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Improvement of endothelial nitric oxide synthase
activity retards the progression of diabetic
nephropathy in db/db mice
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Impaired endothelial nitric oxide synthase (eNOS) activity
may be involved in the pathogenesis of diabetic
nephropathy. To test this, we used the type 2 diabetic db/db
mouse (BKS background) model and found impaired eNOS
dimerization and phosphorylation along with moderate
glomerular mesangial expansion and increased glomerular
basement membrane (GBM) thickness at 34 weeks of age.
Cultured murine glomerular endothelial cells exposed to high
glucose had similar alterations in eNOS dimerization and
phosphorylation. Treatment with sepiapterin, a stable
precursor of the eNOS cofactor tetrahydrobiopterin, or the
nitric oxide precursor L-arginine corrected changes in eNOS
dimerization and phosphorylation, corrected permeability
defects, and reduced apoptosis. Sepiapterin or L-arginine,
administered to db/db mice from weeks 26 to 34, did not
significantly alter hyperfiltration or affect mesangial
expansion, but reduced albuminuria and GBM thickness, and
decreased urinary isoprostane and nitrotyrosine excretion
(markers of oxidative stress). Although there was no change
in glomerular eNOS monomer expression, both sepiapterin
and L-arginine partially reversed the defect in eNOS
dimerization and phosphorylation. Hence, our results
support an important role for eNOS dysfunction in diabetes
and suggest that sepiapterin supplementation might have
therapeutic potential in diabetic nephropathy.
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Multiple mechanisms contribute to the development of
diabetic nephropathy, and there is increasing evidence that all
three types of glomerular cells are potential targets for
injury.' Specifically, there is increasing evidence that
dysfunction of the fenestrated glomerular endothelial cells
(GEnGCs) is an important contributory factor to progressive
diabetic glomerular injury.”” Nitric oxide (NO) is an
important endothelium-derived mediator, with multiple
actions, including vasodilation and antiplatelet, antiproli-
ferative, antiadhesive, permeability-decreasing, and anti-
inflammatory properties.” Previous studies have examined
whether there are alterations in NO production and/or
bioavailability in diabetes but have provided conflicting
results. In vitro studies have shown that high glucose (HG)
medium could either induce®™ or inhibit® endothelial nitric
oxide synthase (eNOS) expression in cultured endothelial
cells. In animal model of diabetes mellitus, eNOS gene
expression has been described to be either unchanged,”
diminished,®’ or increased.'®!' Hohenstein et al.'? recently
reported upregulated eNOS expression in glomeruli from
type 2 diabetic patients with nephropathy. In contrast, we
and others have found that eNOS insufficiency will accelerate
nephropathy in mouse models of both type 1 and type 2
diabetes.">™” Therefore, the underlying mechanisms and
potential roles of impaired eNOS in glomerular endothelium
during the development of diabetic nephropathy still remain
incompletely understood."*

RESULTS

HG induced GEnC impairment and eNOS dysfunction

Pilot studies indicated that incubation of cultured mouse
GEnCs with HG for 48 h demonstrated significant alterations.
At that time, GEnCs in HG increased bovine serum albumin
(BSA) clearance compared with normal glucose (NG) medium
or mannitol (9.9 + 0.6% in NG and 11.0  1.0% in mannitol vs.
40.8 £1.7% in HG after 40 min, n=5, P<0.05) (Figure 1a)
without significantly altering proliferation (data not shown).
In addition, HG induced profound apoptosis in GEnCs
(1£02% in NG vs. 7.9+0.4% in HG, n=4, P<0.05)
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Figure 1| High glucose increased bovine serum albumin (BSA) permeability and apoptosis in glomerular endothelial cells (GEnCs);
these effects were inhibited by sepiapterin or L-arginine. (a) High glucose (HG), but not mannitol, increased permeability in GEnCs,
indicated by BSA clearance at 5-40 min. *P<0.05 HG versus normal medium (NG) or osmolality control (mannitol at same concentration).
(b) Sepiapterin (Sep) and L-arginine (L-arg) attenuated HG increases in permeability, *P<0.05 HG versus normal medium or HG with Sep or
t-arg coincubation. (c) Effect of HG on apoptosis in GEnCs. Representative images of terminal transferase dUTP nick-end labeling (TUNEL)
assay from four independent experiments. (d) Sep and L-arg prevented HG-induced apoptosis. *P<0.05 HG versus normal medium or

HG with Sep or L-arg coincubation.

(Figure 1b and c). Incubation in the high-glucose medium
decreased eNOS dimerization (Figure 2a) and phosphoryla-
tion at Serll79 (Figure 2b) without changing eNOS
monomer expression or phosphorylation at Thr479, whereas
incubation with mannitol as an osmolar control did not have
the same effects (Supplementary Figure Sla and b online).
HG also decreased NOS activity, indicated by decreased levels
of the stable end products of NO (nitrate/nitrite) (to
0.53 £ 0.07 fold of NG. n=4, P<0.05 compared with NG
or mannitol control) (Figure 2c and Supplementary Figure
Slc online).

