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Effects of N-acetylcysteine on life shortening induced
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Background: The development of methods to alleviate radiation-induced health
effects is important for the practical use of radiation therapy and for understanding
the molecular mechanisms mediating these effects. Here, we examined the
protective capability of N-acetylcysteine (NAC) on life-shortening effects induced by
continuous low dose-rate gamma-ray exposure in mice. Materials and Methods:
Female B6C3F1 mice were exposed to gamma-rays for 400 days at a dose rate of 20
mGy/day beginning at 8 weeks of age. Control unexposed mice and exposed mice
were divided into two groups; the first was provided with regular water, and the
second was administered 40 mM NAC during the exposure period. Results:
Although NAC administration did not affect the life span of non-irradiated
mice (p = 0.232), a 59-days life extension was observed in the exposed group
(p = 0.0177). Moreover, radiation exposure and NAC treatment affected body
weight. The reduction of body weight observed in NAC treated mice was
associated with a reduction in water intake. Conclusion: Our data
demonstrated that the life-shortening effects of chronic low dose-rate
radiation exposure in mice were alleviated by NAC administration.
Keywords: low dose-rate radiation, chronic exposure, life-shortening effect,
N-acetylcysteine, mouse model.
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INTRODUCTION
Rapid increases in the use of radiation for
medical diagnostics and in radiation exposure
resulting from the nuclear power plant accidents
at Chernobyl and Fukushima have attracted
much attention to the health effects of low-dose
and low dose-rate radiation (1-4). Unfortunately,
however, studies on the effects of low-dose and
low dose-rate radiation are quite limited (5).
Previously, we examined the lifespan-shortening
effects of chronic low dose-rate irradiation using
mice as a model system and found that about
400 days of continuous exposure at a dose rate
of 21 or 1.1 mGy/day reduced life span, whereas
a dose rate of 0.05 mGy/day had no effect on life
span (6).

