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Endothelial dysfunction is critical in the decline of
renal function with. By using endothelial nitric oxide
synthase knockout (eNOSKO) mice, we tested the hy-
pothesis that a lack of endothelial nitric oxide syn-
thase accelerates renal injury in the aging kidney. In
contrast to control mice and young eNOSKO mice,
aging eNOSKO mice showed greater renal injury and
in particular developed a thrombotic microangiopa-
thy, with mesangiolysis, endothelial swelling, endo-
thelial cell loss, double-contour appearance of glo-
merular basement membrane (GBM), and thrombus
formation. Thrombi, which were composed of fibrin,
platelets, and von Willebrand factor (vWF), were
identified predominantly in glomerular capillaries
and rarely in arterioles, but not in larger vessels. In
the tubulointerstitium, tubular degeneration and
macrophage infiltration were also prominent in ag-
ing eNOSKO mice. Intraluminal vWF deposition was
accompanied with thrombus formation, whereas
mesangial deposition of vWF was associated with
mesangial matrix expansion. Furthermore, the mes-
angial vWF deposition was detectable in young
eNOSKO mice in which severe glomerular injury had
not yet developed. Finally, a higher level of serum
P-selectin in eNOSKO mice was consistent with the
vWF behavior and suggested exocytosis of the Weibel-
Palade body by the endothelium. In conclusion, a lack
of endothelial nitric oxide synthase resulted in the

development of glomerular thrombotic microangi-
opathy. A lack of nitric oxide likely contributed to
the release of vWF, leading to thrombus formation
in this model. (Am J Pathol 2010, 176:2198–2208; DOI:
10.2353/ajpath.2010.090316)

Preservation of endothelial function is important in main-
taining normal kidney function. A key role of the endothe-
lium is to produce nitric oxide (NO), which is catalyzed by
endothelial NO synthase (eNOS) and induce a vasodila-
tor that helps maintain endothelial cell integrity with anti-
thrombotic properties. In fact, Huang et al1 demonstrated
that genetic deletion of eNOS resulted in hypertension
due to endothelial dysfunction. Forbes et al2 recently
demonstrated that target deletion of eNOS results in
some congenital renal abnormalities, including glomeru-
lar hypoplasia and tubular cell death, but the injuries are
focal and therefore the renal anatomy of endothelial nitric
oxide synthase knockout (eNOSKO) mice is largely nor-
mal.3,4 Compatibly, we also reported that renal function
is well preserved at 5 months of age in the eNOSKO
mouse.5,6 Despite normal appearance, a lack of eNOS
seems to increase the susceptibility to renal disease. For
instance, we and others demonstrated that a lack of
eNOS gene accelerates the progression of renal injury in
the diseased kidney, including diabetic nephropathy,5

remnant kidney,6–8 and anti-GBMglomerulonephritis.3

These studies indicate the protective role of eNOS in the
diseased kidney.

Aging is associated with a progressive decline in renal
function along with glomerular and tubulointerstitial inju-
ries.9,10 An impairment of endothelial function is consid-
ered to be a critical risk factor for the progression of renal
injury in the aging kidney.9 Recent studies have also
documented a protective role of NO on endothelial se-
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nescence.11 Nevertheless, to date there is no direct
evidence of the role of endothelial dysfunction in ag-
ing-associated renal disease. We therefore tested the
hypothesis that a lack of NO could accelerate renal
aging-associated renal disease.

Materials and Methods

Animal Models and Measurement of Blood
Pressure

Two-month-old C57BL/6J male mice (C57) and C57BL/
6J-Nos3tmlUnc (eNOS�/�) male mice (eNOSKO) were
purchased from Jackson Laboratory (Bar Harbor, ME).
These mice were housed in the vivarium at the University
of Florida for 11 months. Systolic blood pressure was
measured by a tail-cuff sphygmomanometer (Visitech
BP2000; Visitech Systems, Apex, NC). Four mice were
sacrificed to obtain kidney, blood, and urine at the age of
2 months after blood pressure measurement in each
group. Eleven months later, the other seven mice in each
group were sacrificed. All experiments were approved by
the Animal Care and Use Committee of the University of
Florida.

