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Abstract

Kruppel-like Factor 2 (KLF2), a shear-stress inducible transcription factor, has endoprotective 

effects. In streptozotocin-induced diabetic rats, we found that glomerular Klf2 expression was 

reduced in comparison to non-diabetic rats. However, normalization of hyperglycemia by insulin 

treatment increased Klf2 expression to a level higher than that of non-diabetic rats. Consistent with 

this, we found that Klf2 expression was suppressed by high glucose but increased by insulin in 

cultured endothelial cells. To determine the role of KLF2 in streptozotocin-induced diabetic 

nephropathy, we used endothelial cell-specific Klf2 heterozygous knockout mice and found that 

diabetic knockout mice developed more kidney/glomerular hypertrophy and proteinuria than 

diabetic wide type mice. Glomerular expression of Vegfa, Flk1, and angiopoietin 2 increased but 

expression of Flt1, Tie2, and angiopoietin 1 decreased in diabetic knockout compared to diabetic 

wide type mice. Glomerular expression of ZO-1, glycocalyx, and eNOS was also decreased in 

diabetic knockout compared to diabetic wide type mice. These data suggest knockdown of Klf2 

expression in the endothelial cells induced more endothelial cell injury. Interestingly, podocyte 
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injury was also more prominent in diabetic knockout compared to diabetic wide type mice, 

indicating a crosstalk between these two cell types. Thus, KLF2 may play a role in glomerular 

endothelial cell injury in early diabetic nephropathy.
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Introduction

Diabetic nephropathy (DN) is a serious and common complication of both type 1 and type 2 

diabetes, leading to end-stage renal disease (ESRD) (1). The current management with tight 

glycemic control and inhibition of renin angiotensin system (RAS) reduces the incidence 

and slows the progression of DN (1). However, the prevalence of DN remains high and 

many patients on RAS inhibitors still progress to ESRD. Therefore, there is an urgent need 

to develop more effective therapies for this disease. Elucidating mechanisms that mediate 

the early stage of DN may help us identify novel preventive and therapeutic measures for 

patients with DN.

The early stage of DN is characterized by glomerular hyperfiltration and hypertrophy (2). 

Podocyte injury, as a result of cell detachment and apoptosis has been described to be an 

early event in DN (3). Recent evidence suggests that glomerular endothelial cell injury is a 

critical pathological process at the early stage of DN (4). In the glomerulus, vascular 

endothelial growth factor-A (VEGF)-induced neoangiogenesis may contribute to the initial 

hyperfiltration and microalbuminuria due to the increased filtration area and immaturity of 

the neovessels (4). In addition, reduced nitric oxide levels also plays a critical role in the 

development of DN through disruption of glomerular autoregulation, uncontrolled VEGF 

action, and release of prothrombotic substances by endothelial cells (5) (6) (7). Also, 

thrombomodulin-dependent activated protein C (APC) formation has been shown to mediate 

cytoprotection in DN by inhibiting glomerular endothelial and podocyte apoptosis (8). 

Furthermore, disturbances in endothelial glycocalyx may also contribute to disturbances in 

permselectivity and microalbuminuria (9) (10). Finally, a podocyte-endothelial cross talk 

has been elegantly characterized in the context of elevated profibrotic cytokine transforming 

growth factor-β levels (11).

Krüppel-like Factors (KLFs) are a subfamily of 17 DNA-binding transcriptional regulators 

that are involved in a broad range of cellular processes, such as cell differentiation, 

angiogenesis, erythropoiesis, and immune regulation (12), (13-17). KLF2 is an essential 

regulator of vascular hemodynamic forces in vivo (18) and mediates flow-dependent 

phenotype in endothelial cells (12) (19). KLF2 has been described to exhibit protective 

effects in endothelial cells by regulation of endothelial pro-inflammatory pathway, 

thrombotic activation, cell proliferation and migration, and angiogenesis (20). In addition, 

Klf2 is essential to the maintenance of endothelial integrity in adult mice (21) as well as in 

mouse embryonic vasculature (22). KLF2 inhibits VEGF-A-mediated angiogenesis (23) and 
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regulates endothelial thrombotic function (24). KLF2 also exhibits anti-inflammatory effects 

in endothelial cells, thereby protecting the cell from injury in the setting of stress (25).

To date, the role of KLF2 in kidney disease has not been well studied. The expression of 

KLF2 in the glomerulus is suppressed in renal transplant patients with thrombotic 

microangiopathy (26). In contrast, chronic exposure to laminar shear stress induces KLF2 

expression in glomerular endothelial cells (27). One study suggests that KLF2 expression is 

suppressed in cultured endothelial cells exposed to high glucose medium (28). Based on 

these findings and the critical role of KLF2 in endothelial cells, we sought to determine 

whether the expression of KLF2 is regulated in glomeruli of diabetic kidney and whether 

KLF2 has a cytoprotective role against endothelial cell dysfunction in early DN.

RESULTS

Klf2 expression is regulated in glomeruli of rats with early DN

To examine the regulation of Klf2 in the early stage of DN, low-dose streptozotocin (STZ) 

was used to induce diabetes in rats. Gender and age-matched diabetic and wild type rats 

(n=5) were sacrificed at either 6 weeks or 12 weeks after the onset of diabetes. In addition, a 

separate group (n=5) of diabetic rats were treated with insulin to maintain tight glycemic 

control from week 6 to 12 and sacrificed at 12 weeks after the onset of diabetes. Body 

weight, blood glucose, renal weight/body weight, and urine albumin/creatinine were 

measured at the time of sacrifice (Supplementary table 1).

