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Komers, Radko, Jessie N. Lindsley, Terry T. Oyama,
Kristen M. Allison, and Sharon Anderson. Role of neu-
ronal nitric oxide synthase (NOS1) in the pathogenesis of
renal hemodynamic changes in diabetes. Am J Physiol Renal
Physiol 279: F573–F583, 2000.—Nitric oxide (NO) has been
implicated in the pathogenesis of renal hemodynamic
changes in diabetes mellitus. However, the contribution of
nitric oxide synthase (NOS) isoforms to intrarenal production
of NO in diabetes remains unknown. To explore the role of
NOS1 in the control of renal hemodynamics in diabetes, we
assessed renal responses to inhibition of NOS1 with S-meth-
yl-L-thiocitrulline (SMTC; administered into the abdominal
aorta) in moderately hyperglycemic streptozotocin-diabetic
rats (D) and their nondiabetic (C) and normoglycemic dia-
betic counterparts. The contribution of other NOS isoforms
was also evaluated by assessing the responses to nonspecific
NOS inhibition [NG-nitro-L-arginine methyl ester (L-NAME)]
in SMTC-treated diabetic rats. The number of NOS1-positive
cells in macula densa of D and C kidneys was also evaluated
by immunohistochemistry. D rats demonstrated elevated glo-
merular filtration rate (GFR) compared with C. SMTC (0.05
mg/kg) normalized GFR in D but had no effect in C. SMTC-
induced reduction of renal plasma flow (RPF) was similar in
C and D. Normoglycemic diabetic rats demonstrated blunted
renal hemodynamic responses to NOS1 inhibition compared
with hyperglycemic animals. Mean arterial pressure was
stable in all groups. L-NAME induced a further decrease in
RPF, but not in GFR, in D rats treated with SMTC. Immu-
nohistochemistry revealed increased numbers of NOS1-pos-
itive cells in D. These observations suggest that NOS1-de-
rived NO plays a major role in the pathogenesis of renal
hemodynamic changes early in the course of diabetes. NOS1
appears to be the most important isoform in the generation of
hemodynamically active NO in this condition.

diabetic nephropathy; kidney; glomerular filtration rate; im-
munohistochemistry

NITRIC OXIDE (NO) is a paracrine mediator acting as a
potent vasodilator in various vascular beds. In the
kidney, NO controls both afferent and efferent vascular
tone, the ultrafiltration coefficient (15, 58), and medul-
lary blood flow (25). NO is synthesized as a by-product
of conversion of its physiological precursor L-arginine

(L-arg) to L-citrulline (23). This reaction is catalyzed by
a family of enzymes known as NO synthases (NOS)
(26). Three NOS isoforms [neuronal (nNOS; NOS1);
inducible (iNOS; NOS2); endothelial (eNOS; NOS3)]
have been identified in mammalian tissues including
the kidney (26). Although the large body of evidence
about the role of NO in renal physiology and patho-
physiology was obtained by exploring the effects of
nonspecific NOS inhibitors, more recent studies, using
newly available specific inhibitors, have focused on
physiological roles of individual NOS isoforms. NOS1
has been recently studied because of its expression in
macula densa (MD) cells (5). Several groups have dem-
onstrated that NOS1-derived NO in the MD counter-
acts afferent arteriolar vasoconstriction mediated by
the tubuloglomerular feedback (TGF) mechanism and
thus controls intraglomerular pressure (45, 55).

An increase in transcapillary glomerular pressure
due to disproportionate dilation of the afferent arte-
riole is a key feature of the renal hemodynamic alter-
ations associated with experimental diabetes mellitus
(17). We have, in accordance with other groups, previ-
ously reported that NO is one of mediators of renal
hemodynamic changes in diabetes (6, 20, 49). These
studies, however, relied on inhibition of NO synthesis
with nonspecific inhibitors, which block all three NOS
isoforms. The contribution of individual NOS isoforms
to the NO production in the diabetic kidney and thus to
the renal pathophysiology in diabetes remains un-
known. Considering the physiological actions of NOS1
in the kidney, this enzyme may be involved in the
pathogenesis of renal hemodynamic changes associ-
ated with diabetes. Our group has recently explored
the acute effects of systemic NOS1 inhibition on blood
pressure and renal hemodynamics in streptozotocin
(STZ)-diabetic rats. We found that the systemic admin-
istration of the specific, water-soluble, NOS1 inhibitor
S-methyl-L-thiocitrulline (SMTC) (19, 28), resulted in a
stronger renal hemodynamic response in the diabetic
compared with the control animals (21). The systemic
NOS1 inhibition was, however, accompanied by in-
creases in systemic blood pressure. It is, therefore,
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possible that the renal response to SMTC was modu-
lated by extrarenal factors and did not reflect “pure”
effects of NOS1 inhibition in the kidney. This phenom-
enon was previously described in studies with nonspe-
cific NOS inhibitors (15), showing markedly different
renal hemodynamic effects of systemic and local NOS
inhibition.

These studies were designed to further explore the
hypothesis that NOS1-mediated NO production in MD
is elevated in diabetes, resulting in a decrease in pre-
glomerular vascular resistance and ultimately in hy-
perfiltration. To address this issue, we assessed renal
hemodynamic responses to inhibition of NOS1 with
SMTC in moderately hyperglycemic diabetic rats and
their nondiabetic, and normoglycemic diabetic counter-
parts. To diminish possible effects of systemic NOS1
inhibition, the inhibitor was administered into the
abdominal aorta above the left renal artery. Further-
more, the possible contribution of other NOS isoforms
to alterations in renal hemodynamics in diabetes was
also evaluated by assessing the responses to nonspe-
cific NOS inhibition in SMTC-treated diabetic rats. In
addition to renal functional studies, the number of
NOS1-positive cells in MD regions of diabetic and con-
trol kidneys was evaluated by immunohistochemistry.

