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Abstract The heaVy ions with high linear ene唱y transfer and high rela“ve biologjcal efkctiveness are much more

deleterious On the male germ cells，ones of the most radiosensitive cells of the body，than low—LET ionjzing radjation

such as X—ray or gamma—ray．The ef艳cts of 10w—dose heaVy ion irradiation on male germ ceIl adaptation and genetics

and the possible mechanism of this ad印tatiOn are summa“zed in our laboratory．0ur results showed that the heaVy

ion irradiation significantly increased the f沱quencjes of chromosomal aberrations in spermatogonia and spermato—

cytes of mice，the low dose heaVy ion irradiation could induce significant adaptative response on mouse testes and

human sperm，and pre—exposure of mouse testes wjth low—dose heaVy ion can markedly alleViate damage ef艳cts in—

duced by subsequent high-dose in’adjation．The jncrease of SOD actiVity and decrease of¨pid peroxidation leVels

induced by low—dose ionizing radiation may be inVolVed in this adaptative response mechanism．These studies may

proVide useful theoreticaj and cljnical bases for radioprotection of reproductive potential and assessment of genetic

risks forhuman exposed to heaVy jons in radiotherapy and in outer space envjronment．
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1 Intl．oduction

Ionizing irradiation has been widely reported to

d帅age o略anism by attacking proteins，nucleic acid
and lipids in cells．【1_1 However，i玎adiation ho姗esis
after low dose irradiation has been becoIlling the fbcus

of reseal℃h in radiobiology in recent years．【。一‘ManV

studies have shown that low dose ionizing irradiation

can produce stimulating eff’ects on the immune sVs．

tems and induce adaptative response to harmful ef_

f色cts of subsequent high—dose radiation exposure．[3，5·7

Furthermore，the hormesis is exhibited not onlv in the

whole-body level but also extensivelV in organ level，

even in molecular 1evel．【弘71 Most of these studies were

performed with X—ray or 1，．ray in the somatic．Com．

paring to X—ray or丫一ray，the track of a heaVy ion is

complex：ene唱y is not only deposited by the primary

interaction but also bV secondarv elec缸．ons which mav

travel considerable distances from the core．The heavv
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ions with high linear ene略y transf色r(LET)and high

relative biological ef琵ctiveness(RBE)are also much

more deleterious on the cellular or molecular 1evel

than 10w—LET ionizing radiation，such as X—ray or

丫一ray．For example，heaVy ion irradiation induces un—

repairable breaks in DNA more readily than low—LET

irradiation．【8】Moreove r．the testis is one of the most

radiosensitiVe o略ans of the body and is the critica】

organ in the radiotherapy of Hodgkin’s disease and

seminoma．【9，10】 It has been repeatedly demonstrated

that asthenospermia，hypospermia，teratospennia and

decrease in testis weight were associated with ionizing

radiation．f¨，12】With the advent of new radiotherapV

modalities，such as t’ast neutrons and heaVy ions，there

is a consjderable imDrovement in the survival rate of

cancer patients．Thus，protection fbr reproductiVe po—

tential and heredity in the germ cells of these patients

against radiation damage is important．In this reView

we will sunlmarize the eff'ects of low—dose heavv ion
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i11radiation on male germ cell adaptation and genetics

and the possible Hlechanism of this adaptation．

2 Effects of pre-exposure with low-dose

Oxygen ions on mouse testicular struc—

ture and endocrine fhnctions induced by

subsequent high—dose irradiation

’Ihe testis，Owing to its panicularities m structure

and functions，is one of the most radiosensitiVe o玛ans

of the body and shows degeneratiVe changes after ex—

posure to ionizing radiation． In order to inVestigate

whether pre—exposure of low dose heaVy ion could

alleViate harmful ef诧cts induced by a subsequent

high—dose(therapeutic dose)irradiation，we‘13’14l radi—

ated mouse testes with 2 Gv of 1608+ion directlv or

pre—radiated testis with 0．05 Gy of 1608+ion and then

irradiated with high dose of 2 Gy at 4 h afte。

per-exposure．Mouse body weight，testis weight，tes—

ticular snlJctures and serum testosterone concentration

were measured at day 35 after irradiation．The results

showed that 2 Gy of 1608+ion irradiatiOn significanny

diminished mouse body weight，testis weight and se-

mm testosterone concentration，aIld impaired testicu-

lar sm】ctures which mainly presented the reduction of

tubule diameter and the decrease or Ioss of。gem cells

in Various deVeloping stages， especially spermato—

genic elements(Fig．1(3))．And changes in Leydig”or

Sertoli’s cells were also apparent， such as nuclei

pyknosis and cytoplasm scantness (Fig．1(3))． It is

known that testosterone is the androgen produced by

testicular interstitial cells—Leydig’s cells，which play

important roles in maintaining spermatogenesis，

stimulating deVelopment of male reproductiVe o唱ans

and promoting the protein synthesis． Reduction of

testicular testosterone productiOn induced by high

dose irradiation is due to the altering of endocrine

function of kydig’s cells and other interstitial ele-

ments by af诧cting steroid biotransformations in these

cells，【15J which further results in diminishing of body

weight and testis weight． HoweVer， pre—exposure

mouse testes with a low—dose of 1608+ion significantly

alleViated aboVe mentioned damage on body weight，

testis wei曲t，testicular structures(Fig．1(4))and en—

docrine functions induced by subsequent a high—dose

(2 Gy)irradiation．Our results suggested that 10w dose

heaVy ion irradiation could induce significant adapta—

tive resDOnse on mouse testes．

Fig．1 T色蛳曼ular sections exposed to low—dose，high—dose and pre—exposure with low—dose and subsequent high—dose oxygen ion
irradiation．I”1

