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INTRODUCTION 
Recently, the importance of plant extracts has emerged as compounds containing 

antioxidant properties [1], which have contributed greatly as a preventive agent 
against many diseases [2]. Similarly, several epidemiological studies have shown 
an inverse relationship between the consumption of vegetables and fruits and the 
reduction of cancer incidence. These studies attributed this to the eff ectiveness 
of the antioxidants in these plants [3-5]. Moreover, these antioxidants and other 
phytochemicals present in the diet may protect cells from ROS-mediated DNA 
damage, which otherwise can lead to mutation and subsequent carcinogenesis 
[3], and so protect from cancer. These protections are either or both of direct 
(free radical scavenging) or indirect (up-regulation of cytoprotection proteins) 
actions. Quercetin (Q) (Figure 1) and Epigallocatechin-3-Gallate (EGCG) (Figure 2) 
are classifi ed as direct antioxidants [6], while Indole-3-Carbinol (I3C) (Figure 3) 
and Sulforaphane (SFN) (Figure 4) possess an indirect cytoprotection action [6]. 
High amounts of quercetin are found in garlic, kale, onions, apples [7] as well as 
in other vegetables, nuts, fruits, tea, seeds and, wine [8], with intakes of between 
6 and 31 mg/day [9,10]. Quercetin exhibits a wide range of biological activities [11] 
including anti-infl ammatory [12,13], anti-carcinogenic [14], and antiviral actions 
[15]. Moreover, it is regarded as one of the most abundant fl avonoids and represents 

There is considerable interest in the ability of plant-derived antioxidants to protect against 
oxidative damage associated with disease or exposure to toxic agents. In this study, the cytoprotection 
effect of the direct antioxidants Quercetin (Q) and Epigallocatechin-3-Gallate (EGCG) and the indirect 
antioxidants, Sulforaphane (SFN) and Indole-3-Carbinol (I3C) was assessed in a cellular protection 
assay. This assay involved two cytoprotection patterns: (a) exposure to phytochemical for 20 
hours followed by 5-hour exposure to t-Butylhydroperoxide (t-BHP); (b) simultaneous exposure to 
phytochemicals and t-BHP for 5 hours. HepG2 cells were cultured to a confl uent monolayer and 
exposed to phytochemical +/- t-BHP in serum-free medium or serum-containing medium at high 
[10%(v/v)] or low [2%(v/v)] levels of foetal bovine serum, after which cell damage mediated by oxidant 
stress was assessed by uptake of neutral red. Results showed that Q, EGCG and, I3C were effective 
while SFN was inactive and toxic to the cells by itself at high concentration during long incubation. On 
the other hand, a short time of incubation with SFN displayed identical results to prolonged exposure. 
However, I3C was devoid of protection activity. Moreover, results showed that serum has a major 
impact on antioxidant activity.

