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Clinical trials have shown that antioxidant supplementation increased the risk of lung and skin cancers, but
the underlying molecular mechanism is unknown. Here, we show that epigallocatechin gallate (EGCG) as an
exemplary antioxidant induced significant death and DNA damage in human lung and skin normal cells
through a reductive mechanism. Our results show direct evidence of reductive DNA damage in the cells. We
found that EGCG was much more toxic against normal cells than H,0, and cisplatin as toxic and
cancer-causing agents, while EGCG at low concentrations (=100 pM) increased slightly the lung cancer cell
viability. EGCG induced DNA double-strand breaks and apoptosis in normal cells and enhanced the
mutation frequency. These results provide a compelling explanation for the clinical results and unravel a
new reductive damaging mechanism in cellular processes. This study therefore provides a fresh
understanding of aging and diseases, and may lead to effective prevention and therapies.

ung cancer and skin cancer are two of the most common cancers in the world. Lung cancer is a leading cause

of cancer death in men and women in the United States, while skin cancer has the highest incident rate. It is

estimated that 228,190 people in the United States will be newly diagnosed with lung cancer in 2013 (ref. 1).
The skin cancer has a lower death rate, but its incident rate continues to rise at an increment 3% per year”. Thus,
both lung and skin cancers have drawn significant attention in prevention, diagnosis and therapy.

It is long thought that antioxidants kill reactive oxygen species (ROS) produced in normal cellular processes
and may therefore protect cells from oxidative damage. Therefore, there is increasing use of dietary and cosmetic
antioxidants in attempts to slow down the aging process and to prevent the development of diseases such as
cancer and heart disease. However, a recent systematic review including data from 78 randomized clinical trials
with totally 296,707 participants, of which 26 trials included 215,900 healthy participants, indicates that the
antioxidants B-carotene, vitamin A, vitamin C, vitamin E and selenium showed either no beneficial health effects,
or a small increase in human mortality>*. In particular, a cancer prevention study entitled the Alpha-Tocopherol
(vitamin E)/Beta-Carotene Cancer Prevention Study (ATBC) demonstrated that lung cancer rates of male
smokers increased significantly with B-carotene®®. Another B-Carotene and Retinol Efficacy Trial (CARET)
study also demonstrated a significant increase in lung cancer associated with antioxidants”®. Subsequent studies
confirmed these adverse effects’, which were seen in non-smokers as well*. A recent clinical trial also showed that
antioxidant supplementation increased the risk of skin cancer'. Overall, these clinical trials have shown signifi-
cant evidence that antioxidants such as -carotene increased the incidences of lung and skin cancers. However,
the underlying molecular mechanism is essentially unknown. This study aims to unravel the molecular
mechanism.

Antioxidants may also cause direct damage to DNA and the cell, as they are rich in weakly-bound electrons.
The latter are well-known to initiate molecular reactions in many physical, chemical and biological systems'"'*.
Using the innovative femtomedicine concept'?, our group has demonstrated that dissociative electron transfer
(DET) reactions with weakly-bound e~ play key roles in many biological processes, ranging from DNA strand
breaks'*'* to the activation of anticancer drugs'*~"". In particular, we found that the DET of weakly-bound e~ to
the guanine (G) base is highly effective in inducing chemical bond breaks'’ and then single-strand and double-
strand breaks (SSBs and DSBs) of the DNA in aqueous solutions'*. DSBs of DNA in the cell are difficult to repair
and directly relate to genetic mutation, apoptosis or cancer initiation'®. Thus, the reductive damage represents a
previously unrecognized mechanism of cellular processes, which may have far-reaching significance to the
understanding of the aging process and to the prevention and cure of challenging human diseases.
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Emerging evidence also supports the positive physiological role of
oxidizing ROS such as H,O, as a necessary ‘evil’ for cell signaling".
Recent research also showed evidence in mice that oncogenes act-
ively promoted a ROS detoxification program, that is, enhanced
intracellular antioxidant and ROS detoxication may in fact be pro-
tumorigenic***'. In view of recent data strongly implying that much
of late-stage cancer’s incurability may be due to its possession of too
many antioxidants, Watson** recently wrote “the time has come to
seriously ask whether antioxidant use much more likely causes than
prevents cancer’.

Green tea (GT) has been consumed in the world wide, and the GT
extracts have widely been used in various beverages, health foods,
dietary supplements, and cosmetic items®. Particularly, epigalloca-
techin gallate (EGCG), the most abundant catechin (flavonoid) in
green tea, is often used as an icon of antioxidants. EGCG and other
flavonoids were reported to be beneficial in treating prostate, cervical
and bladder cancers** . But contradictory explanations of the
results exist in the literature: some researchers suggested that the
cytotoxic effect is associated with the formation of intracellular
H,0, by EGCG**, where others proposed that EGCG has a pro-
tection role against H,O,-induced cell death®*. An interesting
study by Hsu and co-workers® using exogenous catalase and H,O,
concluded that the EGCG-induced cytotoxic effects on tumor cells
result mainly from sources other than H,0,. There are also potential
detrimental health effects. High intake of flavonoids (tea or coffee)
during pregnancy is suspected to increase the risk of infant leukemia
and childhood malignant central nervous system tumours .
Moreover, researchers also observed that plant extracts such as phy-
toestrogens (Genistein, coumestrol, quercetin, zearalenone and
resveratrol) induced genotoxicity and mutagenesis in mammalian
cells, suggesting the possible involvement of mutagenicity in initiat-
ing phytoestrogen-induced carcinogenesis”*. In contrast, Fox
et al. reported that resveratrol, genistein, and baicalein caused gen-
otoxicity but no mutagenesis, and hence proposed that these anti-
oxidants are attractive candidates for improved chemotherapeutic
agents. Our group*' did observe that some (but not all) antioxidants
ata concentration of =100 pM enhanced the cytotoxicity of cisplatin
in killing cervical, ovarian, and lung cancer cells. These contradicting
results and explanations, briefly summarized above, indicate that the
key mechanism for (either beneficial or adverse) health effects of
antioxidants (in the absence of an exogenous chemotherapeutic
agent) is most likely unknown.

