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Abstract
The iron chelate, ferric nitrilotriacetate (FeNTA), induces acute proximal tubular necrosis as a
consequence of lipid peroxidation and oxidative tissue damage. Chronic exposure of FeNTA leads
to a high incidence of renal adenocarcinomas in rodents. NF-e2-related factor 2 (Nrf2) is a
transcription factor that is activated by oxidative stress and electrophiles, and regulates the basal and
inducible expression of numerous detoxifying and antioxidant genes. To determine the roles of Nrf2
in regulating renal gene expression and protecting against oxidative stress-induced kidney damage,
wild-type and Nrf2-null mice were administered FeNTA. Renal Nrf2 protein translocated to the
nucleus at 6 h after FeNTA treatment. FeNTA increased mRNA levels of Nrf2 target genes, including
NQO1, GCLC, GSTpi1/2, Mrp1, 2, and 4 in kidneys from wild-type mice, but not Nrf2-null mice.
Protein expression of NQO1, a prototypical Nrf2 target gene, was increased in wild-type mice, with
no change in Nrf2-null mice. FeNTA produced more nephrotoxicity in Nrf2-null mice than wild-
type mice as indicated by higher serum urea nitrogen and creatinine levels, as more urinary NAG,
stronger 4-hydroxynonenal protein adduct staining, and more extensive proximal tubule damage.
Furthermore, pretreatment with CDDO-Im, a potent small molecule Nrf2 activator, protected mice
against FeNTA-induced renal toxicity. Collectively, these results suggest that activation of Nrf2
protects mouse kidneys from FeNTA-induced oxidative stress damage by coordinately up-regulating
the expression of cytoprotective genes.
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INTRODUCTION
The iron chelate, ferric nitrilotriacetate (FeNTA), is a potent nephrotoxicant (Hamazaki et al.,
1985; 1986). FeNTA induces a free radical-mediated oxidative damage that leads to renal
proximal tubular necrosis as well as a high incidence of renal cell carcinomas in rodents (Li et
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al., 1987). Treatment of rats with a single dose of FeNTA transiently causes oxidative stress,
as revealed by renal accumulation of the lipid peroxidation product, 4-hydroxynonenal (4-
HNE) and the DNA base-modified product, 8-hydroxy-2′-deoxyguanosine (Toyokuni et al.,
1994; 1997).

Nuclear factor erythroid 2 related factor 2 (Nrf2) belongs to the cap’n’ collar family of basic
leucine zipper transcription factors. Nrf2 is responsible for the basal and inducible expression
of a battery of antioxidative genes, cytoprotective enzymes, and export transporters, such as
glutathione-S-transferases (GST), NAD(P)H:quinone oxidoreductase 1 (NQO1), heme
oxygenase-1 (HO-1), and multidrug resistance-associated proteins (Mrps) that together
constitute a defense system against oxidative stress (Ishii et al., 2000; Hayashi et al., 2003;
Vollrath et al., 2006; Maher et al., 2007). The cytosolic regulatory protein Kelch-like ECH-
associated protein 1 (Keap1) sequesters Nrf2 in the cytoplasm under basal conditions. Upon
exposure to electrophilic or oxidative stresses, Nrf2 is released from Keap1 repression and
translocates to the nucleus where it heterodimerizes with small Maf proteins to enhance
transcription of target genes via cis-acting antioxidant response elements in the promoters
(Ishii et al, 2002; Kobayashi et al., 2006).

Numerous studies show that Nrf2 protects cells from xenobiotic and oxidative stresses, and
consequently from carcinogenesis in a variety of tissues, such as liver, lung, and brain
(Enomoto et al., 2001; Cho et al., 2002; Burton et al., 2006). Nrf2 protects the kidney from
renal injury after hepatic ischemia-reperfusion injury, and aged Nrf2-deficient female mice
develop lupus-like autoimmune nephritis (Yoh et al., 2001; Hirayama et al, 2003; Tanaka et
al., 2007). However, little is known about the ability of Nrf2 to regulate cytoprotective gene
expression in the kidneys and protect against chemical-induced renal injury.

This study will investigate the susceptibility of Nrf2-null mice to chemical-induced renal
oxidative stress and toxicity using ferric-nitrilotriacetate (FeNTA). Nrf2 translocation and
activation were evaluated by western blot using nuclear extracts from kidneys of mice after
FeNTA treatment. Immunohistochemical detection of 4-HNE protein adducts was used as a
marker of renal oxidative stress and lipid peroxidation. Serum urea nitrogen and creatinine
along with histopathology were quantified to evaluate FeNTA-induced renal toxicity. The
mRNA expression of Nrf2 target genes were determined by branched DNA (bDNA) signal
amplification. Furthermore, it was determined whether pretreatment with the synthetic
triterpenoid, CDDO-Im (1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole), a
novel Nrf2 activator protects the kidneys from FeNTA-induced toxicity.

METHODS
Materials

CDDO-Im (1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole) was kindly
provided by Dr. Michael Sporn (Dartmouth Medical School and Dartmouth College, Hanover,
New Hampshire). Ferric nitrate enneahydrate and sodium dicarbonate, nitrilotriacetic acid
disodium salt, and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Serum urea nitrogen and creatinine kits were purchased from Stanbio (Boerne, TX). Urinary
N-acetyl-beta-glucosaminidase (NAG) was quantified using a colorimetric assay from
Diazyme Laboratories (San Diego, CA).

