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Subcutaneous injection of sodium arsenite (NaAs,
12.5 mg/kg) into BALB/c [wild-type (WT)] mice
causes acute renal dysfunction characterized by se-
vere hemorrhages , acute tubular necrosis , and cast
formation, with increases in serum blood urea ni-
trogen and creatinine levels. Concomitant enhance-
ment in intrarenal interferon (IFN)-� expression
prompted us to examine its roles in this pathology.
IFN-�-deficient (IFN-��/�) mice exhibited higher se-
rum blood urea nitrogen and creatinine levels and
exaggerated histopathological changes , compared
with WT mice. Eventually , IFN-��/� mice exhibited
a high mortality (87.5%) within 24 hours after NaAs
challenge, whereas most WT mice survived. The
intrarenal arsenic concentration was significantly
higher in IFN-��/� mice later than 10 hours after
NaAs treatment , with attenuated intrarenal expres-
sion of multidrug resistance-associated protein
(MRP) 1, a main transporter for NaAs efflux, com-
pared with WT mice. NF-E2-related factor (Nrf) 2
protein, a transcription factor crucial for MRP1
gene expression, was similarly increased in the
kidneys of both strains of mice after NaAs treat-
ment. In contrast , the absence of IFN-� augmented
transforming growth factor-�-Smad3 signal path-
way and eventually enhanced the expression of ac-

tivating transcription factor 3, which is presumed

to repress Nrf2-mediated MRP1 gene expression.

Thus, IFN-� can protect against NaAs-induced acute

renal injury, probably by maintaining Nrf2-medi-

ated intrarenal MRP1 gene expression. (Am J Pathol

2006, 169:1118–1128; DOI: 10.2353/ajpath.2006.060024)

Arsenic inhibits the biological functions of various pro-

teins by reacting with their sulfhydryl groups.1 Acute

exposure to arsenic can cause profound injury to kid-

ney, liver, intestine, and brain,2,3 frequently resulting in

acute mortality. Chronic exposure causes dysfunctions

in renal and nervous systems.4,5 Moreover, arsenic is a

potent carcinogen to various organs including skin,

lung, bladder, liver, and kidney.4,5 Arsenic is ubiqui-

tously present in the natural environment in soil, water,

and air. Furthermore, groundwater and/or soil are fre-

quently contaminated with a high concentration of ar-

senic, which is generated during the refinement of

various ores such as copper and lead and the con-

sumption of coal. Thus, arsenic intoxication in an acute

or a chronic form still remains a serious threat to public

health in areas where groundwater and/or soil is con-

taminated with arsenic.

On the contrary, accumulating evidence has revealed

that As2O3 may be efficacious for acute promyelocytic

leukemia without causing bone marrow suppression.6–8

Moreover, As2O3 might be effective also for androgen-

independent prostate cancer.9 Its efficaciousness may

come from the capacity of As2O3 to induce apoptotic

and/or autophagic cell death in vitro. Because As2O3 can

exhibit severe toxicities to various organs, the clinical
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application of As2O3 necessitates the development of the

measures to suppress or minimize its side effects.

Because active transport for extrusion is the most com-

mon mechanism by which cells can reduce stresses

arising from exposure to heavy metals, active transport

systems are well conserved in various species from bac-

teria to mammals. Accumulating evidence indicates that

ATP-binding cassette (ABC) transporter proteins such as

multidrug resistance gene protein (MDR)/P-glycoprotein

and multidrug resistance-associated protein (MRP) fam-

ily can transport arsenic in mammalian cells.10–15 Several

lines of evidence demonstrate that arsenite is conjugated

with glutathione and that the resultant conjugate is trans-

ported mainly by MRP1.16,17 Consistent with this notion,

we previously observed that C57BL/6 mice were more

resistant than BALB/c mice to sodium arsenic (NaAs)-

induced renal injury together with a higher expression

level of MRP1 but not other ABC transporters.18

Given that interferon (IFN)-� was presumed to regulate

the expression of ABC transporters,19–21 we explored the

roles of IFN-� in the pathogenesis of NaAs-induced renal

injury. Here, we have provided definitive evidence that

NaAs induces intrarenal production of IFN-�, which can

protect against NaAs-induced acute renal injury by reg-

ulating MRP1 expression in the renal tubular cells.

Materials and Methods

Reagents and Antibodies

NaAs was purchased from Wako Chemical Industries

(Osaka, Japan). The following monoclonal antibodies

(mAbs) or polyclonal antibodies (pAbs) were used for

immunohistochemical or Western blotting analysis: rat

anti-IFN-� mAb (clone XMG 1.2; BD PharMingen, San

Diego, CA), rabbit anti-MRP1 pAb (Santa Cruz Biotech-

nology, Inc., Santa Cruz, CA), and rat anti-mouse MRP1

mAb (clone MRPr1; Alexis, San Diego, CA), rabbit anti-

transforming growth factor (TGF)-� pAb, rabbit anti-phos-

phorylated Smad3 pAb, rabbit anti-NF-E2-related factor

(Nrf)2 pAb, and rabbit anti-activating transcription factor

(ATF)3 pAb (Santa Cruz Biotechnology). For immunoneu-

tralization, rat anti-mouse IFN-� mAb (clone R4-6A2) was

kindly provided by Dr. H. Fujiwara (Osaka University

School of Medicine, Osaka, Japan). Recombinant mouse

IFN-� and recombinant human TGF-�1 were purchased

from PeproTech (London, UK), and mouse IL-10 was

obtained from R&D Systems, Inc. (Minneapolis, MN).