Here, we hypothesize that antioxidants are potent to cause reduct-
ive damage or death to the cell, which may provide a mechanistic
understanding of the clinical trial results on lung and skin cancers.
We used EGCG as an exemplary antioxidant for two major reasons.
EGCG has areduction energy (Eg) of +0.43 eV, which is comparable
to Er = +0.48 eV for a-tocopherol and +0.69 eV for B-carotene at
standard conditions (pH 7.0, 20°C)*****, More importantly, unlike
other antioxidants such as a-tocopherol and 3-Carotene insoluble in
water, EGCG has excellent stability and water solubility and can
therefore be readily tested in cell-culture experiments. 1. We pre-
pared a GT stock solution from a commercial GT and measured
time-series EGCG concentrations released in the GT solution using
a UV/Vis spectrophotometer. 2. We measured UV absorption spec-
tra to show the reductive reaction of nucleotide dGMP with EGCG/
GT and the oxidative reaction of dGMP with hydrogen peroxide
(H,0,) that is a major ROS in oxidative stress. We also prepared
independently the samples of EGCG™ by reaction of EGCG with HCI
and of (G-H) /G~ by reaction of dGMP with e~ uniquely pro-
duced by femtosecond (fs) laser pulses' and measured their
respective UV absorption spectra. 3. Cell cultures from two human
lung diploid fibroblasts (WI-38 and MRC-5 cell lines), a human skin
diploid fibroblast (GM05757) and a human lung cancer cell line
(A549) were used to test the biological effects of EGCG/GT. WI-
38, MRC-5 and GM05757 are often used as human normal cells in
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Figure 1 | UV absorption spectra of 133 pM EGCG in water and the
green tea (GT) solution. The GT solution was prepared with various
dissolving times after boiling water was added to the GT (leaves) at 1.16 g/1,
and followed by naturally cooling at room temperature. The results show
that EGCG is quite abundant and quickly released in green tea. The
absorption spectrum of the GT solution looks very similar to that of
EGCG, while there are also some differences, indicating that there were
impurities (other compounds or chemical states) in the GT solution.

cancer research. For comparison, oxidative damage was mimicked by
exposing cultured cells to various concentrations of H,O,. And to
evaluate the carcinogenic potential of EGCG/GT, we also used cis-
platin (CDDP, a highly toxic chemotherapeutic drug and carcino-
genic agent) as a second reference. 4. We showed evidence of
reductive DNA damage in the cells treated by EGCG and presented
a method for quantitative measure of the damage yield. 5. We mea-
sured cell viability, DNA DSBs and apoptosis induced by EGCG/GT.
6. We also studied the effects of GT and EGCG as well as their
combinations with CDDP on human lung cancer (A549) cells to
study the effect of EGCG/GT on the chemotherapy. 7. To test the
mutagenicity of EGCG, we conducted the hypoxanthine phosphor-
ybosyl transferase (HPRT) assay using Chinese hamster ovary
(CHO) cells, which is widely used as a model to investigate gene
mutations in mammalian cell lines*.

Results
Electronic absorption spectroscopic measurements. To determine
the EGCG concentration in the commercial green tea (GT) stock
solution, we measured UV absorption spectra of EGCG and GT
solutions, as shown in Figure 1. The results show that EGCG was
quickly released in the GT solution made by adding boiling water
into to the GT (leaves) at 1.16 g/1, which is about 10 times less than
the typical amount (~2.5 g in 250 ml) in a cup of GT in daily
drinking. An equivalent EGCG concentration of ~133 pM was
produced in the GT solution at ~1.0 hr after boiling water was
added and it further increased by about 20% beyond 4.0 hr. This
indicates that EGCG is indeed quite rich and quickly released in
daily consumed GT. In Figure 1, the absorption spectrum of the
GT solution looks very similar to that of EGCG, though there are
also some differences. The pure EGCG has an absorption peak at
273.5 nm and little absorption at wavelengths =325 nm, while the
GT solution has the main peak slightly blue shifting to 271.5 nm, a
weaker absorption at wavelengths below 240 nm and a tail extending
up to 400 nm. These indicate the presence of other catechins or
components in the GT solution. In all our experiments with GT,
we simply calibrated the absorbance at 273.5 nm for estimating the
EGCG concentration, which is surely the upper limit of the true
EGCG concentration in the GT solution.

We then measured UV (electronic) absorption spectra of 50 pM
dGMP, 50 pM EGCG/GT and their mixtures at zero and 24 hr, as
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Figure 2 | Spectroscopic observations of the reductive reaction of the
nucleotide dGMP by EGCG/GT and of the oxidative reaction of dGMP by
H,0, in air-saturated water. A—B: UV (electronic) absorption spectra of
the mixtures of 50 uM EGCG/GT and 50 uM dGMP at zero and 24 hr at
37°C, as well as their difference spectra; the absorption spectra of the
EGCG™ cation and the (G-H) /G~ anion are also shown in A (see text and
Supplemental Information). These results give direct evidence of the electron
transfer from EGCG/GT to the G base in dAGMP. C: The UV spectrum of the
dGMP-H,0, mixture showed extremely small changes within 24 hr even
with higher H,O, concentrations (200-500 pM); the difference spectrum
shows clearly three absorption peaks at ~210, 260 and 290 nm,
respectively, which are the characteristic absorption of the 8-oxo-dG (the
well-known biomarker of oxidative damage). Note that there are contrast

differences between difference spectra of EGCG/GT-dGMP and H,0,-
dGMP mixtures, especially at wavelength ranges below 250 nm and above
300 nm, reflecting the difference between reductive and oxidative
reactions of dGMP.