Effects of sepiapterin and L-arginine on HG-induced GEnC
injury

We treated the GEnCs exposed to high-glucose medium with
the NO precursor, L-arginine, or the tetrahydrobiopterin
(BH,) cofactor, sepiapterin. Either r-arginine or sepiapterin
partially corrected the HG-induced defects in eNOS dimer-
ization and phosphorylation (Figure 2a and b), as well as
eNOS activity (to 0.86 £ 0.05- and 0.83 + 0.08-fold control
by i-arginine or sepiapterin, respectively, n=4, P<0.05
compared with untreated) (Figure 2c¢). In addition, both
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L-arginine and sepiapterin significantly blunted GenC altera-
tions in permeability and apoptosis induced by incubation in
the high-glucose medium (Figure 1b-d).

eNOS dysfunction in db/db mice

db/db mice are a well-established type 2 diabetic model, but
some strains are relatively resistant to diabetic renal injury
despite the significant hyperglycemia.'>'® db/db mice on the
BKS background have been shown to develop hyperglycemia
and diabetic renal injury.'”'® We found that at 34 weeks, db/
db (BKS) mice had developed glomerulopathy characterized
by mesangial matrix accumulation (Figure 3a), foot process
effacement, and increased glomerular basement membrane
(GBM) thickness (154 + 6 in BKS control vs. 335 + 23 nm in
untreated db/db mice) (Figure 3a and b) and had significant
albuminuria (alb/cre: 18 £ 3 in BKS control vs. 759 £ 281 in
untreated db/db, n=8, P<0.05) (Figure 3¢) and hyperfiltra-
tion (glomerular filtration rate: 206 £33 ul/min in BKS
control; 403 £36 in untreated db/db, n=6-12, P<0.05)
(Figure 3d). Furthermore, urine F2-isoprostanes, a marker of
oxidative stress, increased in the diabetic mice (5.7 £0.9 in
db/db mice vs. 1.4+0.1ng 8-iso-PGF2a/mg Cr in BKS
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Figure 2| Sepapterin (Sep) and L-arginine (L-arg) reversed high glucose-induced endothelial nitric oxide synthase (eNOS)
impairment in glomerular endothelial cells (GEnCs). (a) High glucose did not alter eNOS expression, but decreased eNOS dimerization in
GENCs, which could be prevented by Sep or L-arg. Representative photo from three independent experiments. (b) High glucose decreased
eNOS phosphorylation at Ser1179, without significant change at Thr479. Sep or t-arg coincubation reversed phosphorylation at Ser1179.
Representative photo from three independent experiments. (c) High glucose reduced nitrate/nitrite production by GEnCs, which was
corrected by supplementation with Sep or L-arg. *P<0.05 compared with normal medium or high glucose with Sep or L-arg. HG, high

glucose; NG, normal glucose.

control, n=6-11, P<0.05) (Figure 3e). Increased oxidative
stress in db/db mice was also confirmed by the accumulation
of nitrotyrosine, another superoxide marker (Figure 3f).

To investigate the potential role of eNOS in the diabetic
renal injury, we determined glomerular eNOS expression.
There were no differences in eNOS monomer expression
between control and diabetic mice (Figure 4a), which was
further confirmed by immunohistochemical staining (data
not shown). However, glomerular eNOS dimerization
(Figure 4b) and phosphorylation at Ser1179 (Figure 4c)
decreased by ~50% in db/db mice, whereas phosphorylation
at Thr497 was unchanged (Figure 4c). HG-mediated
alterations in endothelial function have been reported to be
associated with reduced intracellular BH,.'>* In agreement
with these findings, we found that glomerular BH, in db/db
mice (0.7 £ 0.1 ng/mg pro.) was significantly lower than BKS
control (2.3 £ 0.2 ng/mg pro., n=6, P<0.05).

Sepiaterin or L-arginine partially restored eNOS function and
attenuated renal injury in db/db mice

To examine the impact of L-arginine or sepiapterin in vivo, we
administered these agents to 26-week-old db/db mice for 8
weeks. Sepiapterin treatment significantly restored glomeru-
lar BH, levels (to 1.9+0.3ng/mg pro., n=6, P<0.05
compared with untreated db/db). Consistent with the in
vitro results, both L-arginine and sepiapterin improved
glomerular eNOS function in db/db mice, indicated by
restoration of eNOS dimerization (Figure 4b) and phosphor-
ylation at Ser1179 (Figure 4c). In addition, oxidative stress,
indicated by nitrotyrosine accumulation and urinary F2-
isoprostane levels, was significantly decreased (3.1+0.2ng
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8-is0-PGF2a/mg Cr for r-arginine and 2.7 £0.2 for sepiap-
terin, n=6-11, P<0.05 compared with untreated) (Figure 3e
and f).

Neither r-arginine nor sepiapterin treatment markedly
affected the increased mesangial expansion, but both of
them reduced GBM thickness and foot-process effacement
in db/db mice (Figure 3a and b). They also significantly
reduced albuminuria (sepiapterin: 40%7 and r-arginine:
163 £ 37 pgalb/mg Cr, respectively, n=6-8, P<0.05 vs. un-
treated db/db) (Figure 3c) without affecting glomerular filtration
rate (398 £ 16 in sepiapterin and 425 + 50 pl/min in r-arginine,
respectively, n=6, P<0.05 compared with BKS control; not
significantly different vs. untreated db/db) (Figure 3d).

