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COMBINED EFFECTS OF SIMULTANEOUS y-RAYS

IRRADIATION AND INHALATION OF BENZENE,

TOLUENE AND CARBON MONOXIDE ON RABBITS
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( Naval Medical Research Institute, Shanghas 200433)

Abstract Combined effects on rabbits induced by v-rays irradiation in combination with
inhalation of benzene, toluene and carbon monoxide and the interactive characteristics (an-
tagonistic, additive or synergistic) of these agents were studied. Ninety healthy male rabbits
were equally divided into 9 groups, eight of which were test groups assigned according to four-
factor- two-dose-level orthogonal layout {Ls(2")] program and one was the control. The two
dose-levels of the four factors were: for vy-rays irradiation, 0.0075Gy/d and 0.0375Gy/d, and
for benzene, toluene and carbon monoxide, 40+15mg/m® and 182433mg/m®, 90+30mg/m”
and 407+68mg/m>, 93+4mg/m> and 2783+8mg/m? respectively. The animals were exposed to
~-rays irradiation combined with benzene, toluere and CO vapor 2h a day and 5days a week for
a period of 8 weeks. Experimental results were analysed with the method of variance analysis
and the test groups were compared. The results showed that (1) the interactive factor, the ratio
(w) of the combined effects caused by the four agents to the sum of the four independent effects
induced by those agents, was 2.16, 1.58, 2.07, 2.67, 1.31 and 1.18 for dicentric + ring, acentric,
aberration cells, total aberration , micronuclei and SCEs/C in lymphocytes respectively, and
the ratio for aberrant sperms was as high as 5.97. The ratios showed that interactions werc
mainly synergistic (w >1). However, for acentric interactions between vy-rays and benzene was
antagonistic. (2) The four agents could all obviously cause decrease in testis weight index, and
v-rays, benzene and CO could markedly reduce the number of sperms and increase the ratio
of aberrant sperms. The interactions between v-rays and benzene for the decrease in testis
weight index and for the elevation of the ratio of aberrant sperms were synergistic. (3) CO
could cause decrease in total amount of lencocytes, thrombocytes and hemoglobin, and toluene
cause decrease in lymphocytes. (4) Gamma rays irradiation combined with inhalation of ben-
zene, toluene and CO could produce significant interactions which were mainly synergistic, and
CO, when combined with vy-rays, benzene and toluene, could cause obvious effects on gland.
KEYWORDS ~-rays, Benzene, Toluene, CO, Combined effect, Interactive factor
CLC Q345, Q691, Q504, R818.03

Research on the combined effects of ionizing radiation with other physical or chemical agents
is an important field in radiation protection. An excellent review and in the field was published by
UNSCEAR in its 1982 report.[!] Previous studies concerning combined effects mostly deal with two
agents. In some circumstances, however, the number of agents involved is obviously far more than
two. For example, y-radiation, radon and its daughters, uranium ore dust, diesel engine exhaust
fumes, and other substances exist in a uranium mine!?, and in a nuclear-powered submarine, there
exist noise pollution, and a great many trace gases, in addition to y-radiation(®3]. The combined
effects of y-radiation and multiple agents are very complicated and difficult to study, particularly
in the case of chronic and prolonged effects. In this study the combined effects of simultaneous
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v-rays irradiation in combination with benzene, toluene and carbon monoxide inhalation were
observed with emphasis on the analysis of the combined effects on rabbit hemocytes and sex
gland.

1 Materials and methods

The experiments were conducted in a simulated chamber with an inside diameter of 3.17m
and height of 2m. Gamma irradiation was carried out with a %°Co 4 point source, from which
the distance to center of the chamber is 3.16m. Doses of whole-body v irradiation for all animals
at same dose levet were the same and exposures of the 2 sides of animal body were identical.
During the experiments the concentrations of three gases in air in the chamber were steadied with
a special gas flow system.

