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Nitric Oxide and Tubulointerstitial Nephritides

By Joseph Mattana, Ananea Adamidis, and Pravin C. Singhal

s part of the exponential growth in our understanding of nitric oxide (NO) in health and disease over the past 2
ecades, the kidney has become appreciated as a major site where NO may play a number of important roles.
lthough earlier work on the kidney focused more on effects of NO at the level of larger blood vessels and
lomeruli, there has been a rapidly growing body of work showing critical roles for NO in tubulointerstitial disease.

n this review we discuss some of the recent contributions to this important field.
2004 Elsevier Inc. All rights reserved.
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ESPITE ITS deceptively simple structure, ni-
tric oxide (NO) is now known to exert phys-

ologically important effects in virtually every or-
an system in the body. The kidney has stood out
s one such organ system. Just as an intensive
ocus on tubulointerstitial disease appeared to lag a
it behind glomerular disease as an area of re-
earch, the study of NO and the kidney appears to
how a similar sequence of investigative focus. In
ecent years, we have been fortunate to experience

rapid growth in research on NO and the tubu-
ointerstitium and in this review we discuss some
f these recent contributions.
NO has many complex effects because of its

nique biochemical properties. NO has an ex-
remely short half-life (on the order of seconds) in
ivo because it is scavenged rapidly. It also easily
enetrates cell membranes to modulate signaling
ascades via covalent interactions with various tar-
ets. These unique biochemical characteristics
ake NO well suited as an autocrine or paracrine

ignaling mediator.
NO interacts with many targets. Perhaps the
ost well-defined interaction is with the heme

roup of soluble guanylate cyclase mediating the
onversion of guanosine triphosphate to cyclic
uanosine monophosphate and the subsequent
ownstream signaling events. NO also interacts
ith thiol groups on proteins forming S-nitrosothi-
ls, Fe/S groups on hemoglobin,1 and superoxide
adical to form peroxynitrite, which causes cellular
oxicity via posttranslational changes in tyrosine
esidues of proteins.2

NO is synthesized from L-arginine under enzy-
atic activation by NO synthase (NOS). Given
O’s role as a paracrine mediator, the site of

xpression of NOS determines where it will exert
ts actions. There are 3 NOS isoforms. Neuronal
OS (nNOS) and endothelial NOS (eNOS) are

onstitutive enzymes that produce low levels of

O. nNOS resides in neurons throughout the body

eminars in Nephrology, Vol 24, No 4 (July), 2004: pp 345-353
nd in the juxtaglomerular apparatus in the kidney
here it is important in regulating tubuloglomeru-

ar feedback.3,4 eNOS appears in endothelial cells
here it is important in regulating systemic and

enal vascular tone. There is also an inducible form
f NOS (iNOS) that is induced transcriptionally by
roinflammatory cytokines and produces large
mounts of NO.5 iNOS has been localized in the
idney in mesangial cells, in the afferent arteriole,
n inner medullary collecting duct cells, as well as
n infiltrating neutrophils and macrophages. iNOS
lso has been an important topic of research in
ubulointerstitial nephritis and NOS inhibitors such
s NG-monomethyl-L-arginine, NW-nitro-L-argi-
ine-methyl ester (L-NAME), and the iNOS-spe-
ific L-N6-(1-iminoethyl) lysine (L-NIL) have
een important tools in this work as is discussed
ater.

NO PHYSIOLOGY

NO was first discovered because of its systemic
ascular effects as endothelial-derived relaxing
actor. NO also has important effects on the renal
asculature. Studies have shown that eNOS inhi-
ition in rats leads to increased glomerular vascu-
ar resistances,6-10 effects that may involve inhibi-
ory effects of NO on angiotensin II as described
ater. Angiotensin II infusion in rats similarly in-
reases glomerular vascular resistances.9,11,12 Rats
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MATTANA, ADAMIDIS, AND SINGHAL346
retreated with losartan, an angiotensin II receptor
ntagonist, were largely protected from the effects
f NOS inhibition. This provides importance evi-
ence that NO antagonizes angiotensin II.
NO exerts many actions on tubular function. It

nhibits Na entry into the cortical collecting duct,
a-H exchange in proximal tubules, and Na-K-

