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C O M PA R A TIV E  STU D IES O F  PA R A Q U A T  IN T ER A C TIO N S 
W ITH  FISH  A N D  BOVINE OXY - A N D  D EO X Y H EM O G LO B IN S

In this study  it has been dem onstra ted  that in oxyhem oglobin solu tions p araq ua t 
induces a  decrease in the conten t o f  this fo rm  o f hem oglobin followed, after som e time 
delay, by an  increase in the m etH b conten t. These d ifferences have been tentatively 
explained till now by differences in the cooperative properties o f hemoglobins (e.g. carp 
and bovine Hb). C arp  hem oglobin exhib its the so-called R oot e ffe c t‘while bovine 
hem oglobin (like o ther m am m alian  Hbs) is characterized  by the so-called B ohr effect. 
However, a t the  present sta te  o f  investigations, such an  explanation  can  acc ount only 
for a small pa rt o f  the  effect o f  pa raq ua t on  hemoglobin  solutions. T he m ost im portan t 
result o f th is study  is the  de m onstra tion  th at the  oxyH b so lu tions exam ined in the 
presence o f p ara qu a t are  ab le to  convert no t only in to  the  m etH b form  but th a t oxyHb 
(H bF e2+) under the  influence o f generated  by pa raq uat active form s o f  oxygen and 
radicals (includ ing  0 2) m ay be converted  in to  ano th er unstab le  oxyH b form  (ferrylHb 
form , H bF e4 + , described also as the  porphyrin  Fe4+ -rr-cation). Such an  in terpre ta tion  
o f the discussed effect is confirmed by the ob ta ined  spectra o f hem oglobin solu tions, 
especially by spectra  o f  oxy-, deoxy-, m etH b and  R am an spectra .

1. IN T R O D U C T IO N

P araquat (PQ, 1,1 ’-dimethyl-4,4’-bipyridylium ion) is a powerful herbicide 
which shows contac t and systemic activity. Michaelis and Hill [9] described in 
1933 its redox properties and since that time it has been used as a „redox 
indicator” better know n for chemists under the nam e o f „methyl viologen” . 
One electron reduction o f the PQ molecule leads to the relatively stable cation 
radical form ation. This process is related to the transfer o f one o f the pair of 
electrons from the bipyridylium group. As a result, the resonance form o f the 
com pound is created. These free radicals have potential ability to  react with 
oxygen (what leads probably to  generation of superoxide anion radical) with 
the sim ultaneous reoxidation of its ionic form.



P r i m a r y  m e c h a n i s m  o f  P a r a q u a t  t o x i c i t y .  Paraquat has the 
ability to  undergo a one-electron reduction from the cation to form a stable 
blue coloured free radical in the absence o f oxygen [9], In the presence of 
oxygen the radical will immediately reform the cation with the concom itant 
production o f superoxide anion (O2). This reaction between paraquat radical 
and oxygen is so rapid tha t it is diffusion-limited [5]. Thus, provided there is 
a continuous supply of electrons to  PQ, and oxygen is present, PQ will rapidly 
cycle from its oxidized to  reduced form with the continuous production o f O 2. 
Gage [6 ] first reported tha t in cells under anaerobic conditions, N A D PH  
together with a flavoprotein could reduce PQ from its cation to radical. U nder 
aerobic conditions the radical is reoxidized and this redox cycling continues 
until available N A D PH  is consumed.
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IIIrd step Reaction o f H 2O2 and /o r free radicals (i.e. mainly O 2, O H  ) 
with hemoglobin.

The studies o f Gage [6] were extended by Baldwin et al. [1] who 
dem onstra ted tha t microsomal prepara tions from liver, lung and kidney were 
able to  generate radicals o f PQ  and eventually in the presence o f H b produce 
H2O 2. The production o f O 2 and H 2O 2 may then lead to  the formation o f more 
reactive oxygen radicals, which in turn may be m ore toxic to  the cell and 
function o f respiratory proteins (hemoglobins) [2]. Thus the cycling o f PQ



from its reduced to  reoxidized form provides a plausible primary mechanism of 
its toxicity that is entirely analogous with the proposed mechanism o f the 
hemoglobin toxicity o f paraquat. PQ toxicity on mam malian organisms is 
differentiated w hat depends on an absorbed dose and a kind o f tissue on which 
it acts. However, a toxic dose, regardless of the method o f ingestion (per os or 
intravenous), causes a similar complex o f toxic symptoms. The presence o f PQ 
at a dose o f 0.2 ¿tg/ml in hum an serum is a lethal dose (during 24 h). Fo r PQ 
doses o f over 10“ 5 m ol/1 inhibition o f m itochondrial oxidation was observed. 
Michael and Levis [8] reported that the most significant cumulative effects 
were given by the range o f 10~5- 10~ 4 mol/1 o f PQ concentration which were 
the best visible from half an hour till two hours after the dose administration 
into an isolated biological system.

