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The pathogenesis of diabetic nephropathy remains poorly defined, and animal models that represent the human disease have

been lacking. It was demonstrated recently that the severe endothelial dysfunction that accompanies a diabetic state may cause

an uncoupling of the vascular endothelial growth factor (VEGF)-endothelial nitric oxide (eNO) axis, resulting in increased

levels of VEGF and excessive endothelial cell proliferation. It was hypothesized further that VEGF-NO uncoupling could be

a major contributory mechanism that leads to diabetic vasculopathy. For testing of this hypothesis, diabetes was induced in

eNO synthase knockout mice (eNOS KO) and C57BL6 controls. Diabetic eNOS KO mice developed hypertension, albumin-

uria, and renal insufficiency with arteriolar hyalinosis, mesangial matrix expansion, mesangiolysis with microaneurysms, and

Kimmelstiel-Wilson nodules. Glomerular and peritubular capillaries were increased with endothelial proliferation and VEGF

expression. Diabetic eNOS KO mice showed increased mortality at 5 mo. All of the functional and histologic changes were

improved with insulin therapy. Inhibition of eNO predisposes mice to classic diabetic nephropathy. The mechanism likely is

due to VEGF-NO uncoupling with excessive endothelial cell proliferation coupled with altered autoregulation consequent to

the development of preglomerular arteriolar disease. Endothelial dysfunction in human diabetes is common, secondary to

effects of glucose, advanced glycation end products, C-reactive protein, uric acid, and oxidants. It was postulated that

endothelial dysfunction should predict nephropathy and that correction of the dysfunction may prevent these important

complications.
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D
iabetes is an increasingly common condition, with

30 to 40% of affected patients eventually develop-

ing nephropathy. Although diabetic nephropathy

is epidemic, the pathogenesis is not well defined, in part

because of the lack of an animal model that reproduces

human disease (1). Diabetic nephropathy is characterized by

glomerular hypertrophy, glomerular basement membrane

(GBM) thickening, and mesangial expansion in its early

stages, which is followed by mesangiolysis, glomerular mi-

croaneurysms, or nodular lesions (Kimmelstiel-Wilson nod-

ule) as the lesion advances (2,3). The prevalence and cluster-

ing of mesangiolysis (36%), Kimmelstiel-Wilson nodules

(39%), and glomerular microaneurysms (12%) has led to the

hypothesis that they are pathogenically interrelated (2,3).

Although several animal models have been shown to de-

velop early stages of diabetic nephropathy, to our knowl-

edge, a rodent model that demonstrates the advanced stage

of diabetic nephropathy has yet to be described (1). In addi-

tion to the aforementioned histologic changes, abnormal an-

giogenesis has been observed in human diabetic nephropa-

thy and has been linked with disease progression (4).

Recently, new vessel formation was demonstrated at the

vascular pole of the glomerulus in human diabetic kidney,

and the presence of these extra vessels correlated with in-

creased vascular endothelial growth factor (VEGF) expres-

sion (5). VEGF also mediates renal hypertrophy, an increase

in GFR, and urinary protein excretion in early experimental

diabetic nephropathy (6,7), suggesting a potentially delete-

rious role of VEGF in diabetic renal disease.

VEGF is the major angiogenic cytokine that stimulates endo-

thelial cell proliferation and migration. VEGF action depends

primarily on endothelial nitric oxide (eNO) production (8).

Hence, coupling of VEGF with eNO could be important in

maintaining endothelial integrity in vessels. However, the role

of VEGF is complicated in the diseased kidney. VEGF is reno-

protective in both acute and chronic nondiabetic renal disease

(9) in contrast to diabetic nephropathy. Indeed, VEGF admin-

istration in the renal ablation model was found to stimulate

capillary repair and improve renal function (9).
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One potential explanation for the paradox of VEGF and kidney

disease might be accounted for by the bioavailability of eNO,

which is severely reduced in diabetes (10,11). Given the increased

expression of VEGF in diabetes, the reduced NO bioavailability

theoretically could result in an uncoupling of VEGF with NO. It is

interesting that there is evidence that blockade of eNO results in a

compensatory increase in VEGF (12), which engages an NO-

independent pathway to stimulate endothelial cell proliferation

(13). This may result in deleterious as opposed to beneficial effects

of VEGF (14–17). Indeed, other groups and ours have shown that

long-term inhibition of NO synthase (NOS) resulted in severe

vascular disease along with de novo VEGF expression in renal

vessels as well as in coronary arteries, where endothelial prolifer-

ation, monocyte infiltration, and vascular smooth muscle cell pro-

liferation were prominent (18,19).

