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Abstract

Severe sepsis is often accompanied by acute kidney injury (AKI) and albuminuria. Here we 

studied whether the AKI and albuminuria associated with lipopolysaccharide (LPS) treatment in 

mice reflects impairment of the glomerular endothelium with its associated endothelial surface 

layer. LPS treatment decreased the abundance of endothelial surface layer heparan sulfate 

proteoglycans and sialic acid, and led to albuminuria likely reflecting altered glomerular filtration 

perm-selectivity. LPS treatment decreased the glomerular filtration rate (GFR), while also causing 

significant ultrastructural alterations in the glomerular endothelium. The density of glomerular 

endothelial cell fenestrae was 5-fold lower whereas the average fenestrae diameter was 3-fold 

higher in LPS-treated than in control mice. The effects of LPS on the glomerular endothelial 

surface layer, endothelial cell fenestrae, GFR, and albuminuria were diminished in TNF receptor 1 

(TNFR1) knockout mice, suggesting that these LPS effects are mediated by TNF-α activation of 

TNFR1. Indeed, intravenous administration of TNF decreased GFR and led to loss of glomerular 

endothelial cell fenestrae, increased fenestrae diameter, and damage to the glomerular endothelial 

surface layer. LPS treatment decreased kidney expression of vascular endothelial growth factor 

(VEGF). Thus, our findings confirm the important role of glomerular endothelial injury, possibly 

by a decreased VEGF level, in the development and progression of AKI and albuminuria in the 

LPS model of sepsis in the mouse.
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INTRODUCTION

Acute kidney injury (AKI) is a frequent and serious complication of sepsis. The incidence of 

AKI is about 40% in patients with severe sepsis and septic shock. Moreover, there is strong 

evidence that AKI in patients with severe sepsis is associated with a higher mortality rate.1 

The high frequency and mortality of sepsis-associated AKI demand a better understanding 

of the pathophysiology of this disorder.2, 3

Cytokines released during sepsis cause some of the most frequent clinical features of this 

syndrome, such as hypoalbuminemia, edema, and reduced effective circulating volume, in 

part through their actions on endothelium.4-6 We and others have demonstrated, using the 

LPS model of sepsis, that the cytokine TNF-α plays a key, causative role in AKI through its 

action on renal endothelial TNFR1.7, 8 The injurious effect of TNF-α on renal ECs has been 

previously demonstrated.9

Vascular permeability in renal glomeruli is determined by the “glomerular filtration barrier” 

(GFB), which consists of the glomerular capillary endothelium, the podocytes, and their 

interposed basement membranes. The integrity of the GFB prevents the leak of albumin and 

other plasma proteins into the urine.10, 11 However, the effect of sepsis on the structure and 

function of the glomerular endothelium within the GFB has not been adequately 

investigated. Glomerular endothelial abnormalities have been suggested by the occurrence 

of albuminuria, the hallmark of GFB dysfunction, in patients with sepsis12, 13 and in animal 

models of acute endotoxemia such as those produced by lipopolysaccharide (LPS) and by 

Cecal Ligation and Puncture (CLP).14, 15

Endothelia have been classically divided into two main structural types: continuous and 

fenestrated endothelia. Sepsis-induced barrier dysfunction in continuous ECs such as 

pulmonary microvascular cells is believed to in part reflect disruption of inter-endothelial 

junctions (IEJs),16-20 even though the endothelial glycocalyx remains the dominant size-

selective structure.21 Glomerular endothelial fenestrae are circular, transcellular pores 60–80 

nm in diameter.22-25 These fenestrations, which occupy 20–50% of the endothelial 

surface,26 were initially thought to provide little restriction to the passage of albumin. 

