive enzymes, specific stim-
uli, including increased local vascular resistance andmacrophage-positive cells was related to the time of ob-

struction release and the initial obstruction severity through shear stress, have to be taken into account in obstruction.
Our present results showed increased cNOS activityGFR. Sharp renal interstitial infiltration increment in the

number of CD68-macrophage-positive cells was demon- in renal homogenates from obstructed cortex, with lesser
activity on renal obstructed medulla. Modulation of renalstrated in children who underwent delayed obstruction

release. Notwithstanding two children, who were under hemodynamics by endogenous NO in response to intense
vasoconstriction could be inferred from our results of8 months of age at the time of surgery, were included

in this group of increased number of interstitial macro- the glomerular filtration effect on cNOS activity in ob-
struction. Participation of the eNOS isoform, localized tophages. Those children had a marked decrease of GFR

due to a severe obstruction degree. In like manner, ex- the renal endothelium of glomerular capillaries, afferent
and efferent arterioles, in the modulation of renal vascu-perimental kinetics data had shown that interstitial mac-

rophage number significantly increased as the obstruction lar resistance could be demonstrated through our results
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of increased eNOS mRNA expression by RT-PCR in tration still showed higher urine concentration related
to the one of the CLKs. The measured urinary nitritethe obstructed cortex.

Intrarenal vascular resistance adjustments include the was derived from NO generated by cNOS and iNOS. In
the aftermath of a previous study, it was suggested thattubuloglomerular feedback and the myogenic mecha-

nisms. Presence of nNOS expression being localized to urinary nitrite excretion does not correlate with renal
NO production [52]. Hence, we timely measured nitritethe cells of the macula densa by its contribution to the

macula densa-dependent tubuloglomerular feedback sig- excretion from OK homogenates. A significant increase
in NO release in obstructed renal homogenates was de-nals participation in the regulation of glomerular ultra-

filtration [45]. Increased nNOS could also be related to tected.
the increased renin secretion due to a lower NaCl deliv-
ery at macula densa pursuant to previous demonstration

CONCLUSION
of abnormal sodium retention in obstruction [46]. None-

These results provide evidence for the increased cNOStheless, we could not demonstrate increased nNOS ex-
activity and eNOS expression in the renal cortex, andpression in OK cortex, related to control renal cortex as
iNOS activity and expression, likely induced by inflam-being involved in our results of increased cNOS activity.
matory cytokines at medulla tissue of unilateral UPJNO not only modifies renal hemodynamics, but also
obstructed kidneys in children.fulfills the role of an antifibrotic factor in obstruction.

Early cellular derangements showed increments in theThe role of constitutive NOS in ameliorating interstitial
number of CD68 macrophage-positive cells at intersti-fibrosis could be suggested due to the significant inverse
tium, which are related to a late obstruction release andcorrelation between cNOS activity and fibrosis degree
severity of the obstruction degree at time of surgery.in obstructed cortex kidneys. In an iNOS knockout mice

The role of endogenous NO through cNOS in modu-model of unilateral obstruction, a significant role of
lating the intense vasoconstriction and fibrosis can beeNOS has been shown for down-regulating renal fibrosis
inferred from the increased cNOS activity in relation[47]. Loss of eNOS staining in peritubular capillaries of
with enhanced GFR and decreased interstitial fibrosis.aging rats, contributing to increased tubulointerstitial
Prolonged UPJ obstruction would lead to a worsenedrenal injury, has also been reported [48]. In the present
prognosis on renal injury.study, we provide evidence supporting the increased

cNOS activity to be mainly related to eNOS isoform. A
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