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Abstract:

Background: The transcription factor Nrf2 regulates expression of multiple cellular defence proteins through the antioxidant re-

sponse element (ARE). Nrf2-deficient mice (Nrf2�/�) are highly susceptible to xenobiotic-mediated toxicity, but it is not known

whether this reflects low basal expression or reduced inducibility of Nrf2-regulated genes in response to chemical insults.

Methods: Wild type and Nrf2�/� mice were fed diet supplemented with the established Nrf2 inducer butylated hydroxyanisole

(BHA) [0.5% (w/w)] for 14 days. To define the range of Nrf2-regulated proteins, both basally and following exposure to BHA,

a comparison of the liver proteomes of Nrf2�/� and wild type mice was conducted. The two-dimensional gel electrophoresis (2-DE)

technique and MALDI mass spectrometry were utilized in the attempt to define Nrf2-regulated proteins.

Results: Overall, 24 proteins were identified, which were regulated either basally (3 proteins), inducibly (16 proteins), or both

(5 proteins). These included several well-established Nrf2-driven gene products e.g., aldo-keto reductase and glutathione transfe-

rases. Multiple consensus ARE/ARE-like sequences were found in the Nrf2-regulated genes.

Conclusions: This study confirms the central role of Nrf2 in the induction of multiple defense proteins as well as its control in the

constitutive expression of certain proteins.
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Abbreviations: 2-DE – two dimensional gel electrophoresis,

ARE – antioxidant responsive element, BHA – butylated

hydroxyanisole, GSTs – glutathione S-transferases, MALDI –

matrix-assisted laser desorption/ionization, Nrf2 – NF-E2-

related factor 2, Nrf2�/� – Nrf2 knockout mouse

Introduction

Exposure to electrophiles and reactive oxygen spe-

cies (ROS) may result in intracellular damage to pro-

teins, DNA and other macromolecules and can lead

to the development of cancer, neurodegenerative dis-

orders and cardiovascular disease [4, 52, 68]. To

counteract the damage caused by electrophiles and

ROS, higher animals have developed elaborate de-

fense mechanisms [60, 61], which include the coor-

dinated induction of a battery of genes encoding

phase II detoxifying enzymes and oxidative stress

inducible proteins [8, 29]. This coordinated response

is principally regulated through a cis-acting regula-

tory element named the antioxidant responsive ele-

ment (ARE) or electrophile responsive element

(EpRE) within the promoter regions of target genes

[23, 65]. The ARE has been shown to play a key role

in the transcriptional activation of genes such as

NAD(P)H: quinone oxidoreductase [20], glutathione

S-transferases (GSTs) [64, 66], glutamate-cysteine

ligase [54], heme oxygenase-1 [3], thioredoxin [37]

and ferritin [58].

There is clear evidence that NF-E2-related factor 2

(Nrf2), a bZip transcription factor, is the principal

regulator of the antioxidant response. Nrf2 binds to

the ARE sequence (in conjunction with binding part-

ners such as the small Maf proteins), and initiates

transcription of downstream genes [2, 13, 27, 31, 37,

46, 56, 74]. Under homeostatic conditions, Nrf2 is se-

questered in the cytoplasm by the actin binding pro-

tein Keap1, which also targets Nrf2 for proteasomal

degradation [16, 33, 34]. When challenged with

chemical or oxidative stress, Nrf2 is rapidly released

from Keap1 repression and translocates to the nucleus

[49, 72]. Certain compounds such as selenitetriglyc-

erides were able to increase reactive oxygen species

generation inside cells, resulting in increased Nrf2 nu-

clear translocation and phase II enzyme activity,

which are indicative of Nrf2-ARE signaling pathway

activation [69].

The critical role of Nrf2 in co-ordinating the cellu-

lar response to stress has been most convincingly es-

tablished through studies using mice with targeted

disruption of Nrf2 (Nrf2-/-). Inactivation of the nrf2

gene results in no obvious phenotypic changes (ex-

cept in aging female animals, where autoimmune dis-

eases have been observed [76]), indicating that Nrf2

is not essential for normal growth and development

[12]. However, exposure of Nrf2-deficient mice to

a range of toxic chemical insults has been shown to

result in enhanced toxicity compared to their wild

type counterparts. Nrf2-deficient mice have been

shown to be more susceptible to liver damage caused

by acetaminophen [19] and to pulmonary injury by

butylated hydroxytoluene [11]. Nrf2-deficient mice

also show increased DNA adducts in lung after expo-

sure to diesel exhaust [5] and increased incidence of

gastric tumors when treated with benzo(a)pyrene

[62]. All of these responses have been attributed to

decreased basal expression of phase 2 enzymes in

various organs [32, 41, 51].

Oligonucleotide microarray analysis of Nrf2 null

mice suggests that Nrf2 may regulate more than 200

genes, either constitutively or following exposure to

a known inducer [42, 45, 70]. However, it is now well

recognized that transcriptional up-regulation does not

always equate to increased protein expression [1]. In

addition, the function of most proteins is finely regu-

lated though post-translational modifications, e.g.,

phosphorylation, glutathionylation, etc., which can

only be characterized through direct protein analysis.

Only a few proteomic analysis of Nrf2 null mice has

been undertaken to substantiate the mRNA expression

changes at the protein level. A comprehensive proteo-

mic study which revealed proteins regulated by Nrf2

at the basal level has been reported [39]. However, the

inducible Nrf2 protein expression were not studied.

Here we report a global analysis of hepatic protein ex-

pression in Nrf2 null and wild type mice, both at the

basal and inducible level following exposure to an es-

tablished inducer of the antioxidant response, buty-

lated hydroxyanisole (BHA) [27], using the conven-

tional two-dimensional gel electrophoresis (2-DE)

technique. In a previous landmark study, it was shown

that BHA may function to induce phase II enzymes by

causing the translocation of Nrf2 into the nucleus,

thus enabling the binding of Nrf2 to the ARE and fi-

nally resulting in the transcriptional activation of

phase II genes [32, 34].
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Materials and Methods

Chemicals

Protein assay kits were from Bio-Rad (Hemel Hemp-

stead, Herts, UK). Immobiline Dry Strips and associ-

ated buffers for 2-DE gels were obtained from GE

Healthcare UK (Little Chalfont, Bucks, UK). Se-

quencing grade trypsin was obtained from Promega

UK (Southampton, Hants, UK). All other reagents

were obtained from Sigma (Poole, Dorset, UK).

