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Ascorbic acid induces redifferentiation and growth inhibition in human he-
patoma cells by increasing endogenous hydrogen peroxide
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The mechanisms of redifferentiation and growth inhibition induced in human hepatoma cells by ascorbic acid (AA) were
studied. After treatment with AA, the content of hydrogen peroxide (H,O,) and the activity of superoxide dismutase
(SOD) increased in a concentration- and time-dependent manner, while the activity of catalase (CAT) decreased in a
concentration- and time-dependent manner. Using 6 mM AA as a positive control, after treatment by 50 uM hydrogen
peroxide, the malignant characteristics of human hepatoma cells were alleviated; for example as cell surface charge mark-
edly decreased, the electrophoresis rate dropped from 1.68 um-s~'-V~'.cm™! to 0.97, the average of a-fetoprotein
content decreased from 327 ug - g~! protein to 193, and y-glutamyl-transpeptidase activity fell from 0.84 U - g~! protein
to 0.30. The indexes related to cell differentiation were promoted, such as tyrosine-o-ketoglutarate transaminase activity
increased from 17.1 umol - g~! protein to 33.1, and the colonogenic potential decreased by 79.3%. SOD and 3-amino-
1,2,4-triazole (AT) exhibited some effects, but there were statistically significant differences between the SOD, AT and
H,0, or AA groups. AA induced growth inhibition and redifferentiation of human hepatoma cells through the production
of hydrogen peroxide, since addition of SOD (200 units/ml), an enzyme that dismutates superoxide and generates hydro-
gen peroxide, and AT (1.5 mM), a CAT inhibitor that inhibits the activity of CAT and leads to an increase in H,O,
content, showed some inducing changes emphasizing the involvement of reactive oxygen species (ROS) in redifferentia-
tion of hepatoma cells. AA can cause the content of H,O, to increase, and the factor H,O, showed a similar effect to AA
on growth and redifferentiation suggests that H,O, is involved in hepatoma cell redifferentiation. In conclusion, these

results suggest that AA inhibits tumor growth and induces tumor redifferentiation by virtue of producing H>O5.

1. Introduction

The antioxidant properties of ascorbic acid (AA) are well
known. Moreover, cytosolic ascorbate plays a significant
role in cell defense against the toxic effects of free radi-
cals and reactive oxygen species, although this protective
role is not yet fully understood [1]. On the other hand,
ascorbate is also able to behave as a prooxidant com-
pound. Thus, an ascorbate-dependent, iron-catalyzed per-
oxidation has been described [2]. Furthermore, ascorbate
accelerates the release of iron from ferritin, stimulating its
prooxidant effects [3]. However, there is an intense, open
discussion on whether ascorbate can act as a prooxidant
under physiological conditions [4—6].

Podmore et al. recently found that AA administered as a
dietary supplement to healthy humans exhibits a pro-oxi-
dant, as well as an antioxidant, effect in vivo [7]. Lee
et al. [8] determined that AA induces lipid hydroperoxide
decomposition to the DNA-reactive bifunctional electro-
philes 4-oxo-2-nonenal, 4,5-epoxy-2 (E)-decenal and 4-hy-
droxy-2-nonenal. The compound 4,5-epoxy-2 (E)-decenal
is a precursor of etheno-2'-deoxyadenosine, a highly muta-
genic lesion found in human DNA. Ascorbate incubated
in buffered solution undergoes autooxidation in the pre-
sence of oxygen at 37 °C [9], giving rise to the intermedi-
ate free radical (AFR) as the first product of oxidation.
AFR behaves both as a one-electron oxidant and as a one-
electron reductant [10], explaining both the antioxidative
and prooxidant effects described for ascorbate. Although
AFR is a relatively stable, non-hazardous biological free
radical, ascorbate oxidation seems to contribute to the gen-
eration of other free radicals and reactive oxygen species,
including hydroxyl or superoxide radical and hydrogen
peroxide [2]. The low levels of catalase and peroxidase in
cancer cells render them potentially sensitive to ascorbate
toxicity [11, 12]. In fact, ascorbic acid has been reported
to be cytotoxic for Ehrlich ascites tumor cells [13], and to
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some human tumors [14], including some leukemia and
pediatric tumors [15, 16].

In vitro treatment of prostate cancer cell lines with sodium
ascorbate acid (0—10 mM) resulted in a decrease in cell
viability and thymidine incorporation into DNA through
the production of hydrogen peroxide [17]. In our labora-
tory, we have successfully induced human hepatoma cells
differentiation [18] as well as an increase in H,O, content
with 6 mM AA [19]. Our aim in this study is to find out
the mechanism for the redifferentiation induced by AA in
human hepatoma cells.

