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The production of ascorbate radical (A ° ) was inves- 
tigated in tissues of rats intoxicated with paraquat  (PQ) 
to know the protective role of antioxidant  ascorbate 
( A H )  in tissues. The electron spin resonance (ESR) 
method is appl ied  to observe A ° . To eliminate 
increased biosynthesis of ascorbic acid (AH2) by PQ 
intoxication, ODS rats were chosen and fed with or 
without  250 p p m  PQ in the diet. The radical A ° was 
detected only in the lung and spleen homogenates of 
both intoxicated and control rats at the beginning of 
ESR measurement.  The radical levels of intoxicated rat 
lung and spleen were increased rapid ly  to twice the 
initial level after 3 h and decreased to 0.2-0.6 times the 
initial level after 24 h, whereas those of control rats 
were increased slowly to 1.1 times the initial level after 
4 h and decreased slowly to 0.7 times the initial level 
after 24 h at 4°C. In other organs such as liver, kidney, 
heart  and testis, A °- was not detected initially but  
detected afterwards. Higher A ° level was observed 
in the intoxicated rat liver than the control but  no 
appreciable differences of A ° levels were observed 
between the intoxicated kidney, heart  and testis and 
the respective controls. In the intoxicated rat lung the 
concentration of AH2 is only half but  that of A °- is twice 
as high as that of the control. Larger amounts  of A ° 
produced in the intoxicated rats decayed more quickly 
than those in the control rats. The simple addi t ion of 

PQ to the control organ enhanced neither A ° produc- 
tion nor A °- quenching. These facts suggest that the 
tissues damaged  by PQ require larger amounts  of A H -  
to detoxicate harmful  oxidants, resulting in concomi- 
tant product ion of A °-. 

Keywords: Ascorbate radical, paraquat, ascorbic acid, 
rat mutant, ESR 

I N T R O D U C T I O N  

The  tox ic i ty  a s s o c i a t e d  w i t h  a h e r b i c i d e  p a r a q u a t  

(PQ)  has  g e n e r a l l y  b e e n  a t t r i b u t e d  to the  g e n e r a -  

t ion  of  r eac t ive  o x y g e n  spe c i e s  b y  the i r  r e d o x  

cyc l ing ,  Eli r e s u l t i n g  in o x i d a t i v e  t i s sue  injury.  

T issues  p r o v i d e  s e v e r a l  a n t i o x i d a n t s  a g a i n s t  

d e g e n e r a t i o n  c a u s e d  b y  this  o x i d a n t  s t ress .  

A s c o r b a t e  ( A H )  w a s  r e p o r t e d  to  be  a n  o u t s t a n d -  

i ng  a n t i o x i d a n t  in h u m a n  p l a s m a  c o m p a r e d  w i t h  

p r o t e i n  th iols ,  b i l i r ub in ,  u r a t e  a n d  v i t a m i n  E. [2] 

In a d d i t i o n ,  A H  is d i s t r i b u t e d  in  t i s sues  50-fo ld  
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as much  as in plasma. TM In rat lung A H  was 
more  reactive than glutathione in reducing transi- 
tion metals. I41 When A H -  plays a protective role 

as a reductant,  A H -  itself is oxidized to ascorbate 
radical (A ° ) at first, and then to dehydroascor-  
bate. ml In contrast to the general concept of high 
reactivity of free radicals, A ° is relatively harm- 
less and nonreactive species which decays mainly 
by  disproport ionat ion,  thereby terminating the 
propagat ion of free radical reaction. [61 There have 
been ma ny  reports  on the relation between A ° 
in plasma and some diseases [7"81 or toxicosis. [91 

Al though A °- in tissues has been s tudied in 
tumor  tissues, ~1°'1~1 A ° in tissues after PQ intox- 
ication was not repor ted before. 