However, Ryan and Karnovsky27 showed, using transmission electron microscopy, that 

albumin passes minimally through endothelial fenestrae and is largely confined to the 

glomerular capillary lumen under normal conditions. Now it is believed that a glycocalyx 

layer covering the fenestral domains of the glomerular EC luminal surface prevents or 

minimizes diffusion of plasma protein through endothelial fenestrae.22, 25, 28 The glycocalyx 

layer is formed from a complex set of varied EC membrane-associated 

macromolecules.29, 30 These include the very negatively charged glycoproteins bearing 

acidic oligosaccharides with terminal sialic acids, and negatively charged proteoglycans 

with their associated glycosaminoglycan (GAG) side chains such as heparan sulfate and 

chondroitin sulfate. In vivo, the glycocalyx is covered by a thicker “cell coat” composed of 

plasma proteins such as albumin and orosomucoid,31-34 and proteins and hyaluronan 

produced by the endothelium.35 The “cell coat” and the glycocalyx constitute the endothelial 

surface layer (ESL).11
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In the present study we investigated the changes of glomerular endothelial fenestrae and 

ESL during severe experimental endotoxemia and TNF-induced AKI, and test the 

hypothesis that such changes may be related to signaling through TNFR1.

RESULTS

LPS induces AKI and increases urine concentration of albumin

We measured plasma urea levels as an indicator of glomerular filtration rate (GFR), and 

urine albumin-to-creatinine ratio to assess injury to the glomerular filtration barrier. In wild 

type (WT) mice, plasma urea levels increased from 28.8 ± 2.8 mg/dl to 112.5 ± 9.5 mg/dl (P 

< 0.01) 24 h after injection of LPS (10 mg/kg) (Figure 1a). LPS also induced significant 

weight loss (12.5 ± 1.1%, P < 0.01) compared to mice treated with normal saline (control) 

(2.6 ± 0.6%) (Figure 1c). The urinary albumin-to-creatinine ratio increased about 10-fold, 

from an initial value of 0.03 ± 0.01 to a 24 h value of 0.30 ± 0.06 (P < 0.05) (Figure 1b), 

despite the rapid decline in GFR.

Mice deficient in TNFR1 are resistant to LPS-induced AKI and albuminuria

TNF-α release into the circulation followed LPS administration, and Tnfr1−/− mice were 

resistant to LPS-induced AKI.7 We confirmed this finding and showed that plasma urea 

level was not elevated in Tnfr1−/− mice 24 h after LPS injection, despite similar LPS-

induced weight loss in Tnfr1−/− and WT mice (Figure 1a and c). In addition to protection 

from a fall in GFR, Tnfr1−/− mice had reduced albuminuria in response to LPS. Tnfr1−/− 

mice had a urine albumin/creatinine ratio of only 0.03 ± 0.01 after LPS, significantly less 

than WT mice after LPS (0.30 ± 0.6, P < 0.05), and no different than WT control mice 

(Figure 1b). We did not compare Tnfr1−/− mice treated with normal saline with WT control 

mice, since previous data demonstrate similar baseline values of urinary albumin excretion 

and GFR in vehicle-treated WT and Tnfr1−/− mice.7, 36 Our results support the idea that 

TNF, acting through TNFR1, is a key mediator of LPS-induced AKI and albuminuria.

LPS-induced AKI is associated with changes in glomerular EC fenestration in normal but 
not Tnfr1−/− mice

Since transport of water across the glomerular capillary wall occurs predominantly through 

the endothelial fenestrae, a reduction in the diameter and/or density of endothelial fenestrae 

can reduce endothelial filtration area and glomerular ultrafiltration coefficient (Kf). To 

explore whether sepsis-induced acute renal failure is accompanied by morphological 

changes in glomerular fenestrae, and whether such changes require TNFR1, we compared 

the ultrastructural morphology of the glomerular endothelium in LPS-untreated and -treated 

WT mice with that of LPS-treated Tnfr1−/− mice. The glomerular capillary wall in control 

mice, as imaged by transmission electron microscopy, is shown lined with fenestrated 

endothelium, with fenestrae appearing circular when viewed en face in electron microscopic 

images (Figure 2a and d). However, LPS-treated WT mice show extensive detachment of 

glomerular ECs from their glomerular basement membranes (GBMs) (arrowheads, Figure 

2b). The majority of glomerular ECs were often swollen, devoid of fenestrae, and detached 

from their GBMs (although intact fenestrae are evident at the bottom right of Figure 2b). 