Animals
Male C57BL/6 mice (aged 8 weeks) were purchased from Jackson Laboratory (Bar Harbor,
ME) and were used for dose-response, time-course, and the CDDO-Im protection study. Male
wild-type and Nrf2-null mice on a mixed C57BL/6 and AKR background (aged 8–10 weeks)
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were obtained from Dr. Jefferson Chan (University of California, Irvine) and bred in our
animal-care facility. Animals received humane care as outlined in the Guide for the Care and
Use of Laboratory Animals (NIH publication 86–23, revised 1985). Studies were approved by
the University of Kansas Medical Center Institutional Animal Care and Use Committee.

In the dose-response study, FeNTA was administered to mice at 4 different doses (saline as
vehicle, 1, 2.5, and 5 mg Fe/kg). Blood samples and kidneys were removed 6 h after FeNTA
treatment. In the time-course study, 5 mg Fe/kg of FeNTA was administered to mice. At various
times (3, 6, 24, and 48 h) after FeNTA treatment, blood samples were obtained, and kidneys
removed. For studies with wild-type and Nrf2-null mice, FeNTA was administered to mice at
5 mg Fe/kg, and blood samples and kidneys were obtained at 3, 6, and 24 h after FeNTA
treatment. Urine samples were collected at 3 h after FeNTA treatment by bladder puncture.

In a separate experiment to characterize the effect of CDDO-Im on mRNA expression of Nrf2
target genes in kidney, CDDO-Im (0.3, 1, and 3 mg/kg i.p.) was administered to C57BL/6
mice, and kidneys were collected 6 h thereafter. Furthermore, pretreatment with CDDO-Im (1
mg/kg i.p. in DMSO, 24 and 48 h prior to FeNTA administration) or DMSO was administered
in a volume of 5 ml/kg before FeNTA injection (5 mg Fe/kg). Blood was taken 24 h after
FeNTA injection.

Preparation of FeNTA
The FeNTA solution was prepared immediately before use. Ferric nitrate enneahydrate and
nitrilotriacetic acid disodium salt were each dissolved in deionized water to form 300 and 600
mmol/L solutions. They were mixed at the volume ratio of 1:2 (molar ratio, 1:4) and the pH
was adjusted with dihydrocarbonate to 7.4.

Serum Urea Nitrogen and Creatinine
Blood samples were collected at 6, 24, and 48 h after FeNTA treatment. Serum samples were
analyzed by standard enzymatic-colorimetric assays using urea nitrogen and creatinine assay
kits in accordance with the manufacturer’s protocols. The absorption of each sample was
assessed spectrophotometricly at wavelengths of 600 and 520 nm, respectively.

Urinary NAG and Creatinine
Urinary NAG and creatinine concentrations were determined using urinary NAG and creatinine
assay kits in accordance with the manufacturer’s protocols. The absorption of each sample was
assessed spectrophotometricly at 505 and 520 nm, respectively. Urinary NAG values were
normalized to urinary creatinine levels.

RNA Isolation
Total RNA was isolated using RNAzol B reagent (Tel Test Inc., Friendswood, TX) according
to the manufacturer’s protocol. The concentration of total RNA in each sample was quantified
spectrophotometrically at 260 nm. The integrity of each RNA sample was evaluated by
formaldehyde-agarose gel electrophoresis before analysis.

bDNA Assay
The mRNA expression of mouse HO-1, NQO1, glutamate cysteine ligase catalytic subunit
(GCLC), GSTpi1/2, and Mrp1-4 were quantified using the bDNA assay as previously described
(QuantiGene, High Volume bDNA Signal Amplification Kit; Panomics, Fremont, CA)
(Onyenwoke and Wiegel, 2007). Multiple oligonucleotide probe sets (containing capture,
label, and blocker probes) specific to mouse GCLC, and GSTpi1/2 mRNA transcripts were
designed using ProbeDesigner software v1.0 (Bayer Corp., Diagnostics Div.) (Supplementary
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Table 1). The probe set for GSTpi1/2 cannot distinguish between isoforms 1 and 2 of GSTpi.
Specific mouse HO-1, NQO1, and Mrp1-4 probe sets were described previously (Aleksunes
et al., 2005; Maher et al., 2005).

Western Blot Analysis of Nrf2 and NQO1 Expression
Nuclear proteins were prepared from mouse kidneys by using the NE-PER kit (Pierce,
Rockford, IL) as per the manufacturer’s recommendations. Cytosolic fractions were obtained
as described previously (Aleksunes et al., 2006). Protein concentration was determined using
Bio-Rad protein assay reagents (Bio-Rad Laboratories, Hercules, CA). Immunochemical
detection of nuclear Nrf2 and cytosolic NQO1 proteins was performed using an anti-Nrf2
antibody (H-300, Santa Cruz Biotechnology, Santa Cruz, CA) and an anti-NQO1 antibody
(ab2346, Novus Biological, Littleton, CO), respectively. Equal protein loading was confirmed
using β-actin (ab8227, Abcam, Cambridge, MA) as a loading control. Nrf2 and NQO1 protein-
antibody complexes were detected using an enhanced chemiluminescent kit (Amersham Life
Science, Arlington Heights, IL) and exposed to Fuji Medical X-ray film (Fisher Scientific,
Springfield, NJ). Intensity of protein bands was quantified using the Discovery Series Quantity
One 1-D Analysis software (Bio-Rad Laboratories, Hercules, CA).