We hypothesized that an uncoupling of VEGF with eNO

might contribute to the vascular complications that are ob-

served in diabetes. Indeed, we were able to demonstrate that

uncoupling of VEGF with eNO could stimulate an excessive

endothelial cell proliferation under high glucose conditions

(20). To test our hypothesis in an in vivo model of diabetes,

we used eNOS KO mice, which are incapable of endog-

enously producing endothelial cell NO. We performed ex-

periments to determine whether diabetic mice that lack

eNOS might be predisposed to diabetic nephropathy.

Materials and Methods
Experimental Animals

Experiments were performed following a protocol that was approval

by the Animal Care and Use Committee of the University of Florida .

C57Bl/6J mice (C57BL6) and C57BL/6J-Nos3tm1Unc (eNOS KO mice;

Jackson Laboratory, Bar Harbor, ME) that were aged 8 wk were rendered

diabetic with intraperitoneal injections of streptozotocin (100 mg/kg per d

for 2 consecutive days) that was freshly dissolved in 0.01 M citrate buffer

(pH 4.5). Development of diabetes (defined by blood glucose �250 mg/dl)

was verified 1 wk after the first streptozotocin injection. For blood sugar

control, a single insulin pellet (Linshin Canada, Ontario, Canada) was

implanted subcutaneously for 5 mo. Blood glucose was monitored every 2

wk, and when the fasting blood glucose was �200 mg/dl, an additional

insulin pellet was inserted. A total of six groups were examined with 10

mice for each group at starting points. Nondiabetic, diabetic, and diabetic

mice (C57BL6 and eNOS KO) with insulin treatment were examined.

Systolic BP was assessed as the mean value of five to 10 consecutive

measurements that were obtained in the morning using a tail-cuff sphyg-

momanometer (Visitech BP2000; Visitech Systems, Apex, NC). Blood urea

nitrogen (BUN) was measured by BUN assay (Diagnostic Chemicals Ltd.,

Oxford, CT). Urine in bladder was obtained for urinary albumin excretion

when the mice were killed. Albumin-to-creatinine ratio was measured

with Albuwell M (Exocell, Philadelphia, PA) and Liquid Creatinine Assay

(Bioquant, San Diego, CA), respectively.

Renal Histology
Kidneys were fixed in Fekete’s fixative (mixture of ethanol, distilled

water, 37% formalin, and glacial acetic acid) and embedded in paraffin.

Two-micrometer sections were stained with the periodic acid-Schiff

reagent (PAS) or the periodic acid-methenamine silver and counter-

stained with hematoxylin. Indirect immunoperoxidase staining was

performed using antibodies to the endothelial antigen thrombomodulin

(21) or CD34 (BD Pharmingen, San Jose, CA) (22), to vascular smooth

muscle cells with anti–�-smooth muscle actin (Abcam, Cambridge,

MA), to fibrin deposition with a polyclonal rabbit anti-mouse fibrin

antibody (Innovative Research, Hilltop, Southfield, MI), and to collagen

IV deposition with a polyclonal rabbit anti-mouse collagen IV antibody

(Chemicon International, Temecula, CA). To detect endothelial cell

proliferation, we performed double immunostaining with an antibody

to the proliferating cell nuclear antigen Ki-67 (Abcam, Cambridge, MA)

and thrombomodulin/CD34. Color was developed using diaminoben-

zidine as a chromogen. In double staining, Bjoran Purple (BioCare

Medical, Concord, CA) was used for thrombomodulin/CD34.

For electron microscopy, kidneys were fixed in 10% formalin fixative,

embedded in epoxy resin, and stained with uranyl acetate and lead

citrate. GBM measurements and digital images were made using an

Advanced Microscopy Techniques (Danvers, MA) digital camera sys-

tem and measuring package on a Philips (Eindhoven, Netherlands)

electron microscope. The thickness of the GBM was estimated by de-

termination of the harmonic mean of a series of orthogonal intercept

measurements (23). At least 30 different segments of GBM per mouse

from three mice were measured in each treatment group.