Mice

Male IFN-��/� mice, which were backcrossed to BALB/c

mice for more than eight generations, were used in the

experiments as described previously.22,23 Age-matched,

male BALB/c mice (Sankyo Laboratories, Tokyo, Japan)

were used as wild-type (WT) mice in the present exper-

iments. All mice were housed individually in cages under

the specific pathogen-free conditions during the experi-

ments. All animal experiments were approved by the

Committee on Animal Care and Use in Wakayama Med-

ical University.

Sodium Arsenite (NaAs)-Induced Renal Injury

NaAs-induced renal injury was established as described

previously.18 Briefly, NaAs was dissolved in phosphate-

buffered saline (PBS, pH 7.4) at a concentration of 2.5

mg/ml. NaAs at a dose of 12.5 mg/kg or an equivalent

volume of PBS was administered subcutaneously. In

some experiments, anti-IFN-� antibody (clone R4-6A2,

250 �g/mouse) was intraperitoneally injected to WT mice

at 1 hour before NaAs challenge. In another series of

experiments, WT mice received subcutaneously recom-

binant IFN-� (4000 U/mouse) at 1 hour before or 30

minutes after NaAs challenge.

Determination of Blood Urea Nitrogen (BUN)

and Creatinine (CRE) in the Serum

At the indicated time intervals, sera were collected to

determine BUN and CRE levels with a Fuji DRI-CHEM

5500V (Fuji Medical System, Tokyo, Japan), according to

the manufacturer’s instructions.

Histopathological and Immunohistochemical

Analyses

Kidney tissues were obtained at the indicated time

intervals after NaAs challenge and were fixed in 4%

formaldehyde buffered with PBS (pH 7.2) to prepare

paraffin-embedded sections (6 �m thick). Thereafter,

the sections were subjected to hematoxylin and eosin

(H&E) or periodic acid-Schiff (PAS) staining. In addi-

tion, deparaffinized sections were used to detect IFN-�

or MRP1 protein immunohistochemically, as described

previously.18,22 Briefly, the sections were reacted with

rat anti-mouse IFN-� mAb (clone XMG 1.2) or rabbit

anti-MRP1 pAb at a concentration of 1 �g/ml at 4°C

overnight. After the incubation with biotinylated sec-

ondary antibodies (2.5 �g/ml) at room temperature for

30 minutes, immune complexes were visualized using

a catalyzed signal amplification system (DAKO, Kyoto,

Japan) according to the manufacturer’s instructions.

Histopathological and immunohistochemical evalua-

tion was performed by an examiner without previous

knowledge of the experimental procedure.

Quantification of Intrarenal Arsenic Contents

Intrarenal arsenic contents were analyzed as described

previously.18 Briefly, a portion of the kidney (�100 mg)

was digested in nitric acid (100 mg/ml). Total arsenic was

determined using graphite furnace atomic absorption

spectrometry ACF-6800 (Shimadzu Corp., Kyoto, Japan).

Certified arsenic standard solution (As 100: lot RWN9791;

Wako Chemical Industries) was used for the calibration.

Each sample was measured in triplicate with less than
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1% coefficient of variance. The data were expressed as

arsenic (�g)/sample weight (g).

Determination of Intrarenal IFN-� Contents by

Enzyme-Linked Immunosorbent Assay

A portion of the kidney was homogenized with a lysis

buffer (0.1 mg tissue/�l) (10 mmol/L PBS, 1% Nonidet

P-40, and 5 mmol/L ethylenediaminetetraacetic acid)

containing Complete protease inhibitor mixture (Roche

Diagnostics, Tokyo, Japan). The homogenates were cen-

trifuged at 12,000 rpm for 15 minutes. IFN-� levels in the

supernatant were measured with a commercial enzyme-

linked immunosorbent assay kit (R&D Systems) accord-

ing to the manufacturer’s recommendation. Total protein

in the supernatant was measured with a BCA protein

assay kit (Pierce, Rockford, IL). The data were expressed

as IFN-� (pg)/total protein (mg) for each sample.

Cell Culture

A murine renal proximal tubular epithelial cell line

(mProx24), derived from C57BL/6J adult mouse kidney,24

was maintained in Dulbecco’s modified Eagle’s medium

with 10% fetal bovine serum at 37°C in 5% CO2. mProx24

cells were seeded at 50% confluence on a 25-cm2 col-

lagen-coated culture flask (Iwaki Glass, Tokyo, Japan)

and grown to confluence throughout 24 hours. Then, the

various combinations of NaAs (5 �mol/L), murine IFN-�

(500 U/ml), human TGF-�1 (10 ng/ml), or mouse IL-10 (10

ng/ml) were added to culture medium. Six hours later, the

cells were collected, and membrane-rich fractions were

obtained for Western blotting analysis.

