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Abstract

Chronic glomerular injury is associated with eventual development of tubulointerstitial fibrosis. 

Here we aimed to assess whether, and how, mild chronic tubulointerstitial injury affects glomeruli. 

For this, we generated mice expressing different toxin receptors, one on their proximal tubular 

epithelial cells (diphtheria toxin receptor (DTR)) and the other only on podocytes (human CD25 

(IL-2R) driven by the nephrin promotor (Nep25)), allowing serial induction of tubule-specific and 

glomerular (podocyte)-specific injury, respectively. Six weeks after diphtheria toxin injection, mild 

interstitial fibrosis was found in Nep25+/DTR+, but not in Nep25+/DTR− mice. However, atubular 

glomeruli and neuronal nitric oxide synthase, a mediator of tubuloglomerular feedback, were 

higher in Nep25+/DTR+ than in DTR− mice and these atubular glomeruli had less podocyte 

density as assessed by WT-1 biomarker expression. Peritubular capillary density, hypoxia-

inducible factor-1 and -2, and cyclooxygenase 2 expression were similar at week six in the two 

groups. At week seven, all mice were given the immunotoxin LMB2 which binds to CD25 to 
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induce podocyte injury. Ten days later, proteinuria, podocyte injury and glomerulosclerosis were 

more severe in Nep25+/DTR+ than Nep25+/DTR− mice with more severe sclerosis in the tubule-

connected glomeruli. This supports the concept that even mild preexisting tubulointerstitial injury 

sensitizes glomeruli to subsequent podocyte- specific injury. Thus, increased atubular glomeruli 

and abnormal tubuloglomerular feedback significantly contribute to the crosstalk between the 

tubulointerstitium and glomeruli.
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Introduction

Chronic glomerular injury is associated with eventual development of tubulointerstitial 

fibrosis, resulting in progressive loss of entire nephrons and chronic kidney disease. This 

glomerulo-tubular spread of injury has been observed in animal models and several potential 

mechanisms have been proposed.1 Although chronic progressive tubulointerstitial disease 

plays a critical role in the outcome of patients with primary glomerular lesions, the basic 

mechanisms that generate the tubulointerstitial damage remain unclear.2 Proposed 

mechanisms can be broadly classified as “tubular” and “glomerular” hypotheses.3 The 

tubular hypothesis states that excessive tubular protein load due to glomerular protein 

leakage induces inflammation and fibrosis, which are harmful to tubular epithelial cells. The 

glomerular hypothesis postulates that obstruction of the glomerulotubular junction by local 

fibrosis causes tubules to be disconnected from glomeruli, resulting in tubular degeneration.4 

Recently, altered HIF-1 and HIF-2 have been suggested as another possible mechanism by 

which glomerular injury affects the tubules.5 These studies all have focused on the 

glomerular lesion as an initial injury, and assessed subsequent effects on the 

tubulointerstitium. In these schemas, tubulointerstitial lesions are secondary and do not have 

an active role in the progression of glomerulosclerosis in chronic kidney disease.

Tubulointerstitial injury could also play an active, primary role in progressive nephron loss. 

Previously, patients who survived and had short-term return of normal renal function after 

acute kidney injury (AKI) were considered to have complete recovery. However, more recent 

epidemiologic studies show that AKI is a major risk factor for long-term CKD.6 Previous 

experimental studies using Six2-Cre-LoxP technology selectively activated diphtheria toxin 

receptor (DTR) expression in renal epithelia derived from the metanephric mesenchyme.7 