Animal studies

All experiments were undertaken in accordance with

criteria outlined in a license granted under the Ani-

mals (Scientific Procedures) Act 1986, and approved

by the Animal Ethics Committees of the University of

Liverpool and the University of Dundee. Generation

of the Nrf2 knockout mouse and genotyping of prog-

eny have been described elsewhere [32, 51]. Briefly,

A 129/SvJ mouse genomic library was screened using

mouse nrf2 cDNA probe. Two overlapping genomic

phage clones containing the entire nrf2 gene, in addi-

tion to 6 kb or more 5’ and 3’ flanking sequences,

were then isolated and a targeting vector designed to

replace the bZip region of the Nrf2 gene with SV40

nuclear localization signal (NLS)-b-galactosidase

(lacZ) recombinant gene. In order to select for trans-

formants, a neomycin resistance (neo) gene was in-

serted downstream of the NLS-lacZ gene. The diph-

theria toxin gene was placed upstream of the nrf2

gene for negative selection against non-homologous

recombinants. Embryonic stem (ES) cells were then

electroporated with a linearized targeting vector. Chi-

meric mice were derived by two independent methods;

microinjection of ES clones into 3.5-day C57BL/6J

blastocysts or by making aggregations with 2.5-day

morula that were subsequently implanted into pseudo-

pregnant ICR female mice (foster mothers). Two ES

clones contributed to the germline. Chimeric males

were mated with ICR females and BALB/cA females,

respectively. Germline transmission of the mutant al-

lele in F1 offspring with chinchilla coat color was

confirmed and F2 offspring from heterozygous inter-

crosses were genotyped.

Four groups of mice were used: untreated wild type

mice, untreated null (knockout) mice, BHA-treated

wild type mice and BHA-treated null (knockout)

mice. Male mice of approximately 10 weeks of age

(25–30 g) were used throughout the study. Mice were

housed at a temperature range of 19–23°C under 12-h

light/dark cycles and given free access to food and

water. BHA was provided as a dietary supplement for

14 days to the treated wild type and treated knockout

groups. Each treatment was administered to a group of

four animals. Control diet comprised RM1 laboratory

animal feed (SDS Ltd., Witham, UK). Treated mice

were provided with RM1 diet that was supplemented

with 0.5% (w/w) BHA. The health of the animals was

monitored daily by measuring body weight. Once the

14-day feeding period was completed, animals were

killed by exposure to a rising concentration of CO2
followed by cervical dislocation. Livers were re-

moved and snap-frozen immediately in liquid nitro-

gen, before being stored at –80°C.

2-DE of mice liver homogenates

Mouse livers were weighed and 0.3 g of tissue was

homogenized in 1 ml lysis buffer [40 mM Tris, 7 M

urea, 2 M thiourea, 4% (w/v) CHAPS, 10 mM 1,4-

dithiothreitol, 1 mM EDTA]. The homogenate was

sonicated for 30 s and centrifuged at 150,000 × g for

45 min. The supernatant was assayed for protein con-

tent [7] and stored at –80°C. Aliquots of samples con-

taining equal quantities of protein (0.5 mg) were di-

luted to 350 µl with rehydration buffer (9 M urea, 2%

w/v CHAPS, bromophenol blue (trace), 2% v/v IPG

buffer, 0.28% w/v DTT) and incubated overnight with

nonlinear Immobiline Dry Strips (18 cm; pH 3–10

non-linear) in a re-swelling chamber. The samples

were subjected to isoelectric focusing (IEF) for 25 h

at a constant temperature of 20°C to achieve a total of

75,000 Vh. The IPG strips were then incubated with

equilibration buffer (50 mM Tris, 6 M urea, 30% v/v

glycerol, 2% w/v SDS, bromophenol blue (trace) con-

taining 1% w/v DTT) for 15 min followed by incuba-

tion in the same buffer with the DTT replaced by

2.5% w/v iodoacetamide for a further 15 min. The

strips were applied to the surface of 12% w/v

SDS-PAGE gels and sealed with agarose [25]. The

samples were subjected to electrophoresis at 20 mA

and 12°C for approximately 3 h. The gels were then

stained with colloidal Coomassie blue.

Image analysis of 2D gels

Colloidal Coomassie blue stained 2D gels were

scanned using a Bio Rad GS710 calibrated imaging
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densitometer. Tiff images were generated and were

analyzed using ImageMasterTM 2D Elite software,

version 4.01 (Amersham Pharmacia Biotech, Buck-

inghamshire, UK). Altogether 16 gels were analyzed

(4 for each of the groups mentioned previously). An

objective strategy for quantitative comparisons be-

tween wild type and null liver samples was adopted to

exclude the possibility of bias, as follows. The gels

were initially analyzed using an automated procedure

to identify spots. The authenticity and outline of each

spot was validated by eye and edited where necessary.

In each case approximately 500 validated spots were

recorded from each gel. Spot matching was accom-

plished initially by automated fitting of the spots, fol-

lowed by manual seeding of remaining spots that

failed to match by automated fitting. A background

value was subtracted for each gel and the spot vol-

umes normalized against the total volume of all

matched spots. For each spot, the ratio between its in-

tensity and the sum of all spot intensities in the gel

(normalized spot intensity) was determined and used

for quantitative comparison. Visual and quantitative

comparisons were only sought in spots that were

matched in all four gels for a given treatment group.

A significant difference in the normalized spot inten-

sity value was accepted when p < 0.05.

Strategy for identifying Nrf2 regulated proteins

in 2-DE experiments

To identify the Nrf2-regulated proteins based on the

pattern of protein expression, we adopted a specific

strategy of analysis that is depicted in Figure 1. Dif-

ferent categories of proteins could be profiled from

this strategy. The first category consisted of proteins

regulated by Nrf2 at the basal level (i.e., spots which

were found to be differentially expressed in Compari-

son 1). The second category consisted of proteins that

were regulated together by BHA and Nrf2 (Compari-

son 2). The third category was proteins found to be in-

creased by BHA in Nrf2 null mice (Comparison 3).

Therefore, BHA-inducible Nrf2-regulated proteins

were considered to be those detected by comparison

2, but not detected in comparison 3 i.e., [(protein

spots found in comparison 2) – (protein spots found in

comparison 3)]. For each of the comparisons, four

2-DE gels (each from a different animal) were used.
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Fig. 1. Strategy for identifying Nrf2-regulated proteins. The illustrated pairwise comparisons were applied for the 2-DE studies using individual
mouse liver homogenates. WT = Nrf2(+/+) mice, null = Nrf2(�/�) mice