NQO1 Activity Assay
NQO1 activity (nmol/min/mg protein) was calculated by measuring the colorimetric reduction
of 2,6-dichlorophenolindophenol (DCPIP). The disappearance of DCPIP was quantified at 600
nm over 1 min as described by Ernster with modifications by Benson (Ernster, 1967; Benson
et al., 1980). NQO1 activity was quantified in 1-ml reactions (27°C) containing cytosol, 200
μmol/L NADPH, 40 μmol/L DCPIP and Tris-HCl buffer (25 mmol/L Tris-HCl, pH 7.4, 0.7
mg/ml bovine serum albumin). Parallel reactions were performed with 20 μmol/L dicumarol.
The rate of dicumarol-sensitive NQO1 activity was determined as the difference between the
uninhibited and dicumarol-inhibited rates and was normalized to total cytosolic protein as
previously described (Benson et al., 1980).

Histopathology
Kidney samples were fixed in 10% formalin containing 1% zinc sulfate (Fisher Scientific,
Springfield, NJ) prior to routine processing and paraffin embedding. Kidney sections (5 μm in
thickness) were stained with hematoxylin and eosin. The pathological examination of sections
by light microscopy was performed in a blinded fashion by a veterinary pathologist for the
presence and severity of tubular degeneration, necrosis, protein casts, and dilated lumens.
Histopathology scoring was as follows: no significant lesions = grade 0; minimal injury
affecting less than 10% of renal tubule cells = grade 1; mild injury affecting 10–25% of renal
tubule cells = grade 2; moderate injury affecting 25–40% of renal tubule cells = grade 3; marked
injury affecting 40–50% of renal tubule cells = grade 4; or severe injury affecting more than
50% of renal tubule cells = grade 5.

Immunohistochemistry
Sections of formalin-fixed, paraffin-embedded kidneys were deparaffinized in xylene, then
rehydrated through a graded alcohol series. Endogenous peroxidase activity was blocked with
3% H2O2 for 10 min and antigen retrieval was performed by incubating slides in citrate buffer
(10 mM) at 95°C for 10 min. For immunohistochemical staining of 4-hydroxynonenal (4-
HNE), sections were blocked with 5% goat serum in phosphate-buffered saline for 1 h. The
anti-4HNE antibody (ALX-210-767, Axxora, San Diego, CA) was diluted 1:500 in 1% goat
serum and applied to slides for 1 h. Protein-antibody complexes were visualized using the anti-
rabbit Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA). 4-HNE
immunostaining was visualized by developing with 3,3′-diaminobenzidine substrate (Vector
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Laboratories, Burlingame, CA). Tissues were counterstained with hematoxylin, followed by
dehydration in ethanol and clearing with xylene. Kidney sections from 3 to 4 mice per group
were stained and representative images are shown. Negative control staining was performed
by incubating sections without primary antibody. Representative sections from the cortex were
imaged using a Zeiss Axioskope2Plus microscope (Donsanto Corp., Natick, MA) equipped
with a Optronics Camera and MagnaFire Software v2.0 (Optronics, Goleta, CA).

Statistical Analysis
In the time-course study, statistical differences between control and FeNTA treatment groups
were determined using Student’s t test with significance set at p< 0.05. In the other studies,
FeNTA-treated mice at the various doses and control groups, pretreatment with CDDO-Im to
control and FeNTA-treated mice, and wild-type and Nrf2-null mice were analyzed by analysis
of variance, followed by a Duncan’s multiple range post hoc test. Significance was set at p <
0.05. Bars represent mean ± S.E.M.

RESULTS
Effect of FeNTA on serum urea nitrogen and creatinine

FeNTA is a known nephrotoxicant in rodents (Hamazaki et al., 1985; 1986). Thus, renal
toxicity was evaluated by serum urea nitrogen and creatinine. Serum urea nitrogen was
increased to 56 and 43 mg/dl at 24 and 48 h after FeNTA (5 mg/kg) treatment (compared to
20 mg/dl in vehicle-treated mice), respectively (Fig. 1). Serum creatinine was increased to
0.89–1.07 mg/dl at 6, 24, and 48 h after FeNTA (5 mg/kg) treatment (compared to 0.38–0.53
mg/dl in vehicle-treated mice) (Fig. 1). Because serum creatinine was increased at 6 h, this
time point was used for subsequent dose-response experiments.

Dose-response of FeNTA on Nrf2 translocation in mouse kidneys
To determine whether Nrf2 is released from sequestration in kidneys after FeNTA treatment,
nuclear accumulation of Nrf2 protein was determined by Western blot. Nrf2 protein
translocated to the nucleus dose dependently 6 h after FeNTA treatment (Fig. 2).

