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Abstract

Delayed graft function (DGF) results from ischemia-reperfusion injury (IRI) and the generation of 

reactive oxygen species. We hypothesized that NADPH oxidase 2 (Nox2) plays an important role 

in pathways leading to DGF. We tested this hypothesis in vitro, in an animal model of IRI using 

wild type and Nox2−/− mice, and in patients with DGF. Under hypoxic conditions, primary 

tubular epithelial cells from Nox2−/− mice had reduced expression of MMP2, vimentin and 

HSP27. BUN and creatinine levels were significantly increased in both Nox2−/− and WT mice at 

4 weeks and 6 months after IRI, suggesting the development of acute and chronic kidney injury. 

At 4 weeks, kidney fibrosis (α-SMA, picrosirius) and oxidative stress (dihydroethidine, HNE) 

were significantly reduced in Nox2−/− mice, confirming the oxidative and pro-fibrotic effects of 

Nox2. The molecular signature of IRI using genomic analyses demonstrated a significant decline 

in hypoxia reponse, oxidative stress, fibrosis, and inflammation in Nox2−/− mice. 

Immunohistochemical analyses of pre-implanatation kidney allograft biopsies from patients with 

subsequent DGF showed significantly greater Nox2 levels and vascular injury compared with 

patients without DGF. These studies demonstrate that Nox2 is a modulator of IRI and its absence 

is associated with reduced inflammation, OS, and fibrosis.

Introduction

Kidney transplantation is the ideal treatment modality for patients with end-stage-renal 

disease (ESRD) (1). In 2011, 10,589 kidney transplants were performed using deceased 

donor (DD) kidneys and 5,466 transplants with live donor kidneys (2). Graft outcomes for 

live donor kidney transplants are significantly better than DD kidney transplants because 

longer ischemic time results in greater ischemia and reperfusion injury (3). Ischemia-

reperfusion injury (IRI) is universal in all DD kidney transplants and results from the 

imbalance between injury and repair. It has been associated with graft loss, delayed graft 
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function (DGF) and rejection (4–7). DGF, which is defined as the need for dialysis within a 

week of transplantation, occurs in 20–40% of patients receiving DD kidneys and 5–10% of 

patient receiving live donor kidneys (4–7). DGF is the major factor affecting 1-year graft 

survival, and it is associated with tubulointerstitial fibrosis, morbidity, and mortality (6). 

Reactive oxygen species (ROS) and TGF-β1 have been implicated in the development of 

tubulointerstitial fibrosis following IRI (8, 9). ROS play a role in cellular defense, signaling, 

proliferation, differentiation, apoptosis and oxidative stress (OS) (10). Normally, a balance 

exists between ROS and antioxidant molecules that protect cells against oxidative damage. 

In the setting of IRI however, this delicate balance is disrupted and ROS damage 

carbohydrates, lipids, and nucleic acids, ultimately leading to cellular apoptosis and 

necrosis. Exogenous sources of ROS include toxins, drugs, and radiation while endogenous 

sources include the electron transport chain, peroxisomes, cytochrome P450 and the 

NADPH oxidases (10).

NADPH oxidases are ubiquitous transmembrane proteins that generate superoxide ions 

(O2
−) from molecular Oxygen (O2) (11). Unlike the other ROS producers, the seven 

isoforms of NADPH oxidases produce superoxide ions as their primary product rather than a 

metabolic byproduct. NADPH oxidase 2 (Nox2) was first discovered in macrophages where 

it plays a role in generating the ROS used in the oxidative killing of bacteria and fungi. It 

was later discovered in other organ systems including the kidney (12). Deficiency of Nox2 is 

seen in individuals with chronic granulomatous disease and these patients suffer from 

recurrent infections mostly by catalase positive organisms including S. aureus and A. 

fumigatus (13).

