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Abstract Objective: Dietary chemicals, which are generally found in vegetables, fruits and spices, have been 
reported to protect against cancer based on their ability to activate endogenous defenses by inducing the 
expression of phase II detoxification and antioxidant enzymes such as NAD(P)H:quinone Oxidoreductase 1 

(NQO1) and Heme Oxygenase-1 (HO-1). The objective of this study is to compare the potency of induction of 

NQO1 and HO-1 genes, and their protein products in mice livers following administration of equal doses (50 
mg/kg) of five different dietary chemicals (sulforaphane, quercetin, curcumin, butylated hydroxyanisole, 
indole-3-carbinol). Methods: Adult male ICR white mice were divided into 8 groups (n=6 per group) i.e. 
normal control, sulforaphane, quercetin, curcumin, butylated hydroxyanisole, indole-3-carbinol, vehicle 1 
control and vehicle 2 control groups. The chemicals were administered intraperitoneally for 14 days at a dose 
of 50 mg/kg body weight. At day 15, the mice were sacrificed and their livers isolated. Total RNA was 
extracted, reverse transcribed and subjected to quantitative real-time PCR to detect NQO1 and HO-1 gene 
expression. Western blots were also performed to determine NQO1 and HO-1 protein expression. Results: 
The comparison between NQO1 and HO-1 gene expression showed that equal doses (50mg/kg) of dietary 
chemicals induced HO-1 gene expression more potently than NQO1. Meanwhile, they induced NQO1 and 
HO-1 protein with the similar potency. Conclusions: Equal doses (50mg/kg) of sulforaphane, indole 3 
carbinol, butylated hydroxyanisole and curcumin induced HO-1 gene expression more potently than NQO1 
while they induced NQO1 and HO-1 protein expression with the similar potency. 
Keywords: NAD(P)H: quinone oxidoreductase 1, Heme oxygenase-1, Gene expression, Protein expression, 
Sulforaphane, Quercetin, Curcumin, Indole-3-carbinol, Butylated hydroxyanisole, Mice, Liver. 
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Introduction 
Epidemiological studies have suggested that regular consumption of fruits, vegetables and 
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spices helps in preventing various types of cancer 

[1-6]. These anti-cancer activities have been, at 
least in part, attributed to the anti-oxidant 
properties [7]. These dietary chemicals promote the 
removal of reactive oxygen species generated 
during normal oxidative metabolism and by 
reactions initiated by unwanted xenobiotic 
chemicals [8]. A wide variety of dietary 
polyphenols and other classes of dietary chemicals 
have been reported to induce the expression of 
enzymes involved in both cellular antioxidant 
defenses and elimination/inactivation of 
electrophilic carcinogens [9]. Some of these 
proteins are classified as phase II drug 
metabolizing enzymes, although other enzymes 
and antioxidant proteins are also involved. These 
proteins are known as phase II proteins [10]. 
Induction of such cytoprotective enzymes by 

dietary chemicals is recognized as one of the highly 
effective strategies for preventing cancer in the 
human population [11]. Phase II proteins have 
been recognized to be upregulated by the 
ARE/Nrf2 anti-oxidative signaling pathway [12-
14]. NQO1 and HO-1 are examples of Phase II 
proteins regulated by Nrf2 [15, 16]. 
NAD(P)H: quinone oxidoreductase 1 (NQO1), a 
cytosolic protein of the flavoprotein clan, functions 

as part of the electrophilic and/or oxidative 
stress-induced cellular defense mechanism and 
reduces and detoxifies toxic quinones and 
semiquinones generated via the phase I 
mechanisms thereby preventing formation of DNA 
adducts by these toxic intermediates [17-19]. 
Heme oxygenase-1 (HO-1) catalyzes the first rate-
limiting step in the catabolism of the pro- oxidant 
heme to carbon monoxide, biliverdin, and free iron 
[20]. HO-1 can have both anti- oxidative and anti-
inflammatory effects, as biliverdin can be reduced 
to the antioxidant bilirubin, by biliverdin 
reductase, and small amounts of carbon 
monoxide can have anti-inflammatory effects [21]. 
Many dietary chemicals bolster intrinsic 
antioxidant defenses in cells, including induction 
of expression of antioxidant enzymes such as 
heme oxygenase (HO), and others as well as redox 
enzymes such as NAD(P)H quinone 
oxidoreductase 1 (NQO1) [22]. However, no one 
has ever compared which enzyme is the most 
potent following administration of equal doses of 
dietary chemicals in mice liver where the liver is 

healthy and not exposure to any disease and 
toxicity. Therefore, the novelty of this current 
study lies on the identification of the most potent 
enzyme induced by the dietary chemicals studied. 

Therefore, this study is to compare the potency of 
induction of NQO1 and HO-1 genes, and their 
protein products in mice livers after 
administration of an equal dose (50 mg/kg) of five 
different dietary chemicals (sulforaphane, 
quercetin, curcumin, butylated hydroxyanisole, 
indole-3- carbinol). 
 
