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The effect of NADH on DNA repair was investigated ocn PC12 cells, damaged by
doxorubicin. PC12 cells were incubated in medium without and with NADH
before and after exposure to the DNA damaging agent doxorubicin. The changes
of the cell proliferation genes (c-myc, c-erbB-2), the apoptosis inhibition gene
bel-2 and p53 (tumor suppressor gene), cell apoptosis gene (c-fos) and the
proliferating cell nuclear antigen (PCNA) were investigated using a cytotoxicity
assay and immunofluorescence flow cytometric analysis.

Doxorubicin induced DNA damage in PC 12 cells by inhibiting the expression of
the cell proliferation genes and by triggering apoptotic processes in the cells.
This was shown by down regulating the expression of c-erb-2, c-myg, bel-2 and
upregulating the expression of PCNA and c-fos of the PC 12 cells.

NADH did not only increase the resistance of PC 12 cells to the doxorubicin
induced DNA damage but also repaired the damage partially. NADH promoted
survival and differentiation by regulating the c-myc oncogene protein.
Furthermore it supported the process of DNA repair by regulating the expression
of p53 bcl-2 on the PC12 cells damaged by doxorubicin. NADH also down
regulated expression of the cell apoptosis gene c-fos on the PC12 cells.

The expression of c-erbB-2 oncogene protein and PCNA on the PC12 cells did
not show a significant change in the group of cells incubated with NADH in
comparison to the group incubated with medium alone. In addition, an abnormal
proliferation effect of NADH on PC12 cells has not been observed in these
experiments.

For these results we conclude that NADH may be considered as a therapeutic
adjunct for cancer patients to protect normal cells from the toxic effect of
chemotherapeutic agents such as doxorubicin or cisplatin by stimulating the DNA
repair system and by promoting normal cellular biosynthetic responses after
chemotherapy.

The exposure of cells to DNA- the regulation of gene expression and cell-
damaging reagents can trigger a wide cycle progression, stimulation of DNA repair
range of cellular responses involved in and programmed cell death™. These
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processes are important for maintaining
normal growth, anti-mutation, damage
repair and functional activity of cells.
However, due to the unspecificity of
chemotherapeutic drugs for the target
cells, many normal cells in addition to
the cancerous ones get damaged
causing severe, sometimes fatal ad-
verse reactions. The question is how
can normal cells be protected from the
cytotoxic effects of chemotherapeutic
agents? How can we stimulate the repair
system and promote normal cellular
responses after chemotherapy? The
mechanism involved in repairing DNA-
damaged cells exposed to cytostatics
has been investigated in many clinical
studies."® However, whether the
reduced form of the coenzyme nicotin-
amide adenine dinucleotide (NADH) can
be used to protect cells from DNA-
damage has never been considered.
Previous studies in our laboratory have
found that NADH can stimulate bio-
synthesis of endogenous cell factors,
and can rescue cells from apoptotic
damage by triggering production of the
bel-2 oncogene proteins®. In a different
set of studies, NADH has been shown to
improve symptoms of Parkinson's and
Alzheimer's disease as well as of
depression”'". Even in a few cancer
patients, NADH led to stabilization or
improvement of disease!'®. The aim of
this study was to elucidate the biological
function and possible mechanism of
NADH in repairing DNA-damage of
PC12 cells induced by doxorubicin, a
DNA-damaging reagent."*'¥ Using a
cytotoxicity assay, altering immuno-
cytofluorescence and flow cytometric
analysis, the changes of the cell
proliferation genes (c-myc, c-erbB-2),
the apoptosis inhibition genes bcl-2, p53
tumor suppressor protein, the cell
apoptosis gene (c-fos) and the
proliferating cell nuclear antigen (PCNA)
were investigated on PC12 cells before
and after exposure to doxorubicin.
Furthermore, the regulating activity of

NADH on oncogen proteins on PC12 cells
damaged by doxorubicin was studied. The
potential mechanism by which NADH can
repair DNA-damage is outlined.