(1)Control group．Tubule diameter’number and proportjon of germ ceIls in various developing stages in the tubule and cells of the

interstitial tissue were all normal．HematoxyIin．eosin stain，250×．(2)0．05Gy gmuD．Tubule diameter，number and Dm口ortion of germ
cells in various developin2 stages in the tubule and cells of the interstitialtissue were all normal．Hematoxylin。eosin stain，250×．(3)

2Gy group．Tubule diameter markedly decreased，wjth reduction or disappearance of germ cells in Various developing stages，nearly

complete loss of the spermatogenic elements and the presence of significant number of Sertoli’s cells．Most tubules were reduced to a

single Iayer of epithelial cells．Levdig’s or Sertoli’s cells exhibited slight nuclei pvknosis and cvtoplasm scantness．Hematoxvlin．

eosin stain，250×．(4)0．05Gy+2Gy group．Tubule diameter and the number of germ cel】s slight reduced．Levdig’s and Senoll’s cells

were morphologically norJllal．Hematoxvlin—eosin stain，250×．
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3 Effects of pre．exposure of mouse testes

with low．dose oxygen ions on mouse

sperm count’ shape abnormalities， su-

peroxide dismutase(SOD)activity and

lipid peroxidation induced by subse-

quent hi2h．dose irradiation

To inVestigate the adaptatiVe effects on male

germ cells induced by low—dose heaVy ion irradiation

and the possible mechanism of this adaptation，we

have conducted a series of exDeriments．I
101
First we

i盯adiated mouse testes with a 10w—dose of 0．05 Gy or

a high．dose of 2 Gy 1608+ion directl y，or pre—exposed

testes with O．05 Gv of 1608+ions and then，after 4 h，

irradiated them with a challenge dose of 2 Gy．SOD

actiVity and thiobarbituric acid reactiVe substances

(TBARS)level(1ipid peroxide level)in the testes

were determined at 4 h af记r iHadiation，and spe眦
count and sperm morphology were analyzed at day 35

after irradiation．The results showed that the SOD ac．

tivitv was enhanced bv 1 0．3％and the TBARS 1evel

was decreased bV 21．6％in the testes exposed to

low—dose(O．05 Gy)，and that sperm count was sig—

nificantlV reduced bV 42％and spernl abnormalitjes

were increased by 9 1％in the high—dose(2 Gy)group．

NeVertheless，in the group of mice exposed to both the

priming and challenge doses the damage ef-fects on

sperm count and sperm morphology were markedly

alleViated，suggesting that pre—exposure of testis with

a 10w—dose of heaVy ions renders the o曙an more re—

sistant to subsequent high-dose irradiation．The in—

crease of SOD activity and the decrease of lipid pe卜

oxidation leVels induced by low—dose ionizing irradia-

tion may be inVolVed in the mechanism of this resis—

tance．。¨1 The process of adaptatiVe response was

thought to lead to the activation of Drotective and re．

pair mechanisms of the body，including production of

protective proteins and repair enzymes．【l
81
The adap．

tiVe responses of cells to low—dose ionizing irradiation

or other agents were blocked by protein synthesis in—

hibitors．1191 The increase of radioresistance induced bv

low—dose irradiation may alsO be associated with free

radicals which can also induce an adaptiVe response in

low—dose．Pretreatment of Chinese hamster oVary or

rat hepatoma cells with low non—toxic doses of H202

or xanthine．xanthine oxidase makes cells more resjs—

tant to the toxic and mutagenic e仟ects of H202 and

丫。ray．㈣Pretreatment of Chinese hamster V79 cells
with low dose of H202 has also led to the obserVatjon

of an ad印tiVe response to a subsequent exposure of

丫．rays or肛methy．Ⅳ’一nitro一Ⅳ_nitrosoguanidin．『2l】

4 Effects of oxygen ion irradiation on hu-

man sperm spontaneous cheIIlilumines-

cence(SCL)，motility，acrosome reaction

(AR)and viability in vitro

Spem cell，owing to its specialization on struc’