Glomeruli were isolated from kidneys of these rats by sieving method with >90% purity 

(29). Diabetic rats exhibited a 20-30% reduction of glomerular Klf2 mRNA level at both 6 

and 12 weeks of diabetes. However, glomerular Klf2 mRNA level was significantly higher 

in diabetic rats treated with insulin than non-diabetic rats. A similar pattern of changes was 

observed for Klf2 protein expression in these rats by immunostaining (Supplementary figure 

1). These data suggest that Klf2 expression is likely suppressed by hyperglycemia at the 

early stage of DN in rats. However, Klf2 expression was higher in diabetic rats than control 

rats after serum glucose normalization by insulin treatment, suggesting a potential role of 

insulin in the regulation of Klf2 expression.

High glucose decreases and insulin increases KLF2 expression in cultured endothelial 
cells

To confirm whether exposure to high glucose suppresses Klf2 expression in endothelial 

cells, HUVEC were incubated in either high glucose (30mM), or normal glucose (5mM) 

medium ± mannitol (25mM). As shown in Figure 1A-1C, incubation of HUVEC with high 

glucose (30mM) suppressed both KLF2 mRNA and protein expression as compared to cells 

incubated in normal glucose media (5mM) ± mannitol (25mM). In addition, we determined 

the effects of high glucose and insulin in human glomerular microvascular endothelial cells 

(Cell System, Kirkland, WA). In these cells, we confirmed that high glucose suppressed 

KLF2 mRNA and protein levels while insulin treatment stimulated its expression (Figure 

1D-F). These data confirm that KLF2 expression in endothelial cells is regulated negatively 

by high glucose but positively by insulin.
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KLF2 expression in human diabetic kidney

Most rodent models of DN, including STZ-induced DN in rats, are more representative of 

early stage of DN. Recent studies suggest a different or opposite patterns of renal gene 

expression profiles between diabetic animals and patients (30). Therefore, we sought to 

determine KLF2 expression in human diabetic kidney. By immunostaining, we found that 

KLF2 expression was reduced in glomerular cells of kidney biopsy samples from patients 

with DN as compared to normal kidney tissue from nephrectomy samples (Figure 2A, 2B). 

The clinical information of these patients is shown in the supplementary table 2. The 

staining was mostly nuclear and distributed in all glomerular cells as well as tubular 

epithelial cells. The quantification of the staining was shown in Figure 2C. These data 

suggest that KLF2 expression was significantly reduced in all glomerular cells and some 

reduction was also observed in tubular epithelial cells of human diabetic kidneys with 

advanced DN.

Generation of endothelial cell specific Klf2 knockout mice using the VE-Cadherin-Cre 
Transgene

Since glomerular endothelial-specific Cre mice are not available, we developed global 

endothelial cell Klf2 knockout mice by crossing klf2 floxed mice (18) with VECCre mice 

(from Jackson lab) (Supplementary Figure 2A). As previously described, homozygous VEC-

Cre/Klf2fl/fl mice died embryonically (18). However, heterozygous VEC-Cre/Klf2fl/+ mice 

are viable and healthy. Therefore, heterozygous VEC-Cre/Klf2fl/+ mice (KO) and control 

VEC-Cre/Klf2+/+ mice (WT) were used in this study. To confirm the reduction of Klf2 

expression in glomerular endothelial cells, we isolated glomerular endothelial cells from KO 

mice (31) and determined Klf2 expression by real-time PCR. We found that Klf2 mRNA 

was significantly reduced by 40-50% in endothelial cells isolated from KO mice as 

compared to WT mice. As the control, mRNA levels of Pecam- 1 and Icam-1 did not change 

between two groups (Supplementary Figure 2B). At baseline, proteinuria and kidney 

histological changes were not observed in KO mice when they were examined at both 6 

months and 12 months of age (data not shown).

Diabetes induces more kidney injury in KO mice than WT mice

Eight-week old WT and KO mice were induced with diabetes by STZ injection. After STZ 

treatment, blood glucose levels were monitored every 2 weeks and were similar between 

WT-STZ and KO-STZ mice (Figure 3A). All mice were sacrificed at the age of 28 weeks, 

which was 20 weeks after STZ injection. Both WT-STZ and KO-STZ mice experienced 

similar weight loss as compared to non-diabetic mice (Figure 3B). Both WT-STZ and KO-

STZ mice developed kidney hypertrophy, as measured by an increase in kidney weight to 

body weight ratio. However, KO-STZ mice had a significant increase in kidney hypertrophy 

as compared to WT-STZ mice (Figure 3C). A trend towards an increased blood pressure was 

observed in the diabetic mice as compared to non-diabetic mice but did not reach the 

statistical significance. In addition, there was no significant difference of blood pressure 

between KO and WT groups with or without diabetes (Figure 3D). In the KO mice, total 

glomerular Klf2 mRNA (Figure 4A) and protein expression (Figure 4B and 4C) were not 

significantly reduced as compared to WT mice (Figure 4A-4C) likely because Klf2 was 
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knocked out only in glomerular endothelial cells. WT-STZ mice exhibited a significant 

reduction in glomerular KLF2 mRNA compared to non-diabetic WT mice while reduction 

of KLF2 protein expression did not reach statistical significance probably due to the semi-

quantitative nature of immunofluorescence staining. However, KO-STZ mice had 

significantly lower glomerular expression of Klf2 at both mRNA and protein levels 

compared to the mice in all other groups (Figure 4A-4C). A significant increase in 

albuminuria was observed earlier in the KO-STZ mice, starting at 6 weeks after STZ 

injection, whereas the WT- STZ mice developed an increase in albuminuria starting at 10 

weeks after STZ injection. In addition, starting at 16 weeks after STZ injection, KO-STZ 

mice exhibited a significant increase in albuminuria compared to WT-STZ mice (Figure 

