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Abstract ,.

Plasmodium falciparum m u lt ip l ic a t io n  in  c u ltu r e ,  as measured by 

t r i t i a t e d  hypoxanthine in c o rp o ra tio n , was in h ib ite d  in  a dose 

dependent manner by ra b b it  tumour n ecro s is  serum. The regimen by 

which tumour n ecro s is  serum is  produced caused s ig n i f ic a n t  increases  

in  t r ig ly c e r id e s  and l i p id  pero x id es , w ith  th e  l a t t e r  being in d ic a te d  

by th e  le v e l o f  m alondialdehyde in  th e  serum. Tumour n ecro s is  serum 

d ep le ted  o f  l ip o p ro te in s  by a e ro s il  (fumed s i l i c a ) ,  had no 

p a r a s it ic id a l  a c t i v i t y .  T h is  a c t iv i t y  was recovered  in  th e  

l ip o p ro te in s  a f t e r  p re p a ra t iv e  u lt r a c e n t r i fu g a t io n .  T h is  suggests  

th a t  th e  in v itro  a c t i v i t y  o f  TNS was p r in c ip a l ly  m ediated by l i p id  

p ero x id es . T h is  was fu r th e r  confirm ed by th e  p a r a s i t ic id a l  a c t i v i t i e s  

o f  o x id is e d  a r t i f i c i a l  lip o p ro te in s  made w ith  u n sa tu ra ted  f a t s .

The m u lt ip l ic a t io n  o f  le th a l  P.yoelii p a ra s ite s  in  mice was 

in h ib ite d  by i / p  in je c t io n  o f  ra b b it  tumour n ecro s is  serum every  

o th e r day from th e  day o f  in fe c t io n . T h is  a c t i v i t y  was s o le ly  

presen t in  th e  n o n - l ip id  f r a c t io n  o f  tumour n ecro s is  serum, u n lik e  

th e  in v itro  a c t i v i t y .  Ion-exchange chromatography dem onstrated  

th a t  th e re  were a t  le a s t  th re e  d i f f e r e n t  a c t iv e  fa c to r s  in  th e  serum 

whose combined a c t i v i t y  is  e ith e r  a d d it iv e  o r s y n e rg is t ic .  F u rth e r  

s e p a ra tio n  o f  these fa c to rs  was not ach ieved .

In  vivo a c t i v i t y  o f  tumour necros is  serum was a lm ost t o t a l l y  

reversed  by v ita m in  C, v ita m in  E o r superoxide  dism utase, 

suggesting th a t  th e  serum a c ts  in vivo v ia  oxygen ra d ic a ls .

A n tio x id a n ts  had l i t t l e  o r no e f f e c t  on p a ra s ite  growth in  p rim ary  

in fe c t io n s , whereas th ey  increased p a ra s ite  growth in  vacc in a ted  

an im a ls , but d id  not p reven t p a ra s ite  c le a ra n c e , th e re fo re  suggesting  

th a t  oxygen ra d ic a ls  a re  not th e  main e lem ent re s p o n s ib le  fo r  

c o n tr o ll in g  normal in fe c t io n s .

The c o n tro l o f  p a ra s ite  growth by tumour n ecro s is  serum v ia  oxygen 

r a d ic a ls  may be achieved by some or a l l  o f  th e  fo llo w in g ;  in c re a s in g  

th e  q u a n tity  o f  ra d ic a ls  made, reducing th e  tim e  f o r  peak re le a s e  to  

occur o r in c re a s in g  th e  len g th  o f  tim e o f  th e  peak a c t iv i t y .
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" M a la r ia l -fever o r as i t  is  o fte n  c a l le d ,  palud ism , o r in te r m it te n t  

fe v e r  is  perhaps th e  most im p o rtan t o f  a l l  d iseases which a f f l i c t  

hum anity. B roadly speaking , i t  is  spread over alm ost th e  whole o f  th e  

T ro p ic s , and a ls o  extends in to  many c o u n tr ie s  which possess tem perate  

c lim a te s -b e in g  found as f a r  north  as Sweden and Canada. A lthough, 

h a p p ily , i t  is  not a ve ry  f a t a l  d isease , y e t  i t  is  g e n e ra lly  so 

p re v a le n t in  th e  c o u n tr ie s  in  which i t  e x is ts  th a t  th e  sum o f  th e  

i l ln e s s  which i t  causes is  immense."

Ross (1 9 0 5 )



m iB IE E  .HlSiaBL-QEJIALARIA.1.

P re -h is to ry :  F o s s ilis e d  m osquitos 30 m i l l io n  yea rs  o ld  (Edwards 1923) 

P re h is to r ic  man may w e ll have been m a la r ia 's  f i r s t  human v ic t im !

1600 B .C .: Symptoms resem bling those o f  m a la r ia  described  by th e  

Egyptians in  m edical p a p y r i. (E b b e ll 1937, Leake 1952 ).

5 th  cen tu ry  B .C .: F i r s t  c le a r  d e s c r ip t io n  o f  m a la r ia  and p reva len ce  

o f  th e  d isease in  Greece by H ip p o c ra te s . (Brock 19 2 9 ). D e s c rip tio n  o f  

th e  d isease being a sso c ia te d  w ith  marshes. Use o f  bednets. (BoycF-Ash 

1934, 1941 ).

2nd cen tu ry  B .C .: D e s c rip tio n  o f  symptoms and c l in ic a l  course o f

quartan  and t e r t i a r y  m a la r ia s  by Celsus and G alen . (Brock 1929,

Spencer 1935 ).

M a la r ia  may have c o n tr ib u te d  to  th e  dow n fa ll o f  th e  Greek Em pire. 

(Jones 1909 ).

Marcus T e re n tiu s  V arro  and Lucius Jun ius Moderatus C o lum nella  both

w r i te  about marsh in s e c ts  spread ing  d iseases and th ey  a ls o  d es c rib e  

p r e v e n t it iv e  measures in c lu d in g  d ra in ag e  and f lo o d in g  th e  marshes 

w ith  seaw ater. (Boyd-Ash 1934, 1941 ).

1137 A .D .: Emperor Lo thar and h is  German army s u ffe re d  bad ly  from

m a la r ia  a f t e r  t h e i r  Roman campaign. (Bispham 1944 ).

1096-1798 A .D .:  H oly crusaders s u ffe re d  a s im i la r  f a t e .  (Garnham

1966, B i l l in g s  1987 ).

1639 A .D .:T h e  Count o f  Chinch&n (V ic e ro y  o f  Peru) was t re a te d  fo r  

m a la r ia  using  th e  bark o f  a P eruv ian  t r e e .  (Jarcho 1 9 6 4 ). T h is  was 

then  taken  back to  Europe.

P o ss ib le  in tro d u c tio n  o f  P.-Falciparum in  S .A m erica by A fr ic a n  

s la v e s . (S u lze r e t  a l  1975, 1978 ).

1696: D e ta ile d  d e s c r ip tio n  o f  th e  P eruv ian  b a rk . R ev is io n  o f  th e  

connection  between marshes and m a la r ia . (Morton 16 9 6 ).

1717: L a n c is i pu t fo rw ard  th e  suggestion  th a t  mosquitos may spread  

m a la r ia  d uring  fe e d in g . (Lama 1863 ).



1740: P eruvian  t r e e  named Cinchona calsaya by L inneus a f t e r  th e  

Count o f  Chinchdn. (S c o tt 1939 ). Bark used by p h ys ic ian s  to  t r e a t  

m a la r ia  which was p re v a le n t throughout Europe. A lso  enabled  

p h ys ic ian s  to  s e p a ra te  m a la r ia  from  o th e r  d isease  w ith  s im i la r  

symptoms.

1820: A lk a lo id  q u in in e  is o la te d  from  th e  cinchona bark by P e l le t i e r  

and Caventon. (S c o tt 1939 ). M a la r ia  shown to  be e s s e n t ia l ly  w orldw ide  

(F ig u re  1 .1 ) .  Word 'm a la r ia ' co ined from  th e  I t a l i a n  f o r  'bad  a i r ' .

1847: Meckel described  m a la r ia  pigm ent in  l iv in g  p a t ie n ts .  Pigment 

was la t e r  c a lle d  haem atozoin o r m elan in  o r p a lu d ic  p igm ent.

(Ross 1910 ).

20 th  October 1880: A. Laveran , a French m i l i t a r y  o f f i c e r  working in  

BOne in  A lg e r ia  re p o rte d  seeing  c re s c e n t shaped bodies a sso c ia te d  

w ith  th e  p a lu d ic  pigment in  p a t ie n ts  b lood . These were th e  

gam etocytes o f  th e  p a ra s ite  now c a l le d  Plasmodium Falciparum. He 

a ls o  observed e x f la g e l la t io n .  (Laveran 1880 ).

1884: G erhard t proved th a t  h e a lth y  persons cou ld  be in fe c te d  by 

in o c u la t io n  w ith  blood from p a t ie n ts  s u f fe r in g  from  m a la r ia .

1886: P.vivax and P.malariae described  by G o lg i, (G o lg i 1903 ).

1888: F u rth e r  blood s tages d escrib ed . (M arch ia fava  and C e l l i  1888 ).

1891: Romanowsky fo rm u la te s  a s ta in  to  en ab le  e a s ie r  re c o g n it io n  o f  

th e  p a ra s ite s .

1897:MacCullum observes macrogamete f e r t i l i s a t i o n  by m icrogam etes. 

Ross f in d s  oocysts in  th e  gu t w a ll o f  Anopheles m osquitos fe d  on 

m a la r ia  in fe c te d  p eop le .

1898: P. relictum, an a v ia n  p a r a s ite ,  was tra n s m itte d  to  h e a lth y  

sparrows by mosquitos fe d  on in fe c te d  b ird s  s e v e ra l days e a r l i e r  

(Ross 1905 ). M osquito e ra d ic a t io n  reduced p reva len ce  o f  m a la r ia . The 

Panama Canal could  not be b u i l t  u n t i l  th is  o ccu rred .
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1914-1918: The on ly  a n t i - m a la r ia l  drag was q u in in e . The shortcom ings  

o f  t h is  became apparent d uring  th e  f i r s t  w orld  war when both s id e s  

ran  s h o rt o f  th e  drug.

1922: The fo u r th  human m a la r ia  p a r a s i t e - (P .o v a le ) -  was d escrib ed  by 

Stephens.

1925: Pamaquine syn th es ised . (Schulemann 1932).

1930: M epacrine syn th es ised . (Mauss and M ietzsch  1 9 3 3 ).

1934: C hloroqu ine developed in  Germany (Bruce-C hw att 1 9 85 ).

L iv e r  s ta g e  o f  m a la ria  d escrib ed . (James and T a te  1937 ).

1939: The in s e c t ic id e  p ro p e r t ie s  o f  1 - 1 - 1 - t r ic h lo r o  2 -2 -b is

(p -c h lo ro  phenyl) e thane, (DDT) were d iscovered , even though i t  had 

f i r s t  been syn thes ised  in  1874. (Russel 1952).

1945: P ro g u an il produced.

1946: Amodiaquine syn thes ised .

1948: L iv e r  s tag e  o f  P.cynomolgi and P.vivax d escrib ed  by S h o rtt  

and Garnham.

1951: L iv e r  s tag e  o f  P.-falciparum describ ed . (S h o r tt  e t  a l  1951 ). 

Prim aquine and pyrim etham ine syn th es ised .

1955: W orld H e a lth  O rg a n is a tio n  adopted m a la r ia  e ra d ic a t io n  programs. 

30+ c o u n tr ie s  were c le a re d  o f  m a la r ia , but S .A m erica , A f r ic a  and A s ia  

a re  s t i l l  endemic fo r  th e  d isease .

Drug re s is ta n c e  o f  th e  p a ra s ite  in c re a s in g ly  becoming a problem . 

In s e c t ic id e  re s is ta n c e  o f  th e  Anopheles m osquito a ls o  a severe  

problem .



i_ R A B A S II& S _ i.

1.2.1,  Taxonomic Cl a s s if ic a t io n .

1 . 2 .1 .1 .  Kingdom to Genus^

M a la r ia  p a ra s ite s  can be c la s s i f ie d  accord ing  to  th e  fo llo w in g  

scheme, (Baker 1977):

Kingdom: P r o t is ta

Phylum: Pro tozoa

Sub-Phylum: Sporozoa

C lass: Teleosporea

Sub-C lass: C o cc id ia

O rd er: Protococc i d i  a

Sub—O rd er: Haemosporor i  na

Fam ily : Plasmodi idae

Genus: Plasmodium

The fa m ily  Plasmadiidae in c lu d es  organism s undergoing asexual 

m u lt ip l ic a t io n  in  a  v e r te b ra te  host (Schizogony) and sexual 

m u lt ip l ic a t io n  in  a mosquito host (Sporogony). The genus Plasmodium 

d e fin e s  organisms on th e  bas is  o f  one ty p e  o f  asexual m u lt ip l ic a t io n  

o c c u rrin g  in  th e  parenchymal c e l ls  o f  th e  l i v e r  in  th e  v e r te b ra te  

h o s t. The o th e r c h a r a c te r is t ic  o f  t h is  genus is  th a t  th e  mosquito  

host is  o f  th e  genus Anopheles.

l..v2,b2,._SBECIES..

A t p resen t 136 sp ec ies  have been d escribed  and ca ta lo g u ed . T h is  

in c lu d es  f i v e  sp ec ies  p a r a s i t ic  fo r  man. P.vivax has a su b -sp ec ies  

c a lle d  P.vivax hibernans which is  used to  d is t in g u is h  th e  f a r  

N.Hemisphere P.vivax from th a t  e lsew here  in  th e  w o rld . T h is  is  

because i t  remained dormant w ith in  humans fo r  th e  w in te r  months o f  

th e  y e a r . T h is  spec ies  was common in  Europe and R ussia .

Tab le  1 .1  shows th e  d is t r ib u t io n  o f  th e  Plasmodia sp ec ies  w ith in  

th e  anim al kingdom. (Garnham and Duggan 1986 ).



GROUP No. Species

Man 5

Apes 8

Monkeys 14

M urid Rodents 10

O ther Mammals 14

B ird s 35

R e p tile s 50

T o ta l number 136

T ab le  1 .1 :  The Number o f  d i f f e r e n t  sp ec ies  o f  Plasmodia which have  
been d iscovered  in  th e  d i f f e r e n t  groups o f  an im a ls . (Garnham and 
Duggan 1 9 86 ).



1.2.2 .  L i f e  c y c le  o f  Plasmodium..

F ig u re  1 .2 : G en era lise d  l i f e  c y c le  o f  Plasmodium.

1: The fem ale  Anopheles mosquito ta k e s  a b lood meal and in g e s ts  
m a la r ia  p a ra s ite s . The asexual p a ra s ite  stages a re  k i l l e d ,  
and gam etocytes m ature in to  gametes.

2: M ale gametes undergoes e x f la g e l la t io n  to  form  about 8 
m i  crogam etes.

3: Female gamete m atures and undergoes th e  f i r s t  m e io tic  d iv is io n .  
The nucleus m ig ra tes  to  th e  c e l l  s u rfa c e  which has a sm all groove  
along i t .

4 : M icrogamete fu ses  w ith  macrogamete v ia  th e  groove*These form  th e  
zygote o r  o o k in e te . A f te r  20 m inutes th e  o o k in e te  becomes m o t i le .

5 : The o o k in e te  moves towards th e  stomach w a l l .

6 : The o o k in e te  crosses th e  p e r i t r o p ic  membrane which has formed  
around th e  blood meal in  th e  mosquito stomach (Freyvogel and 
S ta u b li 1965 ). I t  then crosses th e  th e  g u t w a ll and re s ts  ju s t  
beneath th e  o u te r  gu t membrane.

7 : The o o k in e te  en cysts , p o s s ib ly  w ith  th e  a id  o f  th e  c r y s t a l lo id  
s tru c tu re s  in  i t s  cytoplasm  (Garnham 1 9 6 6 ). The oocyst is  now 
about 6jum in  d iam ete r. I t  then  undergoes th e  second m e io tic  
d iv is io n  w ith in  48 hours o f  th e  in g e s tio n  o f  th e  blood m eal.

8 : Many m ito t ic  d iv is io n s  fo l lo w .

9 : Each nucleus becomes p a rc e lle d  up in  i t s  own amount o f  cytoplasm .

1 0 :W ith in  4 -1 5  days depending on th e  sp e c ie s , th e  oocyst is  m ature.

l l : T h e  oocysts d iam eter is  now about 50wm and co n ta in s  th e  m ature  
s p o ro z o ite s , (between 40 and 10000 ). The oocyst ru p tu re s  in to  th e  
haemocoel. Some s p o ro zo ite s  reach th e  s a l iv a r y  g lands where th ey  
bore through th e  o u te r  membrane.

12:When th e  mosquito n ext fe e d s , th e  s p o ro zo ite s  bore through th e  
gland  c e l ls  in to  th e  d u cts . They then become in je c te d  in to  th e  
v e r te b ra te  h o st.

1 3 :Some s p o ro zo ite s  reach th e  l i v e r  parenchymal c e l ls .  (Some 
non-mammalian sp ec ies  may a ls o  invade e p i t h e l ia l  c e l l s ) .



1 4 :The s p o ro z o ite  rounds up in  th e  l i v e r  c e l ls  and undergoes rep eated  
m ito t ic  d iv is io n s .

1 5 :The -Final s c h izo n t may c o n ta in  between <100 and s e v e ra l m i l l io n  
m erozo ites  depending on th e  s p e c ie s . I t  ru p tu re s  re le a s in g  th e  
m erozo ites  in to  th e  blood. Some s p e c ie s ' m ero zo ites  may re in vad e  
th e  l i v e r ,  (steps 1 6 ,1 7 ,1 8 ) .

1 9 :The m erozo ite  invades a red  blood c e l l  v ia  s u rfa c e  re c e p to rs  and 
takes  some red  c e l l  membrane w ith  i t  in to  th e  c e l l .

2 0 :The m ero zo ite  forms a la rg e  vacuo le  and pushes i t s  cytoplasm  and 
nucleus to  th e  edge o f  i t s  c e l l  en ve lo p e . T h is  is  th e  r in g  form .

2 1 :As th e  p a ra s ite  grows i t  becomes amoeboid and more i r r e g u la r  in  
shape. Th is  is  th e  tro p h o z o ite . Heamoglobin is  d ig e s te d  and 
res id u es  a re  l e f t  which form th e  haemozoin pigm ent.

2 2 :Amoeboid a c t i v i t i e s  cease and th e  vacu o le  is  t o t a l l y  lo s t .

2 3 :M ito s is  occurs and continues u n t i l  a  com plete s c h iz o n t is  form ed. 
T h is  is  a s o l id  body w ith  a number o f  n u c le i v a ry in g  between 4 and 
72. Each nucleus is  p a rc e lle d  up w ith  cytoplasm  to  form  a 
m ero zo ite .

2 4 :The red  c e l l  d is in te g ra te s  to  re le a s e  th e  m ero zo ites  in to  th e  
blood. Upon re in v a s io n  o f  th e  red  c e l ls  some p a ra s ite s  may 
c o n tin u e  th e  asexual c y c le , (s tep s  1 9 -2 4 ) .

2 5 :F o r reasons not f u l l y  understood, th e  e a r ly  r in g  s tag e  may 
develop in to  e ith e r  a male o r fem a le  gam etocyte. The m ature  
gametocytes may com plete ly  f i l l  th e  red  c e l l .  The fem ale  
gam etocyte has a compact, deep s ta in in g  nucleus u n lik e  th e  male 
gam etocyte 's , which is  more d if fu s e  and l ig h t e r  s ta in in g .

(Garnhamm 1966, Bruce-Chwatt 1986, Garnham 1984)
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1.2 .5  Human Ma la r ia s .

1 .2 .5 .1 .  Wo rldw ide  Dis t r ib u t io n .

In  1982 th e  W orld H e a lth  O rg a n is a tio n  p u b lish ed  -Figures which  

showed th a t  287. o f  th e  W o rld 's  p o p u la tio n  were l iv in g  in  a reas  where 

m a la r ia  has never e x is te d  o r from  where i t  has d isappeared  w ith o u t  

s p e c if ic  a n t im a la r ia l  measures; 187. were l iv in g  where th e  d isease  has 

been e lim in a te d  du rin g  re c e n t decades due to  a n t im a la r ia l  measures 

and changes in  th e  environm ent and h e a lth  c a re ; 467. l i v e  in  a reas  

where a n t im a la r ia l  measures have reduced th e  d isease  in c id en ce  in  

degrees rang ing  from  s l ig h t  to  alm ost com plete . The o th e r  87. o f  th e  

p o p u la tio n  l i v e  in  a reas  o f  n o n s p e c ific  a n t im a la r ia l  measures. T h is  

means th a t  a t  one tim e  7Z/. o f  th e  W o rld 's  p o p u la tio n  l iv e d  w ith  

m a la r ia , (W.H.O. 1986 ).

300 years  ago th e  whole o f  Europe was an endemic a re a  and 100 years  

ago th e  U .S .A . was a ls o  an endemic a re a  ( f ig u r e  1 .1 ) .  But now th e  

disease  is  g e n e ra lly  c o n fin ed  between th e  t r o p ic s  o f  C ap rico rn  and 

Cancer, excep t fo r  a band from  Turkey to  China, ( f ig u r e  1 .3 ) .

W ith in  these  a reas  th e  es tim a te d  number o f  cases o f  m a la r ia  per  

year may be more than  th e  100 m i l l io n ,  which is  u s u a lly  quoted, 

(W.H.O. 1987 ). I t  may be as many as 489 m i l l io n  cases, w ith  234  

m il l io n  P.-Falciparum cases o f  which 2 .4  m i l l io n  a re  f a t a l ,

(S tu rc le r  1989 ).

The d isease  inc id en ce  c o r re la te s  w ith  th e  d is t r ib u t io n  o f  th e  

v e c to r  Anopheles m osquitos. T h e re fo re  endemic a re a s  have been 

s t r a t i f i e d  in to  e p id e m io lo g ic a l zones depending on th e ; ty p e  o f  

a re a , mosquito p re v a le n c e , l iv in g  and w orking c o n d itio n s  and c lim a te ,  

(Kouznetsov e t  a l  1985 ).

1 .2 .5 .2 .  Human Pa r a s it e s .

There a re  fo u r  sp ec ies  and one su b -sp ec ies  o f  Plasmodia which  

in f e c t  humans. They a l l  have t h e i r  e x o e ry th ro c y tic  s ta g e  w ith in  th e  

l i v e r  o f  th e  v e r te b ra te  h o s t. The non v e r te b ra te  host is  th e  fem ale  

Anopheles m osquito. The f i v e  sp ec ies  a re :  P.malariae,

P. Falciparum, P. ovale, P.vivax and P.vivax hibernans. Some o f  

t h e i r  c h a r a c te r is t ic s  a re  shown in  T a b le  1 .2 .





P. vivax P.ovale P. malariae P. falciparum

Occurrence Temperate Zones, 
Tropics, not common 

in Nest Africa.

Mainly Africa Tropics
Sub-Tropics

Tropics
Sub-Tropics

Illness Mild to severe Mild Mild
.

Severe in non 
immunes

Name Benign tertian Tertian Quartan Malignant
Tertian

Relapses Frequent Infrequent Short

Duration of 
Disease

Long, 1.5 to 3yrs Long, 1.5 to 3yrs V.Long 1.5 to 50yrs

Prepatent
Period

Preerythrocytic

11-13 days 

8 days

10-14 days 

9 days

15-16 days 

13 days

9-10 days 

5-6 days

2* exoerythrocytic Liver Sometimes Liver

No. liver merozoites 
per schizont

8-20 thousand 15 thousand 2 thousand 40 thousand

No. blood merozoites 
per schizont

12-18 8-10 sometimes 16 8 8-24

Length of asexual 
cycle

48 hours 
synchronous

49-50 hours 
synchronous

72 hours 
synchronous

<48 hours 
asynchronous

Red cell preference Reticulocytes Reticulocyte Mature Indifferent

Max’ Parasitaemia

Time for appearance 
of gametocytes from 

first asexual in blood

0.4 to IX 

3 days

0.18 to 0.6X 0.12 o 0.4X 0.4 |to 10X 
possibly 40X

10 days

Gametocyte shape Round Round Round Crescent

Length of cycle in 
mosquito

9 days 24*C 16 days 24‘C 21 days 24’C 11 days 24'C

Length of fever 8 to hours 8 to 10 hours 8-10 hours 16 to 36 hours 
(or longer)



Table 1.2: Selected characteristics of the human malaria parasites.

Occurrence: Main areas o f  th e  w orld  where th e  p a ra s ite s  a re  found  
today .

Name: These were th e  names adopted on th e  b as is  o f  th e  fe v e r  
p e r io d ic i t y .  The f i r s t  d e s c r ip t io n  to  use th ese  term s was documented 
by H ippocra tes  in  th e  5 th  cen tu ry  B.C.

Relapses: reappearance o f  symptoms o f  in fe c t io n  fo llo w in g  th e  p rim ary  
a t ta c k . These may be s h o rt, less  than  8 weeks o r  as long as 24 weeks.

D u ra tio n  o f  d isease: D isease d u ra tio n  fo llo w in g  a s in g le  in fe c t io n
and no r e in fe c t io n .  P a ra s ite s  may not alw ays be p re s e n t in  th e  blood  
a l l  th e  tim e . L iv e r  s tages w ith  long in c u b a tio n  tim es  may be 
re s p o n s ib le .

Pre P a te n t P erio d : Time from in o c u la t io n  w ith  s p o ro zo ite s  to  being  
a b le  to  d e te c t asexual blood s tag es .

Pre E ry th ro c y t ic  P eriod : Time from in o c u la t io n  w ith  s p o ro z o ite s  to  
th e  re le a s e  o f  m erozo ites from th e  l i v e r  in to  th e  b lood.

2° e x o e ry th ro c y tic  S tage: Some l i v e r  m e ro zo ite  may re in v a d e  th e  l i v e r  
a f t e r  re le a s e  from  sc h izo n ts .

No. o f  L iv e r  M erozo ites : Number o f  m ero zo ites  in  1 s c h iz o n t produced  
from  1 s p o ro zo ite .

No. o f  Blood M erozo ites : Number o f  m ero zo ites  in  1 s c h izo n t produced  
from  1 asexual s tag e .

Length o f  Asexual C ycle: Time from  in v a s io n  o f  th e  red  c e l l  to  th e  
re le a s e  o f  m erozo ites from th e  same c e l l .  S y n c h ro n ic ity  o f  th e  
p a ra s ite s  w ith  resp ect to  each o th e r  and th e  s ta g e  o f  th e  asexual 
c y c le .

Red C e ll P re fe ren ce : Type o f  red c e l l  invaded as seen in  b lood f i lm s  
o r in  vi tro  c u ltu re  (P. falciparum).

Maximum P aras itae m ia : Maximum p a ra s ita e m ia s  seen in  p a t ie n ts .
C a lc u la te d  using 5 x 10* red  blood c e l ls  per mm- 3 .

Time fo r  gam etocyte appearance: Length o f  tim e  from  th e  end o f  th e  
Pre e ry th ro c y t ic  p e rio d .

Gametocyte Shape: Apperance o f  th e  gam etocytes in  b lood f i lm s .

Length o f  c y c le  in  mosquitos: Time fo r  th e  appearance o f  m ature  
s p o ro zo ite s  in  th e  s a l iv a ry  glands from  th e  f i r s t  in g e s tio n  o f  
in fe c te d  b lood.

Length o f  fe v e r :  Length o f  th e  f e b r i l e  symptoms o f  m a la r ia  fo llo w in g  
th e  re le a s e  o f  m erozo ites from th e  red  blood c e l ls .



1.2 .5 .5 .  Cl in ic a l  Course o f Ma la r ia .

1 . 2 . 5 .5 .1 .  GENERAL DESCRIPTION.

The c l in ic a l  symptoms o f  m a la r ia  a re  a s s o c ia te d  w ith  th e  blood  

forms o f  th e  p a ra s ite s , th e  m ajor symptom being fe v e r .  The in c u b a tio n  

p e rio d  from  in fe c t io n  to  c l in ic a l  s ig n s  v a r ie s  between th e  

s p e c ie s (T a b le  1 .2 ) .  The sometimes long in c u b a tio n  p e rio d  fo r  

P.vivax, p a r t ic u la r ly  in  N. Europe where m a la r ia  was common b e fo re  

th e  end o f  th e  19th c e n tu ry , may have been an over w in te r in g  

mechanism. Some o f  these s t r a in s  o f  p a r a s ite  were c la s s i f ie d  under 

P.vivax hibernans.

The degree o f  i l ln e s s  and in fe c t io n  is  v e ry  dependent on th e  immune 

s ta tu s  and drug tre a tm e n t o f  th e  h o s t. In  a l l  in fe c t io n s  th e  p e r io d ic  

f e b r i l e  response is  re la te d  to  th e  re le a s e  o f  m ero zo ites  from  th e  

ru p tu r in g  red  blood c e l ls .  T h is  was f i r s t  c le a r ly  dem onstrated in  

1905 by Roseneau e t  a l ,  (Ross 1 9 1 0 ). In  P.vivax and P.ovale t h is  

occurs eve ry  48 hours o r e v e ry  3 rd  day, hence i t s  o ld  name o f  t e r t i a n  

m a la r ia , and 4 th  day o r every  72 hours fo r  P.malaria which was 

known as quartan  m a la r ia . P. falciparum  is  sometimes known as  

m alig n an t t e r t i a n ,  because i t s  p e r io d ic i t y  is  48 hours . But th e  fe v e r  

may not alw ays re g u la r  because th e  p a ra s ite s  a re  n o t synchronous w ith  

each o th e r . P. falciparum m a la r ia  is  a ls o  v e ry  o f te n  f a t a l  u n lik e  

th e  o th e rs .

.1.2.5.5.2.  P.VIVAX, P.OVALE AND P.MALARIAE.

The paroxysm accompanying th ese  p a ra s ite s  fo llo w s  th e  c la s s ic  

p a tte rn  o f  c o ld , h o t and sw eating  s ta g e s , w ith  a  body tem p eratu re  

r is e  to  4 1 °C. Accompanying symptoms in c lu d e  nausea, v o m itin g ,

drowsiness and d iz z in e s s . These may be more se v e re  in  P.ovale and 

P.malariae. Two weeks a f t e r  th e  o n s e t, th e  s p le e n  has e n la rg e d  

enough to  be p a lp a b le . Anaemia develops as a r e s u l t  o f  th e  

d e s tru c tio n  o f  red  blood c e l ls  and may be severe  in  c h ild re n ,  

although  in  P.malariae in fe c t io n  t h is  is  n o t u s u a lly  a problem .

A l l  th e  asexual s tages can be found in  b lood f i lm s .  Spontaneous



reco very  can o ccu r, bu t tre a tm e n t is  s t i l l  necessary to  p re v e n t  

re la p s e s , which can happen a f t e r  s e v e ra l weeks. During th e  p e r io d  

between re la p s e s , p a ra s ite s  may s t i l l  be p re s e n t in  th e  blood even  

though th e re  a re  no c l in ic a l  symptoms. R elapses o f  fe v e r  occur in  

P.ovale, P. vivax and th e  fo rm er may p e r s is t  f o r  up to  3 y e a rs , 

w ith o u t tre a tm e n t. These u s u a lly  a re  not f a t a l  but a re  im p o rtan t  

because o f  th e  d is a b i l i t y  th ey  cause d u rin g  th e  paroxysms. T h is  is  

a ls o  t ru e  fo r  P.malariae which may p e r s is t  fo r  up to  50 y e a rs , 

a lthough  th e  re la p s e s  may not be v e ry  fre q u e n t.

F ever may not always be v e ry  h igh  u n l ik e  th e  o th e r human m a la r ia s ,  

but accompanying symptoms may be s e v e re , such as v o m itin g , sw ea tin g , 

nausea and d ia rrh o e a . Coughing may occur because o f  pulmonary  

invo lvem ent. Both sp leen  and l i v e r  become p a lp a b le . Jaund ice  may 

accompany th ese  s ig n s .

