Role of Nitric Oxide in Diabetic Nephropathy

By Sharma S. Prabhakar

Diabetic nephropathy is the leading cause of end-stage renal disease in the Western hemisphere. Endothelial
dysfunction is the central pathophysiologic denominator for all cardiovascular complications of diabetes including
nephropathy. Abnormalities of nitric oxide (NO) production modulate renal structure and function in diabetes but,
despite the vast literature, major gaps exist in our understanding in this field because the published studies mostly
are confusing and contradictory. In this review, we attempt to review the existing literature, discuss the contro-
versies, and reach some general conclusions as to the role of NO production in the diabetic kidney. The complex
metabolic milieu in diabetes triggers several pathophysiologic mechanisms that simultaneously stimulate and
suppress NO production. The net effect on renal NO production depends on the mechanisms that prevail in a given
stage of the disease. Based on the current evidence, it is reasonable to conclude that early nephropathy in diabetes
is associated with increased intrarenal NO production mediated primarily by constitutively released NO (endothe-
lial nitric oxide synthase [eNOS] and neuronal nitric oxide synthase [NNOS]). The enhanced NO production may
contribute to hyperfiltration and microalbuminuria that characterizes early diabetic nephropathy. On the other
hand, a majority of the studies indicate that advanced nephropathy leading to severe proteinuria, declining renal
function, and hypertension is associated with a state of progressive NO deficiency. Several factors including
hyperglycemia, advanced glycosylation end products, increased oxidant stress, as well as activation of protein
kinase C and transforming growth factor (TGF)- contribute to decreased NO production and/or availability. These
effects are mediated through multiple mechanisms such as glucose quenching, and inhibition and/or posttrans-
lational modification of NOS activity of both endothelial and inducible isoforms. Finally, genetic polymorphisms of
the NOS enzyme also may play a role in the NO abnormalities that contribute to the development and progression

of diabetic nephropathy.
© 2004 Elsevier Inc. All rights reserved.

HE INCIDENCE and prevalence of diabetes

isincreasing worldwide at an alarming rate so
that many consider it a global epidemic. Diabetic
nephropathy is a major microvascular complica-
tion of diabetes and progression to end-stage renal
disease (ESRD) almost always is inevitable unless
preventive strategies are implemented in the very
initial stages of nephropathy. Diabetes as a cause
of ESRD has surpassed all other diseases, account-
ing for approximately 40% of all cases of ESRD in
the United States. Currently, diabetic nephropathy
is incriminated as the leading cause of ESRD not
only in the United States but in the entire Western
hemisphere and is emerging as one of the major
diseases resulting in ESRD even among develop-
ing nations. Although the reasons for the global
epidemic of diabetes mellitus remain an enigma,
new insights into pathogenesis and therapeutic
strategies continue to emerge that potentially might
make a difference in this devastating medical prob-
lem.

Severa factors have been incriminated in the
pathogenesis of diabetic renal disease. Uncon-
trolled hyperglycemia, systemic and intrarenal hy-
pertension, hyperlipidemia, and activation of re-
nin-angiotensin are the most important among
those factors. Previous studies suggested that
chronic inhibition of nitric oxide (NO) played a
rolein the development and progression of chronic
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renal failure in diabetes.>:2 The synthesis of NO in
the kidney and its role in rena functions is dis-
cussed in another section of thisissue. Briefly, NO
is an inert gas, with an extremely short life that is
synthesized from its sole precursor, L-arginine,
through the action of nitric oxide synthase (NOS),
of which there are 3 isoforms. These include neu-
ronal NOS (nNOS or NOS 1), inducible NOS
(iINOS or NOS 1), and endothelial NOS (eNOS or
NOS I11), type | and Il being expressed constitu-
tively and all 3 isoforms have been shown to exist
in the kidney. Alterations in intrarenal NO synthe-
sis theoretically may play an important role in the
aforementioned as well as other pathogenetic fac-
tors of diabetic nephropathy. This article reviews
the current evidence from experimental and clini-
cal studies that support the pathogenetic role of
abnormalities of NO in the development and pro-
gression of diabetic nephropathy.
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Diabetic nephropathy is diagnosed clinically by
the onset of proteinuria that usualy is determined
by dipstick detection of protein in a random urine
sample. However, along period of subclinical mi-
croalbuminuria, often lasting years, precedes the
clinical diabetic nephropathy during which glo-
merular hyperfiltration and hypertrophy are evi-
dent. Several pathogenic mechanisms are incrimi-
nated in this early phase of nephropathy including
activation of the renin-angiotensin system. With
increasing proteinuria, nephropathy progresses to
an advanced clinical state characterized by hyper-
tension, rena failure, and glomerulosclerosis. In
the past decade, innumerabl e studies have accumu-
lated in the literature that examined the role of NO
in diabetic kidney. However, these studies, which
were both in vitro and in vivo models, have ex-
panded our understanding of the interaction of the
diabetic state with intrarenal NO and more specif-
icaly the role of NO in the pathophysiology of
diabetic nephropathy. But these studies unfortu-
nately also significantly added to the confusion that
exists regarding this subject, in view of contradic-
tory findings reported. This article aims to outline
salient studies that support the evidence for therole
of NO in diabetic kidney disease and also point out
some of the controversies in this field.