5A). The increase in albuminuria was also confirmed by measuring total albumin in a 12-

hour urine collection before the mice were sacrificed at 20 weeks after STZ injection (Figure 

5B). Histological analysis revealed an increase in glomerular volume and mesangial matrix 

area in both WT-STZ and KO-STZ groups as compared with non-diabetic mice (Figure 6A-

C). The glomerular area was significantly increased in KO-STZ mice than WT-STZ mice 

whereas the mesangial matrix area fraction was not significantly different between these two 

groups of mice (Figure 6B and 6C). In addition, we performed immunostaining of F4/80 to 

determine macrophage infiltration in diabetic kidneys of these mice and found that F4/80 

staining was increased in WT-STZ mice compared to non-diabetic mice and a further 

increase was observed in KO-STZ mice compared to WT-STZ mice (Figure 6A and D).

Knockdown of Klf2 causes more injury to glomerular endothelial cells in diabetic mice

KLF2 is constitutively expressed in endothelial cells and has been described to have an 

endo-protective effect in the setting of cell stress (20). KLF2 also affects the expression of 

angiogenesis markers such as Flk1, Flt1, Angpt 1, Angpt 2, and Tie-2 (32). Furthermore, the 

expression of these genes is also altered in glomerular endothelial cells of diabetic kidneys 

(4). Therefore, we ascertained whether the knockdown of Klf2 in endothelial cells affected 

the expression of these angiogenesis markers in diabetic mice. The mRNA levels of Vegfa, 

Flk1, Angpt1, and Tie-2 were measured in the glomeruli isolated from these mice by real-

time PCR. We determined that knockdown of Klf2 expression in endothelial cells caused 

further increases of Vegfa, Flk1, and Angpt2 in KO-STZ mice compared to WT-STZ mice. 

In contrast, the expression of Flt1, Angpt1, and Tie-2 was further reduced in KO-STZ mice 

as compared to WT-STZ mice (Figure 7A). Previous studies have revealed that a reduction 

in endothelial glycocalyx leads to decreased permselectivity and microalbuminuria in DN 

(33) (9). Therefore, we examined the glycocalyx in these mice by immunostaining and 

observed that glycocalyx staining was significantly reduced in both WT-STZ and KO-STZ 

mice but a more dramatic reduction was only observed in KO-STZ mice (Figure 7B). KLF2 

also plays a critical role in endothelial barrier function in adult mice by regulating 

expression of tight junction proteins (21). Consequently, we examined the expression of 

tight junction protein 1 (ZO-1) by both real-time PCR and immunofluorescence in the 

glomeruli from these mice. ZO-1 mRNA levels were reduced in diabetic mice compared to 

non-diabetic mice. However, a significant further reduction was observed in KO-STZ mice 

compared to WT-STZ mice (Figure 7C). For immunofluorescence, the staining of ZO-1 was 

quantified in glomeruli of these mice. A significant reduction of ZO-1/glomeruli staining 

was observed in KO-STZ mice compared to mice of other groups (Figure 7D and 7E). To 
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determine the specific staining of ZO-1 in glomerular endothelial cells we also quantified 

the areas with co-staining of ZO-1 and CD31. We found that the staining areas with both 

ZO-1/CD31 were significantly reduced in diabetic mice compared to non-diabetic mice but 

a further reduction was observed in KO-STZ compared to WT- STZ mice (Figure 7D and 

7F).

Regulation of Klf2-target genes in glomeruli of diabetic mice

We conducted a transcription factor database search using TRANSFAC (http://www.gene-

regulation.com/pub/databases.html) (34), JASPAR (http://jaspar.genereg.net/) (35), and 

MatBase (http://www.genomatix.de/index.html) (36) to identify genes directly targeted by 

Klf2 (Supplementary table 3). Nitric oxide synthase 3 (Nos3), which encode endothelial 

nitric oxide synthase (eNOS), was identified as a potential gene regulated by KLF2. 

Previous studies have characterized the critical role of eNOS in DN (5) (37) (38). In 

addition, we observed that both mRNA and protein levels of eNOS were significantly 

decreased in glomeruli of KO-STZ as compared to all other groups (Figure 8A-8C).

Podocyte injury in endothelial cell specific KO-STZ mice

Since KO-STZ mice developed more albuminuria than WT-STZ mice, we speculated 

whether these mice also developed more podocyte injury through glomerular endothelial 

cell-podocyte crosstalk. Electron microscopy of kidney sections revealed a significant 

increase in podocyte effacement in the KO-STZ mice compared to WT-STZ mice (Figure 

9A, 9B). In addition, podocyte number was estimated by using a known podocyte marker, 

Wilms-tumor 1 (Wt1). Wt1 mRNA expression levels or the number of Wt1 positive cells per 

glomerular cross section and per 1000 μm2 of glomerular areas was significantly reduced in 

both diabetic mice, with further reduction in KO-STZ mice as compared to WT-STZ mice 

(Figure 10A-D). The expression of podocyte-specific genes (nephrin, synaptopodin, 

podocin, and podocalyxin) was also reduced in KO-STZ mice compared to those from WT-

STZ mice as determined by real- time PCR analysis of isolated glomeruli. This was 

confirmed by immunofluorescence staining of kidney sections (Figure 11A-11D).

DISCUSSION

In the current study, we have demonstrated a critical role of KLF2 in early DN. KLF2 is 

regulated by both high glucose and insulin and has a protective role against endothelial cell 

injury in early DN through transcriptional regulation of several key endothelial cell markers. 