The GBM itself and adjacent podocytes were normal without podocyte detachment or 
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effacement (Figure 2b). However, in LPS-treated Tnfr1−/− mice, glomerular ECs appear 

normal, with minimal detachment from the GBMs (Figure 2c). Fenestral density per μm 

capillary length as measured in electron micrographs was 3.6±0.5 in the WT control mice, 

significantly higher than in the WT mice 24 h after the LPS injection (0.6±0.2). In contrast, 

fenestral density in the Tnfr1−/− mice 24 h post-LPS injection (3.2±0.3) was 

indistinguishable from that of WT control (Figure 1d). In en face electron microscopic 

images, the fenestral diameters were much larger in the LPS-treated mice (195±16.4 nm) 

than in saline-injected WT controls (64.2±2.4 nm; Figure 2e). The average diameter of the 

endothelial fenestrae in LPS-treated Tnfr1−/− mice was 75.5±2.5 nm, significantly smaller 

than in LPS-treated WT mice (Figure 1e). In conclusion, LPS treatment significantly 

increased size of glomerular EC fenestrae but decreased fenestral density, and both effects 

were completely prevented by absence of TNFR1. Even though LPS increased fenestral 

diameter, the fenestrated fraction along the glomerular capillary loop (average fenestral 

density/μm × average fenestral diameter in μm) was around 12%, much smaller than the 

23% value in untreated WT mice.

Intravenous TNF injection causes AKI and similar changes in glomerular EC fenestration

To confirm the importance of circulating TNF acting alone, we injected recombinant TNF 

intravenously into mice. Injected TNF (2.5 μg) indeed not only decreased GFR, but also 

produced moderate tubular injury resembling that associated with LPS injection (Figure 3). 

This TNF-induced AKI corresponds to a serum level of TNF of 6.7±1.3 ng/ml measured 2 h 

after TNF injection, which falls in the same range as that 2 h after LPS challenge (3-10 ng/

ml).37, 38 In contrast, AKI was not induced by low dose TNF (0.5 μg) yielding a serum TNF 

level of 0.6±0.3 ng/ml (Figure 3a). To explore whether TNF alone induces morphological 

changes in glomerular fenestrae similar to those of LPS-induced AKI, we compared the 

ultrastructural morphology of the glomerular endothelium in TNF-treated and matched 

control mice. The glomerular capillary wall in control mice, as imaged by transmission 

electron microscopy, was lined with fenestrated endothelium. Fenestrae viewed en face in 

electron microscopic images appeared circular (Figure 4a and c). In contrast, TNF-treated 

mice showed extensive loss of fenestrae (Figure 4b). En face electron microscopic images 

revealed fenestral diameters much larger in TNF-treated mice (141.5±10.7 nm) than in 

saline-injected controls (77.1±2.7 nm; Figure 4c and d). In conclusion, treatment with TNF 

alone had a similar effect as LPS on glomerular EC fenestrae; both significantly increased 

the size of glomerular EC fenestrae but decreased fenestral density.

Kidney VEGF level is decreased in LPS-induced AKI

VEGF is an important molecule known to induce fenestrae in vivo. It has been reported that 

kidney but not plasma VEGF protein levels significantly decreased 24 h after LPS injection, 

associated with increased circulation of soluble Flt-1.39 We examined the effect of LPS on 

the expression of VEGF in mouse kidneys. LPS treatment significantly decreased kidney 

VEGF mRNA levels measured by RT-PCR at 6 h and 24 h after injection (Figure 5a). 

Similarly, kidney VEGF protein levels were significantly decreased to 55.6 ± 3.8% of 

control levels (100.0 ± 7.7, P < 0.01) 24 h after LPS treatment (Figure 5b). We also 

investigated whether LPS affects the expression of the main VEGF receptor, VEGFR2, in 

glomerular ECs. In control kidneys, VEGFR2 was highly expressed in glomeruli as detected 
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by immunofluorescence, but levels of neither VEGFR2 protein (Figure 6a and b) nor mRNA 

(Figure 6c) were significantly changed 24 h after LPS treatment (Figure 6c).