Protein spots of interest were excised from colloi-

dal Coomassie blue-stained 2-DE gels by automated

spot excision (Ettan Dalt Spot Picker, Amersham Bio-

sciences, Buckinghamshire, UK) and were subjected

to tryptic digestion [15]. Gel pieces were washed with

100 µl of 50% (v/v) acetonitrile (ACN)/50 mM am-

monium bicarbonate (NH4HCO3) (pH 7.8) for 15 min

and were dried in a SpeedVac (Eppendorf Concentra-

tor 5301). The dried gel pieces were rehydrated with

4–10 µl of digestion buffer (5 ng/µl of modified se-

quencing grade trypsin in 50 mM NH4HCO3) and

were incubated overnight at 37°C. The resulting pep-

tides were extracted by the addition of 30 µl of 60%

ACN/1% trifluoroacetic acid (TFA) and incubation

for 5 min in a sonicating water bath at 20°C. The sam-

ples were briefly centrifuged and the supernatants

were collected. A further 30 µl of 60% ACN/1% TFA

was added to the gel plug and the sample was soni-

cated for 5 min. The supernatants were pooled and

dried in a SpeedVac. The peptides were resuspended

in 10 µl of 5% ACN/0.05% TFA. A half µl of the pep-

tide mixture was spotted onto a 96-postion stainless

steel target and was mixed 1:1 with matrix [10 mg/ml

a-cyano-4-hydroxycinnamic acid in 50% ACN/0.1%

TFA]. Peptide mass fingerprints were obtained on

a Voyager DEPro MALDI mass spectrometer (Ap-

plied Biosystems, Warrington, UK) and the resulting

mass lists searched against a protein database

(NCBInr, version 20060718, 3794285 sequences)

using Mascot software (version 2.1, http://www.ma-

trixscience.com, Matrix Science, London, UK). Scores

of greater than 75 were regarded as sufficient for

identification. Each significant identification was

checked for consistency between its isoelectric point,

molecular mass and mobility on the 2-DE gel, and,

where possible, coincidence with a published mouse

liver proteome 2-DE database [21, 22].

Identification of antioxidant response elements

in the promoter regions of Nrf2-regulated genes

ARE consensus sequences were sought in the 5’-

flanking regions upstream of all genes identified in

the previous experiments as being Nrf2 regulated, at

either the constitutive or inducible level. Public do-

main software (Regulatory Sequence Analysis Tools,

http://rsat.ulb.ac.be/rsat/) provided by the Service de

Conformation des Macromolécules Biologiques et de

Bioinformatique at the University Libre de Bruxelles

[71] was used. 5’-Flanking sequences were obtained

from the ENSEMBL mouse project website (http://

www.ensembl.org/Mus_musculus/index.html). Since

different genes have been shown to have different se-

quence requirements of AREs [57], a string-based

pattern matching method was performed using the

programme dna pattern available within the RSAT

web resource. This was followed by manual scoring

of the output based on the ‘perfect’ ARE core consen-

sus sequence RTGA(S/Y)NNNGCR (where R = A or

G, S = C or G, Y = C or T and N = any nucleotide) as

suggested previously [53, 65, 73]. The input query strings

entered into the programme were RTGASNNNGC,

RTGAYNNNGC, RTGAS and RTGAY. For putative

bZip transcription factor binding site detection, the

strings were TGANTCA and TGANNTCA. These

patterns were deduced from previous publications

[11, 58, 60, 61]. ARE sequences that were found to

match exactly the RTGASNNNGCR and RTGAYN-

NNGCR patterns were considered as perfect scores

(8/8). Imperfect matches (imperfect putative AREs/

ARE-like sequences) were scored according to the

procedure of Ellis et al. [18].

Statistical analysis

Data are expressed as the mean ± SEM for each spe-

cific protein spot found in four different gels (four bio-

logical replicates) for each treatment group. All values

were analyzed for non-normality using the Shapiro-

Wilk test. Normally distributed values were compared

using Student’s unpaired t-test whilst non-normal val-

ues were analyzed using the Mann-Whitney test. These

statistical analyses were performed using the SPSS sta-

tistical software package, version 12 (Chicago, IL,

USA). Statistical significance was accepted at p < 0.05.

Results

Identification of Nrf2-dependent liver proteins

by 2-DE

Mouse liver protein extracts were separated by 2-DE

and the protein spots were visualized following stain-

ing with colloidal Coomassie blue. A total of 16 gels

were produced (4 gels for each group). Approxi-

mately 500 spots/gel were detected by the automated

spot detection algorithm across the 16 gels. Interest-

ingly, we could find no conspicuous spots that were

684 Pharmacological Reports, 2012, 64, 680�697
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Fig. 2. 2D gel electropherograms of Nrf2 null and wild
type mouse liver proteins, before or after treatment with
butylated hydroxyanisole (BHA). (a) Representative 2D
gel of liver homogenate prepared from a wild type
mouse annotated with the spot reference numbers of
proteins that are found to be regulated by Nrf2, either at
the basal level or at the inducible level, or both. (b) Ex-
panded montages of selected spots from each of the
four treatment groups
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Tab. 1. Proteins regulated by Nrf2 identified by 2-DE analysis. Proteins from the livers of individual control mice and of animals with dietary BHA
treatment were separated by 2-DE as described in the Materials and Methods. The protein spots were quantified from colloidal Coomassie
blue-stained gels using the 2-DE ImageMaster software. Spot intensities were normalized to the total spot intensity for each gel and expressed
as the mean percentage value ± SD (n = 4 for each group). None of the listed proteins was significantly induced by BHA in the null animals.
* p < 0.05 compared with WT control. The level of Nrf2 regulation is indicated in the final column: B – basal; I – inducible; B/I – both basal and in-
ducible

Gel spot Swiss Prot
acc. No.