These studies showed that mild tubular injury induced adaptive repair processes and few 

long-term consequences, while severe injury induced maladaptive repair, severe interstitial 

fibrosis and glomerulosclerosis. This study suggest the transition of AKI to CKD due to 

peritubular capillary rarefaction and other mechanisms.8 In a diabetic nephropathy 

experimental model, tubulointerstitial injury was not merely a result of glomerular injury, 

but was also a primary target of diabetic injury and even appeared to affect the progression 

of glomerular lesions.9 These findings raise the question of whether mild tubulointerstitial 

injury could sensitize to subsequent glomerular injury.
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Previous studies either use models with tubular injury, such as ischemia-reperfusion, with 

long-term follow-up, or the injury model targeted both tubules and glomeruli, such as 

diabetic nephropathy. In contrast, we have now developed an animal model with distinct 

sequential tubular and glomerular injuries to specifically investigate novel mechanisms 

whereby tubular injury sensitizes to subsequent glomerular injury. We achieved proximal 

tubular cell-specific injury using diphtheria toxin (DT)-mediated conditional cell ablation in 

transgenic mice, where the DT receptor is expressed on proximal tubules. After DT 

injection, mice have increased BUN and creatinine, and initial polyuria with subsequent 

reversible oliguria. Injury is present in the proximal tubule without glomerular change, and 

injured tubular cells recover rapidly.10, 11 Glomerular-specific injury is possible in the so-

called Nep25 mouse model, through selective podocyte injury by injection of a modified 

toxin, LMB2, in mice that express human CD25 only on podocytes, driven by the nephrin 

promotor. These mice show progressive nonselective proteinuria, with resulting edema, and 

focal segmental glomerulosclerosis due to podocyte injury.12 We now have generated 

combined double transgenic mice to investigate effects of mild, functionally recovered 

tubulointerstitial injury on the development of subsequent glomerular injury, and 

mechanisms for this crosstalk.

Results

Diphtheria toxin-induced acute tubular injury and chronic interstitial fibrosis

At baseline, urinary NGAL and Kim-1 excretion levels were similar in Nep25+/DTR− and 

Nep25+/DTR+ mice. Two weeks after DT injection, urinary NGAL and Kim-1 were 

markedly increased in Nep25+/DTR+ mice (NGAL 810.7±148.0 ng/mg, Kim-1 503.3±128.8 

ng/mg), but not in Nep25+/DTR− mice (NGAL 46.1±9.5 ng/mg, Kim-1 2.7± 0.6 ng/mg, 

p<0.05 vs. Nep25+/DTR+). At week 6, urinary NGAL and Kim-1 returned towards normal 

in Nep25+/DTR+ mice (NGAL 233.4±8.5 ng/mg, Kim-1 49.6±5.0 ng/mg), but were still 

higher than Nep25+/DTR− mice (NGAL 149.8±13.7 ng/mg, Kim-1 2.5± 0.4 ng/mg, p<0.05 

vs. Nep25+/DTR+) (Figure 1A).

All mice underwent uninephrectomy at week 6 after DT injection. These kidneys showed 

focal tubular epithelial cell regeneration and mild tubulointerstitial fibrosis only in 

Nep25+/DTR+ mice (Figure 1B). Interstitial fibrosis, quantified by Sirius red staining, was 

higher in Nep25+/DTR+ (0.235±0.031% area stained) than Nep25+/DTR− kidney 

(0.060±0.009%, P<0.05) (Figure 1C). Neither group showed glomerular abnormalities by 

light microscopy at this time point.

Thus, after recovering from acute tubular injury induced by DT injection, Nep25+/DTR+ 

mice developed tubulointerstitial fibrosis, while Nep25+/DTR− had no tubular injury, as 

expected.

Pre-existing tubulointerstitial injury amplified subsequent glomerular injury

Urinary albumin increased at week 2 due to acute tubular injury, and returned to baseline at 

week 6 in Nep25+/DTR+ mice. Total proteinuria was also similar in Nep25+/DTR+ and 

Nep25+/DTR− mice at week 6 (33.85±0.69 vs. 38.73±2.37 mg/mg). LMB2 injection at week 

Lim et al. Page 3

Kidney Int. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7 injured podocytes and resulted in maximal massive albuminuria in both Nep25+/DTR+ and 

Nep25+/DTR− mice (10363.44±1762.80 vs. 9495.00±546.12 µ g/mg) (Figure 2A). At 10 

days after LMB2 injection total proteinuria was more severe in Nep25+/DTR+ vs 

Nep25+/DTR− mice (228.02±19.09 vs. 161.21±19.56 mg/mg, p<0.05) (Figure 2A). Renal 

function, measured by BUN, was similar between Nep25+/DTR+ and Nep25+/DTR− mice at 

sacrifice (94.30±4.95 vs. 92.40±8.82 mg/dl).

