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Abstract 
Nicotinamide is an inhibitor of adenosine diphosphate ribosyl 

transferase (ADPRT) which is involved in the mechanism of 
DNA repair after high doses of ionizing radiation. C3H mice with 
transplanted mammary adenocarcinomas were treated with low 
doses of nicotinamide, 10 mg/kg, 5 days a week, and in combina- 
tion with ionizing radiation, 30 Gy, using different drug dose 
schedules. Mice given nicotinamide in combination with irradia- 
tion took a longer time to reach a tumor volume of 1000 mm3 and 
a higher complete response rate (i.e. defined as total disappear- 
ance of the tumor for at least 7 days) than those given radiation 
alone. This was true whether nicotinamide was given daily from 
one week before tumor transplantation until the animal was killed 
or from transplantation day until day of irradiation. In addition, 
nicotinamide given per 0s at a dose between the recommended 
maximum daily allowance for human subjects (20 mgi70 kg), and 
the therapeutic allowance (1 g-  12 g daily) 5 days a week for 9 
weeks, showed a radiosensitizing effect without any histological- 
ly detectable damage to the normal tissues of the mouse, includ- 
ing bone marrow, intestine and the liver. 

Key words: Radiation biology; nicotinamide; radiosensitizing 
effect; mice. 

Adenosine diphosphate ribosyl transferase (ADPRT) is 
a chromatin associated enzyme which attaches ADP-ri- 
bose moieties derived from nicotinamide adenine dinu- 
cleotide (NAD+) to chromatin proteins (10, 17). The en- 
zyme is activated by DNA damaging agents such as ioniz- 
ing or UV radiation and by certain cytotoxic drugs (1, 2, 
7, 19), indicating a role in the repair mechanism of DNA 
damage. Nicotinamide, the amide form of vitamin B3, is a 
potent inhibitor of the enzyme (16, 18). We have previous- 
ly reported on the radiosensitizing effect of nicotinamide 
on a C3H mouse adenocarcinoma (1 1, 12). In these stud- 
ies we used a single intra-peritoneal injection of the drug, 

0.2 g/kg, and the drug was given 30 minutes prior to the 
radiation. Since our ultimate objective is to evaluate the 
radiosensitizing effects of nicotinamide in man, we have 
in the present work studied the radiosensitizing effects of 
a per 0s administration of nicotinamide in mice at a dose 
between the human daily allowance, 20 mg/70 kg, and the 
therapeutic dose used for the treatment of various disor- 
ders in human subjects, 1 g to 12 g daily (9, 14), i.e. 700 
mglday or about 10 mg/kg. Here we report that nicotin- 
amide given per 0s in this concentration radiosensitizes a 
C3H mouse mammary adenocarcinoma. 

Material and Methods 

Tumor transplantation. The tumor model used was a 
spontaneous mammary adenocarcinoma occurring in C3H 
mice and which has been propagated by serial transplanta- 
tions in our department for three years. Animals were 
divided into groups, with ten in each group. Viable tumor 
pieces were cut with scissors and brought into suspension 
with small tumor fragments according to the method de- 
scribed by BORELL (5 ) ,  and the cells were washed in 
Parker tissue medium (Gibco). The cell suspension was 
adjusted to about 2 x  lo6 cells/ml and a 0.15 ml aliquot was 
injected subcutaneously above the right gastrocnemius 
muscle in 6 to 8 weeks old mice of both sexes. The tumor 
take was close to 100 per cent. The tumors were approxi- 
mately ellipsoids in shape and the tumor volume (V) was 
calculated as V=a26/2 where a is the shorter axis and 6 
the longer perpendicular axis. Tumor volumes were meas- 
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Table 1 ScheduleA 1 1 1 1 1  I I III 1 1 1 1 1  IIIII 1 1 1 1 1  1 1 1 1 1  1 1 1 1 1  1 1 1 1 1  I I I I  

Median time for tumors to reach a volume of I000 mm3 in 
controls and after irradiation with a single dose of SO C y  alone or 
combined with nicotinamide (NAM) given according to three I I I I ,  I I I I I I 1  , ,T ime - 

Schedule 
Schedule C 

different schedules (see Figure) 1 5 10 15 20 25 29 35 40 45 50 55 60 Days 

I l l 1 1  

1 1 1 1 1  

Group No. of Median p-value t i  
animals time 

Schemes of nicotinamide treatment in combination with irradia- 
tion. Intention of schedule B was nicotinamide treatment for 5 
days before irradiation but it could, due to tumor growth time, be 

Control 26 18" 0.345 extended to 14 days. Tumor transplantation ( 1 ) .  Irradiation 30 
NAM schedule A 23 1 6" Gy (1).  Nicotinamide 0.3 mg ( I ) .  