STUDY DESIGN AND METHODS

The diabetic rat model. Studies were conducted in adult
male Sprague-Dawley rats, with initial weights of ;300 g.
The rats were made diabetic by intraperitoneal injection of
streptozotocin (Sigma, St. Louis, MO), 65 mg/kg body wt. Two
days later, induction of diabetes was confirmed by measure-
ments of tail blood glucose (BG) level by using a reflectance
meter (One Touch II; Lifescan, Milpetas, CA). Diabetic rats
(D) received daily evening injections of ultralente insulin
(Iletin II, Eli Lilly, Indianapolis, IN) in doses individually
adjusted to maintain BG levels between 200 and 300 mg/dl
(11–17 mmol/l). BG levels were monitored at least weekly in
all diabetic rats. Weight-matched nondiabetic rats served as
controls (C). All rats were fed standard rat chow (Rodent
Laboratory Chow 5001, Ralston Purina, Richmond, IN) ad
libitum. These studies were approved by the Portland Veter-
ans Affairs Institutional Animal Care and Use Subcom-
mittee.

Protocol 1: Effects of NOS1 (nNOS) inhibition in control
and diabetic rats. These studies were performed to assess the
acute renal hemodynamic effects of NOS1 inhibition with
SMTC (Alexis, San Diego, CA), administered into the abdom-
inal aorta, in experimental diabetes. The diabetic rats were
studied after 4–5 wk of diabetes. BG level was measured in
the morning preceding the experiment (basal BG) and at
midtime of the first clearance period after baseline measure-
ments (experimental BG). After the surgical preparation
described below, and after 75 min of equilibration, all rats
underwent baseline measurements of mean arterial pressure
(MAP), glomerular filtration rate (GFR), renal plasma flow
(RPF), filtration fraction (FF), renal vascular resistance
(RVR), urinary flow rate (UF), and urinary sodium (UNaV).
Thereafter, control and diabetic rats were randomized to
receive either SMTC (C-SMTC, D-SMTC; 0.05 mg/kg body wt
into the abdominal aorta, in ;60 ml of 0.9% NaCl) or the
same volume of vehicle (C-VE, D-VE; vehicle 1), and all
measurements were repeated to assess changes from base-
line. The dose of SMTC was determined during the pilot

studies and represents the highest dose of the substance that
is not associated with an increase in MAP. After completion
of baseline measurements, we assessed whether further re-
nal hemodynamic changes can be achieved with the higher
dose of SMTC (0.5 mg/kg body wt) despite the rise in renal
perfusion pressure. The measurements were performed in a
similar manner as described above including the effects of
vehicle alone (vehicle 2). Furthermore, an additional group of
diabetic rats (D-SMTC-INS) was studied in a similar manner
as above, to explore the role of hyperglycemia and/or insuli-
nopenia in renal responses to NOS1 inhibition in diabetes.
Preceding renal functional studies, BG levels in these rats
were acutely normalized by intraperitoneal injection of 0.5–
1.0 U of insulin. The dose of insulin was adjusted according
to the morning BG level. During experimentation, BG levels
were analyzed at least every 60 min, and only those rats that
remained normoglycemic throughout the procedure were in-
cluded in the analysis.

Protocol 2: Renal effects of nonspecific NOS inhibition in
diabetic rats treated with SMTC. As already stated, the
contribution of individual isoforms to altered renal hemody-
namics and NO overproduction in diabetes is unknown. Anal-
ysis of further changes in renal hemodynamics imposed by
nonspecific NOS inhibition on the changes induced by NOS1
blockade would provide information whether NOS1 is a ma-
jor determinant of diabetic hyperfiltration or whether NOS1
activities of other NOS isoforms contribute to altered renal
hemodynamics in this disorder. These experiments were de-
signed to address this issue. Groups of diabetic rats under-
went baseline measurements and measurements assessing
the changes from baseline in response to the lower dose of
SMTC (0.05 mg/body wt), as described in Protocol 1: Effects of
NOS1 (nNOS) inhibition in control and diabetic rats. There-
after, the rats were administered with a bolus intra-aortic
injection of the nonspecific NOS inhibitor NG-nitro-L-argi-
nine methyl ester (L-NAME; D-SMTC-NAME; 0.02 mg/kg
body wt in 60 ml of 0.9% NaCl; Sigma) or the same volume of
vehicle (D-SMTC-VE). The dose of L-NAME was titrated
during the pilot studies to induce no further changes in MAP
compared with SMTC.