well as their difference spectra, as shown in Figures 2A and B. To
identify the reaction products clearly, we also prepared the samples
of EGCG™ and (G-H)7/G~ independently, and their absorption
spectra are also shown in Figure 2A (See also Supplementary
Information and Figures S1 and S2). It is well-known that the UV
absorption spectra of nucleotides or DNA arise solely from the elec-
tronic excitation in the rings of the bases made of alternating single
and double bonds. For dGMP, there are a main electronic absorption
peak at 253 nm and a shoulder peak around 272 nm. Interestingly,
the obtained difference spectra of the dGMP-EGCG/GT mixtures
between zero and 24 hr durations showed a pronounced positive
peak at ~251 nm, a minimum at ~272 nm, a second peak around
288 nm, and a broad absorption band at wavelengths above 300 nm.
Compared with the absorption spectrum of EGCG™ (Figure 2A), the
peak at 251 nm for the difference spectra can readily be attributed to
the EGCG™ arising from the reaction of dGMP with EGCG/GT. Our
first observation of the absorption spectrum of the stable (G-H) /G~
anion uniquely produced by the reaction of dGMP with prehydrated
electrons generated by fs laser pulses'>'* shows that there are a main
peak at ~266 nm and a broad absorption band above 300 nm
(extending to the visible range at 300-600 nm). Interestingly, the
DFT calculations by Naumov and von Sonntag*® of the absorption
spectrum of the (G-H)~ anion radical predicted a strong band at
266 nm, two very strong bands at 311 and 375 nm and a weaker
band at 531 nm. The latter three absorption bands were comparable
with those obtained experimentally by Faraggi and Klapper* for the
anion radical with absorption bands at 340, 400 and 510 nm and
intensities lower with higher wavelengths. Thus, the absorption band
above 300 nm observed for the present dGMP-EGCG/GT mixtures
can reasonably be attributed to the formed (G-H)/G™. Note that the
observed main peak at 266 nm for (G-H) /G~ did not appear in the
present spectra for the mixtures, but this can be well explained by its
overlap with the negative absorption band centered around 275 nm
of EGCG™ (due to the depletion of neutral EGCG). The sum of the
absorption bands of EGCG* and (G-H) /G~ gave rise to the
observed peak at ~288 nm for dGMP-EGCG/GT mixtures. These
spectral features give direct evidence of the electron transfer from
EGCG/GT to the G base in dGMP. The results also show that the
electron transfer from the GT to dGMP is less significant than that
from EGCG. This is reasonable, as the indicated EGCG concentra-
tion in the GT was somewhat below the true EGCG concentration
(Figure 1).

To compare with the oxidative reaction by H,O,, we also mea-
sured time-series UV spectral changes of the dGMP-H,0, mixture.
As shown in Figure 2C, the UV spectrum of the dGMP-H,0, mix-
ture showed extremely small changes within 24 hr even with higher
H,0, concentrations (200-500 pM). In contrast to the time-series
difference spectra of dGMP with EGCG/GT, the difference spectrum
of the dGMP-H,0, mixture showed three characteristic absorption
peaks at 210, 260 and 290 nm, respectively, while there was almost
zero absorption at wavelengths =300 nm. These are the character-
istic absorption of the 8-0xo0-dG***°, which is a well-known biomar-
ker of oxidative DNA damage.

The spectra in Figures 2A-C clearly show that the reaction of
dGMP with EGCG/GT was distinctly different from that with
H,0,, and the reductive reaction of dGMP by 50 uM EGCG/GT
was far more effective than the oxidative reaction by 500 uM
H,O0,. Even if there was a small amount of H,0, produced in the
air-saturated EGCG/GT + dGMP solution (it is unlikely as EGCG/
GT in water under air is well-known to be quite stable), the oxidative
reaction of the G base with any formed H,O, must be negligible.
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Figure 3 | Spectral measurements of reductive DNA damage in the cells treated by EGCG. A. The absorption spectra at 300-600 nm of the normal cells
(GM05757) with/without the 24 hr treatment of 30 and 50 pM EGCG; B. The yield of reductive DNA damage given by the integrated spectral
intensity over 300-600 nm. The results show significant enhancements in reductive DNA damage in the cells treated by EGCG.

Otherwise, the characteristic absorption peaks of the oxidative-
damage biomarker (8-0xo-dG) would be observed in Figures 2A
and B. This was not observed. Thus, the reductive reaction of G with
EGCG/GT must be a dominant process. In contrast to the character-
istic absorption of the oxidative damage biomarker, the distinct fea-
ture of reductive DNA damage is obviously the characteristic
absorption band at =300 nm, which is absent for the dGMP-H,0,
mixture but present for the dGMP-EGCG/GT mixtures. This char-
acteristic absorption band can be considered as a biomarker of reduct-
ive DNA damage.

Direct measurements of intracellular reductive DNA damage
induced by EGCG. The normal cells (GM05757) were treated by
various concentrations (control, 30 and 50 uM) of EGCG added to
the culture medium for 24 hr and then washed thoroughly by PBS
after removal of the medium. The reductive DNA damage in the
treated and washed cells was directly characterized by measuring
the absorption spectra at 300-600 nm and its yield was given by
the integrated spectral intensity over 300-600 nm (See Methods).
The results are shown in Figure 3. It is clearly seen that the
treatment of EGCG enhanced the yield of reductive DNA damage
in the cells significantly.

Cell viability assays. We then investigated the effect of various
concentrations of EGCG on the growth and viability of human
lung (MRC-5 or WI-38) and skin (GMO05757) normal cells seeded
in 96-well plates, and compared it with the effects of H,O, and
CDDP. As shown in Figures 4A-C, a 24 hr incubation of the
normal cells with H,O, led to increased cell killing with rising
H,0, concentrations up to 100 uM, at which less than 10% of the
treated cells survived. And the CDDP-treated cells showed similar
viability curves to those for the H,O,-treated cells. These results are
not surprising, in view of the well-known oxidative stress induced by
H,0, and the severe toxicity of CDDP as a chemotherapeutic drug
and a potent carcinogenic agent. The striking result is, however, that a
similar treatment with EGCG decreased the cell survival rate in a dose-
dependent manner and the normal cells were killed much more
effectively by EGCG than by H,0, and CDDP (P < 0.007). These
results strongly demonstrate that EGCG is highly toxic against
human lung and skin normal cells.