 

Materials and Methods Chemicals and reagents 
Primers were purchased from Vivantis 
Technologies (Oceanside, CA, USA). TRIzol 
Reagent was purchased from Life Technologies 

(Carlsbad, California, USA). iScriptTM cDNA 

Synthesis kit and iQTM SYBR® Green Supermix 

(2X) were purchased from Bio-Rad (Hercules, 
California, USA). Sulforaphane was purchased 
from Santa Cruz Biotechnology (Paso Robles, 
California, USA). NQO1 rabbit polyclonal primary 
antibody, HO-1 polyclonal primary antibody and 
β-actin rabbit polyclonal primary antibody were 
purchased from Abcam Biotechnology (Cambridge, 

UK). Secondary antibody (goat anti-rabbit IgG) 
were purchased from Santa Cruz Biotechnology 
(Paso Robles, California, USA. Chemiluminescence 
Western blotting detection reagents were from GE 
Healthcare (Uppsala, Sweden). Nitrocellulose 
membrane and Ponceau S solution were purchased 
from Sigma-Aldrich (Seelze, Germany). 
Sulforaphane was purcased from Santa Cruz 

Biotechnology (Paso Robles, California, USA). 
Curcumin, quercetin, I3C, BHA and all other 
chemicals were purchased from Sigma-Aldrich (St. 
Louis, Missouri, USA). 

Animals used and their treatments 
48 adult Male ICR white mice (25-30g) were 
obtained from the Universiti Kebangsaan Malaysia 
Laboratory Animal Research Unit and were used 
in this study. The mice were kept in clean 
polypropylene cages in a ventilated room with a 
12-hour light-dark cycle, with food and water 
available ad libitum. Mice were divided into 8 
groups: normal control group (n=6), sulforaphane 
treated group (n=6), quercetin treated group (n=6), 
curcumin treated group (n=6), BHA treated group 
(n=6), I3C treated group (n=6), vehicle 1 control 
group (n=6) and vehicle 2 control group (n=6). All 

chemicals were administered intraperitoneally at a 
dose of 50 mg/kg body weight for 14 days. Vehicle 
1 (DMSO, Tween 20 and normal saline at a ratio 
of 0.05:0.1:0.85) was used to dissolve 
sulforaphane, quercetin and curcumin. Vehicle 2 
(corn oil) was used to dissolve BHA and I3C. At 
day 15, the animals were sacrificed by cervical 
dislocation and their livers isolated. The 
procedures of studying the animals was confirmed 
by the University of Kebangsaan Malaysia Animal 
Ethics Committee (UKMAEC), and the approval 
code was: FP/FAR/2012/AZMAN/23- MAY/442-
JUNE-2012-JUNE-2015. 

RNA Extraction 
Total RNA from frozen liver tissues was isolated 

using TRIzol reagent, based on the instructions 
provided by the manufacturer. Isopropyl alcohol 
(Sigma, USA) was added during each extraction 
step to precipitate the total RNA. 75% ethanol was 
used to wash the extracted total RNA pellet, then 
the pellet was dried before being dissolved in 
RNase free water. Total RNA was stored at - 

80 °C immediately after extraction. Concentration 

and purity of the extracted RNA were determined 
by NanoDrop spectrophotometer 2000c (Thermo 
Scientific, USA) at a wavelength of 260 nm 
(OD260). RNA with RNA integrity number (RIN) 
ranging from 7 to 10 and absorbance ratio of 
A260 to A280 ranging from 1.5 to 2.0 was used for 
cDNA synthesis. 

Reverse transcription 
Generation of cDNA from RNA was done using 
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iScript cDNA synthesis kit (Bio-Rad, USA) 

according to the manufacturer’s instructions. 
Briefly, in each sample, a volume of total RNA 
(containing 1 µg) was added to the mixture of 4 µl of 
5X iScript reaction mix, 1 µl of iScript reverse 
transcriptase, and a volume of nuclease-free water 
in a total volume of 20 µl. The final reaction mix 

was kept at 25 °C for 5 min, 42 °C for 30 min, and 

heated to 85 °C for 5 min in a thermocycler (TC-

412, Techne, Barloworld Scientific, UK). The cDNA 
was then used as a template for amplification by 
polymerase chain reaction (PCR). 

Quantification of NQO1 and HO-1 gene 
expression by quantitative real-time PCR 
Quantitative real-time PCR was performed on the 
MiniOpticon cycler (Bio-Rad, USA). The total 
reaction volume used was 20 µl, consisting of 1 µl 

of 10 µM forward primer and 1 µl of 10 µM reverse 
primer (500 nM final concentration of each primer), 

10.0 µl of iQ™ SYBR® Green Supermix (2X) (Bio-

Rad, USA), 6.0 µl of nuclease-free water and 2.0 µl 
of cDNA. Both forward and reverse primers for the 
genes of interest in this study were designed 
according to previous studies and synthesized by 

Vivantis Technologies (Oceanside, CA, USA). The 

primer sequences for our genes of interest are 
shown in Table 1. 
The thermocycling conditions were initiated at 
95°C for 30 sec, followed by 40 PCR cycles of 
denaturation at 95°C for 15 sec and 
annealing/extension at 60°C for 30 sec. At the 
end of each cycle, a melting curve (dissociation 
stage) was performed in order to determine the 
specificity of the primers and the purity of the 
final PCR product. All the measurements were 
performed in triplicate and no-template controls 
(NTC) were incorporated onto the same set of PCR 
tubes to test for the contamination by any assay 
reagents. Threshold cycles were determined for 
each gene and quantification of templates was 
performed according to the relative standard curve 
method. The relative gene expression (ΔΔCt) 

technique, as defined in the Applied Biosystems 
User Bulletin No. 2 [23] was used to analyse the 
real-time PCR data. In short, the expression level 
of each target gene was given as relative amount 
normalized against GAPDH standard controls. 

