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Abstract Rat tissues have been examined irl ririo for their ability to accumulate paraquat or diquat 
to concentrations in cxccss of those present in the incubation medium, With a concentration of 10.’ M. 
lung slices wcrc ahlc to accumulate paraquat to concc‘ntrations nearly ten times that of the medium. 
and brain slices to concentrations douhle that of the medium. over a period of two hours. Ncithcr 
slices ol’lung nor brain accumulated diquat significantly from a concentration in the medium of IO’ ’ M. 
The accumulation of paraquat by brain slices. like that of lung slices. has been shown to hc encrgy-de- 
pcndcnt. Other organs cxamincd showed littlc. il” any. ability to accumulate tither p2ivdqll:it or diquat. 
Lung shccs l’rom dog. monkey and rabbit have also been shown to possess the ability to accumulate 
paraquat ijl rirro. Al’tcr oral dosing of paraquat to rats. the lung concentration incl-cased with time 
to six times that ol’ the plasma after 30 hr. Other organs. with the cxccption of the kidney. did not 
conccntratc paraquat to the Same extent. Kidney concentrations after oral dosing of hoth paraquat 
and diquat wcrc high throughout the period of time studied. It is. thcreforc. suggested that the apparent 
sclcctivit) cuhibitcd hy paraquat for the lung is associated with the accumulation pr-occss. 

Paraquat ( I. I ‘-dimethyl-4.4’~bipyridilium) and diquat 
(1. I’-ethylene-3.2’~bipyridilium) arc closely related 
non-selective herbicides with a similar mode of action 
against plants [I], Despite very similar chemical. 
herbicidal and biochemical effects [Z], they have dif- 
ferent toxic eEects in mammals; paraquat seriously 
damages the lung [X4]. whereas diquat does not [S]. 

After oral administration to rats. the compounds 
arc poorly absorbed from the gastrointestinal 
tract [6.7]. After subcutaneous injection into rats. 
90’!,, is excreted unchanged into the urine in the first 
24 hr and there is no evidcncc of metabolism [6]. 

The discovery of cncrgy-dependent accumulation of 
paraquat by slices of rat lung [X] suggests a possible 
reason for the propensitv exhibited by paraquat for 
damaging the lung. In this study, other organs have 
been examined for their ability to accumulate para- 
quat and diquat. Lung slices from other species have 
also been compared with those from rat in their abi- 
lity to accumulate paraquat. The relevance of ac- 
cumulation to tissue damage is discussed in the light 
of these measurements. 

~l.-ZTF.RIALS AUD METHODS 

Methyl-“C paraquat (sp. act. 30 mCi/mmole) and 
ethylene-‘“C diquat (sp. act. 29 mCi,‘mmole) were 
purchased from the Radiochemical Centre. Amer- 
sham. 

The animals used in this study were all males and 
were as follows: rats. Alderley Park (Wistar-derived) 
specific pathogen free; dogs. (inbred beagles); rabbits 
(New Zealand Whites): monkeys cynomologus (MU- 
cacu .fu.scicz,laris). 

Prc~~~rutio~ sf’ rissr,c, slicc~ Animals were killed 
with halothane and selected organs rapidly removed 
and placed in Krebs+Ringer phosphate buffer at r.t. 
Tissue slices of lung. liver. skeletal muscle. kidney cor- 
tex. heart. brain cortex and spleen wcrc prepared by 
hand or by using a modified Stadic--Riggs tissue 
slicer 191. Adrenals were quartered and small intestine 
was cut into rings. Slices of skin were cut using a 
keratotomc. The wet weights of tissue slices ranged 
from 20 to 60 mg. 

Inc~hutior7. Slices were weighed and incubated in 
a modified Krebs- Ringer phosphate medium (3 ml) 
containing NaCl (130 mM). KC1 (5.2 mM). CaClz 
( I .9 mM). MgSO, ( 1.29 mM). Na,HPO, ( 10 mM) and 
glucose (11 mM). The pH of the buffer was adjusted 
to 7.4 with HCl. In addition the incubation medium 
contained 0.1 !ICi of either 14C-paraquat or 14C-di- 
quat. together with the required concentration of un- 
labelled bipyridyl. Incubation was carried out in air, 
or in the case of brain tissue. in oxygen. with shaking, 
at 37 