Surgical preparation and functional studies. Rats were
anesthetized with Inactin (100 mg.kg ip; Research Biochemi-
cals International, Natick, MA) and placed on a temperature-
regulated table. The left femoral artery was catheterized
with a PE-10 catheter fused to PE-50. The tip of the catheter
was, under visual control, fed retrogradely to the abdominal
aorta and inserted 1–2 mm above the left femoral artery. A
baseline blood collection was obtained for measurements of
hematocrit (Hct) and inulin and para-aminohippurate (PAH)
“blanks.” This arterial catheter was used for subsequent
periodic blood sampling and measurement of MAP via an
electronic transducer connected to a direct-writing recorder.
After tracheostomy, venous catheters were inserted for infu-
sions of inulin, PAH, and plasma. Intravenous infusions of
rat plasma and 10% inulin solution in 0.9% NaCl were
started at rates of 6.0 and 1.2 ml/h, respectively. PAH was
added to the inulin solution at a concentration of 0.8%. The
left ureter was catheterized for urine collection. Euvolemia
was maintained by infusing isooncotic rat serum at 6 ml/h in
a total amount equal to 1% of body wt, followed by a reduction
in infusion rate to 1.6 ml zkg21 zh21 to maintain Hct constant.
Diabetic rats received extra saline to match the excessive
urinary losses during the procedure. Timed samples of urine
(;15 min) were collected for determinations of flow rate and
inulin and PAH concentrations. Arterial blood samples were
taken at midtime of each period for determinations of Hct
and plasma concentrations of inulin and PAH. These mea-
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surements permitted calculation of GFR (inulin clearance),
RPF (PAH clearance), FF, and RVR by standard formulas.
After experiments, aortic blood was taken in a chilled syringe
and then subdivided into tubes containing EDTA [plasma
renin concentration (PRC)] and heparin coating (HBA1c).
The left kidney was rapidly excised and weighed.

Protocol 3: Renal immunohistochemical expression of
NOS1 in control and diabetic rats. Separate groups of control
(n 5 5) and moderately hyperglycemic diabetic rats (n 5 5)
after 4 wk of duration of diabetes were anesthetized with
injection of methohexitone (Brevital, 50 mg/kg ip). Before
death, each diabetic rat was paired with a control animal for
further paired comparisons (see below). Abdominal aorta was
exposed via a midabdominal incision and cannulated 5 mm
above the bifurcation with a PE-50 catheter. After collection
of blood samples for determinations of glucose level and
HBA1c, the left kidney was perfused with ice-cold PBS (30
ml). Thereafter, the kidney was excised, and immersed in
10% Formalin. The fixed kidneys were dehydrated through a
graded series of ethanols, embedded in paraffin, sectioned at
4 mm thickness, and placed onto glass slides.

For immunohistochemical demonstration of NOS1, a
mouse monoclonal anti-rat NOS1 antibody (Transduction
Laboratories, Lexington, KY), was used. Sections were
deparaffinized in xylene, rehydrated through graded eth-
anols to water, and pretreated by steaming in CITRA buffer
(BioGenex, San Ramon, CA). After being treated with pro-
tein-blocking solution, the slides were incubated overnight
with primary antibody (diluted 1:200) at 4°C. Endogenous
peroxidase activity was blocked with 3% H2O2 solution in
methanol. The first antibody was localized by using the
Vectastain ABC-Elite peroxidase detection system (Vector
Laboratories, Burlingame, CA). This was followed by reac-
tion with diaminobenzidine as chromogen and counterstain-
ing with hematoxylin (Sigma). Procedures were performed in
paired fashion as suggested by Tojo et al. (48), where sections
of each diabetic kidney were processed in parallel with ap-
propriate control tissue. To obtain statistically comparable
data, the immunohistochemical findings were quantified as
follows: 1) proportion of glomeruli with adjacent NOS1-posi-
tive tubular region (MD) of all glomeruli in the section; 2)
average number of NOS1-positive cells, determined as num-
ber of nuclei, in MD; 3) number of NOS1-positive cells per
number of all glomeruli in the section. Two sections per
animal were evaluated in a blinded manner. In addition to
paired comparisons of the above-mentioned parameters
within each pair of control and diabetic animals, the data
were pooled and statistically analyzed.

Analytic methods. Inulin concentrations in plasma and
urine were measured using a macro-anthrone method, and

PAH levels were measured spectrophotometrically. HBA1c
was determined by affinity column chromatography (Glyco-
Gel B, Pierce Chemical, Rockford, IL). Plasma renin concen-
trations were measured by diluting rat plasma with maleate
buffer, pH 6.0, and adding 100 ml of rat anephric plasma
mixed with 20 ml/ml dimercaprol and 8-hydroxyquinoline for
a total of 600 ml. The sample was separated into two parts for
4° and 37°C incubation for 1 h and assayed according to the
angiotensin I RIA Kit Protocol (NEN Life Sciences)

Statistical analysis. Data are expressed as means 6 SE.
Intergroup analyses were performed by ANOVA factorial.
The changes within the groups were analyzed by one-way
repeated measures ANOVA followed by the Scheffé test, and
differences in responses to SMTC treatment between control
and diabetic rats were tested by two-way repeated measures
ANOVA, using Statview SE and Graphics software (Brain-
power, Calabasas, CA) on a Macintosh PowerBook 165c com-
puter. A P value of ,0.05 was viewed as statistically signif-
icant.

RESULTS

General characteristics of control and diabetic rats
are shown in Table 1. Body weights and hematocrits
were comparable in all groups of rats. As expected,
diabetic animals demonstrated hyperglycemia, in-
creased HBA1c, and renal hypertrophy, as assessed by
kidney weight and kidney weight-to-body weight ratio,
compared with the nondiabetic animals. Unlike the
other groups of diabetic animals, experimental BG was
within the normal range in D-SMTC-INS.