N-Acetyl-l-cysteine (NAC) is a potent
chemical that reduces the effects of radiation by
scavenging of radiation-induced radicals. In fact,
NAC and other radical scavengers have been
shown to reduce radiation-induced DNA
damage, chromosome abnormalities, cell death,
tissue damage, and individual lethality (7-12). In
some cell types, however, the protective effects
on cell killing were not observed (13-16). This
could be explained by the reduction of radicals
by scavengers and concomitant reaction of NAC
with cellular proteins, resulting in modified
protein activities and cellular radio-sensitivities
(13).
Reduction of radiation effects with
scavengers has also been shown in late effects,
such as neoplasm induction and life shortening,
although the effects were found to vary
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depending on sex, genetic background, and
radiation dose [17-20]. Furthermore, all of these
studies have been carried out using acute
high-dose radiation, and no studies have yet
evaluated the effects of low dose-rate exposure.
Recently, Miller et al. reported that weekly
exposure with 50 mGy of 100 kVp X-rays from a
clinical CT scanner four times (a total dose of
200 mGy) in 4-(methylnitrosoamino)-1(3-pyridyl)-1-butanone (NNK)-pretreated mice
elevated lung tumor incidence, which was
suppressed by NAC administration during the
irradiation period (21).
Accordingly, based on these previous studies
showing the strong and persistent, long-term
effects of NAC, we evaluated the effects of NAC
treatment on lifespan in mice treated with low
dose-rate continuous irradiation.
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MATERIALS AND METHODS
Mice and irradiation
Female B6C3F1 mice were purchased from
CLEA Japan Inc. (Tokyo) at 6 weeks of age and
divided randomly into four groups: (i) control,
(ii) NAC-treated, (iii) exposed to chronic low
dose-rate radiation, and (iv) NAC-treated during
the radiation exposure period. Each group
consisted of 60 mice. Mice were housed at 4
mice/cage. The irradiation and NAC treatment
started at 8 weeks (56–59 days) of age. The
radiation was gamma ray from Cs-137, and the
dose-rate was 20 mGy/day. This dose-rate was
similar to the dose-rate of 21 mGy/d that was
shown previously to reduce lifespan by 120 days
after 400 days of continuous exposure (6). The
exposure was interrupted for 2 h everyday
(10:00–12:00), when the health of the mice was
evaluated. During the same period, cages, feed,
and drinking water were renewed on schedule.
The renewal rates were once a week for cage
and feed and twice a week for water. Mice were
fed FR-2 (Funabashi Farms Co., Japan), and NAC
(Sigma-Aldrich, St. Louis, MO, USA) was
administered through drinking water at a
concentration of 40 mM. This dose of NAC was
shown to reduce lymphoma incidence by half
and extend life span 18 weeks in Atm-deficient
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mice (22). The radiation exposure period was 400
days, yielding a total dose of 8 Gy. NAC
administration was also carried out for 400
days, beginning on the first day of radiation
exposure. After the end of exposure, the mice
were moved to no radiation room and
maintained until death. The body weight of each
mouse was monitored every week. All mice were
maintained under specific pathogen-free (SPF)
conditions throughout the experiment. The
details of mouse maintenance and irradiation
conditions were described previously (6, 23). The
experiments were conducted according to legal
regulations in Japan and following the
Guidelines for Animal Experiments of the
Institute for Environmental Sciences.
Feed and water intake
In an attempt to estimate the amount of food
and water consumed during chronic radiation
exposure and/or NAC treatment, four groups of
mice were established, as described above. In
this experiment, 6–12 mice were examined in
each group. Both food and water were provided
ad libitum. The amounts of food and water
consumed by mice were checked once a week
for feed (Monday) and twice a week for water
(Tuesday and Friday). The amounts of feed and
water intake during 1 week were divided by the
number of mice in the cage to estimate the
average amount consumed by each mouse.
Occasionally, some food or water was spilled
from the feeders or waterers. In order to
estimate these amounts, we used a statistical
method. Outliers at each data point were
analyzed by Smirnov-Grubbs test performed
using the R program Ver 3.3.1 (24) and were
eliminated from the data plotted in the figures.
Statistics
Survival curves were analyzed by log-rank
tests for average lifespans. Difference in body
weights, feed intake, and water consumption
among different groups were analyzed by t-tests.
The level of significance was set at p < 0.05.
Statistical analyses were performed using
GraphPad Prism version 6 (GraphPad, San Diego,
CA, USA). Means and standard errors (SEs) were
calculated using Excel 2011.
Int. J. Radiat. Res., Vol. 17 No. 1, January 2019
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RESULTS
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Figure 1 shows the effects of NAC
administration on the survival of mice with or
without chronic low dose-rate radiation
exposure. Mean lifespans of these mice are
shown in table 1. Without exposure, the mean
lifespans of control and NAC-treated mice were
927 and 959 days, respectively. NAC treatment
extended the lifespan of unexposed mice for 32
days; however, this difference was not
statistically significant (p = 0.232, Log-rank test).
Chronic low dose-rate exposure reduced the
lifespan of mice by 176 days from 925 to 751
days (p < 0.0001). The mean lifespans of
chronically exposed mice and NAC-treated
exposed mice were 751 and 810 days,
respectively.
Thus,
NAC
administration
increased lifespan by 59 days (p = 0.0177),
indicating that NAC treatment was effective for
alleviating
chronic
low
dose-rate
radiation-induced life-shortening effects.
During the course of the experiment, the
body weight of each mouse was monitored every
week (figure 2). From about 200 days of age, the
irradiated NAC-free group showed an
accelerated age-dependent body weight gain
when compared with the unexposed group. A
similar tendency was observed after 260 days of
age in the NAC-treated groups. These differences
disappeared at about 650 days of age in the NAC
-free group and at about 800 days in
NAC-treated mice. Moreover, the administration
of NAC reduced the age-dependent body weight
increase in both control and exposed mice
beginning soon after the start of the treatment.
Next, to elucidate the reason for these
changes in body weight, we examined the
amounts of food and water consumed during the
irradiation and/or NAC treatment period. We

limited the observation period to 456 days of
age because some exposed mice started to die
around this age, which suggested the
appearance of diseases in some mice that may
influence food and water consumption. Figure
3A shows the amount of food consumed by each
mouse in 1 week. The control and
radiation-exposed mice consumed similar
amounts of feed until 290 days of age, after
which the control mice showed slightly higher
intake. In contrast, feed intake in NAC-treated
mice was similar to that in other groups up to 5
weeks (91 days of age) after the start of
treatment, but became slightly reduced after
that, irrespective of radiation exposure, until
about 280 days of age. Thereafter, feed intake
was elevated slightly and reached the level
observed in exposed mice. After 370 days, the
intake of mice treated with both NAC and
radiation decreased slightly.
Time-dependent
changes
in
water
consumption are shown in figure 3B. Control
and radiation-exposed mice without NAC
treatment consumed similar amounts of water
until 140 days of age and a slight age-dependent
decline was observed in the control group,
whereas exposed mice showed sharper decline
until 360 days of age, after which a slight
increase was observed. Administration of NAC
markedly reduced water intake from the
beginning of the treatment, i.e., 1 week after the
start of treatment (63 days of age) in both the
unexposed and exposed groups. In unexposed
NAC-treated mice, intake increased with time at
a slow rate and then reached a level comparable
to that of the untreated control at 380 days of
age. In the doubly treated group, the level
remained constant until the end of the
observation period.