ABSTRACT
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an integral part of the human diet. The protective role of 
quercetin may be attributed to possessing a dual eff ect as 
a direct and indirect antioxidant, acting through diff erent 
mechanisms [10]. Among all green tea constituents, EGCG, 
which accounts for about 50-60% of total catechin in green 
tea [16], is the main active ingredient due to its direct and 
indirect antioxidant eff ects in tumor growth suppression. 
These eff ects are mediated by diff erent pathways including 
direct induction of apoptosis and arrest of the cell cycle 
[17,18] and indirect activation of anti-angiogenic and 
immune functions [19,20]. These eff ects are achieved 
selectively by EGCG in cancer cells but not in normal cells 
[21,22]. Thus, EGCG may exert diff erent toxic and/or 
benefi cial eff ects in malignant and normal cells respectively 
through its modulation of signal cascades and regulation 
of cell cycle which may be diverse in both cell types 
mentioned. Besides, these diff erences in EGCG actions may 
also be attributed to the diff erences between antioxidant 
defense mechanisms in normal cells and the mechanism 
of oxidative stress in cancer cells [23]. There is increasing 
evidence for the reverse correlation in consumption of 
a diet rich in cruciferous vegetables such as caulifl ower, 
broccoli, and cabbage and incidence of diverse cancers such 
as breast, lung, and colon [24]. Decreased cancer risk during 
cruciferous intake is attributed in part to the high content 
of glucosinolates which are broken down through hydrolysis 
catalyzed by the plant enzymemyrosinase released during 
food preparation, producing isothiocyanates and indole 
products [25]. Indole-3-carbinol is a naturally occurring 
isothiocyanate metabolite identifi ed in the cruciferous 
vegetable family, particularly Brassica, and released upon 
hydrolysis of glucobrassicin [26]. The fi rst isolation from 
Brassica oleracea was in 1975 [27] and from that time I3C has 
emerged as a chemopreventive agent against a wide range 
of human cancers such as those of the breast, prostate, 
cervix, and vulva [24]. Moreover, it has been found that 
I3C can prevent or minimize the risk of carcinogenesis 
initiation through its involvement in the modulation of drug 
metabolism. Sulforaphane (1-isothiocyanato-4-(methyl-
sulfi nyl)butane), is a naturally occurring member of the 
Isothiocyanate Family (ITC) of chemopreventive agents, 
has been demonstrated to possess the ability to suppress the 
growth of cancer cells in diff erent tissues and to delay the 
appearance of tumors [28]. SFN has emerged as a promising 
chemopreventive agent in cancer treatment at a low 
concentration ≤ 50 μM [29] but it has induced apoptosis in 
normal cells when the concentration has been increased [30]. 
The molecular mechanism of SFN action on cancer cells has 
received particular attention due to the eff ect in prevention 
and/or delaying the development of preneoplastic cells

Serum albumin is the most abundant protein in the 
circulatory system [31]; it forms approximately 50% or more 
of protein interstitial fl uid in human aortas [32]. It binds to 
a large variety of exogenous and endogenous ligands such as 

drugs, fatty acids, nutrients, and hormones, and transports 
them to their sites of action. On the other hand, the binding 
of xenobiotics to albumin can aff ect their metabolism and 
biological activity [31]. Therefore, the presence of albumin 
within experimental constituents such as culture medium 
may impact the results obtained by assays [8,33].

In this study, we investigated a cellular protection 
assay in the screening of antioxidant behaviour of model 
phytochemicals which are known to act as direct and/or 
indirect antioxidants. The cellular protection assay is based 
on the protection of HepG2 cells against oxidative stress 
induced by t-BHP.

Two diff erent cytoprotection patterns were tested in this 
work: (a) 5-hour exposure to phytochemicals and t-BHP 
simultaneously where the direct cytoprotection is provided 
by antioxidant against oxidative stress; (b) exposure to 
phytochemical for 20 hours followed by 5-hour exposure to 
t-BHP, the long incubation with antioxidant allows defense 
against oxidative stress induced by t-BHP indirectly by up-
regulation of phase 2 enzymes. Treatment protocol (a) has 
been used previously by us for the two direct antioxidants, 
Q and EGCG [33]. Currently, in this study, we are continued 
the screening of I3C and SFN under the same assay pattern. 
Treatment protocol (b) was tested for all four compounds Q, 
EGCG, I3C, and SFN. The eff ect of the presence or absence 
of serum on the antioxidant activity in these two treatment 
scenarios (Figures 1-5).
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Figure 1 Structure of Quercetin.
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Figure 2 Structure of Epigallocatechin-3-Gallate (EGCG).
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Figure 3 Structure of Indole-3-carbinol.
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MATERIALS AND METHODS 
Chemicals 

Human hepatoma HepG2 cells were purchased from 
ECACC, Salisbury, UK. Quercetin, epigallocatechin-3-
gallate, sulforaphane, indole-3-carbinol, Hanks ́ balanced 
salt solution [H9394, without Ca2+ and Mg2+. with phenol red, 
sterile fi ltered] Trypsin-EDTA, Eagle’s Minimal Essential 
medium (MEM) [with Earle’s salts and sodium bicarbonate, 
without glutamine, sterile fi ltered], gentamicin [50 mg/ml], 
glutamine [200 mM], foetal bovine serum (FBS), MEM Non-
essential Amino Acid solution neutral red, ethanol solution, 
tert-butyl hydroperoxide (t-BHP), and glacial acetic acid 
were purchased from Sigma Chemical Co. Ltd., Poole, Dorset. 
UK. 