RENAL NO SYSTEM IN EXPERIMENTAL
DIABETIC MODELS

Experimental studies that examined the effect of
diabetes on the intrarenal NO system included in
vivo studies as well as in vitro studies in the cell
culture and isolated kidney models. The in vitro
models particularly dealt with effects of glucose
and other biochemical sequelae of the diabetic
state such as advanced glycation end products
(AGE) and activation of angiotensin I1. Although
most in vitro models suggested a depressed renal
NO system or NO availability, most in vivo models
showed enhanced NO production.

NO in Diabetes Mellitus: In Vitro Models

Hyperglycemia is considered a mgor patho-
physiologic mediator of rena injury in diabetic
nephropathy.® Most studies that examined the ef-
fects of high ambient concentrations of glucose on
the kidney in vitro including cell cultures*s glo-
merular explants,? and rena vasculature,8® and
isolated kidneysin vitro® showed that NO produc-
tion is impaired significantly in such models. Cell
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culture studies examining the effects of glucose
have reported impaired NO production or de-
creased NO bioavailability. Several mechanisms
have been shown or hypothesized to mediate this
effect. Mesangial cells cultured in high glucose
showed decreased inducible NO production (NOS
I1) or availability,1112 athough enhanced produc-
tion was shown by other investigators.t314 How-
ever, in al these studies, INOS messenger RNA
and protein were unaffected by high glucose levels.
Studies from our laboratory12 have shown that high
glucose levels resulted in a posttrandational inhi-
bition of mesangial INOS owing to decreased sta-
bility and hence availahility of tetrahydrobiopterin
(BH,), a cofactor for NOS enzyme (Figs 1A and
1B). Other mechanisms that have been offered to
explain the inhibition of NO activity by high glu-
cose levels include activation of protein kinase
C,6715 glucose quenching of NO,6 and inhibition
of NOS activity,*> with generation of reactive ox-
ygen species diminishing the NO availability.1s
Recent studies by Trachtman et a1” showed that
athough glucose directly inhibited mesangial NO
production, growth factors such as insulin-like
growth factor-1, and epidermal growth factor op-
posed this effect of high glucose, suggesting that
some peptide growth factors modulate the mesan-
gia NO production in the diabetic state. However,
the same investigators found no such modulation
of high glucose effects on mesangial NO synthesis
by vascular endothelial growth factor.28 Other in-
vestigators found that although incubation of glo-
merular endothelial cells in 30 mmol/L glucose
resulted in a rapid increase in NO release in peri-
ods up to 6 hours, exposure beyond 12 hours
blunted the NOS activity in the cells'® compared
with cells grown in standard (5 mmol/L) glucose.