Table 1. Effects of NAC and chronic low dose-rate radiation exposure on life span.

Log-rank test (P value)
Dose rate Total dose Mean life span
Group
(mGy/day) (mGy)
± SE (day)
Control versus +NAC Control versus +IR +IR versus +IR +NAC
Control
0
0
927 ± 23
+NAC
0
0
959 ± 23
0.2318
+IR
20
8,000
751 ± 21
< 0.0001
+IR+NAC
20
8,000
810 ± 20
0.0177
IR: chronic exposure to gamma-rays
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Figure 1. Survival curves of B6C3F1 female mice treated with chronic low dose-rate irradiation and/or NAC. The NAC and/or irradiation treatments were started at 56 days of age. Mice were exposed for 400 days at a dose-rate of 20 mGy/day. The total dose was
8 Gy. NAC was administered through drinking water at a concentration of 40 mM throughout the exposure period. Thin solid line:
control mice, thin dotted line: NAC-treated control mice, thick solid line: exposed mice, and thick dotted line: mice treated with
both radiation and NAC. The exposure period is shown with a horizontal line with arrowheads at the ends.
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Figure 2. Age-associated changes in body weights. Body weights of the mice were monitored every week from 56 days of age until
death, and the averages are plotted. The symbols are the same as those described in figure 1. Data are expressed as means ± SEs.

Figure 3. Changes in feed (A) and water (B) intake during irradiation periods with or without NAC treatment. The symbols are the
same as those described in Figure 1. Data are expressed as means ± SEs.
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DISCUSSION
In this study, we demonstrated, for the first
time, that NAC treatment reduced the
life-shortening effects of chronic low dose-rate
radiation exposure. The amount of reduction
was 59 days, which was approximately
one-third of the shortening induced with
radiation alone (176 days). This is in contrast to
the results of lung tumor induction reported by
Miller et al. (21). Lung tumors induced by weekly
irradiation with 50 mGy four times in
NNK-pretreated mice were suppressed almost
completely by NAC administration, although the
effect on tumor size was partial. This
discrepancy could be based on differences in the
endpoints examined (lifespan versus lung
tumors), the genetic backgrounds of the mice
(B6C3F1 versus AJ), and the method of radiation
exposure (chronic low dose-rate versus
fractionated high dose-rate), among other
factors. We expect that dose rate may be one of
the most important of these factors. In this
study, we used 20 mGy/day (22 h),
corresponding to 0.015 mGy/min, whereas
Millar et al. used 10–50 mGy/min (21). At a very
low dose-rate, the amount of radicals induced
with radiation per unit time would be small, and
most radicals could be eliminated with
endogenous radical scavengers. If this is the
case, additional exogenous supplementation
with radical scavengers, such as NAC, could have
less effect.
Body weights changed with both radiation
exposure and NAC treatment. Irradiation
increased body weights in both NAC-free and
NAC-treated groups, whereas NAC treatment
reduced body weight irrespective of radiation
exposure. The former change appeared at 200 or
260 days of age, whereas the latter became
obvious soon after the start of the treatment.
Previously, Flurkey et al. (26) studied the effects
of NAC treatment on body weight and lifespan.
In their study, body weights were reduced by
approximately 10 g after drinking water
containing 30.6 or 61.2 mM NAC, similar to the
results of the present study. The effects were
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observed in both males and females; however,
lifespan was extended only in males (26). Our
present study in female mice also showed a lack
of lifespan extension by NAC treatment,
supporting a previous report. Although reduced
body weight caused by calorie or food
restriction has been shown to be associated with
life extension (27-30), it is likely that the
NAC-induced reduction in body weight was not
associated with lifespan extension in unexposed
female mice. The reason for the rapid body
weight loss in NAC-treated mice seemed to be
related to reduced water intake rather than
reduction of food intake because water intake
dropped soon after the start of NAC treatment,
whereas the reduction in food intake appeared
about 120 days after the beginning of the
treatment.
Radiation-induced increases in body weight
were observed 150-200 days after the start of
chronic low dose-rate exposure in both
NAC-treated and NAC-free groups. The effect of
radiation in NAC-free mice was similar to that
observed previously in our laboratory (23, 25).
These changes could be associated with slight
decreases in water intake observed in mice of
similar ages in both the NAC-free and
NAC-treated groups exposed to radiation (figure
3B). Indeed, food intake during this period did
not differ appreciably between the exposed and
unexposed groups, regardless of NAC treatment.
Further studies are needed to determine the
detailed mechanisms mediating these changes in
body weight associated with radiation exposure
and NAC treatment.