Protocol 1: Effects of local NOS1 inhibition in control
and diabetic rats. There were no differences in baseline
average values of MAP, RPF, and RVR in all groups of
rats studied in protocol 1 (Table 2 and Fig. 1). The
basal GFR was elevated in moderately hyperglycemic
diabetic rats compared with groups of control animals
(P , 0.05). Diabetic animals also demonstrated in-
creases in FF (P , 0.05, D-SMTC vs. control groups),
although in the D-VE rats, the increase in FF was
apparent only during later clearance periods (P , 0.05
vs. C-VE). These changes in baseline renal hemody-
namics were partially ameliorated in normoglycemic
D-SMTC-INS rats (P 5 not significant vs. C-VE and
C-SMTC; P , 0.05 vs. D-SMTC).

The MAP remained unchanged in vehicle-treated
control and diabetic rats, as well as in SMTC-treated
animals after the lower dose of the inhibitor (Table 2).

Table 1. General characteristics of control and diabetic rats

Group n BWT, g LKW, g
LKW/BWT,

%
BG Basal,
mg, 100 ml

BG III,
mg/100 ml HBA1c, % Hct

C-VE 8 347611 1.2360.05 0.3560.01 8965 4.860.7 0.4460.01
C-SMTC 12 34364 1.2460.04 0.3660.01 8664 5.560.4 0.4460.01
D-VE 8 351611 1.7960.13* 0.5160.03* 282626* 359646 11.660.9* 0.4360.01
D-SMTC 8 35366 1.6260.07* 0.4660.02* 279615* 365622 10.460.9* 0.4460.01
D-SMTC-INS 5 323610 1.6460.12* 0.5060.02* 10765† 85618† 13.161.7* 0.4360.01
D-SMTC-VE 8 33767 1.8760.06* 0.5560.02* 260621* 362637 11.861.7* 0.4360.01
D-SMTC-NAME 8 35066 1.7060.08* 0.5060.03* 268621* 340634 10.860.9* 0.4360.01

Values are means 6 SE. n, No. of rats; C-VE, C-SMTC, control rats treated with vehicle or S-methyl-L-thiocitrulline (SMTC); D-VE,
D-SMTC, diabetic rats treated with vehicle or SMTC; D-SMTC-INS, diabetic rats treated with vehicle or SMTC and insulin; D-SMTC-VE,
D-SMTC-NAME, diabetic rats treated with SMTC (0.05 mg/kg body wt) followed by vehicle or NG-nitro-L-arginine methyl ester (L-NAME);
BWT, body weight; LKW, left kidney weight; LKW/BWT, left kidney weight-to-body weight ratio; BG, blood glucose; BG III, blood glucose
level determined during the 3rd clearance period; Hct, hematocrit. *P , 0.001 vs. control groups. †P , 0.01 vs. diabetic groups.
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A significant rise in MAP was observed in response to
the higher dose of SMTC in the controls (P , 0.001 vs.
baseline and SMTC 0.05 mg/kg) and in both groups of
diabetic animals (P , 0.01 vs. baseline and SMTC 0.05
mg/kg), suggesting a significant spillover of the sub-
stance into the systemic circulation. As shown in Fig. 1,
administration of SMTC at a dose of 0.05 mg/kg re-
sulted in a reduction of GFR in diabetic rats (P ,
0.001), whereas the higher dose of SMTC induced no
further significant changes in this parameter. In C-
SMTC, a significant decrease in GFR, compared with
basal values, was observed only after the higher dose of
the inhibitor (P , 0.05 vs. basal). The GFR response
was significantly more pronounced in D-SMTC com-
pared with C-SMTC (F 5 4.5, P , 0.05). Unlike the
GFR, SMTC-treated control and diabetic rats demon-
strated similar decreases in RPF in response to the
lower dose of the inhibitor (P , 0.01). The higher dose
of SMTC induced further reduction of RPF in diabetic
(P , 0.05) but not in control rats. The RVR increased in
a dose-dependent manner both in control and diabetic
animals (C-SMTC, P , 0.01 vs. basal; D-SMTC, P ,
0.001 vs. basal). The lower dose of SMTC increased FF
in control rats. In contrast, the FF was stable in dia-
betic rats in response to the lower dose of SMTC, and a
significant increase in FF was, in D-SMTC, observed
only after the pressor dose of the inhibitor (P , 0.01 vs.
baseline and SMTC 0.05 mg/kg). The normoglycemic
diabetic rats demonstrated blunted renal hemody-
namic responses to NOS1 inhibition compared with

both their moderately hyperglycemic counterparts or
control animals. The GFR remained stable throughout
the studies, whereas significant reductions in RPF, and
increases in RVR, were observed only in response to
the pressor dose of SMTC (P , 0.05 vs. baseline). The
FF rose in response to both doses of SMTC (P , 0.05).
Unlike the SMTC-treated control and diabetic rats, no
changes in renal hemodynamics were noted in vehicle-
treated control and diabetic animals.

As presented in Table 2, both groups of hyperglyce-
mic diabetic rats had polyuria compared with control
and euglycemic diabetic animals (P , 0.05). In D-
SMTC, NOS1 inhibition had an antidiuretic effect that
was observed after both doses of the inhibitor (P ,
0.05). A similar, although not significant, trend was
apparent also in C-SMTC rats. In other groups of rats,
the UF remained stable throughout the experiments.
There were no differences in UNaV between the groups,
and no changes in this parameter were observed after
administration of SMTC. Plasma renin concentration
determined after the completion of renal hemodynamic
studies was not different between control and diabetic
rats and was not affected by treatment with SMTC.