30 Gy+NAM schedule A 10 52' 

(days) 

0.032 30 Gy 18 35' 

%Ob <0.001 30 Gy+NAM schedule B 19 
30 Gy 18 35' 

0.532 30 Gy+NAM schedule C 10 41' 

30 Gy+NAM schedule A 10 52' 

30 Gy+NAM schedule B 19 >606 

30 Gy 18 35' 

0.25 

Day 1 is day of transplantation. 
Day 1 is day of irradiation. 

Table 2 
Number of complete responses and number of animals with 
complete tumor control at day 60 in relation to different treat- 
ments Cfor explanation see Figure and Table I ) .  Complete re- 
sponse was defined as total disappearance of the tumor for at 

least 7 days 

Group No. of Complete No remain- 
animals response ing tumor 

at day 60 

Control 26 0 0 
NAM schedule A 23 0 0 
30 Gy 18 6 1 
30 Gy+NAM schedule A 10 9 4 
30 Gy+NAM schedule B 19 15 4 
30 Gy+NAM schedule C 10 2 1 

ured twice weekly, and when they reached an approxi- 
mate volume of 200 mm3 the tumors were irradiated. 

Nicotinamide treatment. Nicotinamide tablets (Ami- 
dex, a subsidiary of C. E. Jamieson & Co. (Dominion) 
Ltd., Ontario, Canada) containing 500 rngltablet were 
used. The tablets were dissolved in tap water at a concen- 
tration of 0.6 mg nicotinamide/ml. The animals, about 25 g 
in weight, were given 0.5 ml of this solution of nicotin- 
amide orally on Monday through Friday, following three 
different schedules (Figure). The nicotinamide was admin- 
istered through a hard oral gastric tube to assure a correct 
drug dose. The dose of 0.3 mgianimallday (i.e. 12 mg/kg 
bodyweight if the animals weighed 25 g) corresponds ap- 
proximately to a human dose of nicotinamide of 750 mg/70 

Schedule A .  Nicotinamide treatment, 0.3 mg/day 5 days 
a week, was started one week before tumor transplanta- 

kg. 

tion. The animals were given nicotinamide until they were 
killed (Figure). 

Schedule B .  The intention here was one week of nico- 
tinamide pretreatment, i.e. 5 daily nicotinamide doses 
before irradiation, starting on the day of tumor transplan- 
tation. However, in some cases the tumor size had not 
reached the proper volume (200 mm3) for irradiation by 
this day. In these cases, nicotinamide treatment continued 
for an additional 1 to 9 days (Figure). 

Schedule C .  Nicotinamide, 0.3 mglday, was given on 5 
consecutive days, starting 2 h before irradiation (Figure). 

Radiation treatment. The tumors were irradiated with a 
6oCo gamma-ray source (Siemens, Gammatron S) with a 
dose rate of 0.7 Gyimin. The animals were placed unan- 
esthetized in a Plexiglas holder with the tumor-bearing leg 
stretched out in the radiation field. A 5 mm water bolus 
was placed around the tumor in order to ensure a homoge- 
neous dose. 

Histologic examination. The animals were killed in 
ether 60 days after irradiation, and dissected immediately 
for histologic examination. Tumor-bearing animals receiv- 
ing nicotinamide and irradiation according to schedule A 
were used to assess long term response to nicotinamide. 
This experiment was performed in duplicate. Portions of 
tumor, liver, intestine and bone marrow were fixed in 
formalin. There were several cases where portions of 
pancreas were adherent to the bowel. Trimmed tissue 
blocks were routinely processed, microtomed at 4 to 5 
p.m, and stained with hematoxylin and eosin. Slides were 
studied with respect to tumor appearance and cellular 
viability, and damage in the tumor as well as in the 
intestine, bone marrow and liver. 