HepG2 cells culture 

HepG2 cells were cultured in 175 cm2 Nunclon culture 
fl asks in 5% CO

2
-in-air atmosphere using 50 ml of MEM 

supplemented with 10% (v/v) foetal bovine serum, 2 μg/
ml fungizone, 0.05 mg/ml gentamicin, 1% (v/v) non-
essential amino acid solution, 2 mM L-glutamine at 37°C. 
The culture medium was changed every 72 hours, and 
cells were confl uent after 7 days of sub-culturing. For 
experiments including treatments, cells were sub-cultured 
at high density in wells of a 24-well plate in 1 ml medium; 
under these conditions,the confl uence was achieved within 
24 hours. 

Treatments 

Stocks solutions of Q, EGCG, I3C, and SFN were prepared 
in DMSO and stored at 4°C until use. 

Indirect cytoprotection: HepG2 cell cultures were treated 
with diff erent series of concentrations (0 - 100 μg/ml) of Q, 
EGCG, I3C, and SFN in a complete culture medium with or 
without FBS for 20 hours prior to exposure to 0.8 mM t-BHP 
for 5 hours. A solvent control (culture medium containing 
0.5% DMSO) was run concurrently. 

Direct cytoprotection: Diff erent series of concentrations 
(0 - 100 μg/ml) of I3C and SFN and 0.8 mM t-BHP in a 
complete culture medium with or without FBS was added 
simultaneously to the cells for 5 hours (i.e., no pre-exposure 
to the antioxidants). 

Eff ect of serum: The infl uence of serum on cell survival 
was assessed by culturing HepG2 cells in a culture medium 
lacking FBS or containing FBS in the concentration range 0.1 
to 10% (v/v) during exposure for 20 hours. 

Neutral red assay 

Neutral red uptake assay was used to determine the 
viable cells after treatment and is based on the incorporation 
and binding of neutral red into the lysosomes of viable cells 
[34]. Following exposure to the antioxidants, the cells were 
incubated for 1 hour with a medium containing neutral red 
(3.3 g neutral red/L of DPBS) after which cells were washed 
in warm Phosphate-Buff ered Saline (PBS). Cold fi xative 
(prepared by mixing 250 ml ethanol, 250 ml distilled water, 
and 5 ml glacial acetic acid) was used to desorb the stain and 
the absorbance was read using a spectrophotometer at 540 
nm. 

Statistical analysis 

Results were entered into Graphpad Prism 4, from which 
mean ± S.D. and TC

50 values were determined for SFNand 
I3C whilst EC

50 values were determined for Q, EGCG, I3C, 
and SFN. Values were derived from at least 3 independent 
experiments. One-way ANOVA followed by selected 
comparisons by the Bonferroni method was used to compare 
the EC

50 values obtained under diff erent culture conditions. 

RESULTS 
Effect of serum 

Serum (absence or presence up to 10% v/v) did not 
aff ect the viability of the cells when the cells were cultured 
for 20 hours (Figure 6). This allowed a further study of 
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Figure 4 Structure of Sulforaphane.
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Figure 5 Structure of tert-Butyl Hydroperoxide.

Figure 6 Effect of 20 hours exposure to culture medium containing different 
serum concentrations on HepG2 cell viability. Values are Mean ± SEM of 3 
independent experiments.
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the cytoprotection provided by the chemicals, under both 
reduced serum (2% as opposed to 10%) and serum-free 
conditions. 