Protocol 2: Effects of nonspecific NOS inhibition in
diabetic rats treated with SMTC. There were no differ-
ences in basal MAP, renal hemodynamics, and urinary
excretions of sodium between the both groups of dia-
betic rats (Table 3). As in protocol 1, MAP remained
stable (Table 3 and Fig. 2) and GFR and RPF decreased
(P , 0.01), whereas RVR increased (P , 0.01) in
response to SMTC (0.05 mg/kg) in both groups of dia-
betic rats (P , 0.01), without a significant change in FF
(Fig. 2). Administration of vehicle after the NOS1 in-
hibition induced no further changes in MAP and renal
hemodynamics in D-SMTC-VE. MAP remained stable
also when the administration of SMTC was followed by
L-NAME. In contrast to D-SMTC-VE, nonspecific NOS
inhibition caused further decreases in RPF (P , 0.01)
and an increase in RVR (P , 0.01). There were, how-
ever, no further significant decreases in GFR in D-
SMTC-L-NAME rats resulting in an increase in FF
compared with baseline values (P , 0.01) and values
after treatment with SMTC (P , 0.05). The baseline
UF and UNaV (Table 3) were similar in both groups of
rats and remained stable throughout the experiments.
The PRC did not differ between the groups (Table 3).

Protocol 3: Renal immunohistochemical expression of
NOS1 in control and diabetic rats. The control and
diabetic rats demonstrated similar general character-
istics as in previous protocols. The body weight was not
different between the groups (control: 355 6 24; dia-
betic: 345 6 27 g; P 5 not significant.). Diabetic rats
had increased BG levels (268 6 21 mg/dl), HBA1c
(9.7 6 0.9%), left kidney weight (1.75 6 0.12g), and left
kidney weight-to-body weight ratio (0.55 6 0.04%)
compared with controls (101 6 9 mg/dl; 3.3 6 0.4%;
1.29 6 0.07 g; and 0.35 6 0.05%, respectively; all P ,
0.01). Abundant immunoreactivity for NOS1 was de-
tected both in control and diabetic rats in the cells of
the MD. Representative photomicrographs are pre-
sented in Fig. 3. NOS1 immunoreactivity was also

Table 2. Effects of local NOS1 inhibition on mean
arterial pressure, renal excretory functions,
and plasma renin concentration in
control and diabetic rats

Group
MAP,
mmHg UF, ml/min

UNaV,
mmol/min

PRC, ng ANG
I zml21 zh21

C-VE
Basal 11966 9.461.7 1.1560.37
Vehicle 1 12166 9.361.4 1.1860.36
Vehicle 2 11966 9.361.5 1.2560.37 124620

C-SMTC
Basal 12163 13.662.1 1.8460.43
SMTC 0.05 12363 12.461.8 1.7760.38
SMTC 0.5 12964‡ 11.561.6 1.6860.37 86613

D-VE
Basal 11666 22.367.5 1.6960.47
Vehicle 1 11566 24.067.5 1.9460.51
Vehicle 2 11766 23.767.3 1.9660.43 74611

D-SMTC
Basal 12064 23.663.3 1.2160.31
SMTC 0.05 12064 18.561.9* 1.0760.24
SMTC 0.5 12564† 16.262.1* 1.1460.24 6769

D-SMTC-INS
Basal 11264 9.061.9 0.9460.12
SMTC 0.05 11464 10.161.9 1.0260.37
SMTC 0.5 12166† 10.763.3 1.0060.33 113638

Values are means 6 SE. NOS1, neuronal nitric oxide synthase;
MAP, mean arterial pressure; UF, urinary flow; UNAV, urinary
sodium excretion; PRC, plasma renin concentration; SMTC 0.05,
SMTC 0.5; 0.05 mg/kg body wt and 0.5 mg SMTC/kg body wt,
respectively. See text for intergroup comparisons. *P , 0.05 vs.
basal. †P , 0.01 vs. basal and SMTC 0.05. ‡P , 0.001 vs. basal and
SMTC 0.05.

F576 RENAL NOS1 IN NORMAL AND DIABETIC RATS



found in some cells of thick ascending limbs, and
diffuse, less intensive staining was detectable in
inner medullary collecting ducts. In some glomeruli,
NOS1 was weakly detectable in the parietal epithe-
lium of Bowman’s capsule. Paired comparisons re-
vealed that diabetic kidneys had a higher proportion
of glomeruli with adjacent NOS1-positive MD re-
gions of all glomeruli in the section than control
kidney in four of five cases. The average number of

NOS1 positive cells in MD was also higher in dia-
betic kidneys in four of five pairs, whereas the num-
ber of NOS1-positive cells expressed per number of
all glomeruli was higher in diabetic kidneys in all
pairs. Statistical analysis of pooled data showed sig-
nificantly higher numbers of MD regions and NOS1-
positive cells expressed per total number of glomer-
uli in diabetic rats compared with controls (P , 0.05)
(Table 4).