Renal Histology

Renal tissue was fixed in Fekete’s fixative, embedded in
paraffin blocks, and cut into 2-�m sections. Periodic
acid-Schiff staining was used for morphological analysis.
In immunohistochemistry, a polyclonal rabbit anti-mouse
fibrinogen antiserum (Innovative Research, Novi, MI) was
used for fibrin deposition; a rat anti-mouse CD34 anti-
body (BD Pharmingen, San Jose, CA) for endothelial
cells; a polyclonal goat anti-mouse collagen III antibody
(Southern Biotech, Birmingham, AL) for interstitial colla-
gen III deposition; a polyclonal rabbit anti-mouse colla-
gen IV antibody (Chemicon International, Temecula, CA)
and a polyclonal rabbit anti-mouse fibronectin antibody
(Sigma, St. Louis, MO) for mesangial matrix; a polyclonal
rat anti-mouse F4/80 antibody (Serotec, Raleigh, NC) for
macrophage; a polyclonal rabbit anti-mouse von Wille-
brand factor (vWF) antibody (Dako, Carpinteria, CA) for
von Willebrand factor; a polyclonal rabbit anti-mouse
WT-1 antibody (Santa Cruz, Santa Cruz, CA) for podo-
cyte; and a polyclonal rabbit anti-mouse desmin antibody
(Abcam Inc, MA) for desmin expression. Color was de-
veloped by using diaminobenzidine as a chromogen. For
immunofluorescence, tissues were embedded in optimal
cutting temperature compound, frozen in liquid nitrogen,
and stored at �80°C. Four-micron sections were fixed
with 10% neutral buffered formalin, applied with rat anti-
mouse CD34 and rabbit anti-mouse vWF antibody, fol-
lowed by incubation with fluorescein isothiocyanate con-
jugated goat anti rat IgG and Texas Red conjugated goat
anti-rabbit IgG. All sections were covered with Vectash-
ield with 4,6-diamidino-2-phenylindole (Vector Laborato-
ries, Burlingame, CA) and examined by fluorescence

microscopy. For electron microscopic analysis, kidneys
were fixed in formalin, embedded in epoxy resin, and
stained with uranyl acetate and lead citrate.

Quantification of Morphology

All slides were examined in a blinded manner. All glomeruli
(�50 glomerular cross sections per biopsy) were exam-
ined. After tubulointerstitial lesions (with sparing of glomer-
uli) of the whole renal cortical area in the axial plane was
scanned with the AxioVision image analyzer (Carl Zeiss,
Thornwood, NY), 10 to 20 fields, which could cover whole
renal cortex in axial section, were examined per biopsy.
Glomerulosclerosis, mesangiolysis, and glomerular base-
ment membrane (GBM) double contour were assessed by
the ratio of injured glomerular number to total glomerular
number.5 By using AxioVision image analyzer (Carl ZEISS,
Germany), the total dimension of glomerulus was deter-
mined by tracing the outline of glomerular tuft. The extent of
the mesangial matrix (defined as mesangial area) was de-
termined by assessing the periodic acid-Schiff-stained area
(red color). The % mesangial area was calculated as the
mesangial area (�m2) divided by the total area of the glo-
merular tuft. To examine glomerular capillary, both absolute
capillary number per a glomerulus and capillary density (as
defined as the number of capillaries per glomerular area)
was determined on periodic acid-Schiff staining. To quantify
glomerular lesions, we measured the positive immuno-
stained area in each glomerular cross section for collagen
IV, fibronectin, vWF, CD34, and fibrinogen as an overall %
positive area of the glomerular tuft as measured using com-
puter image analysis. The % positive area was determined
as positive area (�m2) divided by total area for each glo-
merular tuft. F4/80-positive cells were simply counted in
each glomerular cross section. The podocyte number (de-
termined by total WT1 positive cells per glomerular cross
section) was factored for total glomerular area (measured
as the tuft area by computer image analysis). While desmin
was expressed in mesangium, we examined the number of
glomeruli only with any degree of podocyte desmin expres-
sion, which was divided by total number of glomeruli to
assess % positive glomeruli with podocyte desmin. Fibrin
deposits/thrombi were defined as the accumulation of dark
eosinophilic fibrillar or amorphous material within the glo-
merular capillaries in H&E staining as described previous-
ly,12 and were authenticated by fibrin staining. Similarly,
vascular vWF in arcuate artery, interlobular artery, and ar-
teriole, respectively was evaluated as percent positive area
in vascular cross-sections. To assess peritubular capillary,
% positive signal for CD34 in peritubular area was deter-
mined, and then divided by total number of tubules in that
area.9 A tubule surrounded by a tubular basement mem-
brane was used to count tubular number while majority of
tubules examined were in cross section since we cut kidney
using a transverse plane. In whole renal cortex, the %
positive area for collagen III, and the number of F4/80
positive cells (per 0.25 mm2) were determined to assess
interstitial injury.
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Biochemical Measurements and Serum Assays
for P-Selectin