1.1 Experimental animals and groups

Ninety healthy male rabbits with a weight of 3.20+0.25 kg and age of 6~7 months were
divided into 9 groups, eight of which were experimental groups designed in terms of four-factor-
two-level orthogononal layout[Lg(27)] program and one was the control. There were 10 anirals
in each group. The animals were simultaneously exposed to y-rays, benzene, toluene and CO
vapor for 2h a day, and 5 days a week for a period 8 weeks.

1.2 Exposure levels of agents

Exposure levels to different agents were simply graded into two, i.e. the high and low levels,
which were numerically represented by 1 and 2. The two dose-levels of these agents were: for
7y-rays radiation 0.0375Gy/d (y1) and 0.0075Gy/d (y2), and for benzene(B), toluene(T) and CO.
182433 (B1) and 40+15mg/m?® (B2), 407+68mg/m3(T1) and 90+29mg/m> (T2), 278+8mg/m3
(CO1) and 93+4mg/m?® (CO2), respectively. The cumulative dose of y-rays irradiation was 1.5
Gy(1) and 0.3 Gy(2). The animals in the control group were not exposed to any agents.

1.3 Observed effects and methods

The observed effects in this study included chromosome aberrations, frequencies of sister
chromatid exchanges (SCEs) and micronuclei of lymphocytes, and chromosome aberrations of
bone marrow cells, ratio of aberrant sperms, testis weight index and number of sperms. The
culture and preparation of lymphocytes were done according to the literatures.®:8) Chromosome
analyses were carried out in metaphase of cells containing 44 centromeres. All detectable aberra-
tions but the gaps were recorded. The observed chromosome aberrations included the dicentric
plus ring (dicentric, centric ring and polycentric chromosome ), the acentric (terminal deletions,
minutes and acentric rings), aberration cells(chromosome type aberration cells), total aberrations
and total aberration cells (chromosome type and chromatid type). The number of cells scored
per rabbit was 200 for chromosome aberration and 30 for SCE. The Cyt-B method by Fenech M.
et all”l was used for measuring micronuclei. In the measurements of micronuclei in lymphocytes.
500 binuclear cells were observed in each sample of blood, and the diameter of micronuclei (ap-
pearing as round or ellipse, separating from its main nucleus or tangent with one) was less than
one third of its main nucleus.

The testis weight index was the ratio of weight of both testes of the animal at the time when
it was killed at the end of the experiment to the body weight before its slaughter. The number
of sperms was counted with the method proposed by Wang Sheng, et al[® The ratio of aberrant
sperms was a percentage of that in 1000 sperms examined per animal. The method used for the
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examination of aberrant sperms and other details could be found in published articles.”]

2 Results

Test results of combined effects are shown in Tab.l to 4, and corresponding effects were
different between the two dose levels, and the results of significance tests (F-test. variance test)
by orthogonal design for different agents are listed in Tab.la to 4a.

2.1 Chromosome aberration, micronuclei and SCEs in rabbit lymphocytes

Test results showed that (1) under the present experimental conditious the yields of chro-
mosome aberration, micronuclei and SCEs/cell in lymphocytes for different test groups were all
higher than that of the control. The significance test indicated that the differences in effects
between the two levels were significant (p <0.01); (2)when the dose level was raised. y-irradiatiou
could markedly increase the yield of chromosome aberration, micronuclei and SCEs/cell (p <0.01).
and the same results were found for benzene and toluene with acentrics as an exception. (3)
Gamma radiation coupled with benzene could markedly indnce dicentrics+rings and micronu-
clei (p <0.01), and the combined effect of y-radiation and toluene could induce aberration cells
{p <0.05), and benzene in combination with toluene had significant effect on inducing acentric
and aberration cells. However, no effect was seen for CO, which showed CO had no effect on
lymphocytes.