LPS and TNF-induced acute renal injury is associated with degradation of the glomerular 
ESL

To examine whether LPS-induced AKI is associated with damage of the glomerular ESL, 

kidney cryostat sections taken from mice 24 h after LPS or control injections were stained 

with WGA, a lectin which binds to negatively charged sugar residues of glycoproteins, such 

as sialic acid.40 WGA labeled glomerular ECs in both control and LPS-treated mice, as 

shown by co-staining with endothelial markers VE-Cadherin and CD31. LPS treatment 

decreased WGA staining of glomerular ECs (Figure 7a-f) by 33% relative to control 

glomeruli (P < 0.01; Figure 7o). We further confirmed that LPS injection disrupted the 

endothelial ESL by studying its effect on the most abundant proteoglycans (PGs) of the 

ESL, those containing heparan sulfate (HS) GAG chains. Some of these PGs are secreted 

and others are membrane-bound.41, 42 Immunostaining with anti-HS Ab mostly co-localized 

with VE-cadherin (data not shown), and again revealed substantial reduction in WT mice 

after LPS exposure (Figure 7m and n). TNF injection itself also reduced in WGA staining in 

glomerular ECs. (Figure 7j-l).

Both LPS and TNF increase glomerular heparanase expression—To identify 

changes to heparanase expression that might be responsible for LPS-induced ESL damage, 

heparanase localization and levels were examined by confocal microscopy and immunoblot. 

Heparanase was highly expressed in glomeruli, as shown by co-staining with nephrin 

(Figure 8). LPS treatment of mice dramatically increased glomerular loop staining of 

heparanase (Figure 8-4f). Immunoblot also revealed increased heparanase polypeptide levels 

in LPS-treated kidneys (279.6 ± 31.9%) compared with the control group (100.0 ± 13.8%, p 

< 0.01) (Figure 8g). TNF treatment similarly increased glomerular heparanase expression 

(data not shown).

Mice deficient in TNFR1 are resistant to LPS-induced increase of heparanase expression 
and degradation of glomerular ESL

Neither glomerular heparanase staining nor glomerular WGA staining changed significantly 

in LPS-treated Tnfr1−/− mice compared with control untreated mice, as shown in Figure S1. 

Immunoblot also confirmed unchanged heparanase protein levels in LPS-treated Tnfr1−/− 

kidneys as compared with the control group (data not shown).

LPS and TNF did not change expression of glomerular endothelial junction proteins VE-
Cadherin and PECAM-1

To investigate whether the glomerular endothelial cell TJs were disrupted in LPS and TNF-

induced endotoxemia, we examined localization and abundance of VE-cadherin, an 

endothelium-specific member of the cadherin family, and of PECAM-1 (CD31), an Ig-like 

cell adhesion molecule concentrated at sites of endothelial cell-cell contact.43 Confocal 

immunofluorescence studies on frozen kidney sections showed that levels of VE-cadherin 

and CD31 in glomerular ECs were not decreased in mice 24 h after treatment of mice with 

either LPS or TNF (Figure 8a-l).
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DISCUSSION

Our results demonstrate that LPS and intravenous TNF itself induce similar forms of renal 

damage, including ultrastructural alterations of glomerular endothelial fenestrae and diffuse 

alteration of glomerular ESL components, together contributing to increased albumin 

permeability and decreased GFR. The absence of these changes in glomerular endothelial 

morphology in LPS-treated Tnfr1−/− mice, in parallel with GFR preservation, demonstrates 

a key role for TNF-mediated glomerular endothelial injury in LPS-induced AKI, and 

strongly suggests a key role in the syndrome of sepsis-induced AKI.

In this study, we demonstrate by TEM that LPS causes glomerular EC swelling and loss of 

fenestrae, without overt podocyte injury. Similar renal pathology has been noted in patients 

with preeclampsia.44 In patients with type 2 diabetes, loss of glomerular EC fenestration 

correlated with albuminuria and GFR reduction,45 although significant podocyte detachment 

was also observed in this report. Reduced numbers and increased diameters of glomerular 

EC fenestrae are quantifiable structural features of nephropathy in LPS-induced sepsis. Ours 

is the first study to demonstrate an association between loss of normal glomerular EC 

fenestration and declining GFR in an established endotoxin model of sepsis. A reduction in 

density of endothelial fenestrations with consequently reduced glomerular hydraulic 

permeability could be responsible for the decline in GFR. This is also the first study to 

demonstrate similar loss of fenestrae in AKI induced by intravenous administration of TNF.