Fig. 1. Effects of local administration of
S-methyl-L-thiocitrulline (SMTC; 0.05
and 0.5 mg/kg) or vehicle on glomerular
filtration rate (GFR), renal plasma flow
(RPF), filtration fraction (FF), and renal
vascular resistance (RVR) in control (C)
and diabetic rats (D; left), and in nor-
moglycemic diabetic rats compared
with their moderately hyperglycemic
counterparts (right). VE, vehicle; INS,
insulin.*P , 0.05 vs. basal. †P , 0.01
vs. basal. ‡P , 0.05 vs. SMTC 0.05.
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DISCUSSION

Increased production of NO during the early stages
of diabetes has been implicated in the pathogenesis of
renal hemodynamic changes in diabetes (6, 20, 24, 49).
However, the contribution of individual NOS isoforms
in the pathogenesis of this process remains incom-
pletely defined. In the present study, NOS1 inhibition
with the specific NOS1 inhibitor SMTC, administered
to the abdominal aorta, near-normalized GFR in hy-
perfiltering diabetic rats. In contrast, control, nondia-
betic rats demonstrated a significant decrease in GFR
only after a 10-fold higher dose of the inhibitor. Differ-
ent responses in GFR between the diabetic and control
rats were present despite similar vasoconstrictor re-
sponses to NOS1 inhibitor, as assessed by its effects on
RPF and RVR. These observations indicate that NOS1
substantially contributes to altered renal NO produc-
tion and hemodynamics in experimental diabetes. Fur-
thermore, the renal hemodynamic effects of SMTC
were attenuated in normoglycemic diabetic rats, sug-
gesting that alterations in NOS1 activity are related to
the metabolic control of diabetes.

Micropuncture studies by Hostetter et al. (17), as
well as later studies by Zatz et al. (59), identified the
major renal hemodynamic alteration in diabetes as
disproportionally decreased afferent arteriolar resis-
tance resulting in elevated glomerular capillary pres-
sure. Our experiments were not designed to directly
assess SMTC-induced changes in glomerular microcir-
culation. Despite that, whole kidney hemodynamic re-
sponses, as observed in the present study, can provide
some insight into the effects of SMTC on glomerular
arteriolar tone and possible differences between the
control and diabetic rats. As described by Ichihara et
al. (19) in an in vitro model of blood-perfused juxtamed-
ullary nephron, NOS1 inhibition with SMTC causes
constriction of both afferent and efferent arterioles.
Our observations in control animals are in accordance
with these findings. However, despite renal vasocon-
striction similar to that in the control animals, diabetic
rats responded to the SMTC with a marked decrease in
GFR, which was in contrast to the lack of change in
this parameter in control rats. In keeping with our
hypothesis, such a whole kidney hemodynamic pattern
suggests a greater effect of NOS1 inhibition on preglo-

Fig. 2. Effects of NG-nitro-L-arginine methyl ester (L-NAME; 0.2
mg/kg) or vehicle on GFR, RPF, FF, and RVR in SMTC-treated (0.05
mg/kg) diabetic rats. *P , 0.05 vs. basal. †P , 0.01 vs. basal. ¶P ,
0.05 vs. SMTC.

Table 3. Effects of local nonspecific NOS inhibition
on MAP, renal excretory functions, and PRC in
diabetic rats treated with SMTC

Group
MAP,
mmHg

UF,
ml/min

UNaV,
mmol/min

PRC, ng ANG
I zml21 zh21

D-SMTC-VE
Basal 11064 3068 1.4560.31
SMTC 11263 2969 1.5460.28
Vehicle 11165 2868 1.6560.59 65614

D-SMTC-NAME
Basal 11863 2768 1.1560.48
SMTC 11864 2668 1.2860.54
L-NAME 12163 2467 1.4460.70 77618

Values are means 6 SE. See text for intergroup comparisons.
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merular vascular tone in diabetic rats. In addition to
this mechanism, we cannot exclude a possibility that a
decrease in GFR observed in diabetic rats occurred, in
part, due to SMTC-induced reduction in ultrafiltration
coefficient. As suggested by Bachmann et al. (5), MD-
derived NO diffuses into the extraglomerular mesan-
gium and its inhibition may therefore result in contrac-
tion of these contractile elements. Furthemore, this
phenomenon was demonstrated after local NOS inhi-
bition with nonspecific inhibitors (15).

We can only speculate about the underlying mech-
anism causing enhanced NOS1 activity in diabetes.
Under physiological conditions, sodium delivery to
the distal tubule is the major determinant of NOS1
activity in the MD cells (19, 54). However, on the

basis of micropuncture studies by Vallon et al. (50),
showing a decrease in solute content in early distal
tubular fluid in diabetic rats, stimulation of NOS1 by
increased solute delivery to the MD is unlikely. In
this context, it is important to note that diabetes
and/or hyperglycemia is associated with blunted
TGF activity (7, 50, 56) that cannot be fully ac-
counted for by changes in tubular reabsorption (50).
Whether this phenomenon reflects increased NOS1
activity or provides an environment facilitating
NOS1 actions on the glomerular vasculature result-
ing in hyperfiltration remains to be established. In
any case, previous reports suggesting attenuation of
TGF activity in hyperglycemia and/or diabetes are
consistent with involvement of NOS1.

Welch and Wilcox (53) reported that blunting of TGF
responses by NO could be limited by L-arg availability
in the tubular lumen and by its uptake via a y1
transport system. To our knowledge, availability of
L-arg in diabetic, compared with normal kidneys, re-
mains unknown. Indirect clues, which could help to
elucidate this issue, are rather conflicting. Plasma L-
arg levels are decreased in diabetes (34). However,
tubular concentrations may be influenced by the in-
creased filtered load of L-arg in hyperfiltering rats, and

Fig. 3. Representative photomicrographs showing macula densa (MD) regions (arrows) in kidney sections of
control (top) and diabetic (bottom) rats incubated with a nonimmune control serum (A and C) or with an
anti-neuronal nitric oxide synthase (NOS1) antibody. Magnification: 3200.