DISCUSSION

Our studies showed that HG induced dysfunction of GEnCs
in vitro, as indicated by the increased permeability to BSA
and apoptosis, as well as decreased eNOS dimerization,
impaired eNOS phosphorylation at Ser 1179, and decreased
NO production. All of these abnormalities were ameliorated
by coincubation with either the NO precursor, L-arginine, or
with sepiapterin, a stable precursor of the eNOS cofactor,
tetrahydrobiopterin. These in vitro findings were confirmed
in db/db (BKS) mice, in which supplementation with either
sepiapterin or L-arginine attenuated albuminuria and GBM
thickness and decreased oxidative stress.

NO has an important role in controlling vascular tone and
modulating platelet activation. Decreased NO bioactivity
contributes to arterial thrombosis and endothelial dysfunc-
tion.”' Chronic kidney diseases, including diabetic nephro-
pathy, are often characterized by relative NO deficiency,

Kidney International (2012) 82, 1176-1183



H Cheng et al.: Sepiapterin protects against glomerular injury

original article

1000 +

500 +

Albumin (ug)/creatinine
(mg
GFR (ul/min)

b
2 400 i
£
~ 300
%]
[0}
£ 200
<
IS
< 100
m
S o
A
& OQ\,\OX%QJQIZ;\Q
O 60 sox
0 0" S
6&6 S 6&

(ng/mg)

S

BKS db/db control

db/db+Sep db/db+L-ar

Figure 3 | Sepiapterin (Sep) and L-arginine (L-arg) attenuated renal injury in db/db mice. (a) The upper panel indicates glomerular
mesangial expansion in db/db mice at 34 weeks by Periodic Acid Schiff staining, Bars: 20 um; the lower panel indicates glomerular basement
membrane (GBM) thickness and foot process effacement (red arrow) in db/db mice with or without treatment with Sep/L-arg, bars: 2 pm.
(b) GBM thickness. *P<0.05, compared with wild-type BKS; *P<0.05, versus each treatment. (c) Sep or L-arg decreased albuminuria in
db/db mice at 34 weeks of age. *P<0.05, compared with wild-type BKS; *P<0.05, versus each treatment. (d) Sep or t-arg had no effect
on hypefrfiltration seen in db/db mice, determined by fluorescein isothiocyanate-inulin clearance. *P < 0.05, BKS versus db/db mice regardless
of treatments. (e) Sep or L-arg decreased elevations in urine isoprostane excretion in db/db mice. *P<0.05, compared with wild-type BKS;
#P<0.05, versus each treatment. (f) Increased nitrotyrosine accumulation in db/db mice was attenuated by Sep or L-arg treatment.
Representative photo from three independent experiments. GFR, glomerular filtration rate.

which may contribute to disease progression.”> NO is
synthesized from r-arginine by its synthases. eNOS is the
major source of NO production in vascular endothelial cells,
including the endothelium of preglomerular vessels and
glomeruli.”

Accelerated glomerular injury in diabetic mice with eNOS
deficiency strongly suggests that deficient eNOS activity may
have an important role in the pathogenesis of diabetic
nephropathy,'>?*** although there have been conflicting
results about eNOS regulation in the diabetic kidney, which

Kidney International (2012) 82, 1176-1183

may relate to whether studies were conducted in early or
late injury.”*?® Previous studies in isolated blood vessels*”*®
and cultured umbilical vein cells***® have been used as in vitro
systems to examine the role of eNOS on endothelial function.
Notably, GEnCs represent a microvascular endothelial cell
with unique characteristics’'** and have a critical role in
the pathogenesis of diabetic nephropathy. In the current
study, we focused on the impact of hyperglycemia on
eNOS impairment in cultured mouse GEnCs. In cultured
GEnCs, we found that HG increased both permeability to
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Figure 4| Sepiapterin (Sep) and L-arginine (L-arg) reversed endothelial nitric oxide synthase (eNOS) impairment in db/db mice.
(@) No significant differences in glomerular eNOS expression were detected between BKS and db/db mice with or without treatment.
(n=4; NS). (b) There was decreased eNOS dimerization in glomeruli from db/db mice, which was corrected by administration of Sep or
L-arg (n =4, *P<0.05, compared with wild-type or treated groups). (c) There was decreased eNOS phosphorylation at Ser1179, but not at
Thr479, in glomeruli from db/db mice and normalization by Sep/L-arg treatment. Representative photo was from three independent

experiments.

BSA and apoptosis, in association with endothelial eNOS
dysfunction.