2. Investigations, results and discussion

As shown in Fig. 1, AA treatment at different concentra-
tions resulted in a concentration- and time-dependent in-
crease of HO, content in human hepatoma cells.

After treatment with 2 or 4 mM AA, the content of MDA
decreased slightly. But in the 6 or 8 mM AA groups, the
content of MDA significantly increased in a time- and
concentration-dependent manner. (Fig. 2).

AA treatment resulted in a concentration- and time-depen-
dent decrease of CAT activity of human hepatoma cells
(Fig. 3).

After treatment of human hepatoma cells with AA, the
activity of SOD increased in a concentration- and time-
dependent manner (Fig. 4).

The cell doubling time and proliferation were retarded by
AA in a concentration-dependent manner. HO, as well as
SOD or AT also retarded cell doubling time and inhibited
cell proliferation (Table 1).

The net charges at the surface of tumor cells are in
general more than those in corresponding normal cells,
thus, the cell electrophoresis rate of tumor cells should be
higher than that of normal cells. Therefore a decrease in
the cell electrophoresis rate has been taken as an indicator
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Fig. 1: Effect of ascorbic acid on the content of H,O, in hepatomacytes.
Cells were incubated at a density of 1x10® cells/ml. The cells were
cultured in medium without (control) or with AA 2, 4, 6 or 8 mM
for 24 h or 48 h. The content of H,O; is expressed as umol - mg~!
protein. Means of three parallel experiments. n = 3 experiments X
3 cultures (mean + SD). * P <0.05, ** P <0.01 vs control group

of tumor cell differentiation [20]. After treatment with AA
for 6 days, the electrophoresis time was prolonged and the
electrophoresis rate was apparently slowed down in a con-
centration dependent manner. HO,, SOD or AT exhibited
similar effects to AA (Table 2).

The increase of the content of a-FP and the activity of y-
GT are related to hepatocyte malignancy, and they have
been taken as markers which distinguish malignant and
benign hepatomas [21]. After treatment with AA, H,O,,
SOD or AT, both the a-FP content and the y-GT activity
decreased in a concentration-dependent way (Table 3).

The activity of TAT is higher in normal hepatocytes but
reduced during carcinomatous degeneration, and the in-
crease of TAT activity has been regarded as an index re-
lated to hepatoma cell differentiation [22]. After treatment
with AA, the activity of TAT resulted in a concentration-
dependent increase, and the average values of TAT activity
significantly increased in the H,O,, SOD and AT groups
(Table 3).

The colonogenic potential (CP) is a general index of cell
differentiation; examining the CP of culture cells in soft
agar is a very important marker for distinguishing malig-
ant, benign and normal cells [22, 23]. The colonogenic
potential (CP) of cells treated with AA in soft agar de-
creased significantly in a concentration-dependent manner.

Activity of CAT
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Fig. 3: Effect of ascorbic acid on the activity of CAT in hepatomacytes.
Cells were incubated at a density of 1x10% cells/ml. The cells were
cultured in medium without (control) or with AA 2, 4, 6 or 8 mM
for 24 h or 48 h. The activity of CAT is expressed as U-mg~!
protein. Means of three parallel experiments. n = 3 experiments X
3 cultures (mean + SD). * P <0.05, ** P <0.01 vs control group

H,0,, SOD or AT also decreased cell colony formation
notably (Table 4).

In our previous studies, we have successfully induced re-
differentiation of human hepatoma cells with 6 mM AA
[18]. In the present research, we found that with 2, 4, 6 or
8 mM AA treatment, the content of H,O, increased and
the activity of CAT decreased, while the activity of SOD
increased in time- and concentration-dependent manners;
however, the content of MDA was reduced at low concen-
trations (2 and 4 mM) and was raised at high concentra-
tions (6 and 8 mM). Our interest focuses on the increase
of HyO, content and SOD activity and decrease of CAT
activity. Choosing AT as a inhibitor of CAT to restrain its
activity, no ideal redifferentiation was observed. Promot-
ing the activity of SOD by adding SOD to the medium,
the effects of SOD on inducing redifferentiation are insuf-
ficient. But, after treatment with H,O,, differentiation of
human hepatoma cells was induced successfully.