Table 4. Quantification of immunohistochemical
expression of NOS1 in control and diabetic kidneys

%NOS1-positive
MD zAll

Glomeruli21 z
Section21

Average Number of
NOS1-Positive Cells/
NOS1-Positive MD

NOS1-Positive
Cells zAll

Glomeruli21 z
Section21

Control 21.961.0 5.1760.30 1.1460.08
Diabetic 25.261.2* 5.4860.17 1.4060.07*

Values are means 6 SE. MD, macula densa. *P , 0.05 vs. control.

F579RENAL NOS1 IN NORMAL AND DIABETIC RATS



proximal solute and water reabsorption. Moreover, uri-
nary L-arg excretion was reported to be markedly in-
creased in diabetes (35).

The sodium/chloride-independent mechanisms re-
sulting in NOS1 activation are also conceivably rele-
vant. Blunted responses to NOS1 inhibition in diabetic
rats rendered normoglycemic by additional insulin
suggest direct effects of glucose on NOS1. The capabil-
ity of glucose or glycosylation products to increase
enzymatic activity has been shown previously in other
NOS isoforms in various experimental settings (1, 10,
11, 43, 46), although other studies reported opposite
findings (40). Influence of glucose on NOS1 activity
may also involve activation of protein kinase C (22, 27).
Another theoretical explanation for activation of NOS1
in diabetes is based on observations that renal NOS1 is
activated in parallel with the renin-angiotensin system
(RAS) in such pathophysiological states as two-kidney,
one-clip hypertension, furosemide treatment, or low-
sodium diet (8). Our group has demonstrated that RAS
is activated in kidneys from diabetic rats and impli-
cated this alteration in the pathogenesis of diabetic
nephropathy (3). With respect to close links between
the two systems, it is possible that similar to the
conditions mentioned above, NOS1 is activated in par-
allel with RAS also in the diabetic kidney. Indeed, in
our recent work, renal responses to systemic NOS1
inhibition were, in diabetic rats, attenuated by coad-
ministration of losartan, an AT1 angiotensin receptor
blocker (21).

Having established renal hemodynamic responses to
NOS1 inhibition, we attempted to determine whether
NOS1 activity is the major determinant of hemody-
namically active NO in diabetes or whether other NOS
isoforms also significantly contribute to the pathogen-
esis of hyperfiltration. We addressed the issue by as-
sessing the renal responses to the nonspecific inhibitor
L-NAME in diabetic rats pretreated with SMTC. The
lack of effect of L-NAME on GFR in SMTC-treated
animals suggests that NOS1 is the isoform responsible
for generation of NO, which is involved in pathogenesis
of hemodynamic alterations specific to diabetes. How-
ever, the further decrease in RPF induced by L-NAME
in SMTC-treated rats suggests that the other isoforms
act in concert with NOS1 in the control of renal perfu-
sion in diabetes.

The topography of NOS1 in kidneys of both control
and diabetic rats was similar to that in previous stud-
ies (5, 36, 47, 55). Although the NOS1 immunostaining
was abundant in both control and diabetic rats, quan-
tification of histochemical findings revealed that the
number of NOS1-positive cells in MD was enhanced,
albeit modestly, in diabetic kidneys. This finding is
complementary to our hemodynamic observations and
provides further support for the pathophysiological
roles of NOS1, as proposed in this paper. To our knowl-
edge, two studies have previously explored NOS1 renal
expression in diabetes. Supporting our findings, Choi
et al. (9) found a marked increase in cortical NOS1 in
STZ-diabetic rats, as assessed by Western blot analy-
sis. In contrast, Yagihashi et al. (57) reported less

intense immunohistochemical staining for cNOS (pre-
sumably NOS1) in MD and glomerular arterioles in
rats with various durations of diabetes. A possible
explanation for opposite findings in those studies,
which were performed in a rat model of diabetes with-
out insulin treatment, is the timing of the experiments.
The former study measured NOS1 expression 7 days
after induction of diabetes, whereas the latter studies
were performed at least 6 wk after induction of diabe-
tes. The degree of catabolism and dehydration, result-
ing in absence of the customary hemodynamics seen
with more moderate hyperglycemia, may explain those
disparate findings. Two other studies explored NOS1
expression in extrarenal neuronal tissue in diabetes. In
accordance with our findings, Serino et al. (39) found
increased hypothalamic NOS1 gene expression in STZ-
diabetic rats. Corresponding to our observations, the
authors also reported normalization of NOS1 expres-
sion in insulin-treated diabetic rats with near-normal
BG levels. In contrast, Roufail et al. (37) found de-
creased protein NOS1 immunohistochemical expres-
sion and enzymatic activity in retinal neurons of dia-
betic rats. This abnormality was also normalized by
insulin treatment. The level of hyperglycemia was al-
most identical in these studies and is not, therefore, a
likely explanation for the contrast in their findings. It
is possible that, in addition to the diabetic milieu, some
other specific regulatory mechanisms, such as local
perfusion or osmolality, influence NOS1 expression
and activity in various regions of the nervous system.