denosine triphosphatase activity, as well as de-
reasing collecting tubule responsiveness to anti-
iuretic hormone.13-15 These actions lead to
nhanced renal sodium and water excretion. Also,
ncreased salt intake and NO donors increase renal
a excretion. On the other hand, NOS inhibition
ecreases renal Na excretion.16 Therefore, NO ap-
ears to play a major regulatory role on renal salt
nd water handling. This important function is
iscussed later in the discussion of how chronic
ubulointerstitial injury may lead to the develop-
ent of salt-sensitive hypertension.
NO, mostly via iNOS, interacts with the immune

ystem on many levels, leading to beneficial (tu-
or cell and intracellular parasite destruction) as
ell as harmful (cellular toxicity) outcomes. iNOS
as been shown to be induced by many compounds
ncluding CD40/CD40 ligand on T cells, lipopoly-
accharide, tumor necrosis factor-�, interferon-�,
nterleukin (IL)-12, and IL-1-�; also, the iNOS
romoter has nuclear factor � B (NF-�B) and in-
erferon-� response elements.5,17-21 On the other
and, iNOS induction can be inhibited by IL-4,
L-5, and transforming growth factor-�.5 These
nteractions may play a role in tubulointerstitial
ephritis.
NO has important effects on T cells. Two rat

henotypes have been described based on T-cell
esponse to mitogens: low responders and high
esponders.22,23 Nonselective NOS inhibition can
ransform low responders to high responders.24 In
ddition, iNOS �/� mice show enhanced T-cell
roliferation.25 On the other hand, IL-12 causes
uppression of the cellular immune response via
NOS induction.21 These findings suggest that NO
s immunosuppressive to T cells. The immunosup-
ressive effects of NO appear to have relevance to
nterstitial nephritis as outlined later, although it
hould be noted that as discussed by Kelly and
old,26 NO may have important immunoregula-

ory effects in a variety of autoimmune diseases as

hey have reviewed in detail. d
NO IN IMMUNE-MEDIATED
TUBULOINTERSTITIAL NEPHRITIS

NO appears to have an important role in im-
une-mediated interstitial nephritis. An experi-
ental model of T-cell–dependent autoimmune

nterstitial nephritis that can be induced in rats
xposed to renal tubular antigen has served as a
ajor system in which extensive insights have

een gained into mechanisms of NO in tubuloin-
erstitial nephritis.26,27 In this model, Brown Nor-
ay rats are injected with renal tubular antigen in

omplete Freund’s adjuvant. Initially, this results
n polymorphonuclear leukocyte infiltration of the
nterstitium. Polymorphonuclear cells become re-
laced by monocytes, T lymphocytes, and B cells.
iven NO’s known effect on lymphocytes, Gabbai

t al27 examined the role of iNOS in this model of
utoimmune interstitial nephritis. By using this
odel, these investigators examined the effects of

ral administration of the iNOS inhibitors
-NAME and L-NIL on autoimmune interstitial
ephritis. iNOS was shown to be markedly in-
reased in cortical tubular epithelial cells of treated
nimals and this appeared to be specific to the
idney because despite the systemic administration
f the combined renal tubular antigen/complete
reund’s adjuvant other organs did not show in-
reased iNOS immunostaining. There was also ev-
dence of increased generation of NO as shown by
nhanced levels of nitrate and nitrite in plasma and
rine. The finding of enhanced iNOS expression
nd NO generation by itself does not point to an
meliorating or exacerbating effect on the course
f the disease. One could envision that enhanced
O generation might promote tissue injury and

xacerbate the course of interstitial nephritis while
t the same time the immunosuppressive effect of
O as regards lymphocytes might predominate. In

hese studies, the investigators found that admin-
stration of L-NAME and L-NIL had deleterious
ffects on the course of disease. Renal function
eteriorated faster in the L-NAME–and L-NIL–
reated animals and treatment with these agents
lso resulted in worsened inflammatory infiltration
f the interstitium. These results strongly suggest
hat in this model of autoimmune interstitial ne-
hritis increased iNOS activity and NO generation
ccurs and has a beneficial impact on the course of

isease.
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NO AND TUBULOINTERSTITIAL NEPHRITIDES 347
The autoimmune model of interstitial nephritis
lso has allowed for the recent development of
ey insights into the previously poorly under-
tood phenomenon of decreased glomerular fil-
ration rate (GFR) in interstitial nephritis.28 In
ontrast to glomerular disease, it has been un-
lear how an inflammatory process in the inter-
titium results in a pronounced decrease in the
FR. Several mechanisms for this have been
ebated including mechanical factors affecting
ltration and altered levels of various vasoactive
ompounds. To evaluate the mechanism by
hich this takes place, Gabbai et al28 performed
icropuncture studies using the autoimmune in-