We also compared the toxic effects of the pure EGCG and the GT.
The results in Figures 4D-F clearly show that significant cell killing
was still observed for the normal cells treated with the GT solution,
though it was less effective than the pure EGCG. The latter is con-
sistent with the difference in electron transfer effectiveness between
EGCG to dGMP and GT to dGMP (See Figure 2). These results

indicate that the other chemical components in the GT either con-
tributed to the UV absorption at 273.5 nm (so that the shown EGCG
concentrations in the GT solutions were overestimated) or neutra-
lized the toxic effect of EGCG to some extent. Nevertheless, the
observation of a significant toxicity of GT is still surprising, com-
pared with those of the oxidizing ROS H,O, and the potent carcino-
genic agent CDDP (see Figures 4A-C). As shown in Table 1, the
values of ICs, (the agent concentration required to kill 50% of
untreated cells) of EGCG, GT, CDDP and H,O, were measured to
be 17-19, 40-60, 38-85 and 50-75 pM, respectively, depending on
the cell lines. These results strongly indicate that EGCG and concen-
trated GT are indeed highly toxic against human lung and skin
normal cells.

Furthermore, to explore the potential beneficial effect of EGCG
and GT in treating lung cancer, we also investigated the effects of
various concentrations of CDDP, EGCG and GT, as well as combi-
nations of CDDP with 100 pM EGCG or 150 pM GT, on the growth
and viability of human lung cancer (A549) cells. The results are
shown in Figures 4G-1. First, it can be seen that a significant killing
of the cells was observed at low CDDP concentrations, but about 40%
of the treated A549 cells still survived even at very high CDDP con-
centrations of 200-500 pM (Figure 4G). This confirms the strong
resistance of A549 cells to CDDP, as observed previously*'. Second,
in striking contrast to the results for normal cells (Figures 4A-C),
EGCG or GT exhibited an increase by 10-20% in the viability of lung
cancer cells at lower concentrations of =100 or 150 uM, while a
killing effect was observed at very high concentrations of 100-400
or 150-500 puM (Figure 4G). Third, the combination of CDDP with
100 pM EGCG or 150 uM GT resulted in an increase by ~10% in the
survival of the A549 cells, compared with the treatment of CDDP
only (Figures 4H and I). As also shown in Table 1, the ICs, values of
EGCG, GT, CDDP, CDDP plus 100 pM EGCG, and CDDP plus
150 pM GT on A549 lung cancer cells are 275, =500, 300, 400,
and =400 uM, respectively. These values are approximately one
order of magnitude larger than those of EGCG/GT on WI-38, MRC-
5 and GMO05757 normal cells. Thus, we conclude that EGCG/GT
caused a slight increase in the survival of lung cancer cells at con-
centrations of =100/150 pM, while EGCG/GT showed some killing
effect at very high concentrations of 100-400 or 150-500 pM. The
latter result is generally consistent with those reported in the literat-
ure?”**, The results also indicate that the combination treatment of
CDDP with EGCG/GT showed no positive effects, compared with
the treatment of CDDP only.

Imaging of DNA double-strand breaks (DSBs) and toxicity. Given
the cell viability results shown in Figure 4 and Table 1, we
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Figure 4 | MTT cell viability assays of lung and skin normal cells and lung cancer cells with treatments of EGCG/GT/CDDP/H,0, and the combination
treatments of CDDP with EGCG/GT. The cells were seeded in 96-well plates, and after overnight incubation, treated with various agent concentrations
for 24 h. The viability values are represented as percents with respective to the untreated cells (regarded as 100% viability). The bars demonstrate the
means of triplicate experiments with SD. A, B and C show the striking result that the lung normal cells (WI-38 and MRC-5) and skin normal cells
(GMO05757) were killed much more effectively by EGCG than by the oxidizing H,0, and the potent carcinogenic agent CDDP. D, E and F show that
though less toxic than EGCG, GT also caused a significant killing of the normal cells, compared with H,O, and CDDP. In contrast, G shows that at
concentrations of =100/150 uM, EGCG/GT exhibited an increase by 10-20% in the growth of lung cancer cells, while at very high concentrations of
=100/150 M, EGCG/GT showed some killing effect. H and I show that the combination treatment of CDDP with 100 uM EGCG or 150 pM GT showed
a small enhancement by about 10% in the survival of lung cancer cells, compared with the treatment of CDDP alone.

investigated the genetic toxic effect of EGCG in the treated human
normal cells and compared it with the oxidative damage induced by
H,0,. We used the HCS DNA Damage Kit (Invitrogen), which was
developed to enable simultaneous quantitation of two cell health
parameters, genotoxicity and (cyto-)toxicity. The phosphorylated
H2AX (yH2AX) foci formed at the damage site in the nucleus are

a biomarker of DNA DSBs, which were measured by specific
antibody-based detection. Toxicity was also measured with the
Image-iT® DEAD Green™ viability stain. The assay kit also
included Hoechst 33342 (a DNA-binding dye emitting blue
fluorescence), which shows the nuclear morphology of all normal
and damaged cells. Figure 5A and B show the fluorescence images of

Table 1 | ICso (the agent concentration to kill 50% of untreated cells) for the cells seeded in 96-well plates and treated by EGCG/GT/CDDP/
H,O, alone and the combinations of various concentrations of CDDP with 100 uM EGCG or 150 uM GT for 24 hr

Cell line

Agent WI-38 MRC-5 GM05757 A549

EGCG 18 =3 uM 19 =3 uM 173 M 275 =25 M

GT 45 = 3 uM 60 = 5 uM 40 = 3 pM =500 + 50 uM
CDDP 38 =4 uM 38 =4 uM 856 M 300 = 50 yM
H,O5 58 = 5 M 50 = 5 M 75+ 5 uM }

CDDP + 100 uM EGCG - - - 400 = 50 yM
CDDP + 150 uM GT i i i =400 + 25 M
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the treated lung normal (MRC-5) cells and the DNA DSB vyield as a
function of EGCG/H,0, concentration, respectively. It can be seen
that there was only a slight increase by a factor of =2 in DNA DSB
yield with increasing H,0, concentrations up to 30 pM, whereas
EGCG at 30 uM caused a much larger enhancement by a factor of
4-5 of DNA DSB yield in the treated cells. Moreover, the cell images
shown in Figures S3 and S4 in Supplementary Information also
demonstrate that in contrast to H,O,, EGCG led to serious cell
injuries, including plasma membrane permeability, in the treated
MRC-5 and GMO05757 cells. These results are consistent with the
cell viability results shown in Figure 4 and Table 1. We therefore
conclude that EGCG is highly toxic and effective in inducing DNA
DSBs in human lung and skin normal cells.