CONCLUSION
The life-shortening effects of chronic low
dose-rate radiation exposure in mice were
reduced with NAC administration. The level of
these effects was limited to about 30% and was
associated with changes in body weight and
water intake. Further studies are needed to
determine the possible associations among
these parameters.

71

Yamauchi et al. / Effects of N-acetylcysteine on life shortening

ACKNOWLEDGEMENTS
We appreciate the help of the technicians and
animal care staff of IES for their support
throughout the study. The work was performed
under contract with the Aomori Prefectural
Government, Japan. We would like to thank
Editage (www.editage.jp) for English language
editing.
Conflicts of interest: Declared none.

[ Downloaded from ijrr.com on 2023-01-08 ]

REFERENCES
1. BEIR VII (2006) Health risks from exposure to low levels of
ionizing radiation. The National Academies Press, Washington, DC, USA.
2. ICRP (2008) Radiological protection in medicine. Ann ICRP,
37.
3. ICRP (2009) Application of the Commission’s recommendations to the protection of people living in long-term
contaminated areas after a nuclear accident or a radiation
emergency. Ann ICRP, 39.
4. WHO (2013) Health risk assessment from the nuclear accident after the 2011 Great East Japan Earthquake and Tsunami, based on a preliminary dose estimation, Geneva,
Switzerland.
5. Rühm W, Woloschak GE, Shore RE, Azizova TV, Grosche B,
Niwa O, Akiba S, Ono T, Suzuki K, Iwasaki T, Ban N, Kai M,
Clement CH, Bouffler S, Toma H, Hamada N (2015) Dose
and dose-rate effects of ionizing radiation: a discussion in
the light of radiological protection. Radiat Environ Biophys, 54: 379-401.
6. Tanaka S, Tanaka IB, 3rd, Sasagawa S, Ichinohe K, Takabatake T, Matsushita S, Matsumoto T, Otsu H, Sato F
(2003) No lengthening of life span in mice continuously
exposed to gamma rays at very low dose rates. Radiat Res,
160: 376-379.
7. Bacq ZM, Dechamps G, Fischer P, Herve A, Le Bihan H,
Lecomte J, Pirotte M, Rayet P (1953) Protection against Xrays and therapy of radiation sickness with betamercaptoethylamine. Science, 117: 633-636.
8. Liu Y, Zhang H, Zhang L, Zhou Q, Wang X, Long J, Dong T,
Zhao W (2007) Antioxidant N-acetylcysteine attenuates
the acute liver injury caused by X-ray in mice. Eur J Pharmacol, 575: 142-148.
9. Low WK, Sun L, Tan MG, Chua AW, Wang DY (2008) L-NAcetylcysteine protects against radiation-induced apoptosis in a cochlear cell line. Acta Otolaryngol, 128: 440-445.
10. Mansour HH, Hafez HF, Fahmy NM, Hanafi N (2008) Protective effect of N-acetylcysteine against radiation induced
DNA damage and hepatic toxicity in rats. Biochem Pharmacol, 75: 773-780.

