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Previous studies demonstrated that global deficiency of eNOS in diabeticmice exacerbated renal lesions and that
overexpression of eNOSmay protect against tissue injury. Our study revealed for the first time overexpression of
eNOS leads to disease progression rather than protection. Transgenic mice selectively expressing eNOS in endo-
thelial cells (eNOSTg)were cross bredwith Ins2Akita type-1 (AK) diabeticmice to generate eNOSoverexpressing
eNOSTg/AKmice.Wild type, eNOSTg, AK and eNOSTg/AKmice were assessed for kidney function and blood glu-
cose levels. Remarkably, overexpressing eNOSTg mice showed evidence of unpredicted glomerular injury with
segmental mesangiolysis and occasional microaneurysms. Notably, in eNOSTg/AK mice overexpression of
eNOS led to increased glomerular/endothelial injury that was associated with increased superoxide levels and
renal dysfunction. Results indicate for the first time that overexpressing eNOS in endothelial cells cannot amelio-
rate diabetic lesions, but paradoxically leads to progression of nephropathy likely due to eNOS uncoupling and
superoxide upsurge. This novel finding has a significant impact on current therapeutic strategies to improve
endothelial function and prevent progression of diabetic renal disease. Further, the eNOSTg/AKmodel developed
in this study has significant translational potentials for elucidating the underlying mechanism implicated in the
deflected function of eNOS in diabetic nephropathy.
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1. Introduction

Diabetes mellitus is a leading cause of chronic kidney disease and
end-stage renal disease worldwide.1 Decreased nitric oxide (NO)
bioavailability precedes the development of several complications of
diabetes including accelerated atherosclerosis affecting large muscular
arteries and diabetic nephropathy resulting from microvascular
dysfunction.2–4 Nitric oxide is generated from the conversion of L-
arginine to L-citrulline by isoforms of NOS using tetrahydrobiopterin
(BH4) as a cofactor. Among the three isoforms, endothelial (e) NOS is
the predominant isoform expressed by vascular endothelial cells that
constitutively generates NO. Basal release of eNOS derived-NO main-
tains endothelial homeostasis that is important for normal vasodilatory
tone and thromboresistance.5–7 In the kidney, NO acts as a potent
modulator of renal function and controls vascular tone, glomerular ul-
trafiltration coefficient and medullary blood flow.8–10 Under hypergly-
cemic conditions, excessive reactive oxygen species (ROS) production
leads to oxidation of BH4 and eNOSuncoupling, which further enhances
cytosolic superoxide generation and reducedNO bioavailability.11 How-
ever, the precise contribution of eNOS/NO activity in promoting kidney
lesions in diabetes has not been well-defined.12

In previous studies, we generated double-knockout (DKO) mice
that have global deletion of the eNOS isoform in a type 2 diabetic
db/db background.4 These mice showed increased glomerular injury
compared to diabetic and eNOS−/− controls that resembled human
diabetic nephropathy. In parallel studies, using mouse models of
both type 1 and type 2 diabetes, eNOS deficiency was reported to
accelerate nephropathy.13–16 Based on these findings, we hypothe-
sized that increasing eNOS expression in endothelial cells may be
an effective strategy to restore NO bioavailability and prevent pro-
gression of diabetic nephropathy.17 This is supported by work show-
ing that transient overexpression of eNOS by eNOS gene delivery in
rats with reduced renal mass improved NO release and prevented a
decline in renal function.18 In addition, overexpression of eNOS in
transgenic mice protects against endotoxin shock, neointimal lesion
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formation and skeletal muscle ischemic/reperfusion injury.19–21 In
mice with cardiac myocyte-specific overexpression of eNOS,
myocardial ischemic/reperfusion injury was also reduced and
cardioprotective.22

The aim of the present study was to determine if overexpression of
eNOS in endothelial cells of type 1 diabetic mice ameliorates diabetic
nephropathy. Transgenic mice overexpressing human eNOS protein
(eNOSTg) selectively in vascular endothelial cells were cross bred with
C57BL6-Ins2Akita type 1 diabetic mice (AK) to generate AK mice with
high levels of eNOS (eNOSTg/AK mice). Transgenic eNOS overexpres-
sion unexpectedly led to increased glomerular injury and exacerbated
diabetic nephropathy in eNOSTg/AK mice resulting in impaired renal
function. Increased superoxide levels were detected in eNOSTg and
eNOSTg/AK kidneys and likely contributed to increased glomerular in-
jury. These findings provide the first evidence that targeted overexpres-
sion of eNOS in endothelial cells potentiates rather than suppresses
superoxide production that, in turn, exacerbates diabetic nephropathy.
Importantly, the results suggest that optimizing eNOS expression in en-
dothelial cells, perhaps by supplying the substrate L-arginine and/or the
cofactor BH4, may be an effective therapeutic modality for preventing
glomerular injury and improving renal function in patients with
diabetes.
2. Methods