To clarify the relation between the PQ intoxi- 
cation and its detoxication by  AH , it is desirable 
to measure  A °- level and its t ime course in 
respective organs. Since the oxidative damages  
are influenced by  the physiological conditions, 
and caused by  various processes such as metal- 
ion release, activation of several enzymes,  and 
disrupt ion of electron t ransport  chains leading 
to mitochondrial  deficits, part icular attention 
is needed  to establish the relation between PQ 
intoxication and product ion  of A °-. Therefore,  
our  exper iment  on the product ion  of A °- is 
designed as follows: (1) ODS ra t s  [12'13] which 

cannot  synthesize AH2 as humans ,  are used 
because the increments of both AH and A °- in 
plasma due  to PQ intoxication were observed in 
ordinary rats which can synthesize A H 2  .[9'14] 

(2) Deferoxamine mesylate  (DFO) or EDTA is 
added  before tissue homogeniza t ion  to eliminate 
the contribution of free transition metals. (3) The 
centrifugation is carried out  with low (500g) and 
high (16 000g) speeds to specify roughly  the cel- 
lular components  which are related to the radical 
product ion  and quenching.  (4) The t ime course of 
radical level at 4°C is compared  with that at 25°C 
to estimate the contribution of enzymatic  activity. 
(5) The control tissues spiked with PQ are tested to 
find out  whether  the larger radical product ion  is 
due  to mere ly  the presence of PQ itself or the after 
effects of PQ poisoning. 

MATERIALS 

Male ODS rats were  purchased from Seiken 
Shizai K.K., Shizuoka, Japan. The composi t ion 
of basal diet except AH2 was wri t ten in our  pre- 
vious work. [15] The supplementa t ion  of AH2 was 
300 p p m  and dosing of PQ was 250 p p m  in the 
diet. Twelve rats weighing 160 ± 9 g were  d iv ided  
into two groups; one group consisted of 6 rats that 
received PQ dosed diet and the other control 
group consisted of 6 rats that received diet with- 
out  PQ. The diets and water  were given freely. 
Rats were housed in individual  cages in a 
tempera ture  controlled room (22°C) unde r  12h 
l i gh t -da rk  cycle. They  were  killed by  cardiac 
punc ture  unde r  light nembutal  anesthesia on 
day  11. The blood was collected by hepar inized 
syringe, and the plasma was separated by  cen- 
trifugation. The gross pathological changes of 
organs were  examined at autopsy. The organs 
such as the lung, spleen, liver, kidney, heart  and 
testis were separated after perfusion with enough 
amount  of ice cold physiological  saline through 
the portal  vein. The homogeniza t ion  was per- 
formed with or wi thout  I mM DFO or EDTA, 
chelator known  to inhibit metal  dependen t  A H -  
oxidation. [161 Since we found that neither DFO 
nor  EDTA altered the result, we later used I mM 
DFO added  sucrose solution for the homogeni-  
zation. Namely,  one gram of each tissue was 
homogenized  by  adding 9 ml (or 19 ml for spleen) 
of 0.25 M sucrose solution containing 1 m M  DFO 
with a polyt ron homogenizer  (Kinematica, 
Switzerland) for 2 min with the lowest  speed 
while cooling in ice. The ul t ra-pure water  having 
specific conduct ivi ty  of 5.5 × 10 .8 [~-1 c m  1 was 
used for the homogenizat ion.  After centrifugation 
at 500g for 2 m in  or 16000g for 5 m in  at 4°C, the 
supernatant  of the homogena te  was used for the 
assay of A ° . 