Dose-response of FeNTA on the mRNA expression of Nrf2 target genes
HO-1 mRNA was increased dose dependently up to 2.5 mg/kg FeNTA at 6 h, but was not
further induced at 5 mg/kg FeNTA (Fig. 3). NQO1, GCLC, GSTpi1/2, and Mrp1, 2, and 4
mRNA were also increased dose dependently (Fig. 3). Mrp3 mRNA was unchanged by FeNTA.

Effect of FeNTA treatment on Nrf2 translocation and mRNA expression of Nrf2 target genes
Levels of Nrf2 protein in nuclear extracts increased 230% at 6 h after FeNTA (5 mg/kg)
treatment and returned to control levels by 24 h (Fig. 4A). The mRNA expression of Nrf2 target
genes, including detoxification and efflux Mrp transporters was quantified by the bDNA assay.
HO-1, NQO1, GCLC, and Mrp1, 2, and 4 mRNA were increased maximally 6 h after FeNTA
(5 mg/kg) treatment by 740, 200, 100, 72, 74, and 99%, respectively (Fig. 4B), and with the
exception of NQO1 returned to control values by 24 h (data not shown). GSTpi1/2 and Mrp3
were increased 56 and 45%, respectively, 24 h after FeNTA treatment (data not shown).

Protein expression and activity of NQO1 after FeNTA treatment
NQO1 is a prototypical Nrf2 target gene (Venugopal and Jaiswal, 1996). Western blots using
an anti-NQO1 antibody confirmed that the changes in NQO1 mRNA expression observed in
kidneys after FeNTA resulted in elevated protein levels. NQO1 protein expression was
increased 24 h after FeNTA (5 mg/kg) treatment and returned to baseline levels at 48 h. NQO1
activity also increased 24 h after FeNTA (5 mg/kg) treatment (data not shown).
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Renal toxicity of FeNTA in wild-type and Nrf2-null mice
Urinary NAG is an enzyme in proximal tubular cells that enters the urine during proximal
tubular injury (Le Hir et al., 1979). Because urinary NAG is used to detect early kidney injury,
it was quantified 3 h after FeNTA (5 mg/kg) treatment. FeNTA tended to increase urinary NAG
in wild-type mice, but was markedly increased in Nrf2-null mice (Fig. 5). FeNTA (5 mg/kg)
increased serum urea nitrogen and creatinine 24 h after administration to both genotypes, with
higher elevations in Nrf2-null mice (Fig. 5).

Histopathology of kidney sections from wild-type and Nrf2-null mice after FeNTA treatment
Histological examination of kidney sections from vehicle-treated wild-type and Nrf2-null mice
did not show significant lesions (Fig. 6A and 6B). In general, the severity of renal tubular injury
increased from 3 to 6 h in both genotypes with greater damage in the kidneys of FeNTA-treated
Nrf2-null mice. At 3 h after FeNTA (5 mg/kg) treatment, proximal tubular degeneration and
necrosis were observed in both genotypes, but were more extensive in Nrf2-null mice (75% of
mice compared to 0% of wild-type mice) (Fig. 6C and 6D). Kidneys from FeNTA-treated Nrf2-
null mice demonstrated more apoptotic cells compared to wild-types. By 6 h after FeNTA (5
mg/kg) treatment, tubular degeneration and necrosis were more prominent than 3 h (Fig. 6E
and 6F). Necrotic tubules from both genotypes had complete loss of epithelial cell detail with
intact basement membranes. In addition, necrotic tubules contained eosinophilic amorphous
material and pyknotic and karyorhectic debris. Of note, tubular casts (asterisks) were more
numerous and larger in kidney sections from FeNTA-treated Nrf2-null mice at 6 h (Fig. 6E
and 6F). It is important to note that one Nrf2-null mouse died at this time point. By 24 h after
FeNTA, wild-type mice exhibited a greater number of viable tubules compared to null mice
(Fig. 6G wild-type; Fig. 6H Nrf2-null). Loss of tubular epithelium was extensive in the kidneys
of Nrf2-null mice (100% of Nrf2-null mice; 50% of wild-type mice). Nrf2-null mice also
exhibited marked cellular degeneration of remaining tubules, protein casts, and dilated lumens.

Immunohistochemical detection of 4-HNE protein adducts in wild-type and Nrf2-null mice
after FeNTA treatment

Immunohistochemical staining was performed on paraffin kidney sections from control and
FeNTA-treated mice to determine the extent of lipid peroxidation using 4-HNE protein adduct
staining as a marker. 4-HNE adducts were minimally detected in kidney sections from control
mice of both genotypes (Fig. 7A and 7B). In contrast, strong mostly cytoplasmic 4-HNE
staining (brown) of proximal tubule epithelial cells was observed in cortex sections from
FeNTA-treated mice at 3 h. Staining was stronger in Nrf2-null mice compared to wild-type
mice (Fig. 7C and 7D). A decrease in the intensity of 4-HNE-adducted proteins was observed
at 6 h after FeNTA (5 mg/kg) treatment, but more staining was still observed in Nrf2-null mice
(Fig. 7E and 7F). At 24 h, there was no difference between genotypes due to resolution of
staining (data not shown).