Indirect cytoprotection: Effect of serum (10% 
serum)

Results showed that Q was not toxic to the cells in the 
concentration range tested, in that viability was maintained 
when cells were incubated with Q for 20 hours. Although Q 
failed to provide full cytoprotection at low concentrations 
such as 25 μg/ml where viability was 25%, it provided high 
protection and viability increased to reach 80% at 100 μg/
ml and EC50 was 34 ± 5.3 μg/ml (Figure 7a). EGCG showed 
no cytotoxicity at any concentration in the range tested 
and maintained cell viability of the cells at 100% to each 
concentration in the range. On the other hand, cells incubated 
with EGCG overnight were partially protected from t-BHP 
toxicity at 50 μg/ml of EGCG to obtain approximately 50% 
of viability and EC50 was more than 100 μg/ml (Figure 7b). 
Incubation of HepG2 cells with I3C for 20 hours to detect 
the toxicity eff ect of this compound showed an inverse 
relationship between cell viability and concentration of I3C. 
At 25 μg/ml, cell viability was recorded 100% and it gradually 
declined to about 60% at 100 μg/ml of I3C and TC50 was 98.1 
± 0.0. Moreover, when the cells were maintained with I3C for 
20 hours and then exposed to t-BHP for 5 hours, there was 
evidence of cytoprotection against t-BHP and EC50 could not 

be determined. I3C provided cytoprotection at 60 and 75 μg/
ml and the highest cell viability was about 50% at 60μg/ml 
but when the concentration of I3C was increased, viability 
dropped to approximately 0% at 100 μg/ml (Figure 7c). SFN 
was toxic to the cells at a concentration higher than 1 μg/ml, 
with a marked decline in cell viability from 100% to about 
0% when the concentration of SFN increased from 5 to 20 
μg/ml where TC50 was 3.9 ± 0.91 μg/ml. Moreover, SFN was 
inactive and failed to give any small protection to the HepG2 
cells at any concentration in the range tested and EC50 could 
not be determined (Figure7d).

Indirect cytoprotection: Effect of serum (serum-
free medium)

By using the serum-free medium in the experiment, Q 
was not toxic to the cells at any concentration in the range 
and cells were still alive by 100%. Furthermore, Q produced 
concentration-dependent protection against t-BHP with 
total protection above 50 μg/ml and EC50 was 33.8 ± 4.0 μg/
ml (Figure 8a).

A similar pattern of non-toxicity and cytoprotection 
eff ect was displayed by EGCG, although complete 
protection did not occur, cell viability reached about 80% 
at concentrations 50 μg/ml and above where EC50 was 27.8 
± 9.9 μg/ml (Figure 8b). The viability of cells was markedly 
aff ected by I3C which was toxic and caused a decline in 

A) B)

C) D)

Figure 7 Effect of 20-hours exposure to Q (a), EGCG (b), I3C (c), and SFN (d) on cell viability in the absence ( ) or presence ( ) of t-BHP, conducted in the presence 
of 10% serum. EC50 (μg/ml) for Q was 34 ± 5.3, EGCG ≥100, and not determined for I3C and SFN. TC50 ((μg/ml) for SFN was 3.9 ± 0.91 and for I3C was 98.1 ± 0.0. 
Values are Mean ± SEM of 3 independent experiments.
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A) B)

C) D)

Figure 8 Effect of prior 20-hours exposure to Q (a), EGCG (b), I3C (c) and SFN (d) on cell viability in the absence ( ) or presence ( ) of t-BHP, using serum-free 
medium. . EC50 (μg/ml) was for Q 33.8 ± 4.0, EGCG 27.8 ± 9.9, I3C and SFN ≥100. TC50 (μg/ml) for I3C was 72.13 ± 5.9 and for SFN was 5.81 ± 0.27. Values are 
Mean ± SEM of 3 independent experiments.