Treatm ent can be very  e f f e c t iv e  a t  t h is  e a r ly  s ta g e , bu t i f  i t  is  

d elayed , severe  m a la r ia  may r a p id ly  develop . T h is  is  more l i k e l y  when 

th e  p a ra s ita e m ia  reaches 5*/. o r so . O nly th e  e a r ly  asexual s tag es  can 

be seen in  blood f i lm s , because th e  s c h iz o n t s tag e  seq u es te rs  in  

organs, and t h is  is  what causes th e  m a jo r ity  o f  severe  symptoms:

a) C e re b ra l m a la r ia : P a t ie n t  becomes drowsy and e v e n tu a lly  comatose.

h e a ts tro k e . These have been a t t r ib u t e d  to  th e  b lo c k in g  o f  th e  b ra in  

c a p i l la r ie s  by th e  p a ra s it is e d  e ry th ro c y te s . I t  is  s t i l l  no t c le a r  

how t h is  occurs but p a ra s ite  p ro te in s  in  th e  re d  c e l l  membrane may be

re s p o n s ib le  fo r  b ind ing  to  th e  e p ith e liu m .

b) A lg id  m a la r ia : Th is  resem bles s u rg ic a l shock, w ith  p a le , c o ld  and 

clammy s k in , sh a llo w  b re a th in g  and a weak but ra p id  p u ls e . The blood  

pressu re  is  low and v o m itin g  and d ia rrh o e a  can o ccu r. The fa c e  is  

drawn and pinched. Adrenal in s u f f ic ie n c y  may be re s p o n s ib le  f o r  

death .

c) G a s t r o - in te s t in a l : Symptoms may resem ble c h o le ra  w ith  b loody

s to o ls  c o n ta in in g  mucus and pus. Renal f a i l u r e  may occur le a d in g  to

death  from  uraem ia. V ascu lar c o lla p s e  and pulmonary oedema may speed 

death .

1.2,5,5.1L . P,FALCIPARUM,

O ther f i t s ,  d e lir iu m , in to x ic a t io n  and



M assive haem olys is  can occur because o-F th e  h ig h  p a ra s ita e m ia ,  

which may reach  40V.. T h is  le a d s  to  th e  c o n d it io n  known as  B lackw ate r  

F e v e r, because haem oglobin is  passed in  th e  u r in e .  As a r e s u l t  o f  

red  c e l l  d e s tru c t io n  an o x ia  can le a d  to  organ damage. In  c h ild r e n  

t h is  is  e s p e c ia l ly  pronounced and may be th e  m ajor cause o f  d e a th .

D uring  pregnancy a th e  immune system  is  suppressed due to  hormonal 

changes. T h is  can r e s u l t  in  a re la p s e , r e q u ir in g  tre a tm e n t th e  m other 

I t  i s  a ls o  p o s s ib le  f o r  p a r a s ite s  to  c ro ss  th e  p la c e n ta . The 

mechanism is  n o t known but p a th o lo g ic a l changes may be re s p o n s ib le .  

One im p o rta n t r e s u l t  o f  a re la p s e  d u rin g  pregnancy is  to  cause  

a b o r t io n , m is c a rr ia g e , s t i l l b o r n  o r  u n d erw e ig h t b a b ie s .

1 . 2 . 5 .4 .  Diagnosis , qf malaria ..

A d e f in i t e  d ia g n o s is  o f  m a la r ia  in fe c t io n  is  e s ta b lis h e d  on f in d in g  

p a ra s ite s  in  th e  b lo o d . Any fe v e r  in  a person l i v in g  in  an endemic  

a re a  o r  a v i s i t o r  to  such an a re a , even f o r  s e v e ra l ho u rs , shou ld  be 

suspected  o f  having  m a la r ia .

A d ia g n o s is  cannot be made on symptoms a lo n e  because o f  t h e i r  

resem blance to  o th e r  d is e a s e . T h e re fo re  th ic k  and t h in  b lood  f i lm s  

a re  made from  a  f in g e r  p r ic k .  These a re  s ta in e d  u s in g  one o f  s e v e ra l  

s ta in s :  (Giemsa, W r ig h t 's ,  F ie ld 's  o r  Romanowsky).

A s k i l l e d  person can d eterm in e  th e  s p e c ie s  o f  p a r a s ite  which is  

im p o rta n t f o r  tre a tm e n t. A ls o  th e y  can d e te c t  v e ry  low numbers o f  

p a r a s ite s ,  which may be as few  as 200 p a r a s ite s  p e r mm3 o f  b lo o d . 

(A p p ro x im ate ly  0 .0 0 4 ’/ . ) .

(Bruce—C hw att 1 9 8 5 ).



1 . 2 . 5 . 5 .  Treatment of Ma l a r ia .

a) P.vivax, P.malariae and P.ovale.

C h lo ro q u in e  is  th e  p r e fe r r e d  drug . An i n i t i a l  lo a d in g  dose o f  600mg 

is  g iv e n  to  a d u lts  fo llo w e d  6 -8  hours l a t e r  by 300mg and th e n  300mg 

e v e ry  o th e r  day up to  an a c c u m u la tiv e  dose o f  25mg Kg- 1 . In  c h ild re n

th e  i n i t i a l  dose is  10mg K g"1 , fo llo w e d  6 -8  hours l a t e r  w ith  5mg Kg"1

and th en  5mg K g"1 e v e ry  o th e r  day. T h is  is  adequate  f o r  P.malaria 

b u t f o r  P.ovale  and P.vivax  P rim aq u in e  must a ls o  be g iv e n , lmg 

must be ta k e n  each day f o r  14 to  21 days in  a d u lts  to  d e s tro y  th e  

l i v e r  s ta g e s . In  c h ild re n  th e  dose is  250jug K g"1 .

However b e fo re  p rim aq u in e  a d m in is t r a t io n ,  th e  enzyme g lucose 6  

phosphate dehydrogenase must be measured because in  d e f ic ie n t  

d is o rd e rs  p rim aqu ine  may cause h aem o lys is . T h e re fo re  th e  dose is  

a d ju s te d  to  30mg p er week f o r  8  weeks.

b) P. falciparum.

C h lo ro q u in e  s e n s it iv e  s t r a in s :  The dosage is  th e  same as f o r  th e  

o th e r  human m a la r ia s , e x c e p t in  s e v e re  cases where lOmg Kg"1 is  g iv e n  

i / v  o ve r 8  h ours . T h is  is  fo llo w e d  by th re e  8  hour in fu s io n s  o f  5mg 

K g"1 . O ra l th e ra p y  is  in s t i t u t e d  as soon as p o s s ib le  up to  an  

a c c u m u la tiv e  dose o f  25mg K g"1 . I/m  a d m in is t r a t io n  can be used a t  

3.5m g K g"1 e v e ry  6 hours o r 2.5mg Kg"1 e v e ry  4  h o u rs .

I f  c h lo ro q u in e  tre a tm e n t f a i l s  th e n  q u in in e  is  used, by mouth i f

p o s s ib le . 600mg e v e ry  8  hours f o r  7 days. A f t e r  t h is ,  a d u lts  a re  

g iv e n  3  t a b le t s  o f  F a n s id a r (p y r im e th a m in e ).

L ik e  c h lo ro q u in e , p a ra s ite s  a re  ap p e a rin g  which a re  r e s is t a n t  to  

pyrim etham ine; in  th e s e  cases o th e r  drugs have to  be used.

( B r i t is h  N a tio n a l Form u lary  1 9 8 9 ).



1 . 2 . 4 ,  Rodent Malari a ,

The -F irs t  s p ec ies  o f  Plasmodium to  be found  in  ro d e n ts  was 

d is c o v e re d  in  th ic k e t  r a t s  ( Thamnomys surdaster) n ear  

E l iz a b e t h s v i1 le  in  Z a ire  by D rs . V in c k e  and L ip s  (Van den Berghe  

1 9 4 8 ). The p a ra s ita e m ia  reached  50'/. a f t e r  1 1 -1 5  days p o s t 

in o c u la t io n .  W ild  r a ts  ( Rattus rattus) and m ice w ere a ls o  

s u s c e p t ib le  to  t h is  p a r a s ite  which was named P.berghei. F u r th e r  

s tu d ie s  showed th a t  t h is  p a r a s i t e  co u ld  s u rv iv e  in  a w ide  range o f  

ro d e n t h o s ts , a lth o u g h  th e  h o s ts  had d i f f e r e n t  degrees o f  

s u s c e p t ib i l i t y .  M ice were more s u s c e p t ib le  and som etim es d ie d .

In  1952 V in cke  is o la te d  a  m a la r ia  p a r a s i te  from  r a t s .  I t  was s e n t  

to  J .R o d h a in  in  Antw erp, who found  t h a t  i t  was a new s p e c ie s . He 

named i t  P.vinckei, (Rodhain 1 9 5 2 ). T h is  was a  lu c k y  f in d  as  

Garnham p o in te d  o u t, because a l l  o th e r  Plasmodia is o la t e s  from  t h a t  

re g io n  o f  Z a ir e  proved to  be P.berghei.

I t  w a s n 't  u n t i l  1965 t h a t  Vanderbergh and Y o e li  w ere a b le  to  

d e s c r ib e  f u l l y  th e  in  la b o ra to ry  tra n s m is s io n  o f  P.berghei. T h is  

long  la g  p e r io d  may have been due to  d i f f i c u l t i e s  in  m a in ta in in g  th e  

m osquitos  and a c h ie v in g  h ig h  enough s p o ro z o ite  r a te s .  In  th e  same 

y e a r  th e  p re  e r y th r o c y t ic  s ta g e s  o f  P. berghei w ere d e s c rib e d , 

(Y o e li  and Most 1965) which m ature  in  50  hours .

A t th e  same tim e  Landau (1965) d e s c rib e d  a  new p a r a s i te  w hich he 

named P.chabaudi.

Because many ro d en t m a la r ia  is o la t e s  w ere made, in  1974 

K i l l ic k -K e n d r ic k  made an a tte m p t to  t id y  up th e  ro d e n t p a r a s i te  

c la s s i f i c a t io n .  He grouped them in to  3  g roups. To th e  o r ig in a l  

b e rg h e i and v in c k e i groups was added a new one made up o f  3  sub 

s p e c ie s  o f  b erghe i l i k e  p a r a s ite s  is o la te d  from  th e  lo w er G uinea  

f o r e s t  c a l le d  P. yo e lii. A fo u r th  group was a ls o  added, c o n ta in in g  

P.chabaudi. The d is c o v e ry  o f  th e s e  p a ra s ite s  has been in v a lu a b le  to  

m a la r ia  re s e a rc h , e s p e c ia l ly  in  two a re a s : Immunology and

chem otherapy.

A v ia n  p a ra s ite s  were th e  s ta n d a rd  model b u t ro d e n t m a la r ia  was 

ta x o n o m ic a lly  c lo s e r  to  human m a la r ia s . However u n l ik e  human<|>dent 

m a la r ia s ,  ro d en t m a la r ia  is  r e s t r ic t e d  to  th e  c o n t in e n t  o f  

A f r ic a ,  d e s p ite  survey o v e r th e  w o r ld . In  A f r ic a  th e s e  p a r a s ite s  

a r e  l im i t e d  to  th e  c e n tr a l  a re a s  and th e  s o u th e rn  S ah ara , (F ig u re  

1 .4 )  .

T a b le  1 .3  shows some o f  th e  c h a r a c t e r is t ie s  o f  th e  p a r a s i te s .
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F ig u re  1 .4 :  P rim ary  lo c a t io n s  in  A -fr ic a  w here ro d e n t m a la r ia
p a r a s ite s  have been is o la te d .
a: P.berghei and P.vinckei.
b : P. berghei.
c: P .y o e lii (? ) .
d: P .y o e lii  and P.vinckei.
e: P. yoel i i , P. vi nckei and P. chabaudi.
f : P. aegyptensis.

-From K i 11 ic k -K e n d r ic k  (1 9 7 8 ) .
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T a b le  1 .3 :  S e le c te d  c h a r a c t e r is t ic s  o-F ro d e n t m a la r ia s , -For an
e x p la n a t io n  o-F term s see legend to  t a b le  1 .2 .  (Landau and B o u lard  
1978)



1 . 2 . 4 .1 .  Course of I n f e c t io n

In  th e  n a tu ra l h o s t th e  p a r a s ite s  may p e r s is t  f o r  24  m onths, 

whereas in  e x p e rim e n ta l a n im a ls  (m ice) i t  may be le s s  th a n  6  months 

depending on th e  an im al and s t r a in .

L e th a l P.berghei and P .y o e lii p a ra s ita e m ia s  grow r a p id ly  and 

k i l l  th e  h o s t w ith in  4 -5  days from  th e  d e te c ta b le  appearance o f  

p a r a s ite s  in  th e  b lo o d . In  th e  a n im a ls  which s u r v iv e , th e  p a r a s ite s  

may p e r s is t  a t  a h ig h  paras  ita e m i a  (approx 507.) f o r  1 0 -2 0  days b e fo re  

c le a r in g ,  ( f ig u r e  1 .5 a ,c ) .  N o n - le th a l s t r a in s  can ta k e  1 5 -2 0  days to  

reach  507. p a ra s ita e m ia  from  t h e i r  d e te c ta b le  appearance and b e fo re  

c le a r in g  t h e i r  p a r a s ite s ,  ( f ig u r e  1 .5 b ) .

P.chabaudi in fe c t io n  in c re a s e  s im i l a r l y  to  le t h a l  P .y o e lii  and  

P .b e rg h e i in fe c t io n s .  Then w it h in  48 hours th e  p a r a s ite s  a re  

c le a re d  from  th e  b lo o d . Some a n im a ls  d ie  a t  t h is  p o in t ,  b u t in  

s u rv iv o rs  ab o u t 20 days l a t e r  a recru d ecence  may o c c u r, w ith  much 

low er p a ra s ita e m ia s . T h is  may o r  may no t occur a  second t im e ,  

(F ig u re  1 .5 c ) .

M ice  in fe c te d  w ith  any o f  th e s e  p a r a s ite s  g r a d u a lly  became shabby  

in  appearance as th e  in fe c t io n  in c re a s e . T h e ir  c o a t becomes s c r u f fy  

and th e y  become le s s  a c t iv e  and rem ain  hunched to g e th e r  in  one p la c e .  

But soon a f t e r  th e  p a r a s ite s  c le a r  th e  m ice become more a c t iv e ,  

a lth o u g h  t h e i r  c o a ts  may look s c r u f fy  f o r  a few  days. The eyes and 

s k in  o f  w h ite  m ice lo o se  t h e i r  p in k  c o lo u r a t io n ,  because o f  th e  

p a r a s it e  induced anaem ia. They a re  a ls o  c o ld  to  th e  to u c h , (p la te  

1. 1) .
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F ig u re  1 .5 :  Course o-F Plasmodia in fe c t io n s  in  m ice in je c te d  i / v  
w ith  10^ p a r a s i t is e d  re d  b lood c e l l s .

a : Course o f  in fe c t io n  in  m ice in fe c te d  w ith  a le t h a l  s t r a in  o f  
P .y o e lii  17X. The b o ld  l in e  in d ic a te s  th e  p a ra s ita e m ia  f o r  a l l  
a n im a ls . The fo l lo w in g  d o tte d  l i n e  shows th e  p a ra s ita e m ia  in  m ice  
w hich s u rv iv e  th e  in fe c t io n .

b: Course o f  in fe c t io n  in  m ice in je c te d  w ith  a  n o n - le th a l  s t r a in  o f  
P. y o e lii 17X .

c : Course o f  in fe c t io n  in  m ice in je c te d  w ith  P.berghei Anka. 
d: Course o f  in fe c t io n  in  m ice in je c te d  w ith  P.chabaudi.

(VdvFRw e e f  ol 14 £ 6  T 'A ftO ^ 'T T



P la t e  1 .1 :  Appearance o-F Tuck No. 1 m ice d u rin g  th e  co u rse  o-F a 
1e t h a 1 P. y o e lii  i n fe c t  i o n .
a: B e fo re  in -F ec tio n  and up to  5  days -Fo llow ing  in f e c t io n  w ith  10^ 
p a r a s i t is e d  re d  b lood  c e l l s  i / v .  M ice  a re  v e ry  a c t iv e ,  
b: Day 6  to  day 10 o f  in -F e c tio n . M ice  a re  v e ry  in a c t iv e .  E ars  and 
t a i l s  become w h ite  because o f  anaem ia . Death may occur a t  t h is  s ta g e ,  
c: From day 10 onwards th e  m ice b eg in  to  re c o v e r  and become more 
a c t  i v e .



1 . 5 , Re s is t a n c e  t o  m alari a

1 . 5 . 1 .  N o n -Im m u n o lo g ica l M echanism s.

P.vivax  and P.knowlesi can n o t in v a d e  re d  b lood  c e l l s  la c k in g  

D u ffy  b lo o d  group m o le c u le s , ( M i l l e r  e t  a l  1976 , S pencer e t  a l  1 9 7 8 ) .

O th e r re d  c e l l  membrane m o le c u le s  have been shown t o  be in v o lv e d  in  

p a r a s i t e  in v a s io n  (P asvo l 1984, B re u e r 1 9 8 5 ), and s o lu b le  -Forms can  

b lo c k  p a r a s i t e  e n t r y  (H erm en tin  e t  a l  1987a,b)

P ersons homozygous -For th e  S ic k le  c e l l  t r a i t  (Hb S /S )  a re  p r o te c te d  

a g a in s t  m a la r ia .  T h is  can be dem o n stra ted  in  v itro  (P asvo l e t  a l  

1 9 7 8 ) . Two o th e r  heam og lob ins can a ls o  p r o te c t  a g a in s t  m a la r ia :  HbF
s'

( • fo e ta l haem og lob in ) (W e a th e ra ll e t  a l  1979) and HbE (L iv in g s to n e

1 9 7 1 ) .

G lu c o s e -6 -p h o s p h a te  dehydrogenase (G6 PD) v a r ia n t s  can a-F-Fect

p a r a s i t e  grow th  ( S in is c a lo  1961, Friedm an and T ra g e r  1981) e s p e c ia l ly  

i-F th e  enzyme is  d e f i c i e n t  (E tk in  and E aton  1 9 7 5 ).

T h a la s s a e m ia  le a d s  t o  p rem atu re  ly s is  o f  th e  re d  c e l l s  w hich  

in t e r r u p t s  p a r a s i t e  g ro w th , (S in is c a lo  1961, Oppenheim er e t  a l  1 9 8 4 ).

H e r e d ita r y  e l 1 ip t o c y t o s is  re d  b lo o d  c e l l s  a r e  a ls o  u n a b le  to

s u p p o rt o p tim a l p a r a s i t e  grow th (K idson  e t  a l  1 9 8 1 ) . E p id e m io lo g ic a l

e v id e n c e  s u p p o rts  t h i s  c la im  (S e r je n ts o n  1 9 7 7 ).



1 .JL2... imuME .-System

R o b ert Koch in  1900 d e s c rib e d  how th e  p re v a le n c e  and d e n s ity  o-F 

p a ra s ita e m ia  waned as age in c re a s e d  in  p eo p le  l i v in g  in  endem ic a re a s  

(Ross 1 9 1 0 ). From th e  age o-F 6  months to  5  y e a rs , humans a re  most a t  

r is k  of d y in g  -from m a la r ia ,  -From th e n  on th e  s e v e r i t y  o-F th e  d is e a s e  

g r a d u a lly  d ecreases  d e s p ite  c o n t in u a l exposure  to  th e  p a r a s ite s  

(McGregor e t  a l  1 9 5 6 ). O n ly  a f t e r  t h is  s ta g e  does th e  p a ra s ita e m ia  

d e c re a s e , so t h a t  by a d u lt  l i f e  r e s id e n ts  in  endem ic a re a s  may have  

an u n d e te c ta b le  p a ra s ita e m ia  o r  no c l i n i c a l  s ig n s  -For much o f  th e  

t im e . T h is  two s ta g e  "im m unity" was f i r s t  d e s c rib e d  in  1924 by 

C h r is to p h e rs  who co n s id e re d  th e  f i r s t  s ta g e  to  be c h a ra c te r is e d  by a 

h ig h  p a r a s i t e  lo ad  and s e v e re  i l ln e s s  la s t in g  ab o u t two y e a rs , and  

th en  a decrease  in  p a ra s ita e m ia  and i l ln e s s  w hich th en  p e r s is ts  fo r  

many y e a rs . The f i r s t  s ta g e  was c o n s id e re d  by S in to n  in  1939 to  be 

c o n t r o l le d  by an a n t i t o x ic  im m unity and th e  second s ta g e  by an  

a n t ip a r a s i t i c  im m unity which is  u n s ta b le . I f  an immune person  moves 

from  an endem ic a re a  to  a non endem ic a re a  f o r  as l i t t l e  as  6 months 

o r  th e y  a re  drug t r e a te d  th en  th e y  become s u s c e p t ib le  to  s e v e re  

m a la r ia  (M a e g ra ith  1 9 7 4 ).

T h is  can be c o n tra s te d  w ith  ro d e n t m a la r ia  where t r u e  s t e r i l i s i n g  

im m unity can be a c h ie v e d  by t r e a t in g  a  le t h a l  in -F ec tio n  (Cox 1 9 6 4 ), 

by v a c c in a t io n  ( P la y f a i r  e t  a l  1977) o r  by a l lo w in g , a  non le t h a l  

in -F e c tio n  to  ta k e  i t s  c o u rse .

The im m unity is  both  s p e c ie s  s p e c i f ic  and s ta g e  s p e c i f ic .

1 . 5 . 2 , 1 ,  Spec ie s  I mmun it y ,

T h is  can be b e s t dem onstrated  in  ro d e n ts  o r  monkeys where com plete  

p r o te c t io n  can be a c h ie v e d  w ith  some Plasmodium s p e c ie s . M ice  

in fe c te d  w ith  P.chabaudi would s u rv iv e  an o th e rw is e  le t h a l  

in -F ec tio n  w ith  P.vickei b u t were n o t p ro te c te d  a g a in s t  P. berghei.

P. berghei would p r o te c t  a g a in s t  P .y o e lii  b u t th e  r e c ip r o c a l  d id  

n o t g iv e  com ple te  p r o te c t io n  (Cox and V o l le r  1 9 6 6 ). These  

o b s e rv a tio n s  c o r r e la t e  to  some e x te n t  w ith  th e  c ro ss  r e a c t i v i t y  

p a t te r n s  o f  a n tib o d y  (Nussenzweig e t  a l  1 9 7 8 ).

T h is  d iv e r s i t y  between s p e c ie s  is  e x p e c te d . More im p o r ta n t ly  fo r  

v a c c in e s  i t  occurs  w ith in  s p e c ie s  (Hommel e t  a l  1983, Howard



1 9 8 4 ). I-F P.berghei in fe c t io n s  were suppressed by drug t re a tm e n t,  

p a r a s ite s  from  re p e a te d  recru d escen ces  co u ld  be is o la te d  from  th e  

a n im a ls  to  be in je c te d  in to  reco vere d  o r  n a iv e  m ice . The r e s u l t in g  

in fe c t io n s  showed t h a t  P.berghei was im m unogen ica lly  v a r ia b le  (Cox 

1 9 5 7 ,1 9 5 9 ,1 9 6 2 ) . Some a n tig e n s  a re  h ig h ly  g e o g ra p h ic a lly  d iv e rs e  

(Coppel e t  a l  1984) whereas some a re  n o t. One exam ple o f  c o n s e rv a tio n  

is  a p o r t io n  o f  th e  c irc u m s p o ro z o ite  p r o te in s ,  which is  c la im e d  to  be 

p re s e n t w o rld w id e  in  a l l  is o la te s  (Z a v a la  e t  a l  1 9 8 4 ).

Now t h a t  some o f  th e  immunodominant a n tig e n s  have been sequenced a t  

th e  genomic and amino a c id  le v e ls ,  th e  b a s is  f o r  a n tib o d y  r e a c t i v i t y  

d iv e r s i t y  is  b e g in n in g  to  be u n d ers to o d .

In  v iew  o f  th e  above, i t  w i l l  be a p p re c ia te d  th a t  a " u n iv e rs a 1" 

v a c c in e  is  a f a i r l y  u n l ik e ly  p o s s ib i l i t y .

1 . 5 . 2 . 2 .  Stag e  I m m u n it y .

M ice  v a c c in a te d  w ith  s p o ro z o ite s  a re  r e s is t a n t  t o  in f e c t io n  w ith  

s p o ro z o ite s , b u t no t w ith  b lood  s ta g e s  (Nussenzweig e t  a l  1 9 6 9 ). 

S im i la r ly  im m unity can develop  to  gam etocytes (as  shown by decreased  

i n f e c t i v i t y  to  m osquitos) w ith o u t  a f f e c t in g  th e  as e x u a l p a r a s ite s  

(Hawking e t  a l  1 9 6 6 ). A n tib o d ie s  to  s u r fa c e  a n tig e n s  o f  m e ro zo ite s  

can b lo c k  re in v a s io n  o f  re d  b lood  c e l l s .  T h is  can be dem onstra ted  

b oth  in  vivo and in  v itro . These a n t ib o d ie s  do n o t a f f e c t  th e  

in t r a - e r y t h r o c y t ic  s ta g e s  b u t o n ly  th e  in t e r - e r y t h r o c y t ic  s ta g e s  

(Cohen and McGregor 1 9 6 3 ).

1 . 5 . 5 .  CHANGES WITHIN THE Im U N E SYSTEM.

1 . 5 . 5 . 1 .  A n tib o d y .

IgM , IgG , and IgA  plasma c o n c e n tra t io n s  in c re a s e  fo l lo w in g  

in f e c t io n  w ith  m a la r ia  p a r a s ite s  (C o l l in s  e t  a l  1 9 7 1 ). M ost o f  th e  

a n tib o d y  is  p a r a s i te  s p e c i f ic  b u t a n t ib o d ie s  to  re d  c e l l s ,  

lym phocytes, comp1erne ih t, n u c le a r  components and im m unoglobulin  can  

a ls o  be dem onstrated  (Deans and Cohen 1 9 8 3 ). IgM and IgA responses



a r e  t r a n s ie n t  whereas th e  IgG response is  p e r s is te n t  and in v o lv e s  a l l  

th e  -Four su b c lasse s  in  humans (F acer 1 9 8 0 ).

A lth o u g h  th e  p r o te c t iv e  e-F-Fect o-F im m unoglobulin  was -F irs t  re p o r te d

in  1917 by S o tir ia c fe s  i t  was n o t u n t i l  1961 t h a t  Cohen e t  a l

c o n v in c in g ly  dem onstrated  t h a t  im m unoglobulin  co u ld  p r o te c t  a f t e r
b

p a s s iv e  t r a n s f e r  o f  m a te rn a l im m unoglc^ilin to  s ic k  c h i ld r e n .  T h is  has 

a ls o  been dem onstrated  in  ro d e n ts . P a s s iv e  t r a n s fe r  o f  immune s e ra  to  

s p o ro z o ite s  can in c re a s e  t h e i r  c le a ra n c e  r a t e  (Nussenzweig e t  a l

1972) and decrease t h e i r  in f e c t i v t y  (Nussenzweig e t  a l  1 9 6 9 ). The 

p rim a ry  a n t ig e n  is  th e  c o a t p r o te in  o r  c irc u m s p o ro z o ite  p r o te in  

(C SP). A m onoclonal a n tib o d y  ra is e d  to  t h is  m o le c u le  can p r o te c t  m ice  

(Y osh ida e t  a l  1 9 8 0 ). The CSP is  b e ing  in v e s t ig a te d  as a p o s s ib le  

v a c c in e  c a n d id a te .

M e ro z o ite s  a ls o  s t im u la te  p r o te c t iv e  a n t ib o d ie s  (Cohen e t  a l  1961, 

D iggs and O s ie r  1 9 7 5 ). In  v itro  s tu d ie s  have shown t h a t  th e  

a n t im e ro z o ite  a n t ib o d ie s  do n o t i n h i b i t  th e  in t r a c e l l u l a r  grow th o f  

th e  p a r a s i t e  bu t b lo ck  th e  e n t r y  o f  th e  m e ro zo ite s  in t o  th e  red  c e l l  

( M i l l e r  e t  a l  1975, M i tc h e l l  e t  a l  1 9 7 6 ). T h is  im m unity is  n o t 

complement dependent (W illia m s  e t  a l  1 9 7 5 ). In  th e  f i e l d ,  

a n t im e ro z o ite  a n tib o d y  in h ib i t o r y  t i t r e s  c o r r e la t e  w ith  im m unity in  

7 0 -8 0 ’/. o f  s e ra  s tu d ie d  (Cohen and B u tcher 1 9 7 0 ).

In h ib i t o r y  a n t ib o d ie s  have a ls o  been dem onstrated  to  o th e r  s ta g e s  

o f  th e  p a r a s i t e .  Many a n tig e n s  have been id e n t i f i e d  and c lo n ed  and  

used to  immunise e x p e rim e n ta l a n im a ls , e i t h e r  as w hole  m o lecu les  o r  

as p e p t id e s . T a b le  1 .4  shows some o f  th e  m ajor a n tig e n s  used in  t h i s  

way.

A p a rt fro m  p a r a s i te  a g g lu t in a t io n ,  a n tib o d y  causes complement 

f i x a t i o n ,  d u rin g  a m a la r ia  in f e c t io n  w ith o u t a f f e c t in g  th e  p a r a s ite s  

(Fogel e t  a l  1 9 6 6 ). A no ther p o s s ib le  r o le  o f  a n tib o d y  is  in  a n tib o d y  

dependent c e l l u l a r  c y t o t o x ic i t y .  The c e l l s  in v o lv e d  may be k i l l e r  

c e l l s ,  monocytes o r  po lym orphonuclear c e l l s  (Greenwood e t  a l  1 9 7 7 ).  

Q p s o n is a tio n  is  more l i k e l y  (T o s ta  and W edderburn 1980) and l i k e  

complement i t  may n o t be an im p o rta n t p a r a s i t i c id a l  mechanism. Some 

p a r a s ite  a n tig e n s  s t im u la te  th e  p ro d u c tio n  o f  a n t ib o d ie s  which upon 

p a s s iv e  t r a n s f e r  o f  a n t ib o d ie s  do n o t c o n fe r  p r o te c t io n .  The 230KD 

P .y o e lii m e ro zo ite  a n t ig e n  is  a  good exam ple (Freeman and H o ld e r  

1 9 8 3 ). N e v e rth e le s s  t h is  a n t ig e n  is  an e f f e c t i v e  v a c c in e  in  m ice and 

w i l l  p r o te c t  them (H o ld e r and Freeman 1 9 8 1 ). T h is  p ro te c t io n  

c o r r e la te s  w ith  T - c e l l  im m unity ( P la y f a i r  e t  a l  1 9 8 5 ).



A n tig e n S tag e re fe re n c e

40 KD (CSP) S p o ro z o ite Nussenzweig e t  a l  1969 
Nussenzweig e t  a l  1972 
Y oshida e t  a l  1980

235 KD 
185—200KD

155 KD (RESA)

M e ro z o ite
M e ro z o ite

M e ro z o ite

Freeman e t  a l  1980 
H o ld e r and Freeman 1984 
S id d iq u i e t  a l  1987  
C o ll in s  e t  a l  1986

Knobs

155Kd, 83KD, 
55KD, 35Kd 
220 KD 
(S—a n tig e n s )

T ro p h o z o ite /
S c h izo n t
T ro p h o z o ite /
S c h iz o n t
S c h iz o n t

S c h iz o n t

D av id  e t  a l  1983

P a ta rro y o  e t  a l  1987

Anders e t  a l  1983  
W ilso n  1980
V in c e n t and W ilso n  1980

230KD,
48/45KD

Gam etocytes C a r te r  e t  a l  1988

25KD □ok i  n e te C a r te r  e t  a l  1988

T a b le  1 .4 :  Some o f  th e  m ajo r a n tig e n s  from  Plasmodia s p e c ie s  which  
have been is o la te d  and shown to  s t im u la te  p r o te c t iv e  a n t ib o d ie s .  
CSP: c irc u m s p o ro z o ite  a n t ig e n ;  RESA: r in g  in fe c te d  e r y th r o c y te
s u r fa c e  a n t ig e n .



1 . 5 . 5 . 2 .  T -c e l l s .

Many changes have been re p o rte d  in  T - c e l l  numbers in  m a la r ia  

in -F ec tio n s  (P la y -F a ir 1 9 8 2 ).

in te r a c t io n s  o-F B -c e l ls  w ith  T h e lp e r  c e l l s .  A r o le  -For T - c e l ls  v ia  

d e la y e d  ty p e  h y p e r s e n s i t iv i ty  (DTH) has a ls o  been proposed (Weinbaum 

e t  a l  1976, F in e r ty  and K re h l 1 9 7 6 ). T h is  im p lie s  t h a t  T - c e l ls  a r e

T—s u p p re s s o r /c y to to x ic  c e l l s  (Suss e t  a l  1 9 8 8 ). F u r th e r  to  t h is  i t  

has been shown th a t  T - c e l l  c lo n e s  can t r a n s f e r  im m unity (B rake e t  a l

1 9 8 6 ). The a n tig e n s  in v o lv e d  a re  n o t as w e ll  d e f in e d  as w ith  

a n t ib o d ie s  b u t th e y  a re  b e ing  d e s c r ib e d . The 230 KD m e ro z o ite  as  

d e s c rib e d  above c o n fe rs  im m unity c o r r e la t in g  w ith  DTH ( P la y f a i r  e t  a l

S p o ro z o ite  im m unity is  dependent on CD8 + c e l l s  e s p e c ia l ly  a g a in s t  

th e  in t r a h e p a t ic  s ta g e  (S c h o f ie ld  e t  a l  1987, W eiss e t  a l  1988, 

Romero e t  a l  1 9 8 9 ).