Glycosylation of proteins and formation of AGE
is a conseguence of long-term exposure of tissue
proteins to high glucose concentrations and may
contribute to decreased renal NO synthesis and/or
availability. Some studies have shown that forma-
tion of AGE in rat glomeruli was associated with
increased nitrites and nitrates (NOX) in the urine,2*
and increased iINOS expression° and eNOS activ-
ity. However, most studies®® have confirmed that
AGE accumulation resulted in reduced NO levels
by several mechanisms including increased degra-
dation of eNOS messenger RNA,2 decreased
eNOS protein expression,24.25 decreased eNOS ac-
tivity,# quenching and/or inactivation of NO,26.27
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Fig 1. (A) Effects of tetrahydrobiopterin (BH,) on
NOx accumulation in MMC. **P < .001. L + T versus
LGandHG + BH, + L+ TversusHG +L +T,n =12
in each group. (B) Western blotting showing effects of
HG on iNOS protein expression. The immunoblot rep-
resents similar results from 3 other experiments. Den-
sitometric image analysis revealed no significant dif-
ferences between the bands seeninlane LG + (L + T)
and lane HG + (L + T). Reprinted with permission from
Prabhakar SS: Tetrahydrobiopterin reverses the inhi-
bition of nitric oxide by high glucose in cultured mu-
rine mesangial cells. Am J Physiol 281:F179-F188,
2001.12

and increased oxidative stress.28 In a cell culture
model, AGEs were found to block the cytostatic
effect of NO on aortic smooth muscle and renal
mesangia cells?” and based on such findings
Hogan et a argued that NO inactivation and con-
sequent blockade of antiproliferative effects of NO
by AGE may be a common pathway in the devel-
opment of accelerated renal and vascular diseasein
diabetes. Studies from our laboratory have shown
that long-term exposure of mesangial cellsresulted
in inhibition of iINOS-derived NO, an effect that
was reversed partially in the presence of an inhib-
itor of AGE formation 2,3 diamno-phenazine (un-
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published observations). This effect was associated
with a reduction in the formation of peroxynitrite,
indicating that AGE-induced NO inhibition was
related partly to increased formation of reactive
oxygen species.

NO in Diabetes Mellitus In Vivo Models
NOS Isoforms in Diabetic Kidney

Extensive literature documented the significance
of NO and NOS expression in in vivo studies of
diabetic anima models. Although some studies
have shown increased expression of al isoforms of
NOS in diabetic kidneys?® most studies have
shown increased eNOS expression213031 and
eNOS activity,3233 especially in kidneys from the
early stages of diabetes. Similar observations were
made in streptozotocin-induced diabetic rats with
the in vivo hydronephrotic kidney technique.2° In
this study, the investigators showed that urinary
NOx was increased along with increased eNOS
expression in the total kidney (immunocytochem-
istry) and in isolated renal arteries (Western blot-
ting). Other studies have shown that eNOS and
NNOS expression is decreased in diabetic kid-
neys.3435 Taken together the aforementioned stud-
ies strongly indicated increased eNOS activity with
augmented basal NO release, which might explain
intrarenal vasodilation and hyperfiltration seen in
early diabetes. With reference to nNOS (NOS 1),
decreased levels of urinary NOx aong with de-
creased NNOS expression were found in kidneys of
streptozotocin diabetic rats that were not treated
with insulin.34 These changes were noted 30 hours
after the induction of diabetes, with reduction in
total NOS activity of renal cortex and diminished
immunocytochemical expression of nNOS and
eNOS in the kidney. Furthermore, some studies
have shown reduced iNOS expression3-3¢ or un-
changed iNOS3237 in diabetic kidneys. Thus, it
seems reasonabl e to summarize that eNOS expres-
sion is increased especidly in early diabetes, and
NNOS and iNOS are expressed variably in diabetic
kidneys.

To explain the decreased eNOS activity and
eNOS expression in hyperfiltering glomeruli ob-
served in some studies, the activity of nNOS was
examined by some investigators.3® By using S
methyl-L-thiocitrulline, a NNOS-specific blocker,
they showed a stronger renal vasoconstriction in
diabetic rats than in control rats and addition of the
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nonspecific blocker L-NAME did not affect the
glomerular filtration rate (GFR) any further. Addi-
tionally, S-methyl-L-thiocitrulline-treated moder-
ately hyperglycemic streptozotocin diabetic rats
had a higher GFR aong with increased nNOS
positive cells compared with control rats.3® Based
on these data, they argued that NNOS might be the
major isoform of NOS involved in mediating hy-
perfiltration of early diabetes. Other studies sup-
ported this argument as well.37:40