The underlying mechanisms for the changes of glomerular endothelial fenestrae in sepsis 

were investigated. Knockout of TNFR1, which in kidney is predominantly expressed in the 

glomerular endothelium,8 prevented LPS-induced loss of endothelial fenestrae. TNF-α alone 

induced a similar loss of glomerular fenestrae, suggesting that the effects of LPS on 

glomerular fenestration are likely mediated by TNF-α acting through TNFR1. VEGF, one of 

the few known inducers of fenestrations, is expressed by podocytes.46 Glomerular ECs 

express VEGFR247, and the plasma level of VEGF has been directly associated with 

changes in glomerular EC fenestration.48, 49 TNF has been reported to down-regulate 

activity50 and expression of VEGFR2 in vitro.51, 52 However, we found that LPS treatment 

did not change glomerular VEGFR2 expression, whereas kidney levels of VEGF mRNA and 

protein were significantly decreased. Consistent with our finding, Yano et al. found that LPS 

administration in mice decreased kidney VEGF expression at 24 h with a concomitant 

increase in circulating soluble Flt-1.39 Karumanchi and coworkers have found that the 

soluble form of VEGF receptor-1 (sFlt-1) can account for the loss of glomerular fenestration 

observed in preeclampsia.53, 54 sFlt-1 blocks VEGF-A interaction with transmembrane 

VEGF receptors. Administration of sFlt-1 can lead to rapid loss of endothelial cell fenestrae, 

endothelial cell swelling, and proteinuria.55 The fact that sFlt-1 is increased in conditions 

such as experimental39 and clinical sepsis,56 type 2 diabetes,57 and preeclampsia, all 

characterized by loss of fenestrae in glomerular EC, strongly suggests that increased sFlt-1 

and hence decreased kidney VEGF activity is the common mechanism underlying similar 

glomerular EC fenestral changes in distinct clinical settings. In addition, TNF-α treatment 

has been shown to increase circulation sFlt-1 in pregnant rats.58 Our finding that kidney 

VEGF mRNA level was decreased by LPS also suggests that a decreased production of 

VEGF by podocyte may contribute to the loss of fenestrae occurred in sepsis.
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LPS-induced endotoxemia was also marked by reductions in two major components of the 

glomerular ESL, sialic acids as revealed by glomerular endothelial cell WGA staining, and 

by staining of PGs containing HS GAG chains. These changes were associated with loss of 

GFB perm-selectivity, as documented by albuminuria. While modest, this albuminuria 

developed despite a precipitous decrease in GFR, so fractional protein excretion was 

significantly abnormal. Glomerular ESL components rich in anions, especially sialic acids, 

may prevent the passage of anionic protein such as albumin into urine under physiological 

conditions, and thus are considered essential parts of the GFB.59-62 Singh et al.42 showed 

that the surface glycocalyx constitutes a barrier to protein in cultured human glomerular 

cells. Adembri et al.14 showed that massive disruption of the glomerular ESL occurred in 

albuminuria induced by CLP sepsis. Our experimental results support the idea that 

alterations of the glomerular ESL contribute to the albuminuria of sepsis, although 

coincident damage to tubular components cannot be excluded.15 These glomerular ESL 

changes occurred during LPS-induced sepsis and coincided with activation of a TNF-α-

responsive heparanase in the glomerulus. Glomerular ECs subjected to injurious conditions 

such as diabetes secrete heparanase,63 an endo-beta-D-glucuronidase that specifically 

cleaves the heparan sulphate chain of PGs.64, 65 Therefore, the disruption of glomerular ESL 

during sepsis could be a result of sepsis-induced activation of glomerular heparanase. 

