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	 NAD(P)H:quinone oxidoreductase NQO1 is a phase ll enzyme that catalyzes the linked 
intracellular conversion of NADPH2 to NADP and duroquinone (DQ) to hydroduroquinone 
(DQH2) in cells. There are different methods to determine NQO1 activity. The classic NQO1 
enzyme assay is the usual method for measuring NQO1 activity in cell lysates.  We chose to 
determine the intact-cell activity to investigate the effect of the four compounds Quercetin 
(Q), Epigallocatechin-3-gallate, (EGCG), indole-3-carbinol (I3C), and Sulforaphane (SFN) in 
stimulating NQO1 activity. In brief, DQ-mediated reduction of the cell-membrane-imperative 
secondary electron acceptor, ferricyanide, was used to quantify intact-cell NQO1 activity. This 
approach involves adding quinone duroquinone to the cells and then measuring the appearance 
rate of the two-electron reduction product, durohydroquinone, by its ferricyanide reduction. 
In conclusion, I3C and SFN did not interfere with the enzymatic reaction. In contrast, Q and 
EGCG can interfere with the enzymatic reaction of NQO1 because Q and EGCG possess quinone 
structures, unlike I3C and SFN, which do not have the same shape.
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	 Experimental studies in cell culture and 
animal models pointed to the crucial effects of 
natural agents in our diet to protect, reduce, and 
prevent diseases considered dangerous to human 
life, such as cancers1, 8,9,10,11. Recently, evidence of 
the protective effects of phytochemicals, such as 
SFN, increases due to awareness of induction of 
phase ll detoxifying enzymes, NQO1 in particular2. 
On the other side,  reports showed that the diet 
enriched with catechins might affect the ability 
of the organism to detoxify free radicals and 
environmental xenobiotics through a significant 
decrease in NQO1 activity due to an unclear reason. 
Therefore there is a persistent need to further 
studies to establish a cell-based assay for NQO1 

as part of screening programs for modulation of 
NQO1 activity3. A recent cell-based assay for 
NQO1 is described by Bongard4, which is based on 
the modulation of duroquinone. NQO1 is a phase 
ll enzyme that catalyzes the linked intracellular 
conversion of NADPH2 to NADP and duroquinone 
(DQ) (Fig.2) to hydroduroquinone (DQH2) in 
the cell. The DQH2 product leaves the cell and is 
converted to DQ, during which ferricyanide [Fe 
(CN6)-3] is reduced to ferrocyanide [Fe (CN6)-
4]. This enzymatic reaction can be prevented by 
dicumoral, the inhibitor of NQO1 (Fig.1).
	 Several methods are introduced to 
determine NQO1 activity. The classic assay is the 
purposive method for measuring NQO1 activity in 
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cell lysates. In contrast, the intact-cell activity is 
the inference that represents the functional results 
for other compounds, such as antioxidant activity 
or toxicity of NQO1-catalyzed activation of the 
compound under study5. Therefore, we chose to 
determine the intact-cell action to investigate the 
effect of the four phytochemicals Q, EGCG, I3C, 
and SFN, that possess antioxidants activity6,7,12 in 
stimulating NQO1 activity.In brief, DQ-mediated 
reduction of the cell-membrane-imperative 
secondary electron acceptor, ferricyanide, was 
used to quantify intact-cell NQO1 activity. This 
approach involves adding quinone duroquinone 
to the cells and then measuring the appearance 
rate of the two-electron reduction product, 
durohydroquinone, by its ferricyanide reduction 4. 
In a related study of phytochemicals with NOQ1, 
the induction of phase ll enzyme, in particular, 

NQO1 prevents the generation of ROS and toxic 
semiquinone radicals by reducing compounds with 
a quinone structure due to two-electron transfer3. 
We attempted to assess NQO1 activity in intact 
cells in the absence and presence of phytochemicals 
by determining ferric ion reduction. The principle 
of this assay is the ability of NQO1 to catalyze the 
conversion of duroquinone to hydroduroquinone 
where this enzymatic reaction is linked with 
reducing ferricyanide to ferrocyanide4; therefore, 
lower the reduction reaction rate of iron is 
considered an important sign of NQO1 activity. 
In the absence of duroquinone, evaluation of Q 
and EGCG in inducing NQO1 in intact HepG2 
cells may seem impossible because each interferes 
with the reduction reaction resulting in an effect 
on NQO1 assessment while I3C and SFN are not. 
The overlapping caused by Q and EGCG in the 