Creatinine was measured by using a specific assay
(Bio Quant, Dan Diego, CA). Urinary albumin concen-
tration was determined by a rat albumin enzyme-linked
immunosorbent assay kit (Albuwell M; Exocell, Phila-
delphia, PA) and the albumin-to-creatinine ratio was
calculated. Serum soluble P-selectin concentration
was quantified by a mouse P-selectin enzyme-linked
immunosorbent assay kit (Quantikine; R&D Systems,
Minneapolis, MN).

Urinary NO Assay

To examine the renal NO, the concentration of urinary
nitrate (NO3

�) and nitrite (NO2
�) were determined by Nitric

Oxide Analyzer 280i (SIEVERS, Boulder, CO).

Statistical Analysis

All statistical analyses were performed by using SPSS
16.0 (Chicago, IL). All data are shown as means � SD.
The equality of variances was verified by Levene’s test
and the unpaired t-test was used to compare the
means of two groups of unpaired measurement. One-
way analysis of variance followed by the Tukey’s test
was used for three or more groups’ comparison. The
Pearson correlation coefficient r and the significance
probability were calculated to determine the strength
of the correlation. Statistical significance was defined
as P � 0.05.

Results

General Parameters

As shown in Table 1 , blood pressure was significantly
elevated in eNOSKO mice at 2 months and 13 months
compared with C57BL6 mice. While body weight was
identical between two groups at both time points, kid-
ney weight was significantly reduced in eNOSKO mice,
as compared with C57BL6 mice at 13 months. Serum
creatinine was significantly higher in eNOSKO mice, as
compared with C57BL6 mice at the age of 13 months,
although it was no different in young mice. Compatibly,
urinary albumin excretion was significantly elevated in

eNOSKO mice in 13-month-old mice, as compared
with that of C57BL6 mice of the same age.

Renal Histology

As previously reported, we found congenital glomerular
and tubular lesions in focal areas,2 whereas the majority
of kidney looked normal by routine histology.3,4 In this
study, histological analysis was confined to regions of the
kidney where congenital lesions were absent.

Glomerular Changes in Aging

Glomerular abnormalities were not detected in eNOSKO
mice or C57BL6 mice at 2 months of age (Figure 1, A and
B). In contrast, eNOSKO mice developed glomerular
hypertrophy mesangiolysis, glomerulosclerosis with hy-
alinosis of arterioles, and glomerular capillary microan-
eurysms at 13 months of age, while mild mesangial prom-
inence was shown in wild-type mice (Figure 1, C–H). The
vessel walls of capillaries and arterioles were often thick-
ened. Some glomeruli exhibited a double-contour ap-
pearance in glomerular basement membrane, due in part
to mesangial interposition (Figure 1H).

Quantitative analysis confirmed that eNOSKO mice did
not display significant glomerular injury at 2 months old. In
contrast, a lack of eNOS was associated with significant
glomerular hypertrophy, mesangial expansion, mesangioly-
sis, glomerulosclerosis, and glomerular basement mem-
brane (GBM) double contour in older (age 13 months) mice
(Figure 1, I–M).

Electron microscopy confirmed the presence of mesangial
expansion and mesangial interposition (Figure 1, N–P) in
eNOSKO mice. Capillary obliteration, due mostly to mesangial
and endothelial cellular hypertrophy, was also observed.

While increased glomerular collagen IV deposition was
observed at 13-months-old in eNOSKO mice (Figure 2A),
fibronectin deposition was also increased in glomeruli of
eNOSKO mice as early as 2 months and remained ele-
vated at 13 months old (Figure 2B). F4/80 (�) macro-
phage infiltration in glomeruli of eNOSKO mice was also
increased in older (13 months old), but not younger (2
months old) mice (Figure 2C).