PQ, DFO and s tandard materials for spin 
concentrat ion (4-amino-TEMPO and 3-carboxy- 
PROXYL) were  purchased f rom Sigma, St. Louis, 
MO, USA, and other reagents used were  of 
analytical grade. 
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TISSUE ASCORBATE RADICAL OF RATS FED WITH PARAQUAT 181 

M E T H O D S  

To measu re  A °-  level, a JEOL JES-FE2XG ESR 
spec t rometer  was  used  with  a mic rowave  power  
of 5 roW and a modula t ion  wid th  of 0.1 mT. The 
spec t rometer  setting was 328.8 mT: sweep  range  
5mT,  sweep  t ime 16min,  response  t ime l s  and  
gain 104 were  adopted.  A 70 gl al iquot of super-  
natant  of t issue homogena t e  was  put  in a quar tz  
flat cell and  all m e a s u r e m e n t s  were  m a d e  with  the 
same  cell. Electron spin resonance (ESR) spec- 
t r um of A °-,  a characteristic double t  (a hyperf ine  
split t ing of 0.18 m T  and a g va lue  of 2.0054), was  
measu red  at 25°C with a small  field (0.5 mT)  scan 
within  I min  after taking out  the sample  f rom one 
of the two containers main ta ined  at either 4°C or 
25°C, respectively. Al though  the t empera tu re  of 
the sample  p rese rved  at 4°C m a y  be raised dur ing  
the ESR m e a s u r e m e n t  at 25°C, no appreciable  
change in signal intensity was  observed  in three 
ESR scans for the same sample .  The radical con- 
centrat ion was de te rmined  by  double  integrat ion 
of the first der ivat ive  ESR signal us ing  aqueous  
solution of either 4 -amino-TEMPO or 3-carboxy- 
PROXYL as a s tandard.  Total AH2 levels of 
p lasma,  lung and  liver were  m eas u red  by  us ing  
a Sh imadzu  LC-10AD HPLC as wri t ten pre-  
viously. [9] The PQ concentrat ions of treated rat  
organs  were  measu red  as repor ted  previously} 9l 

The control organ was  a d d e d  with  either 50, 5 
or 0.5 nmol  of PQ per g r am wet  organ  and  was  
homogen ized  to see whe the r  the increment  of 
radical p roduc t ion  in PQ fed rat  is due  to the effect 
of PQ poisoning  or mere ly  the coexistence of 
PQ itself. 

RESULTS 

The rats fed with  PQ began  to d isplay  several  
s y m p t o m s  such as anorexia,  hypokinesia ,  diar-  
rhea, epistaxis,  t remor  and  their pili became  
rough after 7 days.  The intoxicated and  heal thy 
rats were  killed on day  11. Severe hemor rhage  and  
congest ion of lung were  obse rved  in PQ fed rats. 

The speed of centr i fugat ion of tissue homo-  
genates was  var ied  f rom 500g to 16 000g, to specify 
the cellular componen t s  which  were  related to 
radical p roduc t ion  and quenching.  Since the t ime 
course  of A ° level var ied gradua l ly  wi th  the 
speed  of centrifugals,  two ext reme speeds,  i.e., 

500g for 2 min  and  16 000g for 5 min,  were  chosen 
and  the results are shown  in Figure 1. At 16 000g 
A ° in the superna tan t  of the control rat lung 
seems to consist of one c o m p o n e n t  which  is 
detectable at the beginning  of measuremen t ,  and  
is stable for 8 h. The behav ior  is similar  to that  
of A ° in control p l a sma  indicated in Table I, 
which  is detectable just after the centr i fugat ion 
of b lood and  stable for a long t ime as repor ted  
previously.  I9] At 500g A °-  in the superna tan t  

seems to consist of two components ;  first compo-  
nent, say, p lasma- type ,  is that  found  in 16000g 
superna tan t  and  the second component ,  say, cell- 
type,  is that which  is not detectable initially 
but  increases af terwards ,  and decreases quickly. 
Judging  f rom the centr i fugat ion speed,  the cell- 
type might  b'e related wi th  mi tochondr ia  or wi th  
larger particles than mitochondr ia .  C o m p a r i n g  
with  results of two speeds  of centrifugation,  the 
centr ifugation at 500g is adop ted  for all organs  
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FIGURE 1 The effect of centrifugation speed on time course 
of ascorbate radical level in lung homogenate preserved at 
4°C. @ and © indicate the radical level of PQ fed rat and 
control rat, respectively. The left side and right side of the 
figure show the level in the supernatant centrifuged at 500g 
for 2min and that in the supernatant obtained separately at 
16 O00g for 5 min from the same homogenate. 
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TABLE I Time courses of ascorbate radical (A °-) level in plasma and organ homogenates  preserved at 4°C. 
The initial level, the m ax i m um  level and the level after 24 h, and the time which shows the max imum are 
indicated. A °-  level is expressed as nmol/1 in plasma and n m o l / k g  in organ. The number  of rats is six for 
each group 