Consistent with our findings, a recent report in a sepsis model showed that pulmonary 

endothelial glycocalyx degradation involved the activation of endothelial heparanase and a 

loss of heparan sulfate.66

TNF-α can cause disruption of the endothelial glycocalyx in capillaries of cremaster 

muscle.67 It is likely that the mechanisms underlying glomerular ESL disruption and 

increased renal glomerular heparanase expression involve TNF-α activation of its receptor, 

TNFR1, since in Tnfr1−/− mice LPS did not induce degradation of the glomerular ESL nor 

increased heparanase activity. Indeed, intravenous administration of TNF alone caused 

similar glomerular ESL disruption, along with increased glomerular heparanase expression. 

Administration of TNF has also been shown to increase proteinuria.68

In conclusion, we have documented for the first time the concomitant degradation of 

glomerular ESL and loss of glomerular endothelial fenestration in LPS-induced 

endotoxemia in the mouse. We correlated quantitative structural changes in glomerular 

fenestration with the decline in GFR and albuminuria in endotoxemia. These data show that 

the pathological changes of the glomerular endothelium and glomerular ESL are likely 

mediated by TNF-α released during endotoxemia and acting through TNFR1, since the LPS-

induced pathological changes were abolished in Tnfr1−/− mice and administration of TNF 

alone induced similar pathological changes. Our findings suggest an important role for these 

distinct glomerular endothelial injuries in the development of endotoxemia-induced AKI and 

albuminuria, and likely reflect mechanisms central to the pathogenesis of sepsis-associated 

AKI.
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MATERIALS AND METHODS

LPS-induced acute endotoxemia

All animal experiments were performed under a protocol approved by the Institutional 

Animal Care and Use Committee. 8 wk old male C57BL/6 wild-type and TNFR1-deficient 

(Tnfr1−/−; B6.129-Tnfrsf1atm1Mak/J; stock 002818) mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME). Tnfr1−/− mice were congenic on the C57BL/6J genetic 

background. Endotoxemia was induced by the administration of a single dose of LPS (10 

mg/kg) as described.69 In brief, mice were given a single intraperitoneal injection of either 

Escherichia coli LPS (10 mg/kg in 0.1 mL 0.9 % normal saline) or 0.9 % normal saline 

(controls). Mice were also given 0.25 mL sterile saline as a series of subcutaneous injections 

every 12 h to minimize any contribution of volume depletion. Mice were sacrificed at 6, 24, 

or 48 h after injection. The kidneys were snap-frozen in liquid nitrogen and stored at −80 °C 

until extraction of total RNA or protein. For immunohistochemistry, kidneys were 

immediately embedded in TissueTek OCT compound (Fisher Scientific), frozen, and stored 

at −80°C. Analogous experiments were done in which TNF-α (R & D Systems), dissolved 

in sterile PBS, was injected by tail vein into wildtype mice.

Measurement of renal and blood parameters

Blood was obtained at 2, 6 and 24 h after TNF-α was administered as a single i.v. dose of 

0.5 or 2.5 μg. Blood and spot urine was obtained at 24 h after LPS injection. TNF-α levels 

were determined from sera obtained 2 h after TNF admistration using a mouse TNF-α 

ELISA kit according to the manufacturer’s instructions. (eBioscience, San Diego, CA). 

Plasma concentration of urea were determined with a Beckman Coulter Synchron DXC600 

autoanalyzer. Urine levels of albumin were determined using a commercially available 

mouse albumin ELISA (Bethyl labs, Montgomery, TX). Urine levels of creatinine were 

determined using Enzymatic Creatinine LiquiColor® Reagent (StanBio Lab, Boerne, TX).

Protein preparation and immunoblotting

Frozen kidney tissue was thawed and homogenized for western blot as described.69 

Membranes were incubated overnight with polyclonal rabbit antibodies against heparanase-1 

and VEGF (Abcam, Cambridge, MA). After being washed, the membranes were incubated 

for 2 h with the secondary antibody (800 nm goat anti-rabbit IgG, Li-Cor Biosciences, 

Lincoln, NE) and the protein bands were detected by an Odyssey infrared imager (Li-Cor 

Biosciences, ODY-1320). An actin control was performed for each membrane. Band density 

was measured with ImageJ (v1.44p, NIH, USA) and normalized to actin for each lane.