Finally, we examined if the eNOSKO mice had evi-
dence for podocyte injury. The number of WT-1 (�) podo-
cytes in eNOSKO mice was significantly decreased in
both young and aging eNOSKO mice, as compared with

Table 1. General Characteristics*

Mice

C57BL6 eNOS KO

2 mo 13 mo 2 mo 13 mo

Body weight (g) 21.4 � 0.7 33.0 � 3.5 22.6 � 0.4 31.8 � 2.6
Systolic BP (mmHg) 115 � 4 102 � 9 128 � 3‡ 133 � 14†

Kidney weight (�10�3 g/BW) 7.0 � 0.2 5.7 � 0.4 7.1 � 0.8 5.3 � 0.7‡

Serum Cr (mg/dl) 0.11 � 0.02 0.13 � 0.02 0.12 � 0.03 0.17 � 0.02‡

urine Alb/Cr (�10�1) 1.6 � 0.5 8.1 � 2.4 5.2 � 3.7 52.9 � 15.2†

*Data are means � SD.
†P � 0.01 versus C57BL6 of the same age.
‡P � 0.05 versus C57BL6 of the same age.
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age-matched wild-type mice (Figure 2, D–H). Aging pro-
cess likely caused the podocyte loss in both types of
mice (Figure 2, D–H). Compatibly, podocyte desmin ex-
pression was significantly higher in aging eNOSKO mice

compared with wild-type mice, whereas it tended to be also
higher in eNOSKO mice at 2 months of age (Figure 2, I–L).
Consistent with the light microscopy findings, podocyte in-
jury, as evidenced by foot process fusion, protein phagoly-

Figure 1. Glomerular changes in aging eNOSKO mice. Glomeruli in wild-type (A) and eNOSKO mice (B) look normal in histological appearance at 2 months
of age. Wild-type mice had mild mesangial prominence at 13 months of age as would be expected with aging (C), eNOSKO mice developed glomerular hypertrophy
(D), mesangiolysis (E), glomerulosclerosis (F), glomerular capillary microaneurysm (G), and double-contour appearance of glomerular basement membrane (GBM; H).
Scale bar � 20 �m. Quantifications for glomerular hypertrophy (I), mesangial expansion (J), mesangiolysis (K), glomerulosclerosis (L), and double contour (M) are
shown. Electron microscopy also demonstrates that compared with wild-type mice (N; original magnification �1500), eNOSKO mice exhibit mesangial expansion and
obliteration of capillary space due mostly to mesangial and endothelial cellular hypertrophy (O; �1500). Mesangial interposition and focal duplication of a glomerular
capillary loop is also noted (arrow in P; �3000). White bar � C57BL6; Black bar � eNOSKO. Data are shown as means � SD. *P � 0.05, **P � 0.01.
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Figure 2. Glomerular disease in eNOSKO mice. % positive area in
glomerulus is shown for glomerular collagen IV deposition (A) and for
fibronectin deposition (B) is shownF4/80 (�) macrophage infiltration is
significantly higher in eNOSKO mice at 13 months of age (C). Compared
with young control mice (D), and young eNOSKO mice (E), WT1 (�)
podocytes (arrow) also decrease in number in eNOSKO mice (G), as
compared with wild-type mice (F) at 13 months of age. Scale bar �
20 um. The number of WT-1 positive cells/103 �m2 of glomerular area
was quantified (H). % glomeruli with desmin expression are shown in
(E). Compared with old wild-type mice (I), desmin expression in podo-
cyte (arrow) also increases in eNOSKO mice (J) at 13 months of age. (K)
shows higher power view of (J). Scale bar � 20 um. The number of
glomerulus with desmin expression was divided by total number of
glomerulus to calculate % glomeruli with desmin expression (L). As a
feature of podocyte injury, foot process effacement (arrow) and vacu-
olation (asterisk) and protein phagolysomes (white arrow) in podo-
cyte are also found in addition to mesangial expansion in aging eNOSKO
mice (M; �3000). CL: capillary lumen. White bar � C57BL6; black bar �
eNOSKO. Data are shown as means � SD. *P � 0.05, **P � 0.01.
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somes in the podocyte, and vacuolation, was also detected
in addition to mesangial expansion in aging eNOSKO mice
by electron microscopy (Figure 2M).