2.1. Animal breeding and genotyping

Type I diabetic C57BL6-Ins2Akita/J (stock number 003548) mice
(referred to as AK in this manuscript) were purchased from Jackson
Laboratory (Bar Harbor, ME). These mice have an autosomal domi-
nant point mutation in the murine Ins2 gene that leads to insulin de-
ficiency at birth and elevated blood glucose levels beginning 3 weeks
postnatal.23 AK mice were chosen rather than type 2 db/db diabetic
mice as they are non-obese, fertile mice which facilitates breeding
and analysis with age. They are preferred to the streptozotocin
(STZ)-induced type I diabetic model which is associated with con-
founding inflammatory effects.15,24 Hemizygous AK mice were
used for all experiments. Tail snips at the time of weaning were
used to identify genotypes using a PCR/restriction length polymor-
phism assay as previously reported.25 Transgenic C57BL6 mice ex-
pressing human eNOS protein selectively in vascular endothelial
cells including glomerular endothelial cells were provided by Dr.
Rini de Crom (The Netherlands).26 To generate AK mice that express
human eNOS, hemizygous AKmice were cross bred with hemizygous
eNOSTgmice for several generations to ensure genetic homogeneity.
Offspring that were positive for both genotypes (hemizygous) are
referred to as eNOSTg/AK mice in this manuscript. Mice of both gen-
ders averaging from 32 to 40 weeks of age were euthanized and
weighed. Physiological parameters were assessed and kidneys from
a subset of mice from each group were analyzed for histology.
Right and left kidneys were excised and weighed. Blood glucose
measurements were performed at the same time of day after 3 h of
starvation using the One Touch Ultra Test Strips which have a detec-
tion limit of 600 mg/dl. Twenty-four hour urine samples were col-
lected from individually caged mice using NalgeneR metabolic
cages (Nalgene Nunc International, Rochester, NY, USA). Urine albu-
min was measured by mouse albumin ELISA kit from Alpco and cre-
atinine concentrations were measured using QuantiChrom™
Creatinine Assay Kit from BioAssay Systems. IgA levels were deter-
mined using a mouse IgA ELISA kit purchased from Thermoscientific
(Frederick, MD). Control groups included wild type (WT) C57BL6,
eNOSTg (hemizygous) and AK (hemizygous) littermates. All proce-
dures were performed in accordance with National Institutes of
Health guidelines with approved protocol by the UTHSCSA Institu-
tional Animal Care and use Committee.
2.2. Immunostaining and Western blot analysis of Total eNOS protein and
peroxynitrite in kidneys

Frozen kidneys were homogenized using Tissue protein extraction
buffer from Invitrogen (1× HEPES based buffer, pH 7.5). Clear
supernatants were obtained after centrifugation of the tissue
homogenates at 100,000 xg at 4 °C using Optima Max-TL-
ultracentrifuge (Beckman Coulter). Kidney extracts were separated by
electrophoresis on a 10% SDS-polyacrylamide gel and then transferred
to polyvinyldifluoride membrane (Bio-rad, Hercules, CA) for immuno-
blot analysis as previously described.25 Blots were probed with rabbit
anti-eNOS antibody or mouse anti-nitrotyrosine monoclonal antibody
(Invitrogen). Non-specific protein (NS) or α-tubulin were used as an
internal loading control. Fixed kidney sections of 6 μm thickness were
also stainedwith rabbit anti-eNOS antibody (Cell Signaling) and images
were captured to show stained endothelial cells of glomerulus and
arterioles.

2.3. Determination of eNOS dimerization in kidneys

As eNOS uncoupling is associated with disruption of eNOS dimers
and increased monomerization of the enzyme, the dimerization of
eNOS in kidney tissue was examined. Frozen kidneys were homoge-
nized with tissue extraction buffer (Invitrogen) containing 1 mM
phenylmethylsulfonylfluoride (PMSF), 1× protease inhibitor cocktail
at 4 °C and centrifuged at 100,000 rpm for 1 h at 4 °C in a Beckman Coul-
ter Optima Max-TL ultracentrifuge (Beckman Coulter). The superna-
tants were collected and the protein content was estimated using BCA
reagent. Detection of eNOS dimer/monomer levels was performed
using low temperature SDS-PAGE (LT-PAGE) and western blotting as
previously described.27

2.4. Renal histology

Tissue fromeach kidneywas divided andprocessed aswepreviously
described.4 Briefly, a sectionwas placed in 10% formalin for paraffin em-
bedding, a separate section was snap frozen in liquid nitrogen for im-
munofluorescence studies and a small fragment was fixed in 4%
formaldehyde/1% glutaraldehyde for electron microscopy. Four μm-
thick sections were cut from the paraffin block and stained with hema-
toxylin & eosin (H&E), periodic acid-Schiff (PAS),methanamine silver or
trichrome. Immunofluorescence was evaluated by incubating frozen
sections for 1 h with FITC-conjugated rabbit anti-human IgG, IgA, IgM,
complement 3 (C3) and complement 1q (C1q) antibodies (1:10 dilu-
tion) which cross-react with the corresponding mouse proteins
(DakoCytomation, Glostrup, Denmark), followed by washing and
mounting. Electron microscopic images and glomerular basement
membrane (GBM) measurements were made using the Advanced
Microscopy Techniques image capture engine software on a Joel 1230
electron microscope (Peabody, MA). At least 15 different segments of
GBM per mouse from three mice were measured in each group and
the average GBM thickness (μm) ± SEM was calculated.