Endothelial-specific knockdown of Klf2 resulted in more glomerular endothelial cell injury 

as well as podocyte injury with induction of diabetes, suggesting a potential crosstalk 

between these two cell types.

Since there is a relative dearth of effective preventive measures in attenuating the 

progression of this disease, it is critical to identify the early event in DN. Unfortunately the 

current understanding of the pathogenesis of early DN remains unclear. This current study 

reveals a protective mechanism mediated by Klf2 in early DN and we observe that the 

removal of this protective mechanism results in more severe diabetic kidney injury. 
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Identifying the protective pathway in early DN may help elucidate the mechanism that 

mediates the variable rate of progression to DN observed in diabetic patients.

Previous studies suggest a potential crosstalk from the podocyte to the endothelial cell. 

Podocyte-secreted VEGF has a protective effect on endothelial cells (39), while podocyte-

secreted endothelin-1 damages the endothelial cells by activation of oxidative stress (11). 

Our studies suggest that a crosstalk from the glomerular endothelial cell to the podocyte 

could also occur in early DN. Our data suggest that glomerular endothelial cell injury could 

lead to podocyte injury and the reduction of the podocyte differentiation markers in KO-STZ 

mice is likely a result of reduction in podocyte number, rather than podocyte 

dedifferentiation. The mechanism mediating this crosstalk requires further studies. 

Interestingly, KO-STZ mice developed more glomerular hypertrophy but the mesangial area 

fraction was not different in diabetic mice with or without Klf2 knockdown. The mechanism 

of this observation is unclear. We speculate that the injured glomerular endothelial cells in 

KO-STZ mice may promote more glomerular cell hypertrophy instead of stimulation of 

extracellular matrix synthesis at the early stage of DN in this kidney disease-resistant mouse 

background (C57BL/6).

KLF2 is regulated by shear stress and has a protective role against endothelial cell injury 

(20). However, the role of KLF2 in DN has yet to be characterized. We initially speculated 

that glomerular KLF2 expression would be high in early DN due to the shear stress induced 

by hyperfiltration. However, we observed that Klf2 expression was significantly reduced in 

diabetic rats, likely due to hyperglycemia-induced suppression. Furthermore, normalization 

of hyperglycemia in these rats by insulin treatment raised Klf2 expression to a level higher 

than that of non-diabetic rats. This is likely due to the stimulation of Klf2 expression by 

insulin treatment based on our in vitro data. It would be interesting to determine whether 

hyperfiltration regulates Klf2 expression through induction of shear stress. However, our 

studies were not designed to address this question because normalization of hyperglycemia 

by insulin treatment also corrects hyperfiltration. We found that a more dramatic reduction 

of KLF2 expression was observed in human diabetic kidney. This is likely because diabetic 

patients have more advanced kidney disease while STZ-mice develop only early and mild 

DN. Also, it is possible that diabetic patients with low KLF2 expression develop more 

severe DN.

The mechanism by which KLF2 attenuates endothelial cell injury in the setting of diabetes 

needs to be studied. AMP kinase (AMPK) has been shown to mediate flow-induced KLF2 

expression in endothelial cells (40). KLF2 facilitates the activation of the antioxidant 

transcription factor Nuclear Factor, Erythroid 2-like 2 (Nrf2) in endothelial cells (41). 

However, KLF2 expression is suppressed by oxidative stress through the redox enzyme 

p66shc (42). Interestingly, KLF2, in turn, inhibits p66shc expression through activation of 

APC (43). In addition, Nuclear Factor Kappa B (NF-KB) negatively regulates KLF2 

expression (44), while KLF2 has anti-inflammatory effects through inhibition of NF-KB 

activation (45). These studies suggest a critical role of KLF2 in the regulation of oxidative 

stress and inflammation through these feedback mechanisms. Therefore, targeting the 

induction of KLF2 may attenuate DN through the activation of anti-oxidative stress and anti-

inflammatory pathways.
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KLF2 has been described to regulate many target genes involved in vascular endothelial cell 

development, differentiation, and function (20). Here, we determined that KLF2 regulates 

several key molecular markers of endothelial cells, including eNOS. Reduced eNOS 

expression is known to contribute to the pathogenesis of DN (5). Interestingly, eNOS was 

significantly lower in KO-STZ than WT-STZ mice while no difference was observed 

between non-diabetic WT and KO mice. In non-diabetic kidney, KLF2 may not have 

significant role in regulation of eNOS expression. However, in the diabetic kidney, eNOS 

expression, which is likely suppressed by high glucose and other factors, may require KLF2 

to maintain its expression as a compensatory mechanism. In addition, KLF2 is a key 

regulator of thrombotic function (20). Knockdown of KLF2 reduces thrombomodulin 

expression (24) and the reduction of thrombomodulin is associated with the progression of 

DN (8). KLF2 also inhibits protease activated receptor-1 (PAR-1) expression and thrombin-

mediated endothelial activation (46), and PAR-1 is increased in the diabetic kidney (8) and 

may mediate endothelial cell apoptosis in DN (47). The inactivation of Ang-1-Tie2 system 

is associated with increased permeability and leakage of plasma albumin in DN (48). The 

reduction of glomerular ZO-1 may also be responsible for the increased paracellular 

permeability and albuminuria observed in DN (49). Our data suggest that KLF2 up-regulates 

Ang1- Tie2 system and the expression of ZO-1, contributing to a potential mechanism by 

which KLF2 reduces albuminuria in mice with DN. Interestingly, we also observed a 

significant reduction of glycocalyx in non-diabetic KO mice while other endothelial cell 

markers did not change. The mechanism of this observation remains to be determined. Since 

these endothelial injury markers are regulated by multiple factors via different mechanisms, 

glycocalyx might be regulated by KLF2 via ann alternate mechanism as compared to these 

other markers.