erstitial nephritis model in the presence and
bsence of the iNOS blocker L-NIL. At day 7,
espite there being only mild histologic changes
n the kidney, there was a greater than 50%
ecrease in GFR and in the single-nephron GFR
the latter was associated with decreased single-
ephron plasma flow and in the glomerular ul-
rafiltration coefficient28). By day 21 the kidneys
howed extensive mononuclear cell infiltration
nd significant structural derangements of the
nterstitium though with normal glomeruli. The
FR rate was reduced further in these animals

long with a reduction in mean arterial pressure
hile the single-nephron GFR was higher than in

he rats at 7 days, although it only reached the
evel of control animals. As a final part of the
tudy, the investigators infused L-NIL and per-
ormed micropuncture studies. Ten days after
dministration of renal tubular antigen and com-
lete Freund’s adjuvant, L-NIL infusion resulted
n increased GFR, single-nephron GFR, and sin-
le-nephron plasma flow via a disproportion-
tely greater decrease in afferent arteriolar resis-
ance. Based on these findings, it appears that

odulation of NO generation may have different
onsequences acutely and chronically. The acute
ffect of iNOS inhibition appears to result in
nhanced GFR through its vascular effects. With
ustained inhibition, however, immunologic ef-
ects as a result of iNOS inhibition may become
f greater importance. Therefore, acute iNOS
nhibition may be of benefit owing to its effects
n the vasculature whereas chronic iNOS inhi-
ition may be harmful owing to effects on the

mmune system. i
NO IN CHRONIC TUBULOINTERSTITIAL
DISEASE AND HYPERTENSION

Another model of tubulointerstitial nephritis is
ne of chronic tubulointerstitial nephritis leading
o salt-sensitive hypertension. This is an interesting
odel because it depicts how tubulointerstitial dis-

ase, however subtle, can lead to changes in tubu-
ar function. Angiotensin II and catecholamines
ave been shown to cause chronic tubulointerstitial
njury and microvascular damage with resultant
ysfunction of natriuresis and the development of
alt-sensitive hypertension.29-31 NOS inhibition
ould be expected to cause similar effects because
O acts as an inhibitor of angiotensin II and cat-

cholamines. NOS inhibition has been shown to
ause mild glomerulosclerosis, interstitial fibrosis,
nflammatory infiltration into the tubulointersti-
ium with expression of adhesion molecules, and
ypertension involving adrenergics and the renin-
ngiotensin system.32-35 These findings suggest
hat NO appears to be important in preventing
ubulointerstitial injury owing to angiotensin II.
ecause many of the earlier-described changes are
-cell mediated, measures to pharmacologically
odulate T-cell proliferation might have an ame-

iorating effect on tubulointerstitial injury as well.
ycophenolate mofetil (MMF) represents one

uch agent that might be expected to impact favor-
bly on tubulointerstitial disease via its immuno-
ogic effects. MMF inhibits inosine monophos-
hate dehydrogenase (de novo purine synthesis)
nd therefore inhibits T-cell proliferation, which is
ependent on de novo purine synthesis.36 Fujihara
t al37 evaluated the effect of MMF in rats sub-
ected to chronic inhibition NOS. In these experi-
ents, Munich-Wistar rats were placed on a high

alt diet; a high salt diet plus L-NAME; and a high
alt diet, L-NAME, and MMF. Hemodynamic and
istologic studies then were performed. Compared
ith high salt alone, L-NAME treatment enhanced
lomerulosclerosis, glomerular collapse, glomeru-
ar necrosis, interstitial area, as well as myointimal
roliferation and fibrinoid necrosis. All of these
ariables with the exception of myointimal prolif-
ration were diminished significantly by MMF
reatment, although it did not ameliorate the hemo-
ynamic abnormalities associated with this model.
MF had effects on cellular infiltration of the

idney as well. High salt treatment plus L-NAME

ncreased infiltration of lymphocytes in the glo-
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MATTANA, ADAMIDIS, AND SINGHAL348
eruli, vasculature, and interstitium compared
ith high salt alone, but this was diminished by
MF treatment. Macrophage infiltration of the

asculature and interstitium was increased by high
alt and L-NAME treatment as well. MMF treat-
ent diminished macrophage infiltration of the