Although podocyte foot process effacement was less in Nep25+/DTR+ vs. Nep25+/DTR− 

mice (74.0±2.2 vs. 87.0±4.4%, p<0.05), segments of denuded GBM with stripped podocytes 

were more extensive in Nep25+/DTR+ than Nep25+/DTR− mice (26.0±2.2 vs. 3.0±1.8%, 

p<0.05) (Figure 2B). Glomerular WT-1+ cell density, a marker of differentiated podocytes, 

was decreased in Nep25+/DTR+ vs Nep25+/DTR− mice (26.94±1.48 vs. 33.52±2.32 

x10−4/µm2, p<0.05) (Figure 2B).

Nep25+/DTR+ mice also had more glomerulosclerosis than Nep25+/DTR− mice at day 10 

after LMB2 (Nep25+/DTR+ 1.48±0.15 vs. Nep25+/DTR− 0.78±0.15, P<0.05) (Figure 2C). 

Tubular injury markers, urine NGAL and KIM-1, increased similarly in both groups after 

LMB2 injection (Figure 1A). Kidney fibrosis, measured as total collagen amount, was 

increased in Nep25+/DTR+ vs Nep25+/DTR− group at sacrifice (11.6±2.1 vs. 6.9±0.7, 

p<0.05) (Figure 2D).

Pre-existing tubulointerstitial injury induced more atubular glomeruli and abnormal 
tubuloglomerular feedback

Atubular glomeruli were more frequent in Nep25+/DTR+ vs Nep25+/DTR− mice at week 6 

before LMB2 injection (20.6±2.6 vs 12.1±2.4, p<0.05) (Figure 3B). WT-1+ cell density was 

decreased in atubular glomeruli vs tubule-connected glomeruli in both groups (Figure 3C). 

LMB2 injection increased the extent of atubular glomeruli in both groups (Figure 3B). 

Glomerulosclerosis was similar in atubular glomeruli in the two groups, while tubule-

connected glomeruli showed more severe glomerulosclerosis in Nep25+/DTR+ than in 

Nep25+/DTR− mice (Figure 3D).

Before LMB2 injection, peritubular capillary density was only numerically reduced in 

Nep25+/DTR+ vs Nep25+/DTR− mice (Figure 4A). HIF1 and HIF2 mRNAs were increased 

similarly in Nep25+/DTR+ vs Nep25+/DTR− mice after LMB2 toxin (Figure 4B). HIF1 and 

HIF2 activity, measured by nuclear HIF1 and HIF2 protein levels, were not different in the 

groups at sacrifice (Figure 4B).

We next assessed two key modulators of tubuloglomerular feedback at the macula densa. 

COX2, assessed by real-time PCR and Western blot, was not significantly different in 

Nep25+/DTR+ vs Nep25+/DTR− mice at sacrifice (Figure 5A). In contrast, nNOS mRNA 

increased significantly after LMB2 injection in both groups, with higher nNOS mRNA in 

Nep25+/DTR+ vs Nep25+/DTR− mice with corresponding increases in protein level by 

Western blot (Figure 5B).
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Taken together, these data indicate that tubular injury induces increased atubular glomeruli 

and abnormal nNOS expression in maculae densae, which could increase glomerular 

susceptibility to subsequent additional injury.

Discussion

In this study, we investigated the effect of preexisting tubulointerstitial fibrosis on 

subsequent glomerular injury. Tubule-specific injury and glomerulus (podocyte)-specific 

injury were induced serially, using mice expressing two different toxin receptors on their 

proximal tubular epithelial cells (DTR) and podocytes (Nep25), respectively.10–12 Acute 

tubular injury induced by DT was allowed to recover clinically in Nep25+/DTR+ mice. 

Although the resulting tubulointerstitial fibrosis was very mild, the subsequent glomerular 

injury, induced by injection of a separate podocyte-specific toxin, was more severe in these 

Nep25+/DTR+ mice vs Nep25+/DTR− mice without such preexisting tubular injury.