Table 1. Primer sequence for GAPDH, NQO1 and HO-1. 
Gene Primer sequence Reference 

GADPH 
F: 0′ -GTGGAGTCTACTGGTGTCTTCA-0′ 
R: 0′ -TTGCTGACAATCTTGAGTGAGT-0′ 

[24] 

NQO1 
F: 0′ -GCATTGGCCACAATCCACCAG-0′ 
R: 0′ -ATGGCCCACAGAGAGGCCAAA-0′ 

[25] 

HO-1 
F: 0′ -CCTCACTGGCAGGAAATCATC-0′ 

R: 0′ -TATGTAAAGCGTCTCCACGAGG-0′ 
[26] 

 

Preparation of cytosolic protein fraction 
Liver tissue samples were homogenized in RIPA 
lysis buffer (which contained 10 µl 
phenylmethylsulfonyl fluoride (PMSF), 10 µl 
sodium orthovanadate and 10 µl protease 
inhibitor cocktail solution per 1 ml of 1X RIPA 
lysis buffer). After centrifugation, the 

supernatants were collected and their protein 
concentrations were determined by the Lowry 
method using bovine serum albumin as a 
standard [27]. 

Western blotting 
Standard Western blotting procedure was used for 
the immunodetection of proteins. Briefly, 100 
µg of liver protein was separated using 15% 
sodium dodecyl sulfate–polyacrylamide gel (SDS– 
PAGE) electrophoresis. The proteins in the gel 

were then transferred to a nitrocellulose 
membrane. The membrane was then incubated for 
20 minutes at room temperature in a blocking 
solution (150 mM NaCl, 3 mM KCl, 25 mM Tris, 
0.1% (v/v) tween- 20 and 10% non-fat milk 
powder (pH 7.4)). Then, the membrane was probed 
with primary antibodies against HO-1, NQO1, and 
β-actin for 1 hour at room temperature. 
Subsequently, incubation with a peroxidase 
conjugated goat anti-rabbit IgG secondary 
antibody was carried out for another hour at room 
temperature. Protein bands were visualized using 
the enhanced chemiluminescence method 
according to the manufacturer’s instructions 
(Amersham, Uppsala, Sweden). The intensity of the 
protein bands was quantified, relative to the 
signals obtained for actin, using ImageJ software. 

 

Statistical Analysis 
At least three independent experiments were 
conducted for each analysis. Statistical analysis 
was performed by the Student’s two-tailed 
unpaired t-test. All values are expressed as the 
mean 
± standard error of the mean (SEM). SPSS for 

Windows, version 22.0 (SPSS, Chicago, IL, USA), 
was used for all statistical analyses, and statistical 
significance was accepted at p-values < 0.05. 
 

Results 
Comparison between NQO1 and HO-1 gene 
expression 
The comparison between the expression levels of 
NQO1 and HO-1 gene in mice liver following 
administration of 50mg/kg SUL, CUR, QRC, BHA 

and I3C for 14 days in mice is shown in Figure 
1. NQO1 and HO-1 gene expression in the liver 
was measured using quantitative real-time PCR. 
Administration of 50 mg/kg SUL and BHA caused 
a significant increase in HO-1 gene expression 
levels compared to NQO1 (P<0.05). On the other 
hand, Administration of 50 mg/kg CUR and I3C 
caused a significant increase in HO-1 gene 
expression levels compared to NQO1 (P<0.01). In 
the quercetin treated group, NQO1 gene 
expression levels was found to be statistically 
insignificant when compared with HO-1 gene 
expression. 
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Figure1: Comparison between NQO1 & HO-1 
genes expression in mice livers following 
administration of 50mg/kg SUL, CUR, QRC, BHA 
and I0C for 94 days. Student’s t-test * and 
**denote significantly different at p< 0.05 and p 

<0.01respectively. 
 

Comparison between NQO1 and HO-1 protein 
expression 
The comparison between the expression levels of 
NQO1 protein and HO-1 protein in mice liver 
following administration of 50mg/kg SUL, CUR, 
QRC, BHA and I3C for 14 days in mice is shown in 
Figure 2. NQO1 and HO-1 protein expression in 
the liver was measured using Western blot. 
The comparison between the expression levels of 
NQO1 and HO-1 proteins in mice liver following 
administration of 50mg/kg SUL, CUR, QRC, BHA 
and I3C for 14 days was not statistically 
significant. 

 
Figure2: Comparison between NQO1 & HO-1 
proteins expression in mice livers following 
administration of 50mg/kg SUL, CUR, QRC, BHA 
and I3C for 14 days. 