Effect of FeNTA on mRNA expression of Nrf2 target genes in wild-type and Nrf2-null mice
To determine whether induction of detoxification and transporter genes during kidney injury
is via Nrf2, wild-type and Nrf2-null mice were subjected to FeNTA (5 mg/kg) treatment, and
the renal mRNA expression of Nrf2 target genes was quantified at 6 h. The mRNA levels of
HO-1, NQO1, GSTpi1/2, and Mrp2 were lower in vehicle-treated Nrf2-null mice compared to
vehicle-treated wild-type mice, suggesting that Nrf2 partially regulates the constitutive
expression of these genes (Fig. 8). HO-1 mRNA was increased 470% in wild-type mice 6 h
after FeNTA treatment, and was also elevated in Nrf2-null mice, suggesting that Keap1-Nrf2
and additional regulatory pathways may induce HO-1 expression (Fig. 8). Renal NQO1,
GCLC, GSTpi1/2, and Mrp1, 2, and 4 mRNA were increased in wild-type mice 6 h after FeNTA
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treatment by 230, 81, 78, 140, 62, and 110%, respectively, which was largely blocked in Nrf2-
null mice (Fig. 8).

Protein expression and activity of NQO1 after FeNTA treatment in wild-type and Nrf2-null
mice

Western blots were performed to confirm that elevated NQO1 mRNA expression observed in
kidneys after FeNTA results in protein changes. FeNTA (5 mg/kg) increased NQO1 protein
expression in wild-type mice, but not in Nrf2-null mice (Fig. 9A). FeNTA increased NQO1
activity 31% in wild-type mice, but not in Nrf2-null mice (Fig. 9B). Thus, FeNTA increases
NQO1 mRNA, protein, and enzyme activity via Nrf2.

Effect of CDDO-Im on the mRNA expression of Nrf2 target genes
It is known that CDDO-Im can activate Nrf2 in various organs (Liby et al., 2005; Thimmulappa
et al., 2006). This experiment was conducted to determine whether CDDO-Im similarly
increases expression of Nrf2 target genes in mouse kidneys. Doses of 1 and 3 mg/kg CDDO-
Im increased levels of NQO1 and GCLC mRNA by 87%–120% (Fig. 10). No change in mRNA
expression of any Nrf2 target was observed at the lowest dose of CDDO-Im (0.3 mg/kg).

Effect of CDDO-Im on FeNTA-induced renal toxicity
The final experiment was to test whether CDDO-Im protects against FeNTA-induced renal
toxicity. For this purpose, mice were pretreated with CDDO-Im (1 mg/kg) 24 and 48 h prior
to FeNTA (5 mg/kg) administration and tissues removed 24 h later. Treatment with CDDO-
Im alone did not alter serum urea nitrogen or creatinine levels. FeNTA treatment increased
serum urea nitrogen and creatinine. Pretreatment with CDDO-Im prior to FeNTA injection (5
mg/kg) attenuated increases in serum urea nitrogen and creatinine, indicating that CDDO-Im
protects against FeNTA-induced renal toxicity (Fig. 11).

DISCUSSION
Numerous studies have shown that Nrf2 protects many cell types and organ systems from
oxidative stress, inflammation, and carcinogenesis through antioxidant response element-
mediated transcriptional activation of several detoxifying and antioxidant enzymes (Enomoto
et al., 2001; Cho et al., 2002; Ishii et al., 2002; Burton et al., 2006). However, little is known
about the defensive role of Nrf2 in the kidneys (Yoh et al., 2001; Hirayama et al., 2003; Tanaka
et al., 2007). The purpose of the present study was to determine whether Nrf2 regulates
detoxification and transporter genes in the kidneys during oxidative stress and whether Nrf2
protects against oxidative injury in kidney. For this purpose, FeNTA was administered to wild-
type and Nrf2-null mice to induce renal oxidative stress and toxicity (Hamazaki et al., 1985;
1986; Kanki et al., 2008; Li et al., 1987). In addition, the ability of the novel Nrf2 activator,
CDDO-Im, to protect against FeNTA nephrotoxicity was tested.

A previous study demonstrated that levels of oxidative stress markers, such as 2-thiobarbituric
acid-reactive substances, 8-hydroxy-2′-deoxyguanosine, and 4-HNE increase and reach a peak
between 1 and 6 h after FeNTA treatment (Okada et al., 1999). Notably, 2-thiobarbituric acid-
reactive substances increased dose dependently. In the present study, lipid peroxidation as
detected by 4-HNE protein adducts increased 3 h after FeNTA treatment in both genotypes,
with greater staining in Nrf2-null mice (Fig. 7C and 7D). Similar to a recent report, Nrf2-null
mice exhibit enhanced sensitivity to FeNTA-induced nephrotoxicity (Kanki et al., 2008).
Histopathological evaluation revealed more extensive tubule necrosis, more numerous and
larger protein casts and dilated tubules in Nrf2-null mice. These data are supported by higher
increases in serum urea nitrogen, creatinine, and urinary NAG in Nrf2-null mice after FeNTA.
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In order to determine the mechanism for increased susceptibility of Nrf2-null mice to FeNTA,
constitutive and inducible expression of detoxification and transporter genes were quantified.