Bip>CdvI III(‘(~SIII’(‘IIICII~ irl ,slicc~.s. Slices were removed 
from the fncubation medium and washed bv transfer- 
ring them to fresh medium without bipyridyl. They 
were then carefully blotted. dissolved in I ml Solucne 
(Packard Instrument Co Ltd) and radioactivity 
measured after addition of IOml Dimilumc scintil- 
later (Packard Instrument Co Ltd) using a liquid 
scintillation spcctromcter. Samples of the medium 
(0.1 ml) were diluted to 1.0 ml with water and radioac- 
tivity measured after addition of IO ml Instagcl scintil- 
later (Packard Instrument Co Ltd). Counting rffi- 
cicncy was determined by the addition of an internal 
standard and all counts wcrc converted to disinteg- 
rations per minute. 
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dosed wit11 6X0 jcmolcs,~kg body-wcigltt of ‘*C‘-hipyri- 
dyl orally as dcscribcd pr-c~&usly [7‘j. Thq wcrc 

killd with lialotilane at various iimcs up to .N 111 

after dosing. the organs rcniovcd and hipyridgc dctcr- 
mined cithcr 17) o\ldatinn of the tissue to ‘“CO2 IIS- 

ing :in O~ynat (Intcrtechniquc Ltd) or aftct- solubili- 

sat ion of the tissue in Soluenc as Jcscrihcd for tissue 
slices. 

C//W& ~~~‘~Jf~~~~~~f~~/~ hj. .siicfr Oj’ Ivfl li.sSW. Slices of 

riot lung ~~CcuniLil~t~d parayuat linearly [S] for two 
hours achieving ~~~~l~entr~~t~~~ns ten times higher than 
present in the inc~b~ti~~n medium (Table I). Apart 
from lung slices, slices of brain corl~‘x were the only 
other tissue slices studied which were able to accumu- 

late paraquat to a concentration in excess of that in 
the medium (Table I). The uptake observed with 

brain slices was non-linear and was reduced when 
qanide and iodoacetate were included in the incuba- 
tion medium (Fig. I ). Brain slices are known to swell 
on incubation it1 rifr’o [IO] and this swelling is exacer- 
bated in the presence of inhibitors of energy produc- 
lion [I I]. The water content of brain slices was. there- 

fore, measured and increases in wet weight were 

assumed to be due to uptake of medium. The para- 

yuat present in this volume of medium was then GII- 

culatcci and subtracted Ram Ihe total parayuat found 
in the slice. Little. if an>, dittcrence was observed 
when correctlons were applied to the uptake of para- 
quat in the absence of inhibitors but a considerable 

proportion (>W’,,) of the paraquat in slices in the 
presence of the inhibitors could be ascribed to uptake 

of medium through swelling (Fig. 1). T~LIS. after cor- 
rcction, it can be seen that accumulation of paraquat 
by brain slices was \,irtually stopped by the prcsencc 
of inhibitors of cnerpy production. Time, ml” 

Fig. I. ,~~~urnui~lti~~n of paraquat by dices af r;tt brain. 

Sliccz. of ml brain atrtex were incubated in Krebs Ringer 

pl~~~ph~t~--~l~Ieff~e medium as described in the Methods 
section. with 10 “M paraquat (01 cr with 10 “M pnrayuat 
and KCN (10 -“Ml plus iodoacetatc (iO_“M) in). The par- 
aqua present in slices was also corrected for swelling in 
the presence of KC”N plus iodoacetate {A). The points rep- 

rc~nt the means :i_ S.F.M with the numhcr of slices used 
in parenthehea. 
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Acew&tion of’pamq~tat by slices of lung jkom d$ 
fcrunt species. Slices of lung from dog, monkey and 
rabbit all showed the ability to accumulate paraquat 
in the same way as slices of lung from rat and 
man [7.8]. Kinetic analysis [I21 of the accumulation 
process for each of these species indicates that it 
obeys saturation kinetics and an apparent V,,,, and 
K, for each has. therefore. been calculated (Table 5). 
The apparent K, values are all in the range of 
2- 7 x lo-” M. whilst the V,,, values vary from IO 
to 300 nmoles/g/h. 

DISCCSSION 

The metabolic activity of lung and brain slices 
is impaired if they are chilled during prep- 
aration [i3, 141. Accordingly. in this work, lung and 

brain slices were prepared without cooling the tissue 
and the same conditions were used for the prep- 
aration of slices from the other tissues studied. The 
uptake of either bipyridyl by liver or kidney cortex 
was. however. unaffected by whether the slices were 
cut from chilled tissue or tissue kept at room tem- 
perature. 