The significance of iINOS in diabetic kidneys
was overlooked and its importance was disre-
garded in some recent reviews.4! Early studies
showed increased expression of iINOS, mediated
by tumor necrosis factor-« in diabetic rat glomeruli
at 52 weeks after diabetes induction by streptozo-
tocin.3¢ The investigators correlated this effect to
AGE formation because aminoguanidine reversed
these changes. A similar increase in iINOS expres-
sion in the kidney was seen in rats fed with a
high-fructose diet, which was associated with in-
creased glomerular size and filtration rate.“2 These
changes were prevented by simultaneous adminis-
tration of the NOS inhibitor N®-nitro-L-arginine
methyl ester (L-NAME). Because aminoguanidine
isalso apotent iINOS-specific inhibitor, it had been
argued often that the renoprotective benefits of
aminoguanidine in diabetic nephropathy were due
to iNOS inhibition rather than to AGE inhibition.
However, this view was shown to be incorrect in a
study performed specifically to address this ques-
tion.43 On the other hand, there are several recent
studies that documented that exposure to high glu-
cose impaired iINOS activation in mesangialit.12
and vascular smooth muscle and endothelial
cells.44-46 Decreased iINOS expression in renal cor-
tex was described in diabetic rats.3* Furthermore,
AGE formation has been shown to inhibit INOS in
proximal tubular cells* and mesangia cells (Prab-
hakar, unpublished observations). Recently, Tra
chtman et a4’ examined the role of iNOS in
C57BL/6 and iNOS knockout mice with a strepto-
zotocin-induced diabetic state. After 40 weeks of a
diabetic state without insulin both mice had similar
degrees of proteinuria, serum creatinine levels, and
renal hypertrophy. Both groups showed decreased
expression of iINOS and increased eNOS in the
kidneys by immunostaining. However, knockout
mice had decreased urinary NOX, increased tubu-
lointerstitial fibrosis, and mesangia expansion than
C57BL/6 mice. These data suggest that iINOS-
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derived NO modulated glomerulosclerosis in
chronic streptozotocin diabetic nephropathy and a
lack or inhibition of iINOS accelerated diabetic
nephropathy. Thus, most studies that examined
iNOS in diabetic milieu found inhibition of expres-
sion or activity of the enzyme in in vitro studies.

Intrarenal NO and Renal Hemodynamics

The increased expression and activity of eNOS
in the diabetic state is believed by some investiga-
tors to explain the functional and glomerular he-
modynamic changes associated with early diabetic
nephropathy. These include increased renal plasma
flow, hyperfiltration, and filtration fraction. Evi-
dence for such hypothesis was sought by in vivo
studies examining the effects of genera and iso-
form-specific NOS inhibitors on renal hemody-
namics. The pilot observation that the NOS inhib-
itor L-NAME resulted in a greater vasoconstriction
in renal vasculature of diabetic rats than in control
rats was made in Brenner’'s laboratory,*8 suggest-
ing a strong influence of renal NO levels on renal
and glomerular hemodynamics. This finding was
followed by a series of publications that suggested
that the hyperfiltration of early diabetes was asso-
ciated with increased vasodilatation of renal mi-
crovasculature and increased NO synthesis as re-
flected by urinary NOx.49-51 The concept was
consolidated further by observations from other
studies that showed that vasodilation induced by
acetylcholine, an NO-mediated process, was am-
plified in diabetic kidneys®3 and that L-NAME
significantly decreased glomerular hyperfiltra-
tion_21,31,52

However, many other studies did not support
this concepts3-55 and showed that the vascular re-
sponses to NO or L-NAME were rather blunted
with decreased urinary NOX, suggesting that renal
NO production is defective and contributed to re-
nal injury in diabetes. By using videomicroscopic
studies, Pflueger et a5 showed that responses to
L-NMMA and L-arginine were blunted in diabetic
kidneys, particularly in the cortex, indicating that
renal NO production is impaired in diabetes. By
using acetylcholine infusion, an eNOS-specific ag-
onist, Wang et al57 showed that vascular responses
to acetylcholine were impaired in diabetic rats,
which were not restored with insulin treatment.
These data underscore the importance of dimin-
ished bioavailability of NO in diabetic rena vas-
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culature and defects in receptor-mediated eNOS
activation.