Organs +PQ (+) Control ( - )  A~nitia I mean ± SD A~,,,~ mean ± SD A~; h mean ± SD Time-max (h) 

Plasma ÷(n.d.) 31 ± 5 31 ± 5 25 ± 5 0 
Plasma 28 ± 4 28 + 4 25 ± 4 0 
Lung 750 ± 220 560 ± 50 1160 ± 150"* 250 ± 70 3 
Lung 480 ± 50 510 ± 50 300 ± 50 3 
Spleen 220 (mix) 1200 ± 150 2440 ± 490** 800 ± 150 3 
Spleen - 1100 ± 150 1200 ± 150 900 2_ 150 4 
Liver 50 (mix) 0 560 ± 80** 150 ± 40 2 
Liver - 0 340 i 60 200 ± 60 3 
Kidney 380 k 110 0 260 £ 50 0 2 
Kidney - 0 260 ± 50 0 3 
Heart 50 (mix) 0 350 ± 80 140 ± 40 5 
Heart 0 320 ± 60 190 ± 50 6 
Testis 50 (mix) 0 360 ± 80 360 ± 80 24 
Testis 0 340 ± 80 340 ± 80 24 

The detection limit of A ° is 4 nmol/1 for plasma, 80 n m o l / k g  for spleen and 40 n m o l / k g  for the other five organs. PQ 
concentration is expressed as n m o l / k g  organ. (n.d.) and (mix) indicate the value of PQ not detected and the value 
obtained by the mixed samples of six rats, respectively. 
** Significantly different (P < 0.001) from the control. 

because the difference be tween  the intoxicated 
and the control is larger, and  the signal itself 
is larger in 500g superna tan t  than that in 16 000g 
supernatant .  

The t ime courses of A ° in several  tissue homo-  
genates p rese rved  at 4°C are shown  in Table I, 
which summar izes  the initial and  the m a x i m u m  
A °-  levels as well  as those after 24 h, and  the t ime 
which exhibits the m a x i m u m .  Only A °-  was  
observed at a round  g 2.0054 in all t issue homo-  
genates. Like lung, spleen of both  intoxicated and  
control rats exhibited A ° at the beginning of 
measurement ,  and their A ° consists of two types  
as shown  in Figure 2. The radical levels in both  
lung and  spleen of intoxicated rats increased 
rap id ly  to twice the initial level after 3 h  and  
decreased to about  0.2-0.6 t imes the initial level 
after 24 h as indicated in Table I. The radical levels 
in both  lung and  spleen of the control rats 
increased s lowly to 1.1 t imes the initial level after 
4 h and  decreased s lowly to about  0.7 t imes the 
initial level after 24 h. 

In liver, kidney, heart  and  testis, A °-  could not 
be detected initially but  was  detected later, and  

the A ° seems to consist  of only  the cell-type 
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FIGURE 2 The effect of preserving temperature on time 
course of ascorbate radical level in spleen homogenates  
centrifuged at 500g for 2 min. • and O indicate the radical 
levels preserved at 4°C of six rats fed with PQ and six con- 
trol rats, respectively; • and El, those preserved at 25°C of 
six rats fed with PQ and six control rats, respectively. The 
error bar represents the mean ± SD. • and ** indicate that 
P value is less than 0.05 and 0.001 respectively. 