Under basal conditions, Nrf2 is sequestered in the cytoplasm by Keap1. Upon exposure to
oxidative stress or electrophiles, Nrf2 translocates to the nucleus. Therefore, to determine
whether FeNTA might activate Nrf2, we examined the accumulation of Nrf2 protein in the
nucleus after FeNTA treatment by western blot (Fig. 2 and 4A). Nuclear translocation of Nrf2
occurred early (6 h) and returned to control values 24 h after FeNTA treatment (Fig. 4A).
FeNTA administration dose dependently increased Nrf2 translocation (Fig. 2). The data
suggest that FeNTA treatment generated oxidative stress very rapidly, and in turn, stimulated
Nrf2 nuclear translocation.

To determine whether FeNTA increased Nrf2-mediated transcription in the kidneys, various
Nrf2 target genes, including Phase II enzymes, antioxidant enzymes, and transporters were
quantified in FeNTA-treated mice. Most of these genes, except for Mrp3, were induced dose
dependently at 6 h after FeNTA treatment, and returned to control levels 24 h after FeNTA
treatment (Fig. 3 and 4B). Taken together, these data indicate that the nuclear accumulation of
Nrf2 is functional and results in time-dependent gene induction.

To determine whether up-regulation of cytoprotective genes is dependent on Nrf2 expression,
FeNTA was also administered to Nrf2–null mice. FeNTA induced most of the prototypical
Nrf2 target genes, such as NQO1 and GCLC, in wild-type mice, but not in the Nrf2-null mice,
indicating that FeNTA regulates these genes via Nrf2 (Fig. 8) (Venugopal et al.,
1996;McWalter et al., 2004). The Pi-class of GSTs plays a pivotal role in the detoxification of
xenobiotics, preventing carcinogenesis, and enabling drug resistance. Transient transfection
studies have shown that Nrf2 directly activates the GSTpi1 gene (Ikeda et al., 2002). A previous
study showed that class Pi GST isozyme mRNA and protein expression were induced after
FeNTA treatment, and that the induction may be important in mediating cell repair and/or
increasing resistance to subsequent injury (Fukuda et al., 1996). In the present study, GSTpi1/2
mRNA expression was elevated in wild-type mice, but not in Nrf2-null mice, indicating the
induction of GSTpi1/2 by FeNTA is via Nrf2 (Fig. 8). HO-1 was induced in both wild-type
and Nrf2-null mice, suggesting that the induction of this gene may involve Nrf2 and additional
signaling pathways (Fig. 8). The promoter region of the human HO-1 gene contains a number
of putative binding sites for transcription factors, including nuclear factor-κB, activator
proteins 1 and 2 and CCAAT/enhancer-binding proteins (Alam and Den, 1992;Lavrovsky et
al., 1994;Alam et al., 2003). Thus, HO-1 could be induced through alternate pathways in Nrf2-
null mice treated with FeNTA.

Mrps play a major role in hepatobiliary and renal elimination of many structurally diverse
xenobiotics, including organic anions and drug conjugates (Bodo et al., 2003). Mrps also
transport endogenous molecules, such as leukotriene C4, prostaglandin, bilirubin glucuronide,
and bile acids (Homolya et al., 2003). Recent studies have demonstrated that mouse Mrp1-4
are regulated by Nrf2 (Hayashi et al., 2003; Vollrath et al., 2006; Maher et al., 2007). In this
study, FeNTA increased the mRNA expression of Mrp1, 2, and 4 in wild-type mice, but not
in Nrf2-null mice, indicating that the induction of these genes by FeNTA is Nrf2 dependent
(Fig. 8). Previous studies have shown that Mrp2 excretes glutathione conjugates of 4-HNE into
bile (Ji et al., 2002; Reichard et al., 2003). Mrp2 and 4 are localized to the brush border
membrane in kidneys (Schaub et al., 1997; Chen et al., 2005). Taken together, increased Mrp2
and/or Mrp4 expression after FeNTA treatment may enhance the excretion of 4-HNE
metabolites, including 4-HNE mercapturic acid and 1,4-dihydroxynonene mercapturic acid,
into urine (Alary et al., 1995). In the present study, more 4-HNE staining was observed in Nrf2-
null mice than wild-type mice after FeNTA treatment (Fig. 7). This may be a consequence of
the inability of Nrf2-null mice to induce Mrp2 and Mrp4 mRNA and eliminate 4-HNE
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metabolites. Overall, greater retention of 4-HNE may contribute to enhanced toxicity in Nrf2-
null mice.

Because NQO1 is known as a prototypical Nrf2 target gene, protein expression and activity of
NQO1 were quantified after FeNTA treatment (Venugopal and Jaiswal, 1996). NQO1 protein
expression and activity were increased 24 h after FeNTA treatment in an Nrf2-dependent
fashion (Fig. 9). NQO1 plays a role in detoxifying superoxide, regenerating endogenous
antioxidants, as well as metabolizing xenobiotics. A recent study demonstrated that human
NQO1 is capable of reducing iron to a less reactive form (Alary et al., 1995). Thus, the induction
of NQO1 after FeNTA treatment could limit oxidative stress and renal injury by these
mechanisms. Similarly, the reduced constitutive and impaired induction of NQO1 in Nrf2-null
mice likely contributes to their enhanced susceptibility to FeNTA.