Western Blotting Analysis for MRP1

Membrane-rich fractions were prepared from mouse kid-

ney samples or cultured mProx24 cells as described

previously.18 Membrane-rich fractions were separated by

sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis in a 7.5% slab and electrotransferred onto nitrocellu-

lose membranes. After being immersed with the blocking

buffer (10 mmol/L Tris-HCl, pH 7.4, containing 0.5 mol/L

NaCl, 5% skim milk, and 0.05% Tween 20), the mem-

branes were incubated with rat anti-mouse MRP1 mAb at

4°C overnight. After the incubation with horseradish per-

oxidase-conjugated secondary antibody (Ab) for 1 hour

at room temperature, the antigen-antibody complexes

were detected by using an enhanced chemilumines-

cence-Western blotting detection system (Amersham

Bioscience Japan, Tokyo, Japan) according to the man-

ufacturer’s instructions.

Western Blotting Analysis for TGF-�1,

Phosphorylated Smad3, ATF3, and Nrf2

At the indicating time intervals after NaAs treatment, kid-

ney tissues were homogenized with a lysis buffer (10

mmol/L PBS, pH 7.4, containing 0.01% Triton X-100,

0.5% sodium deoxycholate, and 0.1% sodium dodecyl

sulfate) containing Complete protease inhibitor mixture,

and phosphatase inhibitor cocktails for serine/threonine

protein phosphatases and tyrosine protein phosphatases

(P2850 and P5726, Sigma-Aldrich, Tokyo, Japan) and

centrifuged to obtain lysates. The lysates were electro-

phoresed in a 10% sodium dodecyl sulfate-polyacrylam-

ide gel and transferred onto a nitrocellulose membrane.

The membrane was then incubated with Abs to TGF-�1,

phosphorylated Smad3, ATF3, or Nrf2 diluted at 1:1000.

After the incubation of horseradish peroxidase-conju-

gated secondary Abs, the immune complexes were visu-

alized as mentioned above. In some experiments, the cell

lysates from kidney tissues were immunoprecipitated

with anti-Nrf2 Ab. The resultant immunoprecipitates were

separated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis and electrotransferred onto nitrocellulose

membranes. Thereafter, the membranes were incubated

with anti-ATF3 Ab at 4°C overnight. After the incubation

with secondary Ab, the antigen-antibody complexes

were detected similarly as described above.

Semiquantitative Reverse Transcriptase-

Polymerase Chain Reaction (RT-PCR)

A semiquantitative RT-PCR was conducted as de-

scribed previously.22,23 Total RNAs were extracted

from renal samples using Isogene (Nippon Gene,

Toyama, Japan). Five �g of total RNA were reverse-

transcribed to obtain cDNA, and the resultant cDNA

was amplified together with Taq polymerase (Nippon

Gene, Toyama, Japan) using specific sets of primers

with an optimal number of cycles at 94°C for 1 minute,

optimal annealing temperature for 1 minute, and 72°C

for 1 minute, followed by incubation at 72°C for 3

minutes (Table 1). The PCR products were fractionated

on a 2% agarose gel and visualized by ethidium bro-

mide staining. The band intensities of ethidium bro-

mide fluorescence were measured using NIH Image

Analysis Software Version 1.61 (National Institutes of

Health, Bethesda, MD). The relative intensities of the

bands were determined, and the ratios to �-actin were

calculated.

In Situ Detection of IFN-� mRNA in the Kidneys

In situ hybridization analyses were performed to detect

IFN-� mRNA in kidney, as described previously.25 RT-

PCR product of IFN-� was obtained using the pair of

primers with the addition of T7- and Sp6-RNA polymer-

ase promoter to the 5� end of each sense and anti-

sense primer of IFN-�, respectively (Table 1). Digoxi-

genin-labeled sense and anti-sense probes were

obtained by using DIG RNA labeling kit (Boehringer

Mannheim Biochemica, Mannheim, Germany) accord-

ing to the manufacturer’s instructions. The sense probe

was used as a negative control. Deparaffinized sec-

tions were further fixed with 4% paraformaldehyde in

PBS for 15 minutes and incubated with 10 �g/ml pro-

teinase K in TE buffer (10 mmol/L Tris-HCl and 1
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mmol/L ethylenediaminetetraacetic acid) at 37°C for 10

minutes. After washing with 5� standard saline citrate

at room temperature for 15 minutes, the sections were

prehybridized at 55°C for 1 hour with a buffer contain-

ing 50% deionized formamide, 5� standard saline ci-

trate, and 40 �g/ml salmon sperm DNA. After the RNA

probes were added to the prehybridization buffer to

400 ng/ml, the slides were incubated under a cover at

55°C for 16 hours in a moist chamber. After the section

was incubated with anti-digoxigenin Abs for 16 hours,

positive signals were visualized with a color-substrate

solution containing nitro blue tetrazolium salt and

5-bromo-4-chloro-3-indolyl phosphate toluidinium salt.