 

Discussion 
In this study, we examined the expression of 
NQO1 and HO-1 genes and their proteins in the 
livers of mice treated with equal dose (50 mg/kg 

body weight) of sulforaphane, curcumin, 
quercetin, butylated hydroxyanisole and indole-3-
carbinol for 14 days using quantitative real- PCR 
and Western blotting. 
In our previous study, we found that all five 
dietary chemicals (sulforaphane, curcumin, 
quercetin, butylated hydroxyanisole and indole-3-
carbinol) produced a significant induction of 
NQO1 [28] and HO-1 expression genes [29, 30], 
and their protein products in mice livers [28, 30]. 
In the current study we compared the effect of 
equal doses (50mg/kg) of sulforaphane, indole 3 
carbinol, butylated hydroxyanisole, curcumin and 
quercetin on NQO1 with that of the HO-1 genes 

expression in mice livers. 

As illustrated in Figure 1, the comparison between 
NQO1 and HO-1 gene expression showed that 
equal doses (50mg/kg) of sulforaphane, indole 3 
carbinol, butylated hydroxyanisole and curcumin 
induced HO-1 gene expression more potently than 
NQO1 while NQO1 gene expression levels induced 
by quercetin was found to be statistically 
insignificant when compared with HO- 1 gene 
expression. 
Figure 2 showed that the comparison between 
NQO1 and HO-1 protein expression showed that 
equal doses (50mg/kg) of sulforaphane, indole 3 
carbinol, butylated hydroxyanisole, curcumin and 
quercetin induced NQO1 and HO-1 protein with 
the similar potency. 
Phase II along with antioxidant enzymes are 
responsible for the detoxification and elimination 

of xenobiotics and reactive metabolites including 
ROS that may cause damage to cells and tissues 
[31, 32]. The induction of these enzymes is now 
recognized as an efficient approach to prevent 
carcinogenesis [33, 34]. The key role in the 
induction of expression of phase II detoxifying 
enzymes as well as other cytoprotective proteins is 
played by the Nrf2–ARE pathway [35-37]. 
HO-1, meanwhile, is the primary rate-limiting 

enzyme in heme catabolism and is well known to 
have a cytoprotection effect against liver damage 
by restraining oxidative stress and inflammation. 
HO-1 is also involved in maintaining the 
oxidants/antioxidants balance [38] by increased 
formation of the antioxidant, bilirubin [39]. The 
products of HO-1 activity are now commonly 
regarded as protective effector molecules. It is well 
established that HO-1 expression protects cells 
from physical, chemical and biologic stress [40]. 
HO-1 is transcriptionally upregulated by a large 
variety of stimuli, e.g. heme, oxidative stress, 
signaling proteins and organic chemicals. 
Many studies have been demonstrated that 
sulforaphane, curcumin, quercetin, indole-3- 
carbinol and butylated hydroxyanisole induced 
NQO1 and HO-1 genes and proteins expression in 
several types of cells and organs including liver 
cells as well as liver itself [41-49]. 
As illustrated in Figure 1, these dietary chemicals 
induced HO-1 gene expression more potently than 
NQO1. 
There might be an explanation for these 

contrasting results. ARE-dependent genes may be 
induced by different Nrf2-containing ARE binding 
complexes, depending on the nature of the ARE 
sequence and the inducer chemical. 

Previous studies reported that ARE-dependent 
genes may be induced by different Nrf2- 
containing ARE binding complexes, depending on 
the nature of the ARE sequence and the inducer 
chemical [50-52]. 
The –N=C=S group of most isothiocyanates is 
electrophilic and can react readily with various 
nucleophiles, including thiols [53]. Therefore, 
cysteine thiols in Keap1 are able to react with 
electrophilic group (isothiocyanates) of 
sulforaphane [54, 55]. Then, Nrf2 has the chance 
to escape from Keap1 and subsequently transfers 
to nuclei, and binds to Maf protein, by which 
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further triggers antioxidant response element 

(ARE). Finally, ARE activation inducing a battery 
of antioxidant genes, including NAD(P)H: quinone 
oxidoreductase 1 (NQO1) and heme oxygenase- 1 
(HO-1). 
Butylated hydroxyanisole (BHA) is a phenolic 
antioxidant which experiences O-dealkylation by 
cytochrome P450 isozymes to produce tert-
butylhydroquinone (TBHQ) which further breaks 
down into to tert-butylbenzoquinone (TBQ) and 
these metabolites are related to reactive oxygen 
species (ROS) generation. However, BHA is not 
capable of activating oxygen. Moreover, several 
evidences suggest that TBHQ derived from BHA 
can activate Nrf2. Nrf2 activation and the 
subsequent up-regulation of its downstream genes 
during TBHQ exposure are thought to be 
attributable to oxidative stress (e.g., ROS 

formation). Previous studies reported that TBHQ 
itself does not activate Nrf2. This is the oxidation 
product TBQ, which is the ultimate inducer 
because of its electrophilic properties [56, 57]. 
Curcumin has two α,β-unsaturated carbonyl 
groups and can hence act as a Michael reaction 
acceptor, causing thiol modification of Keap1, 
followed by Nrf2 nuclear translocation. 
Furthermore, polyphenolic compounds that 

contain α,β-unsaturated ketone element are 
reported to function as potent Michael-reaction 
acceptors and modify the cysteine and thiols 
groups in Keap1 thereby disrupting Nrf2-Keap1 
interactions [58, 59]. 
There are clear distinctions between the potencies 
of different classes of inducers and the chemistry 
of interaction with Keap1. Moreover, the fact has 
been established that they each display specific off 
target responses, presumably exhibiting their 
chemical mechanisms and propensities for 
reacting with different sulfhydryl regulated 
signaling pathways within a cell. 
Following the aforementioned discussion, a panel 
of small molecules, mainly involving compounds 
belonging to different structural classes: α-β 
unsaturated carbonyls, isothiocyanates, flavonoid, 
and polyphenol, with oxidative or electrophilic 
properties capable of modifying free thiol groups 
for activation of Nrf2, the master regulator of the 
oxidative stress response [15, 60]. 
Results from qRT-PCR showed that dietary 
chemicals upregulated a battery of NQO1 and HO-