Materials and methods

1. The cytotoxicity of doxorubicin for PC12
cells

48 hours before starting cytotoxicity test, rat
pheochromocytoma cells (PC-12) were
incubated as monolayer cells in 96 well
tissue culture plate with RPMI-1640 medium
(RPMI 1640 from Boehringer, Mannheim,
Germany), 10% inactivated horse serum, 5%
inactivated fetal calf serum, 1.2% glutamine
(200mM), 1% penicillin and streptomycin (1
ug/mi) at 37° C, in 5% CO,, 95% air and 95%
humidity. Then cells were washed with RPMI-
1640 medium and incubated for 4 and 10
hours in medium containing 0.0, 2.5, 5.0,
10.0, and 20.0 pg/mi of doxorubicin (Sigma
D1515). The cytotoxicity of doxorubicin for
PC12 cells was analyzed by colorimetric
assay method [cell praliferation kit I, (MTT)
Boehringer] according to routine pro-
cedure.*'®

2. Effect of NADH on the sensitivity of PC12
cells for cytotoxicity of doxorubicin

In order to investigate the action of NADH
on regulating cells resistant to chemotherapy
reagents, PC12 cells were firstly incubated
for 48 hours in RPMI-1640 medium without
and with 400 pg/ml NADH in 75 cm® tissue
culture flasks (Szabo, Vienna, Austria). Then
the cells were washed with RPMI-1640
medium, and then incubated in medium
containing 10 pg/ml of doxorubicin for 4, 6
and 10 hours in 96 well tissue culture plates
respectively. The cell proliferation activity of
PC12 cells was analyzed with MTT method
as above.?'?




3. Measurement of the repair activity of
NADH on repairing PC12 cells with a
DNA-damage induced by doxorubicin

PC12 cells were grown as monolayer,
incubated in RPMI-1640 medium mixed
with 20 ug/ml of doxorubicin for 4 hours
in 96 well tissue culture plates, were
then washed with medium. Then they
were incubated in medium alone or
medium containing different concen-
tration of NADH (50-600 pg/ml) for 48
hours. The cell proliferation activity was
measured by MTT method for evaluating
the effect of NADH on repairing DNA
damage of PC12 cells. In another series
of tests, PC12 cells were incubated first
in medium containing doxorubicin (0.05
mM/ml and 0.15 mM/ml) for 4 hours, and
then incubated in medium with 400
ug/ml of NADH for 48 hours. The cell
proliferation activity was analyzed as
above.®'®

4. Flow cytometric evaluation of the
effect of NADH on regulating cellular
response to doxorubicin damage

The PC12 cells were incubated in
RPMI-1640 medium with 10% heat
inactivated horse serum, 5% inactivated
fetal calf serum and 1.2% 200mM
glutamine in 162 cm® tissue culture
flasks. The culture medium was
changed every three days until the cells
grew as monolayers®'®. The cells were
then washed with medium and incu-
bated in medium without (normal group)
and with 10 pg/ml doxorubicin for 10
hours. The 5x10° PC12 cells damaged
by doxorubicin were harvested, washed
with PBS twice and stored as actual
damage group. Subsequently, these
were washed and further incubated 48
hours in the medium without and with
400 u%/m[ of NADH for 48 hours in new
75-cm” tissue culture flasks. The cells
were trypsinized, washed with PBS
twice, followed by fixation of the cell
pellets in 0.5% paraformaldehyde at 4°