Statistical Analysis

The means and SEMs were calculated for all parameters

determined in this study. Statistical significance was eval-

uated using analysis of variance or Mann-Whitney’s U-

test. P � 0.05 was accepted as statistically significant.

The survival curve by the Kaplan-Meier procedure was

analyzed by a log-rank test.

Results

Intrarenal IFN-� Expression in WT Mice after

NaAs Challenge

We previously observed that NaAs caused severe re-

nal dysfunction.18 Because IFN-� can regulate ABC

transporter expression,19 –21 we determined intrarenal

IFN-� contents after the subcutaneous administration

of NaAs. NaAs challenge increased intrarenal IFN-�

contents remarkably even at 1 and 2 hours, declining

thereafter (Figure 1a). Immunohistochemical analysis

demonstrated that most tubular epithelial cells and

some interstitial cells expressed IFN-� protein even at

1 hour after NaAs challenge (Figure 1b). Consistently,

in situ hybridization analyses detected IFN-� mRNA

exclusively in tubular epithelial cells at 1 hour after

NaAs challenge (Figure 1c). Sense probes showed no

positive reactions for IFN-� mRNA, indicating the spec-

ificity of the reaction (Figure 1d). These observations

indicated that IFN-� might be locally produced by tu-

bular epithelial cells, the main target cells in NaAs-

induced renal injury.

Exaggerated NaAs-Induced Renal Injury in the

Absence of IFN-�

Acute exposure to arsenic can cause profound injury to

kidney.2,3 Thus, enhanced intrarenal expression of

IFN-� prompted us to examine its role in NaAs-induced

renal injury. On subcutaneous administration of NaAs

into WT and IFN-��/� mice, both strains started to die

later than 10 hours after the injection. However, IFN-

��/� mice exhibited a markedly higher mortality rate

(14 deaths/16 mice) than WT mice (two deaths/16

mice) within 24 hours after NaAs injection (Figure 2a).

There was no significant difference in serum BUN and

CRE levels between untreated WT and IFN-��/� mice

(Figure 2, b and c). Serum BUN and CRE levels were

increased after NaAs treatment in both strains, but the

increments were greater in IFN-��/� than WT mice.

Moreover, IFN-��/� mice exhibited more severe patho-

logical changes in terms of hemorrhages, acute tubular

necrosis, cast formation, and disappearance of PAS-

positive brush borders, than WT mice (Figure 2, d–i).

Although NaAs can cause damages to other organs

such as liver, intestines, and brain,2,3 we failed to

detect apparent morphological differences in these

organs between WT and IFN-��/� mice at 24 hours

after NaAs injection (data not shown). These observa-

tions implied that IFN-� has a protective role in NaAs-

induced renal injury.

Different Intrarenal Arsenic Contents between

WT and IFN-��/� Mice

Because differences in intrarenal arsenic contents can

result in different sensitivities to NaAs-induced renal

injury,18 we measured intrarenal arsenic contents in

WT and IFN-��/� mice after NaAs challenge. Before

NaAs injection, arsenic was barely detected in kidney

of both WT and IFN-��/� mice (Figure 3). NaAs admin-

Table 1. Sequences of the Primers Used for RT-PCR

Transcript Sequence Annealing temperature (°C) Cycles Product size (bp)

IFN-� (F) 5�-ACTGAAGCCAGCTCTCTCTTCCTC-3� 60 36 274
(R) 5�-TTCCTTCTTGGGGTCAGCACAGAC-3�

(F) 5�-CTTGTACCTTTACTTCACTG-3�* 60 36 197
(R) 5�-AAGCACCAGGTGTCAAGTCT-3�

†

MRP1 (F) 5�-GTTCCCTCCGCATGAACTTG-3� 55 30 550
(R) 5�-CTGGCTCATGCCTGGACTCTG-3�

MDR1 (F) 5�-CCCATCATTGCGATAGCTGG-3� 55 30 167
(R) 5�-TTTCAAACTTCTGCTCCCGA-3�

MT-1 (F) 5�-AGTGAGTTGGGACACCTTGG-3� 60 30 357
(R) 5�-GCTGGGTTGGTCCGATACTA-3�

�-Actin (F) 5�-TTCTACAATGAGCTGCGTGTGGC-3� 60 28 456
(R) 5�-CTCATAGCTCTTCTCCAGGGAGGA-3�

(F), Forward primer; (R), reverse primer.
*,† Primers were used for nested-PCR to prepare RNA probes for in situ hybridization.

IFN-� and NaAs-Induced Renal Injury 1121
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istration caused a rapid and massive increase in intra-

renal arsenic contents, to similar extents in WT and

IFN-��/� mice until 6 hours after the treatment (Figure

3). WT mice exhibited a progressive decrease thereaf-

ter, but the decrease was delayed in IFN-��/� mice

until 10 hours after the injection (Figure 3), when most

IFN-��/� mice succumbed. These observations imply

that the lack of IFN-� would delay arsenite efflux from

the kidney, resulting in enhanced sensitivities to NaAs-

mediated nephrotoxicity.