Apoptosis and DNA fragmentation assay. It is known that
DNA DSBs likely lead to apoptosis. We therefore measured the

Control

30 M H,0,

30 uM EGCG
B 6

I EGCG

272

yH2AX Nuclear Intensity (arb unity)

-5 0 5 10

EGCG-induced apoptosis. A landmark of cellular self-destruction
by apoptosis is the activation of nucleases that eventually degrade
the nuclear DNA into fragments. Detection of these fragments is
relatively straightforward to quantify apoptotic cells and can be
done using the APO-BrdU TUNEL assay. As shown in Figure 6
for GM05757 cells grown in T25 flasks, the treatment of EGCG
resulted in an enhancement of apoptosis in a dose-dependent
manner. The fraction of the BrdU-positive (apoptotic) cells (i.e.,
cells exhibiting DNA fragmentation) was increased from 2.0% at
0 uM EGCG (the control) to 44.5% at 30 pM, 57.8% at 50 pM and
74.1% at 70 uM EGCG. These data clearly show that EGCG resulted
in large enhancements in apoptosis of the normal cells.

HPRT gene mutation assay for CHO-K1 cells. The mutagenicity of
EGCG was finally tested in CHO-KI1 cells using the HPRT assay,
which has been used to detect chemicals capable of causing DNA

15 20 25 30 35

EGCG/H,0, Concentration (uM)

Figure 5 | Imaging and analysis of genotoxicity of EGCG and H,0, in MRC-5 cells using the HCS DNA Damage Kit. MRC-5 cells were treated
with various concentrations of EGCG/H,0, for 12 hours at 37°C, 5% CO,. Images in (A) show that at the concentration of 30 uM, a large number
of y-H2AX foci were observed in the MRC-5 cells treated with EGCG, but not with H,0,; Hoechst 33342 was used to map nuclei. The graph (B) shows the
v-H2AX intensity in MRC-5 cells versus EGCG/H,0, concentration, where quantitative analyses of activated y-H2AX were performed using an

Image ] software.
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damage that leads to gene mutation. Various types of mutations in
the HPRT gene, which is located on the X-chromosome of
mammalian cells, lead to cells resistant against lethal 6-TG
incorporated into their DNA. Chinese hamster ovary (CHO) cells
have become the main cell line for the HPRT assay*>*°.

The results for the cytotoxicity and mutagenicity of EGCG on
CHO cells treated for 24 hr are shown in Figure 7. Plating efficiencies
of the cells decreased from 95% for the control (in the medium with
no EGCG) to 46% for the treatment with 100 pM EGCG (Figure 7A);
the 7-day clonogenic survival rate of the treated cells decreased with
increasing EGCG concentrations to 49% at 100 uM EGCG
(Figure 7B). The results for the induction of 6-TG-resistant mutants
after treatment with various concentrations of EGCG are shown in
Figure 7C. The mutation frequency (MF) showed a clear dose
dependence on EGCG. The MFs for the cells treated with various
EGCG concentrations (20-100 pM) were significantly higher than
the spontaneous MF of the cells in the control. At EGCG concentra-
tions of 50 and 100 puM, the MFs were 78 and 101 mutants/10°
clonable cells, respectively, significantly higher than the spontaneous
MF (less than 25 mutants/10° clonable cells) for CHO cells.
Interestingly, the observed cloning efficiencies for the cells surviving
from the 24 hr EGCG treatment and the post-growth of 7 days in the
normal culture medium did not decrease with increasing treatment
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concentrations of EGCG (Figure 7D). This indicates that the induced
genetic mutations did not affect the clonogenic ability of the survived
cells, which may lead to carcinogenesis.

Discussion

We have demonstrated clear evidence of the reductive reaction of
nucleotide dGMP with EGCG/GT, which is much more effective
than the oxidative reaction of dGMP with H,O,. We have also pre-
sented a quantitative measure method and shown clear evidence of
reductive  DNA damage in the cells treated by EGCG.
Correspondingly, we have found that EGCG showed a far more
severe toxic effect against human lung and skin normal cells than
the oxidizing ROS (H,0,) and the highly toxic and carcinogenetic
agent CDDP. Furthermore, we have demonstrated that EGCG not
only induced significant DNA double-strand breaks and apoptosis in
normal cells but led to a high genetic mutation frequency. Moreover,
we have shown that EGCG caused slight increases by ~20% and
~10% in the viability and the survival of lung cancer cells without
and with the treatment of cisplatin, respectively. These results are
consistent with the results of clinical trials>'%, and with the recent
finding that reductive DNA damage induced by weakly-bound elec-
trons is far more potent than oxidative damage induced by OH"
radicals produced by ionizing radiation'*"*.
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Figure 6 | APO-BrdU DNA fragmentation assay of GM05757 cells treated with EGCG. Cells were grown in T25 flasks with the treatment of various
EGCG concentrations for 24 h. Cells in the right side of the vertical line in each histogram are BrdU-positive cells (cells exhibiting DNA fragmentation),

which represent apoptotic cells.
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Figure 7 | Plating efficiencies (A), clonogenic survival fraction (B), mutation frequencies at the HPRT gene (C) and cloning efficiencies of the CHO
cells in control and treated with various concentrations of EGCG (D). Bars are the mean +/— SD of three independent assays.