1 genes, indicating that dietary chemicals 
triggered Nrf2-ARE pathway. As a cytoplasmic 
Nrf2- interacting protein, Keap1 negatively 
regulates Nrf2 activity. Dissociating the complex of 

Keap1- Nrf2 is appeared as a good strategy to 
activate Nrf2. There are other mechanisms of Nrf2 
activation, such as Keap1 cysteine-independent. 
These dietary chemicals might activate MAPK/PKC 
pathways in different ways, all of which could affect 
ARE activation at various intensities or levels. 
A number of studies have revealed alternative 
mechanisms of Nrf2 regulation, including 
phosphorylation of Nrf2 by various protein 
kinases (PKC, PI3K/Akt, GSK-3b, JNK)[61-63], 
interaction with other protein partners (p21[64], 
p62(sequestosome 1) [65] and caveolin-1) and 
epigenetic factors (micro-RNAs -144, -28 and -

200a, and promoter methylation) [66]. 

There are some limitations associated with this 
study. The Nrf2-ARE system has been reported to 
be modulated by different MAPKs, interaction with 
other protein partners (p21, p62) and epigenetic 
factors (micro-RNAs -144, -28 and -200a, and 
promoter methylation). These factors are not 
explored in this study due to their highly 
controversial nature because modulation might 
occur through indirect mechanisms with limited 
effects. 

Conclusion 
According to the findings of this study, equal doses 
(50mg/kg) of sulforaphane, indole 3 carbinol, 
butylated hydroxyanisole and curcumin induced 
HO-1 gene expression more potently than NQO1. 
Equal doses (50mg/kg) of sulforaphane, indole 3 
carbinol, butylated hydroxyanisole, curcumin and 

quercetin induced NQO1 and HO-1 protein with 
the similar potency. Increases in HO-1 expression 
has clear anti-inflammatory and antioxidant effects 
and can protect tissues and  organs. Therefore, it 
is possible to predict that dietary chemicals can 
exhibit its pharmacological properties in liver 
tissue. It has been proposed that HO-1 induction 
by pharmacological compounds contributes to at 
least some of the perceived therapeutic effects. 

This work provides novel sights in comprehending 
the underlying of the liver protection and also 
sheds lights on the development of new drugs for 
the attenuation of liver diseases progression. 
Therefore, consumption of dietary chemicals could 
potentially prove to be beneficial in preventing 
liver toxicity and could also potentially be a cost-
effective cancer chemoprevention measure. 

Acknowledgement 
The authors would like to thank the Department of 
Pharmacology, Faculty of Medicine, Universiti 
Kebangsaan Malaysia, for providing the facilities 
and resources to conduct this research. The 
authors are grateful to the Ministry of Higher 
Education Malaysia for the main funding of this 
research project (Code Project No: 
FRGS/1/2012/SKK03/UKM/02/2). The authors 
would also like to thank Universiti Kebangsaan 
Malaysia for the additional financial support 
towards this research project (Code Project No: 
UKM-GUP-2011-297). 
 

References 

[1]- Eussen, S.R., et al., Functional foods and 

dietary supplements: products at the interface 
between pharma and nutrition. European 
journal of pharmacology, 2011. 668( 1): p. S2- 
S9. 

[2]- Lee, J.H., et al., Dietary phytochemicals and 

cancer prevention: Nrf2 signaling, epigenetics, 
and cell death mechanisms in blocking cancer 
initiation and progression. Pharmacology & 
therapeutics, 2013. 137(2): p. 153-171. 

[3]- Hosseini, A. and A. Ghorbani, Cancer therapy 

with phytochemicals: evidence from clinical 
studies. Avicenna journal of phytomedicine, 
2015. 5(2): p. 84. 

[4]- Liu, H., et al., Fruit and vegetable 

consumption and risk of bladder cancer: an 
updated meta-analysis of observational 



Comparative study between NAD(P)H:quinone Oxidoreductase 1 (NQO1) and Heme                     Abdullah  et  al  

JOPAS Vol.18 No.  4 2019                                                                                                                                                482 

studies. European Journal of Cancer 

Prevention, 2015. 24(6): p. 508-516. 

[5]- Khan, N. and H. Mukhtar, Dietary agents 
for prevention and treatment of lung cancer. 

Cancer letters, 2015. 359(2): p. 155-164. 

[6]- Núñez-Sánchez, M.A., et al., Dietary phenolics 
against colorectal cancer—From promising 
preclinical results to poor translation into 

clinical trials: Pitfalls and future needs. 
Molecular nutrition & food research, 2015. 
59(7): p. 1274-1291. 