Tubulointerstitial Changes in Aging

The tubulointerstitium of eNOSKO mice remained nor-
mal at 2 months of age (Figure 3A). While wild-type
mice at 13 months of age showed minimal tubulointer-
stitial changes, eNOSKO mice at the same age had
focal areas of tubulointerstitial injury with ballooning of
tubules and immune cell infiltration (Figure 3, B–D).
Semiquantitative analysis confirmed significant tubular
damage in older (13 months old) eNOSKO mice (Fig-
ure 3I). Immunohistochemistry confirmed the presence
of tubulointerstitial fibrosis in aging eNOSKO mice, as
evidenced by an increase in interstitial collagen III

deposition and F4/80 (�) macrophage infiltration (Fig-
ure 3, E–H, J, K).

Endothelial Injury in Aging

Since nitric oxide is one of the most important survival
factors for endothelial cells, we examined if eNOS defi-
ciency could reduce the vascular endothelium density in
aging mice. As shown in Figure 4, A, B, and E, CD34 (�)
endothelial cell density was identical between two groups
at 2 months of age. In contrast, glomerular endothelial
cells were significantly reduced in eNOSKO at 13 months
old, as compared with C57BL6 mice. In contrast, no
change was noted in CD34 (�) endothelial cells in peri-
tubular capillaries in these mice (Figure 4, B–F). Compat-
ibly, glomerular capillary density as well as absolute cap-

Figure 3. Tubulointerstitial injury in aging eNOSKO mice. Periodic acid-Schiff staining demonstrates appearance of normal tubulointerstitium in young eNOSKO
mice (A). Compared with aging wild-type mice (B), aging eNOSKO mice exhibit tubular dilatation (arrow, C) and immune cell infiltration in the interstitium (D).
Scale bar � 50 um. Immunostaining (brown color) documented increased interstitial collagen III deposition (E, F) and F4/80 (�) macrophage infiltration (G, H)
in aging eNOSKO mice (F, H), as compared with aging wild-type mice (E, G). Arrow indicates F4/80 (�) macrophage. Quantitative analysis confirmed the tubular
injury (I), collagen III deposition (J), and macrophage infiltration (K) in aging eNOSKO mice. White bar � C57BL6; black bar � eNOSKO. Data are shown as
means � SD. **P � 0.01.
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illary number was also significantly reduced (Figure 4, G
and H).

Fibrin Deposition in Aging eNOSKO Mice

As shown in Figure 5, A–C, H&E staining demonstrated that
glomerular injury in aging eNOSKO mice was often associ-
ated with the accumulation of dark eosinophilic fibrillar/
amorphous material within the glomerular capillary lumens,
suggesting the formation of thrombi. These thrombi often
occluded the capillary lumens and occasionally contained
fragmented red blood cells. Immunohistochemistry con-
firmed the presence of fibrinogen in the glomerular capillar-
ies (Figure 5, D–F). Electron microscopy also confirmed that
arterioles occasionally had thrombi (Figure 5, G–I). In some
glomerular capillaries, the lumen was occluded due to
thrombi, platelets, red cells, and endothelial cell swelling
(Figure 5, G–I). By quantitative analysis, the fibrinogen dep-
osition was significantly increased in aging eNOSKO mice
compared with wild-type mice (Figure 5J). Interestingly, the
fibrinogen deposition was negatively correlated with urinary
nitrate/nitrite levels (Figure 5K).

von Willebrand Factor in eNOSKO Mice

The expression of vWF was examined in this model since
vWF has a role in thrombi formation. In arterioles, inter-

lobular arteries and arcuate arteries, immunostaining
demonstrated that vWF was present in endothelial cells in
eNOSKO and wild-type mice (Figure 6, A and B). In
glomeruli, vWF was intensely expressed in a mesangial
pattern at 2 months of age in eNOSKO mice, as com-
pared with young wild-type mice (Figure 6, C and D).
Aging eNOSKO mice had intraluminal vWF in glomerular
capillaries and arterioles in addition to mesangial vWF
deposition (Figure 6, E and F). To identify the location of
vWF, we performed double staining for vWF and endo-
thelial cells (Figure 6, G–O). The localization of vWF (red)
completely overlapped with CD34 (�) endothelial cell
(green), creating yellow color by merged image, in the
arcuate artery of wild-type mice (Figure 6, G–I). In glo-
meruli of wild-type mouse, vWF showed a capillary pat-
tern (red) which was similar to that observed with CD34
(green). Importantly, double staining confirmed that VWF
was expressed by endothelial cells, as noted by the
yellow color in the merged image, while some endothelial
cell did not express vWF (Figure 6, J–L). In contrast, in
aging eNOSKO mice the vWF distribution revealed mes-
angial pattern in addition to endothelial staining. Although
yellow color in merged image indicates vWF expression in
endothelial cells, there appears to be significant discrete
red staining, which is consistent with vWF present in loca-
tions other than endothelium (Figure 6, M–O). In aging
eNOSKO mice, vascular endothelial vWF was significantly