We have previously demonstrated that Nox2 is involved in the pathogenesis of allograft 

fibrosis and chronic cyclosporine nephrotoxicity via inflammation and OS (14, 15). We have 

also shown that hypoxia induces Nox2 expression in NRK52E cells in the presence of TGF-

β1. Based on these findings and the importance of Nox2 in phagocytes, we hypothesized that 

IRI is mediated in part by inflammation and OS driven by Nox2. We tested this hypothesis 

in vitro by investigating the effects of hypoxia on WT and Nox2−/− primary murine tubular 

epithelial cells (mPTECs). We also examined the effects of IRI in both WT and KO animals 

and finally, we evaluated the clinical association between pre-transplant Nox2 levels and the 

development of DGF.

Methods

Animal studies

Six to eight week old WT C57BL/6J (cat. # 664) and Nox2−/− B6.129S-CybbTm1Din/J (cat. 

# 2365) mice were purchased from Jackson Labs (Bar Harbor, Maine). All procedures were 

done in the surgical suites at the Wisconsin Institute of Medical Research in compliance 

with the institutional policies of the University of Wisconsin for the treatment and care of 

laboratory animals. WT and KO mice were randomized into 3 groups: Baseline, 4 week IRI, 

and 6 month IRI, with each group containing 5–8 animals. Animals in the IRI groups 

underwent a right nephrectomy under general anesthesia followed by clamping of the left 

renal artery for 30 minutes with a non-traumatic vascular clamp. At the end of the 

experiment, the clamp was removed and the wound was sutured after confirming reperfusion 
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to the kidney. At the time of sacrifice, blood for serum analysis was collected by cardiac 

puncture and the remaining left kidney was harvested. BUN was measured on IdexxVetTest 

8008 bioanalyzer (Idexx Laboratories, West Sacramento, CA) using compatible assay chips. 

Creatinine was measured at the NIH-sponsored O’Brien biochemical genetics laboratory at 

the University of Alabama using isotope dilution LCMS/MS.

Primary cell cultures

Four to seven day old WT and KO neonatal mice were euthanized in accordance with 

institutional guidelines for euthanasia of neonatal mice at the University of Wisconsin. 

Primary cell cultures from tubular epithelial cells were developed as previously described 

(16, 17). Briefly, kidneys were isolated and placed in conical tubes containing Dulbecco’s 

Modified Essential Media (DMEM; Gibco cat. # 11965-092) and 5% per volume fetal Calf 

Serum (FCS). The medulla was then carefully excised under a dissecting microscope and the 

cortex was placed in a pre-warmed (37°C), filter-sterilized, 1% solution of collagenase I 

(Worthington cat. # LS004196) and soybean trypsin inhibitor (Gibco cat. # 17075-029) in 

DMEM + 1% FCS. The cortices were minced finely then transferred to a 50 mL tube. 

Additional collagenase + trypsin inhibitor solution was added and the tubes were placed in a 

37°C shaker at 225 rpm. After 20–30 minutes, the tubes were removed from the shaker then 

placed on ice for 2–3 minutes. The cell suspension was passed sequentially through a 250-

micron mesh and an 80-micron mesh after which it was spun in a pre-cooled (4°C) 

centrifuge at 300×g for 5 minutes. The cell pellet was resuspended in pre-warmed (37°C), 

chemically defined renal epithelial growth medium (REGM; Lonza cat. # CC-3190). 

Finally, the cell suspension was placed in a collagen (Gibco cat. #A10483-01) coated 6-well 

plate (Thermo cat. # 140675) and placed in a humidified, 37°C, 21% O2, 5% CO2 incubator. 

Cells were allowed to grow undisturbed for 2 days before the media was changed. They 

were passaged on day 2 into two new collagen-coated plates (1:2) using 0.05% trypsin 

(Thermo, cat. # SH30236.01). On day 4, they were split into 4 new collagen-coated 6-well 

plates at a density of 350,000 cells per well. On day 5, they were approximately 70% 

confluent. Half of the plates were placed in a hypoxic incubator (37°C, 1% O2, 5% CO2) 

and the other half remained in the normoxic incubator (37°C, 21%O2, 5% CO2). On day 6 

post-harvest, protein was extracted using 35 uL/well of 1ul/mL protease inhibitor cocktail 

(PIC; Sigma, cat. # P8340) in tissue protein extraction reagent (TPER; Thermo, cat. # 

78510). The remainder of the extraction was performed as described previously (14, 18).