72

11. Tiwari P, Kumar A, Balakrishnan S, Kushwaha HS, Mishra
KP (2009) Radiation-induced micronucleus formation and
DNA damage in human lymphocytes and their prevention
by antioxidant thiols. Mutat Res, 676: 62-68.
12. Jia D, Koonce NA, Griffin RJ, Jackson C, Corry PM (2010)
Prevention and mitigation of acute death of mice after
abdominal irradiation by the antioxidant N-acetyl-cysteine
(NAC). Radiat Res, 173: 579-589.
13. De Flora S, Izzotti A, D'Agostini F, Balansky RM (2001)
Mechanisms of N-acetylcysteine in the prevention of DNA
damage and cancer, with special reference to smokingrelated end-points. Carcinogenesis, 22: 999-1013.
14. Grdina DJ, Murley JS, Kataoka Y (2002) Radioprotectants:
current status and new directions. Oncology, 63 Suppl 2: 2
-10.
15. Kataoka Y, Murley JS, Baker KL, Grdina DJ (2007) Relationship between phosphorylated histone H2AX formation and
cell survival in human microvascular endothelial cells
(HMEC) as a function of ionizing radiation exposure in the
presence or absence of thiol-containing drugs. Radiat Res,
168: 106-114.
16. Reliene R, Pollard JM, Sobol Z, Trouiller B, Gatti RA,
Schiestl RH (2009) N-acetyl cysteine protects against ionizing radiation-induced DNA damage but not against cell
killing in yeast and mammals. Mutat Res, 665: 37-43.
17. Upton AC, Doherty DG, Melville GS, Jr (1959) Chemical
protection of the mouse against leukemia induction by
roentgen rays. Acta Radiol, 51: 379-384.
18. Storer JB (1971) Chemical protection of the mouse against
radiation-induced life shortening. Radiat Res, 47: 537-547.
19. Maisin JR, Decleve A, Gerber GB, Mattelin G, LambietCollier M (1978) Chemical protection against the longterm effects of a single whole-body exposure of mice to
ionizing radiation II. Causes of death. Radiat Res, 74: 415435.
20. Maisin JR, Gerber GB, Lambiet-Collier M, Mattelin G (1980)
Chemical protection against long-term effects of wholebody exposure of mice to ionizing radiation. III. The effects
of fractionated exposure to C57BI mice. Radiat Res, 82:
487-497.
21. Miller MS, Moore JE, Walb MC, Kock ND, Attia A, Isom S,
McBride JE, Munley MT (2013) Chemoprevention by Nacetylcysteine of low-dose CT-induced murine lung tumorigenesis. Carcinogenesis, 34: 319-324.
22. Reliene R and Schiestl RH (2006) Antioxidant N-acetyl cysteine reduces incidence and multiplicity of lymphoma in
Atm deficient mice. DNA Repair (Amst), 5: 852-859.
23. Tanaka IB, 3rd, Tanaka S, Ichinohe K, Matsushita S, Matsumoto T, Otsu H, Oghiso Y, Sato F (2007) Cause of death
and neoplasia in mice continuously exposed to very low
dose rates of gamma rays. Radiat Res, 167: 417-437.
24. Team RDC (2005) R: A language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria [Available from: http://www.Rproject.org].
25. Nakamura S, Tanaka IB, 3rd, Tanaka S, Nakaya K, Sakata N,
Oghiso Y (2010) Adiposity in female B6C3F1 mice continu-

Int. J. Radiat. Res., Vol. 17 No. 1, January 2019

Yamauchi et al. / Effects of N-acetylcysteine on life shortening

[ Downloaded from ijrr.com on 2023-01-08 ]

ously irradiated with low-dose-rate gamma rays. Radiat
Res, 173: 333-341.
26. Flurkey K, Astle CM, Harrison DE (2010) Life extension by
diet restriction and N-acetyl-L-cysteine in genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci, 65: 12751284.
27. Gross L and Dreyfuss Y (1986) Inhibition of the development of radiation-induced leukemia in mice by reduction
of food intake. Proc Natl Acad Sci, USA 83: 7928-7931.
28. Weindruch R, Walford RL, Fligiel S, Guthrie D (1986) The
retardation of aging in mice by dietary restriction: longevi-

Int. J. Radiat. Res., Vol. 17 No. 1, January 2019

ty, cancer, immunity and lifetime energy intake. J Nutr,
116: 641-654.
29. Yoshida K, Inoue T, Nojima K, Hirabayashi Y, Sado T (1997)
Calorie restriction reduces the incidence of myeloid leukemia induced by a single whole-body radiation in C3H/He
mice. Proc Natl Acad Sci, USA 94: 2615-2619.
30. Shang Y, Kakinuma S, Yamauchi K, Morioka T, Kokubo T,
Tani S, Takabatake T, Kataoka Y, Shimada Y (2014) Cancer
prevention by adult-onset calorie restriction after infant
exposure to ionizing radiation in B6C3F1 male mice. Int J
Cancer, 135: 1038-1047.

73

Powered by TCPDF (www.tcpdf.org)

[ Downloaded from ijrr.com on 2023-01-08 ]