Expression of MRP1, Metallothionein-1 (MT-1),

and MDR1 in the Kidneys after NaAs Challenge

We next examined intrarenal expression levels of

MRP1, which is essentially involved in the efflux of

arsenic from the kidneys.18 Under the used experimen-

tal conditions, MRP1 mRNA was faintly detected in the

kidneys without any significant differences between

WT and IFN-��/� mice (Figure 4, a and b). WT but not

IFN-��/� mice exhibited an enhancement in intrarenal

MRP1 gene expression significantly 3 and 6 hours after

NaAs treatment (Figure 4, a and b). Consistent with

RT-PCR analysis, Western blotting analysis demon-

strated that MRP1 protein levels were significantly

higher in the kidneys of WT mice after NaAs treatment,

than IFN-��/� mice (Figure 4, c and d). An immunohis-

tochemical analysis demonstrated that MRP1 protein

was localized in the renal tubular cells and that its

expression levels were higher in WT than those of

IFN-��/� mice until 10 hours after NaAs treatment (Fig-

ure 4e). Although MDR1 and metallothionein-1 (MT-1)

can contribute to the efflux or detoxification of arsen-

ite,3,26 there was no significant difference in the gene

Figure 1. Analysis on IFN-� expression in the kidney of WT mice. a: Intrarenal IFN-� contents were determined at the indicated time intervals after NaAs challenge
as described in Materials and Methods. All values represent means � SEM (n � 6 animals). **P � 0.01, *P � 0.05; NaAs-treated WT mice versus control mice.
b: Immunohistochemical detection of IFN-� in the kidneys of WT mice after NaAs challenge. Representative results from six individual animals are shown here.
At 1 hour after NaAs challenge, IFN-� protein was immunohistochemically detected in most renal tubular cells and some interstitial cells (arrows). c: In situ
hybridization analysis to detect IFN-� mRNA in the kidneys of WT mice at 1 hour after NaAs challenge. In situ hybridization analysis was performed using either
anti-sense (c) or sense probe (d) as described in Materials and Methods. Representative results from six independent experiments are shown here. Original
magnifications, �200.
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expression of MDR1 and MT-1 between IFN-��/� and

WT mice even after NaAs injection (data not shown).

These observations suggest that the absence of IFN-�

may counteract MRP1 expression induced by NaAs

treatment.

The Effects of IFN-� Deficiency on the TGF-�-

Mediated Signaling Pathway

Several lines of evidence demonstrated that Smad3-

ATF3 can suppress the Nrf2-mediated gene expres-

sion, by association with Nrf2, an essential transcrip-

tion factor for MRP1 gene expression.27,28 Moreover,

several independent groups including ours demon-

strated that IFN-� can inhibit TGF-�/Smad signaling

pathway.29,30 These observations suggest that a

crosstalk between IFN-� and TGF-�/Smad signaling

pathways can modulate the expression and activity of

Nrf2, thereby regulating MRP1 expression. Hence, we

examined these molecules in NaAs-treated kidneys

(Figure 5, a– e). Intrarenal TGF-� protein contents were

increased after NaAs treatment, and the increment was

greater in IFN-��/� mice than in WT mice, as we pre-

viously observed on skin wound sites in IFN-��/�

mice.30 Concomitantly, phosphorylated Smad3 and

ATF3 contents were increased in IFN-��/� and WT

mice after NaAs treatment, and the gain was more

evident in IFN-��/� than WT mice. In contrast, NaAs

challenge increased the amounts of Nrf2 protein to

similar extents in the kidneys of WT and IFN-��/� mice.

Figure 2. Analysis of NaAs-induced renal injury in WT and IFN-��/� mice. a: Survival rates of WT (n � 16 animals) and IFN-��/� mice (n � 16 animals) after
administration of NaAs (12.5 mg/kg). b and c: Determination of serum BUN (b) and serum CRE (c) levels in WT (open bars) and IFN-��/� mice (closed bars)
at indicated time intervals after NaAs challenge. All values represent means � SEM (n � 15). *P � 0.05, **P � 0.01 WT versus IFN-��/� mice. d–i:
Histopathological observations of the kidneys from WT (d–f) and IFN-��/� mice (g–i). Representative results from six individual animals are shown here. The
specimens were obtained from mice at 10 hours after NaAs challenge and were stained with H&E (d, e, g, h) or PAS (f, i). In IFN-��/� mice, massive tubular
necrosis with cast formation and severe hemorrhages (g and h), and disappearance of PAS-positive brush borders (i) were observed. In contrast, the
histopathological changes were less evident in WT mice, compared with IFN-��/� mice (d, e), and PAS-positive brush borders were retained in WT mice (f).
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Moreover, immunoprecipitation analyses demon-