2.5. Quantification of renal morphology

Histomorphometric measurements of glomerular volume, cellular-
ity and matrix fraction, and interstitial fibrosis were determined using
a computerized image analysis systemandBioquant software (Bioquant
Image Analysis Corporation, Nashville, TN) as we previously reported.4

All quantifications were performed in a blinded manner following the
guidelines of animal models of diabetic complications consortium
(AMDCC). The average glomerular volume, cellularity and matrix frac-
tion were calculated for each group of mice and expressed as mean ±
SEM. Immunofluorescent staining was evaluated in 25–30 glomeruli
per mouse and the intensity was evaluated. In coronal sections of the
kidney, 200 glomeruli were examined for glomerular injury defined as
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any of the following: nodular lesions, mesangiolysis, microaneruysms,
perihilar hyaline and segmental sclerosis. The percentage of glomerular
injury (Injury index %)was calculated as the number of injured glomer-
uli divided by total glomeruli. Interstitial fibrosis was calculated as the
percent of trichrome blue-positive staining/total tubulointerstitial area
(Fibrosis %).
2.6. Superoxide measurements

Fresh kidney samples from WT, eNOSTg, AK and eNOSTg/AK mice
were placed in optimal cutting temperature compound (Tissue-Tek ®
O.C.T™ Compound Sakura, Torrance, CA) and frozen at −80 °C. 8 μm-
thick sections were incubated with dihydroethidium (DHE, 5 μM) for
30 min at 37 °C. Some sections were pre-treated with L-NAME
(1 mM), a NOS inhibitor, prior to incubation with DHE for 10 min at
37 °C. DHE stainingwas visualized using anOlympus IX81 confocal fluo-
rescence microscope. Fluorescent images were captured by
Flowview1000 software and quantification was performed using FIJI/
ImageJ2 analysis software. DHE signals fromeach sample (8–10 glomer-
uli per section from 3 animals/genotype) were calculated.
2.7. Statistical methods

We used analysis of variance (ANOVA) to compare means of the 4
groups (WT, eNOSTg, AK and eNOSTg/AK). Thiswas followed by Fisher's
Least Significant Difference multiple comparisons t-test for pairwise
comparisons. When the residuals were not near normally distributed
or variances were unequal, the standard log transform or square root
transform was used to obtain improved ANOVA results with assump-
tions better satisfied. We include reporting of one tailed and two tailed
p b 0.05 when appropriate.
3. Results

3.1. eNOSTg/AK mice are diabetic

As shown in Table 1, eNOSTg/AKmicewere diabetic, and showed el-
evated blood glucose levels thatwere not significantly different fromAK
mice. The ratio of kidney to body weight in eNOSTg was similar to WT,
whereas the ratio was increased in AK and eNOSTg/AK mice. Albumin/
creatinine (μg/mg) ratio in urine samples of eNOSTg/AK (34 ± 8.27)
and AK (73.09 ± 28.02) mice were significantly increased compared
to WT (19.9 ± 2.4) mice (p b 0.05). Even though the mean value in
the eNOSTg group (53.19 ± 29.38) was higher than eNOSTg/AK, it did
not gain statistical significance compared to WT. As previously
reported28 none of these genotypes of mice exhibited elevated blood
pressure when measured at 24 weeks of age.
Table 1
Physiological analysis.

Genotype WT

Average age (weeks) 3\2.4 (4.9)
Average blood glucose (mg/dl)a 174.8 (12.4)
Average body weight (g) 22.1 (0.9)
Average kidney weight (g)a 0.15 (0.01)
Average of Kidney/body weight ×10−3a 6.8 (0.11)
Albumin/Creatinine Ratio (μg/mg) in Urine 19.90 (2.40)

Data aremean (SEM) for eNOSTg, AK and eNOSTg/AK crossed mice (n = 5–7/group). Values ar
nificant Difference multiple comparisons t-tests.
⁎ p b 0.05.