[7]- Abbas, Z.K., et al., Phytochemical, antioxidant 

and mineral composition of hydroalcoholic 
extract of chicory (Cichorium intybus L.) leaves. 
Saudi journal of biological sciences, 2015. 
22(3): p. 322-326. 

[8]- Abuajah, C.I., A.C. Ogbonna, and C.M. Osuji, 

Functional components and medicinal 
properties of food: a review. Journal of food 
science and technology, 2015. 52(5): p. 2522- 
2529. 

[9]- Wattenberg, L.W., Inhibitors of chemical 

carcinogenesis. Adv Cancer Res, 1978. 26: p. 
197-226. 

[10]- Keum, Y.-S., Regulation of Nrf2-mediated 

phase II detoxification and anti-oxidant genes. 
Biomolecules & therapeutics, 2012. 20(2): p. 
144. 

[11]- Eggler, A.L., K.A. Gay, and A.D. Mesecar, 

Molecular mechanisms of natural products in 
chemoprevention: induction of cytoprotective 
enzymes by Nrf2. Molecular nutrition & food 
research, 2008. 52(S1): p. S84-S94. 

[12]- Kim, J., et al., Capillarisin augments anti-

oxidative and anti-inflammatory responses by 
activating Nrf2/HO-1 signaling. 
Neurochemistry international, 2017. 105: p. 
11-20. 

[13]- Kitteringham, N.R., et al., Proteomic analysis 

of Nrf2 deficient transgenic mice reveals 
cellular defence and lipid metabolism as 
primary Nrf2-dependent pathways in the liver. 
Journal of proteomics, 2010. 73(8): p. 1612-
1631. 

[14]- Abdullah, A., et al., Analysis of the role of 

Nrf2 in the expression of liver proteins in mice 
using two-dimensional gel-based proteomics. 
Pharmacological reports, 2012. 64(3): p. 680-
697. 

[15]- Itoh, K., et al., An Nrf2/small Maf 

heterodimer mediates the induction of phase II 
detoxifying enzyme genes through antioxidant 
response elements. Biochemical and 
biophysical research communications, 1997. 
236(2): p. 313-322. 

[16]- He, C.H., et al., Identification of activating 

transcription factor 4 (ATF4) as a Nrf2 
interacting protein: Implication for heme 
oxygenase-1 gene regulation. Journal of 
Biological Chemistry, 2001. 

[17]- Jaiswal, A.K., Regulation of genes encoding 

NAD (P) H: quinone oxidoreductases. Free 
Radical Biology and Medicine, 2000. 29(3-4): 
p. 254-262. 

[18]- Jana, S. and S. Mandlekar, Role of phase II 

drug metabolizing enzymes in cancer 

chemoprevention. Current drug metabolism, 

2009. 10(6): p. 595-616. 

[19]- Roubalová, L., et al., Flavonolignan 2, 3-
dehydrosilydianin activates Nrf2 and 

upregulates NAD (P) H: quinone 
oxidoreductase 1 in Hepa1c1c7 cells. 
Fitoterapia, 2017. 119: p. 115- 120. 

[20]- Hervera, A., et al., Treatment with carbon 

monoxide-releasing molecules and an HO-1 
inducer enhances the effects and expression of 
µ-opioid receptors during neuropathic pain. 
Anesthesiology: The Journal of the American 
Society of Anesthesiologists, 2013. 118(5): p. 
1180-1197. 

[21]- Young Bang, S., et al., Achyranthes japonica 

exhibits anti-inflammatory effect via NF-κB 
suppression and HO-1 induction in 

macrophages. Journal of ethnopharmacology, 
2012. 144(1): p. 109-117. 

[22]- Calabrese, V., et al., Cellular stress 

responses, the hormesis paradigm, and 
vitagenes: novel targets for therapeutic 
intervention in neurodegenerative disorders. 
Antioxidants & Redox Signaling, 2010. 13(11): 
p. 1763-1811. 

[23]- Livak, K.J. and T.D. Schmittgen, Analysis of 

relative gene expression data using real-time 
quantitative PCR and the 0− ΔΔCT method. 
methods, 2001. 25(4): p. 402-408. 

[24]- Kong, L., et al., Delay of photoreceptor 

degeneration in tubby mouse by 
sulforaphane. 

Journal of neurochemistry, 2007. 101(4): p. 1041-
1052. 

[25]- Leung, L., et al., Deficiency of the Nrf1 and 

Nrf2 transcription factors results in early 
embryonic lethality and severe oxidative stress. 
Journal of Biological Chemistry, 2003. 
278(48): p. 48021-48029. 

[26]- Lu, H., et al., Molecular and metabolic 

evidence for mitochondrial defects associated 
with β-cell dysfunction in a mouse model of 
type 2 diabetes. Diabetes, 2010. 59(2): p. 448-
459. 

[27]- Lowry, O.H., et al., Protein measurement 

with the Folin phenol reagent. Journal of 
biological chemistry, 1951. 193: p. 265-275. 

[28]- Alrawaiq, N.S., A. Atia, and A. Abdullah, The 

effect of administration of an equal dose of 

different classes of dietary chemicals on nqo1 
expressional level in mice liver. 
Pharmacophore, 2017. 8(5): p. 1-9. 