The s p e c i f i c i t y  o f  th e  CD8+ c e l ls  has been s tu d ie d  a g a in s t  th e  CSP. 

The e p ito p e  is  lo c a te d  w ith in  th e  v a r ia b le  re g io n  o f  th e  m o le c u le . 

T h e re fo re  one fo rm  o f  th e  m o lecu le  w i l l  n o t v a c c in a te  a g a in s t  a l l  th e  

i s o la te s  and s t r a in s  o f  P. -Falciparum. (Kumar e t  a l  1 9 8 8 ).

T - c e l l  c lo n e s  have a ls o  been d e s c rib e d  w hich can t r a n s f e r  im m unity  

a g a in s t  gam etocytes (C a r te r  e t  a l  1 9 8 8 ).

A l l  th e s e  e x p e rim e n ts  have been done in  m ice w ith  in t a c t  B—c e l l s ,  

a lth o u g h  some e xp erim en ts  have showed t h a t  th e y  a re  n o t in v o lv e d . 

T h is  has been -Further s tre n g th e n e d  by u s in g  B - c e l l  d e f ic ie n t  m ice , 

who c o u ld  s t i l l  c o n tro l an in f e c t io n  (Grun and W eidanz 1 9 8 1 ). In

t h is  case T—c e l l  responses a re  e v id e n t ly  more th a n  ju s t  T h e lp e r  c e l l  

resp o n ses . A p a rt from  T c y to to x ic  c e l l  responses , T c e l l s  can r e le a s e  

many c y to k in e s . These co u ld  a c t  on o th e r  c e l l s  w hich in  tu r n  become 

c y to to x ic  to  th e  m a la r ia  p a r a s i te s .

The p ro d u c tio n  o f  a n tib o d y  in  most c ircu m stan ce s

e
d i r e c t l y  p a r a s i t i c i d a l . Indeed  re c e n t  d a ta  s u p p o rts  t h is  

s in m ice  d e p le te d  o f  e i t h e r  T -h e lp e r  c e l l s  o r

1 9 8 5 ).



1 . 5 . 5 . 5 .  Non-Sp e c if ic  Effector Mech an ism s .

1 , 5 , 5 , 5 ,  .1, General ,.

The -F irs t  r e a l  d e s c r ip t io n  o-F a  n o n -sp ec i-F ic  mechanism was re p o r te d  

by T a l ia f e r r o  and T a l ia f e r r o  in  1944, who d e s c rib e d  th e  d eath  o f  

P.brasilianum  w i th in  red  c e l l s  b e fo re  p h a g o c y to s is . These p a r a s ite s  

were c a l le d  " C r is is  fo rm s ".

T h is  e f f e c t  co u ld  be induced by a g e n ts  u n re la te d  t o  m a la r ia  b u t  

w hich co u ld  a c t  on th e  immune system . These a g e n ts  a r e  r e la t e d  by 

b e in g  m o stly  m ic ro b ia l in  o r ig in  (S t r ic k la n d  and H u n te r 1 9 8 0 ). They  

can be d iv id e d  in to  two c a te g o r ie s ;  w hole m icroorgan ism s which a re  

a d m in is te re d  a week o r  more b e fo re  in -F ec tio n  w ith  m a la r ia  p a r a s ite s  

o r p u r i f i e d  p ro d u cts  o f  organ ism s w hich can be g iv e n  24  hours o r  le s s  

b e fo re  in f e c t io n .  Some p la n t  m itogens can have a s im i la r  e f f e c t .

Commonly used organism s a re  Prop io i bacterium acnes ( fo rm e r ly  

Corynebacterium parvum), (Nussenzweig 1967, C o t t r e l l  e t  a l  1977) o r  

Mycobacterium bovis BCG, (C la rk  e t  a l  1 9 7 6 ). These can p r o te c t  th e  

a n im a ls  a g a in s t  a range o f  o rgan ism s, in c lu d in g  m a la r ia .  P ro te c t io n  

a g a in s t  Babesia is  perhaps e x p e c te d , because th e y  a re  in  th e  same 

fa m ily  as m a la r ia  p a r a s ite s  (C la rk  e t  a l  1 9 7 6 ), b u t p r o te c t io n  

ex ten d s  a g a in s t  o th e r  m icroorgan ism s in c lu d in g  b a c te r ia  (S h ilo  1 9 5 9 ).

The e f f e c t  o f  th e s e  m icroorgan ism s was to  d e la y  th e  o n s e t o f  

p a ra s ita e m ia  by 1 to  2 days and reduce th e  m o r t a l i t y  o f  th e  m ice in  

l e t h a l  in fe c t io n s .  The maximum p a ra s ita e m ia  was n o t n e c e s s a r i ly  

reduced , nor was th e  le n g th  o f  in -F e c tio n .

C o n can ava lin -A  (Con-A) and 1 ip o p o ly s a c c h a r id e  (LPS) g iv e n  i / p  a t  

sub le th a l  doses 24  hours o r  le s s  b e fo re  th e  p a r a s ite s  had s im i la r  

e f f e c t s  to  th e  above ( C o t t r e l l  e t  a l  1977, MacGregor e t  a l  1969, 

M a r t in  e t  a l  1 9 6 7 ). The q u e s tio n s  ra is e d  w ere ; how a re  th e s e  

o rg an is m s /m o le c u le s  a f f e c t in g  th e  an im a l so t h a t  i t  i s  p ro te c te d  

a g a in s t  in fe c t io n ?

They m ig h t s t im u la te  p o ly c lo n a l a n tib o d y  p ro d u c tio n  and s p e c i f ic  

a n tib o d y  p ro d u c tio n . However a n tib o d y  is  n o t d e te c te d  a g a in s t  m a la r ia  

p a r a s ite s  d u rin g  th e  p e r io d  o f  g r e a te s t  e f f e c t  (C la rk  e t  a l  1976) and  

more im p o r ta n tly  th e  p a s s iv e  t r a n s f e r  o f  serum from  a n im a ls  t r e a te d  

w ith  e n d o to x in  a lo n e , does n o t p r o te c t  a g a in s t  th e  p a r a s ite s  

(MacGregor e t  a l  1 9 6 9 ). The r o le  o f  T - c e l ls  can n o t be t o t a l l y  ru le d  

o u t ,  even though nude m ice a re  p ro te c te d  w ith  P.acnes b u t n o t Con-A  

( C o t t r e l l  e t  a l  1 9 7 7 ).



A l l  t h is  p o in ts  to  th e  r e t ic u lo - e n d o t h e l ia l  system , e s p e c ia l ly  

m acrophages. Macrophages have a d i r e c t  e f f e c t  on m a la r ia  p a r a s ite s ,  

w hich is  im p o rta n t in  non-immune a n im a ls . B lo c k in g  macrophage 

a c t i v i t y  in  P.yc^ii in -Fction  w ith  s i l i c a  in c re a s e s  th e  

p a ra s ita e m ia , w h i ls t  enhancing macrophage a c t i v i t y  w ith  C.parvum  

d e la y s  th e  p a ra s ita e m ia ( P la y f a i r  1979, P la y f a i r  and DeSouza 1 9 7 9 ). 

BCG a ls o  has a s im i la r  e f f e c t .  T h is  can be reduced by u s in g  s i l i c a  

(C la rk  e t  a l  1 9 7 6 ). The rem ain in g  a c t i v i t y  may be due to  s o lu b le  

f a c t o r  re le a s e  because s i l i c a  does n o t im m ed ia te ly  k i l l  macrophages 

b u t b lo c k s  p h ag o cyto s is  (Levy and W heelock 1 9 7 5 ). S o lu b le  fa c to r s  

re le a s e d  from  a c t iv a te d  macrophages may be more im p o rta n t th an  

a n tib o d y  in  a p r im a ry  m a la r ia  in fe c t io n  because s p e c i f ic  a n t im a la r ia l  

a n tib o d y  is  n o t d e te c te d  in  BCG t r e a te d ,  m a la r ia  in fe c te d  m ice (C la rk  

e t  a l  1 9 7 6 ). However in  v a c c in a te d  t h is  t h is  may n o t be t r u e ,  because  

s i l i c a  can s t im u la te  an in c re a s e  in  a n tib o d y  le v e ls  and cause f a s t e r  

c le a ra n c e  o f  th e  p a ra s ite s ,  w h i ls t  C.parvum tre a tm e n t reduces th e  

a n tib o d y  le v e ls  and d e la y s  c le a ra n c e  ( P la y f a i r  and De Souza 1 9 7 9 ).  

C le a r ly  th e  macrophages a re  im p o rta n t in  m a la r ia  in fe c t io n s  in  a dual 

r o le ,  by d i r e c t  a c t io n  on th e  p a r a s ite  and by th e  e f f e c t s  on th e  

immune system . In  normal m ice th e  fo rm er is  more im p o rta n t and non 

s p e c i f ic  s t im u l i  such as C.parvum and BCG in c re a s e  t h is  a c t i v i t y .

T h is  reg im en f o r  p r o te c t in g  m ice a g a in s t  m icroorganism s has a ls o  

been em ployed in  m ice w ith  c e r ta in  form s o f  tum our. The e f f e c t  o f  LPS 

in  vivo  on tum ours was known s in c e  1944 (S h e a r ) , b u t in  1975, 

C a rs w e ll e t  a l  d e s c rib e d  a serum fa c t o r  which was o p t im a lly  produced  

in  a n im a ls  2  hours  fo l lo w in g  LPS in je c t io n ,  14-21 days a f t e r  

in o c u la t io n  w ith  BCG. T h is  dose o f  LPS would n o rm a lly  be n o n - le th a l  

b u t ECG prim ed  a n im a ls  d ie d  in  shock about 2  hours a f t e r  th e  LPS.

The f a c t o r  p re s e n t in  th e  serum from  th e s e  an im a ls  was c a l le d  

Tumour N e c ro s is  F a c to r  (TNF) and th e  serum, Tumour N e c ro s is  Serum 

(TN S ). In  1981 TNS was f i r s t  shown to  be to x ic  to  P .yo e lii in  v itro  

(T avern e  e t  a l  1 9 8 1 ), as w e ll  as in  vivo (C la rk  e t  a l  1981, Taverne  

e t  a l  1 9 8 2 ). P. Falciparum is  a ls o  s u c c e p t ib le  to  TNS in  v itro  

(H a id a r is  e t  a l  1983, W o zen cra ft e t  a l  1 9 8 4 ). TNF was th e  fa v o u re d  

c a n d id a te  m o le c u le , e s p e c ia l ly  a f t e r  s e p a ra t io n  ex p e rim e n ts  appeared  

to  c o r r e la t e  tumour k i l l i n g  a c t i v i t y  in  v itro  w ith  p a r a s i te  k i l l i n g  

in  v itro  (T avern e  e t  a l  1 9 8 4 ). Once th e  TNF m o lecu le  was c lo n ed  

(P en n ica  e t  a l  1984, Fransen e t  a l  1985) i t  became p o s s ib le  to  know 

w hether TNF is  p a r a s i t i c i d a l . The answer was v e ry  s im p le , TNF d id  not 

have any e f f e c t  on P. Falciparum in v itro  (Jensen e t  a l  1987, H v i id



e t  a l  1 9 8 8 ), o r  P .y o e lii in  v itro  (T avern e  e t  a l  1987) even a t  

c o n c e n tra t io n s  exceed in g  th o s e  in  TNS. However TNF d id  have an e f f e c t  

in  vivo (T avern e  e t  a l  1987) which was s im i la r  to  th e  e f f e c t s  o f  

BCG o r  P.acnes in  vivo , b u t n o t as s tro n g  as t h a t  o f  T1\B. T h e re fo re  

i t  appeared  t h a t  TNS c o n ta in e d  o th e r  m o lecu les  w hich were  

p a r a s i t i c id a l  in  v itro  and in  vivo o r  s t im u la te d  th e  p ro d u c tio n  

o f  p a r a s i t i c id a l  m o lecu les  in  vivo.

1 .5 .4 .  Natu r e  of th e  Pa r a s it ic id a l  Mo l e c u l e  i n  TNS.

Because o f  th e  method used to  make TNS, th e  p a r a s i t i c id a l  

m o lecu les  must be s y n th e s is e d  o r re le a s e d  in to  th e  b lo o d  w i th in  th e  

two hours fo l lo w in g  LPS s t im u la t io n .  T h is  would p ro b a b ly  mean t h a t  

o n ly  th o se  c e l l s  d i r e c t l y  a c te d  upon by th e  LPS w i l l  be in v o lv e d . As 

th e  e v id e n c e  su g g es ts , th e s e  w i l l  p r im a r i ly  be th o se  c e l l s  o f  th e  

re t ic u lo e n d o th e lia l system  e s p e c ia l ly  m acrophages. So f a r  ab o u t 100 

substances have been d e s c rib e d  to  be re le a s e d  fro m  macrophages 

fo l lo w in g  s t im u la t io n  (N athan 1 9 8 7 a ). These ran g e  in  s iz e  from  32D 

(s u p e ro x id e ) t o  440 KD ( f ib r o n e c t in )  and in  b io lo g ic a l  a c t i v i t y  from  

c e l l  d eath  to  c e l l  g ro w th .

T a b le  1 .5  l i s t  some o f  th e  m o lecu les  re le a s e d  by m acrophages.



Table 1.5: Some molecules which may be present in TNS.

QYTQKINES.

In te r le u k in -1  ( IL - 1 )  (Auron and Webb 1 9 8 7 ): Three  -Forms; IL -lo c ,
IL — 1 fS, and membrane bound IL -lcx . S o lu b le  -Forms 17KD. A l l  sh are  20*/. 
homology and a re  non g ly c o s y la te d . P r im a r i ly  produced by macrophages. 
R estin g  c e l ls  have l i t t l e  o r  no IL -1  mRNA. Upon s t im u la t io n  im m ediate  
p ro d u c tio n  o-F message which is  maximal a-Fter 1 h ours . P recu rso r  
p r o te in  p re s e n t a-Fter 30 mins and membrane -Forms a-Fter 30 to  60 m ins. 
S o lu b le  IL -1  d e te c ta b le  a-Fter 1 hour and peaks a t  4 hours . IL -1  [3 is  
th e  m ajor component o f  IL -1  a c t i v i t y .  F u n c tio n s  in c lu d e ; T - c e l l  
a c t iv a t io n ,  a n tib o d y  s e c re t io n  ( in  synergy  w ith  B -c e l l  F a c to r s ) , 
in d u c tio n  o f  Fever by in d u c in g  p ro s ta g la n d in s  which th en  a c t  on th e  
hypothalam us. IF  IL -1  is  p re s e n t in  TNS i t  co u ld  augment a response  
in  vivo by q u icken in g  th e  tim e  For th e  response and a Is  in c re a s e  
th e  response. TNS g iv e n  o ver a p e r io d  o f  t im e  wouTd ensure  a  
continuous su p p ly  o f  t h is  m o lecu le .

IL - 6  (Wong and C la rk  1988 ): 19-30KD g ly c o s y la te d  m o lecu le  made by
m onocytes/m acrophages, phagocytes, F ib ro b la s ts  and T - c e l ls .  In v o lv e d  
in  B -c e l l  d i f f e r e n t i a t io n  and s t im u la t in g  a n tib o d y  s e c re t io n .
A c t iv a t io n  o f  T - c e l ls  and in d u c tio n  o f  a c u te  phase r e a c ta n t  re le a s e  
by h e p a to c y te s . No sp ec ies  s p e c i f i c i t y .

IL - 8  (W estwick e t  a l  1 989 ): 8KD h e p a rin  b in d in g  p r o te in  s e c re te d  by
macrophages and F ib ro b la s ts .  Under p h y s io lo g ic a l c o n d it io n s  e x is ts  as  
a m u ltim e r up to  3000KD. N e u tro p h ils  possess 2 0 ,0 0 0  re c e p to rs  -For 
I L - 8 . S t im u la te s  th e  o x id a t iv e  b u rs t and locom otion  o f  n e u tro p h ils .  
IL - 8  in je c t io n s  cause a s h o r t  l iv e d  g ra n u lo c y to s is  (Van Damme e t  a l  
1 9 8 8 ). These e f f e c t s  cou ld  be im p o rta n t in  vivo in  a m a la r ia  
in fe c t io n .

I L - 2 , 3 , 4 , 5  (Sm ith  1984, G arlan d  1986, S id e ra s  e t  a l  1988
r e s p e c t iv e ly ) .  A l l  T - c e l l  F a c to rs  and th e r e fo r e  u n l ik e ly  to  be
p re s e n t in  TNS because o f  th e  s h o rt  t im e  in v o lv e d . However F a c to rs  in  
TNS may t r ig g e r  e a r l i e r  r e le a s e  o f  th e s e  m o lecu les  so th a t  t h e i r  
e f f e c t s  on T - c e l ls  and B -c e l ls  happen sooner.

In te r fe r o n -Y  ( IF N - Y ) ( T r in e ie r i  e t  a l  1 9 8 7 ): A nother T - c e l l  p ro d u c t, 
u n l ik e ly  to  be p re s e n t in  TNS. S p ec ies  s p e c i f ic ,  th e r e fo r e  i f  p re s e n t  
in  r a b b i t  TNS, would not be a c t iv e  in  m ice . However F a c to rs  in  TNS 
co u ld  s t im u la te  i t s  in  vivo p ro d u c tio n . F u n c tio n s  in c lu d e
a c t iv a t io n  o f  phagocytes to  re le a s e  r e a c t iv e  oxygen r a d ic a ls .

TNF ( T r in c ie r i  e t  a l  1 9 87 ): F i r s t  is o la te d  From TNS. No in  v itro
a n t im a la r ia l  a c t i v i t y .  Modest in  vivo a n t im a la r ia l  a c t i v i t y .  17KD 
m o lecu le  e x is t in g  as a 55KD t r im e r  in  vivo. Two Forms TNFoc and TNFR 
( ly m p h o to x in ). L a t te r  produced by T - c e l ls  and NK c e l ls  and may n o t be 
p re s e n t in  TNS. A p a rt From some tumour k i l l i n g  a c t i v i t y  i t s  m ajor 
F u n c tio n  is  a re g u la to ry  c y to k in e  w ith  many F u n c tio n s  s im i la r  to  IL -1  
(Nathan 19 8 7 a ). P o te n t n e u tro p h il s t im u la to r  in  th e  presence o f  
F ib ro n e c t in , v i t r o n e c t in  and la m in in  (Nathan 1 987b ).
L -,- — ..............................  ■ , -*l



G ra n u lo c te  m onocyte-co lony s t im u la t in g  f a c t o r  (GM-CSF) (C la rk -L e w is  
e t  a l  1 9 8 8 ): Macrophage p ro d u c t b u t w ith  s t r i c t  s p e c ie s  s p e c i f i c i t y .  
F u n c tio n s  in c lu d e  prom otion  o f  m o n o c y te /g ra n u lo c y te  grow th and 
a c t iv a t io n  o f  c y to c id a l mechanisms.

Co m plem ent  Components

(N athan 1 9 8 7 a ): Normal component in  serum. T h e ir  s y n th e s is  and r e le s e  
would o n ly  in c re a s e  th e  serum c o n c e n tra t io n s . However h e a t  
in a c t iv a t io n  o f  complement in  TNS does n o t change th e  seru m 's  
a c t i v i t y  and as d e s c rib e d  e a r l i e r  th e  e v id e n c e  is  a g a in s t  complement 
be in g  im p o rta n t in  m a la r ia  in fe c t io n s .

COAGULAT ION FACTORS

(N athan 1 9 8 7 a ): Some o f  th e s e  a re  made by macrophages b u t w ould be 
removed from  th e  serum d u rin g  c lo t t in g .

Enzym es

(NJ^han 1 9 8 7 a ): A number o f  enzymes a re  re le a s e d  by macrophages upon 
s t im u la t io n .  Po lyam ine O xidase has been shown to  have a n t im a la r ia l  
a c t i v i t y  (Egan e t  a l  1986, F e r ra n te  e t  a l  1 9 8 3 ). T h is  may be m ed ia ted  
th ro u g h  th e  p ro d u cts  o f  th e  enzymes a c t io n .  B abesia  (Morgan e t  a l  
1 9 8 1 ), Trypanosomes (F e rra n te  e t  a l  1982) and b a c te r ia  (Tabor and 
R osenthal 1956) a re  a l l  k i l l e d  by po lyam ine o x id a s e . But t h is  enzyme 
has d i f f e r e n t  a c t i v i t i e s  depending on th e  s p e c ie s  o f  o r ig in  (Egan e t  
a l  1 9 8 6 ). Lysosomal enzymes a re  a ls o  made by macrophages. D uring  
P.berghei in f e c t io n ,  re c o v e r in g  a lb in o  r a ts  have e le v a te d  serum  
le v e ls  o f  th e s e  enzymes, u n l ik e  T h ic k e t  r a ts  which do n o t and which  
d ie  (Gupta e t  a l  1 9 8 0 ). M. tuberculosis o r  M.bovis in f e c t io n  in  
r a b b its  in c re a s e s  th e s e  enzyme serum c o n c e n tra t io n s , e s p e c ia l ly  a c id  
phosphatases (A l l is o n  e t  a l  1961, S a i to  and S u te r  1964a /b )S erine  
p ro te a s e  is  re le a s e d  a f t e r  LPS s t im u la t io n  e s p e c ia l ly  a f t e r  BCG 
p r im in g . These enzymes have tu m o u ra c id a l a c t i v i t y  (Johnson e t  a l  
1 9 8 1 ), and s y n e rg is e  w ith  hydrogen p e ro x id e  (Adams e t  a l  1 9 8 1 ).

Enzyme in h ib it ors

R eleased  by macrophages. May b lo ck  in  v itro  a c t i v i t i e s  b u t may be 
removed in  vivo by o th e r  r e g u la to ry  mechanisms. An IL -1  in h ib i t o r  
is  a ls o  re le a s e d  in  response to  s t im u l i  (L ia o  e t  a l  1985, Rodgers e t  
a l  1985, R o b erts  e t  a l  1 9 8 6 ). T h e re fo re  th e  b a la n c e  between IL -1  and 
th e  in h ib i t o r  may d ic t a t e  w hether any IL —1 in  TNS is  a c t iv e  o r  n o t.

    — :-----—   ^    —  ..



One such m o le c u le  t h a t  has c re a te d  much in t e r e s t  in  m a la r ia  is
t r a n s f e r r in .  T h is  is  a  c a r r i e r  m o le c u le  -For F e ^  io n s  in  th e  body. 
S e v e ra l s tu d ie s  have shown th e  p a r a s i t i c id a l  e f f e c t s  o f
ir o n -c h e la to r s  in  v itro  and in  vivo , (F r i ts c h  e t  a l  1987, F r i ts c h  
e t  a l  1 9 8 5 ). These m o lecu les  may a c t  by in d u c in g  oxygen r a d ic a ls  o r  
by s ta r v in g  th e  p a r a s i te  o f  ir o n .

(N athan 1 9 8 7 a ): These in c lu d e  p ro s ta g la n d in s  and le u k o tr ie n e s ,  w hich  
a c t  as  s t im u l i  o r  d ep ressan ts  f o r  a number o f  c e l l  ty p e s . P ro b a b ly  
n o t d i r e c t l y  t o x ic  to  m a la r ia  p a r a s ite s  in  v itro , b u t may be 
im p o rta n t in  vivo. Some may be d ia ly s e a b le .

A lth o u g h  e o s in o p h ils  have n o t been a s s o c ia te d  w ith  im m unity to  
m a la r ia ,  ro d e n t m a la r ia  p a r a s ite s  have been shown to  be k i l l e d  by 
m y e lo id  c e l l s  r ic h  in  e o s in o p h ils  (T avern e  e t  a l  1 9 8 2 ). E o s in o p h ils  
m e d ia te  t h e i r  c y to to x ic  a c t i v i t i e s  th ro u g h  th e  r e le a s e  o f  t o x ic  
g ra n u le s  upon s t im u la t io n .  P u r i f ie d  g ra n u le  c o n te n ts  k i l l  
P.-Falciparum in  v itro  (W aters  e t  a l  1 9 8 7 ). A n tib o d y  t o  th e  g ra n u le  
c o n te n ts  p a r t i a l l y  re v e rs e d  th e  p a r a s i t i c id a l  a c t i v i t y .  G ra n u le  
r e le a s e  re q u ire s  an a c t iv a t in g  f a c t o r ,  TNF b e in g  one f a c t o r  which can  
do t h is  ( S i lb e r s t e in  and D av id  1 9 8 6 ), a lth o u g h  i t  is  u n l ik e ly  t h a t  
theTNF in  TNS w ould have t im e  to  a c t  in  t h is  way. E o s in o p h ils  can  
a ls o  mount an e f f e c t i v e  o x id a t iv e  b u rs t  (S pry 1 9 8 5 ). N e u tro p h ils  a re  
a ls o  a m ajo r source  o f  o f  oxygen r a d ic a ls .  T h is  does n o t r u le  o u t  
o th e r  mechanisms because n e u tro p h ils  from  c h ro n ic  g ranu lom atous  
d is e a s e  p a t ie n ts ,  which cannot mount an oxygen b u rs t ,  a re  s t i l l  s a id  
to  be p a r a s i t i c id a l  (Kharazm i e t  a l  1 9 8 4 ).

Bio a c t iv e  L i p i d s

Re a c t iv e  Oxyg en  Sp e c ie s .

See s e c t io n  1 . 3 . 4 . 1 .

Reac tive ..Ni trqgen.._Sp e c ie s ,

See s e c t io n  1 .3 .4 .4 .



1 . 5 . 4 . 1 .  Rea c tive  Oxygen I nterm ediates .

Upon a p p ro p r ia te  s t im u l i  such as; C 5a, IF N -V , IL - 1 ,  TNF, IL - 8  and  

m ito g en s , monocytes and po lym orphonuclear c e l l s  a re  c a p a b le  o f  

p ro d u c in g  la rg e  q u a n t i t ie s  o-F h ig h ly  r e a c t iv e  o x y g e n -d e riv e d  

r a d ic a ls .

"R e a c tiv e  oxygen in te rm e d ia te s "  o r  R O I, w hich in c lu d e  s u p e ro x id e  

(Oa ) ,  p e ro x id e  (0 z “ ) , h yd ro xy l (°0H ) and hypoch lo rous  (C IO " ).

O th e r r a d ic a ls  a re  produced b u t th e s e  a re  g e n e r a l ly  produced as a 

r e s u l t  o-F one o-F th e  above r a d ic a ls  re a c t in g  w ith  o th e r  m o le c u le s . 

T h e ir  p r im a ry  fu n c t io n  is  th e  d e s tru c t io n  o f  -Foreign , m a te r ia l  

e s p e c ia l ly  m icroorgan ism s. The r a d ic a ls  a re  produced w it h in  th e  c e l ls  

by enzym es. S u p ero x id e  is  th e  p rim a ry  r a d ic a l  p roduced. I t  form ed by 

r e a c t in g  NADFH w ith  oxygen in  th e  p resence  o f  an o x id a s e :

The s u p e ro x id e  r a d ic a l  can th en  be m o d if ie d  to  produce th e  o th e r  

r a d ic a ls  (T a b le  1 .6 ) .  Monocytes, as th e y  m ature  in to  macrophages lo s e  

t h e i r  m ye lo p ero x id as e  and th e r e fo r e  do n o t produce th e  hypoch lo rous  

r a d ic a l .  However n e u tro p h ils  a re  v e ry  good a t  p ro d u c in g  t h is  r a d ic a l .  

( H a l l iw e l l  and G u tte r id g e  1 9 8 5 ).

Humans w ith  c h ro n ic  granulom atous d is e a s e  (CGD) can n o t produce an  

o x id a t iv e  b u rs t .  There  a re  s e v e ra l form s o f  th e  d is e a s e , each  

c h a ra c te r is e d  by a d i f f e r e n t  d i f f i c ie n c y  o f  th e  o x id a t iv e  pathw ay. 

F o r exam ple cytochrom e bs<be, which is  im p o rta n t f o r  th e  o x id a t io n  

o f  O z to  Oz may be a b s e n t. The p h o s p h o ry la tio n  o f  v a r io u s  

p r o te in s  in  t h is  pathway can be abnormal (B a b io r 1 9 8 8 ).

The r a d ic a ls  a re  re le a s e d  in to  phagosomes and th e n  in to  th e  

e n v iro n m e n t. Because o f  th e  h ig h ly  r e a c t iv e  n a tu re  o f  th e  ROI, t o

en s u re  p r e f e r e n t ia l  t a r g e t  damage r a th e r  th a n  h o s t damage th e  r a d ic a l

p ro d u c in g  c e l l  must be in  c lo s e  p ro x im ity  to  th e  t a r g e t ,  o r ,  i d e a l ly ,  

e n g u lf  i t ,  as in  p h a g o c y to s is .

Some o f  th e  m o lecu les  re g u la t in g  th e  r e le a s e  o f  ROI have a lre a d y  

been d iscu ssed . ROI them selves w i l l  n o t be p re s e n t in  TNS, e s p e c ia l ly  

a f t e r  d ia ly s is ,  because o f  t h e i r  v e ry  s h o r t  h a l f  l i v e s .  However t h e i r  

r e a c t io n  p ro d u c ts  may be p re s e n t, in  p a r t ic u la r  o x id is e d  p r o te in s  and  

l i p i d s .  Because o f  th e  s tro n g  r e a c t i v i t y  o f  th e  R O I, mechanisms e x is t  

to  p r o te c t  th e  h o s t, (see s e c t io n  2 . 4 ) .

The s u s c e p t ib i l i t y  o f  p a r a s ite s  to  ROI is  w e ll documented, even in

such p la c e s  as th e  g u t lumen; Nippostrongylus brasi 1 iensis  (Sm ith  

and B ryan t 1 9 8 9 a ,b ) . S u ccess fu l p a r a s ite s  may defend  them selves
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T a b le  1 .6 :  P ro d u c tio n  o-F th e  -four p rim a ry  r e a c t iv e  oxygen
in te rm e d ia te s . S uperox ide  is  th e  s p e c ie s  made i n i t i a l l y  and 
s u b s e q u e n tly  th e  o th e rs  a re  form ed by e i t h e r  c a ta ly s ts  o r  enzymes.



a g a in s t  ROI by p roduc ing  enzymes such as s u p e ro x id e  d ism u tase , 

c a ta la s e ,  o r  by an in t r a c e l l u l a r  h a b i t a t .  However, even Trypanosoma 

cru z i , l i v in g  in  m uscle c e l l s  can  be k i l l e d  by e o s in o p h il p ro d u c ts  

in c lu d in g  a p e ro x id a s e  (M o lin a  e t  a l  1 9 8 8 ).

I n t r a  e r y t h r o c y t ic  p a r a s ite s  a re  a ls o  s u s c e p t ib le  to  R O I, p ro b a b ly  

m ed ia ted  v ia  th e  re d  c e l l  membrane. T h is  may be why G6 PD d e f ic ie n c y  

is  p r o te c t iv e  a g a in s t  m a la r ia  (Friedm an 1979, E aton  e t  a l  1976) as  

d iscu ssed  in  s e c t io n  1 .3 .1 .  and s e c t io n  2 . 4 . 3 .