Diquat was only accumulated significantly by kid- 
ney slices (Table 2). After oral dosing, the concent- 
rations of diquat found in kidney, adrenal and liver 
relative to that of the plasma, suggest that all of these 
organs have some ability to either accumulate or re- 
tain diquat (Table 4). 

Paraquat was markedly accumulated by lung slices 
and significantly accumulated by brain slices (Table 
I). and energy is required for this uptake [S] (Fig. 
1). After oral dosing. the lung concentration after 

Table 2. Accumulation of diquat by slices of rat tissues. 

nmoles of diquatig wet 
weight tissue 

1 hr 2 hr 

Lung 0,5 I + 0.02 (4) 0.57 * 0.02 (4) 
Brain cortex 1.19 * 0,07(5) 1.38 f 0.05 (9) 
Adrenal 0.58 f 0.02 (5) 0.66 + 0.08 (9) 
Kidney cortex 2.00 i 0.05 (5) 2.01 f 0,13(9) 
Muscle (skeIeta1) 095 + 0.08 (6) 0.89 i 0.07 (8) 
Liver 1.35 + 0.19 (6) 162 * 0.06 (8) 
Skin 0.37 + 0.02 (5) 053 f 0.08 (5) 
Heart 0.97 + 0.04 (6) 1.12 + 0.09 (8) 
Small intestine 0.74 * 0.04 (5) 097 * 004(5) 
Spleen 0.22 * 0.01 (5) 0.29 + O.Ol(5) 

Slices were prepared as described in the Methods section and incubated in the 
presence of IO-* M diquat. The results are expressed as the mean + S.E.M. with 
the number of slices used in parentheses. 

Table 3. Paraquat concentrations in rat tissues after oral administration of 680/1moles/kg body weight. 

nmolrs paraquat/g wet weight tissue 
Hr after dosing 

2 4 18 30 

Brain 6.X t 3.2 (4) 0.81 + 0.08 (4) 1.5 * 0.1 (4) 3.1 * @3(4) 
Lung 16.5 + 2.2 (8) 17.0 * 1.6 (8) 29% k 2.7 (8) 86.6 + 17.2 (7) 
Liver 20.8 ?I 6.8 (7) 8.9 + 1.7(8) 116 f 1.7(8) 20-4 i 3.1 (7) 
Kidney 75.0 4 IF1 (8) 54.9 * 18.1 (8) 57-7 + 3-1 (8) 108 + 22(7) 
Adrenal 12.8 i 2.5 (8) 30.1 15.4(X) + 16.1 2 1,5(8) 262 f 6.5 (7) 
Muscle 4.8 Sr O-4(8) 5.2 f 2-I (8) 5-2 + l.1 (8) I I.0 & 2.7(7) 
Plasma 14.0 ri: 3.7 (8) 6.6 1.0(8) + 8.0 & 0.6(8) 13.8 + 2.9 (7) 

Values arc expressed as mean + SEM with the number of animals in parentheses. 
-- _ 

Table 4. Diquat concentrations in rat tissues after oral administration of 680,~moles/kg body weight 

nmoles diquat/g wet weight tissue 
Hr after dosing 

2 4 17 

Brain I.1 * 0.3 (4) 0.86 0.08 (3) If: 1.2 2 0.4 (4) 
Lung 3.8 + 0.7 (4) 5.6 If: o-8 (3) 5.9 f 1.6 (4) 
Liver 61 + l%(4) 7.9 + 1.7(3) 13.9 * 4.0 (4) 
Kidney 23% i 46(4) 59.0 _F 21.1 (3) 48.4 + 10.8 (4) 
Adrenal 7.5 i: 2.0(4) 14.3 8.6 (3) * 12.8 i 7.0 (4) 
Muscle I ,2 1: 0.2 (4) 2.9 + 1.8(3) 2.2 + 0.4 (3) 
Plasma 5.0 + 1.2 (4) 5.3 2.1 (3) * 6.3 f 2.3 (4) 

._ 
Values are expressed as mean + S.E.M. with the number of animals in parentheses, 

30 

1.2 * (4) OS 
6-O f 2.5 (4) 
96 f 3.1 (4) 

54.0 + 33.6 (4) 
16-o f 7.5 (4) 
4.6 ) I .3 (4) 
6.6 * 3.5 (4) 
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Table 5. Kinetic constants for the accumulation of paraquat by lung shces from 
different species. 