Quantification of Morphology
All quantifications were performed in a blinded manner. Using coro-

nal sections of the kidney, all glomeruli (100 to 200 glomeruli) were

examined for evaluation of mesangiolysis and nodular lesions. For

glomerular mesangial expansion, 30 consecutive glomeruli per animal

were examined. The extent of the mesangial matrix (defined as mesan-

gial area) was determined by assessment of the PAS-positive and

nucleus-free area in the mesangium. The glomerular area was traced

along the outline of the capillary loop using AxioVision image analyzer

(Carl Zeiss, Thornwood, NY). Because the ratio of mesangial/glomer-

ular area in nondiabetic C57BL6 is 0.20 � 0.04 in this study, mesangial

expansion is defined with the ratio of mesangial/glomerular area

�0.25, which is compatible with a previous report (24). The percentage

of glomerular injury was calculated as the number of injured glomeruli

divided by that of total glomeruli. Arteriolar morphology was assessed

by �-smooth muscle actin staining (25). GBM thickness also was mea-

sured at super high magnification (�5200) in light microscopy using

Axioplan2 imaging system (Carl Zeiss) with digital imaging software.

Real-Time PCR
To quantify mRNA expression for VEGF-A, we performed real time

PCR as described previously (26). The sizes of amplicons were 111 bp

(mouse VEGF-A) (27), which includes isoform 167 and 188.

Statistical Analyses
One-way ANOVA followed by Bonferroni was used to compare

more than two groups. For comparison between two groups, the un-

paired two-tailed t test was performed. All tests were performed using

the software program inStat (version 3.06; GraphPad, San Diego, CA).

Significance was defined as P � 0.05.

Results
General Parameters

The induction of type 1 diabetes by streptozotocin resulted in

equivalent hyperglycemia in C57BL6 and eNOS KO mice when

measured at 3 and 5 mo, as shown in Table 1. However, loss of

body weight was more severe in diabetic eNOS KO mice com-

pared with diabetic C57BL6 mice. Systolic BP was higher in non-

diabetic eNOS KO mice at 3 mo but fell to lower levels than that

in C57BL6 controls at 5 mo. Indeed, BP was unmeasurable in two
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of six diabetic eNOS KO mice at 5 mo, whereas two other diabetic

eNOS KO mice demonstrated low BP of 92 and 104 mmHg,

respectively. Survival of diabetic eNOS KO mice also was lower at

5 mo compared with diabetic C57BL6 mice (Figure 1).

Insulin treatment was associated with significant improve-

ments in blood glucose levels in both C57BL6 and eNOS KO

mice. It is interesting that insulin treatment significantly im-

proved blood sugar, BP, and survival in eNOS KO mice (Table

1, Figure 1). Elevated BP at 3 mo was improved with insulin

treatment in eNOS KO mice.

Renal Function and Gross Morphology
Diabetes-induced renal hypertrophy was more pronounced

in eNOS KO mice (Table 1). Diabetic C57BL6 and eNOS KO

mice exhibited higher urinary albumin excretion as well as high

BUN levels at 3 mo. However, urinary albumin excretion and

BUN levels were higher in eNOS KO mice compared with

diabetic C57BL6 mice at 5 mo (Table 1). The administration of

insulin at dosages that resulted in normalization of blood sugar

prevented the development of renal hypertrophy, proteinuria,

and renal dysfunction in both the C57BL6 and the eNOS KO

mice (Table 1).

Glomerular Histology
Both C57BL6 and eNOS KO diabetic mice developed mesan-

gial expansion, but it was more prominent in the eNOS KO

Table 1. General characteristics of control and diabetic micea

Characteristic
C57BL6 eNOS KO

Non-DM DM DM-Ins Non-DM DM DM-Ins

3 mo after diabetes induction
body weight (g) 30.2 � 3.1 23.8 � 1.6b,c 26.7 � 1.4 28.9 � 1.1 19.4 � 1.7b,c 26.6 � 2.2
blood glucose (mg/dl) 127 � 23 379 � 107b,c 144 � 38 107 � 20 385 � 105b,c 90 � 40
SBP (mmHg) 121 � 7 138 � 12b,d 128 � 7 136 � 8e 161 � 13b,c 138 � 14
kidney weight/body weight

(�10�3)
5.0 � 0.4 6.2 � 2.7 5.0 � 0.6 4.7 � 0.5f 8.3 � 1.2b,c 4.8 � 0.7

urine albumin/creatinine
(�10�1)

1.4 � 1.3 6.2 � 4.5b,c 0.6 � 0.5 1.2 � 0.4 6.1 � 3.0b,c 2.2 � 0.7

BUN (mg/dl) 12.2 � 3.0 14.5 � 2.0 12.0 � 2.3 14.1 � 2.5 21.8 � 6.2g,h 17.1 � 3.0
5 mo after diabetes induction

body weight (g) 32.0 � 2.0 23.1 � 1.8b,c 27.4 � 2.1 29.2 � 2.1 18.8 � 3.2b,c 25.4 � 1.4
blood glucose (mg/dl) 137 � 5 392 � 30b,c 178 � 30 143 � 18 392 � 72b,c 180 � 29
SBP (mmHg) 119 � 8 132 � 16b,c 119 � 7 139 � 11e (124 � 30)