The s u s c e p t ib i l i t y  o f  m a la r ia  p a r a s ite s  to  ROI was shown by s e v e ra l  

groups in  1983. The e xp erim en ts  w ere done both  in  vivo and in  

v itro .  Ia n  C la rk  in  A u s t r a l ia  in je c te d  m a la r ia  in fe c te d  m ice w ith  

a l lo x a n .  T h is  chem ica l g e n e ra te s  ROI and r e s u l t s  in  a  re d u c tio n  in  

p a ra s ita e m ia  from  >307. to  <107. w i th in  an h o u r. F u r th e r  in je c t io n s  

c o u ld  c o m p le te ly  c u re  th e  m ice (C la rk  and Hunt 1 9 8 3 ). S im i la r  r e s u lts  

w ere o b ta in e d  by d i r e c t l y  in tro d u c in g  s tro n g  o x id is in g  ag e n ts  such as  

t - b u t y l  h y d ro p e ro x id e  (C la rk  e t  a l  1 9 8 3 ). F u r th e r  s tre n g h te n in g  th e  

o x id a n t  s e n s i t i v i t y  o f  m a la r ia  p a r a s ite s  w ere e x p e rim e n ts  in  v itro  

u s in g  hydrogen p e ro x id e . P .y o e lii was s e n s i t iv e  down to  10-!5M 

Hydrogen p e ro x id e . Added u n in fe c te d  re d  c e l l s  b lo cked  t h is  a c t i v i t y ,  

w hich  was th o u g h t to  be due to  excess c a ta l^ e  (D o c k re ll and P la y f a i r  

1 9 8 3 ), though i t  co u ld  a ls o  be due s im p ly  to  th e  hydrogen p e ro x id e  to  

re d  c e l l  r a t i o  b e in g  le s s . D ir e c t  in je c t io n  o f  hydrogen p e ro x id e  in to  

P .y o e lii  in fe c te d  m ice reduced th e  p a ra s ita e m ia  w ith in  two hours  

(D o c k re ll  and P la y f a i r  1 9 8 3 ).

O th e r ROI a re  a ls o  p a r a s i t i c i d a l . S u p ero x id e  produced by 

X a n th in e /X a n th in e  O xidase is  t o x ic ,  as is  p e ro x id e  g e n e ra te d  by 

G lu co se /G lu co se  O xidase (D o c k re ll and P la y f a i r  1 9 8 4 ). F u r th e r  

e v id e n c e  t h a t  ROI may be im p o rta n t in  vivo comes from  ex p e rim e n ts  

u s in g  macrophages. A c t iv a te d  macrophages c o u ld  in h i b i t

P. Palciparum grow th by 60% o r  more in  v itro  (Ockenhouse e t  a l  

1 9 8 4 a ). Hydrogen p e ro x id e  has been s a id  to  be th e  most im p o rta n t ROI, 

based on th e  a c t i v i t i e s  o f  th e  scaveng ers; C a ta la s e , SOD, h is t id in e ,  

m a n n ito l and sodium b en zo ate : The l a t t e r  fo u r  d id  n o t a f f e c t  p a r a s ite  

k i l l i n g ,  whereas c a ta la s e  d id  (D o c k re ll  and P la y f a i r  1 9 8 4 ). M onocytes  

fro m  CGD p a t ie n ts  a re  u n a b le  to  mount an o x id a t iv e  b u rs t  and a ls o  

c o u ld  n o t k i l l  P.Palciparum  in fe c te d  e r y th r o c te s  as  w e ll  as  

m onocytes from  normal in d iv id u a ls  monocytes (Ockenhouse e t  a l  19B4aX

F a c to rs  a f f e c t in g  th e  s u s c e p t ib i l i t y  o f  m a la r ia  p a r a s ite s  in c lu d e  

re d  c e l l  age. P. berghei p a r a s ite s  were more s u s c e p t ib le  in  m ature  

re d  c e l l s  than  in  r e t ic u lo c y te s  (Cox 1 9 8 3 ). However th e  d if fe r e n c e



betw een  a n o n - le t h a l  P.berghei v a r ia n t  and a  l e t h a l  v a r i a n t ,  c o u ld  

n o t be e x p la in e d  in  t h i s  way, as  b o th  a r e  e q u a l ly  s e n s i t i v e  t o  ROI 

(W aki e t  a l  1 9 8 5 ) .

S t im u la n ts  o f  m acrophages in  vivo  such a s  m ic r o b ia l  m o le c u le s  may 

a c t  v i a  R O I, and t h i s  c o u ld  be an  e x p la n a t io n  o-F th e  r e s u l t s  

d is c u s s e d  in  s e c t io n  1 . 3 . 3 . 3 .

I t  i s  n o t c le a r  w h e th e r ROI a c t  d i r e c t l y  on th e  p a r a s i t e  o r  v i a  re d  

c e l l  damage. The l a t t e r  seems fro st l i k e l y  because  -For th e  ROI t o  

re a c h  th e  p a r a s i t e  th e y  w ould have to  c ro s s  tw o membranes and th e  re d  

c e l l  c y to p la s m , w h ich  means t h a t  i f  th e y  do n o t r e a c t  w ith  th e  

membrane th e y  w i l l  be d e s tro y e d  by th e  re d  c e l l  a n t io x id a n t s .  

(A n t io x id a n ts  a r e  d is c u s s e d  l a t e r ) .

S e v e ra l fo rm s  o f  damage o ccu r w i t h in  re d  c e l l s  f o l lo w in g  ex p o s u re  

t o  R O I. M eth aem o g lo b in  is  produced w h ich  u l t i m a t e l y  fo rm s  

c a rb o x y h a e m o g lo b in  (W eiss  1 9 S 2 ). T h is  may i t s e l f  be t o x ic  t o  th e  

p a r a s i t e  o r  s im p ly  be u n a v a i la b le  f o r  d ig e s t io n  by th e  p a r a s i t e  

p o s s ib ly  because th e  m eth y l haem oglob in  i s  in s o lu b le .  I t  a ls o  fo rm s  

p a r t  o f  th e  haem ozoin  p ig m en t (Sherman 1 9 7 9 ) .

P a r a s i t e  d e a th  may s im p ly  o ccu r due t o  re d  c e l l  l y s i s  r e s u l t in g  

fro m  membrane damage ( V e r c e l l o t t i  e t  a l  1 9 8 5 ) .  Membrane l i p i d  damage 

can be d e te c te d  in  m a la r ia  in fe c te d  re d  b lo o d  c e l l s ,  by lo o k in g  f o r  

l i p i d  p e r o x id a t io n  p ro d u c ts  (W o ze n c ra ft 1986 , B u f f in g to n  e t  a l  1 9 8 8 ) .  

Some o f  th e  p ro d u c ts  o f  l i p i d  p e r o x id a t io n  a r e  t o x ic  t o  th e  p a r a s i t e  

a t  m ic ro m o la r  c o n c e n t r a t io n s ,  in  p a r t i c u l a r  a ld e h y d e s  (C la r k  e t  a l

1987)

1 . 5 . 4 . 2 .  Cr is is  Forming  Factor .

Jensen  e t  a l  (1 9 8 3 ) w o rk in g  in  th e  Sudan fo u n d  t h a t  s e ra  fro m  

m a la r ia  in f e c t e d  in d iv id u a ls , p a r t i c u l a r l y  th o s e  w ith  no c l i n i c a l  

h is t o r y  o f  m a la r ia ,  c o n ta in e d  a  s tro n g  p a r a s i t i c i d a l  f a c t o r .  T h is  

f a c t o r  was n o t a n t ib o d y , as p u r i f i e d  a n t ib o d y  had no e f f e c t  and th e  

a c t i v i t y  was p re s e n t  in  th e  a n tib o d y  d e p le te d  serum  f r a c t i o n .  

U m b il ic a l  c o rd  s e ra  c o u ld  produce th e  same r e s u l t s .  T h ese  in h i b i t o r y  

s e r a  w ere  p o s tu la te d  t o  c o n ta in  a m o le c u le  c a l l e d  c r i s i s  fo rm in g  

f a c t o r  because o f  th e  ap p earan ce  o f  th e  p a r a s i t e s  in c u b a te d  w ith  

th e s e  s e r a .



The a c t i v i t y  o-f th e  s e ra  was h ig h e s t d u rin g  th e  w et season, when 

m a la r ia  tra n s m is s io n  was h ig h e s t (Van de Waa e t  a l  1 9 8 4 ). There-Fore 

i t  appeared  t h a t  c r i s i s  -forming -fa c to r  was an a d a p t iv e  response

r a th e r  th a n  c o n s t i t u t iv e .

P eop le  have looked  in  o th e r  endem ic a re a s  -for a s im i la r  -fa c to r

w ith o u t  much success , though Nkuo and Deas (1988 ) d e s c rib e d  a s im i la r  

e-f-fect w ith  s e ra  -from th e  Cameroon. B u tch er e t  a l  (1987) p u b lis h e d  a 

re p o r t  o-f c r i s i s  s e ra  in  Papua New G u in ea , however u n l ik e  th o se  -from 

th e  Sudan, a c t i v i t y  was lo s t  a-Fter d ia ly s is .

S era  -From p a t ie n ts  w ith  tu b e rc u lo s is  c o u ld  a ls o  induce c r i s i s  -forms 

ju s t  as TNS can (C a r l in  e t  a l  1 9 8 5 ).

From th e  avail<=^Le d a ta , th e  c r i s i s  -fa c to r  is  most p re v a le n t  in

in d iv id u a ls  non-immune to  m a la r ia .  When a n tib o d y  t i t r e s  in c re a s e  and  

c l i n i c a l  im m unity develops c r i s i s  -Factor was n o t p re s e n t . Thus in

m a la r ia  in d iv id u a ls ,  as w ith  TNS, a non sp ec i-F ic  -fa c to r  is  produced. 

The n a tu re  o-f t h is  c r i s i s  -Forming -Factor is  n o t un d ers to o d  y e t ,  

a lth o u g h  in  v itro , th e  -fa c to r  does n o t appear to  a c t  by c r e a t in g  

oxygen r a d ic a ls  [(G eary e t  a l  1 9 8 6 )p \T h e  same is  t r u e  -for th e  

tu b e rc u lo s is  s e ra  and tumour n e c ro s is  s e ra L ""^

1 5 . 4 . 5 .  A cute  Phase P r o te in s . ( G i t i i n  and c o ite n  1987)

These a re  m o lecu les  re le a s e d  by th e  body un d erg o in g  trau m a. The 

F i r s t  d is c o v e ry  o c c u rre d  in  1930 w ith  th e  C - r e a c t iv e  p r o te in ,  d u rin g  

in - fe c t io n . A number have now been is o la te d  and s tu d ie d , w ith  th e  

l i v e r  as  th e  m ajor s o u rce .

T a b le  1 .7  l i s t  th e  m ajo r a c u te  phase p r o te in s  and some o-F t h e i r  

p r o p e r t ie s .

TNS would c o n ta in  s e v e ra l o-f th e s e  p ro te in s  because o-f th e  tim e  

co u rse  in v o lv e d  in  making t h is  serum . I t  is  u n l ik e ly  t h a t  LPS a lo n e  

w ould induce a c u te  phase p ro te in s  w i th in  2  h o u rs . However BCG 

in - fe c t io n  would w i th in  3 weeks. But a-Fter t h is  t im e  a lb u m in , 

t r a n s f e r r in ,  p re a lb u m in , CRP and SAA have re tu rn e d  to  norm al le v e ls .  

A l l  o th e rs  a r e  s t i l l  h ig h , and LPS s t im u la t io n  a t  t h is  p o in t  may w e ll  

in c re a s e  t h e i r  le v e ls  by u p re g u la t in g  t h e i r  p ro d u c tio n .

o c i-ac id  g ly c o p ro te in  has been re p o r te d  to  be in h ib i t o r y  to



P. -falciparum in  v itro , p o s s ib ly  because t h is  m o le c u le  competes For 

th e  re d  b lood c e l l  g ly c o p h o rin s  w ith  th e  m e ro zo ite s  th u s  b lo c k i 

re in v a s io n , (Friedm an 1 9 8 3 ).



Table 1.7: Some acute phase proteins and their properties.

C -r e a c t iv e  p r o te in :
F i r s t  d e s c rib e d  in  1930. Pentam er in  p lasm a. 206 a a . No S -S

bonds. Induced by monokines and p r im a r i ly  s y n th e s is e d  by th e
l i v e r .  In c re a s e s  by up to  100 F o ld  d u rin g  an in F e c t io n .
F u n c tio n  unknown b u t b in d s  to  b a c t e r ia l  p h o s p h o ry lc h o lin e .

Serum am ylo id -P -com ponent:
F i r s t  d e s c rib e d  in  1965. Decamer in  plasm a (5 x 2 ) .  204 a a . 

Induced by monokines and p r im a r i ly  s y n th e s is e d  by th e  l i v e r .  No 
change in  humans o n ly  in  low er a n im a ls . In c re a s e s  up to  100
F o ld  d u rin g  in F e c t io n . F u n c tio n  unknown.

Serum am y lo id —A—component:
F i r s t  d e s c rib e d  in  1971. Complexes w ith  h ig h  d e n s ity  

l ip o p r o te in s .  12kD. M a jo r a c u te  phase r e a c ta n t .  In c re a s e s  up to  
100 F o ld  d u rin g  in F e c t io n  w ith in  18h. Can be induced by 
monok i  n es .

F ib r in o g e n :
P a r t  oF th e  c lo t t in g  cascade . 340kD. 2  to  5  F o ld  in c re a s e  

d u rin g  in F e c t io n . Remains h ig h  For up to  3  weeks. Induced by 
m onokines.

o c i-a c id  g ly c o p ro te in :
40kD, 1S1 a a . Normal plasm a p r o te in ,  in c re a s e s  d u rin g

in F e c t io n . H ig h ly  g ly c o s y la te d  and s ia la t e d .  May be t o x ic  to  
m a la r ia  p a r a s ite s  by b lo c k in g  re in v a s io n . F u n c tio n s  s t i l l  
(Schmid 1975, Friedm an 1 9 8 3 ).

o c i-p ro te in a s e  in h ib i t o r  (a x- a n t i t r y p s i n ) :
M a jo r-c x -g lo b u l in  in  plasm a. S y n th e s is e d  By

m acrophages/m onocytes. Induced by m onokines.

P rea lb u m in :
127 a a . O ccurs as  a te t ra m e r . T ra n s p o rts  th y r o id  hormones and  

v ita m in  A. S y n th e s is e d  by th e  l i v e r .  D ecreases by up to  50% 
d u rin g  in F e c t io n .

A lbum in:
Most abundant plasm a p r o te in  (65% ). 586 a a . A c ts  is  a

tr a n s p o r t  m o le c u le . D ecreases d u rin g  in F e c t io n , p o s s ib ly  I t ~ l  
dependent ro u te .

Complement:
V a rio u s  components in c re a s e  and d ecrease  d u rin g  in F e c t io n .



1 . 5 . 4 . 4  Rea c tive  Nitrogen I nterm ediates ,

C u rre n t in t e r e s t  is  m a in ly  c e n tre d  around ROI (s e c t io n  1 .3 .4 .1 )  

which is  odd because r e a c t iv e  n itro g e n  in te rm e d ia te s  (R N I) a re  n o t a 

new phenomenon. As T a b le  1 .8  shows, th e  b a c te r ic id a l  a c t io n  o f  RNI 

has been known s in c e  w e ll be-Fore 1926, b u t i t  is  o n ly  in  th e  l a s t  Few 

y e a rs  t h a t  macrophages have been shown to  s y n th e s is e  th e s e  m o le c u le s , 

and e p ith e liu m  to  s y n th e s is e  n i t r i c  o x id e  (N 0 ° ) .  RNI a re  t o x ic  to  a 

w ide range oF c e l l  ty p e s  w hich is  perhaps n o t s u p r is in g  because oF 

th e  m o le c u la r groups th a t  th e y  a t t a c k .  Two c o n tra s t in g  F a c ts  ab o u t 

RNI compared to  ROI a re :

a ) RNI have much lo n g er h a lF  l iv e s  th a n  RO I, e s p e c ia l ly  a t  n e u tra l  

pH.

b) Many lym phokines can induce ROI r e le a s e  b u t o n ly  Y -IF N  can  

induce h ig h  RNI re le a s e . However m ic ro b ia l p ro d u c ts  w i l l  s t im u la te  

th e  p ro d u c tio n  oF both  RNI and R O I.

T h is  has two im p lic a t io n s  For TNS. Both RNI and ROI w i l l  be 

re le a s e d  in  th e  a n im a l. TNS in je c te d  in to  a normal an im al may 

i n i t i a l l y  s t im u la te  ROI r e le a s e  v ia  TNF. V -IF N  r e le a s e  may a ls o  be 

s t im u la te d , th e re F o re  RNI w i l l  be induced b u t a t  a l a t e r  t im e  th a n  

ROI.



Table 1.8: A brief chronology of nitrogen radical research.
18th  C e n tu ry : S tu d ie s  on b a c t e r ia l  grow th  in  gases.

(H a tto n  1881)

By 1926: Sodium N i t r i t e  used in  th e  U .S .A . -For c u r in g  m eat.
(K e rr  e t  a l  1926)

By 1940: Sodium N i t r i t e  used in  th e  U .K . f o r  c u r in g  m eat.
(Brooks e t  a t  1940)

B a c te r ic id a l  a c t io n  m ed ia ted  th ro u g h  N i t r i c  O xide  
R a d ic a l (N 0°) due to  pH < 7 .0  in  cu red  m eats. (T a r r  1941)

1954: B a c te r ia l  h y d ro la s e s  c o n ta in in g  F e ^  b lo cked  by N0°
(Krasna and R it te n b e rg  1954)

1958: Tobacco m osaic v ir u s  re n d e re d  u n in fe c t iv e  by N 0 ° , because  
co n v e rs io n  o f  ad en in e  to  h yp o xan th in e , gu an in e  to  x a n th in e  and  
c y to s in e  to  u r a c i l  causes le t h a l  m u ta tio n s  in  TMV genomic RNA.

(G re ie r  and Mundey 1958)

1959: O th er v iru s e s  ren d ered  u n in fe c t iv e  by l\D° due to  n u c le ic  
a c id  m u ta tio n . (Teissm an 1959)

1962: N it ro u s  a c id  (HN02 ) a c ts  on b a c t e r ia l  c e l l  w a l ls .
(Shank e t  a l  1970)

1970: B a c te rio p h ag e  $>X174 ren d ered  u n in fe c t iv e  by subm utagenic  
doses o f  N 0°. A c tio n  a t t r ib u t e d  to  damage o f  v i r a l  p r o te in  c o a t .

(L y t le  and G inoza 1970)

1975: N0° re a c ts  w ith  SH groups in  b a c t e r ia l  c e l l  w a l ls .
(R ih a  and S o lb e rg  1975)

1976: N0° can r e a c t  w ith  in t r a c e l  l u l a r  SH groups.
(O’ L e a ry  and S o lb e rg  1976)

1980: E v idence  su p p o rts  b a c t e r ic id a l  a c t io n  o f  RNI v ia  d i r e c t  
t o x i c i t y  on b a c t e r ia l  c e l l  w a l ls ,  n u c le ic  a c id s  and b lo c k in g  
m e ta b o lic  enzymes. Many b a c te r ia  and v iru s e s  a re  reco rd ed  as  
being  s u s c e p t ib le .

P o s tu la t io n  o f  an en d o th e liu m  d e r iv e d  r e la x in g  f a c to r  
(EDRF). (F u rc h g o tt and Zawadski 1980)

1981: N0° is  one m o lecu le  ca p a b le  o f  r e la x in g  e p ith e liu m .
(G ru e t te r  e t  a l  1981)

1983: E n d o to x in  s t im u la te d  r e t ic u lo e n d o t h e l ia l  system  may
s y n th e s is e  n i t r a t e  from  reduced n itro g e n  v ia  ROI in  vivo.

(Wagner e t  a l  1983)



1984: F u r th e r  d a ta  on th e  in  vivo  p ro d u c tio n  o f  n i t r a t e .
(Sau l and A rch er 1984) 

X a n th in e /X a n th in e  O x idase in  p resence  o f  HzQz and NH3  
produces N03 ~ (D u ll and H o th k in  1984)

G e n e ra tio n  o f  N it ro g e n -C h lo r in e  o x id a n ts  from  p hagocytes.
(T e s t e t  a l  1984)

1985: E n d o to x in  s t im u la te s  macrophages to  produce NOz and N03

(S tu e h r and M a r ie t t a  1985) 
S u p ero x id e  re a c ts  w ith  NOz~ t o  fo rm  p e r o x o n i t r i t e  a t  

p H 7.0  (B lough and Z a f i r io u  1985)

1986: S u p ero x id e  d e s tro y s  EDRF. (G ryg lew sk i e t  a l  1986)

1987: EDRF p ro p e r t ie s  v e ry  s im i la r  to  N0° ( Ig n a r r o  e t  a l  1987)
S y n th e s is  o f  NOz' and NQs- in  macrophages and

macrophage c e l l  l in e s  by a number o f  in d u c e rs , in c lu d in g , BCG, 
c y to k in e s  and m itogens. (S tu eh r and M a r ie t ta  1987a ,b )

A rg in in e  is  e s s e n t ia l  f o r  RNI s y n th e s is  by m acrophages.
( Iy e n g a r  e t  a l  1987)

Macrophage t o x i c i t y  to  c e l l  l in e s  can be in h ib i t e d  by 
a r g in in e  d e p le t io n . (H ibbs  e t  a l  1987)

A rg in in e  is  c a ta ly s e d  to  c i t r u l l i n e  and NOz" by a  
deam inase and an o x id a s e . (H ibbs e t  a l  1987)

19BB: Macrophages r e q u ire  a r g in in e  to  be c y t o s t a t ic  to
C ryptococcus neoformans . (G ranger e t  a l  1988)

EDRF re le a s e  and N0° re le a s e  k in e t ic s  from  e n d o th e liu m  a re  
th e  same. (Kelm e t  a l  1988)

N0° is  th e  a c t iv e  RNI re le a s e d  by m acrophages.
(H ibbs e t  a l  1988)

Compared to  th e  r e le a s e  o f  R O I, 7 - IF N  is  th e  o n ly  c y to k in e  
to  induce th e  re le a s e  o f  R N I. (D ing  e t  a l  1988)

N0° may be an in te rm e d ia te  in  NOz“ and N03 ~ c a t a ly s is  
o f  a r g in in e .  (M a r ie t ta  e t  a l  1988)

1989: Became accep ted  th a t  EDRF is  N0° ( Ig n a r ro  1989)
One e f f e c t  o f  th e  re le a s e  o f  RNI by macrophages is  to

r e la x  e n d o th e liu m . (S tu e h r e t  a l  1989)
A lthough  RNI a re  re le a s e d  by macrophages, i t  i s  l i k e l y  t h a t
NOz~ and N03 * a re  th e  a c t iv e ly  s e c re te d  m o lecu les  and 

th e  lo c a l c o n d it io n s  i f  <pH 7.0  form  N0° from  th e s e  two s p e c ie s . 
N0° is  th e n  th e  t o x ic  m o le c u le . Tumour c e l l s  a re  s e n s i t iv e  to  
R N I. (S tu e h r and Nathan 1989)



2 . .l i p i d  Bio c h em istr y ,

The word l i p i d  has long been used to  denote  a c h e m ic a lly  

heterogeneous group o f  su b stan ces , h av in g  in  common th e  p ro p e r ty  o f  

i n s o l u b i l i t y  in  w a te r , b u t s o l u b i l i t y  in  n o n -p o la r  s o lv e n ts  such as  

c h lo ro fo rm , hydrocarbons o r  a lc o h o ls . I  s h a l l  c o n c e n tra te  on th e  long  

c h a in  f a t t y  a c id s  and where r e le v a n t ,  a s s o c ia te d  m o le c u le s , as th e s e  

c o n s t i t u t e  th e  m a jo r ity  o f  body f a t s .

2 . 1 .  Classes o f  Fatty Ac id .

In  g e n e ra l f a t t y  a c id s  do n o t occur as f r e e  c a r b o x y lic  a c id s  

because o f  t h e i r  a f f i n i t y  f o r  p r o te in s ,  which f o r  enzymes lead s  to  

t h e i r  in a c t iv a t io n .  However when th e y  do occur as f r e e  c a rb o x y lic  

a c id s  th e y  a re  found bound to  a lbum in  in  mammalian b lo o d .

T a b le  2 .1  shows th e  m ajo r f a t t y  a c id s  u t i l i s e d  by mammals. These  

a r e  by no means a l l  th e  f a t t y  a c id s  found in  n a tu re . M ost have an 

e v e n  number o f  carbon atom s, because o f  t h e i r  method o f  s y n th e s is . 

B u t odd numbered carbon c h a in  f a t t y  a c id s  do e x is t .

The s h o r t  c h a in  f a t t y  a c id s  o f  up to  Ce a r e  a l l  w a te r  s o lu b le  

a lth o u g h  a s s o c ia te d  w ith  each o th e r  r a th e r  th a n  as  s in g le  m o le c u le s . 

Above Ce th e  f a t t y  a c id s  become in c r e a s in g ly  le s s  s o lu b le  in  w a te r  

u n le s s  th e y  a re  co n v e rte d  to  a l k a l i  m eta l s a l t s  to  make soaps and 

d e te rg e n ts . The n o n -p o la r  carbon ch a in s  a s s o c ia te  w ith  each o th e r  

le a v in g  th e  io n is e d  p o la r  end in  th e  w a te r , in  e f f e c t  making th e  

m o le c u le s  s o lu b le .

2 . 2 .  F a t ty  A c id  S y n th e s is .

2 . 2 . 1 .  E s s e n t ia l  F a t ty  A c id s .

A lth o u g h  pathways e x is t  f o r  making f a t t y  a c id s  e i t h e r  fro m  a c e ta te  

o r  by m o d ify in g  d ie ta r y  f a t t y  a c id s , mammals a re  u n a b le  to  s y n th e s iz e  

th o s e  f a t t y  a c id s  c o n ta in in g  a doub le  bond a t  p o s it io n s  C i2  o r  

C i3 . The fu n c t io n  o f  th e s e  f a t t y  a c id s  which can be r e a d i ly  

o b ta in e d  from  p la n ts ,  seems to  be in  th e  m an u fac tu re  o f



C„ SYSTEMATIC NAME COMMON NAME OCCURENCE

SATURATED FATTY ACIDS

8 n-octanoic

10 n-decanoic 
12 n-dodecanoic 
14 n-tetradecanoic

16 n-hexadecanoic 
18 n-octadecanoic 
20 n-eicosanoic

caprylic

capric
lauric
myristic

palmitic
stearic
arachidic

minor in animal and 
plant fats, 
minor, widespread, 
widespread.
widespread, occasionally 
major component, 
major, widspread. 
major,widespread, 
minor,widespread. D

MOND-UNSATURATED FATTY ACIDS

16 cis-9-hexadecanoic 
IB cis-9-octadecanoic

palfflitoleic 
oleic

widespread, 
possibly commonest.

DI-UNSATURATED FATTY ACIDS

16 cis,cis,6,9-octadecadienoic 
16 cis,cis,6,9-octadecadienoic 

cis,cis,9,12-octadecadienoic linoleic

minor.
minor.
major, essential.

TRI-UNSATURATED FATTY ACIDS 

18 all cis,6,9,12-Dctadccatrienoic Y-linolenic minor.

TETRA-UNSATURATED FATTY ACIDS 

20 all cis,5,B,ll,14-eicosatetraenoic arachidonic major.

PENTA-UNSATURATED FATTY ACIDS 

22 all cis,7,10,13,16,19-docosapentanoic dupanodonic major, especially 
in phospholipids.

HEXA-UNSATURATED FATTY ACIDS 
22 all cis,4,7,10,15,16,19-docosahexanoic major, especially 

in phospholipids

T a b le  2 .1 :  F a t t y  a c id s  commonly -Found in  mammals u n le s s
o th e rw is e  s ta te d .
Cn , r e f e r s  to  th e  le n g th  o f  th e  carbon  c h a in .



p ro s ta g la n d in s . Some o-f th e  e-f-Fects o f  e s s e n t ia l  f a t t y  a c id  

d e f ic ie n c y  a re  shown in  t a b le  2 .2 .  These can be c o m p le te ly  re v e rs e d  

by fe e d in g  w ith  l i n o l e i c  a c id  (G u rr and James 1980, Mayes et al (1 9 8 8 ) .

2 . 2 . 2 .  SATURATED FATTY ACID SYNTHESIS,

The f i r s t  s te p  in  f a t t y  a c id  s y n th e s is  is  th e  c a rb o x y la t io n  o f  

a c e ty l-C o A  to  m alony l-C oA , by A cety1-C oA :C arbon  D io x id e  L igase-A D P . 

The f a t t y  a c id  is  th e n  made up by co n d en sa tio n  r e a c t io n  between  

m alony1-CoA m o le c u le s . COz io n s  a r e  removed a t  each co n d en satio n  

s te p . The carbon is  th e  same carbon i n i t i a l l y  re a c te d  w ith  

a c e ty l-C o A , (F ig u re  2 . 1 ) .  The p r im e r  m o lecu le  to  b eg in  th e  c h a in  is  

e i t h e r  a c e ta te  o r  b u ty r a te .  O th e r p re c u rs o rs  can be; odd carbon  

p rim e rs  w hich g iv e  r is e  to  odd carbon f a t t y  a c id s , and branched  

p rim e rs  w hich g iv e  r is e  t o  a  t e r m in a l ly  branched f a t t y  a c id .  These  

re a c t io n s  p r im a r i ly  occur in  th e  cy to p lasm . T h is  is  a de novo 

pathw ay w hich can be a l t e r e d  to  a c c e p t e x is t in g  f a t t y  a c id s  f o r  

m o d if ic a t io n  and e lo n g a t io n .

2,z,.5_,„ Unsaturated f a t t y  acid  syn thes is ,.

These a re  made by d i r e c t l y  in tro d u c in g  a  doub le  bond in to  th e  

carbon  c h a in ; t h is  p r im a r i ly  o ccu rs  a t  th e  p o s it io n .  A

d e s a tu ra s e  enzyme, oxygen and NADPH a re  used used t o  remove two  

hydrogens from  th e  carbon c h a in  to  make w a te r  and th e  doub le  bond. 

F u r th e r  doub le  bonds can be in tro d u c e d  b u t o n ly  on th e  c a rb o x y l s id e  

o f  th e  e x is t in g  doub le  bond. Hence o n ly  f a t t y  a c id s  w ith  doub le  bonds 

up to  C«? can be made, u n le s s  d ie t a r y  u n s a tu ra te d  f a t t y  a c id s  a re  

used . The most im p o rta n t o f  th e s e  a re  o le ic  (a ls o  made by th e  

a n im a l) ,  l i n o l e i c  a c id  and l in o le n ic  a c id ,  a l l  o f  w hich compete -For 

th e  same d e s tu ra s e  enzyme. O le ic  a c id  g iv e s  r i s e  to  a  fa m ily  o f  a c id s  

w ith  a  d o ab le  bond a t  w h i ls t  l i n o l e i c  and l in o le n ic  a c id s  g iv e

r i s e  to  a  fa m ily  w ith  a  doub le  bond a t  C iz -  These can be used to  

make p ro s ta g la n d in s  and le u k o tr ie n e s  and f o r  th e  fo rm a tio n  o f  

membranes. P ro s ta g la n d in s  and le u k o tr ie n e s  a re  in v o lv e d  in  p l a t e l e t



A ffe c te d  Organ Symptoms r e s u l t in g  from  
d e f ic ie n c y

S k in In c re a s e d  w a te r  p e r m e a b il i ty  
D ecreased sebum s e c r e t io n  
E p i t h e l i a l  h y p e rp la s ia

W eight D ecreased

C ir c u la t io n In c re a s e d  h e a r t  s iz e  
Decreased c a p i l l a r y  re s is ta n c e  
In c re a s e d  c a p i1 la r y  p e rm eab i1 i t y

Lung C h o le s te ro l a c c u m u la tio n

E n d o crin e  G lands A d re n a ls :F e m a le s -4  hormone p ro d ’ n 
M ales - y  hormone p ro d ’ n 

T h y ro id : v body w e ig h t

R eproduct i  on F e m a le s - ir r e g u la r  o e s tru s  
M ales -d e g e n e n e ra t io n  o f

s e m in ife ro u s  tu b u le s

M etabo lism F a t ty  a c id  c o m p o s itio n  changes  
In c re a e d  c h o le s te r o l le v e ls  
Decreased plasm a c h o le s te r o l  
O x id a t iv e  p h o s p h o ry la tio n  im p a ire d  
In c re a s e d  t r i g ly c e r id e  s y n th e s is

2 .2 :  M a jo r e f f e c t s  o f  e s s e n t ia l  f a t t y  a c id  d e f ic ie n c y  in  r a t s .



B io t in

ATP + HCOi + B io t in  --------------> COz~BCC + ADP + P i

C arb o xy lase

A ce ty l-C o A Carboxy

M alonyl-C oA  + B io t in  + BC

P rim er

Nalony1-CoA CO;

6  enzymes

V

CH3 (CHz ) rJCOOH

F ig u re  2 .1 :  S chem atic  d iagram  to  show th e  m a jo r c y c le  o f  th e
f a t t y  a c id  s y n th e s is  pathw ay.
ATP, A denosine t r ip h o s p h a te ;  ADP, ad en o s in e  d ip h o sp h a te ;
P i ,  in o rg a n ic  phosphate . CO^-BCC, C a rb o x y -B io t in  c a rb o x y la s e  
Complex; BC, B io t in  C arb o xy lase



fu n c t io n  and can s t im u la t e  smooth m uscle c o n t r a c t io n .  A la c k  o f  th e s e  

does n o t g iv e  r i s e  to  th e  symptoms o f  f a t t y  a c id  d e f ic ie n c y  as  in  

t a b le  2 . 2 ,  r a th e r  th e s e  symptoms r e la t e  t o  f a t t y  a c id s  a s  s t r u c t u r a l  

m o le c u le s  in  th e  membrane.