Protein Normalized spot intensity (% total spot intensity) Nrf2
regulation

WT control WT BHA Null control Null BHA

73 Q99KIO Aconitate hydratase 0.25 ± 0.03 0.37* ± 0.03 0.26 ± 0.03 0.25 ± 0.04 I

259 Q91ZJ5 UTP-glucose-1-phosphate
uridylyltransferase 2

0.35 ± 0.07 0.58* ± 0.03 0.30 ± 0.11 0.40 ± 0.05 I

262 P24549 Aldehyde dehydrogenase 1A1 0.96 ± 0.06 1.22* ± 0.11 0.73* ± 0.06 0.85 ± 0.13 B/l

312 P54869 Hydroxymethylglutaryl-CoA
synthase

1.87 ± 0.06 3.56* ± 0.39 1.85 ± 0.08 1.92 ± 0.09 I

319 P29758 Ornithine aminotransferase,
mitochondrial

0.80 ± 0.18 1.45* ± 0.11 0.75 ± 0.16 0.77 ± 0.30 I

437 Q9CWSO Dimethylargininase 1 0.45 ± 0.11 0.64* ± 0.11 0.44 ± 0.14 0.42 ± 0.09 I

486 Q64374 Regucalcin/SMP-30 5.01 ± 0.50 7.85* ± 0.86 4.66 ± 1.22 5.00 ± 0.63 I

490 P16858 Glyceraldehyde-3-phosphate
dehydrogenase

0.48 ± 0.03 0.79* ± 0.12 0.51 ± 0.05 0.48 ± 0.09 I

515 P25688 Uricase 0.83 ± 0.10 1.44* ± 0.25 0.79 ± 0.05 0.83 ± 0.05 I

516 P48758 Carbonyl reductase 0.84 ± 0.11 1.47* ± 0.25 0.80 ± 0.05 0.82 ± 0.06 I

526 Q9ROP3 S-formylglutathione hydrolase 1.11 ± 0.06 1.54* ± 0.14 1.06 ± 0.09 1.10 ± 0.04 I

626 P30115 Glutathione S-transferase A3 7.86 ± 0.42 8.69* ± 0.60 6.67* ± 0.28 7.29 ± 0.34 B/l

650 P19157 Glutathione S-transferase P1 1.39 ± 0.11 1.49 ± 0.22 0.75* ± 0.50 0.97 ± 0.22 B

651 P19157 Glutathione S-transferase P1 1.00 ± 0.25 0.80 ± 0.08 0.34* ± 0.18 0.43 ± 0.24 B

664 Q923D2 Biliverdin reductase B 0.60 ± 0.07 1.16* ± 0.14 0.41* ± 0.11 0.62 ± 0.20 B/l

730 P11588 Major urinary protein 1 0.81 ± 0.04 0.82 ± 0.07 0.14* ± 0.04 0.22 ± 0.17 B

763 P08228 Superoxide dismutase 6.13 ± 0.28 7.23* ± 0.52 5.80 ± 0.35 6.11 ± 0.57 I

886 P11588 Major urinary protein 1 2.43 ± 0.18 2.31 ± 0.15 1.15* ± 0.24 1.17 ± 0.20 B

975 Q9DBT9 Dimethylglycine dehydrogenase 0.53  ± 0.07 0.80* ± 0.02 0.53 ± 0.07 0.52 ± 0.06 I

977 Q8VEJ9 Vacuolar protein
sorting-associating protein 4A

0.60 ± 0.03 0.93* ± 0.21 0.60 ± 0.02 0.60 ± 0.05 I

983 P06801 NADP-dependent malic enzyme 0.12 ± 0.08 0.32* ± 0.09 0.08 ± 0.05 0.06 ± 0.02 I

994 Q9JII6 Aldo-keto reductase family 1 A1 1.26 ± 0.04 1.44* ± 0.04 1.25 ± 0.05 1.26 ±0.03 I

1013 Q64442 Sorbitol dehydrogenase 1.03 ± 0.09 1.13 ± 0.24 0.59* ± 0.14 0.41 ± 0.26 B

1066 Q03265 ATP synthase subunit a 2.33 ± 0.24 2.93* ± 0.14 1.56* ± 0.04 1.44 ± 0.24 B/l

1076 Q60932 Voltage-dependent anion-selective
channel protein 1

0.87 ± 0.07 1.14* ± 0.03 0.86 ± 0.04 0.87 ± 0.03 I

1078 P10649 Glutathione S-transferase Mu1 4.89 ± 1.29 19.83* ± 2.05 2.39* ± 0.49 4.75 ± 1.19 B/l

1080 P19157 Glutathione S-transferase P1 12.93 ± 0.60 13.02 ± 0.72 9.19* ± 0.28 9.35 ± 0.79 B
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Tab. 2. Promoter analysis for the mouse genes encoding Nrf2-regulated proteins. Sequences of the genes of Nrf2-regulated proteins were ob-
tained from the ENSMBL mouse genome database (http://www.ensembl.org/index.html) and interrogated for ARE and ARE-like consensus se-
quences using the RSAT analysis software (http://rsat.ulb.ac.be/rsat/). Returned sequences were rated against the ‘perfect’ consensus se-
quence RTGA{S/Y}NNNGCA such that the presence of each nucleotide highlighted in bold scored one point. The number of such sequences
present in the promoters with scores of 5/8 or higher are indicated in the relevant column. For comparison, the final column shows the number
of non-ARE bZip elements present in each of the promoters. No significant difference was found between the mean scores for each group

Coded protein Mouse gene Number of ARE/ARE-related sequences Other
CNC-bZip

sites8/8 7/8 6/8 5/8 Total

Basally-regulated proteins

Glutathione S-transferase P1 gstpl 2a) 6 11 8 27 7

Major urinary protein 1 mupl 2 3 10 6 21 6

Sorbitol dehydrogenase sord 1 3 6 4 14 9

mean 20.7 7.3

Inducibly-regulated proteins

Glyceraldehyde-3-phosphate dehydrogenase gapdh 3b) 4 24 7 38 11

Ornithine aminotransferase, mitochondriai oat 2c) 6 14 7 29 9

Aldo-keto reductase 1A1 akr1a4 2 5 15 2 24 5

Dimethyiargininase 1 ddahl 1 5 11 5 22 5

Uricase uox 1 5 8 8 22 8

Vacuolar protein sorting-associating protein 4 A vps4a 1 4 11 5 21 5

Voltage-dependent anion-selective channel protein 1 Vdac1 2 4 9 6 21 8

S-formylglutathione hydrolase esd 2 7 6 5 20 7

Aconitate hydratase aco2 2 4 8 5 19 5

Dimethylglycine dehydrogenase dmgdh 2d) 4 8 5 19 3

NADP-dependent malic enzyme Mod1 1 1 9 8 19 10

Carbonyl reductase cbrl 1 5 7 5 18 6

UTP-glucose-1 –phosphate uridylyltransferase 2 ugp2 1 3 6 7 17 6

Hydroxymethylglutaryl-CoA synthase hmgcs2 2 1 8 5 16 4

Regucalcin/SMP-30 rgn 1 6 4 5 16 3

Superoxide dismutase Sod1 1 4 6 5 16 6

mean 21.1 6.3

Basally and inducibly-regulated proteins

Biliverdin reductase B blvrb 5e) 11 20 12 48 9

Glutathione S-transferase Mu1 gstml 3 7 12 4 26 5

Glutathione S-transferase A3 gsta3 3 5 12 5 25 5

Aldehyde dehydrogenase 1A1 aldh1a1 2f) 4 10 5 21 4

ATP synthase subunit alpha atp5a1 4 g ) 4 7 5 20 3

mean 28.0 5.2

a) 1 perfect consensus ARE and 1 perfect ‘variant-type’ ARE identified within the 5’ flanking region of gstp1. b) 2 perfect consensus AREs and
1 perfect ‘variant-type’ ARE identified within the 5’ flanking region of gapdh. c) 2 perfect ‘variant-type’ AREs identified within the 5’ flanking re-
gion of oat. d) 2 perfect consensus AREs identified in the un-translated sequences within introns 1 and 2 of dmgdh. e) 3 perfect consensus AREs
and 2 perfect ‘variant-type’ AREs identified within the 5’ flanking region of blvrb. f) 1 perfect consensus ARE and 1 perfect ‘variant-type’ ARE
identified within the 5’ flanking region of aldh1a1. g) 3 perfect consensus AREs and 1 perfect ‘variant-type’ ARE identified in the un-translated
sequences within the introns of Atp5a1