Unmeasurable
from 2 mice

148 � 7

kidney weight/body weight
(�10�3)

5.4 � 0.3 9.1 � 1.2b,c 5.4 � 0.5 4.5 � 0.5 9.0 � 1.6b,c 5.4 � 0.7

urine albumin/creatinine
(�10�1)

2.5 � 0.8 5.6 � 2.3b 4.0 � 1.4 27.0 � 9.6f 107.9 � 53.2b,c 11.6 � 8.7

BUN (mg/dl) 16.2 � 2.4 18.5 � 2.5b 15.7 � 2.2 19.6 � 1.4e 34.8 � 5.6b,c 24.9 � 3.0e

aBUN, blood urea nitrogen; Ins; insulin treatment; eNOS KO, endothelial nitric oxide knockout; non-DM, nondiabetic; SBP;
systolic BP.

bP � 0.01 versus non-DM.
cP � 0.01 versus DMIns.
dP � 0.05 versus DMIns.
eP � 0.05 versus non-DM C57BL6.
fP � 0.05 versus non-DM C57BL6.
gP � 0.05 versus non-DM.
hP � 0.05 versus DMIns.

Figure 1. Survival rate of diabetic endothelial nitric oxide syn-
thase knockout (DM eNOS KO) mice at 5 mo. DMIns, diabetes
with insulin treatment; NonDM, nondiabetic.
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mice (Figure 2, A and B; Table 2). As shown in Figure 3, blood

glucose levels correlated with mesangial expansion in both

C57BL6 mice and eNOS KO mice. It is interesting that glomer-

uli in eNOS KO were more susceptible to blood glucose than

C57BL6 mice in terms of development of mesangial expansion

(Figure 3A). Mesangial expansion was associated with collagen

IV deposition in diabetic eNOS KO mice (Figures 3C and 4, A

through C). Most important, at 3 mo, there were striking find-

ings in diabetic eNOS KO mice, in which mesangiolysis (Figure

2D) and glomerular microaneurysms (Figure 2E) developed.

Furthermore, Kimmelstiel-Wilson–like nodular lesions were

observed in occasional glomeruli at both 3 and 5 mo. It is

interesting that these nodular lesions were composed of nodu-

lar mesangial expansion (Figure 2F), acellular PAS-positive

Figure 2. Histology in glomeruli from C57BL6 and eNOS KO mice. (A) Glomerulus in non-DM C57BL6 mouse at 3 mo. (B) DM
C57BL6 mouse at 3 mo. (C) Non-DM eNOS KO mouse at 3 mo. (D) DM eNOS KO mouse at 3 mo. Mesangiolysis can be observed
in glomerulus. (E) Glomerular microaneurysm in DM eNOS KO mouse at 3 mo. (F) Nodular glomerular expansion in DM eNOS
KO mouse at 5 mo. (G) Nodular lesion with acellular periodic acid-Schiff (PAS)-positive material in DM eNOS KO mouse at 3 mo.
(H) Diffuse glomerulosclerosis in DM eNOS KO mouse at 3 mo. (I) Arteriolar hyalinosis (arrow) associated with glomerular
mesangiolysis in DM eNOS KO mouse at 5 mo. (J) Nodular glomerulosclerosis (arrow) in DM eNOS KO mouse at 5 mo. (K)
Nodular glomerulosclerosis on periodic acid-methenamine silver staining in serious section of J in DM eNOS KO mouse at 5 mo.
(L) Hyalinosis (arrow) at vascular pole of glomerulus in DM eNOS KO mouse at 5 mo. Bar � 10 �m. Magnifications: �1000 in
A through K; �2000 in L.
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material (Figure 2G), and dense fibrillar mesangial matrix (Fig-

ure 2H). Nodular glomerulosclerosis was demonstrated by PAS

and periodic acid-methenamine silver staining with serial sec-

tion of glomeruli (Figure 2, J and K). Fibrin deposition also was

detected in the nodular lesion (Figure 4, H and I; Table 3).