Tab.1 Yields of chromosome aberration, micronuclei and SCEs in rabbit
peripheral blood lymphocytes

Test Dose levels Chromosome aberration/% Mn Mnc  SCEs/C

groups ¥ B T CcO D+r Ace Abc Tabc / %o / %
1 1 1 1 1 1.80 1.70 3.50 3.60 25.1 21.4 4.35
2 1 1 2 2 1.30 1.30 2.55 2.60 22.2 19.6 4.22
3 1 2 1 2 1.05 1.40 2.45 2.45 19.2 17.6 4.05
4 1 2 2 1 0.55 1.95 2.35 2.35 17.8 15.8 3.98
5 2 1 1 2 0.40 1.05 1.45 1.75 9.2 8.6 4.20
6 2 1 2 1 0.15 0.70 0.85 0.95 7.8 7.0 3.88
7 2 2 1 1 0.22 0.44 0.60 0.60 7.2 6.8 3.82
8 2 2 2 2 0.05 0.80 0.85 1.05 5.8 5.8 3.76

Control 0.00 0.30 0.30 0.40 3.0 3.0 3.59

Note: B=Benzene, T=Toluene; D+r=Dicentrics+rings, Ace=Acentrics, Abc= Aberration cell,

Tabc=Total aberration cells, Mn=Micronuclei, Mnc=Micronucleus cells

Tab.1la Differences of effects in chromosome aberration, micronuclei and SCEs

in rabbit peripheral blood lymphocytes between two dose levels (F-test)

(Tx CO) (BxCO) (vxCO)
Index ¥ B vxB T vxT BxT CcO
D+r 0.97® 0.45 0.31® 0.350® 0.15 0.02 - 0.02
Ace 0.84(%) 0.04 - 0.22(2 -0.04 -0.04 0.42(» 0.06
Abc 1.73(3) 0.51(2) 0.12 0.36(%) 0.16(" 0.41¢%) 0.01
Tabc 1.65(2) 0.60(? 0.10 0.38(%) 0.17 0.52(%) - 0.07
Mn/ % 13.58(2) 5.58(2) 1.58(%) 1.78®) 0.38 0.38 0.28
Mnc/ % 11.55(2) 2.65(%) 1.15) 1.55(2) 0.15 0.15 - 0.15
SCEs/C 0.24(% 0.26(%) 0.01 0.15'% 0.05 0.08 - 0.05

Note: (Mp <0.05, (2)1) <0.01, yxB, yxT, BxT, represent the interaction between v and benzenc,

v and toluene, benzene and toluene respectively, etc.
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2.2 Chromosome aberration of rabbit bone marrow cells

The frequencies of chromosome aberration in rabbit bone marrow cells in all 8 test groups
were higher than that in the control (Tab.2; p <0.01). The frequencies of acentric, aberration
cells and total aberration induced by 9-rays, benzene and toluene at high level were significantly
higher than those at low level, which indicated the three agents could all induced chromosome

aberrations.

Tab.2 Frequencies of chromosome aberration in rabbit bone marrow cells

Test Dose levels Chromosome aberrations/%
groups 5y B T cO D+1: Ace Abc Tabc
1 1 1 1 1 0.30 2.75 3.05 3.25
2 1 1 2 2 0.20 2.60 2.80 2.90
3 1 2 1 2 0.20 2.50 2.70 2.80
4 1 2 2 1 0.20 2.15 2.35 2.60
5 2 1 1 2 0.20 0.95 1.15 1.70
6 2 1 2 1 0.10 0.95 1.05 1.45
7 2 2 1 1 0.05 0.90 0.95 1.25
8 2 2 2 2 0.05 0.78 0.83 1.11
Control 0.00 0.35 0.35 0.60

Note: B=Benzene, T=Toluene; D+r=Dicentrics+rings, Ace=Acentrics, Abc= Aberration cell.
Tabc=Total aber-ation cells

Tab.’a D/fferences of effects in chromosome aberrations in rabbit bone

marrow cells between two levels (F-test)

(Tx CO) (BxCO) (vxCO)
Index ¥ B vxB T ¥xT BxT CcO
D+ 0.130) 0.08 -0.03 0.05 0.00 0.05 0.00
Ace 1.61¢) 0.23'% 0.12 0.16 0.10 -0.08 -0.02
Abc 1.73¢) 0.31(® 0.10 0.21® 0.10 -0.03 -0.02
Tabc 1.510) 0.39(2) - 0.01 0.24(?) 0.04 0.07 0.01

Note: (’)p <0.05 (z)p <0.01, yxB, ¥xT, BxT, represent the interaction between v and benzcne.

v and toluene, benzere and toluene respectively, etc.