There is evidence that activation of eNOS requires
formation of a homodimer through a linkage between the
N-terminal oxygenase domains.””> Although we did not find
any significant alteration in eNOS monomer expression in
glomeruli from db/db mice at 34 weeks or in GEnCs in
response to HG, there was decreased eNOS dimerization.
We also found that in both diabetic glomeruli and high-
glucose GEnCs, eNOS phosphorylation was impaired at
Ser1179 without significant alteration at Thr497. A crucial
role for posttranslational control of eNOS bioactivity has been
suggested, owing to its long half-life at baseline (10-35h).>*?>
Akt-dependent phosphorylation of eNOS at Serl179 is
essential for endothelium-dependent relaxation,”® whereas
phosphorylation at Thr497 is considered inhibitory.””
Reduced phosphorylation of eNOS at Ser1179 has previously
been reported in moderately hyperglycemic diabetic rats.”®

In addition to decreased eNOS expression and decreased
eNOS activity due to uncoupling by reactive oxygen
species,”” alterations in the availability of substrate and/or
essential cofactors may lead to decreased NO production.
When either the essential substrate, L-arginine, or the
essential cofactor, BH,, is limited, electron transfer from
eNOS flavins becomes uncoupled from r-arginine oxidation,
and superoxide is produced from the oxygenase domain,**'
which may further reduce NO bioactivity and increase oxida-
tive stress within endothelial cells by scavenging NO and
forming peroxynitrite.*” Reduced levels of both r-arginine
and BH, have been observed in diabetic rats,?*> with more
profound depletion in endothelial cells than in plasma.*

Modulation of the arginine-NO pathway by supplementa-
tion with arginine may have protective effects on diabetic
rats** and patients.’® In a previous study, administration
of BH, to db/db mice did not affect glucose, triglyceride,
and cholesterol levels or body weight, but enhanced the
reactivity of small mesenteric arteries to phenylephrine.*’
Acute intra-arterial infusion of BH, leads to short-term
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improvements of forearm blood flow responses to endothelium-
dependent vasodilators in patients with type 2 diabetes.*®
Sepiapterin, the immediate precursor of BH, via the biopterin
salvage pathway, is less sensitive to oxidative stress than BH,.*”
It is noteworthy that administration of either r-arginine or
sepiapterin not only corrected the defects in eNOS dimeriza-
tion and phosphorylation but also decreased oxidative stress
and partially corrected functional and structural glomerular
abnormalities. Previous studies have also reported beneficial
effects of L-arginine on renal dilatation in animal models*® and
humans.*” The current in vitro study provided evidence for
a direct role of both sepiapterin and arginine on GEnCs,
independent of vasodilation.

In summary, we found that providing either a precursor for
NO production or a stable precursor of tetrahydrobiopterin
significantly improved the function of cultured GEnCs and
decreased progression of glomerular injury in a model of type 2
diabetes. Recently, a more stable preparation of oral BH,,
sapropterin dihydrochloride (Kuvan, BioMarin, Tiburon, CA),
has been developed and approved by the Food and Drug
Administration for treatment of patients with phenylketo-
nuria.”® Our results provide evidence that BH, supplementa-
tion may have therapeutic potential in diabetic nephropathy.

MATERIALS AND METHODS

Materials

Sepiapterin, eNOS polyclonal antiserum, and Nitrate/Nitrite Colori-
metric Assay Kits were from Cayman Chemical Co (Ann Arbor, MI).
Rabbit anti-phospho-serine-1179 eNOS (bovine) and anti-phospho-
Thr-497 polyclonal antibody were from Cell Signaling Technology
(Danvers, MA); anti-nitrotyrosine antibody was from Santa Cruz
Biotechnology (Santa Cruz, CA). The TUNEL (terminal transferase
dUTP nick-end labeling) apoptosis detection kit was from Upstate
(Lake Placid NY); other reagents were purchased from Sigma
Chemical (St Louis, MO).

Experimental animals
We used db/db mice on the nephropathy-susceptible BKS back-
ground”"** as a model of type 2 diabetes. Age-matched (26 weeks old)

Kidney International (2012) 82, 1176-1183
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male mice were divided into the following groups: (1) Wild type
(BKS); (2) db/db untreated (db/db control); (3) db/db mice treated
with sepiapterin, in which the mice were administered fresh
sepiapterin solution (10 mg/kg/day by gavage) for 8 weeks (from
26 to 34 weeks); (4) db/db mice with L-arginine, in which r-arginine
(100 mg/kg/day in the drinking water) was administered for the
same period. Mice were killed at the end of 34 weeks. All animal
procedures were approved by the Animal Care and Use Committee
of Vanderbilt University Medical Center.

Assessment of glomerular injury

Renal injury was assessed histologically with light microscopy by
hematoxylin and eosin, Periodic Acid Schiff, and Jones staining and
by electron microscopy. GBM thickness was randomly measured as
the distance between the endothelial cell and epithelial cell plasma
membranes x 20 for each sample and evaluated by the renal
pathologist. Urinary albumin levels were determined by enzyme-
linked immunosorbent assay (ELISA) using a murine micro-
albuminuria ELISA kit, AlbuwellM (Exocell, Philadelphia, PA).
The urine creatinine concentration was measured with a microplate
assay kit, Creatinine Companion (Exocell). All measurements were
recorded in duplicate, and albuminuria was determined as the ratio
of urinary albumin (pg/ml) to creatinine (mg/ml). Renal function
was evaluated by glomerular filtration rate as described previously."

F2-isoprostane assay
F2-isoprostanes were measured in urine using stable isotope dilution
methods and gas chromatography negative ion chemical ionization

53,54 : .
mass spectrometry, and expressed as ng/mg urine creatinine.