Patients

IRB approval for the use of patient data was obtained (UW Health Sciences IRB 

#2011-0127). A list of approximately 3000 kidney transplant patients who received their 

transplant between the years 2000 and 2010 was acquired from the University of Wisconsin 

transplant database. The patients were divided into groups who experienced delayed graft 

function (DGF) and controls. Patients who experienced a rejection episode within a year of 

transplantation were excluded. We identified 14 patients (6 with DGF and 8 controls) that 

matched these criteria who also had a pre-transplant donor kidney biopsy. Paraffin 

embedded biopsy samples were requested as per institutional guidelines and pathology 

Banff scoring was collected from the electronic medical record.
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Antibodies and compounds

Nox2/gp91phox (1:250, BD Biosciences, San Diego, CA, 611414). α-SMA (1:2500 for WB, 

1:50,000 for IHC, Sigma, St. Louis, MO, A2547). HNE (1:1000, Abcam, Cambridge, MA, 

ab46545). GAPDH (1:5000, Abcam, ab8245). MMP2 (1:500, Chemicon, Temecula, CA, 

AB809), Vimentin (1:500, Bioss, Woburn, MA, bs-0756R), HSP27 (1:500: #ab12351), Beta 

Actin (1:7500, US Biological, Salem, MA), Dihydroethidium (1:200, Life Technologies, 

Grand Island, NY, D23107), Phallotoxin (1 unit / 200 uL PBS, Life Technologies, A12379).

RNA extraction, purification and microarray analysis

RNA was extracted as previously described (14). 16 total mice were analyzed, 4 WT-

baseline, 4 WT-IRI, 4 KO-baseline, 4 KO-IRI. RNA was analyzed on Affymetrix Mouse ST 

2.0 microarray chips (Affymetrix, cat # 901169) using an Affymetrix GeneChip Analysis 

System. Mouse specific gene lists were generated from the rat genome database 

(rgd.mcw.edu). Gene groups included genes associated with oxidative stress, ischemia, 

hypoxia, inflammation, fibrosis (including interstitial fibrosis), matrix remodeling and 

reperfusion injury. Transcripts associated with signaling pathways were also included. 

Super-families under the headings of “hypoxia”, “fibrosis”, “oxidative stress” and 

“inflammation” were created to include related gene groups and signaling pathways. 

Analysis of the results was performed using Partek software.

Immunoblot analyses

Protein extraction was performed as previously described (14, 15, 19). Briefly, proteins were 

extracted from flash-frozen kidneys, and then 20ug of protein was run on an SDS-PAGE 

denaturing gel (BioRad cat #456-10260) at 200V. The blots were incubated with primary 

antibody overnight at 4°C and with secondary antibodies for 1 hour at RT. HRP was 

visualized using West Femto chemiluminescence kit (Pierce, cat# 34095) and images were 

acquired using a Fotodyne imaging system (Harlan, WI).

Immunohistochemistry

Immunohistochemical studies were performed as described previously (14, 15, 19). Briefly, 

kidney halves preserved in 10% formalin were paraffin embedded and cut into 5-µm thick 

sections. The slides were deparaffinized at 60°C for 30 minutes then rehydrated in xylene, a 

graded ethanol series to dH2O. For immunocytochemical studies, cells were grown on 

collagen coated circular coverslips in 24-well plates at a density of 80,000 cells per well. At 

the end of the experiment, cells were fixed with 4% paraformaldehyde for 10 minutes at RT. 

A 1:3 mixture of Prolong Gold antifade with and without DAPI (Life Technologies, cat. # 

P36931 and P36930 respectively) was used to mount the coverslips.

Picrosirius red staining was performed as described previously (20). For phalloidin staining, 

cell-coated coverslips were incubated with 0.1% TritonX in PBS for 5 minutes at −20°C. 