Several studies have suggested that long-term
modulation of the renal NO system may influence
the progression of diabetic nephropathy. Most such
studies indicated that NO might play a renoprotec-
tive role in the course of diabetic nephropathy.
Chronic NOS inhibition was shown in earlier stud-
ies to be associated with renal structural and func-
tional damage.585° Because the kidney is the prin-
cipa source of L-arginine levels in plasma,
decreased arginine synthesis in chronic rena fail-
ure, especidly if dietary arginine content is lim-
ited, might result in arginine deficiency and con-
tribute to a NO-deficient state. The study by Reyes
et a% showed that long-term administration of
L-arginine decreased proteinuria and hyperfiltra-
tion in diabetic rats. Although there were flaws in
this study, Lubec et al%! have shown similar find-
ings in diabetic kk mice. Other studies®® showed
that treatment with L-NAME, a NOS blocker, ac-
celerated proteinuria and was associated with
higher levels of transforming growth factor
(TGF)-B, implicating the latter in diabetic ne-
phropathy. Furthermore, Fujihara et a2 had
shown similar findings in a nephrectomy model of
renal failurein nondiabetic rats, in which L-NAME
worsened proteinuria and glomerular injury, but
these changes were ameliorated with angiotensin
blockade with losartan. The beneficial role of L-
arginine in diabetic nephropathy was discussed
previously in areview by Klahré3 and in a separate
review in this issue.

HUMAN STUDIES

As opposed to in vitro and animal studies, clin-
ical studies examining NO production in diabetic
subjects are limited, although rapidly increasing in
recent years. Earlier studies have shown increased
urinary NOx in normo-albuminuric diabetic sub-
jects with increased GFR compared with nondia-
betic healthy controls and this change was associ-
ated with increased immunostaining for eNOS
(NOS 1) in the glomeruli.®* These data suggested
that increased NO produced by eNOS might be
involved in hyperfiltration of early diabetic ne-
phropathy. Dalla Vestra et a5 have shown that
infusion of L-NAME into type 2 diabetic subjects
did not decrease the GFR and filtration fraction as
in control nondiabetic subjects, whereas the car-
diac index was decreased in al the groups. The
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investigators concluded that modulation of glomer-
ular hemodynamics is different and independent
from NO-regulated cardiac effects. However, other
studies indicated that patients with type |1 diabetes
and microa buminuria have decreased NO produc-
tion as measured by stable NO metabolites in the
urine of the patients.¢¢ By using a new high-per-
formance liquid chromatography—Greiss method
of measuring NOx, Magjima et al¢” showed that
plasma NO availability was impaired in diabetics
with advanced microvascular complications and
the decreased NO bioavailability correlated with
AGE formation and reactive oxygen species. De-
fective endothelial-dependent vasodilatation in di-
abetic nephropathy subjects was established sev-
eral years ago.%8 Duplex sonographic studies in
patients with diabetic nephropathy have shown re-
duced renal vasodilatory response to nitroglycer-
ine, aNO donor, compared with healthy controls.5°
These data suggested that altered renal hemody-
namic responses in diabetic nephropathy were me-
diated by impaired NO release or availability. De-
creased NO availability aso may be due to
conversion of NO to peroxynitrite (ONOO™) inthe
presence of superoxide (O, ) in conditions of un-
controlled hyperglycemia. Subsequently, ONOO™
nitrosylates tyrosine residues on protein molecules,
resulting in tissue injury. Recent studies confirmed
that in renal biopsy specimens from diabetic pa-
tients, immunostaining for nitrotyrosines is in-
creased compared with normal kidneys and is par-
ticularly evident in proximal tubules and in loop of
Henle.”™ These data support the concept of de-
creased NO bioavailability consequent to increased
formation of reactive oxidative species in diabetic
kidneys. Human studies examining the role of
eNOS gene polymorphisms in diabetic nephropa-
thy have been controversial. The alele of intron 4
of the eNOS gene has been reported to be more
frequent in dialysis-dependent diabetics compared
with diabetics with no renal disease.”* Similar re-
sults were reported in type 2 diabetic nephropathy
subjects from Japan.”2 On the other hand, other
studies reported such associations in nondiabetic
renal disease but not in diabetic nephropathy.”3