Since glomerular endothelial cell-specific Cre mice are not available, we used a global 

endothelial cell-specific heterozygous Klf2 knockout mouse, which had reduced Klf2 

expression in all vascular endothelial cells. Consequently, the systemic effect of circulating 

factors released from non-glomerular endothelial cells injury cannot be neglected. The 

potential effects on endothelial injury resulting in elevated blood pressure were likely not the 

cause of the observed glomerular injury, since there were no significant differences in blood 

pressure between all four groups of mice. Homozygous mice were unable to be generated 

because these mice are embryonically lethal due to intra-embryonic and intra-amniotic 

hemorrhage (50).

In conclusion, our data suggest a potential role of KLF2 in diabetes-induced glomerular 

endothelial cell injury at the early stage of DN. Our findings also highlight a potential 

crosstalk from the glomerular endothelial cell to podocyte. Understanding the disease 

mechanisms in early DN may help shed light on novel preventive strategies against the 

development of this disease.

EXPERIMENTAL PROCEDURES

Experiments for STZ-rats

Male Sprague-Dawley (SD, 8 weeks old) rats were obtained from Jackson Research 

Laboratories (Bar Harbor, ME). Care, use, and treatment of all animals in this study were 
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approved by the Animal Care Committee at Icahn School of Medicine at Mount Sinai. 

Diabetes was induced in SD rats (8 weeks of age) by an intraperitoneal injection of 

streptozotocin (STZ) (60mg/kg in 10mmol/L of citrate buffer, pH 4.5) (Sigma, St. Louis, 

MO) after an overnight fast. Control rats received an injection of citrate buffer. Blood 

glucose levels were measured at 48 hours after the injection and monitored every 3 days 

thereafter. Only the animals with blood glucose concentrations >16.7mmol/l were 

considered diabetic. A group of diabetic rats received Neutral Insulin (16U/kg; Novo 

Nordisk, Copenhagen, Denmark) via subcutaneous injection twice a day from 6 to 12 weeks 

of diabetes for hyperglycemic control. Non-fasting glucose was monitored before the insulin 

injection. The kidney was removed when the mice were sacrificed for glomerular isolation 

and histology. 12-hour-urine samples were collected on the day before euthanasia by 

housing the animals in metabolic cages to determine the urine albumin excretion rate 

(Houston, TX).

Cell culture

Human umbilical venous cells (HUVECs) and human glomerular microvascular endothelial 

cells were cultured according to the manufacture instructions. Cells were serum starved in 

1% serum containing medium for 12 hours followed by treatment with the medium 

containing either normal glucose (5mM) ± 25mM mannitol or high glucose (30mM) or 

insulin (100ng/ml) with or without high glucose for the indicated time intervals.

Western Blot

Cells were homogenized in lysis buffer containing protease inhibitor cocktail. Equal 

amounts of protein samples were electrophoretically separated on SDS polyacrylamide gel, 

transferred to PVDF membranes (Millipore) and probed with primary antibodies. 

Membranes were then washed with PBST and incubated with a secondary antibody 

(horseradish peroxidase conjugated antibodies to mouse IgG or to rabbit IgG). Blots were 

developed with the enhanced chemiluminescence system. Densitometry analysis for 

quantification was performed as described previously (51).

Generation of Conditional Klf2 Mice

SV/129 ES cells heterozygous for the Klf2 conditional allele were generated by using 

standard gene-targeting techniques. Klf2fl/+ mice were generated by deletion of exons 2 and 

3 and provided by Dr. Mukesh Jain, a collaborator of this study. KLF2fl/+ mice were viable, 

fertile, and born in the Mendelian ratios as expected in C57BL/6 background. VEC-Cre 

transgenic animals were purchased from Jackson Research Laboratories (Bar Harbor, ME). 

Endothelial cell specific heterozygous Klf2 knockout mice (KO) were generated as 

described in the result section.

Diabetes model

All mice used in this study were on a congenic C57BL/6 background. At 8 weeks of age, 

male WT and KO mice were injected for 5 consecutive days with either STZ (50μg/g) 

(Sigma-Aldrich, St Louis, MO) per day intraperitoneally or sodium-citrate vehicle. Fasting 

blood glucose levels were monitored weekly by using a glucometer. All mice were housed 
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and cared for in the Animal Care Facility at out Institution with free access to food and 

water. All protocols were approved by the Animal Care Committee at Icahn School of 

Medicine at Mount Sinai.

Measurement of Urine Albumin and Creatinine

Urine albumin was quantified by ELISA using a kit from Bethyl Laboratories, Inc. 

(Houston, TX). Urine creatinine levels were measured in the same samples using 

QuantiChrom™ creatinine assay kit (DICT-500) (BioAssay Systems) according to the 

manufacturer's instruction. The urine albumin excretion rate was expressed as the ratio of 

albumin to creatinine.

Blood Pressure Monitoring

Blood pressure was measured using the CODA programmable non-invasive tail-cuff 

sphygmomanometer (Kent Scientific, Torrington, CT) on conscious mice as described (52). 

Mice were initially subjected to acclimation period of 5 cycles prior to blood pressure 

assessment. Subsequently, systolic blood pressure (SBP) was measured in each mouse for 

60 continuous cycles and an average of SBP was quantified as previously described (52).