nterstitium but not the vasculature.37

NO IN PROTEINURIA-MEDIATED
TUBULOINTERSTITIAL DISEASE

Although proteinuria was once viewed more as a
onsequence of kidney disease rather than as a
actor in its progression, it is now well understood
hat proteinuria itself can have deleterious conse-
uences for the tubulointerstitium. Tubulointersti-
ial damage as a consequence of glomerular pro-
einuria as well as from overflow proteinuria has
een described in both humans and in animal mod-
ls and has served as a productive area for inves-
igation into mechanisms of progression of renal
isease.38 In the clinical setting, the presence of
ubulointerstitial damage has been found to predict

worsened prognosis for a variety of glomerular
iseases and therapeutic modalities directed at di-
inishing proteinuria such as angiotensin convert-

ng enzyme inhibition, angiotensin receptor block-
de and dietary protein restriction may have
eneficial effects by a consequent reduction in
ubulointerstitial disease. The interaction of filtered
roteins with tubular epithelial cells appears to
nitiate a cascade of signaling events that involves
ctivation of the transcription factor NF-�B and
ecretion of various agents including cytokines and
hemoattractant substances, which can recruit in-
ammatory cells into the interstitium and promote

ubulointerstitial damage. NO is of potential inter-
st in the area of proteinuria-mediated tubulointer-
titial disease given that it does have effects on the
ranscription of NF-�B–dependent genes as noted
arlier. As noted by Rangan et al,39 the effects of
O on NF-�B appear to be divergent. Although
O appears to enhance activation of NF-�B in

ymphocytes, NO appears to inhibit NF-�B activa-
ion in mesangial cells, endothelial cells, and in
ascular smooth muscle cells. Given the ability of
O to modulate NF-�B activation and given the

mportance of NF-�B in proteinuria-mediated tu-
ulointerstitial disease, these investigators per-
ormed studies to investigate the effects of the NO
ynthase inhibitors aminoguanidine and L-NIL in the

39
oxorubicin model. In this model, doxorubicin c
ydrochloride administration resulted in the devel-
pment of proteinuria with consequent tubulointer-
titial damage manifested by tubular atrophy, cel-
ular infiltration into the interstitium, and increased
nterstitial volume. In these studies, the investiga-
ors showed that administration of aminoguanidine
nd L-NIL exacerbated tubulointerstitial disease,
uggesting that NO may exert a beneficial effect on
he tubulointerstitium in the setting of proteinuria-
ediated tubulointerstitial disease. Expression of

he NF-�B–dependent genes monocyte chemoat-
ractant protein-1 (MCP-1), IL-10, and osteopontin
lso were enhanced by aminoguanidine and L-NIL
dministration. These investigators also evaluated
he effects of an NO donor, molsidomine (Mol), on
ubulointerstitial disease in this model. Although
ne might have anticipated a beneficial effect of
ol in this model, it worsened the development of

ubulointerstitial disease.39 Given this plus the in-
estigators’ additional finding that renal cortical
ipid peroxidation was increased by treatment by

ol, the investigators reasoned that in this setting
ol administration likely exerted a prooxidant ef-

ect associated with enhanced generation of per-
xynitrite, leading to tissue injury. In contrast to
his effect of a systemically administered NO do-
or, locally generated NO may instead exert ben-
ficial effects on tubulointerstitial inflammation via
echanisms such as diminished proliferation of
onocytes and T cells as outlined earlier, suggest-

ng that the context and location in which NO is
enerated are important in determining its impact
n tubulointerstitial disease. The report of Kang et
l40 showed that exacerbation of tubulointerstitial
njury by NO inhibition in the remnant kidney
odel is consistent with this. Perhaps manipulation

f NO generation may eventually represent a
romising therapeutic strategy to diminish tubulo-
nterstitial damage in the setting of glomerular
isease and perhaps overflow proteinuria as well.

NO IN OBSTRUCTIVE TUBULOINTERSTITIAL
DISEASE

Urinary tract obstruction results in injury to re-
al tubular cells, ultimately leading to tubulointer-
titial damage, a process that precedes glomerular
hanges. Tubulointerstitial damage as a conse-
uence of urinary tract obstruction represents an-
ther area in which NO may play a role in tubu-
ointerstitial pathophysiology. Ureteral obstruction

auses increased transforming growth factor �
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NO AND TUBULOINTERSTITIAL NEPHRITIDES 349
TGF-�) expression and increased interstitial fi-
rosis as well as tubular cell apoptosis.41 TGF-�
as a number of effects that could promote apo-
tosis in this setting including p53 up-regulation
nd inhibition of bcl-2.42,43 After the demonstra-
ion that angiotensin converting enzyme inhibition
iminishes interstitial fibrosis in ureteral obstruc-
ion, Morrissey et al44 evaluated the role of NO in
his process. Rats subjected to unilateral ureteral
igation were treated with or without the angioten-
in converting enzyme inhibitor enalapril, enalapril
lus L-NAME, or the NO precursor L-arginine.
he decrease in tubulointerstitial damage by ena-