However, staining for IgG and IgM was negative, suggesting

that glomerular injury was not associated with immune com-

plex deposition (data not shown). Damaged glomeruli were

distributed evenly in renal superficial cortex as well as in the

juxtaglomerular area. Hyalinosis of arterioles (Figure 2I) or the

vascular pole of the glomerulus (Figure 2L) rarely was ob-

served in diabetic eNOS KO mice. It is interesting that arteriolar

hyalinosis, when present, often was associated with glomerular

mesangiolysis (Figure 2I). Mesangiolysis also correlated with

blood glucose levels in diabetic eNOS KO mice (Figure 3B),

whereas nondiabetic eNOS KO mice rarely developed mesan-

giolysis at 5 mo (Table 4). In addition, insulin treatment blocked

the development of mesangial expansion, mesangiolysis, and

the development of the nodular lesions at 3 and 5 mo (Tables 2

and 4).

Nondiabetic eNOS KO mice also demonstrated rare focal

areas of tubular atrophy with condensed, hypoplastic glomer-

uli (Figure 4F). In these areas, the arterioles were severely

constricted or occluded (Figure 4G). Low-grade mesangiolysis

also was observed in nondiabetic eNOS KO mice at 5 mo (Table

4).

Glomerular Ultrastructure
Electron microscopic examination demonstrated no ultra-

structural abnormalities in glomerulus in nondiabetic eNOS

KO mice (Figure 5, A and B). However, diabetic eNOS KO mice

developed markedly expanded mesangium with extracellular

matrix and mesangial cell processes, thickened lamina densa,

and subendothelial space (Figure 5, C and D). Glomerular

capillary contained morphologically activated endothelial cell

with enlarged nucleus (Figure 5E). Fibrin deposit also was

attached on glomerular endothelial cells (Figure 5F). GBM

width was increased in diabetic eNOS KO mice compared with

nondiabetic eNOS KO mice (200 � 28 versus 169 � 20 �m,

diabetic versus nondiabetic eNOS KO; P � 0.05; Figure 3). The

Table 2. Glomeruli with mesangial expansion

Parameter
3 Mo (%) 5 Mo (%)

Non-DM DM DMIns Control DM DMIns

C57BL6 0.5 � 0.4 12.6 � 1.8 3.6 � 1.3 1.5 � 0.6 32.0 � 5.5 12.0 � 4.5
eNOS KO 5.3 � 0.6 20.1 � 5.1b 7.3 � 1.4 5.9 � 2.8 55.0 � 9.8a 20.0 � 4.5

aP � 0.01 versus C57BL6-DM at 5 mo.
bP � 0.05 versus non-DM, DMIns at 3 mo.

Figure 3. Quantification of histologic analysis. Correlation between blood glucose and mesangial expansion (A) and mesangiolysis
(B) at 3 mo. (C) Percentage of positive area for collagen IV deposition in glomerulus. (D) Thickness of glomerular basement
membrane (GBM) at 5 mo.
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expanded mesangium revealed clusters of mesangial matrix

microfibrils (Figure 6C) as well as mesangial cell processes with

smaller intracellular microfilament bundles (Figure 6D) insert-

ing into membrane complexes.

Renal Arteriolar Histology
We previously demonstrated in other models that the de-

velopment of preglomerular arteriolar disease results in al-

tered autoregulation and can predispose kidneys to progres-

sion (28). We also showed that preglomerular arteriolar

disease occurs with blockade of NO synthesis with L-NAME

(29). We therefore examined the morphology of the afferent arte-

riole in both diabetic and nondiabetic mice. As shown in Figure 6,

the lumens of arterioles of eNOS KO mice were larger than those

observed in C57BL6 mice. In mice with diabetes there was a

further increase in the inner lumen size in eNOS KO mice com-

pared with nondiabetic C57BL6 mice (Figure 4, D and E). This

increase was blocked by insulin treatment (Figure 7A). Con-

versely, the total vascular smooth muscle wall area was not dif-

ferent in these mice (Figure 7C). It is interesting that glomeruli

with mesangiolysis were significantly associated with dilated ar-

terioles (Figure 7B) as well as an increase in vascular smooth

muscle wall area (Figure 7D) compared with glomeruli without

mesangiolysis.

Angiogenesis (Endothelial Cell Proliferation)
VEGF mRNA expression was increased in diabetic C57BL6