The transition of AKI to CKD has significant clinical relevance. The possible mechanisms 

have been summarized in previous reviews.13, 14 In our study, we have shown that even mild 

tubular injury can sensitize to subsequent glomerular injury, and thus tubular injury 

influences and even spreads to the glomerulus. This process could involve several different 

pathways. First, tubulointerstitial hypoxia caused by peritubular capillary loss stimulates 

fibrogenesis with increased collagen I and α-smooth muscle actin, indicators of increased 

myofibroblasts.15, 16 Hypoxia-inducible factor (HIF)-2α target genes are upregulated in 

sclerosing glomeruli and there is potential signaling interaction between TGF-β and HIFs to 

promote renal fibrogenesis, even in normoxia.17 However, in the current study, peritubular 

capillary loss and HIF activation did not differ significantly between the two groups, and 

thus neither appears to be a major mediator of the increased glomerular injury observed.

Second, proximal tubule injury can cause atubular glomeruli that can make the kidney more 

sensitive to podocyte-specific injury. In many disease conditions, atubular glomeruli are 

associated with decreased glomerular filtration rate and disease progression.18 In the 

unilateral ureteral obstruction (UUO) model, proximal tubular cells became flattened, lost 

their affinity for Lotus lectin, and the glomerulotubular junctions became stenotic and 

atrophic due to cell death by apoptosis and autophagy, with concomitant remodeling of 

Bowman's capsule, resulting in atubular glomeruli. Although atubular glomeruli remained 

perfused, renin immunostaining was markedly increased along afferent arterioles, and 

associated maculae densae disappeared.19 In the current study, atubular glomeruli were 

increased in Nep25+/DTR+ vs Nep25+/DTR− mice, even before podocyte-specific injury. 

These atubular glomeruli could contribute to sensitization of the kidney to a second injury. 

Of note, the connected glomeruli in Nep25+/DTR+ mice showed significantly more severe 

sclerosis than connected glomeruli in Nep25+/DTR− mice, whereas atubular glomeruli had 

only numerically more sclerosis in the mice with preceding tubulointerstitial fibrosis vs 

those without such injury. Thus, the increased atubular glomeruli may lead to more sclerosis 

in connected glomeruli.

Third, tubular injury can stimulate maculae densae, which can induce classic 

tubuloglomerular feedback (TGF), and enhance profibrogenic responses to injury. 
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Tubuloglomerular feedback is a well-known physiologic crosstalk mechanism between 

tubules and glomeruli, inversely regulating glomerular filtration rate according to 

intratubular salt concentration. 20, 21 Diabetic nephropathy shows glomerular hyperfiltration 

due to inappropriate TGF. Patients with diabetic nephropathy treated with a novel sodium 

glucose cotransporter 2 inhibitor show reduced renal hyperfiltration and decreased 

progressive kidney disease and cardiovascular mortality, postulated to be at least in part due 

to change in tubular signaling and inhibition of pathogenic TGF.22, 23 Upregulation of 

tubular nNOS, COX-2, and renin expression precedes, and continues after the initial 

manifestation of glomerulosclerotic damage in the Fawn- hooded hypertensive rat model.24 

Thus, tubuloglomerular feedback can activate local paracrine mediators of glomerular 

disease. Because this mechanism is through local activation at the macula densa, the injury 

effect is expected to also be local. Our data show prominent increase of nNOS protein in 

kidneys of Nep25+/DTR+ vs Nep25+/DTR− mice. Of note, nNOS in the kidney originates 

only from maculae densae, and thus we postulate that these findings reflect maculae densae 

activation. Classic tubuloglomerular feedback, with afferent arteriolar vasoconstriction, is 

mediated by adenosine. nNOS has also been shown by Navar and others to modulate the 

vasoconstriction since NO is a vasodilator.25 Our results thus likely reflect failure of normal 

TG feedback, with persistent arteriolar vasodilation, and consequently glomerular pressure is 

not being appropriately modulated, similar to what occurs with hyperfiltration injury.