Figure 4. Endothelial injury in aging eNOSKO mice. Immunohistochemistry for CD34 positive endothelial cells (black color) demonstrates a normal appearance in
wild-type (A) and eNOSKO mice (B) at 2 months of age. In contrast, at 13 months of age, CD34 (�) cells look decreased in eNOSKO mice (D), as compared with
wild-type mice (C). Quantitative analysis demonstrates that glomerular CD34 (�) cell number significantly decreases in eNOSKO at 13 months of age (E). Scale bar �
20 �m. In contrast, CD34 (�) cell number does not decrease in peritubular capillaries (F). Glomerular capillary density (G), as well as capillary absolute number (H) is
also reduced in aging eNOSKO mice, as compared with that in aging wild-type mice (G). White bar � C57BL6; black bar � eNOSKO. Data are shown as means � SD.
*P � 0.05, **P � 0.01.
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lower than that in aging wild-type mice in renal arteries and
arteriole (Figure 6P). Similarly, younger mice also showed
the similar pattern, while vWF level was significantly low in
arcuate artery of young eNOSKO mice, as compared with
age-matched wild-type mice (Figure 6P). In contrast, glo-
merular vWF level (in both intracapillary and mesangium)
was significantly increased in eNOSKO mice. Interestingly,
mesangial vWF deposition was increased in eNOSKO mice
at 2 months of age, which was before glomerular injury had
occurred (Figure 6Q).

Glomerular vWF expression correlated with both fibrin
and type IV collagen deposition (Figure 6, R and S) and
inversely with urinary nitrate/nitrite concentration (Figure
6T). These data are consistent with the hypothesis that
vWF was released from endothelial cell in arteries of the
kidney due to a lack of NO, and subsequently was de-
posited in the capillary and mesangium.

Release of von Willebrand Factor from
Weibel-Palade Bodies in Aging eNOSKO Mice

Since both P-selectin and vWF are normally released
from Weibel-Palade bodies (WPBs) present in endothelial
cells into systemic circulation, serum P-selectin is often

used as a surrogate marker of exocytosis of WPBs,13 and
hence we examined the level of serum P-selectin in this
model. In addition, the exocytosis of WPBs is also known
to be induced in the absence of NO.14 To confirm that
exocytosis of WPBs is due to a reduction in NO, we also
measured serum nitrite/nitrate levels. A lack of eNOS was
associated with an increase in serum P-selectin in young
eNOSKO mice, as compared with wild-type mice. Serum
nitrite/nitrate level was significantly lower in young
eNOSKO mice than young wild-type mice, consistent
with the possibility that exocytosis of WPB could be due
to lower level of NO. Interestingly, serum P-selectin was
also increased in wild-type mice with aging (Figure 7A),
consistent with the hypothesis that aging results in endo-
thelial dysfunction. Compatibly, urinary nitrate/nitrite lev-
els in aging wild-type mice were also decreased, and
associated with an increase in serum P-selectin (Figure
7B). As expected, eNOSKO mice exhibited consistently
low levels of urinary nitrate/nitrite level regardless of age.

Discussion

Our primary finding was that mice lacking eNOS developed
accelerated renal disease with aging with a pattern consis-