and eNOS KO mice (Figure 8D). Importantly, insulin treatment

blocked this upregulation of VEGF, demonstrating a key role

Figure 4. Histologic renal lesions in DM eNOS KO mouse. (A) Immunohistochemistry for glomerular collagen IV deposition in
C57BL6 at 5 mo. (B) Collagen IV deposition in DM C57BL6 mouse at 5 mo. (C) Collagen IV in DM eNOS KO mouse at 5 mo. (D)
Immunohistochemistry for smooth muscle actin (SMA) in afferent arteriole in non-DM C57BL6 at 3 mo. Brown color indicates
SMA staining. (E) Immunohistochemistry for SMA (brown color) in arteriole in DM eNOS KO. Arteriole in DM eNOS KO mouse
is dilated compared with that in non-DM C57BL6 at 3 mo. (F) PAS staining in non-DM eNOS KO mouse. Atubular glomeruli are
observed rarely in cortex. (G) Immunohistochemistry for SMA (brown color) in non-DM eNOS KO mouse. Constricted or
occluded arterioles are observed along with atubular glomeruli in non-DM eNOS KO mouse. (H) Immunohistochemistry for fibrin
(brown color) in DM-C57BL6 mouse. (I) Fibrin staining (brown color) in DM eNOS KO mouse. Magnifications: �400 in A, B, C,
F, and G; �1000 in D and E; �630 in H and I.

Table 3. Glomeruli with fibrin deposition

Parameter
5 Mo (%)

Control DM DMIns

C57BL6 0 0 0
eNOS KO 1.8 � 0.7 17.4 � 2.9a 5.4 � 6.1

aP � 0.01 versus non-DM, DMIns.
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for glucose in regulating VEGF regardless of the status of the

eNO system.

Endothelial morphology was assessed by immunostaining for

CD34 (22) and thrombomodulin (21). Both diabetic eNOS KO and

C57BL6 mice showed a generalized increase in endothelial cells in

the cortex as noted by immunostaining for either CD34 or throm-

bomodulin (Figures 8 and 9), and this was associated with en-

hanced endothelial cell proliferation, as noted by double staining

with Ki-67 and thrombomodulin or CD34 (Figure 9, G and H).

Both endothelial proliferation and endothelial immunostaining

were increased in eNOS diabetic KO compared with diabetic

C57BL6 mice (Figure 8, A through C). Insulin treatment also

largely corrected the increase in endothelial cell proliferation and

number. In contrast, focal loss of endothelial cell staining was

observed occasionally, particularly in glomeruli that displayed

mesangiolysis (Figure 9, A and B).

Discussion
In this study, we present a mouse model of diabetic kidney

disease that closely resembles human diabetic nephropathy.

Diabetic mice that lacked the eNOS gene demonstrated clas-

sic features of diabetic nephropathy with intrarenal vascular

disease, mesangial expansion with mesangiolysis and occa-

sional microaneurysm formation, and the development of

mesangial nodular (Kimmelstiel-Wilson) lesions. These

changes could be prevented largely by insulin. Collectively,

the data strongly suggest that a relative deficiency in eNO

levels may be one of the long-sought risk factors that are

critical for the increased susceptibility for nephropathy in

individuals with diabetes.

We identified two potential major mechanisms to account

for why eNOS KO phenotype may predispose to the devel-

opment of diabetic nephropathy. First, eNOS KO mice de-

veloped systemic hypertension and heterogeneous afferent

arteriolar lesions. In collaboration with the late Jaime Her-

rera-Acosta, our group demonstrated that preglomerular ar-

teriolar disease may predispose the animal to renal progres-

sion (“the Herrera hypothesis”) (30). Heterogeneity of

afferent arteriolar lesions was observed in eNOS KO mice

and were increased in the presence of diabetes. This hetero-

geneity of arteriolar lesions could result in some glomeruli

being overperfused and others underperfused for the same

renal arterial perfusion pressure. The association of mesan-

giolysis with dilated arteriole (Figure 7B) suggests that over-

perfusion in glomerulus could account for mesangial lesions

(31,32). However, the underperfused glomeruli may become

ischemic, leading to persistent stimulation of juxtaglomeru-

lar renin release, consistent with hypotheses on the mecha-

nism for the development of essential hypertension (28,33).

As a consequence, more severe systemic hypertension devel-

ops, which in turn acts in a vicious cycle to accelerate the

glomerular hypertension and renal progression.

A second potential mechanism by which eNOS KO mice may

be more susceptible to diabetic nephropathy is due to the

dysregulation of the VEGF-NO axis (20). Normally, VEGF acts

on endothelial cells largely via stimulation of eNOS (8). NO

negatively regulates VEGF-induced endothelial cell prolifera-

tion, resulting in the maintenance of endothelial cell integrity

(20). However, when endothelial NO levels are low, an increase

in VEGF expression is associated with a marked NO-indepen-

dent endothelial proliferative response (19,20). We have found

that elevated glucose can cause this uncoupling in vitro (20).