Involvement of NOS3 (eNOS) in the pathogenesis of
diabetic hyperfiltration has been suggested. Choi et al.
(9) found an increase in NOS3 protein in renal cortex.
Sugimoto et al. (42) found enhanced immunohisto-
chemical expression and NADPH diaphorase staining
in the endothelia of afferent, but not in efferent, arte-
rioles, associated with increased afferent diameter and
glomerular hypertrophy. These changes were corrected
by insulin treatment and by treatment with L-NAME.
That study however, did not provide persuasive hemo-
dynamic data. Enhanced NOS2 immunostaining was
observed in diabetic rats with significantly lower abso-
lute GFR values compared with controls, and the GFR
was not affected by L-NAME treatment. Furthermore,
a decrease in NADPH diaphorase staining in response
to L-NAME may reflect inhibition of other NOS iso-
forms, because this method is not specific for NOS3 (5).
More recently, Veelken et al. (51) reported increased
cortical NOS3 expression and the lack of effect of a
selective NOS2 (iNOS) inhibitor, contrasting to the
effect of L-NAME, on renal hemodynamics in conscious
STZ-diabetic rats. On the basis of these observations,
the authors suggested the role of NOS3 in the patho-
genesis of hyperfiltration. However, these findings do
not exclude the possibility that NOS1 is involved in the
process, because the reduction in GFR was achieved
with a nonspecific NOS inhibitor.

Unlike NOS1 and NOS3, the contribution of NOS2 to
the pathogenesis of hyperfiltration seems to be negli-
gible. Except for one study (9), NOS2 cortical protein
and mRNA expression have been found to be barely
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detectable during the hyperfiltering state (43, 51). Fur-
thermore, in an aforementioned study, selective NOS2
inhibition failed to alter renal hemodynamics in hyper-
filtering diabetic rats (51). However, renal topography
and expression of NOS isoforms in diabetic rats with
moderate hyperglycemia, as used in our studies, re-
main undefined, and are presently being explored in
our laboratory.

Although this discussion has so far focused on evi-
dence related to the role of NO in mediating early renal
hemodynamic changes in diabetes, it should be noted
that the issue of NO pathophysiology in diabetic kidney
disease is more complex. There is substantial evidence
suggesting decreased, rather than increased, activity
of the renal NO system in diabetes. For example, sim-
ilar to peripheral vascular beds (33), endothelium-de-
pendent vasodilation was found to be decreased in the
renal artery (14), and NO-dependent cGMP generation
in response to cholinergic stimuli was blunted in dia-
betic glomeruli (13, 52). Such findings, suggesting a
defect in NOS3 activity, do not contradict the proposed
role of NOS1 in mediating diabetic hyperfiltration, and
are, in fact, compatible with the lack of effect of L-
NAME in SMTC-treated rats.

In contrast to our present findings, as well as to
previous findings by us and other groups (20, 21, 24,
49, 51), however, are studies showing blunted renal
arteriolar and hemodynamic responses to nonspecific
NOS inhibition (29–32). Most recently, Schoonmaker
et al. (38) found normal afferent and blunted efferent
responses to NG-nitro-L-arginine in insulin-treated di-
abetic rats. There are no clear explanations for these
conflicting findings. These phenomena cannot be ex-
plained by the presence or absence of insulin treatment
or by the levels of metabolic control in rat models of
diabetes used in these studies. Blunted or normal re-
sponses to NOS inhibitors were found also in insulin-
treated rats with moderate hyperglycemia (29, 38), and
enhanced responses in insulin-untreated animals (51).
Furthermore, even insulin-untreated STZ-diabetic an-
imals can demonstrate moderate hyperglycemia, when
studied early after onset of diabetes. As suggested in
an aforementioned recent report (38), the afferent re-
sponse to NG-nitro-L-arginine was preserved in dia-
betic rats pretreated with angiotensin-converting en-
zyme (ACE) inhibitor (ACEI). This finding is in
contrast to previous studies by the same group, con-
ducted in the same experimental model, suggesting a
decrease in afferent arteriolar responses to NOS inhi-
bition in diabetic rats that were not, however, treated
with ACEI (29). Thus different degrees of activation of
the RAS in various models could, at least in part,
explain the above-mentioned conflicting findings. A
complex interplay between the NO and RAS systems in
the control of renal hemodynamics has been well es-
tablished (16, 18, 30, 41, 44), as well as the already
mentioned role of the RAS in the pathogenesis of dia-
betic nephropathy (2).

Several studies have suggested a nephroprotective
role of NO in the course of development of nephropathy
in diabetic rats. Reyes et al. (35) found a decrease in

proteinuria and amelioration of hyperfiltration in STZ-
diabetic rats after L-arg treatment. In that study, how-
ever, the measurements were performed 14 wk after
onset of diabetes, and the authors failed to provide
evidence that beneficial effects of L-arg were mediated
via increased NO production. Convincing evidence for a
renoprotective role of NO in diabetes was more re-
cently provided by Craven et al. (12) in a study showing
acceleration of nephropathy in STZ-diabetic rats after
long-term inhibition with a nonpressor dose of the
nonspecific NOS inhibitor. Our present results do not
challenge those findings. We believe that the majority
of the above-mentioned studies, including our present
data, describe different episodes in one scenario. Early
increases in activity and synthesis of NO contribute to
the development of renal hemodynamic changes, with
a consequent cascade of events resulting from the in-
crease in glomerular pressure (4). At this stage, alter-
ation in NOS1 activity seems to be an important factor.
However, with increasing duration of diabetes, NO
production, in particular mediated by NOS3, de-
creases, or is neutralized by accumulating superoxide
radicals and glycosylation products. This leads to a
gradual loss of protection against other factors impli-
cated in the pathogenesis of nephropathy, such as the
RAS, endothelin, vasoconstrictor prostanoids, various
growth cytokines, and adhesion molecules. Renal
pathophysiology of the NO system in more advanced
stages of diabetic nephropathy has been far less stud-
ied and remains a challenge for future investigation in
this area.
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