However, F-test showed that the interactions among y-radiation, benzene and toluene were
not significant (p >0.05) under the present test conditions. The differences of various effects
between two concentrations for CO were much smaller and within the permissble error (p >0.05),
which indicated the frequencies of chromosome aberration in bone marrow cells were not affected
by CO.

2.3 Effects on sex gland

The effects of agents on sex gland are listed in Tab.3. The significance tests showed that all
the four agents could obviously induce certain effects on gland (Tab.3a). Even if all the agents
were at low level, the ratio of aberrant sperms was significantly elevated as compared with that of
the control group (p <0.01). Gamma radiation, benzene and CO could all decrease testis weight
index and number of sperms, and increase the ratio of aberrant sperms (p <0.01). Benzenc had
negative influence on testis weight index (p <0.01). There were significant interactions between
gamma radiation and toluene exposure for decreasing testis weight index and increasing the ratio
of aberrant sperms. It should be pointed out, in particular, that CO coupled with other three
agents exposure had effects on sex gland.
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Tab.3 Effects on rabbit sex gland (z £ s)*

Test Dose levels Testis weight No of sperms Aberrant rite
group v B T CO index/% /x10*mg sperms/%
1 1 1 1 1 0.111+0.44 2.61+£3.30 13.1443.90
2 1 1 2 2 0.17+0.02 6.89+3.16 6.691+0.76
3 1 2 1 2 0.1110.02 2.10+2.80 10.57£2.56
4 1 2 2 1 0.131+0.03 3.45+1.67 8.01+1.37
5 2 1 1 2 0.181+0.03 6.361+1.96 5.431+0.61
6 2 1 2 1 0.161+0.02 7.16+3.99 5.371+0.68
7 2 2 1 1 0.121+0.04 (2.45)° 6.2940.82
8 2 2 2 2 0.1640.04 11.8949.14 5.3242.51
Control 0.1440.03 7.731+4.62 3.73+1.13

Note:*Owing to an unexpected loss of experimental data, the number here was an estimation of

analysis with orthogonal design method

Tab.3a Differences in effects on rabbit sex gland between two levels (F-test)

(Tx CO) (BxCO) (yxCO)
Index v B vxB T yxT BxT coO
Testis weight index/% 0.03M  0.03M 001 -0.031D —0.021) 001  -0.02(D
No of sperms/x10*mg  -3.25(!)  0.73 1.24  -3.920 110 138 -z.84
Rate of aberrant sperms/%  4.00() 0.1 0.52 2.51(0 2,00 0.75 1.20t")

Note: (Y)p <0.01; The meanings of other symbols are the same as in Tab.la
2.4 Effects on peripheral hemogram

The differences in peripheral blood hemogram between different test groups were not signif-
icant (Tab.4a). When compared with the control, all other data were not statistically significant,
except for an increase in thrombocytes (p <0.01) for group 2 and 5.

Tab.4 Effects on rabbit peripheral hemogram(relative, T + s)*

Test Dose levels WBC Lymphocytes Hemoglobin Thrombocytes
group vy B T CcO
1 1 1 1 1 0.9410.02 0.8440.25 0.9540.11 0.83+0.28
2 1 1 2 2 1.4240.66 1.20+0.71 1.0310.15 1.65+0.86
3 1 2 1 2 1.1740.49 1.00+0.59 1.0240.37 0.651+0.46
4 1 2 2 1 0.97+0.48 1.08+1.04 1.014+0.13 0.85+0.53
5 2 1 1 2 1.3140.82 0.731+0.33 1.1440.15 1.51+0.83
6 2 1 2 1 1.18+0.51 1.08+0.67 1.01+0.10 0.841+0.22
7 2 2 1 1 0.8310.25 0.7840.2¢9 0.8940.08 0.94+0.34
8 2 2 2 2 1.10+0.39 1.1610.82 1.0440.11 0.661+0.14
Control 1.2340.56 1.1810.45 1.001+0.17 0.7540.20