Fourth, tubular injury can induce expression of profibrotic cytokines. In turn, the activation 

of infiltrating cells results in further increase of the tubulointerstitial cytokine pool. Resident 

fibroblasts proliferate in response to e.g. platelet-derived growth factor, epithelial growth 

factor, and TGF-beta, finally resulting in their transformation to myofibroblasts.26 However, 

our data showed no difference of cytokine activation or myofibroblast formation in 

Nep25+/DTR− and Nep25+/DTR+ mice, indicating this mechanism was not a major 

contributor to the enhanced glomerular injury.

A previous study of mice expressing simian DTR on mesenchyme-derived renal epithelial 

cells, with repeated injection of sublethal doses of DT, also induced highly selective acute 

proximal tubular injury and subsequent tubulointerstitial fibrosis.7 These authors also 

observed that this repeated injury eventually induced glomerulosclerosis, and the degree of 

tubulointerstitial fibrosis correlated with the extent of sclerotic glomeruli. The authors 

postulated impaired glomerular blood flow due to capillary loss, paracrine signaling from 

injured tubular epithelial cells, and development of atubular glomeruli as possible 

mechanisms of this correlation. However, a causal relationship of these injuries could not be 

deduced from this study design. In our model, we used Ggt1 as a promoter, resulting in more 

specific expression of DTR on proximal tubular cells than in the previous study, where DTR 

was expressed on podocytes in addition to tubules. Thus, repeated DT injection likely also 

caused direct glomerular injury in those studies. In other experimental studies, injury was 

induced only in proximal tubules, using a transgenic mouse with DT receptor on proximal 

tubules. Mild acute tubular injury induced reversible fibrosis, whereas repeated DT 

injections caused persistent fibrosis, spread of injury to distal tubules and even 

glomerulosclerosis, with atubular glomeruli.27 However, these studies did not examine the 

effects and mechanisms of a second specific glomerular hit after initial tubule- specific 

injury. In contrast, our study design is characterized by sequential induction of podocyte-
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specific injury after establishing tubule-specific injury. Moreover, although discrete 

tubulointerstitial fibrosis developed after recovery from acute tubular injury at week 6, the 

degree of tubulointerstitial injury was very mild, and yet significantly enhanced subsequent 

glomerular injury.27

In conclusion, preexisting, even mild, tubulointerstitial injury sensitized glomeruli to 

subsequent podocyte-specific injury. Our study supports that increased atubular glomeruli 

and abnormal tubuloglomerular feedback significantly contribute to the crosstalk between 

the tubulointerstitium and glomeruli. These findings have important implications for 

progressive kidney disease. Classically, the remnant nephron theory has focused on 

glomerulosclerosis resulting in increased hemodynamic, and likely other stressors on 

remnant glomeruli, resulting in more sclerosis and completing a vicious cycle. Our data 

point to a key role of tubulointerstitial injury and even mild fibrosis in initiating and even 

perpetuating a novel vicious cycle, whereby injury to the tubules sets in motion enhanced 

susceptibility to a second hit on the glomerulus. The existing glomerulosclerosis then further 

promotes increased tubulointerstitial fibrosis (Figure 6). These data suggest that effective 

therapies in CKD should aim to interdict this deleterious crosstalk, and protect fibrosis and 

promote its regression, in addition to podocyte/glomerulosclerosis protection strategies.

Methods

Animals

Nep25 mice (C57 bl/6 background), that express human CD25 on podocytes, were mated 

with DTR mice (C57 bl/6 background), which express γ-glutamyl transferase 1 diphtheria 

toxin receptor (Ggt1 DTR) on proximal tubular epithelial cells. Eight male double transgenic 

(Nep25+/DTR+ mice) and 9 male mice with only the Nep25 transgene (Nep25+/DTR− mice) 

were generated. Human diphtheria toxin (DT, Sigma, 100 ng/kg Bwt i.p.) was injected at age 

10 weeks in all mice. At week 6 after the first injection (age 16 weeks), uninephrectomy was 

performed to evaluate tubulointerstitial injury. LMB2 was then given (8 ng/g Bwt i.v.) at 

week 7. All mice were sacrificed at age 19 weeks, 9 weeks after DT injection and 10 days 

after LMB2 injection.