ture and fhnction．is known to be a radiosensitive cell

in the body．Tb investigate the ef凳cts of heavy jon

irradiation on human sDerm and whether low doses of

heavV ion i117adiation could induce adaptative response

in human sperm and possible mechanism，we have

examined t11e human sperm SCL，motility，AR and

viabilitV induced bV 0．25—64 Gy mO针ions irradia—

tion．⋯】The results showed that sperm SCL was sig—

nifjcantlv increased with irradiation doses and the

lowest effective dose was 0．5 Gy．Motility of spe卜

matozoa progressively eleVated by 1，1．2 and 1．3 fbld

with doses at 0．5，l and 2 Gy，respectiVely，and then

si2nificantlV reduced with further increase of doses．

The percentage of sperm AR markedly increased in

0．5—_4 GV and the optimal dose was 2 Gy with 2．7

fbld enhancement，and then graduaUy decreased when

i盯adiation dose was more than 4 Gy．Sperm Viability

had no significant change within 0．25—8 Gy'but was

progressively decreased by 12．5％，31％and 59％for

l 6，32 and 64 Gy irradiation，respectiVely．Our results

suggested that heaV，y ion at 10w doses increased sperm

functions crucialto fertilization，for example motility

and the percentage of AR，whereas heavy ions had

deleterious eH'ects at higher doses，which are probably

associated with the bidirectjonal roles of free radicals

produced by heavy ion irradiation．

5 Chromosomal aberrations induced by

12C6+ion or 60Co Y．ray irradiation in

spermatogonia and spermatocytes of

mice

Chromosomal aberrations induced by irradiation

in gem cells，which differ from those in somatic cells，
not only indicate the cellular damage of radiated indi—
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viduals，but also are partly transmiUed to oH．Spring

and result in genetic ef!|bcts，i．e．abnomalities，steril-
ity and malignant diseases． Moreover' these radio·

therapy patients of child-be撕ng age are concemed

about risk of future children．Thus，it is important to

ascertain whether the high LET radiation exposure

increases the risk of chromosomal aberrations in gam—

etes，so as to pay more attention to me reproductiVe

potential and me possible genetic alteration in me

germ cells of these patients．

The spermatogonia and spematocytes are ones

of the most radiosensitiVe cells of the bod y．MoreoVer，

radiation—induced chromosomal aberrations of sper—

matOgonia and spematocytes were demonstrated to
be transrnitted into spennatOzoa，I。纠and these chro—

mosomally abnorHlal sperm can also fertilize eggs．In

order to investigate the e任ects of heavy iOn exposure

On me genetic risks of germ cells，we【23】analyzed ttle

frequencV and characteristic of chrOmosomal aberra—

tiOns induced by 0．05——2．O Gy 12C6+ion／60Co Y．ray in

spemlatogonia and spermatocytes of rnjce．The results

showed that there was an increase in f诧quency of

chromosomal abellrations in aU tlleⅡ℃ated groups

comDared to con仃ols．There were 54．8％and 59．2％

chromosomal a_be盯ations for spermatogonia and

spematocytes exposed to 2 Gy of 12C6+iOns，and
32．8％and 35．6％in the spermatogonia and spenna—

tocytes which received 2 Gy of ouCo 1，．ray．The rela—

tive biological ef诧ctiveness(RBE)values of 12C“

ions with respect to ouCo．ray were 1．67 for aberra．

tions of spennatogonia and 1．66 ftor￡lberrations of

spe咖atocytes fbr a dose of 2．0(}、n Moreover，difkr．
ent distributions of various types Of aberrations have

been fbund fbr 12C6+ion and 60Co V—raV irradiations：in

ouCo 1，．ray irradiation。the distribution was dominated

by the chromatid break：while in
1
2C6+ion irradiation，

the distribution of aberrations was clearlv dominated

by chromosome break and fragments． The

dose—response relatiOnships for 12C6+iOn and 60Co

Y—ray exhibited t11at the slopes of the curves decrease

with increasing in both spennatogonia and spennato-

c”es groups(Fig．2)．Our results may proVide useful

info肌ation for assessment of genetic risks of human

exposed to heaVy ions．RadiosensitiVity of germ cells

is higher in human than in mouse．Hence there is a

need for funher investigation of me relationship of

chmmosOmal abeHations induced by heaVy ions be—

tween human and mouse germ cells，and finding out

reasonable comparable rules among species．
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Fig．2 Dose—response relationships of chmmosoma】 aberra—

tions induced by 2Co+ion(·)and m’Co丫一ray(·)in sper—

matogonia(A)and spermatocytes(B)of mice Imi．Data repre一

6 Conclusion

In summary，the heaVy ions with high 1inear en—

e唱y transfer and high relatiVe biological e仃ectiVeness

are much more deleterious On tlle male germ cells，

ones of the most radiosensitive cells of the body， than

low—LET ionizing irradiation such as 丫-ra y．

P1．e—expOsure mouse testis with 10w-dose heaVy ions

significantly alleViated the damages on testicular

structure，endocrine，sperm amount and shape induced

by subsequent high—dose irradiation．Increase of SOD

activity and decrease of 1ipid peroxidation leVel in—

duced by low·dose ionizing irradiation may be in—

volved in this adaptatiVe response mechanism．These

results may provide useful theoretical and clinical

bases fbr radioprotection of reproductiVe potential and

assessment of genetic “sks for human exposed to

heaVy ions in radiotherapy and in outer space enVi—

mnment．
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