2. M A T E R IA L S A N D  M E T H O D S

1. Bovine H bA  was isolated using the m ethod o f Rigss, Bona Ventura and 
Bonaventura [14] and purified according to Tentori et al. [17].

2. Fish (Carp) H b was isolated using the m ethod o f Lin et al. [7].
3. The proteins studied were oxidized with abou t two fold excess o f 

K.3[Fe(CN)(J which was subsequently removed by a Sephadex G-25 colum n 
chrom atography.

4. PQ p.a. was purchased from Sigma (U.S.A.).
5. All other chemicals were o f analytical grade and used w ithout further 

purification, and double-distilled, deionized w ater was used th roughout the 
experiments.

Reaction conditions:
-  concentration o f H b 1.8 mg/ml in respect to  one heme,
-  paraquat concentration o f 5,10, 25 and 50 /ig/ml o f Hb,
-  incubation during 0 -5 hrs in 0.2 M phosphate buffer, pH  7.0-7.1, at 

tem perature 37° C.
A nalytical methods:
-  spectrophotom etry,
-  measurements o f absorption spectra (cycle) in a UV-Vis range (SPE- 

C O R D  UV-VIS and SPEC O R D  M 4 0  Carl Zeiss Jena),
-----R am an resonance spectra were performed thanks to kindnes o f Doc.

J. Twardow ski from Jagiellonian University -  Cracow  and Prof. 
K. G ersonde from Rheinisch-W estfälische Technische H ochschule
-  Aachen.



3. R E SU LT S A N D  D ISCU SSIO N

The influence of PQ on changes o f carp (Ciprinus carpio) and bovine (Bos 
taurus the Lowland Black-and-W hite cows) oxy- and deoxyhemoglobin was 
investigated. The reaction mixture contained oxy- or deoxyH b (concentration:
0.0018 ±  0.001 g H b/m l in N aH 2P 0 4 : N a2H P 0 4 buffer, pH 7.1 ±  0.02 and 
different doses o f P(^ -  5, 10, 25 and 50 ppm). The interactions of PQ with Hb 
were analysed spectrophotom etrically  where changes in the visible range of 
absorption spectra o f Hb in the presence o f PQ were compared with these o f 
control samples w ithout PQ. The solution of oxyH b containing PQ showed the 
decreasing absorption maxima a t 540 and 570 nm and the parallel increasing at 
500 and 630 nm w hat seems to be due to metH b form ation (Fig. I and Table 
1). The quantitative enhancem ent of the metH b level under these conditions 
was always observed considerably later in the relation to  „the loss” o f the oxy 
form. The degree o f the disapperance o f oxyH b was also positively correlated 
with the increase o f doses o f PQ. Instead, for the same doses o f PQ, the m etH b

T a b l e  I

Percen t decrease o f  A) carp  oxyH b and  B) bovine oxyH b induced by pa raq ua t (25 and  50 ppm).
All conditions the  sam e as in Fig. 1

A) B)

25 ppm  PQ 50 ppm PQ

X % X %

O' — 4.6
5’ 2.2 8.6

15’ 3.3 12.8
30’ 5.0 18.7
1 h 8.3 24.5
2 h 17.2 32.3
3 h 22.7 36.8
4 h 2 6 .5 ' 42.2
5 h 28.0 47.7

25 ppm  PQ 50 ppm PQ

X % X %

0’ _ 5.5
5’ 2.0 14.5

15’ 6.2 23.5
30’ 9.8 34.6
1 h 14.5 45.0
2 h 24.6 55.0
3 h 34.5 62.0
4 h 37.5 67.9
5 h 39.6 -

X %  - M ean  values for n =  20 sam ples, percen t with respect to  the contro l H b =  100% 
oxyHb.

form ation in the case o f bovine H b was time-dependent and linear in the 
character, con trary to  the form ation o f fish m etH b which during the same time 
increased exponentially (Table 2 and Fig. 2). C arp H b form transform ation