C for 10 minutes. Then the fixed cells were
treated with 0.1% Triton X-100 for making the
cellular and nuclear membranes permeable
according to the routine procedure. For
analysis of the antigen and genetic markers,
the cells were added into each test tube to
300 pl of the cell suspension (up to 2.5x10°
cells in each tube). The cells were washed
twice with 4 ml of PBS, and centrifuged at
300xg for 5 minutes. The supernatant was
aspired. The antibodies against P53 tumor
suppressor protein (clone DO-7), c-myc
oncoprotein (clone C-33), bcl-2 oncoprotein
(clone 124), c-erbB-2 oncogene protein
(clone NCL-CB11), c-fos (UB-06341) and
proliferating cell nuclear antigen (PCNA,
clone PC10) were added to each tube
respectively, mixed, and incubated with PC12
cells for 1 hour at 37°C. The cells were
washed twice with 4 ml of PBS, and
centrifuged at 300 xg for 5 minutes at room
temperature. The supernatant was aspired.
Added in 50 pl of monoclonal antibody
against mouse (Sigma F-8771, 1:200) or
polyclonal antibody against rabbit conjugated
with FITC (Neomaker Co 1:500), mixed and
incubated in the dark for 30 minutes at 37° C.
Mouse monoclonal antibodies were replaced
by normal serum as the negative control.
After washing twice with 4 ml of PBS,
supernatants were discarded by aspiration
and cells were detached from the pellet by
mild vortexing. The cells were resuspended
in 0.3 ml PBS and 10000 events were
analyzed on a flow cytometer. The immuno-
fluoresence amount and the positive ratio of
antibodies recognized on the vital and
apoptotic PC12 cells were measured by
computerized flow cytometry."'”*%'®

Results

1. NADH increase cellular resistance of PC12
cells to DNA-damage

After PC12 cells have been incubated in
medium containing doxorubicin (2.5, 5.0,
10.0, 20.0 pg/ml) for 4 and 10 hours, a
significant inhibition of the proliferation acti-
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vity of PC12 cells was observed. The
degree damage of PC12 cells was set in
correlation to exposure time and
concentration of doxorubicin incubated
with cells (10 hours, ICs concentration
was 10ug/ml) is given in (Fig 1).
However, when PC12 cells were
preincubated with NADH two days prior
to doxorubicin exposure, the sensitivity
of PC12 cells for the cytoxocity of
doxorubicin was found to be down-
regulated to 10,3 + 3.1 % (Fig 2). This
observation indicates that NADH can
increase the resistance of PC12 cells to
DNA-damage induced by doxorubicin.

2. NADH can partially repair DNA-
damage of PC12 cell induced by
doxorubicin

The results of the cell proliferation
activity assay show that the inhibition
rate of PC12 cells was 23.3%, after
exposure to doxorubicin at concentration
of 20 ug/ml for 4 hours. The
continuously damaging effect of
doxorubicin on PC12 cells can be
repaired by incubation with NADH. The
repair activity of NADH on DNA-damage
of PC12 cells depends on the con-
centration of NADH in medium (Fig 3).
As can be seen of (Fig 4), the degree of
damage of PC12 cells influences the
effect of NADH on the repairing of the
DNA damage.

The cytometric analysis revealed for
the exposure of PC12 cells to
doxorubicin (10 pg/ml) for 10 hours,
revealed a ratio of apoptotic to normal
PC12 cells 51.2 + 7.5 %. After incu-
bation for 48 hours, the ratio of vital cells
was 17.7 + 5.6% in the group incubated
with medium alone and 20.8 £ 5.8% in
the group with NADH. The ratios of
apoptotic PC12 cells in lag phase were
found to be 822% and 79.2%
respectively. The repair ratio of NADH
on PC12 cell with DNA-damage was
3.1% in comparison to the group
incubated with medium alone. This

observation also indicates that the ability of
NADH to rescue PC12 cells from apoptosis
appears to be dependent on the degree of
cell damage of these cells.

3. Doxorubicin induces cell apoptosis by
down-regulation of the expression of
proliferation oncogene on PC12 cells

Immunofluoresence flow cytometric
analysis found the amount of c-erbB-2, c-
myc, P53, Bel-2 expressed on the PC12 cells
damaged by doxorubicin in acute phase
53.3%, 97.8%, 91.9%, and 98.8%
respectively in comparison to normal cells.
However, the amount of c-fos expressed on
the PC12 cells was upregulated to 94.1%
after incubation with doxorubicin (Fig 5).
These findings suggest that doxorubicin
induces DNA-damage of cells by inhibiting
expression of cell proliferation genes and by
triggering apoptotic processes in PC12 cells.