The coverslips were washed then incubated for 20 minutes at RT with 5µL methanolic 

solution of Alexa Fluor 594 Phalloidin (Life Technologies, cat. # A12381) in 20 µL PBS + 

1% BSA per coverslip. For dihydroethidium staining, slides were incubated with 5 mM 

DMSO solution of dihydroethidium (Life Technologies, cat. # D23107) in PBS + 1%BSA 

(1:200) for 30 minutes at RT in the dark.
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Digital Image Quantification

Slides were imaged using a Nikon Eclipse E600 equipped with an Olympus DP70 camera or 

a Leica DMIL microscope equipped with Leica EC3 camera. Depending on the size of the 

stained section, either the entire section or 5 random-field, non-overlapping images were 

taken for each section. Automated quantification was performed using a custom macro 

written for ImageJ software (NIH, imagej.nih.gov/ij/) as follows: the macro first opens the 

image then separates the image into 3 color components (using the Colour Deconvolution 

module from http://www.mecourse.com/landinig/software/cdeconv/cdeconv.html). The 

macro then selects the DAB component, performs thresholding, and then measures the 

thresholded area. If the image has significant empty space, an image component is 

thresholded to normalize for empty space. Before using the macro, the threshold level is 

optimized for the image set, and once determined, it is applied to the entire set of images in 

an experiment and there is no operator interference. The output is given as percent of total 

area, which is averaged then graphed in Prism.

Software

Data from microarrays were analyzed using Partek (Partek Inc., St. Louis, MO). Digital 

image quantification for Western blots and immunohistochemistry was done using ImageJ. 

Graphs and statistical analyses were done using GraphPad Prism (GraphPad Software, La 

Jolla, CA).

Statistics

Unpaired, 2-tail, 2-sample t-tests assuming equal variance were performed on semi-

quantitative measurements of immunohistochemistry, and immunoblot images for each pair 

of comparison groups. Unpaired, 2-tail, 2-sample t-tests assuming equal variance was 

performed to compare renal function studies (BUN and creatinine) at an IRI time point (4 

weeks or 6 months after) to baseline. ANOVA was used to determine a p-value for each 

gene in the microarray by comparing the up- and down-regulation of the biological 

replicates in the comparison groups. Genes were considered significantly different if the p 

value was < 0.05 and the fold difference was greater than 1.3. A Mann-Whitney test was 

used to determine the significance between WT and KO gene groups following IRI. 

Fischer’s exact test was used to determine the significance between cv scores in the DGF 

patients.

Results

Kidney function declined following IRI (Figure 1)

To determine the biological significance of our IRI model, we first examined kidney 

function in WT and Nox2−/− mice at baseline (WT, 26.2±0.9 mg/dL; KO, 20.4±0.5 mg/dL), 

4 weeks (acute kidney injury), and 6 months after IRI (chronic kidney injury). Serum BUN 

significantly increased 4 weeks after IRI (WT 38.7±1.3 mg/dL, KO, 39.7±1.7 mg/dL; 

p<0.0001 for both) and stabilized at a higher level than baseline 6 months after injury (WT, 

38.7±3.1 mg/dL, KO, 36.7±3.0 mg/dL; p<0.0001 for both). Similar results were observed 

for creatinine (Baseline: WT and KO, 0.11±0.01 mg/dL; 4 weeks after IRI: WT and KO, 
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0.19±0.01 mg/dL; p<0.0001 both; 6 months after IRI: WT 0.134±0.003, KO 0.132±0.007 

mg/dL; p=0.001 for WT and p=0.012 for KO). Although lack of Nox2 was not associated 

with a significant change in BUN and creatinine levels, the observations indicated that IRI 

was associated with both acute and chronic decline in kidney function in this experimental 

model.

Absence of Nox2 was associated a decline in oxidative stress and fibrosis following IRI 
(Figures 2–4)

To determine whether Nox2 plays an important role in IRI-induced OS and fibrosis, we 

examined kidney sections from WT and KO animals stained with Nox2 (Figure 2), 

dihydroethidine and picrosirius red (Figure 3). We also completed immunoblot studies for 

α-SMA and 4-hydroxynonenal (4-HNE) (Figure 4). We noted a significant increase in Nox2 

staining in WT animals at 4 weeks, with a decline to baseline levels by 6 months after IRI 