2 . 2 . 4 .  Other Fatty  A c id  Synth eses .

B ranched c h a in  f a t t y  a c id s  a re  n o t v e ry  common in  a n im a ls  and a r e  

fo rm ed  by in tro d u c in g  a branched c h a in  f a t t y  a c id  in t o  th e  s y n th e s is  

p a th w ay .

H y d ro x y l f a t t y  a c id s  a r e  form ed as b y -p ro d u c ts  o f  a—o x id a t io n  o f  

f a t t y  a c id s .  A h y d ro x y l group  is  in s e r te d  in t o  th e  ca rb o n  c h a in .  

Common in  p la n ts  and b a c t e r ia .

F a t t y  a c id s  a r e  n o t a lw ays  made by c o n d e n s a tio n  r e a c t io n s  betw een  

s m a lle r  m o le c u le s . They can a ls o  be made by s h o r te n in g  long  a c id s .  

T h is  in v o lv e s  a  l im i t e d  number o f  c y c le s  o f  th e  (1—o x id a t io n  p athw ay.

2^.5. De g r a d a t io n  o f  Fa t t y  Ac i d s .

2 . 5 . 1 .  P -O x ip a t io n .

F a t t y  a c id s  a c id s  a r e  s to re d  as t r ig ly c e r id e s  ( f a t s )  and p ro v id e  

th e  m a jo r  e n e rg y  s to r e  w i t h in  th e  body. The enzym es f o r  (3 -o x id a t io n

r e s id e  in  e i t h e r  perox isom es o r  m ito c h o n d r ia , w h ich  p r e f e r e n t i a l l y

c a t a b o l is e  long  and s h o r t  c h a in  f a t t y  a c id s  r e s p e c t iv e ly .  The

c a rb o x y l end is  a c t iv a t e d  by a t ta c h in g  a  CoA group  t o  them . A d o u b le  

bond i s  in s e r te d  a t  th e  end o f  th e  c h a in  a c ro s s  w h ich  w a te r  is  added. 

The h y d ro x y l group i s  o x id is e d  to  a  k e to  group and f i n a l l y  th e  

c a rb o n -c a rb o n  bond is  broken  to  g iv e  a c e ty l-C o A  and a  new f a t t y  a c id ,  

b u t tw o carb o n  atom s s h o r te r .  T h is  c y c le  c o n tin u e s  u n t i l  th e  f a t t y  

a c id  is  c o m p le te ly  broken  down. The p ro d u c ts  a r e  th e n  fe d  in t o  th e  

K reb s  c y c le .

Odd carbon  f a t t y  a c id s  end up w ith  a p ro p io n ic  a c id  r e s id u e  w h ich  

i s  o x id is e d  by th e  l i v e r  to  s u c c in a te .

Branched c h a in  f a t t y  a c id s  a r e  o x id is e d  as  ab o ve . The p rob lem



a r is e s  w ith  u n s a tu ra te d  f a t t y  a c id s . Some c y c le s  o f  (3 -o x id a t io n  can  

o c c u r up t o  th e  dou b le  bond b u t s to p  th e r e  because th e  bond is  th e  

wrong c o n fo rm a tio n  f o r  th e  h y d ro x y la s e  enzyme ( c is  as  opposed to  

t r a n s ) . An isom erase enzyme is  re q u ir e d  t o  change th e  c o n fo rm a tio n .

2 . 5 . 2 .  q-QXIDATION.

T h is  pathw ay is  m a in ly  c o n fin e d  t o  p la n ts  and th e  b r a in  in  a n im a ls .  

The pathw ay in v o lv e s  c le a v a g e  o f  one ca rb o n  g roup  a t  a  t im e . The

enzymes a r e  lo c a te d  w i t h in  m icrosom es and th e  pathw ay does n o t

r e q u ir e  th e  f a t t y  a c id s  to  be a c t iv a t e d  w ith  CoA. T h is  i s  a  u s e fu l

pathw ay f o r  d is p o s in g  o f  long c h a in  f a t t y  a c id s  in  th e  b r a in  w h ich

a r e  d i f f i c u l t  to  t r a n s p o r t ,  and in  a id in g  th e  d e g ra d a t io n  o f  odd  

c arb o n  c h a in  f a t t y  a c id s  and branched c h a in  f a t t y  a c id s .

2 . 5 . 5 .  tt-QxiDAIIQISL.

T h is  p ro c e s s  o ccu rs  in  th e  en d o p lasm ic  r e t ic u lu m , and a t ta c k s  th e  

f a t t y  a c id  c h a in  away from  th e  c a rb o x y l g ro u p . The p ro c e s s  s to p s  on 

th e  fo rm a t io n  o f  a d ic a r b o y l ic  a c id  r e s id u e .  Thus c o m p le te  

d e g ra d a t io n  o f  f a t t y  a c id s  n ever o c c u rs  in  th e  p a th w ay .

2 . 5 . 4 .  P e r o x id a t io n  o f  F a t ty  A c id s .

On ex p o s u re  to  oxygen, l i p id s  fo rm  p e ro x id e s . T h is  can le a d  to  

t is s u e  damage in  vivo  and is  a ls o  re s p o n s ib le  f o r  th e  s p o ila g e  o f  

fo o d s — in  f a c t  i t  i s  th e  l im i t in g  f a c t o r  f o r  th e  s to ra g e  o f  f r o z e n  

goods. A good exam ple is  b u t te r  tu r n in g  r a n c id .  P e r o x id a t io n  can be 

caused by two p ro cesses : e n zy m a tic  and n o n -e n z y m a tic , th e  l a t t e r

b e in g  an a u to -  c a t a l y t i c  pathway o r  c h e m ic a l o x id a t io n .  E i t h e r  way, 

i t  i s  th e  u n s a tu ra te d  f a t t y  a c id s  w h ich  a r e  th e  m ost s u s c e p t ib le ,  and  

th e  more u n s a tu ra te d  th e  f a t t y  a c id  th e  more s u s c e p t ib le  i t  becomes.



2 . 5 . 4 . 1 .  Enzym atic  Ox id a t io n .

The enzymes a c y c lo o x ig e n a s e  and lip o x y g e n a s e  c a ta ly s e  e n z y m a tic  

p e r o x id a t io n .  The r e s u l t in g  p e ro x id e s  and h y d ro p e ro x id e s  may o n ly  be 

p re s e n t  w i t h in  th e  enzyme com plex and a r e  q u ic k ly  d e t o x i f ie d .  The  

■Function o-F th e s e  may n o t be c le a r ,  b u t th e y  do g iv e  r i s e  to  th e  

c h a r a c t e r i s t i c  s m e lls  and -F lavours  o-F p la n ts .

A r a d ic a l  t h a t  has su-F-F icient e n e rg y  t o  a b s t r a c t  a  hydrogen  atom  

■From a  m e th y le n e  carbon o-f an  u n s a tu ra te d  f a t t y  a c id  can  i n i t i a t e  a  

c h a in  r e a c t io n  in  b u lk  l i p i d s  ( 1 ) .  The r e s u l t in g  c a rb o n  c e n te re d  

r a d ic a l  r e a c ts  r a p id ly  w ith  m o le c u la r  oxygen to  fo rm  a  p e ro x y  r a d ic a l  

(2 ) , w h ich  i t s e l f  is  th e n  a b le  t o  a b s t r a c t  a  hydrogen atom  fro m  an  

u n s a tu ra te d  f a t t y  a c id ,  le a v in g  a  carbon  c e n te re d  r a d ic a l  and a  

h y d ro p e ro x id e  ( 3 ) ,  Thus;

2 . 5 . 4 . 2 .  NON-ENZYMATIC OXIDATION.

COOH

( 1 )

COOH

+ 0=

COOH

(2 )

COOH

(3)
0 -0 * 0 -0 H



The reaction terminates i-F two radicals react with each other:

L° + L° ------------> LL

LOz + LOz — -----------> LOOL

LOS + L° -----------? LOOL

A n t io x id a n ts  a r e  v e ry  im p o rta n t in  p re v e n t in g  i n i t i a t i o n  and  

p ro p a g a tio n  o-f th e s e  re a c t io n s .  When th e  - fa t ty  a c id s  have more th e n  

one dou b le  bond, p e ro x id a t io n  can le a d  to  th e  fo rm a tio n  o f  a  

m u lt ip e r o x id e  (1 ) o r  can cause th e  s h o rte n in g  o f  th e  c h a in  w ith  

m a lo n d ia ld e h y d e  as a b y -p ro d u c t ( 2 ) ,  w hich  can be m easured.

D-D

00H

COOH

( 1 )

0  0

COOH

(2 )

OOH

In  th e  p o ly u n s a tu ra te d  f a t t y  a c id s  w here th e  d o u b le  bonds a r e  

s e p a ra te d  by a m ethy l g ro u p , on p e r o x id a t io n  one do u b le  bond is  

s h i f t e d  to w ard s  th e  o th e r  to  fo rm  a  c o n ju g a te d  d ie n e , w ith  s tro n g  

a b s o rb t io n  a t  233nm.

m m

( 1 )

O th e r p ro d u c ts  o f  l i p i d  p e ro x id a t io n  in c lu d e ; low  m o le c u la r  w e ig h t  

h yd ro carb o n  gases, f lu o r e s c e n t  p ro d u c ts  and a ld e h y d e s  . Because o f



t h is  complex m ix tu re  o-F p ro d u c ts  th e r e  is  no s in g le  method f o r  

a c c u r a te ly  d e te rm in in g  th e  e x te n t  o f  l i p i d  p e ro x id a t io n . Some o f  th e  

p ro d u c ts  (e .g .  m a lo n d ia ld eh yd e  and d ie n e s ) can be used as an  

in d ic a t io n  o f  l i p i d  p e ro x id a t io n , b u t n o t a  m easurem ent.

F ig u re  2 .2  summarises th e  p e ro x id a t io n  o f  u n s a tu ra te d  f a t t y  a c id s .

2 . 5 . 4 . 2 . 1 .  INITIATORS OF LIPID PEROXIDATION.

As s ta te d  above l i p i d  p e ro x id e s  can i n i t i a t e  and cause p ro p a g a tio n  

o f  p e ro x id a t io n , and indeed  th e s e  a r e  p ro b a b ly  th e  most im p o rta n t  

m o le c u le  f o r  m a in ta in in g  th e  p ro c e s s , v ia  a u to c a ta ly s is .  Any l i p i d  

p r e p a r a t io n , however p re p a re d , w i l l  e v e n tu a l ly  o x id is e ,  p ro v id in g  o f  

co u rse  th a t  oxygen is  a v a i la b le .

In  body t is s u e s  an im p o rta n t i n i t i a t o r  is  i r o n .  I t  is  in v o lv e d  in  

th e  p ro d u c tio n  o f  s e v e ra l oxygen r a d ic a ls  w hich can a l l  i n i t i a t e  

l i p i d  p e ro x id a t io n .

Fe2-  + 0 z t ---------------> Fe3 '*' + Qz

2 0 z  + 21- r --------> HzOz  + 0 2

F e2+ + HzOz -------- * OH" + Fe3 -*- +  °0H

Mammals posses th e  p e r fe c t  en v iro n m en t f o r  th e s e  p ro cesses ; 

Haem oglobin c o n ta in s  both  Fe2"- io n s  and oxygen. F e r r i t i n ,  an iro n  

s to ra g e  p r o te in  w ith  4500 m oles o f  i r o n  p e r m ole o f  p r o te in ,  

s t im u la te s  l i p i d  p e ro x id a t io n . In  o rd e r  to  p re v e n t p e ro x id a t io n  o f  

l i p i d s ,  a n t io x id a n ts  a re  needed w hich compete f o r  oxygen and r a d ic a ls  

w ith  th e  l i p id s  (see  s e c t io n  2 . 4 ) .



FREE RADICAL

\f

UNSATURATED FATTY ACID

H° ABSTRACTION 
OXYGEN (RADICAL)

-  (MOLECULAR REARRANGEMENT)

DIENE CONJUGATION
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F ig u re  2 .2 :  S chem atic  d iagram  to  summarise th e  d e g ra d a tio n
u n s a tu ra te d  l i p id s  by n o n -en zym atic  p e ro x id a t io n .



2 . 5 , 5 .  To x ic it y  of Lip id  Per o xid a tio n  Products.

L ip id  p e ro x id a t io n  does n o t o n ly  occur d u rin g  in f e c t io n  o r  

c o n d it io n s  o f  macrophage s t im u la t io n ,  s in c e  oxygen r a d ic a ls  a re  

c o n tin u o u s ly  b e ing  g e n e ra te d  v ia  a e ro b ic  r e s p i r a t io n .  M a lo n d ia ld e h y d e  

le v e ls  in  u r in e  in c re a s e  in  response to  in c re a s e s  in  l i p i d  

p e ro x id a t io n  due to  a number o f  f a c t o r s ,  in c lu d in g  h ig h  d ie ta r y  

p o ly u n s a tu ra te d  f a t t y  a c id s , CCl^. and some hormones. 

(D rap er e t  a l  1984, D hanakoti and D rap er 1987, P ic h 6  e t  a l  1 9 8 8 ).

T a b le  2 .3  shows some o f  th e  known e f f e c t s  o f  l i p i d  p e ro x id e s  in  

vivo  and in  v itro .  Most w orkers  ta k e  c a re  to  p re v e n t u n in te n t io n a l  

in  v itro  a u to o x id a t io n  o f  th e  l i p i d s ,  w hich w ould o th e rw is e  g iv e  

f a ls e  r e s u l t s .

Common fe a tu r e s  amongst th e  d a ta  in c lu d e : h ig h  le v e ls  o f

p o ly u n s a tu ra te d  f a t s  in  th e  d ie t  and th e r e fo r e  in  th e  body, and  

re le a s e  o f  l i p i d  in to  th e  b lood s tream  due to  in f e c t io n  and d is e a s e  

o r  s t a r v a t io n .  P ero x id e s  form  even in  th e  absence o f  an o x id a t iv e  

b u r s t .

I t  is  g e n e r a l ly  co n s id e re d  t h a t  th e  damage caused by l i p i d  

p e ro x id e s  is  a t  th e  le v e l  o f  c e l l  membranes. T h is  can ta k e  s e v e ra l  

fo rm s: changes in  membrane r i g i d i t y ,  s o lv e n c y  and p e r m e a b il i ty ,

p r o te in  and n u c le ic  a c id  damage. In  many in s ta n c e s  a n t io x id a n ts  can  

be shown to  p re v e n t th e s e  e f f e c t s  by b lo c k in g  l i p i d  p e ro x id e s  

fo rm in g .



The a n t ip s y c h o t ic  drug -fam ily  o f  p h e n o th ia z in e s  in c re a s e  th e  le v e l  o f  
c e re b ro s p in a l f l u i d  d ie n e  c o n ju g a te s  and m a lo n d ia ld e h y d e , e s p e c ia l ly  
in  p a t ie n ts  w ith  s e v e re  s id e  e f f e c t s  to  th e  drugs (P a l l  e t  a l  1 9 8 7 ).

S era  from  p a t ie n ts  w ith  v a r io u s  c o n n e c tiv e  t is s u e  d is e a s e s  a re  t o x ic  
to  c u ltu r e d  f ib r o b la s t s .  The a c t i v i t y  is  l i k e l y  to  be assoo ia te d  
w ith  low d e n s ity  l ip o p r o te in s  (B la k e  e t  a l  1 9 8 5 ).

E n d o to x in  induces l i p i d  p e ro x id a t io n  w i t h in  th e  l i v e r  w hich is  
re v e rs e d  by a n t io x id a n ts  (Sugino e t  a l  1 9 8 7 ).

H igh  d e n s ity  l ip o p r o te in s  in  normal human s e ra  can be t o x ic  to  
Trypanasoma brucei ( R i f k in  1 9 7 8 a ,b ) .

D e o x y c h o lic  a c id  b in d s  c o v a le n t ly  to  DNA and RNA in  th e  p resence  o f  
m ethyl l in o le a t e  h y d ro p e ro x id e , th e r e fo r e  in c re a s in g  th e  r is k  o f  
m u tag en es is . T h is  may e x p la in  why in c re a s e d  c o lo n  can cer c o r r e la te s  
w ith  h ig h  f a t  d ie ts  (Kodama e t  a l  1987)

V ery  low d e n s ity  l ip o p r o te in  from  d ia b e t ic  r a t s  serum is  t o x ic  to  
p o rc in e  a o r t i c  e n d o th e l ia l  c e l l s  (A rb o g ast e t  a l  1 9 8 2 ).

A v e ry  low d e n s ity  l ip o p r o t e in  a s s o c ia te d  c y to to x ic  f a c t o r  can be 
found in  p re g n a n t r a t s  (Chan and P o l la r d  1978, 1 9 8 1 ).

Low d e n s ity  l ip o p r o te in  c y t o t o x ic i t y  can be induced by f r e e  r a d ic a l  
p e ro x id a t io n  o f  l i p id s  (M ore l e t  a l  1 9 8 3 ).

In  vivo h y p e ro x ia  le a d s  to  p e ro x id a t io n  o f  e r y th r o c y te  l i p i d  
(Mengel and Kann 1 9 6 6 ).

L ip id  p e ro x id a t io n  p ro d u c ts  can be fou n d  in  m a la r ia  in fe c te d  re d  
c e l l s  and th e s e  p ro d u c ts  can be t o x ic  to  m a la r ia  p a r a s ite s  
(W o ze n c ra ft 1986 , C la rk  e t  a l  1987, B u ff in g to n  e t  a l  1988)

A th e r o s c le r a t ic  p laq u es  a re  form ed when b lood  l i p i d  le v e ls  s ta y  h ig h  
f o r  long p e r io d s . L ip id  lad en  macrophages can be fou n d  in  th e s e  
le s io n s . O x id is e d  l ip o p r o te in s  a re  p r e f e r e n t i a l l y  ta k e n  up . 
D e s tru c t io n  o f  th e  l i p id s  by o x id a t io n  may cause f u r t h e r  e x te r n a l  
l i p i d  o x id a t io n .  The b lood  v e s s e l le s io n  may worsen due to  th e  a c t io n  
o f  th e s e  p e ro x id e s  (M itc h in s o n  1983, B a l l  e t  a l  1986, B a l l  e t  a l  
1987)

T a b le  2 .3 :  Some o f  th e  d e tr im e n ta l e f f e c t s  o f  l i p i d  p e ro x id e s .



2 ,4 ,-A n iiq k id ant.s,

T h ere  a re  a number o-F m o lecu les  whose r o le  is  p r im a r i ly  to  b lo ck  

l i p i d  p e ro x id a t io n . They may be p r o te in  in  fo rm  and a c t  e i t h e r  

d i r e c t l y  o r  i n d i r e c t l y ,  o r  th e y  may be s m a ll m o lecu les  w hich become 

o x id is e d  in  p re fe re n c e  to  o th e r  m o le c u le s .

The f i r s t  group in c lu d e  iro n  b in d in g  p r o te in s ,  a p a r t  from  th o se  

m entioned in  T a b le  1 .5 .  These p ro te in s  a c t  by b in d in g  any f r e e  i r o n  

in  th e  serum. Once th e  iro n  is  bound i t  is  u n a b le  to  ta k e  p a r t  in  

redox r e a c t io n s .

T h e re fo re  th e s e  p ro te in s  a re  a c t in g  in d i r e c t l y  to  remove an  

i n i t i a t o r  o f  o x id a t io n .  Two p r o te in s  w hich do t h is  a r e  t r a n s f e r r in  

and la c t o f e r r in .  Being o n ly  30'/. loaded  w ith  ir o n  th e y  can q u ite  

e a s i ly  ta k e  up any f r e e  iro n  sh o u ld  i t  o c c u r. T h is  e f f e c t  sho u ld  

in c re a s e  th e  m a la r ia  p a r a s i te s ' chance o f  s u r v iv a l  i f  i t  is  under  

o x id a t iv e  s t r e s s .  However th e  p a r a s i t e  does have a  re q u ire m e n t f o r  

i r o n  and so to o  much ir o n  b in d in g  p r o te in  may be i n d i r e c t l y  f a t a l  to  

th e  p a r a s ite s  (F r i ts c h  e t  a l  1 9 8 7 ).

A number o f  enzymes e x is t  i n t r a c e l l u l a r l y  and e x t r a c e l l u l a r l y  whose 

fu n c t io n  is  to  d e to x ify  oxygen r a d ic a ls ,  nam ely s u p e ro x id e  d ism utase  

(SOD), c a ta la s e ,  and g lu ta th io n e  p e ro x id a s e . The fo rm e r enzymes 

remove s u p e ro x id e  and hydrogen p e ro x id e  r e s p e c t iv e ly  and th e  l a t t e r  

enzyme a c ts  by oW ism ^ rtdacecL g lu ta th io n e  w hich is  th e  s a c r i f i c i a l  

a n t io x id a n t .  O th er exam ples o f  s a c r i f i c i a l  a n t io x id a n ts  in c lu d e  

v ita m in s  A, C and E . A l l  th e s e  have a h ig h e r  a f f i n i t y  f o r  ROI th a n  

p r o te in s  o r  l i p id s ,  and th e r e fo r e  w i l l  be o x id is e d  f i r s t .

2 . 4 . 1 .  Superoxide Dismutase (EC 1 . 1 5 . 1 . 1 . ) .

T h is  is  a 32KD i n t r a c e l l u l a r  enzyme composed o f  two 16KD s u b u n its . 

Depending on th e  com partm ent w i th in  th e  c e l l ,  Zn2^ , Cu2'*' o r  

Mn2 "*" is  p re s e n t in  th e  enzyme (D ixon  e t  a l  1 9 7 9 ). The r e a c t io n  

c a ta ly s e d  is :

2QS + 2hT ------------------ * HdDz + 02
SOD

However th e  r e a c t io n  produces a n o th e r r a d ic a l  in  th e  fo rm  o f  

hydrogen p e ro x id e  w hich is  d e t o x i f ie d  by c a ta la s e .



2 . 4 . 2 .  Catalase (EC 1 . 1 1 . 1 . 6 . ) .

T h is  is  an iro n  c o n ta in in g  enzyme w ith  -Four s u b u n it  haem groups o-F 

t o t a l  m o le c u la r  w e ig h t o-F 232KD (D ixon  e t  a l  1 9 7 9 ). The r e a c t io n  

c a ta ly s e d  is :

2HzQ2 ------------------> 2HsO + 0 3

c a ta 1ase

2 . 4 . 5 .  Glutathio ne  Pe r o xid a se .

T h is  is  a  se len iu m  c o n ta in in g  enzyme oT m o le c u la r  w e ig h t 84KD- The 

r e a c t io n  c a ta ly s e d  is  s im i la r  to  c a ta la s e ,  e x c e p t t h a t  g lu ta th io n e  is  

used as  th e  p ro to n  donor (Foh6 and G u n z le r 1 9 7 5 ).

HzDz + 2  G lu—Cys—G ly  -----------------  ̂ 2HzO + G lu —Cys—G ly

| g lu ta th io n e  J

SH perox i  dase S

> \

2AA o r  2NADPH S

--------------------------------------------------------G1u -C y s -G 1y

G lu ta th io n e  re d u c ta s e

Reduced g lu ta th io n e  is  re g e n e ra te d  -From th e  o x id is e d  s t a t e  by 

g lu ta th io n e  re d u c ta s e . These re a c t io n s  occur a t  th e  membrane in  th e  

cytochrom e c h a in . The r e a c t io n  uses NADF’H as th e  p ro to n  donor. 

G lu ta th io n e  dehydrogenase which may be th e  same enzyme as g lu ta th io n e  

re d u c ta s e  can use a s c o rb ic  a c id  (AA) as th e  p ro to n  donor (D ixon  e t  a l  

1 9 7 9 ).

2 . 4 . 4 .  VlTAMIN-A.

V ita m in -A  o r  r e t in o l  is  made -From (3 -ca ro ten e  w hich is  th e  a c t iv e  

a n t io x id a n t  m o le c u le . In  mammals th e  m a jo r -Function o-F (3 -c a ro te n e  is  

n o t as an a n t io x id a n t ,  though s in c e  i t  is  -Fat s o lu b le  i t  may be 

p a r t i c u l a r l y  im p o rta n t in  -Fat s to r e s ,  e s p e c ia l ly  in  p la n t  seeds .



2 . 4 . 5 .  Vit a m in  C (Ascorbic Ac id ) .

T h is  is  a w a te r  s o lu b le  v ita m in  w hich is  e s s e n t ia l  -For th e  

s y n th e s is  o-f c o lla g e n  and i n t r a c e l l u l a r  m a t e r ia l .  One d e f ic ie n c y  

s t a t e  is  w e ll known; s c u rv e y . A p a r t  -from t h is  i t  is  an im p o rta n t  

a n t io x id a n t .  The o x id a t io n  o-f a s c o rb ic  a c id  is  o n ly  r e v e r s ib le  w ith in  

a s h o r t  t im e  p e r io d , th e n  in t e r n a l  rea rran g em n t o-f th e  m o le c u le  

o ccu rs  and a s c o rb ic  a c id  can no lo n g e r be made:

A s c o rb ic  A c id

HO H OH OH

I I I I
HOCH2  -  c -  c -  c =  c -  co

H 0

D eh yd ro asco rb ic  a c id

HO H 0  0

HOCH3 -  C -  C -  C -  C -  CO

H

O x a lic  a c id

A s c o rb a te —2 -s u lp h a te

Two m e ta b o lite s  a re  th e n  made w hich a re  e x c re te d  in  th e  u r in e .  

Humans need a c o n s ta n t d ie ta r y  s u p p ly  o-f v ita m in  C because u n l ik e  

most o ijp r a n im a ls  th e y  a re  u n a b le  to  s y n th e s is e  th e  v ita m in .  Humans 

r e q u ir e  30-60m g o f  v ita m in  C p e r day. T h is  is  ta k e n  up by th e  

in t e s t in e s .  About 25*/. o f  th e  1 .5 g  body s to c k  is  bound to  plasm a  

p r o te in s .  L eu co cytes  c o n ta in  a  h ig h e r  c o n c e n tra t io n  th a n  

e r y th r o c y te s .  V e ry  h ig h  doses o f  v ita m in  C a re  w e ll  t o le r a t e d



a lth o u g h  some in t e s t in a l  d is tu rb a n c e  may o c c u r, and c a lc iu m  o x a la te  

r e n a l c a lc u l i  may d eve lo p . T o le ra n c e  may d eve lo p  w ith  p ro lo n g ed  u se . 

The hal-F li-F e  o-F v ita m in  C in  th e  body is  ab o u t 3 .3 7  hours  in  humans 

a lth o u g h  t h is  may be a r t i -F a c tu a l because o-F th e  t e s t  c o n d it io n s  used .

As a lre a d y  shown v ita m in  C can be used to  re g e n e ra te  reduced  

g lu ta th io n e .  A lso  g lu ta th io n e  can be used to  re g e n e ra te  a s c o rb ic  a c id  

-From d ih y d ro a s c o rb a te  (Foh6 and G u n z le r 1 9 7 5 ).

2 . 4 . 6 .  Vit a m in  E (Tocopherol) .

T h is  is  a -Fat s o lu b le  v ita m in  whose m ain -Function is  to  p r o te c t  

u n s a tu ra te d  -Fats -From o x id a t io n ,  though a n o th e r p o s s ib le  -Function is  

d u rin g  th e  developm ent o-F th e  -Foetal gonads. The p r im a ry  -Form o-F 

v ita m in  E is  a - to c o p h e r o l. and £ to c o p h e ro ls  e x is t  b u t do n o t

have th e  a n t io x id a n t  p o t e n t ia l  o-F a - to c o p h e r o l .

R1

HO

CH:

R2

R 1,R 2 = CHs, CH3 a -to c o p h e ro l

CH3 , H B -to c o p h e ro l

H, CH3 V -to c o p h e ro l

H, H S—to c o p h e ro l



V ita m in  E is  w e ll  t o le r a t e d  in  la rg e  doses b u t may cause  

in s t e s t in a l  d is tu rb a n c e s . I t  i s  ta k e n  up by th e  in t e s t in e s  in to  th e  

lymph where i t  a s s o c ia te s  w ith  th e  c h y lo m ic ro n s . I t  is  s to re d  in  a l l  

c e l l  membranes and p r im a r i ly  in  th e  -fa t  s to r e s .  The d a i ly  re q u ire m e n t  

is  somewhat dependent on th e  amount o-F body -fa t  b u t is  between 2  and  

4mg p e r  day.

M etab o lism  and o x id a t io n  o-F v ita m in  E r e s u l t s  in  g lu c a ro n id s  and  

to c o p h e ro n ic  a c id  and i t s  Y - la c to n e  w hich a re  a l l  e x c re te d  in  th e  

u r in e .  Excess v ita m in  E is  e x c re te d  in  th e  b i l e .  D e-F iciency r e s u l t s  

in  re d  c e l l  oxygen s e n s i t i v i t y  and e v e n tu a l ly  anaem ia , as w e ll  as  

numerous o th e r  symptoms r e la t e d  to  membrane damage.

V ita m in  E has a  v e ry  im p o rta n t in t e r a c t io n  w ith  v ita m in  t h a t  o-F 

re g e n e ra t io n  o f  v ita m in  E. Thus membrane v ita m in  E can rem ain  in  th e  

membrane f o r  a much lo n g e r tim e  because i t  need n o t be re p la c e d  once  

i t  has been o x id is e d . A ls o  because v ita m in  C can be re g e n e ra te d  fro m  

i t s  o x id is e d  fo rm , th e y  fo rm  a v e ry  e f f i c i e n t  a n t io x id a n t  mechanism.

F ig u re  2 .3  shows an o v e r a l l  summary o f  th e s e  a n t io x id a n t  a c t io n s  

and in te r a c t io n s .

They w i l l  now be d iscu ssed  f u r t h e r  a lo n g  w ith  th e  l i p id s  in  th e  

c o n te x t  o f  th e  re d  c e l l ,  m a la r ia  p a r a s ite s  and TNS.

I t  sh o u ld  be s ta te d  t h a t  v ita m in  E is  p ro b a b ly  th e  most im p o rta n t  

f a t  a n t io x id a n t  because i t  is  f a t  s o lu b le .  T h e re fo re  i t  w i l l  p re v e n t  

p ro p a g a tio n  o f  f a t t y  a c id  a u to o x id a t io n  as  w e ll  as p re v e n tin g  i n i t i a l  

o x id a n t  a t t a c k .  The w a te r  s o lu b le  a n t io x id a n ts  (v ita m in  C and  

enzymes) w i l l  p r im a r i ly  remove th e  oxygen r a d ic a ls  b e fo re  th e y  can  

reach  th e  f a t s ,  even c a p tu re  them as th e y  a r e  made and p re v e n t  

o x id a t io n  o f  p r o te in s .  They can a ls o  p la y  a r o le  in  re g e n e ra t io n  o f  

a n t io x id a n ts  (v ita m in  C on v ita m in  E , G lu ta th io n e  re d u c ta s e  on  

o x id is e d  g lu ta t h io n e ) .

O th er re fe re n c e s  used f o r  s e c t io n s  2 .1  to  2 .4

G urr and James 

Logani and D av ies  

H a l l iw e l l  and G u tte r id g e  

E ls a s  and McCormick 

G u tte r  i  dge 

M a c h lin  and Bendich  

M urray  e t  a l  

Reynolds

1980

1980

1985

1986

1987

1987

1988

1989



SOD

GSH
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F ig u re  2 .3 :  M ic r o n u t r ie n t  in te r a c t io n s  in  th e  a n t io x id a n t  de-fence 
system .
GSH, reduced g lu ta th io n e ;  GSSG,
D ih y d ro a s c o rb a te  R eductase; V i t  
v ita m in  E; SO, s u p e ro x id e ; P e r, 
s in g le t  oxygen.

o x id is e d  g lu ta th io n e ;  DHA R educt, 
E ° , o x id is e d  v ita m in  E; V i t  E , 
p e ro x id e ; HYDR, h y d ro x y l;  S ingO x,



2 . 5 .  The red Ce l l .

2 . 5 . 1 .  Membrane Or g a n isa t io n .

The m ature  re d  c e l l  is  d evo id  o-F do novo s y n th e s is  pathw ay. 