entirely absent in control knockout gels but present in

control wild type gels, or vice-versa. Using the crite-

rion defined above (statistically significant difference

within one or more comparisons and spot detected in

all four gels for any treatment group) a total of 27

spots were differentially expressed within at least one

of the 3 comparisons defined, indicating a role for

Nrf2 in their regulation. These spots are labeled in the

representative gel image (from a wild type control

mouse liver) shown in Figure 2a. Montage images of

selected differentially expressed spots across the four

treatment groups are shown in Figure 2b. Table 1 lists

all the gel spots whose intensity varied in one or more

of the treatment groups. On the basis of the compari-

son showing a significant difference in expression,

each of these protein spots was categorized as basally

regulated (B), inducibly regulated (I) or regulated at

both the basal and the inducible levels (B/I). Mass

spectrometric analysis of the excised spots resulted in

24 unique protein identifications, with two proteins

(glutathione S-transferase p [3 spots] and major uri-

nary protein 1 [2 spots]) being identified in two or

more spots.

The expression of eight proteins was significantly

different between wild type and null mice that had not

been exposed to BHA. Of these, five were also signifi-

cantly different between untreated and BHA-treated

wild type mice, but not null mice. Thus, only 3 proteins

were identified by the 2DE gel comparisons that were

exclusively regulated at the constitutive level. The re-

mainder of the proteins only revealed increased Nrf2-

dependent expression following exposure to BHA.

Proteins induced by BHA alone (i.e., up-regulated in

both wild type and Nrf2 null mice, and therefore in-

duced via a non-nrf2 dependent pathway) were not

specifically identified in the current study.

Identification of putative antioxidant response

elements (ARE) and ARE-related motifs in

the promoters of the Nrf2-regulated genes

Each of the genes encoding proteins identified as

Nrf2-regulated was interrogated for ARE or ARE-like

enhancer elements. In addition, other CNC-bZip tran-

scription factor binding sites were characterized. Mul-

tiple putative AREs and CNC-bZip transcription fac-

tor binding sites were identified in the genes of inter-

est (Tab. 2). Of the Gsts shown through this study to

be Nrf2-regulated, namely Gsta3, Gstm1 and Gstp1,

all have more than one putative ARE with perfect

identity to the consensus ARE. Using this approach we

were able to locate precisely the functional ARE

(5’-TGACATTGC-3’) in the promoter region of mGsta3

and the ARE in murine Gstm1 (5’-TGACAG-

TGCA-3’) previously identified by Hayes et al. [28,

35], thus emphasizing that the method we used was

robust. It is interesting to note that most of the

proteins found in this study to be dependent on Nrf2

for both constitutive as well as inducible expression

have more than one perfect core ARE in their pro-

moter regions.

Discussion

It is now well established that the transcription factor

Nrf2 plays a major role in the cytoprotective adaptive

response to oxidative and chemical stress. Nrf2 has

been shown to be indispensable for cellular defense

against many chemical insults of endogenous and ex-

ogenous origin [77]. Previous studies in Nrf2 null

mice focusing on individual proteins have shown that

the presence of Nrf2 is essential for the enhanced ex-

pression of several antioxidant response proteins fol-

lowing administration of certain chemicals, however,

constitutive expression of the same genes is often un-

affected or only marginally reduced by deletion of the

Nrf2 gene [10, 12, 13, 19, 31, 32, 50, 51, 56, 70]. Mi-

croarray studies of transgenic mice deficient in Nrf2

indicated that the full range of genes regulated by

Nrf2 was extensive [14, 40, 42, 45, 47, 48, 55, 67,

70]. However, until now, equivalent studies looking at

protein expression were lacking.

In the present study, we have compared the liver

protein expression of wild type and Nrf2 knockout

mice, with and without BHA treatment, to identify

proteins that are regulated by Nrf2, using the two-

dimensional gel electrophoresis technique (2-DE).

A particular focus of the study was to define the rela-

tive importance of Nrf2 in the control of protein ex-

pression at the inducible level following exposure to

BHA, a well-known Nrf2 inducer. 2-DE analysis of

liver homogenates led to the identification of 24

Nrf2-regulated proteins. Of these 24 proteins, 8 were

regulated at the constitutive level, however, 5 of these

were also differentially regulated following BHA in-

duction of wild type animals compared with nulls.

Therefore, only 3 proteins could be identified that
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Tab. 3. Summary of Nrf2-regulated proteins identified by 2-DE. Mouse liver proteins are categorized according to their level of Nrf2 regulation
(basal, inducible or both), along with their location (C – cytosolic, M – mitochondrial, P – peroxisomal, PM – plasma membrane, S – secreted,
SER – microsomal, U – unknown) and primary function within the cell

Protein Swiss
Prot

acc. no.

Location Relative expression Function

WT control

Null control

WT BHA

WT control

Aconitate
hydratase

Q99KIO M 1.47 Carbohydrate metabolism
– tricarboxylic acid (TCA) cycle

Aldo-keto
reductase 1A1

Q9JII6 C 1.14 Oxidoreductase - converts aldehydes to alcohols

Aldehyde
dehydrogenase 1A1

P24549 C 1.32 1 .27 Oxidoreductase – aldehyde and retinoic acid
metabolism

ATP synthase
subunit alpha

Q03265 M 1.49 1.26 Oxidative phosphorylation
Hydrogen ion transporter activity

Biliverdin reductase B Q923D2 C 1.44 1.94 Porphyrin metabolism Antioxidant

Carbonyl reductase P48758 C 1.75 Arachidonic acid, xenobiotics

Dimethylargininase 1 Q9CWSO 1 .43 Role in nitric oxide biosynthesis

Dimethylglycine
dehydrogenase

Q9DBT9 M 1.50 Glycine, serine and threonine metabolism
Electron transport

S-formylglutathione
hydrolase

Q9ROP3 C 1 .39 Serine hydrolase – metabolism of formaldehyde

Glyceraldehyde-3-
phosphate dehydrogenase

P 16858 C 1.64 Glucose metabolism

Glutathione S-transferase A3 P30115 C 1.18 1.11 Glutathione conjugation of xenobiotics

Glutathione S-transferase
Mu1

P 10649 C 2.02 4.11 Glutathione conjugation of xenobiotics

Glutathione S-transferase P1 P19157 C 1.50 Glutathione conjugation of xenobiotics
Intracellular signalling – JNK inhibition