Consistent with the uncoupling hypothesis was our observa-

tion that endothelial cell staining and proliferation were in-

creased in diabetic eNOS KO mice compared with diabetic

control mice. Importantly, the increased expression of VEGF

was blocked in both groups of mice with insulin treatment. This

demonstrates that the regulation of VEGF expression seems to

depend primarily on glucose levels as opposed to eNO levels in

this model. In addition, the observation that endothelial stain-

ing was greater in eNOS KO mice compared with C57BL6 mice

regardless of presence of diabetes suggests the importance of

the uncoupling hypothesis in augmenting the endothelial pro-

liferative response (20). In contrast, Murohara et al. (34) re-

ported that eNOS KO mice exhibited impaired angiogenesis in

the hind limb ischemic model. In their model, however, the

ischemic insult failed to increase VEGF expression, whereas, in

our model, the primary stimulus for VEGF expression seemed

to be hyperglycemia.

Whereas endothelial cell density and proliferation were in-

creased overall in diabetic eNOS KO mice compared with

diabetic C57BL6 mice, the diabetic eNOS KO mice also showed

focal areas of capillary loss and evidence of endothelial injury

as noted by the intracapillary fibrin staining. It is interesting

that the presence of mesangiolysis was associated with loss of

glomerular endothelial cells, whereas most other glomeruli

showed an endothelial proliferative response in diabetic eNOS

KO mice. This heterogeneity of endothelial response could be

associated with the heterogeneity of mesangial cell prolifera-

tion. Indeed, it has been demonstrated that a glomerulus simul-

taneously exhibits mesangial proliferation and mesangiolysis in

human diabetic nephropathy (3). Furthermore, it is compatible

with the evidence that anti–Thy1-induced mesangiolysis in rat

is associated with loss of both mesangial and endothelial cells

Table 4. Glomeruli with mesangiolysis

Parameter
3 Mo (%) 5 Mo (%)

Control DM DMIns Control DM DMIns

C57BL6 0 0 0 0 0 0
eNOS KO 0 7.4 � 2.1a 0.3 � 0.5 1.2 � 0.7 10.4 � 5.6a 3.6 � 1.2

aP � 0.01 versus non-DM, DMIns.
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followed by both mesangial and glomerular endothelial cell

proliferation (35).

Currently, endothelial dysfunction is considered a compo-

nent of mesangiolysis that is associated with thrombotic

microangiopathy (36). Although the precise mechanism has

not been clarified yet, detached endothelial cells or widening

of the subendothelial space is associated with mesangiolysis

in diabetes and other diseases, such as cyclosporine ne-

phropathy or transplant glomerulopathy (36,37). We postu-

late that endothelial dysfunction as a result of targeted de-

letion of eNOS gene could be a mechanism for mesangiolysis

in this model. It is interesting that nondiabetic eNOS KO

mice also developed mild glomerular lesions at 5 mo, sug-

gesting that endothelial dysfunction as a result of deletion of

the eNOS gene could cause mesangiolysis directly or indi-

rectly (Table 4). However, the marked increase in renal in-

jury (including systemic hypertension, mesangiolysis, and

nodule formation) in diabetic eNOS KO mice and the rever-

sal with insulin strongly suggest an eNO and glucose inter-

action. A strong relationship between endothelial dysfunc-

tion and diabetic nephropathy in humans also has been

noted (38), consistent with such an interaction. Importantly,

this model is distinct from simply inducing diabetes in hy-

pertensive animals, such as spontaneous hypertensive rat

Figure 5. Ultrastructural histology in non-DM and DM eNOS
KO mice. (A) Lower magnification of non-DM eNOS kidney
showing mesangium (M) surrounded by capillaries with red
blood cells (RBC). Endothelium is not apparent at this magni-
fication (bar � 2 �m). (B) Higher magnification of non-DM
eNOS KO kidney with RBC in capillary lumen (top far right),
preserved endothelial cells (arrow), basement membrane (cen-
ter,) and podocyte with foot processes (in center and far left).
Representative basement membrane used for width measure-
ment (bar � 500 nm). (C) DM eNOS KO kidney with markedly
expanded mesangium (center) at same magnification as A. (D)
Higher magnification of DM eNOS KO kidney with thickened
lamina densa (see text) and subendothelial space (bar � 500
nm). Representative area used for measurement. (E) DM eNOS
KO glomerular capillary with morphologically activated, par-
tially elevated endothelial cell with enlarged nucleus, markedly
ruffled cell membrane, and marginated platelet (arrow; bar � 2
�m). (F) Higher magnification of DM capillary wall with at-
tached fibrin deposit (arrow) and partially degenerated endo-
thelial cell in DM eNOS KO mouse (bar � 500 nm).