T h e re fo re  th e  membrane cannot be changed o r  r e p a ire d  e x c e p t f o r  

s e ru m /e x tra c e 1l u l a r  m o lecu les  w hich can exchange w ith  th o s e  in  th e
i ’ far  as

membrane. The most im p o rta n t o f  th e s e  a s ^ th is  work is  concerned a re  

th e  l i p id s  and a n t io x id a n ts .  F ig u re  2 .4  shows a c ro s s  s e c t io n  o f  th e  

membrane. I t  can be d iv id e d  in  to  two p a r t s ,  th e  c y to s k e le to n  

c o n t r o l l in g  c e l l  shape and r i g i d i t y ;  and th e  l i p i d  la y e r  w hich  

c o n tr o ls  th e  exchange o f  m a te r ia l  between th e  o u te r  and in n e r  

s u rfa c e s  o f  th e  c e l l .

T a b le  2 .4  shows th e  m ajor f a t t y  a c id s  w hich make up th e  l i p id s  o f  

th e  membrane from  s e v e ra l an im a l s p e c ie s . These f a t t y  a c id s  a r e  

m o s tly  bound up in  p h o s p h o lip id s  0 7 0 '/. o f  membrane l i p i d s ) .  The o th e r  

(30*/. i s  made up from  d i and t r i  g ly c e r id e s ,  u n e s te r  i f  ie d  f a t t y  a c id s  

and c h o le s te r o l .  The p ro te in s  embedded in  th e  membrane in c lu d e  th o s e  

in v o lv e d  in  io n  t r a n s p o r t  to  en su re  c o r r e c t  i n t r a c e l l u l a r  osm o tic  

c o n c e n tra t io n , and th o se  concerned w ith  th e  u p ta k e  o f  g lu ta th io n e  

from  th e  p lasm a.

2 . 5 . 2 .  A n t io x id a n ts  o f  th e  re d  c e l l .

T a b le  2 .5  shows th e  r e l a t i v e  le v e ls  o f  some a n t io x id a n t  enzymes and  

v ita m in  E in  human and mouse re d  b lo o d  c e l l s  bo th  normal and  

m a la r ia - in f e c t e d .  The enzymes a re  lo c a te d  in  th e  cy to p lasm  o f  th e  re d  

c e l l  w hereas th e  v ita m in  E is  c o n ta in e d  in  th e  membrane.

A l l  th e s e  a re  re q u ire d  to  p r o t e c t  th e  re d  c e l l  membrane from  

o x id a t iv e  damage, b u t perhaps th e  s in g le  most

im p o rta n t one is  v ita m in  E . T h is  has been dem o n stra ted  many t im e s . 

A n im als  s ta rv e d  o f  v ita m in  E in  t h e i r  d ie t  have v e ry  oxygen s e n s i t iv e  

re d  c e l l s ,  and a s h o r te r  red  c e l l  h a l f  l i f e ,  w hich u l t im a t e ly  r e s u l t s  

in  an aem ia . T h is  can be c o rre c te d  by r e p la c in g  th e  v ita m in  E .

However a re d  c e l l  d e f ic ie n t  in  th e  o th e r  a n t io x id a n ts  a ls o  becomes 

s u s c e p t ib le  to  o x id a t iv e  h aem o lys is , and t h is  is  a ls o  t r u e  i f  th e  

enzyme G6PD is  h e r e d i t a r i l y  a b s e n t. T h is  enzyme re a c ts  w ith  g lu c o s e
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TOTAL FATTY ACIDS (7.)

DUCK 
p. lopurae

MONKEY 
P. knowlesi

RAT 
P. berghei

MOUSE 
P. vinckei

FATTY ACID UN IN UN IN UN IN UN IN

1 4 :0 1 <1 1 <1 - 2 1 .8 1 .4

14:1 nd nd nd nd nd nd 0 .3 0 .6

1 6 :0 24 26 22 34 24 42 36 3 0 .9

16:1 1 2 - - <1 4 nd nd

1 8 :0 10 16 15 9 17 15 8 .3 4 .2

18:1 18 33 18 36 8 21 1 2 .8 1 0 .3

1 8 .2 21 12 15 15 11 7 2 3 .1 3 1 .9

1 8 :3 1 1 1 1 - 2 nd nd

2 0 :2 1 <1 <1 - - - nd nd

2 0 :3 1 1 2 <1 - - nd nd

2 0 :4 10 3 17 2 31 5 9 .3 15

2 0 :5 1 1 2 <1 - - nd nd

2 2 :0 nd nd nd nd nd nd 0 .7 2 .3

2 2 :5 2 1 2 <1 2 - nd nd

2 2 :6 7 3 2 <1 - - 4 2 .8

T a b le  2 .4 :  F a t t y  a c id  co m p o s itio n  o-F u n in fe c te d  (UN) and m a la r ia  
in fe c te d  (M I) re d  b lood  c e l l  membranes. These r e s u l t s  do n o t in c lu d e  
th e  p a r a s i t e  membranes. F a t ty  a c id  numbers; e .g .  16 :1  r e f e r s  to  a  
m o le c u le  w ith  16 carbon  atoms and 1 C=C bond; nd, n o t done (H o lz  
1977, S tocker ■ e t  a l  1987)



t o  -form a new m e ta b o lite  and IMADPH. NADPH is  im p o rta n t -for th e  

re g e n e ra t io n  o-f o x id is e d  a n t io x id a n ts  because w ith o u t  i t  th e  

a n t io x id a n t  poo l w ould soon be consumed. V ita m in  E in  h ig h  doses 

(800mg p e r person p e r day f o r  90  days) c o u ld  r e l i e v e  t h is  c o n d it io n ,  

and a ls o  o th e r  r e la t e d  enzyme d e f ic ie n c ie s  (Corash e t  a l  1980, 

Schulman e t  a l  1 9 8 0 ).

These enzymes a re  c o n s t i t u t iv e  in  th e  re d  c e l l  and cannot be 

re p la c e d . V ita m in  E le v e ls  however can be changed, in c re a s e d  o r  

decreased  by exchange between th e  membrane and plasm a l ip o p r o te in s .

The re d  c e l l  v ita m in  E c o n c e n tra t io n  is  dependent on th e  plasm a  

l i p i d  c o n c e n tra t io n  r a th e r  th an  t h a t  o f  plasm a v ita m in  E i t s e l f .  I f  

plasm a l i p i d  c o n c e n tra t io n s  change, th e  re d  c e l l  membrane v ita m in  E 

c o n c e n tra t io n  can e q u i l ib r a t e  w ith  th e  plasm a c o n c e n tra t io n  w i t h in  4  

hours  ( B ie r i  e t  a l  1977, Kayden 1 9 7 8 ).

The v ita m in  C c o n c e n tra t io n  w i th in  re d  c e l l s  is  s u b je c t  to  s im i la r  

a l t e r a t io n s .

2,.5.»5.. Effect o f  Malaria Parasites qn the,Red .Cell»

M a la r ia  p a r a s ite s  do n o t have a ds novo f a t t y  a c id  s y n th e s is  

p athw ay, a lth o u g h  th e y  do possess l im i t e d  mechanisms f o r  a l t e r in g  

e x is t in g  f a t t y  a c id s  (Sherman 1 9 7 9 ), th u s  th e  p a r a s i t e  must o b ta in  

i t s  l i p i d  re q u ire m e n ts  f o r  grow th and d iv is io n  fro m  th e  h o s t.

F a t t y  a c id s  in c re a s e  by as much as 500% in  in fe c te d  re d  b lo o d  

c e l l s .  T h is  i s  t r u e  f o r  a number o f  Plasmodium s p e c ie s  fro m  human, 

s im ia n , b i r d  and ro d e n t. As t a b le  2 .4  shows, t h i s  is  n o t ju s t  a 

g e n e ra l in c re a s e  s in c e  some f a t t y  a c id s  in c re a s e  in  more in  

p r o p o r t io n  to  o th e rs , and t h is  a ls o  d i f f e r s  betw ee s p e c ie s . T h is  is  

perhaps why th e r e  i s  c o n f l i c t  in  th e  l i t e r a t u r e  re g a rd in g  th e  

in c re a s e  in  f a t t y  a c id s , th e r e fo r e  th e r e  is  a g e n e ra l consensus t h a t  

u n s a tu ra te d  f a t t y  a c id s  in c re a s e , (H o lz  1977, Sherman 1979, B eaum elle  

and V ia l  1986, S to c k e r e t  a l  1 9 8 7 ).

These l i p i d  s tu d ie s  were done u s in g  re d  c e l l  g h o sts  so t h a t  th e y  do 

r e f l e c t  th e  re d  c e l l  membrane l i p i d  c o m p o s itio n . S tu d ie s  on th e  

p a r a s i t e  membrane a re  no t as  d e t a i le d  as  th e  above a lth o u g h  th e y  do 

show t h a t  it  c o n ta in s  a h ig h e r  p e rc e n ta g e  o f  u n e s t e r i f ie d  f a t t y  a c id s



and some c la s s e s  o f  p h o s p h o lip id s  th a n  th e  re d  c e l l  membrane. O v e ra ll  

th e  p a r a s i t e  membrane c o n ta in s  907. u n s a tu ra te d  l i p i d  compared w ith  

757. f o r  th e  re d  c e l l  membrane (Sherman 1 9 7 9 ).

The h ig h  u n s a tu ra te d  l i p i d  c o n te n t may a llo w  th e  membrane t o  be 

more f l e x i b l e  and th e r e fo r e  a id  i t s  passage th ro u g h  c a p i l l a r i e s .  

However t h is  in c re a s e  does mean t h a t  th e  membrane is  more o x id a n t  

s e n s i t iv e .  The re d  c e l l  is  n o rm a lly  p ro te c te d  a g a in s t  o x id a t iv e  

a t ta c k  by s e v e ra l a n t io x id a n t  mechanisms as shown in  t a b le  2 .5 .  

However a f t e r  in v a s io n  by th e  m a la r ia  p a r a s i t e  and th e  changes in  

membrane l i p id s  a lo n g  w ith  immune responses to  th e  c e l l ,  th e  

c o n s t i t u t iv e  a n t io x id a n t  mechanism may no lo n g e r be s u f f i c i e n t  

p r o te c t io n  f o r  th e  c e l l .  T h is  may be a reaso n  why th e  p a r a s i t e  

changes th e  a n t io x id a n t  c o n te n t o f  th e  c e l l .  I t  can syn th jp is  i t s  

own SOD, c a ta la s e ,  g lu ta th io n e  p e ro x id a s e  and g lu ta th io n e  re d u c ta s e  

(GR) (see  t a b le  2 .5 )  . SOD may a ls o  be o b ta in e d  from  th e  h o s t  

( F a i r f i e l d  e t  a l  1984, F a i r f i e l d  e t  a l  1 9 8 8 ).

V ita m in  E in c re a s e  m a rk e d ly , a lth o u g h  t h is  may s im p ly  be,

due to  th e  membrane l i p i d  in c re a s e . T h is  w ould mean t h a t  t h is  is  a  

p a s s iv e  process  u n l ik e  th e  a n t io x id a n t  enzymes, whose c o n c e n tra t io n s  

a re  a c t iv e ly  in c re a s e d .

Reduced g lu ta th io n e  (GSH) is  a ls o  im p o rta n t to  th e  p a r a s i t e .  T h is  

i s  r e f le c t e d  by th e  in c re a s e  in  re d  c e l l  GSH and GR. The GR in  th e  

p a r a s i t is e d  re d  c e l l  has a h ig h e r  a f f i n i t y  f o r  o x id is e d  g lu ta th io n e  

(GSSG) th e n  an u n in fe c te d  re d  c e l l  (Eckman 1 9 8 4 ). to  reduce  GSSG to  

GSH re q u ire s  NADPH. T h is  may e x p la in  why th e  p a r a s i t e  can n o t s u rv iv e  

in  G6PD d e f ic ie n t  re d  c e l l s ,  w hich can n o t make NADPH (E tk in  and E aton  

1 9 7 5 ).



SOURCE OF RED BLOOD CELLS

HUMAN
UNINFECTED

HUMAN 
P. -Falciparum

MOUSE
UNINFECTED

MOUSE 
P. berghei

CATALASE
5

2 2 .2  
jumol M in '1

5
17 -24  

( p r o t e in ) ' 1

4
1 5 .9 2  

IU  (g

4- 
1 2 .2 2  

Hb) _1

GLUTATHIONE
PEROXIDASE

5
1 2 .4  

jumol M in '1

5
2 - 7 .7  

( p r o t e in ) ' 1

4 4 
7 8 .8 7  4 1 .4  

IU  (g H b ) '1

SUPEROXIDE
DISMUTASE

5
2 .2  

jumol M in '1

5
6 .3 -2 5  

( p r o t e in ) “ 1

4 4
167 541 

IU  (g H b ) '1

GLUTATHIONE
REDUCTASE

4
1 2 .9

2
1 4 .7

IU

4
28

2
3 5 .4  

(g H b ) '1

VITAM IN E
3 3 

2 .4 4  4 .9 7
wg/ml

3
1 .71

3
1 1 .9 7

ug/m i

GLUTATHIONE
1

2 .4 5
mg (g H b )_1

2
5 .6

4
4 .4 8

juM

2
1 6 .3

4
8 .4  

(g H b ) '1

T a b le  2 .5 :  C o n c e n tra tio n s  o-F a n t io x id a n ts  -found to  be e i t h e r  made by 
th e  p a r a s i t e  Dr to  be ta k e n  up by th e  p a r a s i t e .  Hb, H aem oglobin . 
(A ltm an  and D it tm e r  1972 ( 1 ) ,  Eckman and E a to n  1979 ( 2 ) ,  Roth e t  a l  
1984 ( 3 ) ,  S e th  e t  a l  1985 ( 4 ) ,  F a i r - f ie ld  e t  a l  1988 ( 5 ) )



2 . 6 .  Summary of sectio n  2 . 5 .

The p a r a s i te  invades  and in h ib i t s  a re d  c e l l ,  where i t  re q u ire s  a 

l i p i d  source  to  b u i ld  new membranes -For c e l l u l a r  d iv is io n .  These  

l i p i d s  a re  o b ta in e d  -From th e  h o s t, and th e  re d  c e l1 /p a r a s i t e  has a 3 

to  5  -Fold in c re a s e  in  th e s e  l i p id s  compared to  u n p a ra s it is e d  re d  

c e l l s .  T h ere  is  a pre-Ference -for u n s a tu ra te d  -F atty  a c id s . T h is  w i l l  

u l t im a t e ly  a f f e c t  th e  oxygen s e n s i t i v i t y  o-F th e  re d  c e l l ,  w hich is  

-F u rth er d im in is h e d  because th e  p a r a s i t e  produces oxygen r a d ic a ls  

w hich d e p le te  h o s t oxygen de-fences. T h is  is  p a r t ly  compensated -For by 

a n t io x id a n t  mechanisms o-F p a r a s i t e  o r ig in ,  b u t th e r e  app ears  to  be a 

f i n e  b a la n c e  because th e  p a r a s i t is e d  re d  c e l l s  a re  v e ry  s e n s i t iv e  to  

e x te r n a l  oxygen s t r e s s ,  w hich co u ld  be m ed ia ted  th ro u g h  l i p i d  

p e ro x id a t io n  o f  membrane p r o te in  damage, le a d in g  to  p rem atu re  re d  

c e l l  l y s is .



2 .Z .  AIMS. OF THE PROJECT.

a ) To d e te rm in e  some b a s ic  p r o p e r t ie s  o f  th e  in  v itro  

p a r a s i t i c id a l  a c t i v i t y  o f  TIMS a g a in s t  Plasmodium -Falciparum. Namely 

in h ib i t io n  o f  p ro te a s e s , d e n a tu ra t io n  o f  d is u lp h id e  bonds and  

te m p e ra tu re  s e n s i t i t y .

b) To s e p a ra te  th e  serum in to  l i p i d  and n o n - l ip id  f r a c t io n s ,  and  

th e n  to  fo l lo w  up on th e  a c t iv e  f r a c t io n s  by;

1) I f  th e  l i p id s  a re  p a r a s i t i c i d a l : -  How a re  th e y  p a r a s i t i c id a l?  

Can t h is  e f f e c t  be made in  vitrcf?

2 ) I f  th e  n o n - l ip id  f r a c t io n  is  p a r a s i t i c i d a l : — Can th e  a c t i v i t y  

be s e p a ra te d  o u t by chrom atography?

c ) To d e te rm in e  th e  n a tu re  o f  th e  in  vivo p a r a s i t i c id a l  a c t i v i t y  

a g a in s t  le t h a l  P .y o e lii  in  m ice .

d) see  b)

e ) To d e te rm in e  th e  im portance o f  TNF in  th e  a c t i v i t y  o f  TNS.

f )  Can IL -1  o r 7 - IF N  a lo n e  be re s p o n s ib le  f o r  in  vivo a c t i v i t y  o f  

TNS?



5.  Ma te r ia ls  and Methoos.

5 . 1 .  Ra b b it  Sera

M ale  and -fem ale hal-F lo p  r a b b its  b red  in  th e  U n iv e r s i t y  C o lle g e  and  

M id d lesex  School o f  M e d ic in e ’ s (UCMSM) an im a l house, aged between 8  

months and 4 y e a rs  were used. They a l l  had had no p re v io u s  tre a tm e n ts  

o f  any k in d . The a n im a ls  w ere fa s te d  o v e rn ig h t  f o r  a t  le a s t  16 hours

b e fo re  b e in g  b le d . 10 t o  20 ml o f  b lo o d  was ta k e n  by e a r  ven u p u ctu re

in to  a  p la s t ic  tu b e  and a llo w e d  t o  c l o t .  T h is  was th e  p r e - t r e a tm e n t  

serum (Normal r a b b i t  serum—NRS).

5  x 107 l i v e  Mycobacterium bovis BCG organism s (G laxo  

P h a rm a c e u tic a ls , G re e n fo rd , U .K . ) ,  f r e s h ly  p re p a re d  in  1ml o f  0.9"/. 

s a l in e ,  w ere in je c te d  in tra v e n o u s ly  ( i / v )  in t o  th e  e a r  v e in .  14 to  21 

days l a t e r  th e  a n im a ls  w ere fa s te d  o v e rn ig h t  as b e fo re  and a  b lo o d  

sam ple ta k e n , as  b e fo re  (BCG s e ru m ). Then 80jug o f  b a c t e r ia l  

1 ip o p o ly s a c c h a r id e  (L P S ), (Escherichia c o lif G la x o ) , p re p a re d  in

lm l o f  s a l in e  was in je c te d  i / v  in to  th e  e a r  v e in .  F o llo w in g  t h is  th e  

a n im a ls  w ere observed  c lo s e ly  and betw een 1 .5  to  2  hours  a f t e r  LPS 

a d m in is t r a t io n ,  depending on th e  a n im a l's  c o n d it io n ,  th e y  w ere  

a n a e s th e t is e d  u s in g  Hypnorm (Janssen (Anim al H e a lth )  P h a rm a c e u tic a l 

L td ,  O x fo rd , U .K . ) ,  in tra m u s c u la r ly  ( i /m )  (0 .5 m l/K g  body w e ig h t ) .  The 

r a b b i ts  w ere th e n  b le d  o u t by c a r d ia c  p u n c tu re  u s in g  a  16 gauge 

n e e d le  (S ab re , R ead ing , U .K .)  co n n ected  to  a  vacuum pump and g la s s

f la s k .  The b lood  was a llo w e d  to  c l o t  as b e fo re  (Tumour n e c ro s is

serum -TN S ).

In  o rd e r  to  c o n tro l f o r  th e  LPS; u n tre a te d  r a b b i ts  w ere fa s te d  

o v e rn ig h t  and 10 ml o f  b lood  ta k e n  f o r  NRS. Then 8 0  ug LPS was 

in je c te d  i / v  in to  th e  e a r .  A f t e r  2  hours  10 to  2 0  ml o f  b lood  was 

ta k e n  by e a r  v e n u p u n c tu re , and a llo w e d  to  c lo t  f o r  serum (LPS s e ru m ).

A l l  s e ra  w ere s to re d  in  2ml a l iq u o ts  a t  -2 0 °C  u n t i l  used .



5 . 2 .  Serum Li p i d s .

5 . 2 . 1 .  Sera Tr ig ly c e r id e  Concentrations.

T r ig ly c e r id e s  w ere measured by u s in g  an e n zy m a tic  method ( k i t  

6 7 6 5 1 9 , B o e h rin g e r Mannheim B io c h e m ic a ls , In d ia n a p o l is ,  In d , U .S .A . ) ,  

and an Encore Chem ical System (Baker In s tru m e n ts  G roup, A lle n to w n , 

Pa, U .S .A . ) .  These assays were c a r r ie d  o u t by th e  M id d le s e x  H o s p ita l  

R o u tin e  Chem ical P a th o lo g y  D epartm ent.

5 . 2 . 2 .  Serum L ip id  P e ro x id a tio n  M easurem ent. (Buege and A u st 1 9 7 8 ).

To 1ml o-f serum in  a g la s s  b i jo u  ( S c ie n t i f i c  S u p p lie s  L td ,  London)
y

w ere added 5jul o f  0 .3 '/. b u ty la te d  hydrox^ioulene (S igm a, P o o le , D o rs e t, 

U .K .)  to  p re v e n t i r o n  c a ta ly s e d  p e ro x id a t io n  d u r in g  th e  a ssay , and  

2ml o f  a s o lu t io n  c o n ta in in g  15% t r ic h lo r o a c e t ic  a c id  (BDH, P o o le , 

D o rs e t, U .K ) , 0 .375%  t h io b a r b i t u r ic  a c id  (Sigm a) and 0 .2 5 N  HC1 (BDH). 

The c o n ta in e r  was th en  p laced  in to  b o i l in g  w a te r  f o r  15 m in u te s . The 

sam ple was co o le d  and c e n tr ifu g e d  a t  1000 xG f o r  15 m in u tes  a f t e r  

w hich  th e  o p t ic a l  d e n s ity  o f  th e  s u p e rn a ta n t was m easured a t  535nm, 

and th e  c o n c e n tra t io n  o f  m alo n d ia ld eh yd e  was c a lc u la te d  by u s in g  an  

e x t in c t io n  c o e f f ic ie n t  o f  1 .5 6  x 10s M"1 cm"1 . The amount d e te c te d  

in  phosphate b u f fe re d  s a l in e  (0 .16M , p H 7 .2 )(P B S ) a f t e r  s im i la r

t re a tm e n t  was ta k e n  as th e  ze ro  v a lu e  in  each a ssay .

5 . 2 . 5 .  Serum Li p i d  De p l e t io n .

5 . 2 . 5 . 1 .  AEROSIL (FUMED SILICA). (Stephan 1971).

A e r o s i l  ( p a r t i c l e  s iz e ,  0.008um ) (S ig m a), was used to  d e p le te  serum  

o f  l ip o p r o te in s .  20mg a e r o s i l  was added t o  2ml o f  serum in  a g la s s  

M e d ic a l U n iv e rs a ls  (Payne S c i e n t i f i c ,  S lo u g h , B erks) and th e n  s t i r r e d  

in  a  w a te r  b a th  a t  4 5 °C f o r  4 h o u rs . The serum was th e n  co o le d  and  

c e n t r i fu g e d  a t  2500  xG f o r  20  m in u te s . The s u p e rn a ta n t was d ecan ted  

and d ia ly s e d  a g a in s t  PBS-5mM g lu ta th io n e  (reduced  CGR3) (Sigm a) 

b e fo re  t e s t in g  f o r  p a r a s i t i c id a l  a c t i v i t y .  The g lu ta th io n e  was used



as a  w a te r  s o lu b le  a n t io x id a n t .

A
5 . 2 . 5 . 2 .  Ultf^ e n tr ifu g a tio n .

Serum d ia ly s e d  a g a in s t  PBS-5mM GR was a d ju s te d  to  a d e n s ity  o-f 

1 .2 1 g /m l w ith  NaBr—5mM GR s o lu t io n  (d e n s ity  1 .5 1  g /m l ) .  1ml o f  

NaBr—5mM GR (d e n s ity  1 .21  g /m l)  was la y e re d  o n to  th e  serum  

p r e p a ra t io n  in  c a p le s s  13 .5m l doub le  w a lle d  p o ly a llo m e r  

u l t r a c e n t r i f u g e  tu b es  (K ontron  I n t .  L td , W at-ford, H e r t s ) .  The sam ples  

w ere c e n tr i fu g e d  f o r  44 hours a t  5 °C  in  a  5 0 T i r o to r  (Beckman, P a lo  

A lt o ,  Ca, U .S .A .)  a t  1 0 5 ,0 0 0  xG in  a Beckman u l t r a c e n t r i f u g e .

A f t e r  c e n t r i fu g a t io n  th e  to p  1ml l ip o p r o te in  c o n ta in in g  la y e r  was 

removed u s in g  g la s s  p ip e t te s  (J .P o u lte n  L td , B a rk in g , E s s e x ). The 

te c h n iq u e  was to  ju s t  p la c e  th e  t i p  o f  th e  p ip e t t e  o n to  th e  s u r fa c e  

o f  th e  l ip o p r o te in  la y e r  and a s p ir a te  i t  so t h a t  a i r  bubb les  w ere  

drawn up . T h is  ensured  t h a t  th e  l ip o p r o te in s  w ere removed in  th e  

minimum volum e.

The serum p r o te in  p e l l e t  was resuspended in  th e  re m a in in g  volum e. 

A l l  sam ples were e x te n s iv e ly  d ia ly s e d  a g a in s t  PBS-5mM GR and  

c o n c e n tra te d  w ith  p o ly e th y le n e g ly c o l (20KD) (BDH) as  n ecessa ry  to  

a d ju s t  volum es back to  th e  s t a r t in g  serum vo lum e. Sam ples w ere te s te d  

f o r  p a r a s i t i c id a l  a c t i v i t y  w i t h in  48  hours  o f  s e p a ra t io n .

5 . 2 . 3 . 2 . 1 .  NaBr s o lu tio n s .

NaBr s o lu t io n s  were made up in  d i s t i l l e d  w a te r  and th e  d e n s ity  o f  

th e  s o lu t io n  was measured u s in g  an ABBE r e f ra c to m e te r  (C a r l Z e is s  

Jen a , Borehamwood, H e r ts ,  U .K . ) .  The r e la t io n s h ip  between d e n s ity  and 

r e f r a c t i v e  index was c a lc u la te d  fro m  t a b le  69  in  th e  Handbook o f  

C h e m is try  and P h ys ics  3 9 th  E d i t io n ,  (1 9 8 1 ) . The g lu ta th io n e  was th e n

added. S o lu t io n s  w ere m i l l ip o r e  f i l t e r e d  th ro u g h  0.22am  p o re s

( M i l l ip o r e ,  H arrow , M iddx, U .K .)  and k e p t a t  4 °C .

Volume o f  NaBr (d e n s ity  1 .5 1 g /m l)  added to  serum was c a lc u la te d  as  

fo l lo w s :

The r e f r a c t i v e  index o f  th e  serum was m easured and th e  d e n s ity  

c a lc u la te d  (W east and A s t le  1 9 8 1 ).



Volume = Serum volume x (Serum density — 1.51)
- 0 . 3

- Serum Volume



5 .5 .  CULTURE OF PLASMODIUM FALCIPARUM. (T ra g e r  and Jensen 1776)

5 . 5 . 1 .  S t r a in s  o f  p .falciparum.

Two s t r a in s  o f  P . -Falciparum w ere used th ro u g h o u t t h is  s tu d y : The  

Ugandan s t r a in  P a lo  A lto  (D ubois e t  a l  1984) and th e  Dutch s t r a in  

N ijm egen F a lc ip a ru m  54 (NF54) (Ponnudurai e t  a l  1 9 8 2 ).

5 . 5 . 2 .  M a in ten an ce  C u ltu re s  I n Vit r o .

5 . 5 . 2 . 1 .  Cu l t u r e  Me d iu m .

Powdered RPMI 1640 (G ibco , U x b rid e g e , M iddx, U .K .)  was re h y d ra te d  

w ith  d o u b le  d i s t i l l e d  w a te r . 25mM HEPES (N -2 -h y d r o x y e th y lp ip e r a z in e -  

N -2  e th a n o s u lp h o n ic  a c id ) ,  (S ig m a), was added and th e  pH was a d ju s te d  

to  betw een 7 .2 5  and 7 .4  w ith  5M NaOH s o lu t io n .  The medium was 

f i l t e r e d  and s to re d  f ro z e n  a t  -2 0 °C  in  11 a l iq u o ts  u n t i l  used . B e fo re  

th e  medium was used f o r  c u ltu r e s ,  s t e r i l e  sodium b ic a rb o n a te  s o lu t io n  

(5*/. in  w a te r)  was added to  g iv e  a f i n a l  c o n c e n tra t io n  o f  0 .2*/.. 

S tre p to m y c in  (Evans, G laxo) was added to  a f i n a l  c o n c e n tra t io n  o f  

4 0 U /m l. T h is  is  In co m p le te  medium.

To make com p le te  c u ltu r e  medium; g lu ta m in e  (G ibco ) and h e a t  

in a c t iv a te d  human A+ serum (N o rth  London B lood T ra n s fu s io n  C e n tre ,  

Edgew are, M iddx, U .K .)  w ere added so t h a t  th e  f i n a l  c o n c e n tra t io n s  

w ere 0 .03%  and 10*/. r e s p e c t iv e ly .

5,5*2.2. Red Blood cells.

Whole b lood  (0+  o r  A+> (N o rth  London B lood T ra n s fu s io n  C e n tre )  

betw een 2  and 7 days o ld  was c e n t r i fu g e d  a t  2000  xG f o r  10 m ins. The  

plasm a and b u f fy  c o a t were removed and d is c a rd e d . The re d  c e l l s  w ere  

resuspended in  in co m p le te  medium and c e n t r i fu g e d  a t  2000  xG f o r  10 

m in u te s . The s u p e rn a ta n t was d is c a rd e d  and th e  re d  c e l l s  washed tw ic e  

more. The re d  c e l l s  were f i n a l l y  l e f t  packed a t  4°C  u n t i l  used o r  up 

to  7 days b e fo re  b e in g  d is c a rd e d .



5 . 5 . 2 . 5 .  Reviving P.fa lc ip a ru m  from  L iqu id  N itro g en .

The v i a l  was thaw ed in  a  w a te r  b a th  a t  3 7 °C and th e n  im m e d ia te ly  

p la c e d  on ic e .  The c e l l s  w ere  t r a n s f e r r e d  t o  a  15ml t e s t  tu b e  

(F a lc o n , B ecton  D ic k in s o n  L td ,  O x fo rd , U .K .)  and 2  volum es o f  ic e  

c o ld  S o r b i t o l  (27% in  w a te r )(S ig m a ) was added d ro p w ise  w ith  g e n t le  

s h a k in g . A f t e r  8  m ins a  f u r t h e r  tw o volum es o f  ic e  c o ld  s o r b i t o l  (5% 

in  w a te r )  w ere  added and th e n  l e f t  f o r  5  m in u te s . The re d  b lo o d  c e l l s  

w ere  c e n t r i fu g e d  f o r  5  m in u te s  a t  1000 xG and th e  s u p e rn a ta n t  

d is c a rd e d . The p e l l e t  was resuspended in  tw o volum es o f  5% s o r b i t o l  

and th e n  c e n t r i fu g e d  a t  1000 xG f o r  5  m in u te s . The s u p e rn a ta n t was 

d is c a rd e d  and th e  p e l l e t  was resuspended in  co m p le te  c u l t u r e  medium. 

The h a e m a to c r it  was a d ju s te d  to  5% w ith  f r e s h  re d  b lo o d  c e l l s ,  (250jul 

p e r  5 m l) .  5ml o f  c u l t u r e  was p ip e t te d  in to  a 50ml c u l t u r e  f l a s k  

(Nunc, G ib c o ) , and th e n  gassed u s in g  a  b lu n t  s t e r i l e  n e e d le  

(M o n o je c t, Sherwood M e d ic a l In d . L td ,  C ra w le y , W .Sussex) f o r  30  

seconds w ith  5% CQz, 5% 0 z ,  90% Nz (B0C L td ,  G u i ld fo r d ,  S u rre y ,

U .K . ) .  The f la s k  was th e n  l a i d  on i t s  la r g e  f l a t  s id e  w ith  th e  cap  

s e c u re d  t i g h t ,  and th e  in c u b a to r  a t  3 7 °C .

5 . 5 . 2 . 4 .  Cu l t u r e  Ma in t e n a n c e .