Hydroxymethylglutaryl-Co
A synthase

P54869 M 1.90 Acetyl-CoA metabolism, cholesterol biosynthesis,
steroid biosynthesis

Major urinary protein 1 P11588 C 2.50 Transport activity Binding activity – pheromone binding

NADP-dependent malic
enzyme

P06801 C 2.63 NADP biosynthesis, malate/pyruvate metabolism
Responds to carbohydrate stimulus
Intracellular signalling – PPAR pathway

Ornithine aminotransferase,
mitochondrial

P29758 M 1.83 Amino acid metabolism

Regucalcin / SMP-30 Q64374 C 1.57 Calcium ion binding
Enzyme regulator activity

Sorbitol dehydrogenase Q64442 U 1.74 Metabolic activity

Superoxide dismutase P08228 C 1.18 Superoxide free radical metabolism
Antioxidant
Intracellular signalling – response to oxidative stress

Uricase P25688 P 1.73 Purine metabolism

UTP-glucose-1-phosphate
uridylyltransferase 2

Q91ZJ5 C 1.68 Carbohydrate Metabolism
Regulation of transcription

Vacuolar protein
sorting-associating
protein 4A

Q8VEJ9 PM 1.56 Protein transport
Protein binding, nucleotide binding, ATP binding
Nucleoside-triphosphatase activity

Voltage-dependent anion-
selective channel protein 1

Q60932 M, PM 1.31 Ion transport
Signal transduction – calcium signalling pathway



were exclusively regulated at the basal level. The

largest group of proteins (comprising 16 individual

proteins) only showed an Nrf2-specific effect follow-

ing exposure to BHA and was thus classified as in-

ducibly regulated. The reason that Nrf2 displays dif-

ferential patterns of regulation at constitutive and/or

inducible levels with different proteins is intriguing. It

cannot simply reflect the number of ARE sites present

within the regulatory regions of the different genes,

since the average number of such sites identified in

this study (see Tab. 2) was virtually identical between

the basally (20.7 ± 6.5) and inducibly (21.1 ± 5.6)

regulated genes. The explanation may lie with other

factors known to be involved in Nrf2 signalling, such

as phosphorylation of Nrf2 [30] or the levels of ex-

pression of dimerization partners required for ARE

activation [38]. In addition, the repressor protein

BACH1 has also been shown to regulate the expres-

sion of some Nrf2 driven proteins, but not all, and in-

activation of this repression can be elicited by chemi-

cal stress, suggesting a further possible mechanism

for differential Nrf2 signalling [63].

The majority of the proteins that displayed signifi-

cantly enhanced expression in wild type animals have

previously been shown to be Nrf2-dependent in other

studies, however, several have not been previously

linked to Nrf2. These include aconitate hydratase, di-

methylglycine dehydrogenase, senescence marker

protein-30 and sorbitol dehydrogenase. Overall, the

majority of the identified liver proteins regulated by

Nrf2 were enzymes or enzymatic subunits with a wide

spectrum of catalytic functions. Proteins within these

functional categories are vital for cell survival, sug-

gesting that Nrf2 controls a specific group of proteins

involved in cellular defense. Other proteins affected

by Nrf2 included those involved in functions such as

transport, apoptosis, signal transduction and antioxi-

dant activity (the primary function of each protein is

summarized in Table 3).

Aconitate hydratase (aconitase) (EC:4.2.1.3) cata-

lyzes the reversible, stereo-specific, isomerization of

citrate to isocitrate via cis-aconitate in the tricarbox-

ylic acid (TCA) cycle, a non-redox active process [26,

44]. Antioxidant response element (ARE) has been

identified in human mitochondrial aconitase (mA-

CON) enzyme in a study done previously, and it was

postulated that upregulation of mACON gene tran-

scription by ferric ammonium citrate induction might

occur through the ARE signaling pathway [36].

Mouse embryonic fibroblast (MEF) cells derived

from Nrf2 knockout mouse treated with diquat dibro-

mide (DQ, a non-electrophilic redox cycling bipyrid-

ium herbicide) exhibited markedly decreased cell vi-

ability and aconitase activity as well as increased lipid

peroxidation and glutathione oxidation, relative to

wild type Nrf2 mouse-derived cells [59]. These obser-

vations strongly support our contention that mouse

aconitase is an Nrf2-associated protein.

Dimethylglycine dehydrogenase (DMGDH) (E.C.

1.5.99.2) is a mitochondrial matrix enzyme involved in

the metabolism of choline, converting dimethylglycine

to sarcosine. Sarcosine is then transformed to glycine

by sarcosine dehydrogenase (E.C. 1.5.99.1). Both en-

zymes use flavin adenine dinucleotide (FAD) and fo-

late in their reaction mechanisms [6]. Expression of

mitochondrial DMGDH has been analyzed in various

tissues, liver cell types and developmental stages of

the rat. It was shown that although mRNA expression

of the enzyme is detectable in many other tissues, it

was mainly observed in the liver and kidney. Among

various liver cell types, besides hepatocytes, liver en-

dothelial cells showed high levels of DMGDH mRNA

expression. At the protein level, DMGDH is predomi-

nantly expressed in the liver. Immunohistochemical

staining of liver slices with DMGDH-specific antise-

rum revealed that expression of this enzyme is evenly

distributed throughout the liver tissue [43].

Senescence marker protein-30/regucalcin (SMP30/

RGN) is a calcium-binding protein that decreases in

an androgen-independent manner with aging. It is pri-

marily localized within the liver and kidney cortex of

animals. SMP30/RGN, as a regulatory protein of

Ca2+, has a pivotal role in the control of many cell

functions [24]. The protein has a reversible effect on

Ca2+-induced activation and inhibition of many en-

zymes in both the liver and renal cortex cells. It has

also been shown to inhibit various protein kinases (in-

cluding Ca2+/calmodulin-dependent protein kinase,

protein kinase C and tyrosine kinase) and protein

phosphatases, indicating a regulatory role in signal

transduction within the cell. In addition, regucalcin

regulates intracellular Ca2+ homeostasis by enhancing

Ca2+-pumping activity in the plasma membrane

through activation of the pump enzymes [75].

Sorbitol dehydrogenase (SDH) (EC 1.1.1.14) con-

verts sorbitol to fructose strictly using NAD+ as coen-

zyme. SDH, a member of the medium-chain dehydro-

genase/reductase protein family, is also the second en-

zyme of the polyol pathway of glucose metabolism.

SDH is expressed almost ubiquitously in all mammal-
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ian tissues. The enzyme has gained a lot of interest

due to its implication in the development of diabetic

complications and thus its tertiary structure may fa-

cilitate the development of drugs for the treatment of

diabetes sufferers. Modelling studies suggest that

SDH is structurally homologous to mammalian alco-

hol dehydrogenase with respect to the conserved zinc

binding motif and a hydrophobic substrate-binding

pocket. Even though the overall 3-D structures of

SDH and alcohol dehydrogenase are similar, the zinc

coordination in the active sites of the two enzymes is

different [17].