All animal procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at Vanderbilt University. Mice were housed under normal conditions with 20°C, 

12-hour light/dark cycle, with free access to normal rodent chow (#5001, LabDiet, MO, 

USA) and water.

Analysis of Kidney Function

Body weight was measured at week 6 and at sacrifice. Spot urine protein to creatinine ratio 

(PCR) was assessed at weeks 0, 6 (before LMB2 injection) and at sacrifice by ELISA using 

the Pierce BCA protein assay kit (Thermo Scientific, IL, USA) and Creatinine assay kit 

(Abcam, MA, USA), respectively, according to the manufacturer’s instruction. Urinary 

albumin was determined using Albuwell M kits (Exocell, PA, USA). BUN levels were 

determined using the QuantiChromTM Urea Assay Kit (DIUR-500) (BioAssay Systems, 

Hayward, CA, USA).
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Tubular injury was monitored by urinary neutrophil gelatinase-associated lipocalin (NGAL) 

and kidney injury molecule-1 (Kim-1) excretion in spot urine at baseline, week 2 (after DT), 

6 (before LMB2) and at sacrifice. NGAL and Kim-1 were measured by ELISA kits (R&D 

Systems, MN, USA) according to the manufacturer’s instruction. The values were 

normalized by urinary creatinine concentration.

Morphological Assessment

Tubulointerstitial injury, assessing vacuolization, blebbing, and loss of brush border of 

uninephrectomized kidneys from week 6, was examined on periodic acid-Schiff (PAS) and 

Masson’s trichrome stained slides. For quantitative assessment of tubulointerstitial fibrosis, 

3µm sections of kidney were stained with picrosirius red (0.1% Sirius Red in saturated picric 

acid) for 16 h, followed by 0.5% acetic acid X2, dehydrated in 100% ethanol X3, and 

coverslip mounting. Sections were examined by polarized light microscopy. Sirius red 

positive polarized area in the cortex was measured by image analyzing software (Axiovision, 

Carl Zeiss, CA, USA) and represented as % positive area.

Glomerular damage in kidneys was evaluated on PAS stained section by scoring the degree 

of glomerulosclerosis. Each glomerulus was scored from 0 to 4 according to the extent of 

sclerotic lesion (0; no lesion, 1; sclerosis of <25% of the glomerulus, 2; 25 to 50%, 3; 50 to 

75%, and 4; >75%). The final score of each mouse was the mean of scores of all glomeruli 

on one kidney section.

CD31 staining was measured by image analyzing software (Axiovision) and represented as 

% positive area. WT-1 was assessed as number of positive nuclei per glomerular area.

Atubular glomerulus counting was performed on 7µm kidney sections. Sections at the 

midpoint of the series (section #6 or 7 of a total of 12 sections) were examined, and all 

glomeruli identified on this index section were traced through the series. Glomeruli in 

normal versus atubular glomeruli were readily identified by the presence of connected 

proximal tubules by Lotus lectin staining (see below). Atubular glomeruli were those that 

were included entirely within the section series and showed no connection to a proximal 

tubule (Figure 3A). 60 to 90 glomeruli were assessed per mouse by this approach. After 

glomeruli were identified as connected or atubular glomeruli, WT-1 and sclerosis index were 

then scored individually on a central section.

Samples of kidney cortex were routinely processed for examination with transmission 

electron microscopy (EM). EM study was performed in five animals from each group, 

assessing 1–2 glomeruli for each animal. Areas of denuded GBM with podocyte stripping 

and foot process effacement were semi-quantified.

Total Collagen Analysis

Relative collagen content as a percentage of total protein was calculated from the 

concentration of hydroxyproline, measured from portions of frozen kidney cortex 

(Quickzyme Bioscience, Leiden, Netherlands). Tissue (50–300mg) homogenates were 

hydrolyzed in Eppendorf tubes in constant boiling 6 M HCl (95°C, 20 hours). Tubes were 
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centrifuged for 10 min at 13,000 rpm, and the supernatant assayed for collagen and total 

protein using an ELISA method according to the manufacturer’s instruction.