It is known that metallothionein-1 plays a protective role against FeNTA-mediated renal
oxidative damage (Iqbal et al., 2003). In the present study, metallothionein-1 mRNA was
increased in kidneys from wild-type mice, but it was further increased in Nrf2-null mice (data
not shown). These data suggest that metallothionein-1 may attempt to compensate for loss of
the antioxidant defense system by the Keap1-Nrf2 signaling pathway.

Lastly, it was tested whether pretreatment with an Nrf2 activator before FeNTA, would protect
the kidney from FeNTA-induced renal injury. The synthetic triterpenoid derivative, CDDO-
Im is a potent inducer of cytoprotective enzymes and inhibitors of inflammation. Previous
studies have shown that CDDO-Im activates Nrf2 and increases expression of a number of
antioxidant and detoxification genes through Keap1-Nrf2-antioxidant response element
signaling (Liby et al., 2005; Thimmulappa et al., 2006). In the present study, a single dose of
CDDO-Im increased NQO1 and GCLC in a dose-dependent fashion, suggesting that CDDO-
Im also activates Nrf2 in the kidney (Fig. 10). Administration of CDDO-Im 24 and 48 h prior
to FeNTA injection protected mice from FeNTA-induced renal toxicity (Fig. 11). Although it
is necessary to use Nrf2-null mice to confirm the specificity of CDDO-Im to Nrf2, using both
genetic (Nrf2-null mice) and pharmacological (CDDO-Im) approaches, the present study
demonstrates that Nrf2 protects against FeNTA-induced renal toxicity in mice.

In conclusion, FeNTA activates Nrf2 in kidneys and induces expression of Nrf2 target genes,
including efflux transporters as well as antioxidant and Phase II enzymes. This coordinate
induction of genes protects the kidneys from the progression of oxidative damage after FeNTA
administration. From a toxicological standpoint, activation of Nrf2 target genes in preclinical
studies may represent a biomarker for renal injury. Similarly, CDDO-Im-mediated protection
against FeNTA-induced damage suggests that development of drugs which activate Nrf2-
mediated transcription may be a novel approach for preventing and/or treating renal pathologies
with an oxidative stress component.
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branched DNA signal amplification
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CDDO-Im  
(1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]imidazole)