Kidney histology

Kidneys were removed and fixed with 4% paraformaldehyde for 48 hours at 4 °C. The 4Om 

sections were cut from paraffin-embedded kidney tissues. Sections were stained with 

periodic acid–Schiff for histology analysis. Assessment of the mesangial and glomerular 

cross-sectional areas was performed by pixel counts on a minimum of 10 glomeruli per 

section in a blinded fashion, under 400× magnification (Zeiss AX10 microscope, Carl Zeiss 

Canada Ltd, Toronto, ON, Canada).

Electron Microscopy

Tissues were fixed in 2.5% glutaraldehyde with 0.1M sodium cacodylate (pH 7.4) for 72 hr 

at 40°C. Samples were further incubated with 2% osmium tetroxide and 0.1M sodium 

cacodylate (pH 7.4) for 1 hr at 40°C. Ultrathin sections were stained with lead citrate and 

uranyl acetate and were viewed on a Hitachi H7650 microscope. Briefly, negatives were 

digitized, and images with a final magnitude of approximately X10,000 were obtained. 

ImageJ 1.26t software (National Institutes of Health, rsb.info.nih.gov) was used to measure 

the length of the peripheral GBM, and the number of slit pores overlying this GBM length 

was counted. The arithmetic mean of the foot process width (WFP) was calculated as shown 

below:

where Σslits indicates the total number of slits counted; ΣGBM LENGTH indicates the total 

GBM length measured in one glomerulus, and π/4 is the correction factor for the random 

orientation by which the foot processes were sectioned (53).
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Isolation of Glomeruli from Mice for RNA Extraction

Mouse glomeruli were isolated as described (54). Briefly, animals were perfused with 

Hanks' buffered salt solution containing 2.5mg/ml iron oxide and 1% bovine serum albumin. 

At the end of perfusion, kidneys were removed, decapsulated, minced into 1mm3 pieces, and 

digested in Hanks' buffered salt solution containing 1mg/ml collagenase A and 100units/ml 

deoxyribonuclease I. Digested tissue was then passed through a 100μm cell strainer and 

collected by centrifugation. The pellet was resuspended in 2 ml of Hanks' buffered salt 

solution, and glomeruli were collected using a magnet. The purity of glomerular was 

verified under microscopy. Total RNA was isolated from kidney glomeruli of mice using 

TRIzol (Invitrogen).

Isolation of Kidney Endothelial cells

After isolation of glomeruli, endothelial cells were isolated as described previously (55). In 

brief, isolated glomeruli were initially digested with collagenase/dispase (C/D) solution and 

dispersed mechanically into single-cell suspension. Mouse kidney endothelial cells 

(MKECs) were purified from cell suspension using positive selection with anti-PECAM-1 

antibody (BD Pharmingen) conjugated to DynabeadsSheep anti-Rat IgG (Invitrogen) using a 

Magnetic Particle Concentrator (MPC). Purified cells were cultured on gelatin-coated tissue 

culture dishes until they became confluent. Next, endothelial cells were further purified 

using Dynabeads coupled to anti- ICAM-2 antibody and cultured on collagen I-coated 

dishes. Isolated endothelial cells were characterized by immunostaining and real-time PCR 

analysis for endothelial markers was performed.

Real-time PCR

Total RNA was extracted by using TRIzol (Invitrogen). First strand cDNA was prepared 

from total RNA (2.0 μg) using the Superscript ™ III first strand synthesis kit (Invitrogen), 

and cDNA (1 μl) was amplified in triplicate using SYBR GreenER qPCR Supermix on an 

ABI PRISM 7900HT (Applied Biosystems, Foster City, CA). The primer sequences are 

listed in Table 1. Light Cycler analysis software was used to determine crossing points using 

the second derivative method. Data were normalized to housekeeping genes (GAPDH) and 

presented as fold increase compared with RNA isolated from WT animals using the 2-ΔΔCT 

method.

Immunofluorescence

Kidney sections from these mice were prepared in an identical fashion. Immunostaining was 

performed using rabbit anti-synaptopodin (Fitzgerald), rabbit anti-nephrin (a gift from Dr. 

Larry Holzman), and mouse anti-WT1 antibodies (Santa Cruz Biotechnology). After 

washing, sections were incubated with a fluorophore-linked secondary antibody (Alexa 

Fluor 488 anti-rabbit IgG and Alexa Fluor 568 anti-mouse IgG from Invitrogen). After 

staining, slides were mounted in Aqua Poly/Mount (Polysciences Inc.) and photographed 

under an AxioVision IIe microscope with a digital camera.
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Immunohistochemistry

Archival human biopsy specimens of healthy donor nephrectomies and diabetic nephropathy 

were collected at Icahn School of Medicine at Mount Sinai under a protocol approved by the 

Institutional Review Board. Specimens were initially baked for 20 minutes in 55–60 °C 

oven and then processed as described previously below. Briefly formalin-fixed and paraffin-

embedded sections were deparaffinized, and endogenous peroxidase was inactivated with 

H2O2. Sections were then blocked in 2% goat serum in phosphate-buffered saline (PBS) for 

1 hour at room temperature and then incubated with a rabbit anti-KLF2 antibody (1:1000, 

GenScript) at 4°C overnight. The next day, sections were washed three times with PBS and 

then incubated with secondary antibody for 30 minutes. Positive staining was revealed by 

peroxidase-labeled streptavidin and diaminobenzidine substrate. The control included a 

section stained with only secondary antibody.

Quantification of Immunostaining

After sections were stained with anti-KLF2 antibody, negatives were digitized, and images 

with a final magnitude of approximately X400 were obtained. ImageJ 1.26t software was 

used to measure the level of immunostaining in the glomeruli. First, the images were 

converted to 8-bit grayscale. Next, the glomerular region was selected for measurement of 

area and integrated density. Next, the background intensity was measured by selecting three 

distinct areas in the background with no staining. The corrected optical density (COD) was 

determined as shown below:

where ID is the integrated density of the selected glomerular region, A is the area of the 

selected glomerular region, and MGV is the mean gray value of the background readings) 

(56).