Our results showed that on treatment with AA or H,O,
alone, the malignant characteristics of human hepatoma
cells were alleviated and the properties related to cell nor-
malization were strengthened. All these changes suggested
that the hepatoma cells were inclined towards normaliza-
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Fig. 2: Effect of ascorbic acid on content of MDA in hepatomacytes. Cells
were incubated at a density of 1x10% cells/ml. The cells were
cultured in medium without (control) or with AA 2, 4, 6 or 8 mM
for 24 h or 48 h. The content of MDA is expressed as ng - mg~!
protein. Means of three parallel experiments. n = 3 experiments X
3 cultures (mean + SD). * P <0.05, ** P <0.01 vs control group
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Fig. 4: Effect of ascorbic acid on the activity of SOD in hepatomacytes.
Cells were incubated at a density of 1x10® cells/ml. The cells were
cultured in medium without (control) or with AA 2, 4, 6 or 8 mM
for 24 h or 48 h. The activity of SOD is expressed by U - mg~!
protein. Means of three parallel experiments. n = 3 experiments X
3 cultures (mean + SD). * P <0.05, ** P <0.01 vs control group
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Table 1: Effects of AA, H,O,, SOD or AT on human hepato-
ma cells proliferation

Table 3: Effects of AA, H,O;, SOD or AT on the o-FP con-
tent, v-GT and TAT activities of hepatoma cells

Cell doubling Final cells number Inhibition a-FP v-GT TAT

time (h) (x10%) (%) (ug - ¢ ' protein) (U - g~! protein) (umol - g~ 'protein)
Control 206+27 134+21 Control 327+22 0.84+016 17.1+14
AA (2mM) 243+27 94 +11** 299 AA (2 mM) 287 £ 19" 0.58 &+ 0.14** 23.5 + 1.9**
AA (6 mM) 34.5 + 3.1 66 + 8** 50.7 AA (6 mM) 169 + 15"  0.27 £ 0.07** 36.2 + 2.5**
AA (8 mM) 382+29 57 +8* 57.5 AA (8 mM) 157416™% 024 £ 0.07** 44.3 £ 2.7**
H,0, (50 uM) 327429 824 9% 38.8 H,0, (50 uM) 193 £ 18**  0.30 + 0.09* 33.1 £2.1™*
SOD (200U -ml™Y)  24.8+35 108 +9* 19.4 SOD (200 U - ml™Y) 267 £ 16™  0.61 +0.07* 254 +2.3"
AT (1.5 mM) 26.1+27 122+ 18* 9.0 AT (1.5 mM) 2091 +23% 072 +£0.15% 19.8 +1.4*

n =3 experiments x 3 cultures. mean =+ SD.
* P<0.05, ** P<0.01 vs control group.
The original cells number in each group is 1.8 x 10°

tion. The effects of SOD maybe resulted from dismutating
superoxide and finally generating H,O,, and the effects
induced by AT probably occurred through restraining the
activity of CAT, finally leading to accumulation of H,O,.
Therefore, we suggest that HyO, may be implicated in the
induction of redifferentiation and the reversion of human
hepatoma cells.

The elevation of H,O, induced by AA may be influenced
by enhancing SOD activity and inhibiting CAT activity.
The effects of AA on the activities of SOD and CAT and
lipid peroxide levels in chicken erythrocytes have been
investigated. SOD activity in AA groups was increased by
20%, while, CAT activities in the liver and heart of the
AA group were significantly decreased by 32% [25]. An-
other study has shown that the induction of SOD activity
can lead to cell differentiation [26]. All these are consis-
tent with our results.

Another study described the effects of AA treatment of two
androgen independent prostate cancer cell lines from hu-
man (PC3) and rat (Mat-Ly-Lu or MLL) sources. Treatment
of PC3 and MLL with sodium ascorbate acid (0—10 mM)
resulted in a decrease in cell viability and thymidine incor-
poration into DNA. These effects of AA were concentration
and time dependent. Ascorbate induced these changes
through the production of hydrogen peroxide [17].
Autoxidation of ascorbic acid or thiols present with the
guanylate cyclase preparation leads to generation of H,O»,
and its metabolism by bovine liver catalase mediates the
concomitant activation of guanylate cyclase [24].
Simultaneous addition of AA and organic hydroperoxides
to rat liver microsomes resulted in enhanced lipid peroxi-
dation (approximately threefold) relative to incubation of
organic hydroperoxides with microsomes alone. The sti-
mulatory effect of ascorbate on linoleic acid hydroperox-
ide (LAHP)-dependent peroxidation was evident at all
times whereas stimulation of cumene hydroperoxide
(CHP)-dependent peroxidation occurred after a lag phase