[29]- Abdullah, A., N.S. Alrawaiq, and A. Atia, 

Heme oxygenase 1 gene expression in mice 
liver is differently affected by equal doses of 
phytochemicals. Pharmacophore, 2018. 9(5): p. 
13-17. 

[30]- Abdullah, A., N.S. Alrawaiq, and A. Atia, The 

effect of administration of an equal dose of 
different classes of phytochemicals on heme 
oxygenase-1 gene and protein expression in 
mice liver. Asian J Pharm Clin Res, 2019. 
12(3): p. 256-260. 

[31]- Matés, J.M., C. Pérez-Gómez, and I.N. De 

Castro, Antioxidant enzymes and human 
diseases. Clinical biochemistry, 1999. 32(8): p. 



Comparative study between NAD(P)H:quinone Oxidoreductase 1 (NQO1) and Heme                     Abdullah  et  al  

JOPAS Vol.18 No.  4 2019                                                                                                                                                483 

595-603. 

[32]- Yang, Y.M., et al., Transactivation of genes 
encoding for phase II enzymes and phase III 
transporters by phytochemical antioxidants. 

Molecules, 2010. 15(9): p. 6332-6348. 

[33]- Byun, S., et al., Src kinase is a direct target 
of apigenin against UVB-induced skin 
inflammation. Carcinogenesis, 2012. 34(2): p. 

397-405. 

[34]- Su, Z.-Y., et al., A perspective on dietary 
phytochemicals and cancer chemoprevention: 
oxidative stress, nrf2, and epigenomics, in 

Natural Products in Cancer Prevention and 
Therapy. 2012, Springer. p. 133-162. 

[35]- Giudice, A. and M. Montella, Activation of 
the Nrf2–ARE signaling pathway: a promising 

strategy in cancer prevention. Bioessays, 2006. 

28(2): p. 169-181. 

[36]- Lee, J.-S. and Y.-J. Surh, Nrf2 as a novel 
molecular target for chemoprevention. Cancer 

letters, 2005. 224(2): p. 171-184. 

[37]- Liu, L., et al., Two sesquiterpene 
aminoquinones protect against oxidative injury 
in HaCaT keratinocytes via activation of 

AMPKα/ERK-Nrf2/ARE/HO-1 signaling. 
Biomedicine & Pharmacotherapy, 2018. 100: 
p. 417-425. 

[38]- Li, S., et al., Protective role of heme 

oxygenase-1 in fatty liver ischemia–reperfusion 
injury. 

Medical molecular morphology, 2018: p. 1-12. 

[39]- Hinds Jr, T.D., et al., Increased HO-1 levels 

ameliorate fatty liver development through a 
reduction of heme and recruitment of FGF21. 
Obesity, 2014. 22(3): p. 705-712. 

[40]- Durante, W., Heme oxygenase-1 in growth 

control and its clinical application to vascular 
disease. Journal of cellular physiology, 2003. 
195(3): p. 373-382. 

[41]- Ji, L.-L., et al., The involvement of p62–

Keap1–Nrf2 antioxidative signaling pathway 
and JNK in the protection of natural flavonoid 
quercetin against hepatotoxicity. Free Radical 
Biology and Medicine, 2015. 85: p. 12-23. 

[42]- Weng, C.-J., et al., Hepatoprotection of 

quercetin against oxidative stress by induction 
of metallothionein expression through 
activating MAPK and PI3K pathways and 
enhancing Nrf2 DNA-binding activity. New 

biotechnology, 2011. 28(6): p. 767-777. 

[43]- Domitrović, R., et al., Differential 

hepatoprotective mechanisms of rutin and 
quercetin in CCl 4-intoxicated BALB/cN mice. 
Acta Pharmacologica Sinica, 2012. 33(10): p. 
1260. 

[44]- Ramyaa, P. and V.V. Padma, Quercetin 

modulates OTA-induced oxidative stress and 
redox signalling in HepG2 cells—up regulation 
of Nrf2 expression and down regulation of NF-
κB and COX-2. Biochimica et Biophysica Acta 
(BBA)-General Subjects, 2014. 1840(1): p. 
681-692. 

[45]- Xie, Y.-L., et al., Curcumin attenuates 

lipopolysaccharide/D-galactosamine-induced 
acute liver injury by activating Nrf2 nuclear 
translocation and inhibiting NF-kB activation. 

Biomedicine & Pharmacotherapy, 2017. 91: p. 

70-77. 

[46]- Hajra, S., et al., Prevention of doxorubicin 
(DOX)-induced genotoxicity and cardiotoxicity: 

Effect of plant derived small molecule indole-3-
carbinol (I3C) on oxidative stress and 
inflammation. Biomedicine & 
Pharmacotherapy, 2018. 101: p. 228-243. 

[47]- Liu, Y., et al., Sulforaphane Attenuates HO-

1-induced Oxidant Stress in Human 
Trabecular Meshwork Cells (HTMCs) via the 
Phosphatidylinositol 3-Kinase 
(PI3K)/Serine/Threonine Kinase (Akt)-Mediated 
Factor-E2-Related Factor 2 (Nrf2) Signaling 
Activation. Medical Science Monitor, 2019. 25: 
p. 811-818. 