The finding of a more lethal reductive pathway appears quite
puzzling, as oxidative stress has long been thought to be a major
mechanism for causing damage or death to the cell and for aging
and many human diseases such as cancer and heart disease.
However, this puzzling can be solved if the following mystery about
the exact functions of ROS in physiological and pathological pro-
cesses is revealed. It is true that superoxide anion (O, ), convention-
ally classified as a ROS, is biologically extremely toxic and may
contribute to the pathogenesis of many diseases and perhaps also
to aging, though direct observation of its rapid reactions is challen-
ging in techniques® . And it is critical for the enzyme superoxide
dismutases (SODs) to suppress the activity of O, by catalyzing the
dismutation of O, into O, and H,0,>'. On the other hand, it is also
known that when thought as an oxidant, O,~ cannot attack poly-
unsaturated lipids or DNA significantly®'. This ‘contradiction’ seems
caused by the misconception that O,~ would act as an oxidant in these
processes. O, is actually a strong reducing agent in chemistry. O, has
a well-known electron affinity of 0.451 eV only*, and O, has no
positive electron affinity®. In aqueous media, the dominant chem-
istry of O, is that of a strong Bronsted base (O,~ + HA — 2H,0,
+ /20, + A7), where O,~ donates an electron®>**. This is exactly the
case for the well-known Fenton reaction catalyzed by Fe’*/Cu*,
converting O, into H,O, or OH™.

Our present results further demonstrate that EGCG was highly
effective in injecting a weakly-bound electron into the G base and
resulted in severe reductive DNA damage and cell death. Owing to
the fact that the reduction energy Ex = +0.43 eV of EGCG** is
nearly identical to Ex = +0.33 eV of O, (ref. 54), our experiments
equivalently demonstrate that O,~ can be effective in inducing
reductive damage to DNA and the cell. This deduction can reas-
onably explain not only the observed critical role of the enzyme

SODs to suppress the activity of O, in physiological and patho-
logical processes®', but also the well-known enhancement by a factor
of 2.5 ~ 3.0 in response of cultured mammalian cells to ionizing
radiation by the presence of oxygen at 10-100 puM (ref. 55).

In this study, we do not rule out the possibility that EGCG present
in the cell might enhance the formation of O, radical, which could
cause some reductive damage to the DNA or be converted to less
reactive H,O,. However, O, radical has a short lifetime®', much
shorter than the electron in EGCG (EGCG is quite stable in an
aqueous solution under air), though both O,"~ and EGCG have a
similar redox potential. Thus, the toxicity of O,~ must be much less
than the reductive damage induced directly by EGCG. Moreover,
H,0, (generally believed to be far less toxic than O,~) once formed
will rapidly be reduced with the presence of the strong reducing agent
EGCG in the cell. Thus, it is reasonable to conclude that O, radical if
formed will have much less toxicity than EGCG in the cell, and that
the toxicity of H,O, will be strongly quenched by the presence of
EGCG in the cell, as observed previously that EGCG protects the
H,O, -induced cell death®-*2,

For observed contrast differences in effects of EGCG on normal
cells and abnormal (cancer) cells, they can be related to higher-level
intrinsic antioxidants in abnormal cells, as recently noted by
Watson®. Antioxidants can not only have a promotion effect in
tumour initiation*', but reduce the effect of an exogenous reducing
agent in killing tumor cells. As illustrated in Figure 8, the present
results show that like e, produced in ionizing radiation or O,~
produced in cellular processes, weakly-bound electrons in antioxi-
dants can cause serious reductive DNA damage. The DNA damage, if
not repaired properly, leads to apoptosis, genetic mutations and
likely diseases notably cancer. Thus, it is not surprising that abnor-
mal (cancer) cells have a higher level of intrinsic antioxidants®.
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Figure 8| A fresh understanding of reductive damage and diseases
(cancer). Intrinsic or exogenous reductive sources, such as antioxidants,
ionizing radiation and O, produced in cellular processes, can give rise to
weakly-bound electrons, leading to reductive DNA damage, genomic
mutations and ultimately diseases (cancer). Thus, abnormal cells such as
cancer cells may have a higher level of intrinsic antioxidants.
Simultaneously, abnormal (cancer) cells may activate protective
mechanisms to balance the detrimental effects of chronically high
antioxidant levels and therefore have some resistance to exogenous
antioxidants especially at low levels.

Simultaneously, abnormal (cancer) cells may activate protective
mechanisms to balance the detrimental effects of chronically high
antioxidant levels and therefore have some resistance to exogenous
antioxidants especially at low levels (=100 pM for EGCG observed
in the present study). It is also observed that an exogenous reducing
agent (EGCG/GT) at its extremely high concentrations (100-
500 uM) can still make DNA damage and destroy the abnormal
(tumor) cells via the reductive mechanism. However, it must be kept
in mind that at such high concentrations of antioxidants, human
normal cells can severely be damaged or killed, as also seen in this
study. As a result, there seem no benefits to supplement EGCG to
patients receiving chemotherapy.

Finally, we should note that there are certainly other chemical
components and oxidants which may neutralize or lessen the toxicity
of EGCG in the human body. However, it should also be noted that
the present study did use two references, H,O, as a major ROS
inducing oxidative damage and cisplatin both as a highly toxic che-
motherapeutic drug and as a well-known cancer-causing agent. And
the results do show that cell killing and DNA DSBs by EGCG were far
more severe than those by H,O, and cisplatin under identical cell
culture conditions. Moreover, the present results are in fact consist-
ent with the observations of the clinical trials that the incidences of
human lung cancer and skin cancer increased with antioxidant sup-
plementation®'°. Thus, the present results are certainly of physio-
logical and pathological significance. Although flavonoids as strong
reducing agents in GT may stimulate degradation of high-level fats

and proteins in the body and may therefore lead to a lower risk of
developing heart disease, their carcinogenic potential cannot be
ignored. Note that the deleterious health effects might not be
observed immediately, as it is a slow process and may take over years
or decades from DNA damage, genetic mutation to disease (cancer)
development. In light of the high mean content of EGCG in a cup of
GT and severe toxic effects against human normal cells observed in
this study, GT drinkers should be very cautious, especially to avoid
drinking the GT with GT leaves immerged with hot water for over
minutes. The latter was in fact well recorded in the Chadao (the old
Chinese art of making tea), but is often neglected by many people
including Chinese in modern life.