Isolation of glomeruli

Glomeruli were isolated immediately after killing, using the
Dynabeads method modified from Takemoto et al.>® Briefly, mice
were anesthetized by an injection of nembutal (0.05 mg/g BW) and
perfused through the descending aorta with 8 x 10’ Dynabeads
diluted in phosphate-buffered saline. The kidneys were removed,
minced into 1-mm’® pieces, and digested in collagenase (1 mg/ml
collagenase A, 100 U/ml deoxyribonuclease I in Hank’s Balanced Salt
Solution (HBSS)) at 37°C for 30 min with gentle agitation. The
collagenase-digested tissue was gently pressed through a 100-pm cell
strainer using a flattened pestle, and the cell strainer was then
washed with 5ml of cold HBSS. The filtered cells were passed
through a new cell strainer without pressing and the cell strainer
washed with 5ml of cold HBSS. The cell suspension was then
centrifuged at 200 g for 5 min at 4 °C. The supernatant was discarded
and the cell pellet was resuspended in 2ml of cold HBSS. Finally,
glomeruli containing Dynabeads were gathered by a magnetic
particle concentrator and washed three times with cold HBSS.
During the procedure, kidney tissues were kept at 4 °C, except for
the collagenase digestion, which was kept at 37 °C. The preparation
consisted of >90% glomeruli.

Cultured mouse GEnCs

We used early-passage GEnCs from Michael Madaio,”® grown in
DMEM/F12 medium with 10% FBS, at 37 °C in humidified air with
5% CO,. After quiescence for 16-24 h, subsets of cells were exposed
to high-glucose (30 mm) medium or osmolality control medium
(30 mm mannitol) for 48 h before experimentation. Subsets of cells
grown in high-glucose medium were coincubated with L-arginine
(3 mwm) or sepiapterin (100 ).’

Kidney International (2012) 82, 1176-1183

Immunoblotting

Cultured cells or isolated glomeruli were homogenized as described
previously.”® Proteins were resuspended in SDS sample buffer, diluted
in SDS buffer containing 2-mercaptoethanol (Sigma Chemical), and
boiled for 10 min before loading. The samples were run on 8% sodium
dodecyl sulfate polyacrylamide gel electrophoresis gels under reducing
conditions and transferred onto polyvinylidene fluoride membrane
(Immobilion-P; Millipore, Bedford, MA). After blocking with 5%
nonfat milk in Tris-buffered saline, the membranes were exposed to
the primary antibody overnight at 4°C, followed by horseradish
peroxidase-conjugated secondary antibodies. The horseradish perox-
idase signal was enhanced using the enhanced chemiluminescence
method, and the images were developed on high-performance
autoradiography film, Hyperfilm MP (Amersham Biosciences, Buck-
inghamshire, UK). Membranes were rehybridized with goat anti-f3-
actin antibody (Santa Cruz Biotechnology) to normalize protein
loading. For detection of eNOS dimerization, we used nondenaturing,
low-temperature sodium dodecyl sulfate polyacrylamide gel electro-
phoresis to run gels with 50 g protein loading in each well without
boiling, and calculated eNOS dimer/monomer ratios.

Apoptosis detection

A TUNEL apoptosis detection kit (Upstate) was used for measurements.
Propidium iodide was used for counterstaining. The percentage of
apoptotic cells in 400 total cells from the same field was determined
for quantification.

Glomerular BH, (tetrahydrobiopterin)

Glomerular BH, was evaluated with the Tetrahydrobiopterin ELISA
Kit (MyBioSource, LLC, San Diego, CA) using the company’s
instructions. BH, was normalized to protein content, expressing as
ng/mg pro.

Endothelial cell permeability

Permeability was detected by clearance of albumin across endo-
thelial monolayers as described previously.””*® Briefly, monolayers
were grown to confluence on the inserts of Transwell (3.0 um;
Becton Dickinson Labware, Franklin Lake, NJ, 8 x 10° cells/insert).
After washing, the monolayers were covered immediately with
HBSS containing a trypan blue-albumin complex (trypan blue
0.035% and BSA 0.8%) and incubated at 37 °C with continuous
agitation. Samples were collected every 5 min from the bottom well
up to 40 min and were replaced by an equal volume of HBSS.
Absorbance at 590 nm was measured from both the insert and the
lower well fluids. Results were expressed as clearance of BSA,
i.e., the amount of TB-BSA detected in the lower chamber, expressed
as a percentage of the total TB-BSA initially added to the upper
chamber.

NOS activity from cultured GEnCs

Activity was measured with a Nitrate/Nitrite Colorimetric Assay Kit
(Cayman Chemical) from stable end products of the reaction of NO
with molecular oxygen, according to the manufacturer’s instruc-
tions, normalized by the protein content and expressed as fold
control (cells gown in normal medium).

Statistical analyses

All values are presented as mean * s.e.m. ANOVA and Bonferroni
t-tests were used for statistical analysis, and differences were
considered significant when P <0.05.

1181



original article

H Cheng et al.: Sepiapterin protects against glomerular injury

DISCLOSURE
The authors declare no conflict of interest.