(Figure 2). As anticipated, there was no significant Nox2 staining in KO animals. We 

examined chronic renal injury using the Banff scoring model for tubular atrophy (ct), 

interstitial fibrosis (ci), and vasculopathy (cv) on H&E sections (21). These studies showed 

no statistical difference between the groups despite greater interstitial fibrosis in WT 

animals at 4 weeks (median ci score at 0.5 compared to 0, p=0.1). However, 

immunohistochemical analyses for dihydroethidine (OS) and picrosirius (fibrosis) 

demonstrated a similar pattern (Figure 3). Specifically, WT animals had a dramatic and 

significant increase in OS and fibrosis at 4 weeks, with a decline in staining by 6 months 

following injury. Immunoblot analyses confirmed these observations as α-SMA protein 

levels increased at 4 weeks and decline to near baseline by 6 months (Figure 4). 

Interestingly, these studies demonstrated significantly lower levels of α-SMA in Nox2−/− 

animals compared to WT at 4 weeks. 4-HNE, a marker of lipid peroxidation, was 

significantly increased 4 weeks after IRI compared to baseline in KO and WT animals (WT 

p=0.034; KO p=0.0015). There was no difference between WT and KO mice at that time 

point. However, lipid peroxidation continued to increase and was significantly higher 6 

months after IRI compared to baseline (p=0.0076) and in WT compared to KO animals 

(p=0.013).

In aggregate, these studies suggest that Nox2 plays an important role in promoting OS and 

fibrosis in IRI, especially in the acute period.

Characterization of the molecular signatures for fibrosis, inflammation, OS, and hypoxia 
after IRI (Figure 5–6 and Tables 1–2)

To investigate the effects of IRI and Nox2 in the acute phase, we determined gene 

expression profiles of fibrosis, inflammation, OS and hypoxia using microarray analyses in 

WT and Nox2−/− kidney tissues at baseline and 4 weeks after IRI. Genes was considered to 

be differentially expressed if the p value was < 0.05 and the fold difference was greater than 

1.3.

A total of 125 genes involved in fibrosis (n=24), OS (n=16), inflammation (n=56) and 

hypoxia (n=29) were up- or downregulated in WT animals 4 weeks after IRI [WT-IRI] 

compared to baseline [WT-t0] (Figure 5, Table 1 and supplemental Table S1). 
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Reproducibility of gene expression changes can be analyzed in the heat maps. Out of the 8 

animals used in this analysis, one appears to be an outlier for all four-gene groups, the top 

animals (pink box) in the IRI group. For these animals, genes that increased expression (red) 

for the other three decreased expression or stayed the same for this animal (represented as 

blue or grey areas). Figure 6 compares within-group changes in genes involved in 

inflammation, hypoxia, fibrosis and OS between WT and KO animals. The analyses indicate 

that Nox2 primarily enhances inflammation and hypoxia responses after IRI.

Importantly, 44 genes (inflammation=15, hypoxia=12, fibrosis=11, and OS=6) were 

significantly up- or downregulated in Nox2−/− animals compared to WT after IRI (Table 2). 

Specifically, inflammatory genes Tlr1, Il34, Cxcl3, Ccr2, Ccl7, Cfh and Map3k1 involved in 

signaling and recruitment of inflammatory cells were reduced. Similarly, fibrosis genes 

including collagen, CTGF and fibronectin, hypoxic injury response and angiogenesis genes 

including fos, sox4, mmp14, plat, vcam1, and OS genes including axl, cygb and hspb1 

(HSP27) were also significantly reduced in KO animals. Panel b demonstrates that most 

genes (n=37) were downregulated while a few (n=7) were upregulated in Nox2−/− animals.

In summary, the genomic studies suggest that Nox2 is involved in the pathogenesis of OS, 

hypoxia, inflammation, and fibrosis in the acute phase after IRI.