Note: *Relative to beginning of the experiment

Tab.4a Differences in the results of rabbit peripheral hemogram between
two levels (F-test)

(Tx CO) (BxCO)  (yxCO)
Index ¥ B vxB T ¥xT BxT CO
WBC 0.02 0.20 -0.08 -0.11 -0.04 -0.07 0,273
Lymphocytes 0.09 -0.04 0.02 -0.301) 0.07 -0.06 - 0.08
Hemoglobin -0.02 0.04 -0.07(") -0.02 -0.01 0.05 -0.09%)
Thrombocytes  0.00 0.43(» 0.06 -0.02 -0.49(» -0.06 - 0.25%

Note: (Vp <0.05, (?)p <0.01, Other symbols are the same as in Tab.la
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F-test indicated that toluene could decrease lymphocytes (p <0.05), and CO could cause
an obvious decrease in WBC, hemoglobin and thrombocytes counts, and <v-radiation in com-
bination with toluene exposure could also caunse significant decrease in lymphocytes (all were
very significant, p <0.01). However, benzene could increase thrombocytes, which remain to be
elucidated.

3 Discussion

An important problem in the study of combined effects is to determine the features (an-
tagonism, additivity or synergism) of interaction among investigated agents and the degree of
interaction (to be indicated by “interactive factor”). These terms have becn defined by UN-
SCEAR in its 1982 reportll]. To put in brief words, if Scom is the combined cffects produced by
the agents involved and S, the sum of effects caused by these agents separately. and w = Sco1/Sa
is known as interactive factor, the features of this interaction can be referred to as antagonism,
additivity and synergism when w <1, w=1 and w >1.

Although the definitions of interacting factors and the above terms in UNSCEAR 1982 report
are aimed at two agents, the concepts relative to these terms are applicable to these situatious,
in which the number of agents involved are more than two.

In the present study, due to lack of the experimental data about the effects of the above four
agents acting alone and also due to the fact that data cannot be directly calculated by orthognal-
design analysis, it is difficult to acquire interacting factors. According to the characteristics of
orthognal layout [Lg(27)] program, the w can still be calculated by means of the tests data shown
in Tab.1~4.

If Ey represents the difference of a special effect between test group k (k=1,2.3, ---. 7) and
group 8 in Tab.1~4, then the Fy is just the increment of combined effects of four (for test group
1) or two agents from low exposure level to high level. Consequently, the Ej can be associated
with following equality:

Ei=E,+Eg+Er+Eco+E,xp+ Eyxt+ Eyxco + EsxT + BBxco + ErTxco
where E; (i=y, B, T and CO) is the increment of the effect of agent 1 acting alone, and Fj; (i and
j=7v, B, T, CO; i#j) is one caused by interaction between i and j. Similarly, it is not difficult to
understand the following relationships:

E;=E,+Ep+E,«; F3=E,+ Er+ Ey7..

If Eq is the sum of the increment of the effect caused by four agents separately due to
increasing exposure level, it can lead to the equality Eq = E, + Eg + E1 + Eco = (ZZ:Z Eg -
E;)/2 by making use of these relationships. Because E; is the increment of the effect by the four
agents on acting simultaneously, hence, w can be written as w=FE,/F4. w values caused by the
four agents were listed in Tab.5.