[48]- Keum, Y.-S., et al., Induction of heme 

oxygenase-1 (HO-1) and NAD [P] H: quinone 
oxidoreductase 1 (NQO1) by a phenolic 
antioxidant, butylated hydroxyanisole (BHA) 
and its metabolite, tert-butylhydroquinone 
(tBHQ) in primary-cultured human and rat 
hepatocytes. Pharmaceutical research, 2006. 
23(11): p. 2586-2594. 

[49]- Luo, L., et al., Butylated hydroxyanisole 

induces distinct expression patterns of Nrf2 
and detoxification enzymes in the liver and 
small intestine of C57BL/6 mice. Toxicology 
and applied pharmacology, 2015. 288(3): p. 
339-348. 

[50]- McMahon, M., et al., The Cap'n'Collar basic 

leucine zipper transcription factor Nrf2 (NF-E2 
p45-related factor 2) controls both constitutive 
and inducible expression of intestinal 
detoxification and glutathione biosynthetic 
enzymes. Cancer Res, 2001. 61(8): p. 3299- 
307. 

[51]- Wild, A.C., H.R. Moinova, and R.T. Mulcahy, 

Regulation of gamma-glutamylcysteine 
synthetase subunit gene expression by the 
transcription factor Nrf2. J Biol Chem, 1999. 
274(47): p. 33627-36. 

[52]- Kwak, M.K., et al., Role of transcription 

factor Nrf2 in the induction of hepatic phase 2 
and antioxidative enzymes in vivo by the 
cancer chemoprotective agent, 3H-1, 2-
dimethiole-3- thione. Mol Med, 2001. 7(2): p. 
135-45. 

[53]- Fahey, J.W. and P. Talalay, Antioxidant 

functions of sulforaphane: a potent inducer of 
Phase II detoxication enzymes. Food and 
Chemical Toxicology, 1999. 37(9-10): p. 973- 
979. 

[54]- Hong, F., M.L. Freeman, and D.C. Liebler, 

Identification of sensor cysteines in human 
Keap1 modified by the cancer chemopreventive 
agent sulforaphane. Chemical research in 
toxicology, 2005. 18(12): p. 1917-1926. 

[55]- Kansanen, E., et al., The Keap1-Nrf2 

pathway: mechanisms of activation and 
dysregulation in cancer. Redox biology, 2013. 
1(1): p. 45-49. 

[56]- Abiko, Y., et al., Participation of covalent 

modification of Keap1 in the activation of Nrf2 
by tert-butylbenzoquinone, an electrophilic 
metabolite of butylated hydroxyanisole. 



Comparative study between NAD(P)H:quinone Oxidoreductase 1 (NQO1) and Heme                     Abdullah  et  al  

JOPAS Vol.18 No.  4 2019                                                                                                                                                484 

Toxicology and applied pharmacology, 2011. 

255(1): p. 32-39. 

[57]- Dinkova-Kostova, A.T. and X.J. Wang, 
Induction of the Keap1/Nrf2/ARE pathway by 

oxidizable diphenols. Chemico-biological 
interactions, 2011. 192(1-2): p. 101-106. 

[58]- Surh, Y.-J., Cancer chemoprevention with 
dietary phytochemicals. Nature Reviews Cancer, 

2003. 3(10): p. 768. 

[59]- Hybertson, B.M., et al., Oxidative stress in 
health and disease: the therapeutic potential of 
Nrf2 activation. Molecular aspects of medicine, 

2011. 32(4-6): p. 234-246. 

[60]- Nguyen, T., P. Nioi, and C.B. Pickett, The 
Nrf2-antioxidant response element signaling 
pathway and its activation by oxidative stress. 

Journal of Biological Chemistry, 2009. 

284(20): p. 13291-13295. 

[61]- Sun, Z., Z. Huang, and D.D. Zhang, 
Phosphorylation of Nrf2 at multiple sites by 

MAP kinases has a limited contribution in 
modulating the Nrf2-dependent antioxidant 
response. PloS one, 2009. 4(8): p. e6588. 

[62]- Numazawa, S., et al., Atypical protein kinase 

C mediates activation of NF-E2-related factor 2 
in response to oxidative stress. American 
Journal of Physiology-Cell Physiology, 2003. 
285(2): p. C334-C342. 

[63]- Bloom, D.A. and A.K. Jaiswal, 

Phosphorylation of Nrf2 at Ser40 by protein 
kinase C in response to antioxidants leads to 
the release of Nrf2 from INrf2, but is not 
required for Nrf2 stabilization/accumulation in 
the nucleus and transcriptional activation of 
antioxidant response element-mediated NAD (P) 
H: quinone oxidoreductase-1 gene expression. 
Journal of Biological Chemistry, 2003. 
278(45): p. 44675-44682. 

[64]- Chen, W., et al., Direct interaction between 

Nrf2 and p21Cip1/WAF1 upregulates the Nrf2- 
mediated antioxidant response. Molecular cell, 
2009. 34(6): p. 663-673. 

[65]- Lau, A., et al., A noncanonical mechanism of 

Nrf2 activation by autophagy deficiency: direct 
interaction between Keap1 and p62. Molecular 
and cellular biology, 2010. 30(13): p. 3275-
3285. 

[66]- Bryan, H.K., et al., The Nrf2 cell defence 

pathway: Keap1-dependent and-independent 

mechanisms of regulation. Biochemical 
pharmacology, 2013. 85(6): p. 705-717. 