Absence of Nox2 was associated with reduced Vimentin, MMP2, and HSP27 expression 
during hypoxia in mouse primary tubular epithelial cells (mPTEC; Figures 7–8)

Nox2 is primarily expressed by phagocytes but can also be up-regulated in renal tubular 

cells under stress (10, 14, 15). To determine the significance of Nox2 in tubular epithelial 

cell injury in hypoxia, mPTEC cells were incubated in 1% and 21% oxygen chambers. We 

first evaluated F-actin expression using phalloidin staining and determined that hypoxia was 

associated with a significant increase in stress fibers (WT, p=0.0051 and KO, p=0.0049), 

regardless of the presence of Nox2 (Figure 7). In contrast, vimentin, MMP2 and HSP27 

were all significantly attenuated in KO cells following hypoxia, suggesting that despite the 

lack of effect on actin stress fibers, Nox2 regulates hypoxia-induced matrix remodeling in 

tubular epithelial cells.

Nox2 was significantly increased in DGF, and correlated with higher chronic vascular 
injury (Figure 9)

To further assess the clinical relevance of our studies and investigate the clinicopathlogical 

correlation between Nox2 and DGF, we compared Nox2 expression in pre-transplant 

biopsies of allograft recipients who later experienced DGF (n=6) to those who did not (n=8). 

Gender (2 vs. 4 female), and mean age (46.1±13 vs. 46.9±9 years) were not significantly 

different between the two groups. However, as expected per design, donor type (6 donor 

after cardiac death in the DGF groups vs. none in the control group) and cold ischemia times 

(16.6±5.7 vs. none in live donors in the control group) were different between the two 

groups.

Immunohistochemical analyses demonstrated that Nox2 was significantly higher (p=0.032) 

in the DGF group compared to controls. Furthermore, patients who experienced DGF were 

Karim et al. Page 7

Am J Transplant. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



more likely to have cv Banff scores of 1 or more compared to controls (p=0.026), suggesting 

that Nox2 plays a role in the pathogenesis of IRI and DGF after kidney transplantation.

Discussion

Findings from this study demonstrate that Nox2 is involved in the pathogenesis of ischemia 

reperfusion injury. Specifically, our observations from in vitro, animal and clinical studies 

suggest that Nox2 absence prevents inflammation, OS and fibrogenesis following IRI and 

imply that Nox2 may be a valid therapeutic target for prevention of DGF and IRI-induced 

fibrosis.

Despite the decline in the rate of acute rejection, the incidence of DGF has remained nearly 

unchanged at approximately 25% in deceased donor kidney transplants (21). Challenges to 

understand the cause of DGF depend on donor and recipient variables and include IRI, the 

innate immune response and the adaptive immune response (22). An under-explored area 

that may hold great potential to improve transplantation outcomes is the design of novel 

strategies to apply specifically to organs to reduce intra-graft inflammation (23). Controlling 

the activation of innate immunity/inflammatory responses has been shown to be a promising 

strategy to increase the graft acceptance and survival (23). Nox2 inhibition strategies may 

offer an opportunity in this field (24).

Nox2 is the classical phagocytic Nox and its primary role is the generation of free radicals. 

Given the importance of phagocytes in IRI, we hypothesized that Nox2 inhibition could 

prevent kidney injury and DGF after ischemia-reperfusion. Although we did not observe a 

significant tubular expression of Nox2 in these studies, our findings are consistent with 

previous reports demonstrating that Nox2 inhibition attenuates cyclosporine-induced 

nephrotoxicity and allograft fibrosis, two kidney injury models in which inflammation plays 

a key role in fibrogenesis (14, 15). Our observations are also in agreement with studies 

demonstrating the association of inflammation and leukocyte recruitment with tissue fibrosis 

(25–27). However, our findings are in disagreement with a recent report demonstrating no 

significant role for Nox2 in obstructive nephropathy (28). The discrepancy might be 

explained by the difference in models of acute injury, although the unilateral ureteral 

obstruction model is also associated with significant involvement of phagocytes. It might 

also be explained by the limited biomarkers of fibrosis (picrosirius) and OS (8-oxo-DG) 

utilized in the study.