strated that the absence of IFN-� increased the amount

of ATF3 protein associated with Nrf2 protein (Figure

5f), which represents an inactive form of Nrf2. These

observations implied that the lack of IFN-� augmented

the TGF-� signal pathway and eventually enhanced the

expression of ATF3, a potent repressor of Nrf2, and the

association of these two proteins, thereby repressing

Nrf2, an essential transcription factor for MRP1 gene

expression.27,28

Induction of MRP1 Expression by NaAs and

IFN-� in Renal Tubular Cells

To clarify more in detail whether IFN-� can regulate intra-

renal MRP1 expression through TGF-�/Smad3/ATF3 sig-

Figure 3. Arsenic contents in the kidney after NaAs challenge. Arsenic
contents in the kidneys from WT (open bars) and IFN-��/� (filled bars)
mice were analyzed by atomic absorption spectrometry at 3, 6, 10, 18, and 24
hours after NaAs challenge (12.5 mg/kg) and expressed as the arsenic
amount (�g) divided by the sample weight (g). All values represent means �

SEM (n � 6 animals). **P � 0.01, WT versus IFN-��/� mice.

Figure 4. a and b: MRP1 mRNA expression in the kidneys of WT (open bars) and IFN-��/� mice (filled bars) were determined by RT-PCR at 3, 6, and 10 hours
after NaAs challenge. Representative results from six independent experiments are shown in a. The ratios of MRP1 to �-actin were calculated and are shown in
b (open bars, WT; filled bars, IFN-��/�). All values represent means � SEM (n � 6 animals). *P � 0.05, WT versus IFN-��/� mice. c and d: MRP1 protein
expression in kidneys of WT and IFN-��/� mice. Western blotting analysis was performed on the membrane-rich fraction obtained from the kidney tissues as
described in Materials and Methods. Under the used condition, MRP1 protein was faintly detected in the kidneys of untreated WT and IFN-��/� mice. Western
blotting analysis using anti-�-actin antibody confirmed that an equal amount of protein was loaded onto each lane. Representative results from six individual
animals in each group are shown in c. The ratios of MRP1 protein to �-actin protein were calculated and are shown in d (open bars, WT; filled bars, IFN-��/�).
All values represent means � SEM (n � 6 animals). *P � 0.05, WT versus IFN-��/� mice. e: Immunohistochemical detection of MRP1 protein in the kidneys
before, at 6 hours, or 10 hours after NaAs challenge. Representative results from six individual animals in each group are shown here. Original magnifications,
�200.
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nal pathway, we examined the effects of NaAs, IFN-�,

and/or TGF-� on MRP1, ATF3, and Nrf2 expression in a

renal tubular cell line, mProx24 cells.24 In untreated

mProx 24 cells, MRP1 protein was faintly detected (Fig-

ure 6). NaAs enhanced MRP1 and Nrf2 as well as ATF3

expression in mProx24 cells. On the contrary, IFN-� or

TGF-� alone had little effect on MRP1, Nrf2, and ATF3

expression. IFN-� augmented NaAs-induced MRP1 ex-

pression with a concomitant reduction in ATF3 expres-

sion, whereas TGF-� attenuated NaAs-induced MRP1

expression with a concomitant enhancement in ATF3

expression (Figure 6). However, neither IFN-� nor TGF-�

further augmented NaAs-induced Nrf2 expression. An-

other anti-inflammatory cytokine, interleukin (IL)-10, had

no effect on MRP1 expression (data not shown). Thus,

these observations further support our hypothesis that

IFN-� regulates MRP1 expression through TGF-�/Smad3/

ATF3 signal pathway.

The Efficacy of Anti-IFN-� Antibody or

Exogenous IFN-� on NaAs-Induced Renal Injury

We examined the efficacy of anti-IFN-� antibody or ex-

ogenous IFN-� on NaAs-induced renal injury. Anti-IFN-�

antibody aggravated renal injury as judged by increased

serum BUN levels, together with attenuated intrarenal

MRP1 protein expression (Figure 7, a and b). Concomi-

tantly, anti-IFN-� treatment increased the mortality within

24 hours after NaAs challenge (anti-IFN-� antibody, six

Figure 5. a–e: Western blotting analysis to detect TGF-�, phosphorylated
Smad3, ATF3, and Nrf2 proteins in the kidney. Under the conditions used,
these molecules were detected faintly but to a similar extent, in the kidneys
of untreated WT and IFN-� �/� mice. Western blotting analysis using anti-
�-actin antibody confirmed that an equal amount of protein was loaded onto
each lane. Representative results from six individual animals in each group
are shown in a. The ratios of each molecule to �-actin were calculated and
are shown in b to e (open bars, WT; filled bars, IFN-��/�). All values
represent means � SEM (n � 6 animals). **P � 0.01; *P � 0.05, WT versus
IFN-��/� mice. f: The association of ATF3 protein with Nrf2 proteins. Cell
extracts of the kidneys were immunoprecipitated with anti-Nrf2 antibody,
followed by Western blotting analysis using anti-ATF3 antibody. Represen-
tative results from six individual animals are shown here (6 hours after NaAs
challenge).