4. NADH down-regulates expression of c-fos
on PC12 cells damaged by doxorubicin

After recovery culture for 48 hours, amount
of c-fos oncogene proteins expressed on vital
PC12 cells were found to be down-regulated
65.0% in the presence of NADH and 47.7%
in medium alone, in comparison with acutal
stage of damage. The positive ratio of c-fos
expressed on PC12 cells was 16.9% and
25.3% in NADH and medium alone groups
(Fig 6-7). Indicating that NADH may inhibit
apoptotic processes associated with c-fos
oncogen expression.

5. Effect of NADH on regulating c-myc and c-
erbB-2 expressed on PC12 cells damaged by
doxorubicin

After exposure to doxorubicin, PC12 cells
were incubated in medium without and with
NADH for 48 hours. The results of immu-
nofluorescence flow cytometric analysis
showed that the ratio of the vital to apoptotic
PC12 cells was 6.78 + 0.7% in medium alone
group and 8.41 £ 2.8% in NADH group. A lag
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phase of apoptotic damage by
doxorubicin on the PC12 cells was
observed after incubation with medium
only and NADH respectively. The repair
ability of NADH on DNA-damage seem
to be dependent on the degree of
damaged PC12 cells in acute phase.
Cytometric analysis indicates that NADH
can repair early damage and block lag
damage of c-myc gene on PC12 cells.
The amount of c-myc oncogene protein
expressed on PC12 cell increases to
52.9% and 47.4% under the influence of
NADH in comparison to medium group
and acute phase of damage. The
amount of c-erbB-2 expressed on PC12
cells was found not to be significantly
different between NADH group and
medium group (P > 0.05) (Fig 8-9).
However, the positive rates of c-erbB-2
and c-myc expressed on PC12 cells
were significantly lower in NADH group
(15.4% and 12.6%) than in the control
group (26.01% and 23.4%).

6. Effect of NADH on the expression of
Proliferation Cell Nuclear Antigen
(PCNA) in DNA repair

The results of immunofluorescence
and flow cytometry assay indicate the
positive ratio of PCNA expressed on the
vital PC12 cells to be 90.8% in the acute
damage phase of doxorubicin and
69.6% in normal cells. However, the
exposure of PC12 cells to doxorubicin
resulted in a significant increase in the
immunofluorescence associated with
nuclear-bound PCNA, in comparison to
normal cells (Fig 5). After incubation with
medium and NADH for 48 hours, the
amount of PCNA expressed on the vital
PC12 cells still showed a higher level
(Fig 9). The positive ratio of PCNA was
found to be decreased by incubating
PC12 cells for 48 hours. But there was
no significant difference between the
group of cells incubated with medium
only and medium containing NADH (Fig
8).

7. Effect of NADH on bcl-2 and p53
expressed on PC 12 cells damaged by
doxorubicin

The PC12 cells damaged by doxorubicin
(IC: 82.8%) were incubated in medium with
NADH for 48 hours. The amount of the tumor
suppressor protein p53 on the total PC12
cells increased by 40.2% and 55.7% in
comparison to the group containing only
medium and acute damaged phase (Fig 10).
Further analysis indicated that the increased
production of p53 was mainly found to be in
the apoptotic cells. It increased by 52.4% on
the apoptotic cells in the presence of NADH
in comparison to the cells incubated with
medium alone. However, the amount of p53
expressed on the vital PC12 was decreased
36.7% in the NADH group (Fig 11).

These findings suggest that NADH can
block apoptotic damage induced by
doxorubicin in lag phase. NADH may be an
essential co-factor in the repair process of
DNA-damage by down-regulating the tumor
suppressor protein expression. The produc-
tion of bel-2, the apoptosis inhibiting protein,
on the PC12 cells was upregulated to 96.7%
after incubation with medium and equally
high after incubation with NADH. The total
amount of bel-2 expressed on the cells did
not differ between the medium and NADH
group (P>0.05), but it was found to be
increased by 52.4% on the apoptotic cells in
comparison with only medium group (Fig 10).
However, the amount of bcl-2 expressed on
the vital cells in NADH group was found to be
increased 12.7% and 22.9% in comparison to
medium alone group in the acute damage
phase (Fig 11).