Fig. 1. P ara qu at -  induced changes in ab sorp tion  spectra o f oxyhem oglobin in the X region o f 
22 000-14  000 cm i. O xyH b concentra tion : 0.0018 g/rnl in 0.2 M phosphate  buffer. pH  7.1. 
Pa ra qu at concentra tion : 50 ppm . A) C arp  oxyHb, time: 1 -  0 ’ (oxyHb). 2 -  0 ’ (oxyH b +  PQ), 
3 - 5 '  (oxyH b +  PQ), 4 15’ (oxyH b +  PQ), 5 30' (oxyHb +  PQ), 6 - 1 h (oxyH b +  PQ), 
7 2 h (oxyH b +  PQ), 8 3 h (oxyH b +  PQ); B) Bovine oxyH b, time: 1 0’ (oxyH b), 2 0 ’ 
(oxyH b +  PQ), 3 - 5 ’ (oxyH b +  PQ), 4 15’ (oxyH b +  PQ), 5 -  30’ (oxyH b +  PQ). 
6 -  1 h (oxyH b +  PQ ), 7 2 h (oxyH b +  PQ ), 8 -  3 h (oxyH b +  PQ), 9 4 h (oxyH b +  PQ), 10

-  5 h (oxyH b +  PQ)

appeared to be more susceptible to the influence o f PQ than bovine Hb. So, the 
more considerable level o f  m etH b occured in solution o f carp H b than ot 
bovine Hb. This may be explained through the existence o f the differences



T a b l e  2

Percen t increase o f  A) carp  m etH b and  B) bovine m etH b induced by p araq ua t (25 and  50 ppm). 
All conditions the sam e as in Fig. 1

A) B)

25 ppm  PQ 50 ppm PQ

X % X %

O’ - -

15’ 6.6 10.8
30’ 12.7 25.3
1 h 22.8 44.7
2 h 32.0 63.2
3 h 42.0 86.3
4 h 47.0 -

5 h - -

25 ppm  PQ 50 ppm  PQ

X % X %

0’ _ _

15’ - -

30’ - 10.1
1 h 4.9 18.7
2 h 14.5 25.6
3 h 24.6 35.2
4 h 29.1 43.3
5 h 33.9 54.4

X %  M ean values for n =  20 sam ples, percen t with respect to  the contro l H b =  100% 
m etH b.

Fig. 2. G rap hic  represen ta tion  o f the increase in A) carp  m etH b and B) bovine m etH b for
a p ara qu at dose o f 25 and  50 ppm



Fig. 3. Pa raq u at +  0 2 induced  changes in abso rp tio n  spectra o f  deoxyhem oglobin  in the 
X region o f  22 000 14 000 cm '. D eoxyH b concentra tion: 0.0018 g/ml in 0.2 M phosphate  
buffer, pH 7.1. Pa raq ua t concentra tion : 25 ppm . A) C arp  deoxyHb: 1 oxyH b, 2 - deoxyH b, 
3 -  deoxyH b +  PQ, 4 deoxyH b +  PQ +  2 cm 3 0 2, 5 deoxyH b +  PQ  +  4 cm 3 0 2. 
6 deoxyH b +  PQ +  6 cm 3 0 2, 7 deoxyH b +  PQ +  8 cm 1 0 2, 8 deoxyH b +  PQ +  10 cm-’ 
0 2, 9 -  deoxyH b +  PQ  +  12 cm 3 0 2, 10 m etH b; B) Bovine deoxyH b: 1 - oxyH b, 2 -  deoxyH b, 
3 deoxyH b +  PQ, 4 deoxyH b +  PQ +  5 cm 3 0 2, 5 deoxyH b +  PQ  +  10 cm 3 0 2, 
6 deoxyH b +  PQ  +  15 cm 3 0 2, 7 deoxyH b +  PQ +  20 cm3 0 2, 8 deoxyH b +  PQ +  25 cm 3 

0 2, 9 deoxyH b +  PQ  +  30 cm3 0 2, 10 m etH b



between the cooperative effects mechanism in these tw o H bs [4, 12, 13, 15]. It 
was also found that PQ inhibited the deoxy- to  oxyH b transition (Fig. 3). The 
am ount o f created oxyH b was always significantly lower than in the case o f 
control samples. The inhibition o f this transition in the presence ,of oxygen 
depended on the doses used in the experiment (under the constant Hb 
concentration). The degree o f this inhibition was again better visible for fish 
H b, even in the presence o f much lower doses o f PQ. Values o f P 50O 2 
param eter were also calculated as the indicator o f changes o f oxygen affinity 
induced by PQ in the range o f doses o f 5-50 ppm (Table 3). It was shown that

T a b l e  3

Decrease o f  pso O j values (oxygenation  param eter) induced  by paraq uat.
All conditions the  sam e as in Fig . 4

A) C arp  H b

Pso O 2 
(m mH g)

C ontro l 5 ppm  PQ 10 ppm  PQ 25 ppm PQ

X 5.75 3.05 1.56 0.78

S.D. ± 1 .0 6 ± 0 .7 5 ± 0 .66 ± 0 .38

B) Bovine H b

Pso 0 2 
(m m Hg)