Figure 6. Effects of the various combinations of NaAs, IFN-�, and TGF-� on
MRP1, ATF3, and Nrf2 protein expression in mProx24 cells. The membrane-
rich fractions were obtained from mProx24 cells at 6 hours after the treat-
ment. Western blotting analysis was performed as described in Materials and
Methods. Western blotting analysis using anti-�-actin antibody confirmed
that an equal amount of protein was loaded onto each lane. Representative
results from six independent experiments are shown here.

Figure 7. The effects of anti-IFN-� antibody (a, b) or exogenous IFN-� (c, d)
on serum BUN levels and intrarenal MRP1 expression. WT mice were treated
with anti-IFN-� antibody or recombinant IFN-�, as described in Materials and
Methods. a and c: Serum BUN levels were determined at 6 and 10 hours after
NaAs challenge. All values represent means � SEM (n � 8). *P � 0.05,
control IgG versus anti-IFN-� antibody, **P � 0.01; vehicle versus recombi-
nant IFN-�. b and d: Intrarenal MRP1 expression was examined at 10 hours
after NaAs challenge, as described in Materials and Methods. Western blot-
ting analysis using anti-�-actin antibody confirmed that an equal amount of
protein was loaded onto each lane. Representative results from six indepen-
dent experiments are shown here.
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deaths/10 mice; control IgG, two deaths/10 mice). On the

contrary, when administered with IFN-� at 1 hour before

NaAs challenge, all WT mice survived (IFN-�, no deaths/

eight mice; vehicle, two deaths/eight mice). Moreover,

IFN-� treatment reduced the elevation of serum BUN

levels with an enhanced MRP1 expression in WT mice,

compared with vehicle-treated WT mice (Figure 7, c and

d). In contrast, when WT mice were administered with

IFN-� at 30 minutes after NaAs challenge, IFN-� en-

hanced MRP1 expression but marginally attenuated

NaAs-induced increases in serum BUN levels (vehicle

versus posttreatment of IFN-�, 63.7 � 2.8 versus 56.7 �

2.6 at 6 hours; 62.1 � 3.1 versus 50.1 � 4.3 at 10 hours)

and did not improve the associated mortality (IFN-�, one

death/eight mice; vehicle, two deaths/eight mice). These

observations may be explained by an assumption that

IFN-� can augment the MRP1 levels sufficiently to pre-

vent an increase in intrarenal arsenite concentration, only

with a time lag.

Discussion

Accumulating evidence demonstrated that renal tubular

epithelial cells also produced IFN-� in several types of

renal injuries.31,32 In line with these previous reports,

immunohistochemical and in situ hybridization analyses

detected IFN-� in renal tubular and interstitial cells in WT

mice treated with NaAs. On NaAs treatment, IFN-��/�

mice exhibited exaggerated renal dysfunction, com-

pared with WT mice, suggesting the protective roles of

IFN-� against NaAs-induced renal injury. This notion is

further supported by the observation that pretreatment of

anti-IFN-� antibody and that of IFN-� aggravated and

reduced NaAs-induced renal injury as judged by serum

BUN levels, respectively.

Intrarenal arsenic contents are a major factor to deter-

mine the sensitivities to NaAs-induced renal injury.18 The

return of intrarenal arsenic contents to basal levels was

impeded in IFN-��/� mice, suggesting the delayed efflux

of arsenic in these mice. Active extrusion executed by

ABC transporter proteins, has major roles in arsenic

detoxification, among several detoxifying systems.33

Among ABC transporter proteins, P-glycoprotein en-

coded by MDR1 gene and MRP1 are presumed to be

involved in arsenic transport in mammalian cells. Mice

lacking both mdr1a and mdr1b showed an increased

accumulation of arsenic in the tissues, resulting in higher

susceptibility to arsenic toxicity.26 IFN-�-induced MDR1

expression was documented but with controversy.19–21

Because NaAs injection augmented MDR1 gene expres-

sion to similar extents in both IFN-��/� and WT mice

(data not shown), it is unlikely that MDR1 gene was

responsible for different sensitivities to NaAs between

these two strains.

Tumor cells overexpressing MRP1 were resistant to

arsenical salts, and its inhibitor, MK-571,34 can in vitro

block the arsenic efflux.35 Moreover, we previously pro-

vided definitive evidence that differences in NaAs-in-

duced MRP1 expression levels were responsible for dif-

ferent sensitivities to NaAs-induced renal injury between

C57BL/6 and BALB/c mice.18 Furthermore, we observed

here that the NaAs-induced increase in MRP-1 expres-

sion was abrogated by the absence of IFN-�. These

observations suggest that endogenous IFN-� could reg-

ulate the expression of MRP1, a transporter essentially

involved in arsenic extrusion. This notion was supported

by the observation that IFN-� could enhance the expres-

sion of MRP1 in a renal tubular cell line, mProx24, in the

presence of arsenic. Given that both IFN-� and MRP1

were mainly expressed by tubular cells, IFN-� may act to

enhance MRP1 expression in an autocrine and/or para-

crine manner.