Discussion

1. Doxorubicin induces the apoptosis of
PC12 cell by blocking oncogene expression
and activation of c-fos

Drug-induced apoptosis is dependent on

the balance between cell cycle checkpoints
and DNA repairing mechanisms. Doxorubicin
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is a DNA-damaging cytotoxicic drug,
which is found to accumulate in the
nuclei of damaged cells. Increased
accumulation of cellular doxorubicin is
accompanied by apoptosis"®™ Our
experiments indicate that the inhibition
rate of PC12 cells correlates with the
concentration of doxorubicin in medium
and with time of exposure of the cells to
the toxic environment (Fig 1-2).

The cytotoxicity of doxorubicin for
PC12 cells occurs not only in the phase
of acute exposure but also in the lag
phase.

Doxorubicin induces apoptosis in
PC12 cells, which is accompanied by
the down-regulation of the expression of
the oncogene proteins c-erb-2 and c-
myc, the anti-apoptotic gene proteins
(bcl-2), p53 tumor suppressor protein
and upregulation of the expression of
PCNA @ and c-fos (Fig 5).

These genetic changes occur not only
in the early phase of the apoptosis
induced by doxorubicin, but can also
happen in the lag phase, when the
damaged PC12 cells are incubated with
new medium after removing the old
medium containing doxorubicin (Fig 7-
8). DNA damage and activation of c-fos
oncogen seem to be the major pathways
of inducing apoptotic damage of PC12
cells.

2. NADH can partial rescue cell activity
of PC12 cell from DNA damage induced
by doxorubicin

Cell damage repair is a complex
biological process in which a number of
reactions are involved. It has been
widely investigated in various systems
such as DNA damage reversal, base
excision repair, nucleotide excision
repair and mismatch repair.”"®

NADH is an essential component of
enzymes necessary for many metabolic
reactions in the cell including energy
production. It plays a crucial role in
triggering biological antioxidation and in

regulating the expression of membrane
glycoprotein receptors. **?" Our previous
studies have shown that NADH can rescue
cells from apoptosis caused by inhibition of
the mitochondrial respiratory chain induced
by chemotherapic agents, and simultanously
can increase the production of endogenous
biological factors necessary for proper
functions. In addition, cell cycle progression
of PC12 cells is observed®®,

The question is can NADH repair DNA
damage? If the answer is yes, we want to
know how it regulates gene expression
involved in DNA repair. The results of our
cytotoxicity test and flow cytometric assays
indicate that the repair ability of NADH on
damaged cell depends on the degree of
DNA-damage of PC12 cells (Fig 4).

When the apoptotic ratio of PC12 cell was
82.2%, the rate of cells repaired by NADH
was only 3.1%. After recovery incubation for
48 hours, the expression of c-erbB-2
oncogene proteins and PCNA on the PC12
cells did not show a significant increase in
the group treated with NADH in comparison
with medium alone group.

The significantly abnormal proliferation
effect of NADH on PC12 cells was not shown
in this experiment. The change of cerbB-2
oncogen happening in the acute damage
phase of the PC12 cells is difficult to be
rescued by incubation with NADH or medium.
However, the upregulation of c-fos oncogene
protein in the acute damage phase can be
significantly down-regulated by incubation
with NADH for 48 hours (Fig 7). This
suggesis that NADH rescues PC12 from
doxorubicin induced damage not only by
repairing the DNA but also by increasing
energy production in these cells, Our
observations provide substantial evidence
that treating patients with NADH will not
induce abnormal proliferation of cells.®*?