Tab.5 Certain w values produced by the four agents

Peripheral blood lymphocytes Sex gland
Effect D + r Ace Abc Tabc Mn SCEs/C Rate of aberrant Number of Testis eight
sperms sperms index
w 2.16 1.58 2.07 2.67 1.31 1.18 5.97 0.65 2.50

All w values in Tab.5, except the number of sperms, were more than one, which shows that
the combined effects caused by vy-rays in combination with the other three agents were mainly
synergistic.
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It should be pointed out, in particular, that the w values for dicentric+ring, acentric, aber-
ration cells, total aberration ,and testis weight index were more than two, whereas w for the ratio
of aberrant sperms was as high as 5.97.

Previously, when a medical standard against certain agents was made or when effects on
human health in a multi-factor environment was analyzed, the materials (or data) provided were
usually from studies of the effects of separate agents, and their interactions were not considered.
Our present study indicated that effects of pure interactions caused by several agents may be
much greater than the sum of individual effects of the agents acted on alone. Consequently. with
regard to a multi- factor environment, we must take account of the interacting effects of certain
contributing agents.

It is noted that all agents in test group 8 were under the “low-level” condition. The rela-
tionship between the concentration of each gas and its permissible value in air can be seen as
follows: ratio of the total amount of gas inhalation between the exposure of 2 h a day and the
exposure at permissible concentration of 24 h a day is 0.96, 0.65 and 0.65 for benzene, toluene and
carbon monoxide respectively. In addition, according to our foregoing chronic «-rays irradiation
experiments in which exposure conditions were same as the present one, changes in cytogenctic
effects of y-rays dose at 0.3 Gy were not obviously seen (p >0.05) when compared with the con-
trol. However, the differences in effects between Group 8 and the control were significant. It
indicated that we must take account of the effects of combined effects by benzene, toluene and
CO when working out protective standards of permissible concentrations of these agents in air in
a multi-factor environment where there exsist the three gases.

The experimental results showed that CO had no cytogenetic effects, but it could significantly
decrease the number of sperms and increase the ratio of aberrant sperms. It has been reported(t°!
that CO combined with high temperature exposure could intensify lesion to testis. The present
studies indicated that CO combined with y-rays benzene and toluene had significant synergistic
effect on the lesion of sex gland.
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v SRR EINRAE, BFEFCOMRENEESEH
THAX %Ml T24 B B WIET
(BEELFRF LW 200433)

WE TRT + HABHFERBRAZR, FEM CO EMESHNY, I T XM A4 H &
ZEAEAE AR (B AAmEE) . 90 RERSM 9 4, 1% Ls(27) EXRFEIRITHFTINE
RKTH 8 HILE, B—4AX A, FERUPHHBRRKTESE: v HLH 0.0075Gy/d
1 0.0375Gy/d; &K A 40+15mg/m> Fl 182433mg/m>; FHEA 90+£30mg/m> F 407+68mg/m>:
CO 4 93t4mng/m> §1 278+8mg/m3 , BB LRIEF M PIEST, §X 2 84 5d. #ee s A,
LR Z AN LT T AR, &8 (V) HEARETF U EEYES
Y RO 5 194~ (R 2 B A F P AR BRSBTS H A (w), SHREL AR SUE L AN, &
Zh . BRI, EEFAR, A% R SCEs/C 4y5I% 2.16 . 1.58 . 2.07 . 2.67 . 1.31 1 1.18.
XTRFEAS FRREE 5.97 . XEBEERSERZAMHEEEREERHRER (@ >1). =
EH oy HEGE SR DA TE LR IRTAER. (2) v 4. %, FEM CO AR E#3
BRAERHPRML; + HER. FEM CO EIEMTRRIUNBERFEES, +HAS
X RIS ERERP RSN ER TRA R ENH RS EAER. (3) COBESBE M
B¥ MU/MREMAES BERD, PREGKOARKLS, (1) v HL, BMEEMELE
SEYHY RAEREEFNHEER; CO EEHEZAWARITE AR EAES IR B %W
W

XEE v BT K WE, COo, HEARN, MEAERMETF

hES#ES Q345 Q691, Q504, R818.03
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