Figure 5. Thrombus formation and fibrin dep-
osition. H&E staining identified the presence of
fibrin deposits/thrombi in glomeruli of aging
eNOSKO mice (A–C). Dilated capillaries (arrow
in A) and arterioles (arrowhead in A) are occa-
sionally occluded by homogenous eosinophilic
material (thrombus). Mesangiolysis was also
present (B). The dilated capillary loops are con-
gested and partially filled with fibrin (arrows in
B). This glomerulus shows loss of mesangiun,
microaneurysmal dilation of capillaries, and du-
plication of capillary walls (C). Immunohisto-
chemistry demonstrates the presence of fibrino-
gen (brown color) in occluded capillary (D).
Scattered fibrinogen was seen in dilated capillary
(E) and along capillary wall (F). Scale bar � 20
�m. Electron microscopy shows an arteriole,
which is occluded with thrombus (G; original
magnification �3000). Some glomerular capillar-
ies also contained platelets (white arrows in H;
�1360000), or red cell (R) trapped by swollen
endothelial cells (white arrowheads) in (I;
�32300). Quantitative analysis showed that glo-
merular fibrin deposition significantly increases
in aging eNOSKO mice (J). This deposition is
inversely correlated with urinary nitrate and ni-
trite excretion (K). White bar � C57BL6; black
bar � eNOSKO. Data are shown as means � SD.
**P � 0.01.
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tent with thrombotic microangiopathy. Young eNOSKO
mice had minimal glomerular injury, whereas older mice
subsequently developed mesangiolysis, endothelial loss,
endothelial swelling, a double-contour appearance in glo-
merular basement membrane, and thrombi formation in
glomerular capillaries and arterioles. These intracapillary
thrombi were rich in fibrin, platelets, and vWF, and these
findings were histologically consistent with the glomerular
thrombotic microangiopathy. We also demonstrated that
glomerular vWF deposition, which was documented as
early as 2 months of age in eNOSKO mice, was positively
associated with glomerular mesangial expansion and fibrin
deposition, and negatively with urine nitrite/nitrate concen-

tration. In contrast, intraluminal vWF was involved in throm-
bus formation in arterioles and glomerular capillary. Exocy-
tosis of WPB was suggested as a mechanism for vWF
release, since serum P-selectin was also higher in young
eNOSKO mice.

Thrombotic microangiopathy occurs in patients with
hemolytic uremic syndrome and thrombotic thrombocy-
topenic purpura, and has been thought to be initiated by
endothelial cell injury.15 Nangaku et al16 previously de-
veloped a rat model of hemolytic uremic syndrome by
administering goat anti rat-endothelial antibody. This
model demonstrated that endothelial injury results in me-
sangiolysis, proteinuria, thrombocytopenia, and erythro-

Figure 6. von Willebrand factor in aging
eNOSKO mice. Immunostaining identified vWF
in the endothelium in the interlobular artery in
both wild-type (A) and eNOSKO (B) mice. Scale
bar � 20 �m. Compared with young wild-type
mice (C), young eNOSKO mice have a mesan-
gial (D) vWF staining. In glomeruli of aging
eNOSKO mice, vWF signal also displays intra-
capillary pattern in glomerular capillary (E), as
well as some arterioles (F). Double staining for
vWF (red) and CD34 (green) is shown (G–O).
The first row shows arcuate artery in the aging
wild-type (C57) mouse (G–I). Location of vWF
(red) (G) completely overlaps CD34 (�) endo-
thelial cell (green) (H), as evidenced by merged
color image (yellow) (I). The second row shows
glomerulus in aging wild-type (C57BL6) (J–L).
Glomerular vWF (red) (J) and CD34 (green) (K)
show a capillary pattern in aging wild-type
mouse. Merged image (yellow) demonstrated
that vWF is present in the endothelial cell (L).
Green color in merged image also indicates that
some endothelial cell does not express vWF (L).
The third row shows glomerulus in aging
eNOSKO mice (M–O). In contrast to wild-type
mouse, vWF (red) shows mesangial pattern (M).
While CD34 (green) shows capillary pattern (N),
merged image yields both yellow and red colors
(O), indicating vWF is present not only in endo-
thelial cell, but in other cells (probably the mes-
angial cell). Scale bar � 20 um. Quantification of
vWF in vascular endothelial cell documented a
decrease in examined vessels of eNOSKO mice
compared with wild-type mice at both 2 and 13
months old whereas significant decrease is ob-
served only in arcuate artery of young eNOSKO
mice, as compared with age-matched wild-type
mice (P). In contrast, glomerular vWF signifi-
cantly increases in eNOSKO mice at both 2 and
13 months old *P � 0.05, **P � 0.01 (Q). Glo-
merular vWF is positively associated with fibrin
(R) and collagen IV depositions (S), but nega-
tively associated with urinary nitrate/nitrite ex-
cretion (T). White bar � C57BL6; black bar �
eNOSKO. Data are shown as means � SD.