ACKNOWLEDGMENTS

This work was supported by funds from the Department of Veterans
Affairs, the Vanderbilt George O’Brien Kidney and Urologic Diseases
Center (DK DK79341), DK51265, DK62794, and Vanderbilt Diabetes
Research and Training Center (DK20593).

SUPPLEMENTARY MATERIAL

Figure S1. High glucose induced eNOS dysfunction independent of
its osmolality.

Supplementary material is linked to the online version of the paper at
http://www.nature.com/ki

REFERENCES

1.

Nawroth PP, Isermann B. Mechanisms of diabetic nephropathy—old
buddies and newcomers part 1. Exp Clin Endocrinol Diab 2010; 118:
571-576.

Patrakka J, Tryggvason K. Molecular make-up of the glomerular filtration
barrier. Biochem Biophys Res Commun 2010; 396: 164-169.

Stehouwer CD. Endothelial dysfunction in diabetic nephropathy: state of
the art and potential significance for non-diabetic renal disease. Nephrol
Dial Transplant 2004; 19: 778-781.

Hoshiyama M, Li B, Yao J et al. Effect of high glucose on nitric oxide
production and endothelial nitric oxide synthase protein expression in
human glomerular endothelial cells. Nephron Exp Nephrol 2003; 95:
€62-e68.

Komers R, Allen TJ, Cooper ME. Role of endothelium-derived nitric oxide
in the pathogenesis of the renal hemodynamic changes of experimental
diabetes. Diabetes 1994; 43: 1190-1197.

Mohan S, Konopinski R, Yan B et al. High glucose-induced IKK-Hsp-90
interaction contributes to endothelial dysfunction. Am J Physiol Cell
Physiol 2009; 296: C182-C192.

Janssens S, Flaherty D, Nong Z et al. Human endothelial nitric oxide
synthase gene transfer inhibits vascular smooth muscle cell proliferation
and neointima formation after balloon injury in rats. Circulation 1998; 97:
1274-1281.

Ju H, Zou R, Venema VJ et al. Direct interaction of endothelial nitric-oxide
synthase and caveolin-1 inhibits synthase activity. J Biol Chem 1997; 272:
18522-18525.

Kashiwagi M, Shinozaki M, Hirakata H et al. Locally activated renin-
angiotensin system associated with TGF-betal as a major factor for renal
injury induced by chronic inhibition of nitric oxide synthase in rats. J Am
Soc Nephrol 2000; 11: 616-624.

Keynan S, Hirshberg B, Levin-laina N et al. Renal nitric oxide production
during the early phase of experimental diabetes mellitus. Kidney Int 2000;
58: 740-747.

Kiff RJ, Gardiner SM, Compton AM et al. The effects of endothelin-1 and
NG-nitro-L-arginine methyl ester on regional haemodynamics in
conscious rats with streptozotocin-induced diabetes mellitus. Br J
Pharmacol 1991; 103: 1321-1326.

Hohenstein B, Hugo CP, Hausknecht B et al. Analysis of NO-synthase
expression and clinical risk factors in human diabetic nephropathy.
Nephrol Dial Transplant 2008; 23: 1346-1354.

Zhao HJ, Wang S, Cheng H et al. Endothelial nitric oxide synthase
deficiency produces accelerated nephropathy in diabetic mice. J Am Soc
Nephrol 2006; 17: 2664-2669.

Komers R, Anderson S. Glomerular endothelial NOS (eNOS) expression in
type 2 diabetic patients with nephropathy. Nephrol Dial Transplant 2008;
23: 3037; author reply 3037-3038.

Qi Z, Fujita H, Jin J et al. Characterization of susceptibility of inbred mouse
strains to diabetic nephropathy. Diabetes 2005; 54: 2628-2637.

Gurley SB, Clare SE, Snow KP et al. Impact of genetic background on
nephropathy in diabetic mice. Am J Physiol Renal Physiol 2006; 290:
F214-F222.

Goldberg 1J, Dansky HM. Diabetic vascular disease: an experimental
objective. Arterioscler Thromb Vasc Biol 2006; 26: 1693-1701.

Bower G, Brown DM, Steffes MW et al. Studies of the glomerular
mesangium and the juxtaglomerular apparatus in the genetically diabetic
mouse. Lab Invest 1980; 43: 333-341.

Thum T, Fraccarollo D, Schultheiss M et al. Endothelial nitric oxide
synthase uncoupling impairs endothelial progenitor cell mobilization and
function in diabetes. Diabetes 2007; 56: 666-674.

1182

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wu G, Meininger CJ. Nitric oxide and vascular insulin resistance. Biofactors
2009; 35: 21-27.

Jin RC, Loscalzo J. Vascular nitric oxide: formation and function. J Blood
Med 2010; 2010: 147-162.

Baylis C. Nitric oxide deficiency in chronic kidney disease. Am J Physiol
Renal Physiol 2008; 294: F1-F9.

Veelken R, Hilgers KF, Hartner A et al. Nitric oxide synthase isoforms and
glomerular hyperfiltration in early diabetic nephropathy. J Am Soc
Nephrol 2000; 11: 71-79.