A requisite property of all genes identified thus far

to be Nrf2-responsive is that they contain an ARE se-

quence. Consequently, it was important to confirm the

presence of such AREs within the promoter regions of

the genes encoding the identified proteins, particu-

larly those not previously reported to be Nrf2-

dependent. This was accomplished using software

available in the public domain that allows multiple

string searching of 5’-flanking regions obtained from

the ENSEMBL mouse project database. In every case

multiple ARE or ARE-like sequences were located in

the gene promoters and at least one of these equated

to the predefined ‘perfect’ ARE sequences of

RTGASNNNGCR or RTGAYNNNGCR as defined

by Rushmore [18, 65, 73]. For comparison, several

genes that encode proteins shown not to be Nrf2 regu-

lated in this study were similarly analyzed and, al-

though ARE-like sequences were located, in no case

was a perfect ARE identified; in addition, the overall

number of ARE-like sequences was far lower than in

those genes classified as Nrf2-regulated (data not

shown). An overall score was assigned to each of the

Nrf2-regulated genes, based on the total number of

ARE/ARE-like sequences found (Tab. 2). However,

no significant difference was found between the vari-

ous groups of Nrf2-regulated genes (basal, inducible

or both) with regards to ARE/ARE-like sequence

scores. This further suggests that Nrf2 control of gene

expression is much more complicated and is not just

limited to the number of ARE binding sites found in

the promoter region.

From this study, we found that the Nrf2-associated

protein expression is not totally abolished in Nrf2

knockout mouse. This suggests that CNC-bZip tran-

scription factors other than Nrf2 (e.g., Nrf1, Nrf3 and

Bach proteins) might play a role in controlling the ba-

sal expression of these proteins. This can be partly ex-

plained by our observation that other putative CNC-

bZip transcription factor binding sites exist within the

5’ upstream region of our genes of interest (Tab. 2).

On the other hand, based on the similarity of the ARE

and NF-E2 binding motif sequences, it has been sug-

gested that other CNC-bZip transcription factors such

as Nrf1, Nrf3 and Bach proteins might also regulate

gene expression through the ARE [53]. At present,

evidence provided so far supports the contention that

Nrf2 is the major inducer of phase II and antioxidant

genes expression, whereas the basal and inducible ex-

pression of these genes, and perhaps the timing of the

induction and its termination, is finely tuned by other

ARE-binding transcription factors [53]. Furthermore,

the fact that Nrf2 knockout mouse itself can grow to

reach adulthood and reproduce, shows that there must

be redundancy amongst the different CNC-bZip tran-

scription factors [12, 77].

In essence, our study has identified 24 Nrf2-

dependent hepatic proteins, and confirmed the pres-

ence of perfect ARE enhancer/enhancer-like elements

within the corresponding genes. In the last couple of

years, many groups have actively participated in dis-

secting Nrf2-driven gene expression using the oligo-

nucleotide microarray approach. It is therefore of con-

siderable interest, to compare the result of our

proteomics-based study with the results obtained

through previous microarray experiments in terms of

Nrf2-associated outcome e.g., fold induction of genes

and proteins (Tab. 4). The number of proteins that can

be interrogated by currently available proteomic tech-

nology is far fewer than the number of genes interro-

gated in the oligoarray studies carried out by various

groups [42, 45, 70]. This reflects, at least in part, the

much lower analyte coverage of proteomic ap-

proaches and the fact that enhanced mRNA levels are

often not mirrored by an equivalent up-regulation of

the corresponding protein [1]. From a global perspec-

tive, there was very little concordance between the

proteins identified in this study and in all the various

microarray studies presented previously. It is immedi-

ately noticeable that there is a lack of correlation be-

tween our proteomics data and that of the previous

microarray efforts. For example, one microarray

study [42] using liver tissues of mice treated with

3H-1,2-dithiole-3-thione (D3T) revealed 231 genes

regulated by Nrf2, however, only 6 matches correlate

with our study (Tab. 4). Another microarray study

[70] found 71 genes to be regulated by Nrf2 (using in-

testinal tissues of mice treated with sulforaphane),

however, only 7 matches correspond to our results
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(Tab. 4). A study using primary cortical astrocytes

treated with tert-butylhydroquinone [45] found 202

genes to be regulated by Nrf2, of which only 4 corre-

lated with ours (Tab. 4). A very similar study to ours

(but using a microarray-based approach) has been

done in order to discover BHA inducible, Nrf2-

associated genes in the livers and small intestines of

mice [55]. The result of that study revealed that in

mouse small intestine and mouse liver, 1490 and 493

genes, respectively, were identified as Nrf2-depend-

ent and upregulated. Out of that number, only 4 genes

correlate with our proteomics result. One of the rea-

sons why there is such a huge apparent discrepancy

between our result and theirs might be due to the fact

that they had dosed the mice with relatively high con-

centrations of BHA and killed the mice just 3 hours

after dosing, whereas we had chosen the chronic low

dose BHA supplementation route in order to mimic

692 Pharmacological Reports, 2012, 64, 680�697

Tab. 4. Nrf2-regulated proteins discovered through the work described in this study which correspond with Nrf2-regulated genes discovered
by previous studies. The extent of inducible protein expression of these entities is compared with the fold induction of their associated genes

Nrf2-associated entities Inducible protein expression ratio
(from this study)

Fold Induction of gene
(from previous studies)

Aldo-keto reductase 1.14 (Akr1a4) (a)  1.5 (Akr1c13)
(c)  1.84 (Akr1a4)
(g)  1.71 (Akr7a5)

Aldehyde dehydrogenase 1.27 (Aldh1a1) (a)   2.4 (Aldh1a7)
1.7  (Aldh2)

(b)  1.2 (Aldh9a1)
1.4 (Aldh2)

(d)   1.9 (Adh3)
2.3 (Ahd2-like)

(e)   2.77 (Adh7)
(f)    2.99 (Aldh1a3)
(g)  1.45 (Aldh1a1)

2.25 (Aldh3)

Carbonyl reductase 1.75 (Cbr1) (a)  1.9 (Cbr1)
(c)  1.51 (Cbr1)

Glutathione S-transferase Mu1 4.11 (Gstm1) (a)  2.8 (Gstm1)
(b)  1.5 (Gstm1)
(c)  3.07 (Gstm1)
(d)  2.1 (Gstm1)
(f)   3.67 (Gstm1)
(g)  2.75 (Gstm1)

Glutathione S-transferase A3 1.11 (Gsta3) (a)   4.9 (Gsta3)
(g)  1.54 (Gsta3)