T h is  was c a r r ie d  o u t e v e ry  24  h o u rs . The c u l t u r e  f l a s k s  w ere  

r e s te d  a t  an  a n g le  o f  a p p ro x im a te ly  45 ° f o r  30  m in u te s  in  th e  

in c u b a to r  t o  a l lo w  th e  re d  c e l l s  t o  s e t t l e  in t o  th e  c o rn e r  o f  th e  

f l a s k .  A t th e  same tim e  c o m p le te  medium was warmed t o  3 7 °C . The o ld  

c u l t u r e  medium was c a r e f u l l y  removed u s in g  a  s t e r i l e  1ml p l a s t i c  

p ip e t t e  (A lp h a  L a b o r a to r ie s ,  E a s t le ig h ,  H a n ts , U .K . ) ,  so a s  n o t to  

d is t u r b  th e  re d  c e l l s .  A t i n y  volum e o f  th e  re d  c e l l s  was th e n  

rem oved to  make a  sm ear. 4 .5 m l o f  co m p le te  medium was added to  th e  

f la s k s  and i t  was gassed and in c u b a te d  as  d e s c r ib e d  above .



5 . 5 . 2 . 5 .  St a in in g  of Smears.

A f t e r  a i r  d ry in g  th e  smears were -Fixed b r i e f l y  w ith  m ethanol (BDH) 

and th e n  s ta in e d  w ith  Giemsa (BDH). The Giemsa was d i lu t e d  1 :1 0  w ith  

S orenson ’ s b u f fe r  (72ml 0.95%  NaHzPCW + 28  ml 0 .907%  KHzPCU +

900m l d i s t i l l e d  w a te r ) ,  im m e d ia te ly  p r io r  to  s t a in in g  th e  sm ears.

A f t e r  20  m in u tes  th e  smears were washed w ith  w a te r  and a i r  d r ie d .  

The p a ra s ita e m ia  was assessed u s in g  a  xlOO o i l  im m ersion o b je c t iv e  

and x lO  e y e  p ie c e s  on a Z e is s  M icro sco p e  (C a r l Z e is s  J e n a ) . 

S u f f i c i e n t  f i e l d s  w ere counted  so t h a t  a p p ro x im a te ly  2000  re d  b lo o d  

c e l l s  w ere seen .

5 . 5 . 2 . 6 .  SUB-CULTURING■

When th e  p a ra s ita e m ia  reached  more th a n  5%, f r e s h  f la s k s  w ere  

p re p a re d . These c o n ta in e d  5m 1 co m p le te  medium and 250jul re d  b lo o d  

c e l l s .  S u f f i c i e n t  p a r a s it is e d  c u l tu r e  was added to  g iv e  a new 

p a ra s ita e m ia  o f  between 0.001%  and 1% depending  on how soon p a r a s i te s  

w ere re q u ire d .

5 . 5 . 2 . 7 .  Synchronising C u ltu re s . (Lambros and vanderberg 1979)

A p o s t sch izo g o n y c u l tu r e  was c e n tr i fu g e d  a t  1000 xG f o r  5  m in u tes  

and th e  s u p e rn a ta n t d is c a rd e d . The p e l l e t  was resuspended in  2 .5  ml 

o f  5% s o rb o to l in  w a te r  f o r  5  m in u tes  a t  room te m p e ra tu re . T h is  was 

th e n  c e n t r i fu g e d  as  above and th e  p e l l e t  resuspended in  co m p le te  

medium. A drop o f  f r e s h  re d  c e l l s  was added and th e  c u l t u r e  

r e - e s t a b l  is h e d  as b e fo re . A smear was made t o  assess  th e  p a ra s ita e m ia  

and t o  e n s u re  synchrony.



5 . 5 . 2 . 8 .  Freezing P.fa lc ip a ru m  C u ltu re s .

The c u l tu r e  was c e n tr ifu g e d  a t  1000 xG f o r  5  m in u te s . The p e l l e t  

was m ixed w ith  g ly c e r o ly te  s o lu t io n .  (1 :3  b lo o d :g ly c e r o ly te  (F en w a l, 

T re v a n o l la b s  In c , D o e f ie ld ,  I I ,  U .S .A ) )  and p u t in  to  f r e e z in g  v i a l s  

(Nunc) and f ro z e n  d i r e c t l y  in to  l iq u id  n it ro g e n  (BOC).

5 . 4 .  Assay fo r  P .falciparum Growth.

A l l  s e ra  sam ples were h e a t in a c t iv a te d  f o r  45  m in u te s  a t  56°C  and 

d ia ly s e d  a g a in s t  PBS to  remove serum h y p o x a n th in e  and x a n th in e . A l l  

sam ples c o n ta in in g  l i p i d  were d ia ly s e d  a g a in s t  PBS c o n ta in in g  GR 

u n le s s  o th e rw is e  s ta te d .  D i lu t io n s  o f  sam ples w ere  p la t e d  o u t  a t  50jul 

p e r  w e ll  in  a 96 w e ll  f l a t  bottom  p la t e  (Nunc) in  t r i p l i c a t e s .  

C o n tro l w e l ls  w ere o f  a sam ple o f  th e  d ia ly s a t e  PBS o r  co m p le te  

medium. S yn ch ro n ised  c u ltu r e s  a t  th e  r in g  s ta g e  w ere  a d ju s te d  t o  a  

p a ra s ita e m ia  o f  between 0 .5  and 1% a t  a  h a e m a to c r it  o f  5% in  co m p le te  

medium. T h is  was p la te d  o u t a t  50jul p e r w e l l  on to  th e  sam p les .

The p la te s  w ere in c u b a te d  a t  37*C  in  an a tm osphere  o f  5% C0= , 57. 

□ z , 907. Nz  in  a  s m a ll M odular In c u b a tin g  Chamber ( B i l lu p s ,  

R o th en b erg , Del M ar, Ca, U .S .A ) ,  c o n ta in in g  damp t is s u e  to  p ro v id e  

th e  h u m id ity .

E x c e p t f o r  th r e e  w e lls  used to  make sm ears , th e  r e s t  o f  th e  p la t e  

was p u ls e d  a f t e r  24  hours  w ith  t r i t i a t e d  h y p o x a n th in e  (Amersham I n t  

PLC, Amersham, Bucks) a t  lOjul p e r w e l l  g iv in g  a f i n a l  c o n c e n tra t io n  

o f  0 .4M C i p e r w e l l .  The p la te s  w ere in c u b a te d  f o r  a  f u r t h e r  2 4  h o u rs . 

A c o n tr o l w e ll  was smeared and s ta in e d  a s  b e fo re . The p a ra s ita e m ia  

was assessed  to  en su re  th e  p a r a s ite s  had grown as  n o rm a l. The p la t e
a

was th e n  h a rv e s te d  o n to  g la s s  f i b r e  p ap er (S k a tro n  L td ,  Newm rket,
A

S u f f o lk )  u s in g  a semi a u to m a tic  c e l l  h a rv e s te r  (S k a tro n ) w ith  c y c le  

t im e s  o f :  2 second p re  wash w ith  s a l in e ,  9 second wash w ith  s a l in e ,  9  

second wash w ith  w a te r  and a  f i n a l  9  second p e r io d  t o  d ry  th e  p a p e r. 

The f i l t e r  p ap ers  were d r ie d  on a  h o t p la t e  a t  4 0 °C . The s m a ll d is c s  

w ere  th e n  p u t in to  4ml s c i n t i l l a t i o n  v i a l s  (C an b erra  P a c k a rd , 

Pangbourne, Bucks, U .K .)  ) and 2ml o f  s c i n t i l l a n t  was added to  each  

v i a l .  (E c o s in t , N a t io n a l D ia g n o s t ic s , M a n v i l le ,  N J, U .S .A ) .  These  

s m a ll v i a l s  w ere p la c e d  in t o  la r g e r  10 ml v i a l s  ( G r i f f i t h  and N ie ls o n  

P la s t ic s  L td , B i11in g s h u rs t , Sussex, U .K . ) .  T h is  a llo w e d  th e  t o



sam ples t o  be counted  in  a T r ic a r b  574  s c i n t i l l a t i o n  c o u n te r  (P ackard  

In s tru m e n t C o ., R o c k v i l le ,  Md, U .S .A . ) .  Each sam ple was co u n ted  -For 2  

o r  more m in u te s .

5 . 4 . 1 .  Mo d if ic a t io n  of Procedure to  Te s t  for pH Dependance  of 

Nitr o g e n  To x ic it y .

The p a r a s i t e  c u l t u r e  were, a d ju s te d  t o  a p a ra s ita e m ia  o f  17. and th e n  

a l iq u o te d  in to  s t e r i l e ^  e p e n d o rf tu b e s  (A lp h a  Labs L td ,  E a s t le ig h ,  

H a n ts ) a t  150 a l p e r  tu b e . They w ere c e n t r i fu g e d  a t  2 0 0 0  xG f o r  10 

seconds and th e n  th e  s u p e rn a ta n t was d is c a rd e d . The p e l l e t s  w ere th e n  

resuspended  in  250jul o f  th e  fo l lo w in g :  PBS a t  d i f f e r e n t  pH’ s ,

PBS+NaNOz, PBS+NaN0z  a t  d i f f e r e n t  pH’ S , PBS, NaNQs in  c o m p le te  

medium, NaNOz in  co m p le te  medium o r  c o m p le te  medium. The tu b e s  w ere  

in c u b a te d  in  th e  in c u b a tio n  chamber s e t  up as  b e fo re . The l i d s  w ere  

l e f t  lo o s e .

A f t e r  v a r io u s  tim e s  a t  37°C  th e  tu b e s  w ere s e a le d  and c e n t r i fu g e d  

a t  2000  xG -For 10 seconds. The s u p e rn a ta n t was d is c a rd e d  and re p la c e d  

by co m p le te  medium (300 m 1 p e r tu b e . ) Each sam ple was p la te d  o u t in t o  

9 6  w e l l  f l a t  bottom  p la te s  a t  100wl p e r  w e l l  and th e  assay  c o n tin u e d  

as  in  s e c t io n  3 .4 .

NaNOz and NaN03 (S ig m a ).

5 . 4 . 2 .  C a lc u la t io n  of R e s u lts .

The Means ± S ta n d a rd  E r r o r s  o f  th e  Means (SEM) w ere  c a lc u la te d  f o r  

each t r i p l i c a t e .  The mean -For u n in fe c te d  re d  b lo o d  c e l l s  was 

s u b tra c te d  from  each sam ple. The SEM’ s  rem ain  unchanged. The PBS 

c o n tr o l  was used as th e  100% grow th  sam ple . A l l  th e  o th e r  sam ples  

w ere  th e n  c a lc u la te d  as  a  p e rc e n ta g e  o f  t h i s  c o n tr o l sam p le . T h is  was 

done -For means and SEM’ s  a l i k e .

In d iv id u a l  e x p e rim e n ts  were exp ress ed  as  a  f ig u r e  show ing p e rc e n t  

p a r a s i t e  g row th  on th e  y - a x is  and sam ple d i lu t io n /c o n c e n t r a t io n  on  

th e  x—a x is .

In  o rd e r  to  compare one e x p e rim e n t t o  a n o th e r  and t o  p oo l r e s u l t s ,



th e  d i lu t io n  to  i n h i b i t  p a r a s i t e  g row th  by 50% was c a lc u la te d  by 

re g re s s io n  a n a ly s is  on th e  s t r a ig h t  p a r t  o-F th e  c u rv e . A mean ±  SEM 

c o u ld  be c a lc u la te d  f o r  th e s e  r e s u l t s  and th e s e  w ere th e n  exp ress ed  

as a  h is to g ra m ; Sam ples on th e  x - a x is  and d i lu t io n /c o n c e n t r a t io n  t o  

i n h i b i t  p a r a s i t e  grow th  by 50% on th e  y - a x is .  S t a t i s t i c a l  a n a ly s is  

was c a r r ie d  o u t  on th e s e  r e s u l t s  u s in g  S tu d e n t 's  t —t e s t .  T h is  was 

done u s in g  a com puter programmed to  g iv e  e x a c t  v a lu e s  o f  p r o b a b i l i t y  

from  th e  c a lc u la te d  t  v a lu e s  and deg rees  o f  freedom .

5 . 4 . 2 . 1 .  EQUATIONS USED. (Neave 1981 , C a s io  C a lc u la to r  C o .)

SEM = S ta n d a rd  D e v ia t io n /  -Jn = <rAfn

(T =

C (nl—1) cr 12 D + C (n2—1) <r2z ]
<N1 + N2 — 2 )

1 /2

(meanl -  mean2)
t = -------------------------

C<r-J( ( 1 / n l ) + ( l / n 2 ) ) 1

V = n l + n2 — 2  deg rees  o f  freedom



C a lc u la t io n  o f  p r o b a b i l i t y  f o r  any g iv e  v a lu e  o f  t  and V . 

P r o b a b i l i t y  = p ( t , V )  © = t a n ' 1 (tA TV ) in  ra d ia n s

p < t ,V  1) = 2© /tr 
p ( t , V  odd)

29 2 2 2 * 4 . . (V -3 )
----- + — cos© sin© 1 + — cos2® + ..

i r n 3 3 * 5  . . (Y -2 )
. . .

p ( t , V  even )

1 1 *  3  
s in ©  1 + — cos2® +  -cos*

2  2 * 4

1 * 3 * 5 . . ( V- 3 )

2 * 4 * 6 . . ( V- 2)
-cosV-3©

The com puter program s f o r  u s in g  th e s e  e q u a tio n s  a r e  shown in  th e  ap p en d ix



5 . 5 .  A r t i f i c i a l  L ipopro te ins . <werb and Cohn 1972)

Four so u rces  o-F l i p i d  w ere used; s t e a r i c  a c id  (S ig m a ), l i n o l e i c  

a c id  (S ig m a ), co rn  o i l  (Sigm a) and coconut o i l  (S ig m a ).

20mg o f  l i p i d  was d is s o lv e d  in  1ml a c e to n e  (BDH) and added q u ic k ly  

t o  4ml o f  17. b o v in e  serum a lb u m in  (Sigm a) in  s a l in e .  The m ix tu re  was 

v o rte x e d  f o r  10 seconds fo llo w e d  by s o n ic a t io n  f o r  1 m in u te  in  a  

w a te r  b a th  s o n ic a to r  (S o n ic le a n e r , Lucus U l t r a s o n ic s  L td ,  L o n d o n ).

lm l a l iq u o t s  w ere p u t in t o  d ia ly s is  tu b in g  (M e d ic e ll  I n t  L td ,  

London, U .K .)  w ith  o r  w ith o u t  th e  a d d i t io n  o f  5 0 w l/m l v i ta m in  E 

a c e ta te  (Sigm a) a t  40 mg/ml in  a c e to n e . H a l f  o f  th e  a l iq u o t s  w ere  p u t  

in t o  a  s a l in e  s o lu t io n  and th e  o th e rs  in t o  s a l in e  p lu s  0.4mM F e C l3  

(BDH). Both groups w ere  in c u b a te d  o v e r n ig h t  a t  4 QC and th e n  th e  

d ia ly s a t e  was re p la c e d  f o r  f r e s h  s a l in e  o n ly .  The sam ples  w ere  

f u r t h e r  d ia ly s e d  f o r  24  hours  w ith  one change o f  s a l in e .  D u rin g  t h i s  

p e r io d  th e  w hole c o n ta in e r  was s e a le d  in  a  bag and f lu s h e d  w ith  

n it r o g e n  gas (BOC). The sam ples w ere im m e d ia te ly  te s te d  f o r  

p a r a s i t i c id a l  a c t i v i t y .  S im i la r  t re a tm e n t  was p e rfo rm e d  on s e p a ra te d  

human 1 i p o p ro te i n s .

5 ^ . T h in  Layer  Chromatography.

L ip o p r o te in  sam ples w ere  s p o tte d  o n to  S i l i c a  G el 60A G p la t e s  

(Whatman L td , M a id s to n e , K en t) a t  2/ul p e r  s p o t . The p la t e  was p u t  

in t o  a  g la s s  d e v e lo p in g  ta n k  c o n ta in in g  100 ml o f  P e tro le u m  e th e r  

(40—6 0 ° ) : D ie th y l  e t h e r :A c e t ic  a c id  (9 0 :1 0 :1 )  (BDH). The l i d  was 

s e a le d  in  p la c e  and th e  chrom atogram  ru n  a t  room te m p e ra tu re  u n t i l  

th e  s o lv e n t  f r o n t  reach ed  1cm fro m  th e  to p  o f  th e  p la t e ,  

(a p p ro x im a te ly  1 .5  h o u rs ) .  The p la t e  was rem oved and l e f t  t o  d ry  a t  

room te m p e ra tu re  f o r  15 m in u te s .

The u n s a tu ra te d  f a t t y  a c id s  w ere d eve lo p ed  by s p ra y in g  th e  p la t e  

w ith  507. s u lp h u r ic  a c id  (BDH) and th e n  b ak in g  i t  in  a  d ry  oven f o r  15 

m in u te s  a t  140°C .



5.7.  Ion Exchange Chromatography.

The g e l m a tr ix  used was DE-52 (Whatman L td ,  M a id s to n e , K e n t, U .K . ) .  

which is  p o s i t iv e ly  charged and th e r e f o r e  s e p a ra te s  p r o te in s  on th e  

b a s is  o f  t h e i r  n e g a tiv e  c h a rg e , (P harm acia  in fo rm a t io n  b o o k le t ) . The  

column dim ensions w ere; ra d iu s  12.5mm, h e ig h t  132.5mm and volum e  

65m l. The column was s to re d  a t  4°C  w ith  th e  g e l e q u i l ib r a t e d  w ith  

0.04M  NaCl 0 .017 . NaNs (Sigma) pH 7 .2 .  The a p p a ra tu s  was a rra n g e d  as  

in  f ig u r e  3 .1 .

The column was e q u i l ib r a t e d  w ith  0 .04M  PBS (1 :4  d i l u t i o n  o f  0 . 16M 

PBS) a t  room te m p e ra tu re . The serum sam ple was d ia ly s e d  o v e rn ig h t  

a g a in s t  th e  same b u f fe r .

10ml serum was pumped o n to  th e  column a t  42ml h _ l , and th e n  

p r o te in s  were e lu te d  u s in g  0 .04M  PBS u n t i l  th e  absorbance  a t  280nm 

re tu rn e d  to  z e ro . The re m a in in g  bound p r o te in s  w ere s e q u e n t ia l ly  

e lu te d  u s in g  th e  fo l lo w in g  b u f fe r s ;  0 .08M  PBS, 0 . 16M PBS and 1.5M  

NaCl r e s p e c t iv e ly .  The b u f fe r  b e in g  ch a n g e d . when th e  absorbance  

re tu rn e d  to  z e ro . The pump speed was m a in ta in e d  a t  42ml h ~ l  and 10ml 

f r a c t io n s  w ere c o l le c te d .

The 1.5M NaCl e lu te d  a l l  th e  re m a in in g  bound p r o te in s  fro m  th e  

colum n. A f t e r  t h is  b u f fe r  th e  column was e q u i l ib r a t e d  w ith  0 .04M  PBS 

p lu s  0 .017 . NaNs f o r  s to ra g e .

L ik e  f r a c t io n s  were poo led  re s p e c t iv e  to  th e  e lu t io n  b u f fe r  and  

c o n c e n tra te d  w ith  PEG 20KD back to  th e  o r ig in a l  serum vo lum e. The  

fo u r  f r a c t io n s  w ere th e n  d ia ly s e d  a g a in s t  PBS and s to re d  a t  - 2 0 °C 

u n t i l  used .

5 . 8 .  Molecular We ig h t  Chromatography.

The g e l m a tr ix  used was S ep h acry l S -2 0 0  s u p e r f in e  (P harm acia  LKB 

B io te c h n o lo g y ), w hich s e p a ra te s  m o le c u le s  on th e  b a s is  o f  s iz e ,  

between 10KD and 250KD f o r  d ia ly s e d  sam ples (P harm acia  in fo rm a t io n  

b o o k le t ) .

The column dim ensions w ere; ra d iu s  7.5mm, h e ig h t  840mm and volum e  

1 4 8 .4  m l. The column was s to re d  a t  room te m p e ra tu re  w ith  th e  g e l 

e q u i l ib r a t e d  w ith  PBS 0.01%  NaNs p H 7 .2 . The a p p a ra tu s  was a rra n g e d  

as  in  f ig u r e  3 .2 .  B e fo re  ru n n in g  a sam ple i t  was washed th ro u g h  w ith  

PBS.

6m 1 o f  io n  exchange f r a c t io n  was c o n c e n tra te d  to  1ml u s in g



Plate 3.1: Apparatus -For ion-exchange chromatography; pump, column 
(70 ml syringe (Sabre)) with column adaptors, single path UV monitor 
unit and power supply, Frac—100 -Fraction collector and a Flat bed 
recorder. All apparatus was From Pharmacia—LKB Biotechnology, unless 
otherwise stated.



Plate 3.2: Apparatus set up -For molecular weight chromatography; 
pump, lm x 1.5cm diameter coulumn, and an Ultrorac -Fraction 
collector. All apparatus was from Pharmacia-LKB biotechnology.



PEG 20KD. The sample was c e n tr ifu g e d  b r i e f l y  a t  16Krpm (m in ifu g e , 

MSE, C raw ley, W.Sussex) to  remove any p r e c ip ita te d  p ro te in . The 

su p ern a tan t was pumped onto  th e  column and th e  -Fraction  c o l le c to r  

s ta r te d .  Each f r a c t io n  was c o lle c te d  -For 10 m inutes which was 

e q u iv a le n t to  3 .5  ml a t  a speed o f  21 ml h * 1 o r 6 .5  ml a t  39 ml h "1 .

A f te r  th e  sample s e p a ra tio n  th e  column was r e -e q u i l ib r a te d  w ith  PBS 

0.01% NaNs. The absorbance 280nm was measured fo r  each f r a c t io n  in  

a spectrophotom eter (Pharmacia LKB B io te c h n o lo g y ). From th e  

absorbance t r a c e , 3 -5  pools were made and co n cen tra ted  back to  6ml 

w ith  PEG 20KD. These were s to re d  a t  -20 °C  u n t i l  used.

5 . 8 . 1 :  Measurement of Pr o t e in  Co n c e n tr a tio n s .

The Bio-Rad p ro te in  assay k i t  No. 500-0002 was used (B io-R ad) . The 

assay was c a r r ie d  o u t as p er th e  in s tru c t io n  manual (B io-Rad 1986)

5 . 8 . 2 :  Measurement of Lipo po lysa c ch ar id e .

T h is  was c a r r ie d  o u t as using a chromogenic assay as per th e  

k i t ' s  own in s tru c t io n s  (QCL-1000 LPS assay k i t ,  W h itta k e r

B ioproducts In c . U .S .A .)

5 .9 .  Ge l  El e c t r o p h o r e s is .

5 . 9 . 1 .  Agarose Ge l  El e c t r o p h o r e s is .

23 ml o f  1% agarose (Sigma) in  0.075M  b a r b ita l  b u f fe r  (S igm a), 2mM 

calc ium  la c ta te  (s ig m a), pH 8.6 was poured onto  a g la s s  p la te  11cm x 

20.5cm to  g iv e  a ge l l-2mm th ic k .  T h is  was p laced  in to  a f l a t  bed ge l 

e le c tro p h o re s is  apparatus (B io rad , Hemel Hempstead, H e rts ) w ith  an 

e le c tro d e  s o lu t io n  the  same as th e  g e l b u f fe r .  Serum samples were 

used neat and p laced  in to  w e lls  a t  th e  anode end o f  th e  g e l (5wl per 

w e l l ) .  Bromophenol b lue  s o lu t io n  (BDH) was p u t in to  a s e p a ra te  w e ll



as a marker to  show th e  run p ro g ress . The ge l was run f o r  1 .5  hours 

a t  15V/cm by which tim e  th e  bromophenol b lu e  f r o n t  had t r a v e l le d  

ap p ro x im ate ly  3 /4  o f  th e  g e l le n g th . When th e  run was f in is h e d  th e  

gel was f ix e d  in  5*/. t r ic h lo r o a c e t ic  a c id  in  w ater fo r  20 m inutes and 

then  washed w ith  w a te r. The l ip id s  were s ta in e d  w ith  th e  fo llo w in g :  

Sudan b lack (BDH) s o lu t io n  fo r  2 hours (0 .4 g  sudan b lack in  120ml 

eth an o l p lu s  4g z in c  a c e ta te  (sigma) and 80 ml d i s t i l l e d  w a te r. Th is  

was brought to  th e  b o il  and f i l t e r e d ) .  The gel was d esta in ed  in  

e th a n o l: w ater ( 1 : 1 ) .

5 . 9 . 2 .  SDS-Polyacrylamide Gel  Electro pho resis .

T h is  was used to  determ ine th e  m o lecu lar w eight co n ten t o f  any 

a c t iv e  f r a c t io n s .

5 . 9 . 2 . 1 .  Gel  So l u t io n s .

10’/. at^ylamide (Sigma) p lu s  0.25*/. B isac^lam ide (Sigma) in  0.375M  

Tris /H C L  b u ffe r  pH8.8 p lu s  0.1 '/. sodium dodecal su lp h a te  (SDS) (Sigma) 

and 0 .0 Z /. ammonium p ersu lp h a te  (S igm a).

P r io r  to  pouring  th e  gel s o lu t io n  in to  th e  moulds (B io ra d ). TEMED 

(N,N,I\T ,N* T e tra m e th le th y le n e d ia m in e ), (Sigma) was added (20u l/60m l 

g e l ) .  F in a l g e l s iz e  was 15cm x 10cm x 0.2cm . Butanol (BDH) was 

o v erlaye d  onto  th e  g e l in  th e  mould to  a llo w  i t  to  po lym erise  in  th e  

absence o f  oxygen. When th e  ge l was s e t  th e  butanol was washed o f f  

and a 5*/. s ta c k in g  ge l measuring 15 x 3 x 0.2cm was poured on to p . A 

15 w e ll comb was in s e rte d  and th e  g e l l e f t  to  s e t  f o r  2 hours. The 

comb was removed and th e  ge l clamped in to  th e  running appara tus .



5 .9 .5 .  Running Buffer .

0.05M Tris, 0.38M Glycine (Sigma) pH8.7 plus 0.1% SDS.

5 . 9 . 4 .  Sample Bu ffe r .

The samples were made up to  757. v /v  in  107. SDS, 50% G ly c e ro l (BDH) 

in  0 . 128M T r is  pH6.8 p lus  lO O yl/m l bromophenol b lu e  s o lu t io n  (BDH).

5 . 9 . 5 .  Running  Co n d it io n s .

40 jul o f  each sample was loaded per w e ll and lOjul o f  m olecu lar 

w eight m arkers were used (p re s ta in e d  low and h igh  s ta n d a rd s - B io ra d ) . 

per g e l .

M arkers; T r i-is o p h o s p h a te  isomerase (26 .6K D ), L a c t ic

Dehydrogenase (36 .6K D ), Fumerase (48 .5K D ), P yruvate  k inase  (58KD), 

Fructose-6 -phosphate  k inase (84KD) and (3 g a la c to s id a s e  (116KD).

The running tim e fo r  th e  g e l was 4hours a t  45mA co n stan t c u rre n t.

A f te r  com pleting th e  run th e  ge l was removed and s ta in e d  in  0.25%  

Coomassie b lue  (Sigma) w /v  in  50% m ethanol, 107. a c e t ic  a c id , 40% 

w a te r. The ge l was desta ined  in  507. m ethanol, 107. a c e t ic  a c id  and 40% 

w a te r .



5.10.  Tumour Necrosis Factor Ac t iv it y  of Sera.

As tumour necro s is  -Factor (TNF) has been im p lic a te d  as p a r t  o f  th e  

a n t i  m a la r ia l a c t i v i t y  o f  TNS, th e  TNF a c t iv i t y  o f  whole o r separa ted  

sera  was measured. T h is  was v e ry  k in d ly  done by D r. J . Taverne and 

Mr. C. Bate o f  th e  Dept o f  Immunology, UCMSM, using th e  L929 tumour 

c e l l  l in e  b ioassay.

5.11.  I n h ib it in g  Prqtease Ac t iv it y  and Denaturing  Dis u l p h id e  Bonds.

TNS d ia ly s e d  a g a in s t PBS was used. TNS was p ip e tte d  in to  g la s s  

b ijo u x  and th e  fo llo w in g  were added. F in a l co n c e n tra tio n s  a re  quoted.

a) TLCK ( N -p-Tosyl~L-lysine Chloromethyl KetoneJ 
a t  10-,*M (S igm a). Incubated fo r  60 mins a t  4°C .

b) P ro tease in h ib i to r  m ix tu re  ( P IN ) : -  PMSF (Phenylmethylsulfonyl Fluoride) 
a t  5mM (Sigm a), P e p s ta tin  ljug/ml (S igm a), Leupeptin  la g /m l (Sigma)

and T ra s y lo l 6 .2 5  U/ml (S igm a). These were incubated a t  4°C fo r  30  

m inutes.

c) D i th io th r e i t o l  (DTT) 10“*M (S igm a). Incubate  a t  30°C fo r  

30 m inutes. U n trea ted  TNS was a ls o  incubated fo r  30 m inutes a t  30°C .

A l l  se ra  were d ia ly s e d  a g a in s t PBS b e fo re  being te s te d  fo r  

p a r a s it ic id a l  a c t iv i t y .



5.12., Nice.

Mice were housed in  po lypropylene cages and -Fed a standard  r a t  and 

mouse Nol m aintenance d ie t  (SDS L td , Witham, Essex, U .K .) ,  ad 

libitum  and w ater ad libitum.

Two s t ra in s  o f  mice were used; Tuck Nol (Tuck and sons L td , 

B a tt le b r id g e , Essex, U .K .) ou tbred  s t r a in .  T h is  s t r a in  was used fo r  

most experim ents except f o r  v a c c in a tio n  experim ents where an F I 

h y b rid  between C 57 /b lack  and B a lb /c  (UCMSM) was used. The Tuck mice 

were fem ales between 3 and 15 weeks o ld . The F I h yd rid s  were males 

between 10 and 20 weeks o ld .

5.15 .  Maintenance o f Plasmodium I n Viv o .

The spec ies  o f  cho ice was a le h a l s t r a in  o f  Plasmodium yoelii (YM) 

(LPY) (Freeman and H older 1983) in  th e  s t r a in s  o f  mice used. The 

p a ra s ite s  were m ain ta ined  by blood passage.

An u n tre a te d  mouse was used as th e  r e c ip ie n t .  The donor was a ls o  an 

u n tre a te d  mouse to  ensure th e re  were no s e le c t iv e  p ressures put on 

th e  p a ra s ite s . T h is  mouse’ s t a i l  was snipped a t  th e  ve ry  end and a 

drop o f  blood was taken  to  make a smear. Two o r th re e  more drops were 

p u t in to  a tube co n ta in in g  ic e  co ld  PBS. The smear was tre a te d  as in  

s e c tio n  3 .3 .2 .5 .  A red  blood c e l l  count was made using a

haemocytometer (A rnold  R. H orw ell L td , W.Hampstead, London) using a

microscope w ith  a x 40 o b je c t iv e  and x 10 eye p ieces  (C arl Ze iss  

J e n a ).

From th e  p a ra s ita e m ia  and red  c e l l  count th e  number o f  p a ra s ite s  

per ml was c a lc u la te d . From t h is  an a p p ro p ria te  d i lu t io n  was made to  

g iv e  a f in a l  p a ra s ite  count o f  5 x 10* per m l. 200jul (10*

p a ra s ite s  was in je c te d  i / v  in to  th e  t a i l  v e in  o f  th e  r e c ip ie n t  mouse. 

T h is  regimen meant th a t  a 5 to  107. p a ra s ita e m ia  occurred  a f t e r  4

days. T h is  was a ls o  th e  regim e used to  in fe c t  a l l  th e  mice used in  

th e  experim ents.



5.15.1 other Species  of Rodent Ma la r ia ,

A n o n -le th a l s t r a in  o f  P.yoelii (17X) (NLPY) (Taverne e t  a l  1982) 

was m ain ta ined  and used as above.

A s t r a in  o f  P.chabaudi (PC7/F1 from  The Pasteur In s t i t u t e ,  P a r is ,  

France) was a ls o  m ain ta ined  in  th e  same way but experim ents were 

o n ly  done in  th e  F I h yb rid  m ice.

5 .1 5 .2 .  Va c c in a t io n  Re g im e n . (P la y fa ir  e t  a i  19 7 7 ).