⁎⁎⁎ p b 0.001 compared to WT.
a eNOSTg vs WT and eNOSTg/Akita vs Akita are not statistically different.
b Although higher than eNOSTg/AK, the increased range of values prevented this increase ov
3.2. Total eNOS expression in kidneys of eNOSTg and eNOSTg/AK mice

To confirm increased eNOS expression in kidneys of transgenicmice,
western blotwas performed. As shown in Fig. 1A&B, total eNOS expres-
sion was increased in kidneys isolated from eNOSTg mice as well as in
kidneys from eNOSTg/AK mice (*p b 0.05 compared to WT). In AK
mice, basal eNOS expression was reduced in the kidneys compared to
WT (**p b 0.01) similar to that previously reported in the aorta of AK
mice.25 Immunostained sections of kidneys (Fig. 1C) from eNOSTg and
eNOSTg/AK mice show increased eNOS expression in endothelial cells
in glomerular capillaries and arterioles compared to WT kidneys. In
WT kidneys, an occasional glomerulus shows segmental endothelial
staining and weak staining of endothelial cells in arterioles; significant
eNOS expression could not be detected in glomeruli and arterioles of
AK kidneys. Following low-temperature SDS gel-western blotting, we
found high levels of eNOS dimers in wild type kidney extracts
(Fig. 1D). Kidney extracts from AK, eNOSTg, and eNOSTg/AK mice
showed little or no dimer formation, a feature consistent with
uncoupling of eNOS in these mice.

3.3. eNOSTgmice and eNOSTg/AKmice show a spectrum of renal pathology

3.3.1. Glomerular morphology
Compared toWTmice, glomeruli in AKmice showedmorphology

associated with diabetes including increased volume and matrix ex-
pansion (Table 2, Fig. 2a, b).29 eNOSTg kidney morphology has not
been previously reported. Glomeruli in these mice showed increased
volume and matrix expansion. Glomerular injury was greater in
eNOSTg mice compared to WT or AK mice, and characterized by seg-
mental mesangiolysis (Fig. 2c, arrows) and occasional glomeruli
showing microaneurysms, hyaline in the perihilar region and
rare sclerotic segments. Mesangiolysis with loss of matrix and
microaneurysms are identified on methanamine silver stains
(Fig. 2d). In eNOSTg/AK mice, glomeruli showed features that over-
lapped with eNOSTg and AK glomeruli (increased volume and ma-
trix); however, there was a significant increase in glomerular
injury (Table 2) mainly due to increased mesangiolysis and segmen-
tal sclerotic lesions which likely correspond to healed lytic segments.
eNOSTg/AK glomeruli showed segmental to global mesangiolysis
and glomeruli with perihilar hyaline, early nodule formation and
sclerotic segments (Fig. 2e-l, silver and PAS stains, arrows); the num-
ber of glomeruli with microaneruysms was similar to that in eNOSTg
mice. The cellularity of uninjured glomeruli in eNOSTg and eNOSTg/AK
micewas similar toWTmice, whereas cellularitywasmodestly increased
in AKmice. In all groups ofmice, therewas no significant interstitialfibro-
sis or tubular atrophy, although eNOSTg/AK kidneys showed a trend to-
ward increased fibrosis (p b 0.08) (Table 2). In AK and eNOSTg/AK mice,
tubules were dilated and contained glycogenated nuclei which have
been previously described in diabetic AK mice.
AK eNOSTg eNOSTg/AK

37.0 (5.5) 40.2 (3.6) 33.5 (4.3)
525.8 (54.7)⁎⁎⁎ 193.0 (16.1) 563.0 (23.4)⁎⁎⁎

25.5 (2.5) 27.4 (2.3) 23.7 (1.3)
0.23 (0.03)⁎ 0.19 (0.02) 0.21 (0.01)⁎

9.3 (1.3)⁎ 7.1 (0.6) 9.0 (0.38)⁎

73.09 (28.02)⁎ 53.19 (29.38)b 34.00 (8.27)⁎

e compared withWT (n = 5) and each other using ANOVA followed by Fisher's Least Sig-

er WT from being significant.
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3.3.2. Glomerular ultrastructure
Electron microscopic findings correlated with histology. AK and

eNOSTg glomeruli showed increased matrix expansion compared with
WT (Fig. 3a-f, arrows). Morphometric analysis also showed a significant
increase in GBM thickness in these mice (Table 2). eNOSTg, but not WT
or AK, glomeruli showed segmentswithmesangiolysis characterized by
accumulation of electron-lucent material in the mesangium and disso-
lution of themesangialmatrix (Fig. 3e, f). In some segments, thiswas as-
sociated with endothelial injury with denudation of endothelial cells
from the basement membrane. Mesangiolysis and endothelial injury
were increased in eNOSTg/AK glomeruli with some segments contain-
ing karyorrhexis, platelets and fibrin tactoids. Similar to AK and eNOSTg
mice, glomeruli in eNOSTg/AK mice showed increased matrix expan-
sion and thickened GBM (Table 2). In both eNOSTg and eNOSTg/AK glo-
meruli, some segments showedmicroaneurysm (MA) formation due to
detachment of the GBM from the mesangium (Fig. 3g, asterisks).
Osmophilic electron dense deposits were not identified in WT glomer-
uli. As expected, AK glomeruli showed a few deposits in themesangium
(Fig. 3d, white arrow) as IgA nephropathy is present.30,31 In addition,
eNOSTg and eNOSTg/AK glomeruli showed mesangial deposits (Fig. 3f,
h, white arrows).