C ontro l 10 ppm  PQ 25 ppm PQ 50 ppm PQ

X 18.62 15.36 12.57 9.04

S.D. ± 1 .3 4 ± 0 .8 0 ± 0 .98 ±1.01

X -  M ean  values; S.D. -  S ta ndard  deviation .

values o f this param eter increased with the increase o f the dose. These results 
indicate tha t transfer o f oxyH b to its met form goes through additional 
intermediate(s) probably ferrylH b [3, 10, 20]. As it has been shown the action 
o f PQ on H b solution (as well as on other hem oproteins [16, 18]) containing 
high am ount o f dissolved oxygen, is connected with the production o f more 
active species o f oxygen, especially O 2 radicals. It is suggested that during this 
ra ther complex and complicated reaction an unstable porphyrin F e 4+-7i-cation 
(i.e. ferryl derivative) is formed [11], W alters and Frederick [19] in their w ork 
have even hypothesised the direct oxydation o f M b (mioglobin) resulting PQ



14000 cm’1

\ =  22  000 c

\ =  18000 cm

Fig. 4. Visible spectra  in the  range o f 22 000 14 000 cm 1 o f 1) 0 .5%  bovine m etH b, 2) 0.5%  
bovine m etH b +  10 ppm  PQ, 1 h incubation  (m easured with respect to  contro l: phosphate  buffers, 

pH  7.0, plus 10 ppm  pa raqu at), and  3) difference spectrum  o f  (2) with respect to  (1)

Fig. 5. Resonance R am an spectra o f  A) m etH b and  B) ferry lH b, using 406.7 nm  excita tion  in the 
250 to  600 cm I (1) and  600 to  1000 cm ' frequency region (2). All conditions the  sam e as in Fig . 3.

characteristic  region o f  ferry lH b



action as a transfer reaction M b F e2+ -* M bF e4+ although the details of 
mechanism o f this reaction remains to  be explained. On the other hand our 
pilot studies using Ram an spectroscopy methods dem onstrate evidences o f the 
existence o f the ferryl derivative in solution containing PQ (Fig. 4 and Fig. 5). 
This study does not exhaust the problem and requires further investigations o f 
the behavior of paraquat itself in hemoglobin solutions. It seems that the more 
im portant result o f this work is tha t paraquat commonly applied in solutions 
as a herbicide prepara tion (under the name G ram oxone) is a compound 
severely toxic for anim als and humans.

This w ork was supported by Research G rant -  Subject II. 11.1.1.
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Wirgiliusz Duda

B A D AN IA  PO R Ó W N A W C Z E  IN T E R A K C JI PA R A K W A T U  Z O K SY - I D E OK SY - 
H E M O G L O B IN Ą  RYBY I BYD ŁA

W ykonane badania  pozwoliły wykazać, że parak w at w roztw orach  hem oglobiny  powoduje  
zmniejszenie się poziom u formy oksyH b, z jednoczesnym  (w tym samym  czasie) wzrostem 
poziomu formy m etH b. Stw ierdzono  rów nież isto tne  różnice w oddzia ływ aniu  parakw atu  
z hemoglobin;! karpia  i krowy, co w części zw iązane jest z kooperatyw nym i właściwościami tych 
hem oglobin . K ooperatyw ność hem oglobiny  karp ia  zachodzi zgodnie  z efektem R oota , a koopera- 
tywność hem oglobiny  krow y (podobnie  jak  u pozostałych  ssaków ) op isywana jest poprzez  efek t 
Bohra. T akie  wyjaśnienie, na podstaw ie  obecnego stanu  badań, tłumaczy tylko  niewielką część 
wpływu pa rakw atu  na hemoglobinę. N ajważniejszym wynikiem obecnych badań  jest w ykazanie , że 
oksyH b w roztw orach  w obecności p arakw atu  przekształcana jest nie tylko w form ę m etH b, ale 
również oksyH b (Fe2+) m oże przechodzić pod  wpływem aktyw nych  form  tlenu i generowanych 
przez parakw at rodników , do  innych „wyżej u tlen ionych” n iestabilnych form  hem oglobiny 
zawierającej tlen, np. do  wykazanej fo rm y ferry lH b (F e 4+), opisywanej także jak o  porfiryna 
F e 4+-7t-kation. T aka in terpre tacja  powyższego efektu wpływu parak w atu  na hemoglobinę jest 
postulow ana na podstaw ie  badanych  widm roztw orów  oksy- deoksy- i m etH b oraz  widm a 
R am ana.