Statistical merhods. The time for the tumors to reach a 
volume of one cm3 was evaluated by the Kaplan-Meier 
method. Differences in times were tested by the general- 
ized Wilcoxon test. The rates of complete response, as 
defined in Table 2, were analysed by the Fisher exact test. 

Results 

Tumor growth measurements. Table 1 shows the me- 
dian time required for the tumors to reach a volume of 
1000 mm3 in unirradiated controls (day 1 =transplantation 
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day) and for tumors given a single radiation dose, 30 Gy, 
with or without nicotinamide at different dose levels. 
Tumors in mice given nicotinamide alone (schedule A) did 
not differ in growth rate from the untreated controls 
(p=0.345). Tumors in mice given nicotinamide, 0.3 mg 
daily, from Monday through Friday (schedule A) plus 30 
Gy showed a significantly longer time to reach a tumor 
volume of 1000 mm3 compared with 30 Gy irradiation 
alone (p=0.032). A significantly longer delay in tumor 
growth was also found in animals treated with nicotin- 
arnide (schedule B) plus 30 Gy than in animals only irradi- 
ated (p<O.001). The part of the experiment using schedule 
B was performed in duplicate, with the same pattern of 
results recorded for each replicate experiment. The data 
in Table 1 are the pooled results. However, no significant 
differences in tumor growth delay were found when com- 
paring nicotinamide using schedule C (Figure, Table 1) 
plus irradiation, with irradiation alone (p=0.532). There 
was also no difference in tumor growth between the 
groups given nicotinamide according to schedule A or B 
plus irradiation (p=0.25). 

Tumor response. The complete response rate (CR) and 
number of animals without tumor at day 60 in the different 
groups appear in Table 2. In this study, a significantly 
better complete response rate was found in the animals 
given nicotinamide according to schedules A and B plus 
irradiation than in the groups treated by irradiation alone 
(p=0.006 and p=0.008, respectively). However, there was 
no significant difference between animals given nicotina- 
mide according to schedule C plus irradiation and animals 
only irradiated (p=0.67). 

Histologic findings. In tumor tissue, no significant dif- 
ferences with respect to cellular appearances or extent of 
necrosis could be seen between animals only irradiated 
and animals that had received both nicotinamide and irra- 
diation. The number of mitoses per high power field was 
also similar in the two groups: 8.7 in nicotinamide and 
irradiated tumors and 9.0 in tumors only irradiated. 

The intestine and bone marrow were chosen for study 
of the nicotinamide effects on normal tissue as they are 
partly composed of rapidly proliferating cells and are thus 
particularly sensitive to substances which disturb DNA 
synthesis. Sections of proximal small bowel showed villi 
which were of normal height and width and which were 
lined by regular tall columnar cells. At the base of the 
villi, cell proliferation was entirely normal. The fragments 
of pancreas, lymph node and fat seen in some sections of 
bowel showed no changes. Bone marrow was often some- 
what hypercellular with some predominance of myeloid 
precursors. No degenerating hematopoietic cell foci or 
necrosis were seen. 

The liver was examined as nicotinamide in very high 
doses has been shown to have a toxic effect on hepatocy- 
tes (20). In 5 of 13 animals treated with nicotinamide, 
small foci of liver cell necrosis were seen. In these, the 
hepatocytes had pyknotic nuclei and dark eosinophilic 

cytoplasm. The foci were usually mid-zonal but occasion- 
ally centri-lobular and almost always bland. A rare focus 
showed some inflammatory cell infiltrates of both lym- 
phocytes and granulocytes. In 2 of 10 animals not treated 
with nicotinamide, similar small necrotic foci were seen. 
The liver morphology was otherwise entirely normal in all 
cases. 