In humans and mouse models, IgA nephropathy is characterized by
mesangial immune complexes containing IgA, usually with C3, and var-
iable IgG and/or IgM co-deposits.32 IgA should be the dominant or at
least codominant immunoglobulin by immunofluorescence. Deposits
of C1q are infrequent in IgA nephropathy. In AK and eNOSTg/AK glo-
meruli, immunofluorescence studies confirmed the presence of
mesangial IgA and C3 staining along with some mesangial IgM staining
(Fig. 4A, upper and lower panel). Unexpectedly, eNOSTg glomeruli
showed a similar pattern of staining (Fig. 4A, middle panel). Unstained
sections of eNOSTg and eNOSTg/AK kidneys presented very minimal
green fluorescence due to the expression of GFP (data not shown). In
WT glomeruli, only nonspecific IgM staining was present and little or
no IgG or C1q was detected in glomeruli from any group of mice.
Since IgA nephropathy in AK mice is associated with elevated serum
IgA levels,30 circulating IgA was measured (Fig. 4B). IgA levels were in-
creased in eNOSTg/AKmice (33.3±2.73mg/dl) similar to that reported
in AK mice, whereas low levels of IgA were detected in WT mice. In
eNOSTg mice, IgA levels were similar to WT.

3.4. Endothelial NOS is a chief source of superoxide generated in diabetic
kidneys

To determinewhether glomerular injury in eNOSTg and eNOSTg/AK
mice was associated with enhanced superoxide generation, fresh sec-
tions of kidneys from all four groups were DHE stained as previously
described25 (Fig. 5A). Minimal background fluorescence was visualized
in glomeruli ofWTmice, whereas glomeruli in AK, eNOSTg and eNOSTg/
AK mice exhibited enhanced DHE fluorescence in an ascending order.
Quantification showed AK mice expressed 3.54 fold-, eNOSTg mice
expressed 4.9 fold- and eNOSTg/AK mice expressed 5.2 fold-enhanced
superoxide production (Fig. 5B, black bars). The level of superoxide pro-
duction was significantly different (*p b 0.05) between AK mice and
Fig. 1. Immunoblot analysis and immunohistochemistry of eNOS expression in kidney tissue. (A
AKand eNOSTg/AKmice. Kidneys isolated from eNOSTg and eNOSTg/AKmice showed an equiva
level of total eNOS proteinwas detected in AK kidneys compared toWT (**p b 0.01). A represen
group). White line between eNOSTg and eNOSTg/AK lanes depicts deletion of a lane from the
expression to non-specific protein (NS) loading control was used to determine fold-increa
graph). (C) Immunostained sections of kidneys from eNOSTg and eNOSTg/AK mice show incre
color, arrows). In WT kidneys, an occasional glomerulus shows segmental endothelial staining
could not be detected in glomeruli and arterioles of AK kidneys. (D) Low temperature – SD
monomers unlike the wild type mice which showed prominent dimer formation. Protein
conditions at a constant current of 20 mA. The gels were subsequently transferred on to a PVD
antibody (Millipore). Human aortic endothelial cell lysates separated under non-reducing a
validate experimental conditions that converts all dimers to monomers. The human cell lysate
reducing conditions.
both eNOSTg and eNOSTg/AKmice. Superoxide generation was not sig-
nificantly different between eNOSTg and eNOSTg/AK mice. Prior incu-
bation of kidney sections with 1 mM L-NAME, an inhibitor of NOS,
blocked DHE fluorescence in AK, eNOSTg and eNOSTg/AK glomeruli, in-
dicating that NOS was the predominant source of superoxide generated
in eNOSTg and diabetic glomeruli (Fig. 5B, gray bars).

3.4.1. Increased peroxynitrite (ONOO−) levels in AK, eNOSTg and eNOSTg/
AK kidneys

Peroxynitrite is a reaction product of superoxide and nitric oxide.
Under physiological conditions, nitrotyrosine, is formed exclusively from
peroxynitrite andprovides amarker of peroxynitrite activity. Proteinmod-
ification by nitration of tyrosine to nitrotyrosine has been shown to corre-
latewith elevated oxidative stress.We, therefore, examined kidney lysates
for the presence of nitrotyrosine by western blotting. Immunoblot and
quantitation shown in Fig. 5C panels (a) and (b) revealed a significant in-
crease in nitrotyrosine levels (approximately 50-kDa protein band) in AK,
eNOSTg and eNOSTg/AK kidney lysates relative to the levels observed in
WTmice (p b 0.001). The overall nitrotyrosine levelswere not significantly
different (p N 0.05) between AK and eNOSTg mice. However, the level of
nitrotyrosine was significantly higher (p b 0.05) in eNOSTg/AKmice com-
pared to AK and eNOSTg mice.