Statistical Analysis

Data were expressed as mean ± SEM. The unpaired t test was used to analyze data between 

two groups. The analysis of variance followed by Bonferroni correction was used when 

more than two groups were present. All experiments were repeated at least three times, and 

representative experiments are shown. Statistical significance will be considered when 

p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High glucose suppresses KLF2 expression in endothelial cells
HUVEC were incubated with high glucose (30mM) or normal glucose (5mM) ± mannitol 

(25mM) for 24 hours. Western blots were performed in these cells for KLF2. (A) 

Representative blots of three independent experiments are shown. (B) The densitometry 

analyses were performed for western blots. (C) KLF2 mRNA expression was measured by 

real-time PCR. (D) Human glomerular microvascular endothelial cells were incubated with 

high glucose (30mM) or normal glucose (5mM) ± mannitol (25mM) with or without insulin 

(100ng/ml) for 24 hours. Representative blots of three independent experiments are shown. 

(E) The densitometry analyses were performed for western blots. (F) KLF2 mRNA 
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expression was measured by real-time PCR *p<0.05, **p<0.01 compared to all other 

groups, ###p<0.001 compared to mannitol. The mean ± SEM of three independent 

experiments is shown (Control: 5mM glucose).
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Figure 2. KLF2 expression is reduced in human diabetic nephropathy
Immunostaining for KLF2 was performed on healthy donor nephrectomy specimens (A) and 

kidney biopsies of patients with DN (B). The representative images of six subjects in each 

group are shown (original magnification × 400, scale bar: 50Om). (C) Glomerular area was 

selected, and optical density (OD) was measured and quantified as a relative fold change to 

healthy donor specimens (n = 6, **p<0.01).
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Figure 3. Blood glucose, body weight, kidney weight and systolic blood pressure measurements 
in WT and KO mice treated with and without STZ
(A) WT and KO mice treated with STZ (WT-STZ and KO-STZ) developed severe diabetes 

with significantly increased plasma glucose levels compared with vehicle- treated mice but 

no significant difference was found between the two STZ groups. (n=6, *p<0.001 compared 

to non-STZ mice). (B) KO mice had lower body weights than age- matched WT mice. 

However, both WT-STZ and KO-STZ mice experienced weight loss. (C) They developed 

renal hypertrophy with increased kidney weight to body weight ratio (n=6, *p<0.001 versus 

untreated mice, #p<0.05 compared to WT-STZ). (D) Systolic blood pressure was measured 

at 20 weeks after STZ injection by tail-cuff plethysmography.

Zhong et al. Page 20

Kidney Int. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Klf2 expression is reduced in diabetic mice
(A) Klf2 mRNA expression in the glomeruli was compared between STZ-WT, STZ-KO, 

and non-STZ mice (n = 6, *p <0.05 compared to all other groups). (B) The representative 

pictures of immunofluorescence for Klf2 and co-staining with the endothelial protein 

PECAM-1 (CD31) and DAPI are shown (original magnification ×400, scale bar: 50μm). (C) 

Optical density (OD) was measured and quantified as a relative fold change to WT (n = 60 

glomeruli per group of 6 mice; *p<0.05 compared to all other groups).
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Figure 5. Urine albumin excretion rate is increase in KO-STZ mice
(A) Albuminuria (albuminuria/creatinine) was measured in WT-STZ and KO-STZ mice. (B) 

The 12-hour urinary albumin excretion rate was determined at 20 weeks after STZ injection 

(n = 6, *p<0.001 compared to WT and KO mice, #p<0.05 compared to WT-STZ).
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Figure 6. Effect of KLF2 knockdown on mesangial and glomerular area at 20 weeks after STZ 
injection
(A) Representative pictures of periodic acid–Schiff (PAS) and F4/80 in WT, KO, WT STZ, 

and KO-STZ mice at 20 weeks after STZ injection at both low and high powers. Glomerular 

hypertrophy and increased mesangial staining is shown in STZ groups as compared to non-

STZ mice. (B) Glomerular area quantification is shown at 20 weeks after STZ injection. (C) 

The percentage of mesangial matrix area in the glomeruli at 20 weeks after STZ injection is 
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quantified in the diabetic mice and the non-diabetic mice. (D) Quantification of F4/80-

positive cells between diabetic mice and non-diabetic mice. (60 glomeruli per group, n=6 

mice, *P<0.05 vs non-STZ mice, ***P<0.001 vs non-STZ mice; ###P<0.001 vs WT-STZ; 

Original magnification x 200 and x 400, Scale bar: 50Oμm).
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Figure 7. Knockdown of Klf2 causes more injury of glomerular endothelial cells in diabetic mice
(A) Vegfa, Flt1, Kdr(Flk1), Tek(Tie2), Angpt1 and Angpt2 mRNA levels were measured in 

the isolated glomeruli of mice from each group of mice (n=6, *p<0.05 compared to all other 

groups, #p<0.05 compared to WT and KO mice). (B) Representative pictures of staining for 

glycocalyx in WT, KO, WT-STZ, KO-STZ mice at 20 weeks after STZ injection is shown 
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(original magnification × 400, scale bar: 50μm). (C) mRNA levels of ZO-1 (Tjp1) were 

measured between each groups of mice using real-time PCR (n=6, *p<0.05 compared to all 

other groups). (D) The representative pictures of immunofluorescence for ZO-1 and CD31 

are shown (Original magnification × 400, Scale bar, 50μm). (E) Optical density (OD) was 

measured and quantified for the areas with ZO-I positive staining in each glomerulus and 

was expressed as a relative fold change to WT mice (60 glomeruli per group; n=6, #p<0.05 

compared to WT and KO mice). (F) Optical density (OD) was measured and quantified for 

the areas with both ZO-1 and CD31 positive staining in each glomerulus and was expressed 

as a relative fold change to WT mice (60 glomeruli per group; n=6, *p<0.05 vs WT mice, 