viability; it was dropped from about 80% at concentrations 
50 μg/ml to about 0% at 100 μg/ml of I3C and TC50 was 72.13 
± 5.9 μg/ml. Moreover, I3C under these conditions failed to 
protect HepG2 cells against t-BHPtoxicity where EC50 was 
more than 100 μg/ml (Figure 8c). Results obtained by SFN 
were identical to the results from cellular assay when HepG2 
cells were exposed to SFN for 20 hours using a medium 
containing 10% serum before exposure to t-BHP (Figure 8d) 
and EC50 was more than 100 while TC50 was 5.81 ± 0.27 μg/ml. 

Direct cytoprotection: Effect of serum (Medium 2% 
serum)

I3C and SFN were inactive due to their inability to protect 
cells from oxidative stress-induced by t-BHP and keep the 
viability of the cells near 0% where EC50 for both was more 
than 100 μg/ml (Figure 9a and 9b). Moreover, a decline in 
the viability of cells recorded when cells exposed to SFN at 
a concentration higher than 1μg/ml and reach 10-15% at 10 
μg/ml and TC50 was 4.6 ± 0.78 while I3C was not toxic to the 
cells by itself at any concentration in the range this time and 
cell viability remained unaff ected (Tables 1,2).

DISCUSSION 
There is current interest in the involvement of natural 

antioxidants in cytoprotection against oxidative stress 
[8]. Our main goal was to detect the infl uence of the four 

phytochemicals Q, EGCG, I3C, and SFN on cell viability and 
to what extent can they provide protection against cellular 
death stimuli such as t-BHP in the presence and/or absence 
of serum in the culture medium. According to this, diff erent 
patterns of cellular assay including direct and indirect 
cytoprotection were used for this purpose.

At least two aspects can assist to explain the fi ndings 
of this study, namely the role of albumin and the structure 
of the antioxidant compounds. Although albumin has 
antioxidant properties where it can defend against the 
toxicity eff ect of, cis-4,7,10,13,16,19-docosahexaenoic acid, 
a component of fi sh oil [35], it can interfere in the running 
of assays and eff ect on results [36,37] through binding to 
antioxidant resulting in decrease antioxidant activity [37].

Albumin is a highly soluble protein containing 585 amino 
acid and has a molecular weight of 66 kDa [38]. It represents 
approximately 50% of total plasma protein, thus the amount 
of albumin in plasma is 3.5 g/100ml, and for a medium 
containing 10% serum as sued in this study, the albumin 
amount equals 0.35 g/100ml. This amount is not much 
diff erent from the amount of albumin in Interstitial Fluid 
(ISF). Thus, albumin content in ISF from human aortas has 
been estimated to be 0.2 g/100ml [39], the interstitial fl uid/
plasma ratio for albumin 0.42 [40], and interstitial fl uid 
from rat skin 2.1 g/100ml which represents 63% of plasma 
albumin concentration, in that the amount of albumin in 
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A) B)

Figure 9 Effect of 5-hour exposure to I3C (a) and SFN (b) on cell viability in the absence ( ) or presence ( ) of t-BHP, conducted in the presence of 2% serum. 
EC50 (μg/ml) for I3C was and SFN ≥100. TC50 for SF was 4.6 ± 0.78. Values are Mean±SEM of 3 independent experiments.

Table 1: EC50 (the effective concentration of phytochemical providing 50% protection). Values are reported as mean ± S.D; n = number of experiments; *signifi cantly 
different to 5-hour (10% and 2% serum) (p < 0.001).