Western Blot

Frozen kidney tissue was transferred in RIPA plus buffer containing 150 mmol/L NaCl, 50 

mmol/L Tris-HCl, pH 7.5 mmol/L ethylenediamine tetraacetic acid, 1% Nonidet P-40, 0.5% 

sodium deoxycholate, 0.1% sodium dodecyl sulfate, 100 µg/ml phenylmethyl sulfonyl 

fluoride, 1:100 phosphatase inhibitor cocktail I, 1:100 phosphatase inhibitor cocktail II 

(Roche Diagnostics GmbH, Mannheim, Germany), 1:100 proteinase inhibitor cocktail tablet 

(Roche Diagnostics GmbH). Nuclear protein was extracted using Nuclear Extraction Kit 

(Abcam, Cambridge, MA, USA). Tissue samples were homogenized in 1.5ml of 

homogenizer on ice, and centrifuged at 13,000 rpm for 15 minutes at 4°C. The protein 

concentration was measured using Pierce BCA protein assay kit (Thermo Scientific). Eighty 

µg of protein were loaded and separated on 10% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred onto a 0.2µmol/L nitrocellulose membrane. Cyclo-oxygenase 

2 (COX-2), neuronal nitric-oxide synthase (nNOS) and nuclear HIF-1/2 were detected using 

specific rabbit anti-COX-2 polyclonal antibody (Cayman Chemical, Michigan, USA), rabbit 

anti-nNOS polyclonal antibody (Cell Signaling Technology, MA, USA), rabbit anti-HIF-1α 
polyclonal antibody (Novas, CO, USA) and rabbit anti-HIF-2α (Novas, CO, USA) 

overnight at 4°C. After washing in Tris-buffered saline with 0.1% Tween 20 (TBS-T), horse 

radish peroxidase-labeled donkey anti-rabbit IgG secondary antibody (1:3,000 dilution in 

5% milk TBS-T) was added and incubated at room temperature for 1hr. Protein bands on 

Western blots were visualized by ECL Plus (Amersham, IL, USA) according to the 

manufacturer’s instructions and were developed on film. The membranes were stripped with 

100 mmol/L β-mercaptoethalnol, 2% sodium dodecyl sulfate, 62.5 mmol/L Tris- HCl, pH 

6.7. GAPDH was detected using mouse anti-β-actin (Santa Cruz Biotechnology, TX, USA). 

The levels of COX-2 and nNOS expression were expressed relative to GAPDH.

Immunohistochemistry

Kidneys from uninephrectomy and sacrifice were routinely processed, and 3µ m sections 

were stained for Wilms’ tumor-1 antigen (WT-1), Lotus lectin, and CD31 to assess 

glomerular matrix, podocyte injury, atubular glomeruli, and peritubular capillary density, 

respectively. Briefly, antigen retrieval was performed using microwave (750W, 5 min×3) for 

WT-1, Lotus lectin, and CD31, and trypsin (Sigma Aldrich, St Louis, MO, USA) for 

collagen IV. Endogenous peroxidase was quenched by hydrogen peroxide. Nonspecific 

epitopes were blocked by blocking solution (Vector Laboratories, Burlingame, CA, USA). 

Primary antibodies were incubated overnight at 4°C by adding rabbit anti-mouse collagen IV 

(1:500, EMD Millipore, Darmstadt, Germany), rabbit anti-mouse WT-1 antibody (1:200, 

Novus Biologicals, CO, USA), biotinylated lotus tetragonolobus lectin (1:1000, Vector 

Laboratories, CA, USA), and rat anti-mouse CD31 (1:50, Dianova GmbH, Hamburg, 

Germany). The Vectastain kit (Vector Laboratories) was used as a secondary antibody for 30 

min, according to primary antibody host. Diaminobenzidine (DAB) was used as a 

chromogen, and sections were counterstained with hematoxylin. Slides treated with 

nonspecific antisera instead of primary antibody were used as negative control, and known 
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positive tissues were used as positive controls. All slides were examined without knowing 

group assignment.