4. Discussion

Endothelial NOS is the major NOS enzyme in vascular endothelial
cells and a major source of NO in the kidney. In humans and rodent
models, eNOS is increased in early diabetic nephropathy, but decreased
with prolonged diabetes, leading to decreased endothelial NO and pro-
gression of disease.15 Our previous studies in DKO mice showed that
eNOS deficiency in diabetic mice increased renal injury, suggesting a
protective role for eNOS-derived NO in diabetic renal disease.4 To assess
the effect of eNOS overexpression in the diabetic kidney, genetic crosses
between eNOSTg mice and AK mice were performed to generate
eNOSTg/AK mice. The AK mice are the optimal type 1 diabetic model
due to a single nucleotide substitution in the insulin 2 gene (InsC96Y)
which eliminates complex genetic traits.23 The AK B6 strain was chosen
for breeding with eNOSTg mice, which are on a B6 background.26 In-
creased eNOS expression in the kidney of transgenic mice was con-
firmed by western blotting and immunostaining. Both AK and
eNOSTg/AKmice showed elevated serum glucose levels, whereas levels
in eNOSTg mice were similar to WT. AK mice are non-obese and body
weight was not significantly different among the experimental groups.
In AK mice, kidney size is reportedly increased at 24 weeks resulting
in increased kidney to body weight ratio.29 Although eNOSTg kidneys
were normal in size, eNOSTg/AKmice showed kidney enlargement sim-
ilar to AK mice.

Histologically, AK kidneys showed the expected diabetic morphol-
ogy. Glomeruli in AKmice showed increased volume,matrix expansion,
occasional early nodules and increased GBM thickness. No significant
interstitial fibrosis was present. Unexpectedly, eNOSTg mice showed a
similar increase in glomerular volume, matrix and GBM thickness but
with additional features of glomerular injury including segmental
) Immunoblot shows total eNOS expression in kidney lysates prepared fromWT, eNOSTg,
lent increase in total eNOS expression comparedwithWTmice (*p b 0.05). A slightly lower
tative western blot from 6 independent experiments is shown (upper panel) (n=6mice/
original image. (B) Band intensity was quantified by densitometry and the ratio of eNOS
se/decrease compared to WT group that was arbitrarily set at 1-fold (lower panel, bar
ased eNOS expression in endothelial cells in glomerular capillaries and arterioles (brown
and weak staining of endothelial cells in arterioles (arrows); significant eNOS expression
S-western blotting of kidney lysates from AK, eNOSTg and eNOSTg/AK mice showed

samples (150 μg protein/well) were subjected to electrophoresis under non-reducing
F membrane and the eNOS dimers and monomers were detected using rabbit anti-eNOS
nd reducing (lysate boiled with DTT) conditions were used as controls to confirm and
s show the expected fast mobility of the dimer with its complete monomerization under



Table 2
Renal Analysis.

Genotype WT AK eNOSTg eNOSTg/AK

Glomerular volume/μm2 3477 (170.7) 4533 (241.7)⁎ 4732 (413.7)⁎ 4594 (95.18)⁎

Cellularity (cgs)a 38.21 (1.742) 45.50 (2.227)⁎ 41.65 (1.986) 42.64 (3.056)
Matrix Fraction % 3.333 (0.3333) 6.800 (0.4899)⁎⁎ 6.600 (0.5099)⁎⁎ 7.667 (0.8819)⁎⁎⁎

Injury Index %† 0 1.10 (0.3317)⁎⁎ 7.50 (0.6708)⁎⁎⁎ 20.00 (1.258)⁎⁎⁎

GBM thickness (μm) 0.196 (0.005) 0.262 (0.011)⁎⁎⁎ 0.246 (0.002)⁎⁎ 0.265 (0.007)⁎⁎⁎

Fibrosis % 0.0350 (0.0201) 0.0586 (0.0270) 0.07175 (0.0134) 0.1043 (0.0188)

Data are mean (SEM), eNOSTg, AK, and eNOSTg/AK (n = 5–6) are compared with WT (n = 3) per group and each other using AVOVA followed by Fisher's Least Significant difference
multiple comparisons t-tests.
⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001 compared to WT.