In conclusion, our results provide a compelling explanation for the
well-documented results of clinical trials that increases in lung and
skin cancers were associated with antioxidants. We have clearly
demonstrated the importance and the genotoxic and mutagenic
effects of a previously unrecognized reductive damaging mechanism
in cellular processes. Our results strongly suggest that cancer and
many other human diseases are more likely caused by reductive
damage than oxidative damage to DNA and the cell. This fresh
fundamental understanding may be a key step for prevention and
cure of challenging human diseases. The present results also show
that natural antioxidant supplements can cause detrimental effects
on healthy humans, and may cause more cancers than they prevent
cancers. This study may therefore change the human dietary style
and improve the quality of life, health and longevity, as well as pro-
vide a possible answer to the question recently asked by James
Watson®™.

Methods

Chemicals and reagents. Ultrapure water for life science with a resistivity of
>18.2 MQ/cmand TOC<1 ppm obtained freshly from a Barnstead Nanopure water
system was used. All of the chemicals and reagents [EGCG, cisplatin, dGMP, 6-
Thioguanine(TG), etc.] were obtained from Sigma-Aldrich, while the green tea (GT)
was obtained from a commercial source (supermarket). EGCG was prepared in pure
water or ethanol (EtOH) at a stock concentration of 10 mM; cisplatin CDDP was
stored at a concentration of 3 mM in pure water. The Vybrant 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Cell Proliferation/
viability Assay Kit and the HCS DNA Damage Kit (for DNA DSB measurements)
were purchased from Invitrogen.

Preparation of green tea (GT) solution. Weighted 5.8 g of green tea (leaf) and put
into a container; added 250 ml of boiling water into the container with a cover. After
20 min, 1, 2, 4, 6 and 8 hr naturally cooling at room temperature, took 4 ml of GT
solution and used a syringe with 0.2 pm filter to remove the residues. Took about
20 ploffiltered GT solution and diluted it by 20 times, then used a spectrophotometer
to measure the UV absorption spectrum for determination of the concentration of
EGCG in the GT stock solution. We observed that after boiling water was added to the
GT leaf for =4 hr, there was no significant further change in the absorption spectrum,
indicating that most of EGCG had been dissolved in the GT solution (see Figure 1).
The micro-filtered GT stock solution was then frozen and stored at —20°C for further
experiments.

UV (electronic) absorption spectroscopic measurements. The spectra were
measured using a spectrophotometer (Beckman Coulter, DU 530). UV absorption
spectra of the mixtures of 50 puM dGMP with 50 uM EGCG/GT and 100 pM dGMP
with 200-500 uM H,O, at zero and 24 hr at 37°C, as well as their difference spectra
were measured. The sample of the EGCG" cation was prepared by reaction of 50 uM
EGCG with 1 mM HClI for 1 hr; the UV absorption difference spectrum between

0 min and 60 min was obtained to show the absorption feature of the resultant
EGCG" (See Figure S1). The sample of the (G-H) /G~ anion was prepared by the
reaction of dGMP with prehydrated electrons generated by femtosecond laser
radiolysis of water with the presence of the OH radical scavenger (2 M isopropanol)**
(200 pW, 120 fs, 500 Hz, 5 hr). The resultant G*~ anion either rapidly dissociates
into a (G-H)/(G-H)~ radical and a H™/H' fragment or forms a low yield of the
stabilized G~ anion". Since the neutral (G-H) radical is well known to have a narrow
absorption peak at ~315 nm and have a lifetime less than 1 s (ref. 56), it could not be
observed in our present static UV absorption measurements. Thus, only the (G-H)~
or G~ anion could be detected in our shown UV (electronic) absorption spectra. The
UV absorption difference spectrum of dGMP before and after the reaction
(irradiation) was obtained to show the characteristic absorption spectrum of (G-H)~
or G~ anion (See Figure S2).

Cell lines and culture conditions. The two human lung diploid fibroblasts (WI-38
and MRC-5 cell lines), a human skin diploid fibroblast (GM05757 cell line) and a
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Chinese hamster ovary (CHO-K1: GM15452) cell line were obtained from the Coriell
Cell Repository directly, while the lung cancer (A549 cell line), together with RPMI
1640 and F-12K culture media, was obtained from the American Type Culture
Collection (ATCC) directly. Fetal bovine serum (FBS) was obtained from Hyclone
Laboratories (UT, USA). The human normal cells were cultivated with MEM
supplemented with 10-20% fetal bovine serum (FBS), 100 units/mL penicillin G and
100 pg/mL streptomycin (Hyclone). The complete growth medium for A549 cells
was the ATCC-formulated F-12K medium with 10% FBS. CHO-K1 cells were grown
in Hams F12 medium (from Sigma) containing 5% FBS, 100 units/mL penicillin G
and 100 pg/mL streptomycin. The cells were incubated at 37°C in a humidified
atmosphere containing 5% CO,.

Direct measurements of intracellular reductive DNA damage induced by EGCG.
The normal cells were seeded at a density of 8 X 10* cells/well in 6-well plates and
incubated for overnight. The cells were then treated with EGCG at different
concentrations (0, 30 and 50 uM) in the culture medium. After the 24 h treatment,
detached (dead) cells in each well of the same EGCG concentration were collected
into a 50 ml tube while the adherent cells were trypsinized and then added to the
50 ml tube. The cells were then centrifuged for 5 minutes and the supernatant was
removed. The EGCG-treated cells were subsequently washed with PBS for three
times, and then added into the PBS solution at a fixed density of 1.5 X 10* cells/well in
a UV transmitted 96-well plate. The absorption spectrum at 300-600 nm of the cells
in each well was measured by a MultiScan microplate reader (Thermo Scientific).