Kala and colleagues36 demonstrated that mice defi-

cient in MRP1 exhibited urinary arsenic levels similar to

WT mice, when arsenite was subcutaneously injected up

to 5 mg/kg. Moreover, there was no significant difference

in the intrarenal arsenic contents between MRP1�/� and

WT mice after intraperitoneal injection of 1 mg/kg NaAs.37

In these experiments, they administered much lower

doses than ours. Thus, the discrepancies can be ex-

plained by the assumption that MRP1 can extrude ar-

senic mainly at relatively higher doses and that other

molecule(s) such as MDR1 may extrude arsenic at lower

doses.

In addition to ABC transporter proteins, the low-molec-

ular weight, cysteine-rich metal-binding protein metallo-

thionein is presumed to be involved in detoxification of

heavy metals including arsenic. The absence of metallo-

thionein exaggerated hepatic and renal injury caused by

chronic exposure to arsenic.3 However, we could not

detect a significant difference in intrarenal metallothio-

nein gene expression during the course of NaAs-induced

renal injury between WT and IFN-��/� mice. Thus, me-

tallothionein levels alone cannot explain the different

sensitivities.

Of interest is that arsenic augmented intrarenal MRP1

expression at transcriptional levels and that IFN-� further

enhanced its expression. The promoter region of the

human MRP1 gene contains two potential IFN-� activa-

tion site elements, which are presumed to be involved in

IFN-�-mediated transcription of the target genes.38 How-

ever, IFN-� alone failed to enhance MRP1 gene expres-

sion in vitro in mProx24 cells. Thus, it is unlikely that IFN-�

can directly enhance intrarenal MRP1 gene expression.

Evidence is accumulating to indicate that a transcription

factor, Nrf2, can regulate MRP1 gene expression.27 The

activities of Nrf2 are under the control of various signal

pathways.28 ATF3 is a member of the activating tran-

scription factor/cAMP-responsive element binding pro-

tein of transcription factors,39 which is up-regulated by

TGF-�-Smad3 signal pathway. Bakin and colleagues28

demonstrated that TGF-�/Smad3-induced ATF3 re-

presses the Nrf2-mediated gene expression, by associ-

ation with Nrf2. Moreover, several independent groups

including us have revealed that IFN-� can negatively

affect the TGF-�1 signaling pathway.29,30 Thus, we ex-

amined TGF-�1/Smad3/ATF3 in kidney of IFN-��/� mice

after NaAs treatment. As we previously observed on skin

wound sites of IFN-��/� mice,30 the amounts of TGF-�1

and phosphorylated Smad3 were significantly elevated in

the kidney of IFN-��/� mice, compared with WT mice.
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Enhanced TGF-�1/Smad3 signaling pathway has re-

sulted in enhanced expression of ATF3 but not Nrf2 pro-

tein level, which may eventually depress MRP1 expres-

sion in IFN-��/� mice. Supporting this notion, in vitro,

IFN-� enhanced NaAs-induced MRP1 expression with a

concomitant reduction in ATF3 expression, whereas

TGF-� reduced NaAs-induced MRP1 expression with a

concomitant increase in ATF3 expression. Moreover,

both IFN-� and TGF-� had little effects on Nrf2 expres-

sion. Thus, IFN-� can enhance MRP1 expression mainly

by counteracting the negative effects of TGF-�/Smad3/

ATF3 signaling pathway.

Nrf2 can also regulate the expression of genes encod-

ing phase II detoxifying proteins in addition to MRP1.

Conjugation of arsenic with glutathione (GSH) is essential

for the cellular extrusion by ABC transporter such as

MRP1. The synthesis of GSH is a rate-limiting step regu-

lated by �-glutamylcysteinyl synthase (�-GCS), a mem-

ber of phase II detoxifying proteins. Nrf2 is an essential

transcription factor for �-GCS gene expression as evi-

denced by impaired �-GCS expression in mice lacking

Nrf2.40,41 However, we could not detect a significant

difference in intrarenal �-GCS gene expression between

IFN-��/� and WT mice (unpublished data). Thus, IFN-�

may have negligible effects on GSH synthesis and sub-

sequent arsenic conjugation by GSH in NaAs-induced

renal injury model.

Acute exposure to arsenic sometimes causes severe

damage to organs and with a high mortality. Our present

observations on IFN-��/� mice suggest that IFN-� can

enhance arsenic excretion into urine by augmenting the

expression of an essential transporter, MRP1. This as-

sumption was supported by the observation that the pre-

treatment with recombinant IFN-� or anti-IFN-� antibody

could modulate intrarenal MRP1 expression. Therefore,

IFN-� may be useful to prevent acute arsenic intoxication.

In contrast, posttreatment with IFN-� had marginal effects

on NaAs-induced renal injury, suggesting that IFN-� may

increase MRP1 levels sufficient to prevent NaAs-induced

intrarenal injury, only with a time lag.
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