Immunofluorescence in kidney cryostat sections

Cryostat sections (4 μm) prepared from mice kidneys were fixed as described,69 and 

incubated at 4°C overnight with primary rabbit polyclonal antibody against heparanase-1, 

VEGFR2 (KDR antibody, Proteintech Group, Chicago, IL), or rat anti-Heparan Sulfate 

Proteoglycan (US Biological, Marblehead, MA), followed by incubation for 2 h at room 

temperature with secondary antibodies. Some cryostat sections immunostained as above 

were then either co-stained with rat antibodies to the endothelial marker VE-cadherin 
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(Abcam, Cambridge, MA) and CD31 (BD Bioscience, San Jose, CA), or with goat 

polyclonal antibody against nephrin (Santa Cruz Biotechnology, Santa Cruz, CA). For wheat 

germ agglutinin (WGA) staining, cryostat sections were incubated with Alexa Fluor 594-

conjugated WGA (Molecular Probes, Eugene, OR). The stained sections were then 

examined with a Fluoview 200 laser-scanning confocal microscope equipped with a 647-nm 

argon laser at ×20 and ×60 magnification. To quantify WGA expression, densitometric 

analysis of the intensity of the fluorescence signals was performed on digitized images of 

glomeruli using ImageJ software (National Institute of Health, NIH).

Transmission electron microscopic analyses of kidney tissue and assessments of 
glomerular endothelial fenestrae

Renal cortical tissue from control WT, LPS-treated (24 h) WT, TNF-treated WT, and LPS-

treated (24 h) Tnfr1−/− mice (n = 4-6 for each group) was diced into 1-mm blocks, fixed 

overnight at 4°C by immersion in half-strength Karnovsky’s solution (2.5% glutaraldehyde / 

2% paraformaldehyde) and then transferred into 0.1 M cacodylate buffer for storage (at 

4°C). The tissue was embedded in Epon and sections were stained with uranyl acetate and 

lead citrate. Sections were examined using a Philips CM-10 electron microscope. 

Transmission electron microscopic (TEM) images of glomeruli from different groups of 

mice were obtained using the Gatan (Pleasanton, CA) Erlangshen ES1000W Model 785 

CCD Camera. Glomerular EC fenestrae diameters were measured using Digital Micrograph 

software (Gatan). Sixty to seventy capillary loops were assessed per group.

Statistics

Data are presented as means +/− SEM, unless otherwise noted. The experimental and 

control groups were compared by two-tailed t-test. A P value < 0.05 was considered 

significant.
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Figure 1. 
Endotoxemia induces TNFR1-dependent AKI and increases urine concentration of albumin, 

in association with decreased fenestral density and increased fenestral diameter of 

glomerular capillary endothelium. Effect of LPS (10 mg/kg for 24h) on (a) plasma BUN 

concentration, (b) urine albumin/creatinine ratio, (c) weight loss, (d) fenestral density, and 

fenestral diameter in wild type and Tnfr1−/− mice. Control, wild type treated with normal 

saline; WT LPS, wild type treated with LPS; TNFR1−/− LPS, Tnfr1−/− mice treated with 

LPS. Values are mean ± s.e.m. for 3-5 animals (a-c) 60-70 capillary loops (d) and 33-67 

fenestrae (e). **P<0.01 vs. control. ##P<0.01 vs. wild-type mice injected with LPS.
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Figure 2. 
Transmission electron microscopic ultrastructure of glomerular endothelial cells in 

glomeruli of 8-wk old wild-type control mice (a, d) or wild-type mice injected with LPS (10 

mg/kg for 24h) (b, e) or Tnfr1−/− mice injected with LPS (10 mg/kg for 24h; c f). (a-c) low 

magnification electron micrographs. Control, wild type treated with normal saline; WT LPS, 

wild type treated with LPS; TNFR1−/− LPS, Tnfr1−/− mice treated with LPS. Scale bar, 2 