Genomic studies suggested that the antifibrotic effect of Nox2 inhibition was primarily 

mediated through inflammation and hypoxia genes. Consistent with this observation, there 

were more inflammation (n=14) and hypoxia-response (n=9) genes downregulated 

compared to OS (n=5 genes). Similarly, within-group changes for genes involved in 

inflammation and hypoxia were significantly narrower in Nox2−/− animals, indicating that 

the absence of Nox2 reduces the amplitude of inflammatory and hypoxia responses. Because 

only a limited number of genes are involved in the pathways affected by Nox2, the 

differences in gene expression between the WT and KO during IRI were not strong, so a low 

cutoff for fold change was used to define differential expression between these groups. 

Nevertheless, Nox2 remains an important source of ROS in the kidney (14, 15, 29, 30) and it 
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is highly possible that it contributes to IRI via OS. It should also be noted that OS, hypoxia, 

and inflammation are closely related profibrotic processes and many genes arbitrarily 

classified in one category are in fact involved in several pathways.

Originally named gp91phox, Nox2 is the classical phagocytic NADPH oxidase (11, 12), an 

enzyme that is naturally involved in the immune response including the “oxidative burst” 

(11, 12). Nox2 is also the original identified example of a system that generates ROS as the 

primary function of the enzyme and not as a byproduct like the mitochondrion or 

peroxisomes. It is one of the seven currently known Nox isoforms, is constitutively 

associated with the transmembrane stabilizing protein p22phox and requires the recruitment 

of cytosolic components p47phox, p67phox, and p40phox for function (11). We have 

selected this isoform over the other isoforms for three reasons. First, apocynin and DPI, the 

most commonly used inhibitors of Nox are not specific to Nox or its isoforms and have 

global antioxidant characteristics (31, 32). The availability of Nox2 null mice (compared to 

other isoforms) will enable us to rigorously test our hypotheses in vivo. Furthermore, the in 

vivo use of Nox2 siRNA is limited by the off target effects and short half-life of the 

molecule. Second, we have been unable to detect measurable levels of other Nox proteins in 

renal tubular epithelial cells undergoing fibrogenesis in vitro, while we have repeatedly 

demonstrated that Nox2 protein is induced in tubular cells under similar conditions (14, 15, 

33). Third, the functions of these isoforms may be different and cell/tissue specific (34–36) 

and our earlier data suggest that Nox2 plays a greater role in kidney allograft fibrosis and 

CNI-induced renal hypoxia and fibrogenesis (14, 15, 33).

We observed a near resolution of kidney injury despite reduced renal function by six months 

post IRI. This is in agreement with reports demonstrating accelerated healing in mice 

subjected to unilateral nephrectomy followed by IRI (37), and consistent with the strength of 

repair mechanisms in young and otherwise healthy mice. Repair mechanisms are not as 

potent in older kidneys and patients with multiple comorbidities. Notably, DGF is associated 

with significant medical and surgical complications in clinical transplantation, further 

outlining the importance of preventive and therapeutic options in this area. In conclusion, 

our findings demonstrate that Nox2 is a modulator of IRI and its absence is associated with 

reduced inflammation, OS, and fibrosis. These observations suggest that specific Nox2 

strategies could be considered for the prevention and/or treatment of IRI and DGF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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α-SMA Alpha smooth muscle actin

BSA Bovine serum albumin

BUN Blood urea nitrogen

Cv score Chronic vascular injury score

DAB 3,3'-Diaminobenzidine

DAPI 4',6-diamidino-2-phenylindole

DD Deceased donor

DGF Delayed graft function

DHE Dihydroethidium

DMEM Dulbecco’s modified essential medium

DPBS Dulbecco’s phosphate buffered saline

ESRD End stage renal disease

FCS Fetal calf serum

GAPDH glyceraldehyde-3-phosphate dehydrogenase

HRP Horseradish peroxidase

IHC Immunohistochemistry

IRI Ischemia-reperfusion injury

LCMS Liquid chromatography mass spectroscopy

mPTECs Murine Primary tubular epithelial cells

MMP2 Matrix metalloproteinase 2

MS Mass spectroscopy

NADPH Reduced Nicotinomide adenosine diphosphate

Nox NADPH oxidase

NRK52E Normal rat kidney 52E

OS Oxidative Stress

REGM Renal epithelial growth medium

ROS Reactive Oxygen Species

RT Room Temperature

SDS-PAGE Sodium dodecyl sulfate – polyacrylamide gel electrophoresis

TBS Tris(hydroxymethyl)amino-methane Buffered Saline

TNF Tumor necrosis factor

TPER Tissue protein extraction
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Figure 1. 
IRI impaired renal function. Serum tests for renal function showed a steep decline in renal 