**p<0.01 vs KO mice; #p<0.05 vs WT-STZ, ##p<0.01 vs WT-STZ).
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Figure 8. Effect of Klf2 Knockdown on eNOS expression
(A) mRNA levels of eNOS were compared between each group of mice. (n=6, *p<0.05 

compared to all other group). (B) Immunofluorescence staining of eNOS is shown (original 

magnification ×400, scale bar: 50μm). (C) Optical density (OD) was measured and 

quantified as relative fold changes to WT mice (60 glomeruli per group; n=6, *p<0.05 

compared to all other group).
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Figure 9. Podocyte foot process effacement is increased in KO-STZ mice
(A) Representative pictures of electronic microscopy from the WT, KO, WT-STZ, KO- STZ 

mice are shown with both low (2K) and high (10K) magnifications (scale bar: 5Om). (B) 

Quantification of foot process effacement is shown. (60 glomeruli per group; n=6, 

***p<0.001 compared to WT and KO, #P<0.05 compared to WT-STZ).

Zhong et al. Page 28

Kidney Int. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. Glomerular podocyte number is reduced in KO-STZ mice
(A) The representative pictures of WT1 staining in glomeruli are shown (n=6, original 

magnification ×400, scale bar: 50μm). (B) mRNA levels of WT1 were measured using real-

time PCR. (C) WT1 positive cell number/glomerular cross section and (D) WT1 positive 

cell number per 1000 μm2 glomerular tuft area were quantified and expressed as relative 

fold changes to WT mice. (60 glomeruli per group; n=6, ***p<0.001 compared to WT and 

KO, **p <0.01 compared to WT and p<0.05 compared to KO, *p <0.05 compared to WT 

and KO, #p <0.05 compared to WT-STZ).
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Figure 11. Expression of podocyte differentiation markers is reduced in KO-STZ mice
Top panel: mRNA levels of nephrin (A), synaptopodin (B), podocin (C), and podocalyxin 

(D) were compared between all four groups of mice. Middle panel: This was confirmed by 

immunofluorescence. The representative pictures of three mice in each group are shown. 

Bottom panel: The glomerular area was selected, and optical density (OD) was quantified as 

relative fold change to WT mice. (60 glomeruli per group; n=6, **p<0.01 compared to WT 

and KO, *p <0.05 compared to WT and KO, #p <0.05 compared to WT- STZ, original 

magnification ×400, scale bar: 50μm).
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Table 1

Primers for real-time PCR

Gene Forward Reverse

GAPDH 5′-AAGCCTGCCGGTGACTAAC 5′-GTTAAAAGCAGCCCTGGTGAC

KLF2 5′-CAAGACCTACACCAAGAGTTCG 5′-CATGTGCCGTTTCATGTGC

Gapdh(rats) 5′-GCAAGTTCAACGGCACAG 5′-GCCAGTAGACTCCACGACAT

Klf2(rats) 5′-ACTTGCAGCTACACCAACTG 5′-CTGTGACCCGTGTGCTTG

Gapdh 5′-GCCATCAACGACCCCTTCAT 5′-ATGATGACCCGTTTGGCTCC

Klf2 5′-CCAGCCGGGAAATGGATACTGTC 5′-CCCTAACATTCTGAGATTAGGTCTG

Pecam-1 5′-AGCCTAGTGTGGAAGCCAAC 5′-AGCCTTCCGTTCTCTTGGTG

Icam-1 5′-CCGTGCAGTCGTCCGCTTCCG 5′-GGGTCCGCGGTGCTCCACCAT

Vegfa 5′-CTGGACCCTGGCTTTACTGC 5′-CTGCTCTCCTTCTGTCGTGG

Flt1 5′-TCAAGCTAGAGGTGTCCCCG 5′-CTCGGCACCTATAGACACCC

Kdr 5′-TACAAGTGCTCGTACCGGG 5′-TTGAAATCGACCCTCGGCAG

Angpt-1 5′-TCCCTCTGGTGAATATTGGC 5′-TGCTCTGTTTGCCTGCTGTC

Angpt-2 5′-AGAAGCAGCAGCATGACC 5′-TGCCACTGGTGGTGAGTCC

Tjp1 5′-TAGCACGGACAGTAGACACA 5′-ATGGAAGTTGGGGTTCATAG

Nos3 5′-AGCACCAGACCACAGGTGA 5′-GAGGGTGTCGTAGGTGATGC

Nphs1 5′-GTGCCCTGAAGGACCCTACT 5′-CCTGTGGATCCCTTTGACAT

Nphs2 5′-CTTGGCACATCGATCCCTCA 5′-CGCACTTTGGCCTGTCTTTG

Synpo 5′-CTTTGGGGAAGAGGCCGATTG 5′-GTTTTCGGTGAAGCTTGTGC

Wt1 5′-GAGAGCCAGCCTACCATCC 5′-GGGTCCTCGTGTTTGAAGGAA

Podocyxlin 5′-CCATAAGGCCAGATGAGGAA 5′-GATTCTCTTCACTGCCACCG
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