Fig. 1. Reduction of Ferricyanide to Ferrocyanide according to NQO1 activity in the cell

Fig. 2. Duroquinone = (2, 3, 5, 6-Teramethyl-
1,4-benzoquinone, Tetramethyl-p-benzoquinone 

C10H12O2)

enzymatic reaction may be that each possesses a 
quinone structure where I3C and SFN are missing6 
(Fig.3). Therefore, the prolonged incubation for Q 
and EGCG with cells may allow them to penetrate 
inside the cells and be reduced by NQO1 as quinone 
compounds, subsequently leading to reduced ferric 
to ferrous.

Materials and methods

Chemicals
	 All chemicals are from Sigma Chemical 
Company, Pool, and Dorset, U.K.
Treatment of cells
	 HepG2 (ATCC USA HB-8065) cells were 
cultured in 24-well plates for 24 hours and then 
incubated with phytochemicals (100 µg/ml of Q, 
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Fig. 3. NQO1 activity expressed by Ferricyanide 2K3Fe (CN) 6 reduction and achieved by incubation of HepG2 
cells with Fe+3 (600 µM) (  ), Fe+3 (600 µM) +DQ (50 µM) (  ) in (a), (b), (c), (d), and with:

(a) Fe+3 (600 µM) +Q (100 µg/ml) (  ), and Fe+3 (600 µM)+ DQ (50 µM) + Q (100µg/ml) (  ). 
(b) Fe+3 (600 µM) +EGCG (100 µg/ml) (    ), and Fe+3 (600 µM) + DQ (50 µM) +EGCG (100µg/ml) (  )
(c) Fe+3 (600 µM) +I3C (25 µg/ml) (  ), and Fe+3 (600 µM) + DQ (50 µM) +I3C (25 µg/ml) (  ).
 (d) Fe+3 (600 µM) +SFN (1 µg/ml) (   ), and Fe+3 (600 µM) + DQ (50 µM) +SFN (1 µg/ml) (  ). Values are 
Mean±SEM of 3 independent experiments.

100 µg/ml of EGCG, 25 µg/ml of I3C, and 1 µg/ml 
of SFN) for 20 hours in complete culture medium 
before incubation with 1 ml HBSS/Hepes solution 
per well by itself or containing 600 ìM ferricyanide 
or 600 ìM ferricyanide + 50 ìM DQ4. HBSS/Hepes 
solution had Hanks’ Balanced Salt Solution with 
10 mM HEPES buffer pH 7.4 and 5.5 mM glucose. 
Incubation at 37ºC was for up to 60 minutes. 
Culture wells were washed three times extensively 
with PBS after incubation with phytochemicals to 
prevent the interference between these compounds 
and ferricyanide. In a related experiment, HepG2 
cells were incubated as described above with 

no prior treatment with phytochemicals. The 
absorbance of ferricyanide in the medium was 
measured spectrophotometrically at 412 nm 
using a spectrophotometer: Multiskan Ascent 
manufactured by Thermo Electron Corporation.

Results

	 Results demonstrated that ferricyanide 
did not reduce during incubation with HepG2 cells 
alone (Fig 3, green square). Still, it was efficiently 
reduced in the presence of duroquinone (Fig3, red 
circle), where the absorbance was falling from 
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Fig. 4. Strucutr of cemicalcomponds  (a. Quercetin (Q)), (b.Epigallocatechin-3-gallate (EGCG)),
(c. indole-3-carbinol (I3C)), and (d. Sulforaphane (SFN))

about 0.14 to about 0.02 after incubation for one 
hour ((Fig.3). In cells pretreated with Q for 20 
hours, ferricyanide reduces to ferrocyanide in 
the absence of duroquinone (Fig. 3a), the extent 
of which was more significant in the presence 
of duroquinone (Fig. 3a).  Results were identical 
with cells pre-incubated with EGCG. However, 
the rate of ferricyanide reduction in the absence 
of duroquinone was somewhat less than observed 
in cells pretreated with Q (Fig 3b).On the other 
hand, in the absence of duroquinonewe couldn’t 
observe the direct reduction of ferricyanide in 
cells pretreated with either I3C or SFN (Fig. 3c 
and d), respectively. In comparison, the removal 
of ferricyanide in the presence of duroquinone 
in cells pretreated with I3C or SFN was no more 
significant than that in cells not treated with these 
compounds. These results suggested that the rate of 
duroquinone-mediated reduction of ferricyanide in 
HepG2 cells was not enhanced after treatment with 
any of the four phytochemicals known to induce 
NQO1 activity. The results also indicated that the 
two direct antioxidants of the four phytochemicals 
tested (i.e., Q and EGCG) interfered in the assay. 