μm. (d-e) high magnification electron micrographs, with en face view of the fenestrae. Scale 

bar, 0.5 μm. Arrows indicate endothelial fenestrae. Arrowheads in (b) indicate endothelial 

cell detachment. CL, capillary lumen; F, fenestrate; P, podocyte foot processes; RBC, red 

blood cell.
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Figure 3. 
Intravenous injection of TNF-α recapitulates a form of ARF similar to that produced by LPS 

injection, with BUN elevation (A), pathological renal injury (B), and renal influx of 

neutrophils (C). Vacuolization and disruption of tubules is seen, with areas of leukocyte 

infiltration (arrow). Low dose intravenous TNF-α did not elevate BUN. BUN elevation 

required TNF-α levels similar to those achieved after LPS injection (3-10 ng/ml).
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Figure 4. 
Transmission electron microscopic ultrastructure of glomerular endothelial cells in 

glomeruli of wild-type mice 24 h after intravenous administration of saline (control, a and c) 

or 2.5 μg of TNF-α (b and d). (a, b) Loss of endothelial fenestrae in the glomerular 

capillaries in TNF-treated mice compared to controls. (c, d) high magnification electron 

micrographs, with en face view of the fenestrae, showing enlarged glomerular endothelial 

fenestrae in TNF-treated mice. Scale bar, 1 μm. Arrows indicate endothelial fenestrae.
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Figure 5. 
Effect of LPS on VEGF expression in kidney. (a) Time-dependent effect of LPS (10 mg/kg, 

6h, 24h, 48h) on renal VEGF mRNA expression, as normalized to 18S mRNA expression. 

(g) Effect of LPS (10 mg/kg for 24h) on VEGF protein expression, as normalized to 

expression of β-actin protein. Top inset: Representative VEGF immunoblot of kidney lysate. 

Values are means ± s.e.m. for 4-6 animals. *P<0.05 vs. control. ** P<0.01 vs. control.
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Figure 6. 
Effect of LPS on VEGFR2 expression in kidney. (a-b) Indirect immunofluorescence 

photomicrographs of frozen kidney cortex sections from wild-type control mice (a) and 

wild-type mice treated 24 h with 10/ mg/kg LPS (b), incubated with anti-VEGFR2 antibody. 

LPS did not change VEGFR2 expression in glomeruli. c) Time-dependent effect of LPS (10 

mg/kg, 6h, 24h, 48h) on renal VEGFR2 mRNA expression, as normalized to 18S mRNA 

expression. Values are means ± s.e.m. for 4-6 animals. ANOVA shows no significant 

difference between the LPS and control groups. Scale bar 20 μm.
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Figure 7. 
Effect of LPS on glomerular ESL. (a-l) Glomerular ESL is shown by Alexa Fluor 594-WGA 

staining and co-staining for the endothelial junctional proteins VE-cadherin and CD31 in 

wild-type mice treated 24 h with 10 mg/kg LPS (d-f) and their matched controls (a-c), or in 

mice treated 24 h with 2.5 μg TNF intravenously (j-l) and their matched controls (g-i). 

Glomerular ESL is also shown by staining PGS containing HS GAG chains in wild-type 

control mice (m) and in wild-type mice 24 hrs after treatment with 10 mg/kg LPS (n). (o) 

Fluorescence intensity of glomerular WGA staining. Data (normalized to staining intensity 

of control mice) are expressed as mean ± s.e.m. **p<0.01 vs wild-type control. Scale bar 20 

μm.
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Figure 8. 
Effect of LPS on glomerular heparanase levels and expression. Indirect immunofluorescence 

photomicrographs of frozen kidney sections from wild-type control mice (a-c) and from 

wild-type mice treated 24 hrs with LPS (10 mg/kg), incubated with antibodies against 

Heparanase-1 (red; a, d) and against nephrin (green; b, e). (i) Top inset: Representative 

immunoblot of Heparanase-1 protein expression in kidney. Bar graph quantifying kidney 

heparanase-1 expression from immunoblot densitometry. Data normalized to “control” band 

are expressed as mean ± s.e.m. **p<0.01 vs wild-type control. Scale bar 20 μm.
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