3. NADH can regulate the expression of c-
myc oncogen protein on PC12 cells with
DNA-damage

Programmed cell death is an energy
dependent biochemical regulated process
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that is the result of the expression of a
number of genes. The roles of several
gene and gene families such as Bcl-
2/bax, P53, c-myc, c-jun, c-fos,
considered to be critical for apoptosis
have recently been described in different
cell lines.®#" Many reports suggest that
a rather complex genetic and molecular
mechanism is involved in the process of
apoptosis. It could also be triggered
either by increased or by reduced gene
expression as well as by biochemical
reactions not necessarily connected to
altered gene expression. ' #8223

Further investigations are necessary
to understand the molecular mechanism
by which NADH may repair the DNA-
damage in cells. Further insight into this
process may lead to the discovery of
new therapeutic strategies targeted to
counteract degeneration and apoptosis
of cells.

Our observations provide evidence
that complex molecular events are
involved in the apoptotic process of PC-
12 cells induced by doxorubicin. After
recovery incubation of PC-12 cells with
NADH for 48 hours, the positive ratio
and amount of c-erbB-2 expressed on
PC12 cells did not show an increase in
comparison to the control with medium
alone group. The positive ratio of c-myc
was not altered, but the amount of c-myc
expressed on the vital PC12 cells was
significantly upregulated 47.4% and
52.9% in comparison to the acute
damage phase and the group with
medium alone (Fig 9). This suggests
that regulating the expression of ¢c-myc
on PC12 cells may be involved in the
DNA repair of PC12 cells damaged by
doxorubicin. Although the exact function
of c-myc remains largely unknown, its
activation has been implicated in the
induction of cell proliferation, and
differentiation. Some reports have also
indicated that the c-myc oncogene
protein acts as sequence-specific
transcription factor that serve to regulate
gene expression in normal cellular

growth and differentiation and as a common
intracellular transducer which promote Gy to
G transition. They may also be involved in
the regulaton of programmed cell
death?®2*%®)  Qur results indicate that c-
myc is involved in the action of NADH on the
repairing of doxorubicin-induced DNA-
damage by promoting normal growth and
differentiation, at least in the PC12 cells
regarded as model for neuron cells.

4. NADH repairs DNA-damage of PC12 cells
by regulation of p53 and bci-2 gene protein
expression

In the processes of cell DNA damage and
repair, bcl-2 and p53 are the two of the most
important proteins encoded by the bcl-2 gene
and p53 tumor suppressor gene. Wild-type
p53 can suppress cell proliferation and slow
DNA synthesis and block transition from G
to S phase of the cell cycle.*¥"*® Bel-2 is a
proto-oncogene and the most important
inhibitor of apoptosis. Expression of bci-2
may interfere with the apoptotic process
mediated by the APO-1/Fas antigen and TNF
receptor. Probably the ratio of bcl-2 and p53
determines how the cell responds to DNA-
damaging agents. Current research indicates
that expression of bcl-2 in pheo-
chromocytoma cells is associated with that of
the c-myc oncogen protein,®***** Over-
expression of the proto-oncogen bcl-2 might
block p53-induced apoptosis and inhibit p53
functional activity.®” In our experiment, in
which we investigated the effect of NADH on
the recovery of PC12 cell from DNA-damage,
the ratio of expression of p53 and bcl-2 on
PC12 cells was down-regulated by 91.9%
and 98.8% by exposure of the cells to
doxorubicin  in medium. After recovery
incubation in medium with NADH for 48
hours, the ratio of vital PC12 cells was
upregulated by 3.1% and p53 tumor
suppressor protein expressed on the vital
cells down-regulated 36.7%. However, the
amount of bcl-2 expressed on the vital PC12
cells was found to be upregulated by 12.7%
in comparison to the control group (medium
alone). These findings suggest that NADH
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can not only promote survival and
differentiation by regulating the c-myc
oncogene protein, but also support the
process of DNA repair by regulating the
expression of p53 tumor suppressor
protein and proto-oncogen protein bcl-2
on the PC12 cells damaged by
doxorubicin.
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