† p b 0.01 comparing all pairs of groups (eNOSTg vs AK; eNOSTg/AK vs AK; and eNOSTg/AK vs eNOSTg.
a cgs: cell nuclei per glomerular cross-section.
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mesangiolysis, denudation of endothelial cells, occasional
microaneurysm formation and early sclerotic segments. Similar lesions
were observed in eNOSTg/AK mice; however, overexpression of eNOS
in the diabetic AKmice led to a significant increase in glomerular injury,
with glomeruli showing more extensive mesangiolysis, endothelial de-
nudation and segmental sclerotic lesions. Increased urine albumin/cre-
atinine ratio correlated with renal damage observed in eNOSTg/AK
mice, although values were not higher than in AK mice, likely due to
variable ratios noted in the AK group. It is unlikely that blood pressure
effects influenced renal morphology or function since a significant in-
crease in systolic blood pressure was not detected in our AK or
eNOSTg/AK mice at 24 weeks of age.28 Whether blood pressure levels
Fig. 2. Glomerular morphology. Representative images of glomerular morphology inWT, eNOSTg,
volume andmild mesangial matrix expansion in AKmice. c) Segmental mesangiolysis and d) mic
mice showing: e, f) segmental mesangiolysis (circled) and g, h) global mesangiolysis (arrows); i)
l) sclerotic segments (circled). (n= 3–6 mice/group) Original magnification: x400 (a–c, e, g: H&E
increased after 24 weeks of age and caused a detrimental effect cannot
be excluded. Our data also suggest that hyperglycemia is not the only
factor responsible for increased glomerular injury in eNOSTg/AK mice
since thesemice, similar to AKmice, were exposed tomarkedly elevated
blood glucose levels for a prolonged period of time. Thus, a combination
of eNOS overexpression and hyperglycemia likely contributed to the se-
verity of renal lesions. In addition, insulin resistance has been linked to
eNOS uncoupling and endothelial dysfunction in type-2 diabetes.33 Al-
though AK is a type-1 diabetic mouse, hyperglycemia-driven insulin re-
sistance has been reported in this model.34 Therefore, insulin resistance
could also contribute to severity of renal lesions where eNOS is
overexpressed.
AK and eNOSTg/AKmice. a) Normocellular glomerulus inWTmice. b) Increased glomerular
roaneruysm in eNOSTgmice (arrows). e-l) Spectrum of glomerular pathology in eNOSTg/AK
microaneurysms (arrows); j) perihilar hyaline (arrow); k) early nodule formation (arrow);
stain; d, f, h: methenamine silver stain; i-l: PAS stain).



Fig. 3. Electronmicroscopic analysis of glomeruli. a, b)WT glomeruli showminimal mesangial matrix (arrow) in between capillaries. c, d) AK glomeruli showmatrix expansion (arrows),
thickenedGBMandmesangial deposits (white arrow). e, f) eNOSTg glomeruli show segmentalmesangiolysiswith denudation of endothelial cells from the basementmembrane (arrows).
The matrix is expanded, GBM is thick and several mesangial deposits are identified (white arrow). g, h) eNOSTg/AK glomeruli showmesangiolysis with microaneurysm (MA) formation
due to loss of anchoring of the basement membrane to the mesangium (asterisks). The matrix is expanded, the GBM is thick and mesangial deposits are identified (white arrows).
Representative images are shown. (n = 3 mice/group) Original magnification: ×2500 in a, c, e, g; ×6000 in b, d, f, h.
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Interestingly, mesangiolysis, microaneruysms, endothelial injury
and impaired renal function which are prevalent features in eNOSTg/
AK mice were also observed in our DKO mice with eNOS deficiency.4

These findings indicate that overexpressing eNOS alone is not sufficient
to ameliorate diabetic lesions, but paradoxically accelerates lesions. The
spectrum of glomerular morphology in eNOSTg/AK mice resemble
progressive stages observed in human type 1 diabetes where initially
there is GBM thickening and matrix expansion, followed by
mesangiolysis that leads to microaneurysms and nodular lesions.35

Mesangiolysis may also heal to form perihilar hyaline and segmental
sclerosis. Endothelial dysfunction and mesangiolysis occur in
association with thrombotic microangiopathy and are implicated in
the formation of microaneurysms and K\\W nodules in diabetes.36

Diabetic glomerular lesions may be associated with interstitial fibrosis
and tubular atrophy and a trend toward increased fibrosis was observed
in eNOSTg/AK kidneys. In addition to diabetic changes, immunofluo-
rescence and EM studies revealed the presence of IgA nephropathy
in AK mice that was recapitulated in eNOSTg/AK mice. Both groups
of mice showed mesangial IgA deposits along with C3 and IgM co-
deposits and elevated serum IgA levels, consistent with IgA nephropa-
thy. AK mice have been shown to develop IgA nephropathy with
elevated serum IgA levels at 20–30 weeks.30,31 Superimposed IgA
nephropathy has been reported in humans with diabetic nephropathy,
with some patients showing increased circulating IgA.37 Immune
complex deposits with IgA were also identified in eNOSTg glomeruli.
Whether circulating IgA levels increase with age in eNOSTg mice
would be of interest.

Ourfindings indicate that increased glomerular injury in eNOSTg/AK
mice is likely related to increased superoxide production. This is sup-
ported by our data showing increased superoxide generation in
glomeruli of eNOSTg mice that was also observed in eNOSTg/AK glo-
meruli. The dramatic reduction of superoxide in response to L-NAME,
an inhibitor of all three isoforms of NOS, clearly demonstrated that the
major source of superoxide was NOS due to uncoupling. Since the
eNOSTg and eNOSTg/AK mice used in this study overexpress eNOS, it
is reasonable to consider that themajor portion of superoxide generated
is due to eNOS uncoupling relative to other NOS isoforms present in the
kidney. Moreover, the reduced homodimer formation shown by west-
ern blotting using eNOS specific antibody corroborates this uncoupling
process of eNOS. It is conceivable that increased superoxide in these glo-
meruli induced oxidation of BH4 resulting in uncoupling of eNOSwhich
decreased NO bioavailability. Indeed, in separate studies evaluating
macrovascular responses in the aorta, we showed that overexpression
of eNOS in eNOSTg or eNOSTg/AK mice enhanced superoxide genera-
tion in endothelial cells and led to impaired vasorelaxation of thoracic
aortae.23 One limitation of the present study is that DHE fluorescence
imaging in kidney sections to localize superoxide generation within
the glomeruli was not accompanied by 2-hydroxyethidiuum
measurements.38 However, the increased peroxynitrite levels in the
kidneys of eNOSTg/AK followed by eNOSTg and AK mice attests to the
enhanced superoxide generation observed in these strains of mice.