Cell viability assay. The effects of EGCG/GT/H,0,/CDDP and the combination
effects of CDDP and EGCG/GT on cell viability were determined by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, one of the most
commonly used cell viability assays. The details have been given previously*'. Briefly,
cells were plated at a density of 7 X 10 cells/well in 96-well plates. Following
overnight incubation, cells were treated with different concentrations of EGCG/
H,0,/CDDP or CDDP combined with EGCG for 24 h. After incubation for specified
times at 37°C in a humidified incubator, 20 pLof MTT (5 mg/mL in PBS) were added
to each well, and cells were incubated for a further 4 h. After removal of the medium,
100 pL DMSO was added to each well. The absorbance was recorded on a microplate
reader at the wavelength of 540 nm. The effects of the agent(s) on growth inhibition
were assessed as percent cell viability where the untreated cells were taken as 100%
viability.

Imaging of DNA double-strand breaks (DSBs) and toxicity. The phosphorylated
H2AX foci are a biomarker of DNA DSB. The HCS DNA Damage Kit (Invitrogen)
was developed to enable simultaneous quantitation of two cell health parameters,
genotoxicity and (cyto-)toxicity. DNA DSBs are measured as an indication of
genotoxicity and accomplished by specific antibody-based detection of
phosphorylated H2AX (YH2AX) in the nucleus. Toxicity is measured with the Image-
iT® DEAD Green™ viability stain, which has a high affinity for DNA, is non-
fluorescent, and impermeant but forms highly fluorescent and stable dye-nucleic acid
complexes when bound to DNA. Staining of nuclear DNA cannot occur in live cells
due to the impermeability of the plasma membrane for the stain. If test compounds
lead to serious cell injuries, including plasma membrane permeability, the Image-iT®
DEAD Green™ viability stain is allowed to enter the cells. This property enables the
discrimination of dead cells with Image-iT® DEAD Green™ viability stain. In
addition, the kit included Hoechst 33342, which is a DNA-binding dye (blue
fluorescence) and allows the observation of nuclear morphology of all normal and
damaged cells. Briefly, the cells were treated with different concentrations of EGCG/
H,0, for 6 or 12 h under normal cell culture conditions described above. Then
following the detailed experimental procedures described in the Protocol provided by
the manufacturer, we performed the HCS DNA Damage Assay of the treated cells.
The images of cells were acquired with a Nikon Eclipse TS100 fluorescence
microscope; quantitative analyses of activated y-H2AX (DNA DBS yield) in the cells
were performed using an Image J software.

DNA fragmentation (apoptosis) measurements by flow cytometry. One late stage
marker of apoptosis is the degradation of DNA into small fragments. An
enhancement in DNA fragmentation indicates increases in apoptosis. As per
manufacturer’s protocol, we detected DNA fragmentation using a standard APO-
BrdU TUNEL assay (Invitrogen). BrdU-positive cells are apoptotic cells, and the
fluorescence intensity above the background (at the right side of the vertical line in the
histograms) indicates the apoptotic cells with fragmented DNA. Because of a large
number of cells required for flow cytometric analysis, our apoptosis measurements
started with cells grown in T-25 flasks (unlike the cell viability measurements with
cells seeded in 96-well plates) and then treated with EGCG for 24 h. After trypsinized,
the cells were washed with PBS, processed for labeling with the deoxythymidine
analog 5-bromo-2'-deoxyuridine 5’'-triphosphate (BrdU-TP), incubated with an
Alexa Fluor 488 dye-labeled anti-BrdU antibody and stained with propidium iodide
(PI). The labeled cells were analyzed by flow cytometry. The experimental details have
been published previously*'.

HPRT gene mutation assay for CHO-K1 cells. The hypoxanthine phosphorybosyl
transferase (HPRT) gene on the X chromosome of mammalian cells is widely used as
a model gene to investigate gene mutations in mammalian cell lines*. The HPRT
methodology detects mutations, which destroy the functionality of the HPRT gene
and or/protein, by positive selection using a toxic analogue (6-TG), and cells with

HPRT — mutants are seen as viable colonies. It detects a broad spectrum of mutagens,
since any mutation resulting in the ablation of gene expression/function produces a
HPRT — mutant. Chinese hamster ovary (CHO) cells have been the main cell line for
HRPT assay; the detailed procedures can be found in the literature*>*°. Our design of
the HPRT assay tested four EGCG concentrations with duplicate treatments per
concentration. For each experiment, CHO-K1 cells were seeded in 4 dishes (100 mm,
5 X 10° cells/dish) and incubated at 37°C in a humidified atmosphere containing 5%
CO, for 24 hrs. The cells in the dishes were then treated with various EGCG
concentrations (0, 25, 50, 100 M) in incubator for 24 hrs, where the dish without
EGCG served as the control. The cells were then rinsed, trypsinized and re-seeded in
triplicate in 60 mm dishes with 100 cells/dish for cytotoxicity assessment. The
remaining cells were cultured in fresh medium in the same 100 mm dishes, including
subcultures every 24 days, to initiate the post-treatment period for expression of the
mutant phenotype. After 7 days, the medium in the 60 mm dishes was removed, the
cells were washed with PBS, fixed and stained with a mixture of 6.0% glutaraldehyde
and 0.5% crystal violet, and then the number of colonies in each dish was counted.
The plating efficiencies and clonogenic survival fractions of the cells treated with
various EGCG concentrations were calculated. For determination of mutant
frequencies, the cells in the 4 dishes (100 mm) after 7 days were reseeded at a density
of 2 X 10° cells/dish (5 dishes for each EGCG dose) and cultured for mutant selection
in the medium containing 10 uM 6-TG. For determination of cloning efficiencies, the
cells were also re-seeded in 60 mm dishes (100 cells/dish) in triplicate and cultured in
the medium without 6-TG and incubated under standard conditions. After another 7-
day incubation, the numbers of colonies in the 100 mm and 60 mm dishes (averages
of 5 or 3 dishes) were counted, and the mutant frequencies and the cloning efficiencies
were calculated.

Statistical analysis. The data are expressed as mean value = SD and statistically
analyzed with two-tailed and paired t-tests. A P value < 0.05 was considered
statistically significant. In each cell viability experiment, the cells were repeatedly
measured in 5 wells of the 96-well plate for the treatment of each concentration of
EGCG/GT/H,0,/CDDP. All quantitative experiments were conducted with at least
two independent experiments.
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