Mohan S, Reddick RL, Musi N et al. Diabetic eNOS knockout mice develop
distinct macro- and microvascular complications. Lab Invest 2008; 88:
515-528.

Kanetsuna Y, Takahashi K, Nagata M et al. Deficiency of endothelial
nitric-oxide synthase confers susceptibility to diabetic nephropathy

in nephropathy-resistant inbred mice. Am J Pathol 2007; 170:
1473-1484.

Komers R, Anderson S. Paradoxes of nitric oxide in the diabetic kidney.
Am J Physiol Renal Physiol 2003; 284: F1121-F1137.

Guzik TJ, Mussa S, Gastaldi D et al. Mechanisms of increased vascular
superoxide production in human diabetes mellitus: role of NAD(P)H
oxidase and endothelial nitric oxide synthase. Circulation 2002; 105:
1656-1662.

Kobayashi T, Taguchi K, Nemoto S et al. Activation of the PDK-1/Akt/eNOS
pathway involved in aortic endothelial function differs between
hyperinsulinemic and insulin-deficient diabetic rats. Am J Physiol Heart
Circ Physiol 2009; 297: H1767-H1775.

Liu J, Wei S, Tian L et al. Effects of endomorphins on human umbilical vein
endothelial cells under high glucose. Peptides 2011; 32: 86-92.

Kim HW, Lim JH, Kim MY et al. Long-term blockade of vascular
endothelial growth factor receptor-2 aggravates the diabetic renal
dysfunction associated with inactivation of the Akt/eNOS-NO axis.
Nephrol Dial Transplant 2011; 26: 1173-1188.

Ballermann BJ. Glomerular endothelial cell differentiation. Kidney Int 2005;
67: 1668-1671.

Satchell SC, Braet F. Glomerular endothelial cell fenestrations: an integral
component of the glomerular filtration barrier. Am J Physiol Renal Physiol
2009; 296: F947-F956.

Thomas SR, Witting PK, Drummond GR. Redox control of endothelial
function and dysfunction: molecular mechanisms and therapeutic
opportunities. Antioxid Redox Signal 2008; 10: 1713-1765.

Li H, Wallerath T, Munzel T et al. Regulation of endothelial-type NO
synthase expression in pathophysiology and in response to drugs.
Nitric Oxide 2002; 7: 149-164.

Searles CD. Transcriptional and posttranscriptional regulation of
endothelial nitric oxide synthase expression. Am J Physiol Cell Physiol
2006; 291: C803-C816.

Luo Z, Fujio Y, Kureishi Y et al. Acute modulation of endothelial Akt/PKB
activity alters nitric oxide-dependent vasomotor activity in vivo. J Clin
Invest 2000; 106: 493-499.

Mount PF, Kemp BE, Power DA. Regulation of endothelial and myocardial
NO synthesis by multi-site eNOS phosphorylation. J Mol Cell Cardiol 2007;
42: 271-279.

Komers R, Schutzer WE, Reed JF et al. Altered endothelial nitric oxide
synthase targeting and conformation and caveolin-1 expression in the
diabetic kidney. Diabetes 2006; 55: 1651-1659.

Xu J, Xie Z, Reece R et al. Uncoupling of endothelial nitric oxidase
synthase by hypochlorous acid: role of NAD(P)H oxidase-derived
superoxide and peroxynitrite. Arterioscler Thromb Vasc Biol 2006; 26:
2688-2695.

Alp NJ, Channon KM. Regulation of endothelial nitric oxide synthase by
tetrahydrobiopterin in vascular disease. Arterioscler Thromb Vasc Biol
2004; 24: 413-420.

Munzel T, Daiber A, Ullrich V et al. Vascular consequences of endothelial
nitric oxide synthase uncoupling for the activity and expression of the
soluble guanylyl cyclase and the cGMP-dependent protein kinase.
Arterioscler Thromb Vasc Biol 2005; 25: 1551-1557.

Schmidt TS, Alp NJ. Mechanisms for the role of tetrahydrobiopterin in
endothelial function and vascular disease. Clin Sci (Lond) 2007; 113:
47-63.

Meininger CJ, Marinos RS, Hatakeyama K et al. Impaired nitric oxide
production in coronary endothelial cells of the spontaneously diabetic
BB rat is due to tetrahydrobiopterin deficiency. Biochem J 2000; 349:
353-356.

Kohli R, Meininger CJ, Haynes TE et al. Dietary L-arginine
supplementation enhances endothelial nitric oxide synthesis in
streptozotocin-induced diabetic rats. J Nutr 2004; 134: 600-608.

Kidney International (2012) 82, 1176-1183


http://www.nature.com/ki

H Cheng et al.: Sepiapterin protects against glomerular injury

original article

45,

46.

47.

48.

49.

50.

51.

52.

53.

Pannirselvam M, Simon V, Verma S et al. Chronic oral supplementation
with sepiapterin prevents endothelial dysfunction and oxidative stress
in small mesenteric arteries from diabetic (db/db) mice. Br J Pharmacol
2003; 140: 701-706.