S-formylglutathione hydrolase 1.39 (Esd) (b)  1.5 (Esd)
(c)  1.89 (Esd)
(f)   4.65 (Esd)

NADP-dependent malic enzyme 2.63 (Mod1) (a)  3.4 (Mod1)
(c)  1.7 (Mod1)
(d)  2.0 (Mod1)
(g)  2.06 (Mod1)

Ornithine aminotransferase 1.83 (Oat) (a)  1.5 (Oat)
(g)  2.39 (Oat)

Superoxide dismutase 1.18 (Sod1) (b)  1.4 (Sod1)

Uricase 1.73 (Uox) (c)  0.42 (Uox)*

ATP synthase subunit alpha 1.26 (Atp5a1) (e)  5.01 (Atp5g2)
(f)   0.39 (Atp1a1)*

(a) Thimmulappa et al. 2002 [70], (b) Lee et al. 2003 [45], (c) Kwak et al. 2003 [42], (d) Cho et al. 2005 [14], (e) Shen et al. 2005 [67], (f) Nair
et al. 2006 [55], (g) Li et al. 2004 [47]. * Genes found to be negatively regulated by Nrf2 in previous studies [42, 55]



low dose, long term supplementation of cancer che-

motherapeutic compounds in humans. The difference

in the length of treatment time and concentration of

BHA might surely have a major impact on the profile

of proteins that would be increased by Nrf2 tempo-

rally and dose-dependently.

The precise data from Nrf2 microarray studies in

which common mRNA species could be found when

compared with our proteomics data are listed in Table

4. We therefore confirm that the common entities

found between our proteomic-based results and the

previous microarray-based efforts are (i) glutathione

S-transferase Mu1, (ii) glutathione S-transferase A3,

(iii) the aldo-keto reductase family, (iv) the aldehyde

dehydrogenase family, (v) NADP-dependent malic

enzyme and (vi) S-formylglutathione hydrolase, and

thus we can also safely conclude that those entities are

clearly Nrf2-associated. From the comparison made

between our proteomics data and the various microar-

ray attempts, we could clearly see that the relationship

between the transcription of a certain gene and the

translation of the corresponding transcript into pro-

teins is not always straightforward. Several reasons

might contribute to the lack of extensive correspon-

dence between our proteomic results and the results of

similar microarray studies that have been done previ-

ously. Amongst them, the difference in tissue/cell

type that is being utilized and the different com-

pounds used to treat the animals/cells are the most im-

portant reasons. The results that were obtained by us

and others clearly suggest that there is cell/tissue

type-specific gene/protein expression profile, and that

different compounds activate different sets of genes

(and subsequently proteins). In the context of Nrf2-

regulated protein induction, it is apparent that results

obtained from different studies using different tissues

and/or compounds differed greatly [45, 70].

Only a handful of direct comparisons of protein

and mRNA levels in the same types of cell have been

performed. These studies only serve to highlight the

relatively low correspondence between the contents

of proteomes and transcriptomes [9]. There are sev-

eral crucial reasons why there is such low correspon-

dence between those two technologies. Most impor-

tantly, gene expression is regulated at several levels,

including translation and degradation, which leads to

uncoupling of transcript and protein levels. Both RNA

and protein turnover can be extremely rapid, taking

only minutes in some cases. Therefore, the temporal

shift between gene and protein expression could also

lead to disparities whenever results from genomics

studies and proteomics studies are compared at a sin-

gle time point. In addition, alternative splicing and

protein modification lead to misrepresentation of the

total levels of both classes of gene product when only

a single time point was taken into account. Further-

more, proteins are present over a large range of con-

centration inside cells, whereas detection methods are

only sensitive over a few orders of magnitude, thus

low abundant proteins are often undetected. These ob-

servations imply that some caution should be placed

on the interpretation of the biological significance of

differences in mRNA abundance detected by microar-

rays and gene chips. It should also be recognized that

protein expression levels are not necessarily indica-

tive of protein function. This is because post-transla-

tional modification, subcellular localization and asso-

ciation with small molecules and other proteins all

greatly affect protein function. Another plausible rea-

son for the discrepancy in results between gene and

protein expression studies could be related to limited

mRNA translation in certain situations, therefore, the

transcriptome may include gene products that are not

found in the proteome. Similarly, rates of protein syn-

thesis and protein turnover differ among transcripts,

therefore the abundance of a transcript does not nec-

essarily correspond to the abundance of the encoded

protein. In short, the transcriptome may not accurately

represent the proteome either qualitatively or quanti-

tatively. Protein expression analysis is also currently

less sensitive than gene expression analysis. Despite

the latest technological innovations, the current gen-

eration of mass spectrometers is still unable to detect

very low quantities of proteins particularly in the

presence of other high abundance proteins. There is

also no technology available to amplify peptide/pro-

tein levels, unlike the use of PCR technology to am-

plify small quantities of genetic material. All these de-

ficiencies might result in an underestimation of the true

number of proteins present in a particular sample and

also the number of modified proteins present. Con-

versely, microarrays might overestimate the number of

differentially expressed genes due to cross-hybridation

or staining artifacts. Bearing all of these matters in

mind, both genomics and proteomics technologies

should be seen as complementary but not always di-

rectly comparable.

Nevertheless, there is clearly a requirement to co-

utilize other newer and more sophisticated proteomic

techniques in order to allow comparisons between
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gene expression, protein expression and cellular func-

tion. The complete characterization of the Nrf2-

regulated proteins could further be attempted through

the creation and application of novel techniques and

exploration of additional tissue types, and to relate

this to changes with regards to metabolomics and sys-

tems biology. This will allow us to fully define the

functional consequences of cellular regulation of cell

defense, and the toxicological implications of dys-

regulation of the ARE-Keap1-Nrf2 system.

To conclude, Nrf2 knockout mice provide elegant

models for identifying novel mechanisms underlying

the pharmacodynamic actions of chemopreventive

agents such as BHA. We have demonstrated that

a conventional proteomics-based strategy, despite its

limitations, was able to identify novel Nrf-2 associ-

ated proteins that have not been discovered in previ-

ous microarray-based studies. Numerous ARE/ARE-

related sequences have been identified in the promot-

ers of the corresponding genes of Nrf2-regulated pro-

teins, which may be responsible for the induction of

protein expression by BHA. This study expands the

scope of the coordinated regulation of a variety of

genes and proteins by Nrf2, and underscores the po-

tential of Nrf2-regulated protein expression profile as

a strategy for evaluating risk-assessment of new

chemicals entities. The Nrf2-regulated proteins de-

rived from this study can be further validated in order

to be used as a screen to isolate potential cancer che-

moprotective agents and also to screen for potential

hepatotoxins.
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