Discussion 

The data now reported indicate a radiosensitizing effect 
of nicotinamide given in a daily dose of 10 mg/kg/day 5 
days a week from transplantation day until irradiation. 
Nicotinamide given daily, 5 times a week, until the ani- 
mals were killed did not, in this experiment, give a better 
tumor control rate than nicotinamide given until the day of 
irradiation. Nicotinamide alone had no significant effect 
on tumor growth. This low dose of nicotinamide is about 
20 times lower than the single dose (200 mg/kg) we used 
with obvious radiosensitizing effect in previous papers 
(1 1, 12). In addition. BERCER et coll. (4) showed that mice 
bearing L 1210 cells and treated with N-methyl-N-nitros- 
urea in combination with nicotinamide at about the same 
dose of 200 mg/kg (i.e. 5 mdmouse) had increased surviv- 
al compared with animals receiving N-methyl-N-nitros- 
urea alone; a dose of nicotinamide below 200 mg/kg did 
not enhance the effect of the cytostatic drug. 

In mice with sarcoma S 180, CALCUIT et coll. (6) also 
found a better tumor control rate if the animals were 
treated with nicotinamide at 400 mg/kg and irradiation 
than if they were treated with radiation alone. They also 
reported on weight loss and changes in LD50 for whole 
body irradiated animals in combination with or without 
nicotinamide, and found a decrease in the LD50 radiation 
dose and an increased weight loss in animals treated with 
radiation and nicotinamide, compared with irradiation 
alone. In their experiment the authors used increasing 
doses of nicotinamide, from 200 mg/kg to 800 mg/kg. They 
found, however, no correlation between increasing doses 
of nicotinamide and changes in the LD 50 or weight loss. 
Hence, previous assessments of the sensitizing effects of 
nicotinamide are in agreement with the present results, 
but they were mainly performed with relatively high doses 
of nicotinamide. 

Nicotinamide is an effective inhibitor of ADPRT (3, 4) 
and inhibitors of this enzyme are known to be effective 
radiosensitizers in the dose range of 200 mg/kg (6, 1 I ,  12). 
However, nicotinamide is not only an inhibitor of ADPRT 
but it is also the natural precursor for NAD+ synthesis in 
the cell (8). Exogenously supplied nicotinamide expands 
NAD+ both in normal (13) and in malignant cells (6) and 
the level of NAD in the cell is thought to be regulated by 
two enzymes, ADPRT and NAD glycohydrolase (15). 
Nicotinamide can thus have metabolic effects on tumor 
and normal tissue responses apart from ADPRT inhibition 
and this could in turn affect the response to DNA damag- 
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ing agents. For example, tumor tissue has been shown to 
have hypoxic cell fractions, and under conditions of hy- 
poxia nicotinamide and NAD metabolism can be changed, 
compared with oxic situations. Under hypoxia, tissue lev- 
els of reduced nucleotides, and thus total levels, have 
been reported to increase (15), as well as the activity of 
poly (ADP-ribose) synthetase. Hypoxia can thus change 
the metabolism of NAD and of nicotinamide, and since 
hypoxia is known to exist in neoplastic tissue the low dose 
of nicotinamide used in a daily schedule could, via 
changed metabolism, be sufficient to inhibit ADPRT and 
thus show a radiosensitizing effect, possibly due to inhibi- 
tion of DNA repair. Moreover, it is also possible that 
other metabolites of nicotinamide could be increased in 
tumor tissue and exert a radiosensitizing effect. Further- 
more, data exist indicating a better uptake of nicotinamide 
in log-phase cells than in plateau-phase cells, and this 
could also contribute to a preferential uptake of nicotina- 
mide in the fast growing tumor cells (2). 

As in a previous study (12), no microscopic differences 
could be detected between tumors of animals treated with 
nicotinamide and those not so treated. In this study, there 
was no significant difference in the mitotic frequency 
between the two groups, possibly due to the length of time 
between irradiation and killing. 

The finding that nicotinamide, in these doses, does not 
result in microscopically detectable damage to intestinal 
mucosa or bone marrow is heartening. Some damage 
might be expected, considering the potent inhibitor effect 
of nicotinamide on ADPRT. The cause of the foci of liver 
necrosis is obscure. It is quite possible that nicotinamide 
may have some liver toxic effect. As the necroses were 
not seen in all the nicotinamide treated animals, and as 
they were observed also in a couple of animals not treated 
with nicotinamide, it is possible, however, that some oth- 
er factors play a role. 
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