Heitzer T, Krohn K, Albers S et al. Tetrahydrobiopterin improves
endothelium-dependent vasodilation by increasing nitric oxide activity in
patients with Type Il diabetes mellitus. Diabetologia 2000; 43: 1435-1438.
Ferre J, Naylor EW. Sepiapterin reductase in human amniotic and skin
fibroblasts, chorionic villi, and various blood fractions. Clin Chim Acta
1988; 174: 271-282.

Coronel |, Arellano-Mendoza MG, del Valle-Mondragon L et al.
L-arginine and antioxidant diet supplementation partially restores nitric
oxide-dependent regulation of phenylephrine renal vasoconstriction

in diabetics rats. J Ren Nutr 2010; 20: 158-168.

Bello E, Caramelo C, Martell N et al. Impairment of renal vasodilation with
I-arginine is related to more severe disease in untreated hypertensive
patients. Hypertension 2001; 38: 907-912.

Burton BK, Nowacka M, Hennermann JB et al. Safety of extended
treatment with sapropterin dihydrochloride in patients with
phenylketonuria: results of a phase 3b study. Mol Genet Metab 2011;
103: 315-322.

Puff R, Dames P, Weise M et al. Reduced proliferation and a

high apoptotic frequency of pancreatic beta cells contribute to
genetically-determined diabetes susceptibility of db/db BKS mice.
Horm Metab Res 2011; 43: 306-311.

Leiter EH, Le PH, Coleman DL. Susceptibility to db gene and
streptozotocin-induced diabetes in C57BL mice: control by gender-
associated, MHC-unlinked traits. Immunogenetics 1987; 26: 6-13.
Morrow JD, Roberts 2nd LJ. Mass spectrometric quantification of
F2-isoprostanes in biological fluids and tissues as measure of oxidant
stress. Methods Enzymol 1999; 300: 3-12.

Kidney International (2012) 82, 1176-1183

54.

55.

56.

57.

58.

59.

60.

SOME RIGHTS RESERVED)

Morrow JD, Zackert WE, Yang JP et al. Quantification of the major
urinary metabolite of 15-F2t-isoprostane (8-iso-PGF2alpha) by a stable
isotope dilution mass spectrometric assay. Anal Biochem 1999; 269:
326-331.

Takemoto M, Asker N, Gerhardt H et al. A new method for large
scale isolation of kidney glomeruli from mice. Am J Pathol 2002;

161: 799-805.

Akis N, Madaio MP. Isolation, culture, and characterization of
endothelial cells from mouse glomeruli. Kidney Int 2004; 65:
2223-2227.

Korda M, Kubant R, Patton S et al. Leptin-induced endothelial
dysfunction in obesity. Am J Physiol Heart Circ Physiol 2008; 295:
H1514-H1521.

Cheng HF, Harris RC. Cyclooxygenase-2 expression in cultured cortical
thick ascending limb of henle increases in response to decreased
extracellular ionic content by both transcriptional and post-transcriptional
mechanisms. Role of p38-mediated pathways. J Biol Chem 2002; 277:
45638-45643.

Chen S, Apostolova MD, Cherian MG et al. Interaction of endothelin-1
with vasoactive factors in mediating glucose-induced increased
permeability in endothelial cells. Lab Invest 2000; 80: 1311-1321.
Bonner SM, O'Sullivan MA. Endothelial cell monolayers as a model
system to investigate dengue shock syndrome. J Virol Methods 1998;
71: 159-167.

This work is licensed under the Creative Com-
mons Attribution-NonCommercial-No Derivative

Works 3.0 Unported License. To view a copy of this license,
visit http://creativecommons.org/licenses/by-nc-nd/3.0/

1183



	Improvement of endothelial nitric oxide synthase activity retards the progression of diabetic nephropathy in dbsoldb mice
	RESULTS
	HG induced GEnC impairment and eNOS dysfunction
	Effects of sepiapterin and L-arginine on HG-induced GEnC injury
	eNOS dysfunction in dbsoldb mice

	Figure 1 High glucose increased bovine serum albumin (BSA) permeability and apoptosis in glomerular endothelial cells (GEnCs); these effects were inhibited by sepiapterin or L-arginine.
	Sepiaterin or L-arginine partially restored eNOS function and attenuated renal injury in dbsoldb mice

	DISCUSSION
	Figure 2 Sepapterin (Sep) and L-arginine (L-arg) reversed high glucose-induced endothelial nitric oxide synthase (eNOS) impairment in glomerular endothelial cells (GEnCs).
	Figure 3 Sepiapterin (Sep) and L-arginine (L-arg) attenuated renal injury in dbsoldb mice.
	MATERIALS AND METHODS
	Materials
	Experimental animals

	Figure 4 Sepiapterin (Sep) and L-arginine (L-arg) reversed endothelial nitric oxide synthase (eNOS) impairment in dbsoldb mice.
	Assessment of glomerular injury
	F2-isoprostane assay
	Isolation of glomeruli
	Cultured mouse GEnCs
	Immunoblotting
	Apoptosis detection
	Glomerular BH4 (tetrahydrobiopterin)
	Endothelial cell permeability
	NOS activity from cultured GEnCs
	Statistical analyses

	DISCLOSURE
	ACKNOWLEDGMENTS
	REFERENCES