found  in lung. As an example ,  Figure 3 shows 
the t ime course of A ° in liver homogenates .  The 
radical  levels of both  intoxicated and  control rats 
a t ta ined their m a x i m u m  rap id ly  after 2 h and  the 
m a x i m u m  level of the intoxicated liver was  
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FIGURE 3 The effect of p rese rv ing  t empera tu re  on t ime 
course  of ascorbate radical level in liver h o m o g e n a t e s  cen- 
t r i fuged at 500g for 2 min.  Symbols  are the same  as those  in 
Figure 2. 

nearly twice that of the control. These results of 
the t ime courses of A °- levels in Table I indicate 
that the t ime courses in respective organs were 
different from one another. A significant differ- 
ence in A °- levels between the intoxicated and the 
control was observed in lung, spleen and liver. 

The effect of preserving tempera ture  was com- 
pared  between 4 and 25°C. When the homoge-  
nates of lung and spleen were kept  at 25°C, the 
max imum radical level of the intoxicated rat was 
attained within I h and that of the control rat at 
2 h, and both levels became zero within 8 h. The 
results of spleen are shown in Figure 2. In liver 
and k idney A ° could be detected only within 
40 min at 25°C. The results of liver are shown in 
Figure 3 which indicate that not the product ion  
but  quenching of the radical is accelerated by  
raising the temperature.  

Since organs of treated rats contain PQ, the 
effect of in vitro addit ion of PQ on A ° product ion  
and quenching was examined.  The PQ concen- 
tration in the treated rat organs was less than 
0.751amol/kg organ as listed in Table I. The 
addit ion of either 50, 5 or 0.5gmol of P Q / k g  
of the control organ had no effect on the time 
courses of A °- level in the organ homogenates .  
Therefore,  the increment  of A °- p roduc t ion  in 

the rats fed with PQ may  be der ived from the 
tissue injury due  to PQ poisoning. 

The total AH~ levels in plasma, lung and liver of 
six PQ fed rats were 27.4 + 1.5 gmol/1, 1270 ~ 310 
and 1040 4- 130 g m o l / k g  respectively, whereas  
those of six control rats were 35.0 + 2.8 gmol/1, 
2330 • 100 and 1240 :k 200 g m o l / k g  respectively, 
indicating the deplet ion of AH2 by PQ treatment.  

D I S C U S S I O N  

It is known that PQ enhances product ion  of 
reactive oxygen species such as 0 2, H202, OH' ,  
peroxyl  radical and alkoxyl radical, a l though 
these oxidants are p roduced  cont inuously  as by- 
products  of aerobic metabolism. I1'171 Several pro- 

tective enzymes  such as superoxide  dismutase,  
peroxidase and catalase are activated to detoxi- 
cate these oxidants. The reduct ion of the oxidants  
by these enzymes  results in the oxidation of AH 
to A ° .[181 The dopamine-f l -hydroxylase  is also 
known to produce  A ° - .  [191 When the defense 
systems in cells have some imperfections,  cellular 
macromolecules  such as DNA, protein and lipid 
are oxidatively damaged  t171 and in some cases, 

transition metals are released from binding 
proteins. I2°1 These damaged  molecules lead to 
an increase in product ion  of oxidants. [171 Since 
the redox potential  of A ° format ion is the 
lowest among the redox potentials of the above- 
ment ioned oxidants,  [16l A °- is supposed  to be 

p roduced  w h en  damaged  tissues p roduce  oxi- 
dants. In the present  work,  larger product ion  of 
A ° is observed in the tissue homogenates  of PQ 
fed rats than in those of the control rats. This 
enhancement  is not  induced  by in vitro addi t ion of 
PQ to the control organs as ment ioned in the 
previous  section, indicating that some chemical 
reactions are responsible for the radical produc-  
tion in the tissues a l ready injured by PQ poison- 
ing. Also it is not due  to the reaction with free 
transition metals released from the damaged  
macromolecules,  because neither DFO nor EDTA 
altered the results. At present,  however,  the cause 
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of the larger A °-  p roduc t ion  in PQ fed rats cannot  
be specified whe ther  it is due  to larger p roduc t ion  
of oxidants  or due  to activation of some enzymes  
which  p roduce  A °-. 