Antioxidant

EC50 (μg/ml)

20-hours Exposure 5-hours Exposure

Medium
Serum 10%

Medium
Serum-free

Medium
Serum 10%

Medium
Serum 2%

Medium
Serum-free

Q 34.1 ± 5.3
n = 8

33.8 ± 4.0
n = 3 39.9 ± 4.5 [34] 16.1 ± 2.4  [34] 17.9 ± 1.8  [34]

EGCG > 100 27.8 ± 9.9
n = 3 84.7 ± 7.4 [34] 51.2 ± 8.3 [34] 23.4 ± 7.2 [34]

I3C ~60'
n = 2 > 100 ND > 100 ND

SFN > 100 > 100 ND > 100 ND
*Signifi cantly different to 5-hour 10% serum (p < 0.001), º signifi cantly different to 5-hour 2% serum (p < 0.001). 
ND = Not Determined; ' = Response varied between experiments. One-way ANOVA followed by selected comparisons by the Bonferroni method was used to compare 
the EC50 values obtained under different culture conditions.

Table 2: TC50 values (the concentration of oxidant causing 50% cell death) for I3C and SFN. Values are reported as mean ± S.D of at least three independent 
experiments.

Antioxidant

TC50 (μg/ml)

20-hour Exposure 5-hour Exposure

 Medium Serum 10%  Medium Serum-free M edium Serum 2%

I3C 98 .1 ± 0.0 72. 13 ± 5.9 ND

SFN 3.90  ± 0.91 5.81  ± 0.27 4.60 ±  0.78.

10% is 0.21 g/100ml [41]. Accordingly, the use of a medium 
containing 10% serum approximated exposure of cells to 
ISF in most tissues. We found that serum does not aff ect cell 
viability during incubation for 20 hours (Figure 6) which 
is identical to our previous study for an incubation period 
of 5 hours [33] and this indicates that any variations in 
cytoprotection assessed in further studies may be attributed 
to the presence of foreign substances such as oxidants and 
antioxidants.

Concerning indirect cytoprotection, the four compounds 
displayed diff erent cytoprotection activities. Antioxidant 
activity of Q was hardly increased (Figures 7a, 8a) and EGCG 
was enhanced (Figures 7b, 8b) when albumin was omitted. 
It is obvious that the absence of albumin was responsible 
for an increase of antioxidant activity considerably, EGCG in 

particular, where Q and EGCG were being free from binding 
to albumin. On the other hand, I3C contributed partially 
to cytoprotection and this incomplete cytoprotection is 
mainly attributed to the cytotoxicity eff ect of I3C at higher 
concentrations where it caused cell death during cellular 
incubation (Figure 7c). Moreover, the absence of albumin 
increased the toxicity eff ect of I3C, possibly caused by an 
increase in the free (i.e., not bound to albumin) concentration 
of I3C under this condition [35] and this was clear from 
decline in TC50 value from 98 to 72 μg/ml.

SFN failed to provide any cytoprotection at any 
concentrations due to its cytotoxic eff ects even at low 
concentrations (Figure 7d). Under this condition, the 
presence of serum appeared to reduce the toxicity of SFN, 
and TC50 was increased when the amount of albumin was 
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decreased (Table 2), again possibly due to binding of SFN to 
serum proteins.

Under short (5 hours) exposure conditions, I3C and 
SFN also lacked cytoprotective properties (Figures 9a, 9d 
respectively). Given that the mechanism of action of direct 
antioxidant behaviour is based on the principle of scavenging 
free radicals through a donation of a hydrogen atom from a 
scavenger, an antioxidant, to the radical and so inactivating 
it [42,43], this lack of direct cytoprotective response of I3C 
and SFN can be attributed to the lack of multiple free hydroxyl 
groups in thteir structure. Ths contrasts with the eff ective 
direct cytoprotection preperties of Q and EGCG [33], both of 
which possess the requisite multiple free hydroxyl groups.

CONCLUSION 
In conclusion, the results of this study demonstrate 

that the antioxidant activity of Q, EGCG, I3C, and SFN was 
infl uenced by both duration of treatment and presence of 
serum proteins. Q and EGCG were not toxic in any pattern 
of cellular assay while the toxicity eff ect of I3C and SFN was 
infl uenced by time of incubation and presence of albumin. 
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