Figure 7. Exocytosis of Weibel-Palade body in
aging eNOSKO mice. Serum P-selectin is signif-
icantly higher in young eNOSKO mice com-
pared with young wild-type mice (A). Urinary
nitrate and nitrite excretion is also higher in
young wild-type mice compared with young
eNOSKO mice (B). *P � 0.05 vs. 2Mo C57BL6 of
the same age, **P � 0.01 vs. 2Mo C57BL6, White
square � C57BL6; black square � eNOSKO.
Data are shown as means � SD.
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cyte fragmentation, all of which resemble features of
human thrombotic microangiopathy. Our model is of in-
terest as the defect is limited to eNOS deficiency and a
lack of endothelial NO production.

The major function of endothelial cells is to produce
vasoprotective and thromboresistant molecules. Among
several endothelial-derived factors, NO is known to have
potent antithrombotic effects in acting on vessels, plate-
lets, and endothelial cells.17,18 Recent studies indicate
that a lack of NO causes the release of vWF from endo-
thelial cells,14,19 where it may participate in coagulation
by forming multimers and activating platelets; in addition,
secreted vWF that remains anchored to the endothelial
surface may facilitate platelet adhesion to injured endo-
thelial cells.20 vWF is physiologically stored in WPB of
endothelial cells and these WPB are exocytosed to re-
lease vWF in the setting of endothelial dysfunction.19

Recently, Matsushita et al14 demonstrated, by using
eNOSKO mice, that NO can negatively regulate the exo-
cytosis of WPB. Other groups also reported that the ab-
sence of NO is correlated with increased release of WPB
in iNOSKO mice.21 Given these facts, the exocytosis of
WPB with release of vWF by vascular endothelial cells of
the kidney may have resulted as a consequence of the
lack of endothelial-derived NO in the eNOSKO mice. Our
data showing an increase in serum P-selectin associated
with decrease in urinary NOx excretion are also consis-
tent with exocytosis of WPB in this model.

vWF plays an important role of microvascular thrombus
formation by mediating platelet adhesion and stabiliza-
tion of factor VIII. In this study, we found intracapillary
vWF, but not vascular endothelial vWF, appeared to be
involved in the thrombus formation in this model. In ad-
dition, we also found that the vWF deposition also oc-
curred in mesangial regions of eNOSKO mice and inter-
estingly, it was present even in 2-month-old mice, even
when glomerular injury was minimal. Given the fact that
vWF in large vessels was paradoxically reduced in
eNOSKO mice, as compared with wild-type mice, it is
likely that mesangial vWF could be a consequence of
trapping circulating vWF22 released from endothelial cell
in large vessels. In particular, mesangial vWF deposition
in young eNOSKO mice could be due to its release from
arcuate artery (Figure 6P). There might have other mech-
anisms for mesangial vWF deposition. For instance, the
exudation of vWF into mesangial areas secondary to a
leaky endothelium could be a cause.23 It was also re-
ported that activated endothelial cells could secrete vWF
preferentially in subendothelial areas, as opposed to in
the lumen.24 Interestingly, since mesangial vWF was
found to be strongly associated with glomerular collagen
IV deposition, mesangial vWF could have a distinct role
from thrombus formation. Endothelial dysfunction is also
likely involved since glomerular vWF was negatively cor-
related with urinary nitrate/nitrite levels.

In terms of endothelial-podocyte interaction, the podo-
cyte is thought to protect endothelium by expressing
various factors, including vascular endothelial growth
factor.25 However, in this study, we documented podo-
cyte injury in eNOSKO mice, suggesting eNOS defi-
ciency, in turn, leads to podocyte injury. While the precise

mechanism as to how endothelial cells protect podocyte
remains unclear, endothelial-derived NO could be a piv-
otal role to maintain podocyte function.26 Likewise, a
significant loss of podocyte observed in aging wild-type
mice, as compared with young wild-type mice, could be
accounted for by a lower NO level (Figure 7B) or other
aging associated factors.27

Aging is associated with a progressive decline in renal
function and the development of glomerular and tubulo-
interstitial injuries. Several studies demonstrated that this
aging-related renal injury is associated with the develop-
ment of glomerulosclerosis, tubulointerstitial injury, and
immune cell infiltration. Importantly, these injuries are
also associated with glomerular and peritubular capillary
loss.9,10 Our studies suggest that a lack of endothelial NO
can accelerate this process, similar to what has been
reported in models of glomerulonephritis, chronic kidney
disease, and diabetic nephropathy.3,5,6 We further show
that a lack of endothelial NO results in a pattern of injury
that resembles thrombotic microangiopathy. Thus, these
studies document the importance of a healthy endothe-
lium in preventing aging-associated kidney disease in the
mouse.
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