EFFECTS OF OTHER FACTORS IN DIABETIC
MILIEU ON RENAL NO SYSTEM
Angiotensin
The diabetic state is associated with activation
of the intrarena renin angiotensin system. The
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therapeutic success of angiotensin blockade with
angiotensin converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARB) in retard-
ing the progression of diabetic nephropathy testi-
fies the pathophysiologic significance of angioten-
sin activation in diabetic kidney disease. The
effects of such blockade on renal NO synthesis and
if such effects mediate the beneficial consequences
seen with ACE inhibition and ARB in diabetic
nephropathy have been the subject of investigation
of several studies. The evidence is conflicting
about the angiotensin effects on renal NO synthe-
sis. Angiotensin has been shown to increase NO
production in proximal tubular cells,” rena cor-
tex,”>76 renal medulla,”” and isolated renal arter-
ies. In al these studies, it was argued that en-
hanced renal production is a defense mechanism
against the detrimental effects of angiotensin.
However, several recent studies, including one
from our own laboratory, have shown that angio-
tensin Il inhibited NO synthesis in different renal
cellsin culture.”s-81 Although the isoform involved
in all of these studies was iINOS (NOS I1), consti-
tutively expressed NOS was involved in the studies
in which angiotensin stimulated NO synthesis. Fur-
thermore, data from our laboratory (unpublished
observations) and other studies’ indicated that an-
giotensin alone in the absence of cytokines had no
effect on mesangial or renal NO synthesis. It ap-
pears reasonable to conclude that angiotensin may
have stimulatory effects on constitutive NOS, but
in the presence of cytokines that often are activated
in the diabetic milieu, angiotensin may exert an
inhibitory effect on iNOS, and probably the whole
kidney NO production. Results from our laboratory
indicating that losartan enhanced NO production in
mesangial cells concur with observations of Fuji-
hara et al,2 who showed that angiotensin inhibi-
tion with losartan slowed renal injury functionally
and structurally in a renoprival model of renal
failure. An additional mechanism by which angio-
tensin 1l impairs NO availability is through in-
creased oxidative stress. Wilcox et al82 showed that
early diabetic proteinuric nephropathy was associ-
ated with increased expression of p47phox compo-
nent of the reduced form of nicotinamide-adenine
dinucleotide phosphate oxidase and eNOS with
increased H,O, formation in the kidney and treat-
ment with an ACE inhibitor or ARB reversed these
changes with amelioration of proteinuria. These
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findings confirm the strong angiotensin-NO inter-
actions in the kidney and potential implications in
diabetic nephropathy. Furthermore, Forbes et al83
showed that both ramipril (an ACE inhibitor) and
aminoguanidine decreased AGE formation in dia-
betic rat kidneys as determined by immunohisto-
chemistry and fluorescence and these changes
correlated with reduction in nitrotyrosine accumu-
lation in the kidney. Based on these observations,
the investigators proposed a linkage between AGE
and the renin-angiotensin system in diabetic ne-
phropathy, mediated by oxidative stress.

Insulin

Hyperinsulinemia is an important and indepen-
dent risk factor for the cardiovascular complica-
tions of diabetes. Hyperinsulinemia is seen not
only in type Il but also in type | diabetes and is
incriminated in the development of hypertension
and cardiovascular risk in such patients. However,
the effects of insulin per se on renal NO synthesis
is far from clear. Insulin in the physiologic range
stimulates NO release from the kidney8* whereas
hyperinsulinemia was noted to inhibit renal excre-
tion of NO metabolites in the urine.85> We recently
have shown that insulin in physiologic concentra-
tions enhanced iNOS activity and NO synthesisin
normal human mesangia cells and further that the
augmented cellular uptake of L-arginine mediated
this effect of NO production.8® However, in the
clinical state of advanced diabetic nephropathy, it
is very likely that the cellular resistance to the
effects of insulin prevents the augmentation of NO
synthesis despite hyperinsulinemia. NO regulates
the release of insulin from pancreas®” but the role
of different isoforms in the regulation of insulin
release is not well understood. Studies including
those from our laboratory have shown that NO
released from both constitutive and iNOS mediate
high glucose-stimulated insulin release fromislet 3
pancreatic 8 cells. However, studies from our lab-
oratory first noted that at maximal activity of
iNOS, the cytopathic effects of cytokines on pan-
creatic islet cells result in a paradoxic decrease in
insulin secretion.88 Furthermore, recent observa-
tions from our laboratory show that enhanced in-
sulin secretion seen with ACE inhibition and ARB
is mediated by augmented NO release from idlet
beta cells.
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Protein Kinase C