Statistical Analysis

All data are presented as mean ± standard error of the mean. Analysis of variance (ANOVA) 

and post-hoc Tukey test were used to evaluate differences between the groups. 

Nonparametric Mann-Whitney U test was used for between-group comparisons when data 

were not normally distributed. All tests were two-tailed, and p < 0.05 was considered 

statistically significant.
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Fig 1. 
Increased tubulointerstitial injury in Nep25+/DTR+ vs. Nep25+/DTR− mice at week 6 after 

DT injection before induction of podocyte injury. (A) Urine NGAL and KIM-1 significantly 

increased at week 2 and returned to baseline at week 6 in Nep25+/DTR+, while there was no 

change in Nep25+/DTR− mice. After LMB2 injection, both groups of mice had similar 

urinary NGAL and Kim-1. (B) PAS (top) and Masson trichrome (bottom) staining show 

tubulointerstitial injury in Nep25+/DTR+, but not in Nep25+/DTR− mice. (C) Interstitial 

fibrosis was increased in Nep25+/DTR+ vs. Nep25+/DTR− mice, detected by polarized 

Sirius red staining.
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Fig 2. 
Enhanced glomerular injury in Nep25+/DTR+ vs. Nep25+/DTR− mice kidneys on day 10 

after podocyte injury induced by LMB2 injection. (A) Urine albumin to creatinine ratio 

(ACR) increased at week 2 and returned to baseline at week 6 in Nep25+/DTR+ and ACR 

and urine total protein to creatinine ratios were not different between groups at week 6. 

However, at 10 days after LMB2 podocyte toxin injection. Urine total protein to creatinine 

ratio was higher in Nep25+/DTR+ than Nep25+/DTR− mice. (B) LMB2 induced more 

podocyte injury, shown by less glomerular WT-1+ cell density and more loss of podocytes in 

Nep25+/DTR+ vs Nep25+/DTR− mice. There was also more glomerulosclerosis (C) and 

renal fibrosis (D) in Nep25+/DTR+ vs Nep25+/DTR− mice.
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Fig 3. 
Immunostaining of biotinylated lotus tetragonolobus lectin for detection of atubular 

glomeruli in Nep25+/DTR− and Nep25+/DTR+ mice kidneys at week 6 after DT injection. 

(A) Schema of method for counting atubular glomeruli. (B) Atubular glomeruli were 

increased in Nep25+/DTR+ vs. Nep25+/DTR− mice at week 6, but with increased frequency 

of atubular glomeruli after LMB2 injection. (C) WT-1+ cell density was lower in atubular 

glomeruli than in tubule-connected glomeruli in both groups at week 6. (D) LMB2 injection 

induced more severe glomerulosclerosis in tubule-connected glomeruli in Nep25+/DTR+ 

than in Nep25+/DTR− mice.
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Fig 4. 
Changes of peritubular capillary density and hypoxia-related factors in Nep25+/DTR− and 

Nep25+/DTR+ mice kidneys at week 6 after DT injection. (A) Peritubular capillary density, 

detected by CD31 staining, was only numerically reduced in Nep25+/DTR+ vs Nep25+/

DTR− mice. (B) HIF1 and HIF2 mRNA increased after LMB2 induced glomerular injury, 

but were similar in Nep25+/DTR+ vs Nep25+/DTR− mice both before and after LMB2. (C) 

Nuclear HIF1 and HIF2 proteins were not changed by LMB2, with no difference between 

groups.
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Fig 5. 
COX2 and nNOS in kidney cortex in Nep25+/DTR− and Nep25+/DTR+ mice kidneys at 

week 6 after DT injection. (A) Nep25+/DTR+ only numerically enhanced COX2 expression 

vs Nep25+/DTR− mice. (B) nNOS, a key regulator of tubuloglomerular feedback at the 

macula densa, was stimulated by LMB2 injection, and both its mRNA and protein level were 

higher in Nep25+/DTR+ than Nep25+/DTR− mice after LMB2 injection.
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Fig 6. 
Schema for a proposed vicious cycle of tubulointerstitial and glomerular injury.
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