DCPIP  
2,6-dichlorophenolindophenol

FeNTA  
ferric nitrilotriacetate

4-HNE  
4-hydroxynonenal

GCLC  
glutamate cysteine ligase catalytic subunit

GST  
glutathione-S-transferase

HO-1  
heme oxygenase-1

Keap1  
Kelch-like ECH-associated protein 1

Mrp  
Multidrug resistance-associated protein

NAG  
N-acetyl-beta-glucosaminidase

NQO1, NAD(P)H 
quinone oxidoreductase 1

Nrf2  
NF-e2-related factor 2

RLU  
relative light units
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Fig. 1. Time course of renal toxicity after FeNTA (5 mg/kg) treatment
At 6, 24, and 48 h after saline (SAL) or FeNTA treatment, urea nitrogen and creatinine levels
were quantified in serum. Data are expressed as mean ± S.E.M. (each group, n = 5 animals).
Asterisks (*) represent statistically significant differences (p < 0.05) between vehicle and
FeNTA groups.
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Fig. 2. Dose response of nuclear Nrf2 protein expression in kidneys 6 h after FeNTA treatment
Nuclear extracts was made from kidneys of control (saline, SAL) and FeNTA-treated mice at
different doses (1, 2.5, and 5 mg Fe/kg body) at 6h. A western blot of nuclear extracts stained
with an antibody that detects mouse Nrf2 (50 μg protein/lane) is shown. Immunoreactive bands
were semiquantitated by densitometric analysis. Data were normalized to SAL control and
expressed as mean ± S.E.M. (each group, n = 4 animals). Asterisks (*) represent statistically
significant differences (p < 0.05) compared to vehicle-treated mice.
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Fig. 3. Dose response of kidney mRNA expression of Nrf2 targets 6 h after FeNTA treatment
Total RNA was isolated from kidneys of control (saline, SAL) and FeNTA-treated mice at
different doses (0, 1, 2.5, and 5 mg Fe/kg body) and analyzed by the bDNA assay as described
in MATERIALS AND METHODS. Data are presented as mean (percent of control) ± S.E.M.
(each group, n = 4 or 7 animals). Asterisks (*) represent statistically significant differences (p
< 0.05) compared to vehicle-treated mice.
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Fig. 4.
A: Time course of nuclear Nrf2 protein expression in kidneys after FeNTA (5 mg/kg)
treatment. Nuclear extracts were made from kidneys of control (saline, SAL) and FeNTA-
treated mice at different time points (6, 24, 48 h). A western blot of nuclear extracts stained
with an antibody that detects mouse Nrf2 (50 μg protein/lane) is shown. Immunoreactive bands
were semiquantified by densitometric analysis. Data were normalized to controls and expressed
as mean ± S.E.M. (each group, n = 3 animals). Asterisks (*) represent statistically significant
differences (p < 0.05) between control and FeNTA groups. B: mRNA expression of Nrf2
target genes in kidneys 6 h after FeNTA (5 mg/kg) treatment. Total RNA was isolated from
control (saline, SAL) and FeNTA-treated mouse kidneys and analyzed by the bDNA assay as
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described in MATERIALS AND METHODS. Data are presented as mean (percent of control)
± S.E.M. (each group, n = 5 animals). Asterisks (*) represent statistically significant differences
(p < 0.05) between control and FeNTA groups.
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Fig. 5. Renal toxicity in wild-type and Nrf2-null mice after FeNTA (5 mg/kg) treatment
At 3 h after FeNTA treatment, urinary NAG was quantified. At 24 h after saline (SAL) or
FeNTA treatment, serum urea nitrogen and creatinine levels were quantified. Data are
expressed as mean ± S.E.M. (each group, n = 4 animals). Asterisks (*) represent a statistically
significant difference (p < 0.05) from vehicle-treated of the same genotype; daggers (†)
represent a statistically significant difference (p < 0.05) from FeNTA-treated wild-type mice.
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Fig. 6. Histological examination of kidney sections from wild-type and Nrf2-null mice after FeNTA
treatment
Images are presented as follows: (A) wild-type control; (B) Nrf2-null control; and FeNTA-
treated (C) wild-type 3 h; (D) Nrf2-null 3 h; (E) wild-type 6 h; (F) Nrf2-null 6 h; (G) wild-type
24 h; (H) Nrf2-null 24 h. Asterisks depict protein casts. Magnifications: 40X.
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Fig. 7. Immunohistochemical staining of 4-HNE adducts in kidney sections from wild-type and
Nrf2-null mice after FeNTA treatment
The staining of 4-HNE appears brown in the photomicrographs (40X). (A) wild-type control;
(B) Nrf2-null control; (C) wild-type 3 h after FeNTA; (D) Nrf2-null 3 h after FeNTA; (E) wild-
type 6 h after FeNTA; (F) Nrf2-null 6 h after FeNTA.
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Fig. 8. mRNA expression of Nrf2 target genes in kidneys from wild-type and Nrf2-null mice 6 h
after FeNTA (5 mg/kg) treatment
Total RNA was isolated from control and FeNTA-treated mouse kidneys and analyzed by the
bDNA assay as described in MATERIALS AND METHODS. Data are presented as mean
(percent of WT control) ± S.E.M. (each group, n = 4 or 5 animals). WT-SAL, vehicle-treated
wild-type mice; Nrf2-null SAL, vehicle-treated null mice; WT-FeNTA, FeNTA-treated wild-
type mice; Nrf2-null FeNTA, FeNTA-treated null mice. Asterisks (*) represent a statistically
significant difference (p < 0.05) from vehicle-treated mice of the same genotype; daggers (†)
represent a statistically significant difference (p < 0.05) from WT FeNTA group.
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Fig. 9. NQO1 protein expression and activity in kidneys from wild-type and Nrf2-null mice 24 h
after FeNTA (5 mg/kg) treatment
A; A western blot of kidney cytosolic proteins stained with an antibody that detects mouse
NQO1 (50 μg protein/lane) is shown. Immunoreactive bands were semiquantified by
densitometric analysis. Data are expressed as mean (percent of WT control) ± S.E.M. (each
group, n = 3 or 4 animals). β-actin staining is shown as a loading control. B; Data are expressed
as mean nmol of DCPIP reduced/min/mg protein ± S.E.M. (each group, n = 3 or 4 animals).
Asterisks (*) represent a statistically significant difference (p < 0.05) from vehicle-treated mice
of the same genotype; daggers (†) represent a statistically significant difference (p < 0.05) from
FeNTA-treated wild-type mice.
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Fig. 10. Dose response of Nrf2 target gene expression after CDDO-Im administration
Total RNA was isolated from CDDO-Im-treated mouse kidneys at different dose levels (0, 0.3,
1, and 3 mg/kg) and analyzed by the bDNA assay as described in MATERIALS AND
METHODS. Data are presented as mean (percent of control) ± S.E.M. (each group, n = 3–5
animals). Asterisks (*) represent statistically significant differences (p < 0.05) between control
and CDDO-Im groups.
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Fig. 11. Effect of CDDO-Im pretreatment on FeNTA-induced renal toxicity
CDDO-Im (1 mg/kg) was administered 24 and 48 h prior to FeNTA injection (5 mg Fe/kg),
and blood was collected 24 h after FeNTA treatment. Serum urea nitrogen and creatinine were
quantified. Data are presented as mean ± S.E.M. (each group, n = 4–12 animals). Control,
vehicle group; CDDO-Im, two doses of CDDO-Im group; FeNTA, FeNTA (5mg Fe/kg) group;
FeNTA CDDO-Im, two doses of CDDO-Im prior to FeNTA injection. Asterisks (*) represent
a statistically significant difference (p < 0.05) from control group; daggers (†) represent a
statistically significant difference (p < 0.05) from FeNTA group.
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