april treatment, which was associated with in-
reased urinary nitrate excretion, was antagonized
y L-NAME treatment. L-arginine administration
ad a salutary effect on most of the injury param-
ters measured as well, suggesting that in the set-
ing of ureteral obstruction NO may play an im-
ortant role in attenuating the development of
ubulointerstitial injury. Huang et al45 also have
eported more severe renal parenchymal injury in
NOS knockout mice after unilateral ureteral liga-
ion. Because TGF-� �/� mice have increased
NOS expression46 and other evidence suggesting
hat TGF-� may diminish NO generation, TGF-�
ay contribute to tubulointerstitial damage in ob-

tructive uropathy in part via altered generation of
O. Administration of a monoclonal antibody to
GF-�, 1D11, was found to diminish the develop-
ent of tubular cell apoptosis and fibrosis in rats
ith unilateral ureteral obstruction.47 The attenua-

ion of fibrosis and tubular cell apoptosis in the
bstructed kidney by 1D11 also was associated
ith an increase in iNOS activity.47 These studies
ave provided important insights into how NO and
ts modulation by TGF-� play roles in the patho-
enesis of tubulointerstitial injury in obstructive
ropathy.

NO IN ISCHEMIC, SEPTIC, AND DRUG-
INDUCED TUBULOINTERSTITIAL DISEASE

Tubulointerstitial damage as a consequence of
schemia, sepsis, and injury from drugs and toxins
re a common clinical problem and NO appears to
ave a variety of roles in these settings as well. For
xample, Chaterjee et al48 examined the impact of
NOS inhibition in an animal model of ischemia/
eperfusion injury. In these studies, male Wistar
ats were subjected to 45 minutes of bilateral renal

schemia followed by 6 hours of reperfusion in the c
resence or absence of the iNOS inhibitors L-NIL
r aminoethyl-isothiourea. Treatment with both of
hese iNOS inhibitors reduced tubulointerstitial in-
ury in this model. The investigators also showed
ecreased plasma levels of nitrite/nitrate as well as
ecreased tissue nitrotyrosine content. Other inves-
igators have shown that NO donors can impair
dhesion of tubular epithelial cells to matrix, an
vent that is consistent with increased cell death.49

hese findings suggest a deleterious effect of NO
n the setting of acute ischemic injury.

Ischemic injury to tubular cells occurs in sickle
ell disease as well. Using transgenic sickle cell
ice, Bank et al50 have shown enhanced expres-

ion of iNOS and the endothelial cell isoform of
OS as well as increased apoptosis and immuno-

taining for nitrotyrosine in tubular cells in areas
taining for iNOS.51 These investigators subse-
uently performed studies in transgenic sickle cell
ice using mercaptoethylguanidine, which inhibits

NOS and functions as a peroxynitrite scavenger.
hese investigators found that administration of
ercaptoethylguanidine markedly diminished iNOS

Fig 1. Mice transgenic for HIV-1 genes, in groups
f 6, were administered normal saline or normal saline
ontaining morphine daily for 24 weeks. Subse-
uently, kidneys were isolated, renal cortices were
issected, and immunohistochemical studies were
erformed to label AT1 receptors. Representative mi-
rographs of (A) control and (B) morphine-treated
ouse are shown. (B) Morphine-treated mouse

howed enhanced tubular cell expression of AT1 re-

eptors (brown staining). Magnification �150.
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MATTANA, ADAMIDIS, AND SINGHAL350
mmunostaining and nitrotyrosine deposition as
ell as apoptosis of tubular epithelial cells.52

hese studies have suggested that tubulointerstitial
njury in sickle cell disease may be associated with
nhanced NO generation.