Do&l 
Monke! 
Rabbit 
MLlll3’ 
R,,t”* 

Lung shces WL‘I’C prepared as desct-ibcd in the Mcthoda hcctlon. and incubated 
Lvith a range of concentrations of paraquat (c). Rata of ;~ccumuIutmn (\I WCIC 
mcasurcd o\cl- 2 hr and th c ahovc constants der-ivcd from plots of I I against 
I L‘. 

* Data from RIZ!J 4. 36Y 371. 
**Data from Nrrruw 252. 54X1 314-315. 

30 hr clearly reRected the ability of this organ to ac- 
cumulate paracluat (Table 3). The brain. howccvcr. did 
not show any cvidencc of accumulating paraquat in 
riro. the concentration prcscnt in brain being below 
that of tho plasma at each time point measured (Table 
3). This almost certainly rcflccts the poor pcnctration 
of paraquat through the blood brain barrier. The kid- 
nc!. adrenal and liver. as with diquat. appear to have 
sonic ability tither to accumulate or rctnin paraquat 
since at most timcs the concentration prcscnt in these 
organs excecdcd that of the plasma (Table 3). 

Following cquimolar oral doses of paraquat and 
diquat. the concentration of diquat in the plasma was 
approximateI) half that of paraquat. Kidncq. adrenal 
and liver do not discriminate between parayuat and 
diquat. and concentrate or retain the compounds to 
the same extent in relation to the concentration prcs- 
cnt in the plasma. Thcsc organs have also been re- 
ported to bc damaged after both paraquat and diquat 
poisoning in man and experimental animals 
[ 15, 4, 16. 51. The lung, however, accumulates 
parnquat vcr!’ much more effectively than any other 
organ euamincd. This s&ctivitJ must bc ;I primal-1 
factor in the development of lung damage and cx- 
plains whg this organ is the mobt sevcrcl! atfectcd. 

Lung slices from the species so far cxammcd have 
all shown the :thilitJ to accumulate paraquat (Table 
5). Lung slices from dog or monkey are rclativelq 
poor at accumulating pxaquat \vhcn compared with 
those from man or rat. Thus. from the point of bicw 
of para~uat accumulation by the lung. the rat is a 
good cxpcrimcntal model for man. 

Although the lungs of all species studied shoticd 
the ability to accumulate paraquat. rabbits have been 
rcportcd to bc resistant to lung damage after para- 
qwt [ 171 whilst dogs. monkeys. rats and man arc sus- 
ceptiblc to lung dnmagc [-I. IX]. Other factors apart 
from the intrinsic ability of the lung to take up para- 
cluat must therefore pIa!, a part in dctcrmining 
whether damage \vill occur in ;I pivcn species. Two 

such factors are : 
(I) the attainment and maintcnancc of significant 

conccntrutions of paraquat in the lung irl IYW and 
(2) the sensitivity of those cells accumulating para- 

cluat to damage by a given concentration of paraquat. 
The rabbit lung does not appear to retain para- 

quat as effectively as that of the rat [I91 and may 
also bc more resistant to damage. However. the dil?cr- 

cncc bctwcon the rabbit and other spccics might be 
more apparent than real since. in those studies carried 
out with rabbits. the parayuat was administcrcd 
either intrapcritoneall~ ot- intravenously. and this I\ ill 
have Icd to very high initial plasma concentrations 
followed by :I trapid ILlI [N]. conditions which 1% ill 
tend to maximise damage to organs other than the 
lung and minimisc accumulation. It is perhaps rclc- 
vant that most of the mortality in those studies oc- 
curt-cd in the first 34 hr after dosing. with no apparent 
histological damage that could account li)r 
death [ 171. 

From studies of the uptake of patxluat b> zliccs 
of rat lung [Xl. i/l rifro. 2 rate of 30 30 nniolcs par;i- 
quat.p wet weight. hr is prcdictcd from ;I conccn- 
ration of 10 ,BM in the incubation n~ediun~. A con- 
ccntration close to this was maintained in the plasma 
after oral dosing (Table 3) yet the apparent rate 01 
accumulation was 4 6 nmoles~ghl-. This diffcrcncc in 
rate of uptake might Iroflcct diffcrcnces in the bchav- 
iour of tissue slices i/l rifi‘o from lung i/l c’ir.o 01. it 
might bc due to the prcscncc of circulating ado- 
gcnous inhibitors which slob down pal’acluat uptake 
i/l r,iro. Addition of plasma to rat lung slices i/l r/rro 

has been shown to slow down puraquat accumulation 
(Lock and Rose. unpublished work) indicating that 
such inhibitors may well bc present in plasma. 
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