That diabetes mellitus is associated with activa-
tion of protein kinase C is well established.89.0
The activity of NOS, particularly eNOS, is regu-
lated by highly harmonized phosphorylation and
dephosphorylation of serine, threonine residues of
the eNOS enzyme. Protein kinase C phosphory-
lates Threonine 495 and dephosphorylates Serine
177 residues of the eNOS enzyme, thereby inhib-
iting eNOS catalytic activity.®! These data provide
an explanation for the widely believed concept that
advanced diabetic nephropathy is a NO-deficient
State.

TGF-B

Diabetic metabolic milieu is associated with ac-
tivation of TGF-g in the kidney®2 and such activa-
tion has been shown to mediate mesangial expan-
sion and extracellular matrix expansion in human
and experimental diabetic nephropathy.®3 Angio-
tensin®4 and hyperglycemia have been incrimi-
nated in activation of TGF-8 in diabetic kidney. In
fact, several metabolic and pathophysiologic con-
sequences of angiotensin Il and hyperglycemia are
believed to be mediated by activation of TGF-8.
High glucose-induced activation of TGF-B8 was
shown to be mediated through increased throm-
bospondin-1 expression, which in turn is regulated
by a NO-cyclic guanosine monophosphate-de-
pendent protein signaling pathway.®> We recently
have shown that in the presence of angiotensin,
inducible NO production from cytokine-stimul ated
mesangial cells was blocked and this was associ-
ated with increased TGF-$ expression shown by
immunocytochemistry. Furthermore, the inhibitory
effects of angiotensin on iINOS were reversed in
the presence of anti-TGF antibodies (Figs 2A, 2B,
and 2C). These data from our laboratory and oth-
ers® support the hypothesis that TGF-8 may mod-
ulate the pathophysiologic phenomena in diabetic
nephropathy and the therapeutic effects of angio-
tensin blockade may involve modulation of TGF-8
activity in the kidney.

GENETIC POLYMORPHISMS OF NOS AND
DIABETIC NEPHROPATHY

Susceptibility to diabetic nephropathy mostly is
determined genetically. Endothelia dysfunction is
the pathophysiologic denominator of vascular
complications of diabetes including nephropathy.
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Fig 2. (A) Effects of angiotensin Il on NO produc-
tion in mouse mesangial cells and mediation through
TGF-B. T, tumor necrosis factor-a, L, bacterial lipo-
polysaccharide, NOx, nitrites and nitrates in the me-
dia. *P < .01 versus control, n = 12 in all groups. (B, C)
Immunocytochemical expression of TGF-$ in mouse
mesangial cells stimulated with tumor necrosis fac-
tor-a and bacterial lipopolysaccharide in the (B) ab-
sence and (C) presence of angiotensin II.

Because NO regulates endothelial function it is
imperative to conceptualize that abnormalities of
the NOS gene would influence the development of
diabetic nephropathy. Indeed, severa studies were
published that examined the association of NOS
gene polymorphisms, especially the eNOS iso-
form, with susceptibility to diabetic nephropathy.