They mediated ferricyanide reduction in the 
absence of duroquinone.

Discussion

	 NAD(P)H:quinone oxidoreductase 
(NQO1) is a two-electron quinone reductase found 
in many tissues and cells. This phase II enzyme 
catalyses the reduction of a diverse range of 
physiological, pharmacological, and toxicological 
quinones and other redox-active substances. One of 
the many roles in which NQO1 has been implicated 
is as a target for bioreductive activation of certain 
anticancer drugs and antioxidants, as well as a 
means of xenobiotic detoxification, with induction 
or genetic overexpression representing potential 
means of exploiting these functions4. Q and EGCG 
have direct antioxidant properties that can be used 
in cellular research. The hydroxyl groups present 
in Q and EGCG may be responsible for their 
free radical scavenging activity. Q has 5 groups 
on its structure, whereas EGCG has 9 groups. 
These groups represent potential attack sites for 
free radicals, resulting in the radicalization of all 
hydroxyl groups.
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	 In the present study, we aimed to use the 
four compounds Quercetin (Q), Epigallocatechin-
3-gallate, (EGCG), indole-3-carbinol (I3C), 
and Sulforaphane (SFN) as antioxidants against 
oxidative stress for further investigations into 
the stimulation of the NQO1 enzyme mechanism 
as measured by the DQ-mediated reduction of 
ferricyanide as described by Bongard et al.4. We 
incubated HepG2 cells with ferricyanide in the 
absence of phytochemicals to ensure the reduction 
of Fe3+ is according to the  NQO1 activity, not 
because of external interference with enzymatic 
reaction. I3C and SFN did not affect  Fe+3 
reduction, so any reduction to Fe+3 may attribute 
to the activity of NQO1( 3c,3d). Therefore, 
the enzymatic reaction of NQO1 catalyzes the 
conversion of duroquinone to hydroduroquinone, 
and the linked conversion of ferricyanide is reduced 
to ferrocyanide. On the other hand, the ferric ion is 
reduced to ferrous in HeG2 cells treated with Q and 
EGCG, and the reduction reaction may attribute 
to the effects of these antioxidants, not NQO1(Fig 
3a, 3b). The suggestion for the mechanism for Q 
and EGCG action is due to their direct antioxidant 
activity 6. The ferric ion can be reduced to ferrous 
by Q and EGCG (not the duroquinone) through 
accepting an electron from them, and subsequently, 
they interfere with an enzymatic reaction.
	 Evidence of the protective effects of 
phytochemicals, such as SFN, has recently 
increased due to increased awareness of the 
induction of phase ll detoxifying enzymes, 
particularly NQO1 2. On the other hand, studies 
have shown that a diet high in catechins may impair 
the organism’s ability to detoxify free radicals and 
environmental xenobiotics by causing a significant 
decrease in NQO1 activity for unknown reasons. 
As a result, there is a continuing need for research 
to develop a cell-based assay for NQO1 as part 
of screening programs for modulation of NQO1 
activity3.
	 Additionally, Q and EGCG possess 
quinone structures (Fig.2, 4a, and 4b), missing 
in SFN and I3C (Fig. 4c,4d). The similarity 
in structure between  Q, EGCG from the side 
with duroquinone from the other side allows 
for the direct antioxidants to be reduced by 
NQO1 instead of duroquinone via two-electron 
transfer consequently.  Moreover, the long 
incubation time of HepG2 cells with Q and EGCG  

(20 hours)7 allowed them to penetrate the cell and 
remain inside and act as a substrate of NQO1 and 
involved reduction reaction even though PBS 
extensively washed the treated cells. On the other 
hand, it seems possible that the cell-based assay 
can further study the modulation of NQO1 activity 
by compounds such as I3C and SFN, which act by 
indirect antioxidant mechanisms.

Conclusion

	 Q and EGCG can interfere with the 
enzymatic reaction of NQO1 that assessed by DQ-
mediated reduction of ferricyanide in intact cells. 
This interference suggests a significant limitation 
in using this assay to screen for induction of NQO1 
activity by plant-derived chemicals and extracts.
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