Concerning organ specificity, lung, spleen and  
liver of t reated rats exhibited enhanced  produc-  
tion of A °-,  that is, the m a x i m u m  level of these 
rats was  twice that of the respect ive controls. 
Such high levels are conceivable because  PQ 
damages  lung main ly  and is metabol ized  in liver, 
a l though we  cannot  explain at present  w h y  the 
spleen of t reated rats showed  the higher radical 
level than the control. As wri t ten in the previous  
section, AH2 level of p lasma,  lung or liver of ODS 
rats fed wi th  PQ was  lower  than that of the 
respect ive controls,  indicating that  AH2 had  been 
consumed  more  significantly in rats fed with  PQ 
than the control. The deplet ion of AH2 due  to 
oxidat ive stress is c o m m o n  in humans .  I7"81 In 

spite of their AH2 depletion,  both  lung and liver 
of t reated rats showed  higher  radical  levels than 
the control. The lung contains ascorbic acid not 
only  intracellularly but  also extracellularly in 
airspace fluid. [21l This m a y  be one of the reasons 

w h y  two types  of A " -  are detected in lung. At the 
beginning  of the measurement ,  A ° originated 
f rom A H  in airspace fluid m a y  be detected and 
cor respond  to the p l a sma- type  A" in lung, which  
shows  the similar  behaviors  to those of A °-  in 
plasma.  

The A °-  is k n o w n  to be quenched  by  dispro-  
port ionation.  I61 That  is, two molecules  of A °-  

yield one reduced  form, A H - ,  and  one oxidized 
form, dehydroascorbate .  Some enzymes  such as 
N A D H  A ° reductase  f191 and  semidehydroascor -  

[51 bate reductase  are k n o w n  to quench A °-. If the 
radical d ispropor t iona t ion  had  p roceeded  with- 
out  enzymes ,  the same decay  speeds  wou ld  be 
expected for the same amoun t s  of A ° in solutions 
wi th  near ly  the same pH,  irrespective of the organ 
as well  as the occurrence of injury. As s h o w n  in 
Table I, the decay  speed of the same  a m o u n t  of 
A ° varies f rom organ to organ and  the decay  
speed  in injured organ is higher  than that in the 
control. The higher initial A ° levels fol lowed by  

their more  rapid  d i sappearances  than the respec- 
t ive control were  also observed  prev ious ly  in 
rat  and  h u m a n  p l a sma  intoxicated with  pQ,191 
and  in h u m a n  p l a sma  after open-hear t  surgery, I71 

and  in h u m a n  p l a sma  f rom w o m e n  with pre-  
eclampsia.  N These observat ions  on the radical 

decay  suggest  that some enzymes  which  quench  
the radical are contained more  abundan t ly  in 
injured organs  and plasma.  Semidehydroascor -  
bate  reductase  m a y  be one of the candidates  
because  it is contained mos t  in k idney  and  
secondly  in liver, f51 and  the radical  decay  speed  is 
high in these organs.  When  the t empera tu re  was  
raised f rom 4 to 25~-'C, the quenching  of A °-  was  so 
accelerated that the radical s teady state could not  
be  observed  in these organs,  as s h o w n  in Figure 3. 

The p rocedure  of the present  m e a s u r e m e n t  
us ing ESR is s imple  and the results are repro-  
ducible, since no other signals appea red  in the 
measured  region of the field, and  the m a x i m u m  
A °- level lasted at least for I h at 4°C. Therefore,  
A °- signal can be used  as a convenient  tool for 
moni tor ing  A H  oxidat ion in other toxicosis, 
disease and  injury, though  the role of A °-  even 

in p lasma is still unknown.  
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