340

RENAL NITRIC OXIDE PRODUCTION IN DIABETIC NEPHROPATHY
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Fig 3. Schematic repre-
sentation of NO changes in
early and advanced diabetic
various

nephropathy and
pathophysiologic triggers for

Specifically, GIu298Asp mutation at exon 7 and a
27-bp variable number tandem repeat in intron 4
insertion/del etion polymorphism of the eNOS gene
were evaluated in the majority of these studies.
Interestingly, similar to the preceding sections, lit-
erature is confusing with controversial findings and
evidence both supporting and disputing the role of
genetic polymorphisms in diabetic nephropathy.
Most studies that examined the prevalence of
eNOS genetic polymorphisms compared diabetics
with nephropathy (advanced chronic renal failure
or proteinuria) with diabetics with no renal disease
(contral). Although a significant association was
described in some studies, 7297101 other studies
have reported no such association with progression
of nephropathy in type 2 diabetes.102-105 Similar
associations were described to affect the progres-
sion of nephropathy in type | diabetes!® and non-
diabetic rena disease.”2 On the other hand, arecent
study has disputed the association of NOSIII gene
polymorphisms in type | diabetes with renal dis-
ease.104 Some other studies that examined the
NOS-II gene in type | diabetes, particularly
CCTTT-repeat polymorphisms, reported such vari-
ations confer protection from development of dia-
betic nephropathy.197 Although these data from the
earlier-cited conflicting studies may not be recon-
ciled easily without incriminating differences in
the type of patient populations studied, stage of

such changes.

renal failure, and so forth, more systematic and
large-scale population studies are needed to con-
firm such genetic associations in diabetic nephrop-
athy.

SUMMARY

The literature pertaining to the role of NO ab-
normalities in diabetic nephropathy is vast but
composed of confusing and conflicting data. The
controversies stem from several issues that involve
different models studied, various NOS isoforms
and species studied, stage of rena disease in dia-
betes, and methodologies used, and many more.
The in vitro studies, though being very valuable in
understanding the pathophysiology, do not reflect
the net effect of coordinating and regulatory influ-
ences of severa signaling systems that act in con-
cert with each other asin whole animal or in vivo
studies. However, despite these differences, some
general patterns seem to emerge when the data are
analyzed carefully. Diabetic metabolic milieu trig-
gers a variety of autocrine and paracrine mecha-
nisms that modulate the rena NO system, both
stimulatory and inhibitory signals acting in paral-
lel. The net influence on rena NO availahility
depends on the balance between these opposing
influences. Most evidence suggests that during the
early phases of hyperfiltration and increased GFR,
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the net result of these opposing signals is to aug-
ment renal NO production, often contributing to
these glomerular hemodynamic changes. This ef-
fect is mediated by activation of constitutively
released NO, mediated by eNOS and to a lesser
extent NNOS. As the nephropathy progresses in
diabetes with increasing proteinuria and decreasing
renal function, a state of renal NO deficiency sets
in, which results from decreased production and/or
decreased availability of NO as a consequence of
multiple mechanisms (Fig 3). In general, insuli-
nopenia and the degree and duration of impaired
metabolic control are the major factors that facili-
tate mechanisms that suppress NO availahility to
prevail in advanced diabetic nephropathy. Such
mechanisms include decreased activity of NOS
isoforms, often as a result of activation of protein
kinase C, high ambient glucose levels, or de-
creased cofactor availability (eg, BH,), activation
of TGF-B both by high glucose and angiotensin 11
levels, increased formation of NOS inhibitors such
as asymmetric dimethyl arginine, and reactive ox-
ygen species often secondary to angiotensin and
AGE effects. Thus, gradual accumulation of AGE
and induction of plasminogen activator inhibitor-1
lead to decreased eNOS activity and reduced NO
production resulting in endothelial dysfunction.24
Evidence suggests that NO from al NOS isoforms
may be depressed including iNOS, which often has
been considered insignificant hitherto. The role of
genetic polymorphisms of NOS enzymes and de-
creased arginine in the kidney as a contributor to
NO deficiency in advanced diabetic nephropathy is
appealing but needs further confirmation.

The role of the renal NO system in the physiol-
ogy of the kidney and specifically in the patho-
physiology of diabetic nephropathy remains a
complex area with conflicting observations and
congtitutes a very challenging and fertile field for
future investigation. Specific questions that need to
be investigated include signaling mechanisms that
influence renal NO production, direct in vivo as-
sessment of NO changes in the diabetic kidney,
and the role of genetic factors that influence renal
NO generation. The global epidemic of diabetes
warrants concerted efforts to decipher the mecha-
nistic pathways leading to diabetic vascular com-
plications, which would in turn facilitate discovery
of novel therapeutic interventions.
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