function (increased BUN and creatinine) 4 weeks after IRI. Renal function subsequently 

stabilized in the following months albeit at a significantly higher level than baseline. Nox2 

knockout did not confer any improvement to renal function (WT baseline n=26, WT 4 

weeks n=18, WT 6 months n=6, KO baseline n=25, KO 4 weeks n=17, KO 6 months n=6).

Karim et al. Page 13

Am J Transplant. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Nox2 was induced by IRI. Semi-quantification of Nox2 immunostaining (DAB; Brown) 

showed increased staining 4 weeks after IRI compared to baseline. Nox2 levels dropped 

below baseline levels 6 months after IRI (n=4 for WT and KO at each time point). The Y 

axis in the right panel is a ratio (no units) of pixels. Specifically, it represents the number of 

pixels for Nox2 staining divided by number of pixels in the total image.
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Figure 3. 
Nuclear ROS and interstitial fibrosis are increased after IRI. Semi-quantification of 

fluorescence intensity showed higher nuclear ROS 4 weeks after IRI compared to baseline. 

Similar findings were seen with Pircosirius Red staining (inserts show higher 

magnification). Nox −/− was associated with significant reduction in nuclear ROS and 

Fibrosis. The kidneys remarkably healed 6 months after IRI (n=3 for WT and KO at each 

time point). The Y axis in panel B is a ratio (no units) of pixels. Specifically, it represents 

the number of pixels for DHE staining divided by number of pixels in the total image.
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Figure 4. 
(A) α-SMA was increased 4 weeks after IRI. Semi-quantification of immuonblots probing 

for α-SMA (42 KD) demonstrated higher protein levels of α-SMA 4 weeks after IRI 

compared to baseline. Nox2−/− significantly reduced protein levels of α-SMA. (B) Nox2 

absence had no acute effect on lipid peroxidation. Semi-quantification of immunoblots 

probing for 4-HNE (70KD), a byproduct of lipid peroxidation, showed greater levels of 4-

HNE 4 weeks and 6 months after IRI compared to Baseline. No difference was observed 

between KO and WT 4 weeks after IRI, while Nox2−/− significantly reduces 4-HNE levels 

6 months after IRI in KO animals (n=3 for WT and KO at each time point, experiments 

repeated three times).
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Figure 5. 
Gene groups of genes associated with hypoxia, oxidative stress, inflammation and fibrosis 

were increased by IRI. Heat maps of carefully curated gene groups were generated to show 

up- and down-regulation of transcripts associated with response to hypoxia, fibrosis and 

inflammation. Nox2−/− down-regulated transcripts associated with the same gene groups. 

Four animals in the WT-IRI group, 4 animals in the WT-t0 (baseline) group.
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Figure 6. 
IRI up-regulated genes associated with hypoxia response and inflammation. Only gene 

groups associated with response to hypoxia and inflammation were significantly up-

regulated in WT animals relative to KO animals 4 weeks after IRI. Four animals in the WT-

IRI group, 4 animals in the KO-IRI group.
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Figure 7. 
Phalloidin staining was increased following hypoxia. Phalloidin or phallotoxin specifically 

stains F-Actin, which is a marker for matrix deposition. Phalloidin staining was significantly 

increased in both WT and Nox2−/− cells in hypoxic conditions.
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Figure 8. 
The absence of Nox2 was associated with a decrease in fibrosis and oxidative stess-

associated protein expression in vitro during hypoxia. MMP, Vimentin, and total HSP27 

were significantly decreased in KO cells following hypoxia.
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Figure 9. 
Pre-transplant Nox2 and cv score predict DGF status. Nox2 was significantly correlated with 

DGF status compared to controls. Cv score in the same group of patients showed that a cv 

score ≥1 correlates with DGF status.
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