Table 2: Effects of AA, H;O,, SOD or AT on the cell electro-
phoresis rate

Electrophoresis  Electrophoresis Rate Retardation

n =3 experiments x 3 cultures. mean =+ SD.
* P<0.05, ** P<0.01 vs control group

of up to 20 min. EDTA did not inhibit CHP-dependent
lipid peroxidation but completely abolished ascorbate en-
hancement of lipid peroxidation. Likewise, EDTA did not
significantly inhibit peroxidation by LAHP but dramati-
cally reduced ascorbate enhancement of lipid peroxidation.
The results reveal a synergistic prooxidant effect of AA
on hydroperoxide-dependent lipid peroxidation. The inhi-
bitory effect of EDTA on enhanced peroxidation suggests
a possible role for endogenous metals mobilized by hydro-
peroxide-dependent oxidations of microsomal components
[27]. Lee et al. recently found that AA generates bifunc-
tional electrophiles explaining why hydroperoxide-depen-
dent lipid peroxidation is enhanced by AA in vitro [8].
Addition of reducing agents to commonly used cell-cul-
ture media can lead to generation of substantial amounts
of HyO,. Some or all of the reported effects of AA and
polyphenolic compounds (e.g., quercetin, catechin, epigal-
locatechin, epigallocatechin gallate) on cells in culture
may be due to H,O, generation by interaction of these
compounds with cell culture media [28].

Some authors report inhibition of cell death by ascorbate,
whereas others demonstrate that ascorbate is cytotoxic.
The toxicity of ascorbate is due to ascorbate-mediated pro-
duction of H,0O,, to an extent that varies with the medium
used to culture the cells. For example, 1 mM ascorbate
generates 161 mM H,0O; in Dulbecco’s modified Eagle’s
medium and induces apoptosis in 50% of HL60 cells,
whereas in RPMI 1640 only 83 mM H,0, is produced,
and no apotosis was induced. Direct addition of H,O, at
the above concentrations to the cells has similar effects to
ascorbate. The ability of ascorbate to interact with differ-
ent cell culture media to produce H,O, at different rates
could account for many or all of the conflicting results
obtained using ascorbate in cultured cell assays [29].
Hydrogen peroxide is widely regarded as a cytotoxic
agent whose levels must be minimized by the action of
antioxidant defence enzymes. Levels of H,O, in the hu-
man body may be controlled not only by catabolism but

Table 4: Effects of AA, H,O,, SOD or AT on colonogenic po-
tential of hepatoma cells

Number of colonies Colonogenic potential (%)

Time (s) um-s ' Vloemh (%)

Control 94+17 1.68+024 Control 305 £27 100

AA (2 mM) 125+17 135+021° 19.6 AA 2 mM) 201 + 16™* 65.9
AA (6 mM) 178 £2.4  1.09 £ 0.18** 35.1 AA (6 mM) 78 + 8** 25.6
AA (8 mM) 19.4+23 093 +0.17** 44.6 AA (8 mM) 62 + 5** 20.3
H,0; (50 uM) 19.7+£2.1 097 +0.21%* 42.3 H,0; (50 uM) 63 + 5% 20.7
SOD 200 U -ml™) 149+13 139 +0.16* 17.3 SOD 200 U-ml™Y) 172 £ 8** 56.4
AT (1.5 mM) 137+15 1.44+0.26* 14.3 AT (1.5 mM) 264 + 25** 86.6

n =3 experiments x 3 cultures. mean + SD.
* P<0.05, ** P<0.01 vs control group
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n =3 experiments x 3 cultures. mean =+ SD.
** P <0.01 vs control group
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also by excretion, and H,O, could play a role in the regu-
lation of renal function and as an antibacterial agent in the
urine. Recently research has revealed that H,O, has an
important role in signal transduction [30] and regulation
of gene expression [31].

Although the prooxidant role of ascorbic acid cannot be
neglected, under normal physiological conditions ascorbate
mainly behaves as a first-order antioxidant that protects
cellular components from free radical-induced damage by
direct quenching of soluble free radicals or by scavenging
those radicals that can initiate lipid peroxidation [32].

Our results suggest that AA may be a potent anticancer
agent for human hepatoma cells.

3. Experimental

3.1. Reagents

RPMI-1640 was purchased from Gibco Laboratories (Santa Clara,CA). Bo-
vine serum was obtained from Si-Ji-Qing Biotechnology Co(Hangzhou,
China). Trypsin was obtained from Sigma (St Louis, MO, USA). All other
reagents are analytical purity.