Figure 6. The fibrillar mesangial expansion in DM eNOS KO
mouse. (A) Low-magnification view of non-DM eNOS KO
mouse showing normal structure of peripheral capillary lobule.
A mesangial nucleus is noted (M). Bar � 2.0 �m. (B) View of
peripheral capillary lobule in DM eNOS KO mouse at same
magnification as A. Bowman’s capsule is seen at top left. A
mesangial cell nucleus (M) is marked with straight arrow.
Mesangial expansion is evident and confirms the light micro-
scopic appearance with cell processes and matrix expansion.
The areas marked with curved arrow are shown at higher
magnification in C. Bar � 2.0 �m. (C) Higher power view of B
with the same mesangial cell nucleus (M). The region near the
curved arrow is shown at higher power in the inset. A cluster
of mesangial matrix microfibrils of approximately 15-nm (10 to
20 nm) diameter are present to the right of the arrow. Bar � 500
nm in each part. (D) A mesangial cell cytoplasmic process with
attachment to the matrix (straight arrow). The region of the
curved arrow is shown at the same higher magnification (as
inset) to demonstrate clearly the smaller intracellular microfila-
ment bundles (7-nm diameter). Bar � 500 nm in each part.
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and hypertensive transgenic mREN2–27 rat, and it is inter-

esting that these animals do not develop mesangiolysis un-

der diabetic conditions (39,40). This suggests that hyperten-

sion per se is unlikely to induce mesangiolysis unless the

autoregulatory mechanisms are altered.

In this model, we also observed evidence of endothelial

injury, and this was associated with fibrin deposition and me-

sangiolysis. These lesions also are observed in thrombotic mi-

croangiopathies, raising the possibility that this model is not a

pure model of diabetic nephropathy. Indeed, fibrin and mesan-

Figure 7. (A) Inner lumen size in afferent arteriole. aP � 0.01 versus C57BL6; bP � 0.05 versus non-DM in eNOS KO mice. (B) Inner
lumen of afferent arteriole in DM eNOS KO mice. Glomerulus with mesangiolysis is associated with dilated arteriole. (C) Wall area
of afferent arteriole. (D) Wall area of arteriole in DM eNOS KO mice.

Figure 8. (A) Quantification of CD34 in cortex. (B) Quantification of TM staining. (C) Cell number with double staining for TM and
Ki-67 in renal cortex per 100 �m2. (D) Real-time PCR for vascular endothelial growth factor (VEGF) mRNA expression in whole
kidney at 3 mo. aP � 0.05 versus non-DM in C57BL6; bP � 0.05 versus DMIns in eNOS KO; cP � 0.05 versus non-DM in C57BL6;
dP � 0.05 versus DM in eNOS KO; eP � 0.05 versus nonDM in eNOS KO.
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giolysis were observed less commonly in some recent patho-

logic studies of diabetic nephropathy (3). However, in the older

literature, numerous studies demonstrated the activation of

intrarenal coagulation as well as fibrin deposition (41,42) in

association with mesangiolysis and mesangial nodule forma-

tion (42). We believe that this was observed more commonly in

the past, before the use of effective antihypertensive agents and

better blood sugar control.

We suggest that this new murine model of diabetic ne-

phropathy may be relevant to human diabetic disease. This

experimental model supports the interpretation of human

pathology and the hypothesis that there are three histologic

appearances of glomeruli in diabetes: Diffuse intercapillary

glomerulosclerosis; nodular intercapillary glomerulosclero-

sis; and a third progressive lesion of mesangiolysis, capillary

microaneurysms and nodular scarring. In addition to the

similar histologic findings, human diabetic nephropathy is

strongly associated with endothelial dysfunction, likely a

consequence of the effects of glucose (43), advance glycation

end products (44), uric acid (45), C-reactive protein (46),

oxidative stress (47), and asymmetric dimethylarginine (48)

to reduce eNO bioavailability. The relatively lower levels of

uric acid and asymmetric dimethylarginine in mice could

provide a potential explanation for why rodents are less

likely to develop classic diabetic renal disease. Furthermore,

the importance of the eNOS gene in the development of

diabetic nephropathy and retinopathy was recognized re-

cently (49). In particular, the polymorphism T-786C is asso-

ciated with both nephropathy and retinopathy (49).

Conclusion
It is widely known that only 30 to 40% of individuals with

type 1 diabetes will develop significant nephropathy. On the

basis of the findings in this article, we propose that it is the level

of eNO that may be one of the critical determinants for whether

patients with diabetes are at risk for developing nephropathy.

Because endothelial function can be assessed readily by mea-

surements such as brachial artery reactivity, we believe that

clinical studies to address this hypothesis are feasible.
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