NO may participate in tubulointerstitial injury
esulting from septic insults as well. Glynne et al53

valuated the effects of tumor necrosis factor-�,
L-1 �, and interferon-� in vitro on proximal tu-
ular epithelial cell morphology, actin immuno-
taining, apoptosis, necrosis, integrin localization,
nd iNOS immunostaining. These investigators
howed cell detachment related to NO generation

Fig 3. Effect of L-NAME
n morphine-induced tubu-

ar cell apoptosis. Equal
umbers of human proximal
ubular (HK2) cells were in-
ubated in media containing
ither buffer (C), morphine

M, 10�8 mol/L), losartan
LOS, 10�7 mol/L), L-NAME (1

mol/L), morphine and LOS,
r morphine and L-NAME
or 24 hours. Subsequently,
ells were assayed for apo-
tosis. Results (means �
EM) are 4 sets of experi-
ents, each performed in

riplicate. *P < 0.001 com-

ared with other variables.
y iNOS and found co-expression of iNOS with
ntegrins that had lost their basolateral localization.
hese findings suggest that the cytokine derange-
ents characteristic of sepsis may in part promote

ubular injury via NO, by a mechanism that might
e related to altered localization of integrins and
onsequent disrupted adhesion to basement mem-
rane, thereby resulting in cell death.
Drugs and toxins represent common sources of

ubulointerstitial injury. For example, cyclosporine
nd tacrolimus are 2 such drugs for which we have
ained substantial mechanistic insight into the role
f NO in mediating injury. Amore et al54 showed

Fig 2. Equal numbers of
HK2 cells were incubated
in media containing either
buffer, morphine (10�8 mol/
L), Ang II (10�7 mol/L),
morphine and losartan (10�7

mol/L), morphine and L-
NAME (1 mmol/L), or Ang II
and L-NAME for 24 hours
followed by staining with
H-33342. (A) Control cells. (B
and C) Cells treated with
morphine and Ang II, re-
spectively. (D) Cells treated
with morphine and losartan.
(E and F) Cells treated with
morphine and L-NAME and
Ang II and L-NAME, respec-
tively. Apoptotic cells are
indicated by bright fluores-
cence by condensed/frag-
mented nuclei.
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NO AND TUBULOINTERSTITIAL NEPHRITIDES 351
nhanced apoptosis of human renal tubular cells as
ell as of human mesangial cells, human umbilical
ein endothelial cells, and murine endothelial cells
n the presence of cyclosporine in a concentration-
ependent manner. They found that apoptosis was
ecreased by L-NAME and worsened by the NO
onor sodium nitroprusside,54 suggesting a role for
O in tubular toxicity associated with the use of

his drug.
Angiotensin II has been shown to play an im-

ortant role in the progression of tubulointerstitial
brosis. Tubulointerstitial lesions have been re-
orted to be an important hallmark of human im-
unodeficiency virus (HIV)- and heroin-associ-

ted nephropathies. Heroin addiction is also an
ndependent risk factor for the development of
IV-associated nephropathy. Recently, one of us
bserved that morphine (an active metabolite of
eroin) increased expression of tubular cell angio-
ensin II type-1 (AT1) receptors as well as tubular
ell apoptosis in a mouse model of HIV-associated
ephropathy (Fig 1; and Singhal et al, unpublished
ata). In in vitro studies, morphine also promoted
ubular cell apoptosis. This effect of morphine was
nhibited both by an AT1 receptor inhibitor, losar-
an, and a NOS inhibitor, L-NAME (Figs 2 and 3,
nd Singhal et al, unpublished data). Interestingly,
ngiotensin II also promoted proximal tubular cell
poptosis, which was inhibited partially both by
osartan and L-NAME (Figs 2 and 4, and Singhal
t al, unpublished data). These findings suggest
hat drugs such as morphine may be inducing tu-

Fig 4. Effect of L-NAME
n Ang II–induced tubular
ell apoptosis. Equal num-
ers of HK2 cells were incu-
ated in media containing
ither buffer (C), Ang II (M,
0�7 mol/L), losartan (LOS,
0�7 mol/L), L-NAME (1
mol/L), Ang II and LOS, or
ng II and L-NAME for 24
ours. Subsequently, cells
ere assayed for apoptosis.
esults (means � SEM) are

series of experiments,
ach performed in triplicate.
P < .001 compared with
ther variables.
ular cell injury through the generation of angio-
ensin II. The latter seems to mediate its effect
hrough NO.

CONCLUSIONS

In recent years, our understanding of tubuloin-
erstitial disease has increased dramatically and in
arallel with this it is apparent that NO plays a
umber of important roles. Studies examining the
ole of NO in tubulointerstitial disease suggest that
he setting in which NO is produced, including cell
ypes that are exposed to it and the presence of
ther agents such as oxygen radicals, can result in
omewhat divergent outcomes and that a deeper
echanistic understanding of NO in tubulointersti-

ial disease over the coming years may eventually
llow for manipulation of its production and action
o be used as a therapeutic tool.
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