3.2. Cell culture

Human hepatoma cell BEL-7402 was set up by Shanghai Institute of Cell
Biology, Chinese Academy of Sciences. Cells were grown in RPMI-
1640 medium containing 10% inactivated bovine serum, streptomycin
(100 png/ml), penicillin (100 units/ml), and NaHCOs; 2.0 g/l, and were
maintained at 37 °C in a humidified atmosphere of 5% CO,. After the
cells at 10%/ml were cultured for 24 h, the culture medium was aspirated
and replaced with the culture medium containing 2, 4, 6 or 8§ mM AA.
After adding AA to the medium, pH was adjusted to 7.1 with 1 N NaOH.

3.3. Assays for activities of superoxide dismutase (SOD) and catalase
(CAT)

Cellular lysates were prepared by sonication of scraped cells in phosphate-
buffered saline (PBS), pH 7.4, containing 0.05% deoxycholate. An aliquot
of cell lysate was used for protein estimation. CAT activity was measured
by the method of Aebi [33] with some modification [34]. SOD activity
was measured according to Sun and Zigman [35]. Protein content was
measured with the Folin phenol reagent by Lowry’s method, with BSA as
a standard.

3.4. Assays for the content of malondialdehyde (MDA) and H>0;

Cell lipid peroxides were determined by measuring MDA formation ac-
cording to Wong et al. [36]. HyO, in cells was determined fluorometrically
on 0.15 ml aliquots of the supernatant, using 25 ug p-hydroxyphenyl acet-
ate (PHPA) and 80 pg horseradish peroxidase (HRP) [37] with the excita-
tion and emission wavelengths of 300 and 420 nm. The nonfluorescent
substrate PHPA was oxidized to the stable fluorescent product, 2,2’-dihy-
droxybiphenyl-5,5'-diacetate [(PHPA),], via the enzymatic reduction of
H,0, by horseradish peroxidase (HRP).

3.5. Determination of cell doubling time

The viable cells were counted every day for the first 8 days by the trypan
blue dye exclusion method. The cell doubling time is calculated as follow-
ing: Tp = 0.693 (T2 — T}) / In (N2/N}), Tp is the cell doubling time from
T; to T», Ny and Nj is the cell number at T; and T, [38].

3.6. Cell electrophoresis

The cells were collected and washed with D-Hanks’ solution twice, then
resuspended at a density of 1x10° cells/l. The cell electrophoresis determi-
nation was performed with a round plastic tube electrical-bridge filled with
NaCl 10%—agar 1% and Ag—AgCl electrodes at a direct current voltage
40 V, room temperature of 24 °C, using sucrose 9% as the electrophoretic
medium. The results were expressed as the average time for a cell to move
over a distance of 120 um and 40 cells in each group were determined.
The experiments were repeated three times with similar results. Thus, the
result of one experiment will be used as the criterion.

3.7. Assays for a-fetoprotein (a-FP) and y-glutamyl-transpeptidase
(v-GT) cell suspension

0.2ml (5x108 cells) was transferred into 0.3 ml of ice-cold lysis buffer
containing Tris 5 mM, edetic acid 20 mM and Triton X-100 0.5% (vol/
vol), pH 8.0, and left to lyse on ice for 30 min before centrifugation at
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3000xg for 10 min. The a-FP in the supernatant was determined with an
a-FP reagent kit (Biological Produce Research Institute, Lanzhou, China)
using ELISA. y-GT was determined with an y-GT reagent kit (Chemical
Reagent Research Institute, Lanzhou, China). Protein content was mea-
sured with the Folin phenol reagent by Lowry’s method.

3.8. Assay for tyrosine-o-ketoglutarate transaminase (TAT)

The TAT activity in whole cells was detected by the method of Diamond-
stone (39). Cell suspension 0.2 ml (in KCI 0.14 mM, 1x10® cells/ml) was
transferred into 0.3 ml of ice-cold lysis buffer as described above, and sam-
ples were allowed to lyse at 0 °C, 31000xg for 30 min. p-Hydroxybenz-
aldehyde 1 umol produced in the reaction system at 30 °C for 30 min was
defined as 1 unit of TAT.

3.9. Colonogenic assay

After 48-h treatment, cells were washed with RPMI-1640 medium contain-
ing 10% heat-inactivated bovine serum. Cell counts were performed by
hemocytometer, and viable cells were assayed by the trypan blue exclusion
method. The cells were plated in 24-well culture plates in a double layer
nutrient agar system (40). The medium was RPMI-1640 with a final con-
centration of 10% bovine serum. Cells were routinely plated at a concen-
tration of 6x10° cells/ml (0.5 ml for each well in a 24-well culture plate).
The plates were incubated for 21 days at 37 °C in a humidified air of 5%
COs. A colony was defined to be an aggregate of >50 cells [41].
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