Studies indicate that additional factors are required for eNOS tomedi-
ate beneficial effects. For example, when GTP cyclohydrolase 1 (GTPCH1)
overexpressing mice were cross bred with eNOSTg mice, BH4 generation
was enhanced in endothelial cells which restored NO production and re-
duced superoxide generation.39 Kidokoro et al40 demonstrated that cross
breeding of GTPCH1 mice with type 1 diabetic mice restored intrarenal
levels of BH4which inhibited the progressionof diabetic nephropathy.Di-
etary supplementation of L-Arginine or sepiapterin in diabeticmice13 also
showed beneficial effects of BH4 in improving eNOS activity and renal



Fig. 4. Immunofluorescence studies of glomeruli. (A) A panel of immunofluorescent stains was performed on frozen kidney sections of WT, AK, eNOSTg and eNOSTg/AK mice. WT
glomeruli showed nonspecific staining with IgM, consistent with entrapment (data not shown). AK, eNOSTg and eNOSTg/AK glomeruli showed mesangial IgA and C3 staining along
with some mesangial IgM staining. These findings correlated with the presence of mesangial deposits on electron microscopy. Representative images are shown. (n = 3–4 mice/
group) Original magnification: ×400, (B) Serum IgA analysis by ELISA. Compared with WT, eNOSTg/AK mice showed a 3-fold increase in circulating IgA levels. In contrast, eNOSTg
mice showed IgA levels comparable to WT mice. Data represents mean (SEM), **p b 0.01 (3–5 mice/group).
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function. Taken together, results suggest that stoichiometric imbalance
between expressed eNOS protein, limited local availability of substrate
(L-Arginine) and cofactor (BH4) may have contributed to the accelerated
renal disease in eNOSTg/AK mice.

In summary, our findings indicate for the first time that eNOS over-
expression in type 1 diabetic mice exacerbates glomerular injury and
progression of diabetic nephropathy. Results indicate that targeted
expression of eNOS in combination with optimal levels of substrate
and co- factor to endothelial cells within the kidney may enhance NO
bioavailability and preserve renal function. The eNOSTg/AK mouse
model provides a unique tool for understanding the mechanisms that
control eNOS coupling and may lead to novel therapeutic strategies
for enhancing eNOS activity to prevent the onset and progression of
renal disease in diabetic patients.



Fig. 5.Dihydroethidium (DHE) fluorescence in glomeruli. (A) Kidney sections fromWT, AK, eNOSTg, eNOSTg/AKmicewere incubatedwith 5 μMDHE for 30min at 37 °C and subsequently
visualized by fluorescencemicroscopy using rhodamine red to visualize DHE-positive fluorophore.WT glomeruli showedminimal backgroundfluorescence. Glomeruli in AK, eNOSTg and
the eNOSTg/AK mice exhibited increased DHE fluorescence relative to WT glomeruli. Incubation of sections with L-NAME significantly reduced DHE fluorescence in AK, eNOSTg and
eNOSTg/AK glomeruli indicating NOS is the predominant source of superoxide generated in these glomeruli. (B) Quantitation of DHE fluorescence. Images were captured by
Flowview1000 software and quantitation was performed using FIJI/ImageJ2 analysis software. Mean fluorescence intensity of 8–10 glomeruli in kidney sections (3mice/group) was
determined and data are expressed as arbitrary units x 1000. L-NAME (1 mM) blocked a significant portion of DHE fluorescence (gray bars), indicating that NOS is a source of
superoxide generation. Differential interference contrast (DIC) images show the unstained glomerular image. Data represents mean ± SEM. *, p b 0.05 denotes AK, eNOSTg and
eNOSTg/AK are statistically significant compared to wild type and that eNOSTg and eNOSTg/AK are statistically significant compared to AK mice. (C) Panel (a) shows Nitrotyrosine
levels in kidney lysates. Blots were probed with anti-nitrotyrosine or α-tubulin antibody. Representative immunoblots show an approximately 50 kDa nitrotyrosine protein band.
Panel (b) shows band intensity. Band intensity was quantified by densitometry and the ratio of nitrotyrosine expression to α-tubulin loading control was used to determine fold-
increase/decrease compared to WT group that was arbitrarily set at 1-fold. Compared to WT, increased nitrotyrosine levels were detected in eNOSTg/AK, eNOSTg and AK kidney
lysates. Ns denotes no significant difference between AK and eNOSTg group. ***p b 0.001, *p b 0.05 (n = 4–6 mice/group).
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