Blood from a donor mouse w ith  a p a ra s ita e m ia  >50% was c o lle c te d  

using a 1ml s y rin g e  (Sabre) and a 21 gauge need le  (Sabre) by c a rd ia c  

puncture fo llo w in g  neck d is lo c a t io n . The blood was im m ediately pu t 

in to  5  ml o f  ic e  co ld  PBS. The blood was washed tw ic e  w ith  ic e  co ld  

PBS. A f te r  th e  la s t  c e n tr ifu g e  ( 2000 xG fo r  10 m in s ), th e  p e l le t  was 

resuspended in  0.01% saponin (w /v) (BDH) fo r  30 m inutes a t  4°C to  

lyse  th e  red c e l ls .  The blood was then  washed tw ic e  w ith  ic e  co ld  PBS 

as b e fo re . The p e l le t  o f  re le a s e d  p a ra s ite s  was resuspended in  0.6%  

fo rm a lin  s o lu t io n  (BDH) fo r  10 m inutes a t  room tem p eratu re . The 

p a ra s ite s  were washed th re e  tim es  in  PBS. A p a ra s ite  count was made 

using a haemocytometer and then  th e  p a ra s ite s  were resuspended a t  

2 x 10B/m l and mixed w ith  0 .3 3  ml p e rtu s s is  to x in  (W ellcom e)/m l o f  

p a ra s ite  suspension. Mice were immunised w ith  0 .4m l i / v  w ith  th e  

above m ix tu re  ( f in a l  dosage per mouse-6 x 10'7’ p a ra s ite s  + 0 .8  EIU  

p e r tu s s is ) .  The mice were ready f o r  c h a llan g e  w ith  a l i v e  in fe c t io n  

14 days la t e r .



5.14. In  Vivo  A c tiv ity  of in s  and Fractionated TNS.

Three mice per group were used u n less  o th erw ise  s ta te d . Each mouse 

was in fe c te d  w ith  10* le th a l  P.yoelii (YM) p a ra s it is e d  red  

blood c e l ls  as in  th e  above s e c tio n .

The mice were then  in je c te d  in t r a p e r i to n e a l ly  ( i / p )  w ith  0.5m l PBS, 

serum o r f ra c t io n s  and then every  o th e r day up to  day 4 o r 8 .

Blood f i lm s  were made from t a i l  sn ip s  from  day fo u r  as described  

above and s ta in e d  w ith  Giemsa.

5.15 .  In  Vivo A c tiv ity  o f IMS Incubated w ith  an Antiserum made to  

M L.

A goat a n t i  r a b b it  TNF an tiserum  (No. 6688) k in d ly  p rovided  by D r. 

N.Rapson (Wellcome, Beckenham, K e n t), was mixed w ith  TNS a t  a  

d i lu t io n  known to  in h ib i t  TNF a c t i v i t y  as shown by th e  L929 b ioassay.

The serum /antiserum  m ix tu re  was l e f t  a t  room tem peratu re  fo r  1 hour 

to  ensure complexing o f  th e  an tib o d y  to  th e  TI\F. Normal goat serum 

from a pre  b leed  o f  th e  anim al was used as a c o n tro l,  a t  th e  same 

d i lu t io n .

5.16 .  Recombinant Cy t o k in e s .

The fo llo w in g  c y to k in es  were te s te d :

50 000 U/dose recom binant m urine I L - l a  (Hoffman La 

Roche, In c , R -S c lave , S ienna, I t a l y )

10 000 U/dose recom binant m urine IFN—‘Y ( G i f t  o f  D r. 

A d o lf, V ienna, A u s t r ia ) .

Each was g iven in  1ml PBS i / p  on days 0 ,2  and 4 a f t e r  LPY in fe c t io n .



5.17. An tio x id a n ts .

5.17.1. Supplemented Food and M ate r.

5.17.1.1.  v ita m in  E in  Food.

Mouse d ie t  p e l le ts  were minced in to  a powder. The powder was 

d iv id e d  in to  p o r tio n s . A l l  p o rtio n s  were t re a te d  in  th e  same way 

except th a t  one p o r t io n  was mixed w ith  v ita m in  E.

Z/. V itam in  E o i l  (Sigma) in  acetone (BOH) was added to  powdered 

mouse d ie t  a t  50ml to  250g re s p e c t iv e ly . The -Food was mixed 

thorough ly and l e f t  fo r  48 hours to  a llo w  th e  acetone to  evap o ra te .

37. g e la t in e  (D avis  g e la t in e ,  Leamington Spa, Warks, U .K .)  was made 

up in  ho t d i s t i l l e d  w ater as d ire c te d  on th e  p a cke t. T h is  was added 

to  th e  powdered food a t  100ml per lOOg. The food was w e ll mixed and 

then l ig h t ly  pressed down. The food was then a llo w ed  to  cool and s e t  

b efo re  being c u t in to  ap p ro x im ate ly  25g b locks and fro z e n  a t  -2 0 °C  to  

preven t fu n g a l growth. The food was presented  to  th e  mice in  g lass  

K iln e r  ja r s  (Ravenshead G lassware, U .K .)  w ith  s p e c ia l w ire  in s e r ts  to  

a llo w  access to  th e  food. ( f ig u r e  4 .1 ) .  The fe e d in g  regim e a llo w ed  

fo r  lOg o f  th e  g e lle d  food per mouse per day which was adequate  

enough w ith o u t much w aste. The food was changed each day and th e  ja r  

r in s e d  out each day. T h is  method p revented  th e  an im als s c a t te r in g  th e  

food around th e  cage and a llo w ed  f o r  easy measurement o f  d a i ly  

consumption. T h is  d ie t  was s ta r te d  from  th e  day o f  in fe c t io n .

5 . .1Z . L Z . y iw i iN.-C.,,m ,.Water,

L -a s c o rb ic  a c id  (V itam in  C) (Sigma) a t  lOmg per ml in  d i s t i l l e d  

w ater was m il l ip o r e  f i l t e r e d  (0.22jum) and p u t in to  au toc laved  

d rin k in g  b o t t le s .  O therw ise i t  was found th a t  -Fungi grew in  th e  w ater 

w ith in  2 days. The mice were a llo w ed  to  d rin k  ad libitum  and th e  

consumption was measured each day.

For th e  experim ents , mice were in je c te d  i / p  w ith  20mg V ita m in  C in  

PBS 24 hours b e fo re  in fe c t io n  w ith  th e  p a ra s ite s . They were then  

given  th e  supplemented d r in k in g  w a te r.
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Plate 3.3a: Jar used for feeding vitamin E supplemented and control 
diets to the mice.
Left; plan view of jar.
Right; Side view of jar.
Plate 3.3b: Individual components of the jar in plate 3.3a.
Left to right; Cap, wire insert and glass jar.
The scale is shown in both inches and centimetres.



5,17.1,5. .Antiqxidants...Inoectep Directly.

Three a n t io x id a n ts  were used. These were S uperox ide  D ism utase, 

T ro lo x  (a c t iv e  p a r t  o f  v ita m in  E) and n o rd ih y d ro g u a r ia re t ic  a c id .  

(Sigma, A ld r ic h  (G illin g h a m , D o rs e t) ,  Sigma r e s p e c t iv e ly ) .  These 

were made up in  PBS to  5000 U /m l, 40mg/ml and 20mg/ml r e s p e c t iv e ly .  

A l l  were made up and s to re d  in  1 .5  ml a l iq u o ts  a t  -2 0 °C  p r io r  to  use. 

The mice were in je c te d  w ith  0 .5  ml o f  th ese  a n t io x id a n ts  each day 

from  24 hours b e fo re  in fe c t io n  w ith  th e  p a ra s ite s .



4 . R e s u lts . (i*v v itr o  k i l l i n g  o f  P .falciparum) .

4.1. Two S ig n a l Requirement to  Induce a P a r a s it ic id a l  F ac to r.

R a b b its  were in je c te d  w ith  BCG, LPS o r  b o th . From -Figure 4 .1  i t  can  

be seen th a t  o n ly  th e  com bination  o f  BCG and LFS produces a serum 

f a c to r  which can be more th an  507. p a r a s i t i c id a l . These e f f e c t s  a re  

not due to  complement as a l l  th e  s e ra  were h e a t in a c t iv a te d  b e fo re  

th e  assay . They a re  no t due to  c o m p e tit io n  by u n la b e lle d  hypoxanth ine  

in  th e  s e ra  because a l l  th e  s e ra  were d ia ly s e d  b e fo re  th e  assay . T h is  

a ls o  means th a t  e i t h e r  th e  p a r a s i t ic id a l  f a c to r ( s )  a re  >10KD in  s iz e  

under th e  c o n d it io n s  o f  th e  assay , o r  th a t  th ey  a re  a s s o c ia te d  w ith  

la r g e r  m o lecu les .

O f th e  c o n tro l s e ra , th e  LPS serum may be more p a r a s i t ic id a l  than  

th e  o th e rs  but i t  s t i l l  does n o t in h ib i t  p a r a s ite  growth by more than  

407..

P la te s  4 .1  to  4 .6  show th e  appearance o f  th e  p a r a s ite  a f t e r  

in c u b a tio n  f o r  24 hours w ith  TNS and NRS. A t t h is  p o in t  in  th e  assay , 

tro p h o z o ite s  predom inate because th e  assay s ta r te d  w ith  synhron ised  

r in g  fo rm s. P la te  4 .3  shows tro p h o z o ite s  in  normal r a b b i t  serum a t  a  

d i lu t io n  o f  1 :2 . They a re  la rg e  and h e a lth y  lo o k in g , and go on to  

develop  in to  normal s c h iz o n ts  and ta k e  up la b e l le d  hyp o xan th in e . The 

p a ra s ite s  in cu b ated  w ith  a  1 :2  d i lu t io n  o f  TNS (p la te s  4 .5  and 4 .6 )  

a re  much s m a lle r  and denser. A f te r  24 hours v e ry  few  p a ra s ite s , i f  

any, were seen. These should  be compared to  th e  c o n tro l p a ra s ite s  in  

p la te s  4 .1  and 4 .2 .

S im ila r  in h ib i t io n  o f  P. ■Falciparum growth was seen when 

asynchronous c u ltu re s  were used. Thus th e  in h ib i to r y  e f f e c t  o f  TNS 

was n o t s ta g e  s p e c i f ic .

One o th e r  im p o rta n t fe a tu r e  o f  th e  TNS p a r a s i t ic id a l  a c t i v i t y  in  

v itro , is  th a t  i t  d i lu te s  o u t v e ry  q u ic k ly .  In  any g iv e n  TNS te s te d  

th e  a c t i v i t y  was lo s t  a t  a d i lu t io n  o f  between 1 :3 2  and 1 :6 4 .
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F ig u re  4 .1 :  In h ib i t io n  o f  P. falciparum growth by serum samples
from  ra b b its  t re a te d  w ith  BCG a lo n e  ( " A " ) ,  LPS a lo n e  (—• —) ,  BCG 
fo llo w e d  14 days la t e r  by LPS ( - O h ) ,  o r serum samples from  two normal 
ra b b its  (—> - ) .  The d ata  g iven  a re  from  a s in g le  experim ent in  which  
a l l  se ra  were te s te d  a t  th e  same tim e . The p o in t  used to  compare 
p a r a s i t ic id a l  a c t i v i t y  in  experim ents  is  th e  d i lu t io n  o f  serum
re q u ire d  to  in h ib i t  p a ra s ite  growth by 50% (------) .  Each datum p o in t  is
th e  mean ± s tandard  e r r o r  o f  th e  mean fo r  th e  sample te s te d  in  
t r i p l i c a t e .



Plate 4.1: Appearance o-F P. -Falciparum parasites before the start of 
the assay. The parasites have not been diluted as yet. Giemsa stain. 
Magnification xlOOO. Ring stages.
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Plate 4.2: Appearance of P.Falciparum parasites 24 hours after the 
start of the assay. Giemsa stain. Magnification xlOOO.
Double Trophozoite infection.



Plate 4.3: Appearance o-F P. -Falciparum parasites a-Fter 24 hours in 
in  v itro  culture with 1:2 NRS. Giemsa stain. Magnification xlOOO. 
Trophozoites. Double infection.
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Plate 4.4: Appearance of P. Falciparum parasites after 24 hours in 
in  v itro  culture with 1:2 TNS. Giemsa stain. Magnification xlOOO. 
Young schizont.



Plate 4.5: Appearance of P. -Falciparum parasites after 24 hours 
in  v itro  culture with 1:2 TNS. Giemsa stain. Magnification x.000. 
Schriveiled rings and trophozoites.
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Plate 4.6: Appearance of P. Falciparum parasites after 24 hoars 
in  v itro  culture with 1:2 TNS. Giemsa stain. Magnification xlOOO. 
Sghrivelled rings.



4 .2 .  Some Ba sic  Properties o f the in  v it r o  Pa r a s it ic id a l  Factor.

TNS was incubated  w ith  e i th e r  p ro tease  in h ib i to r s ,  a d is u lp h id e  

bond d en a tu rin g  a g e n t, o r a t  d i f f e r e n t  te m p e ra tu re s .

A f te r  d ia ly s is  th e  serum was te s te d  fo r  p a r a s ite  k i l l i n g .  T a b le  4 .1  

shows th e  d a ta  c o lle c te d . P.Falciparum growth was in h ib ite d  by 507. 

by 147. TNS (1 :7  d i lu t io n )  as compared to  85.77. ( 1 :1 .7  d i lu t io n )  f o r  

NRS ( p = 0 . 0 0 0 8 2 ).

D es tro y in g  p ro te in  t e r t i a r y  o r q u a te rn a ry  s t r u c tu r e  by b reak in g  

d is u lp h id e  bonds had l i t t l e  e f f e c t  on TNS a c t i v i t y ,  (TNS 14.097. to  

TNS+DTT 18 .917 .). S im i la r ly  n e ith e r  th e  d i f f e r e n t  p ro te a s e  in h ib i to r s ,

nor th e  p ro tease  in h ib i t o r  m ix tu re  had any e f f e c t  on th e

p a r a s i t ic id a l  a c t i v i t y  o f  TNS, (TNS 14.097. to  TNS-TLCK 18.917. o r  

TN S-protease in h ib i t o r  m ix tu re  15 .717 .).

DTT was incubated  a t  30°C w ith  TNS, th e re fo re  a 30°C c o n tro l was 

done fo r  t h is  in c u b a tio n . However n e ith e r  t h is  in c u b a tio n  nor th e  DTT 

decreased th e  a c t i v i t y  o f  TNS, (TNS 14.097. to  TNS 3 0 °C 8.857. o r  

TNS-DTT 18 .917 .).

The h ig h e r in c u b a tio n  tem p era tu re  chosen, was 6 5 °C as a t  t h is  

tem p era tu re  p ro te in s  may be in a c t iv a te d  w ith o u t v is ib le  d e n a tu ra tio n  

such as p r e c ip i t a t io n ,  a lthough  i t  was noted th a t  a f t e r  a lo n g er  

in c u b a tio n  some p r e c ip i t a t io n  d id  o ccu r. I t  can be seen from  ta b le

4 .1  th a t  t h is  tem p era tu re  had no e f f e c t  on th e  TNS p a r a s i t ic id a l  

a c t i v i t y ,  (TNS 14.097. to  TNS 68°C 12 .507 .).

These r e s u lts  suggest th a t  th e  p a r a s i t ic id a l  f a c to r (s )  in  TNS a re

n e ith e r  a p ro tease  nor a p ro te in  re q u ir in g  d is u lp h id e  bonds fo r  i t s

a c t i v i t y ,  and th a t  th e  m olecu le  is  no t h ea t s e n s it iv e  under th e  

c o n d itio n s  te s te d .



SERUM
SAMPLE

% serum mean ± SEM (n) to  
in h ib i t  p a r a s ite  growth by 50%

NRS 8 5 .7 0  ± 7 .3 4  (4)

TNS 1 4 .0 9  ± 5 .9 0 *  (3)

TNS+DTT 18.91  (2)

TNS+TLCK 18.91 (2)

TNS+PIM 15.71 (1)

TNS 30°C 8 .8 5  (1)

TNS 65°C 1 2 .5 0  (1)

T ab le  4 .1 :  E f fe c t  o f  p ro tease  in h ib i to r s ,  d is u lp h id e  bond d en a tu rin g  
agents  and tem p era tu re  on th e  p a r a s i t ic id a l  e f f e c t  o f  TNS in  v itro . 
DTT lCT^M, TLCK 10_zt1 and PIM (p ro te a s e  in h ib i t o r  m ix tu re  -  see  
s e c tio n  3 .1 1 ) .  TNS 30°C  is  th e  c o n tro l f o r  DTT. The c o n tro l s e ra  (TNS 
and NRS a re  those used f o r  th ese  e x p e rim e n ts ). p = 0 .00082 compared 
w ith  normal r a b b it  serum.



EFFECT-JQE— AEBQSIL- -QM—ZHE . JPARASJ T IC IDAI ACTIVITY. QE-INS ..IN.
VITRO ,

A e ro s il has been shown to  a lm ost e x c lu s iv e ly  remove th e  l ip id s  from  

serum. To check t h is ,  s e ra  were sep ara ted  by agarose g e l 

e le c tro p h o re s is  and then  s ta in e d  f o r  l i p i d .  P la te  4 .7  shows th e  two 

d i f f e r e n t  p a tte rn s  o f  l i p i d  in  TNS and NRS. The NRS has a u n ifo rm  

l i p i d  band whereas th e  l i p i d  p a t te rn  f o r  TNS is  co n cen tra ted  more 

towards th e  P re g io n  o f  l ip o p ro te in s  (correspond ing  to  th e  P 

g lo b u lin s ) .  The m inor band o f  TNS is  n earer th e  oc re g io n  o f  

l ip o p ro te in s , corresponding  to  th e  a  g lo b u lin s . A lbum in, seen as a  

sm all band about h a l f  way between th e  dye f r o n t  and o r ig in ,  s ta in s  

because o f  bound f a t t y  a c id s . T h is  is  th e  o n ly  band in  a e r o s i l  

t r e a te d  serum, and is  s l ig h t l y  s m a lle r  th an  th e  correspond ing  band in  

u n tre a te d  serum. T h is  con firm s th a t  a e r o s i l  removed a l l  th e  l i p i d  

from  th e  serum excep t f o r  th a t  a s s o c ia te d  w ith  a lbum in .

F ig u re  4 .2  shows th e  p a r a s i t ic id a l  a c t i v i t y  o f  th ese  s e ra  expressed  

as th e  mean d i lu t io n  to  in h ib i t  p a r a s ite  growth by 50% ± s tan d ard  

e r r o r  o f  th e  mean. For TNS t h is  is  1 :4 .1 9  (23.89%  ± 2.9% ) and fo r  NRS 

is  1 :1 .1 9  (6 0 .6 9  ± 6 .4 3 % ). These a re  h ig h ly  s ig n i f ic a n t ly  d i f f e r e n t

by S tu d e n t's  t - t e s t ,  ( t= 4 .9 6 , Y=59, p = 6 .28  x 1 0"*').

When th e  s e ra  were incubated  a t  45°C to  c o n tro l fo r  th e  a e r o s i l  

in c u b a tio n , l i t t l e  change in  a c t i v i t y  was observed (TNS 1 :4 .1 9  to  

1 :5 .2 2 , not s ig n i f ic a n t ,  and NRS 1 :1 .1 9  to  1 :1 .2 8  n o t s ig n i f i c a n t ) .

A f te r  in c u b a tio n  w ith  a e r o s i l ,  th e  p a r a s i t ic id a l  a c t i v i t y  was 

m arkedly reduced in  TNS, (1 :4 .1 9  to  1 :1 .3 6 )  by 89% (p = 0 .0000254) 

compared w ith  u n tre a te d  TNS. The weaker a c t i v i t y  o f  NRS was a ls o  

lo s t .  These re s u lts  a re  h ig h ly  su g g e s tiv e  th a t  th e  TNS p a r a s i t ic id a l  

fa c to r  is  l i p i d  in  n a tu re .

T r i t i a t e d  hypoxanth ine was used to  assess p a ra s ite  growth in  th e  

above assays, however t h is  assay cou ld  not be used to  t e s t  th e  

a e r o s il  serum f r a c t io n  because th e  a e r o s i l  p a r t ic le s  clogged th e  c e l l  

h a rv e s tin g  ap p ara tu s . T h is  was overcome by making smears and co unting  

th e  p a ra s ita e m ia  v is u a l ly .

Over th e  24 hours th e  p a ra s ita e m ia  in creased  from  3% to  5%. F ig u re  

4 .3  shows th a t  th e  TNS is  more to x ic  than  NRS. T h is  would look  

s im ila r  to  f ig u r e  4 .1  a f t e r  48 hours . However th e  a e r o s i l  a lo n e  was 

100% p a r a s i t ic id a l  a f t e r  48 hours, perhaps because i t  in t e r fe r e s  w ith  

uptake o f  n u tr ie n ts  o r oxygen, o r i t  p h y s ic a lly  p re v e n ts  p a ra s ite



re in v a s io n . I t  can be seen th a t  th e  a e r o s i l  t r e a te d  TNS had lo s t  a l l  

i t s  a c t i v i t y ,  w h ile  th e  a e r o s i l  f r a c t io n  had s im i la r  a c t i v i t y  to  

whole TNS. T h e re fo re  th ese  re s u lts  support th e  n u c le o tid e  up take  

r e s u lts  in  f ig u r e  4 .2 .

T h is  assay was awkward to  use and c o n tro l,  th e re fo re  an o th er method 

o f  s e p a ra tio n  th e  l ip o p r o te in  f r a c t io n  o f  TNS was t r i e d ,  namely 

u 1t r a c e n t r  i  fu g a t i  on .
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Plate 4.7: Agarose gel electrophoresis o-F TNS, NRS and gugmsil 
treated TNS. The gel was fixed with trichloroacetic acid and then 
stained with sudan black. Lipids stain black.
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F ig u re  4 .2 :  In h ib i t io n  o-F P.-Falciparum growth by TNS and e-F-Fect o-F 
d e p le t in g  serum lip o p ro te in s  w ith  a e r o s i l .  The v a lu e s  were c a lc u la te d  
as in  th e  legend to  f ig u r e  4 .1 .  A b b re v ia tio n s : 45°C , serum incubated  
f o r  4h a t  45°C ; A, serum a f t e r  tre a tm e n t w ith  a e r o s i l  a t  45°C; 
D i l - 1 , d i lu t io n - 1 ; NRS, normal r a b b it  serum; TNS, tumour n ecro s is  
serum. Each bar is  th e  mean ± S tandard  e r r o r  o f  th e  mean f o r  fo u r  to  
s ix  e xp erim en ts . Symbols: # , P<0.001 compared w ith  normal r a b b it
serum; n o t s ig n i f ic a n t  compared w ith  TNS; ###, P<0.001 compared
w ith  TNS.
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F ig u re  4 .3 :  In h ib i t io n  o f  P.-Falciparum growth by TNS and th e  e f f e c t  
o f  d e p le tin g  serum lip o p ro te in s  w ith  a e r o s i l .  In s te a d  o f  us ing  
^ -h y p o x a n th in e  to  e s tim a te  p a ra s ite  grow th, smears were made from  
each w e ll and th e  p a ra s ita e m ia  assessed by m icroscope exam in atio n  
a f t e r  s ta in in g  th e  smears w ith  giem sa. Each p o in t  is  th e  mean 
o f  two smears.
Symbols: —B—, Normal r a b b it  serum; HU—, tumour n e c ro s is  serum, ♦ , 
TNS a f t e r  tre a tm e n t w ith  a e r o s i l ;  —0—, TNS l ip o p ro te in s  bound to  
a e r o s i l ;  --A—, a e r o s i l  a lo n e ; * ,  s ta t in g  p a ra s ita e m ia  ( t = o ) ; 

c o n tro l p a ra s ite a m ia  a f t e r  24h in c u b a tio n  ( t= 2 4 h ) .



h a . E ffe c t  o f U ltra c e n tr ifu g a t io n  on the  i n  v itr o  P a r a s it ic id a l

Pr o p e r t ie s  of Ra b b it  TNS.

TNS and NRS were made up to  a d e n s ity  o-f 1.21 g /m l w ith  NaBr. They 

were c e n tr ifu g e d  a t  105 000 xG fo r  44h a t  5°C . The c e n tr ifu g e d  se ra  

a re  shown in  p la te  4 .8 .  The most n o tic e a b le  d if fe re n c e  is  th e  th ic k  

w h ite  l ip o p ro te in  la y e r  on TNS and not NRS, which o ccurred  w ith  every  

s e p a ra tio n . The to p  1ml from  each tube was removed and pu t in to  g la s s  

tubes (p la te  4 .9 ) .  T h is  g iv e s  a b e t te r  idea  o f  th e  r e la t iv e  amounts 

o f  l ip o p ro te in  in  th e  s e ra . Because th e  l ip id s  a re  s e n s it iv e  to  

o x id a t iv e  a t ta c k , a n t io x id a n ts  were added d u rin g  a l l  s te p s  o f  th e  

s e p a ra tio n  and assay.

When assayed f o r  p a r a s i t ic id a l  a c t i v i t y  by t r i t i a t e d  hypoxanthine  

in c o rp o ra t io n , th e  unseparated  and sep ara ted  NRS were no t

s ig n i f ic a n t ly  d i f f e r e n t .  However when th e  TNS was te s te d , th e  

l ip o p r o te in  d e p le te d  serum 's a c t i v i t y  was g r e a t ly  reduced  

( f ig u r e  4 .4 )  (TNS 1 ;4 .1 9  to  TNS l ip o p r o te in  d e p le te d  1 : 2 .1 8 ) .  T h is  is  

e q u iv a le n t  to  a 63’/. re d u c tio n  in  a c t i v i t y ,  somewhat le s s  than  th a t  

fo r  a e r o s i l  (897. re d u c t io n ) .

The l ip o p r o te in  f r a c t io n  o f  TNS had s im i la r  a c t i v i t y  to  whole TNS 

(p = 0 .00397 compared w ith  NRS).

Two e f fe c ts  may be re s p o n s ib le  f o r  th ese  o b s e rv a tio n s ; t r ig ly c e r id e  

c o n c e n tra tio n  and l i p i d  p e ro x id a tio n .



T N

Lipoproteins $

Plate 4.8: Appearance o-f sera a-fter preparative separation o-f
lipoproteins by ultracentrifugation on a NaBr gradiant of 1.21 g/ml 
and 105 000 xG -for 40h at 5°C. T, Tumour necrosis serum; N, Normal 
rabbit serum.

Plate 4.9: Appearance o-f the top 1ml o-f lipoproteins -from the sera 
samples in plate 4.8 after aspirating into clean glass test tubes. 
Left hand tube-Tumour necrosis serum, Right hand tube-Normal rabbit 
serum.
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F ig u re  4 .4 :  In h ib i t io n  o f  P. falciparum growth by TNS and th e  e f f e c t  
o f  p re p a ra t iv e  s e p a ra tio n  o f  lip o p ro te in s  by u l t r a c e n t r i fu g a t io n  o f  
sera  a t  a d e n s ity  o f  1.21 g/m l fo r  40h a t  105 000 xG and 5°C . The 
v a lu e s  were c a lc u la te d  as d escrib ed  in  th e  legend to  f ig u r e  4 .1 .  
A b b re v ia tio n s : LP, l ip o p ro te in  f r a c t io n  o f  serum; -LP , serum d ep le ted  
o f  l ip o p ro te in s ;  D i l - 1 , d i lu t io n - 1 ; NRS, normal r a b b i t  serum; TNS, 
tumour n ec ro s is  serum. Each bar re p re s e n ts  th e  mean ± s ta n d a rd  e r r o r  
o f  th e  mean f o r  between 6 and 9 experim ents .
Symbols: p 6 .2 8  x 10 -<fa compared w ith  NRS; *# , p =0 .0 0 3 9 7  compared
w ith  NRS; M # ,  p =0 .033  compared w ith  TNS.



4 ,5 , Correlation of Pa r a s it ic ip a l  Ac t iv it y  w ith  Lip id  Per o xid a tio n .

The th re e  c o n tro l r a b b it  s e ra  and th e  tumour n e c ro s is  serum were 

te s te d  fo r  l i p i d  p e ro x id a tio n  by measuring th e  m alondia ldehyde (MDA) 

c o n c e n tra tio n  in  th e  s e ra . T h is  p ro v id es  an in d ic a t io n  o f  l i p i d  

p e ro x id a tio n  ra th e r  than  an a b s o lu te  measurement. The serum 

t r ig ly c e r id e  c o n c e n tra tio n s  were a ls o  measured.

The q u a l i t a t iv e  t r ig ly c e r id e  measurements seen a f t e r  

u lt r a c e n t r i f u g a t io n  (p la te s  4 .8  and 4 .9 )  were confirm ed  in  ta b le  4 .2 .  

There was a s ig n i f ic a n t  in c re a s e  in  t r ig ly c e r id e s  in  th e  BCG s e ra  and 

TNS s e ra . LPS induced a g re a te r  in c re s e  in  th e  c o n c e n tra tio n  o f  serum 

t r ig y c e r id e .  The in c re a s e  in  t r ig ly c e r id e s  were 2 .2 8  f o ld ,  2 .9 2  f o ld  

and 3 .4 3  fo ld  re s p e c t iv e ly .  A l l  th e  an im als  were fa s te d  o v e rn ig h t  

b e fo re  being b le d  which means th a t  th e  in crease s  were induced by th e  

tre a tm e n ts .

When th ese  le v e ls  were compared to  th e  50% p a ra s ite  growth

in h ib i t io n  d a ta , th e re  was no c o r r e la t io n  w ith  p a r a s i t ic id a l  

a c t i v i t y .  LPS and BCG s e ra , a lthough  having  as h igh  a t r ig ly c e r id e  

c o n c e n tra tio n  as TNS, were not as to x ic  to  th e  p a ra s ite s . However th e  

serum MDA c o n c e n tra tio n s  d id  c o r r e la te  w ith  th e  p a r a s i t ic id a l  

a c t i v i t y  o f  th e  s e ra . There was no in c re a s e  in  MDA c o n c e n tra tio n  in  

th e  BCG s e ra , and o n ly  a sm all r is e  in  th e  LPS s e ra , w h ile  in  TNS

th e re  was a 2 .3  fo ld  in c rease  (p =3 .15  x 10-6>) .

I f  th ese  d a ta  a re  taken  to g e th e r w ith  th e  a e r o s i l  and 

u lt r a c e n t r i fu g a t io n  d a ta , th ey  suggest t h a t  l i p i d  p e ro x id es  a re  to x ic  

to  th e  m a la r ia  p a ra s ite s . The l i p i d  p ero x id es  a re  a c t iv e ly  genera ted  

w ith in  th e  r a b b it  when TNS is  induced. The ra b b its  can have h igh

serum t r ig ly c e r id e s  w ith o u t l i p i d  p e ro x id a tio n  (BCG s e r a ) .  The 

a d m in is tra t io n  o f  LPS to  unprimed an im als  caused a sm all in c rease  in  

l i p i d  p e ro x id a tio n  which is  n o t s u p r is in g  s in c e  LPS t r ig g e r s  an 

o x id a t iv e  b u rs t .



Serum [Concentration ± SEN]
Rabbit 

T reatment Tr i  qycer i de 
CmN]

Na1ond i a1dehyde 
CwND

’/. serum (mean ± SEN) 
to inhibit parasite 

growth by 50*/.

NRS 0.53 ± 0.06 (8) 2.43 ± 0.34 (12) 60.96 ± 6.43 (33)
LPS 1.82 (2) 3.31 (2) 75.00 ± 25.00 (3)
BCG

3k

1.21 ± 0.09 (3) 2.36 ± 1.03 (3) 46.40 ± 17.90 (5)
TNS

b

1.55 ± 0.26 (7)
c

5.62 ± 0.29 (8)
cri

23.86 ± 2.9 (28)

Table 4.2: Rabbit serum concentrations of triglyceride,
malondialdehyde and */. serum to inhibit parasite growth by 50'/. in 
vitro. Data are means ± standard error of the means. Numbers in 
brackets are the number of experiments for each sample. 
Abbreviations: NRS, normal rabbit serum; LPS, serum from rabbits 
given LPS alone; BCG, rabbits given BCG alone and TNS, tumour 
necrosis serum (rabbits given BCG followed 14 days later by LPS). 
Symbols: a: p=0.0002; b: p=0.0015; c: p=3.15 x 10~*; d: p=6.28 x 10'*



l̂ £ ,.„L ib id -Eerqxidatiqn  in  TNS Occurs in  vivo and not in  v itro .

I f  an in vivo o x id a t iv e  b u rs t occurred  a f t e r  LPS a d m in is tra t io n ,  

t h is  may have d ep le te d  th e  serum a n tio x id a n ts  so th a t  th e  serum  

l ip id s  co u ld  o x id is e  when exposed to  th e  atm osphere a f t e r  b le e d in g  

th e  a n im a l. To t e s t  th is  a primed r a b b it  was in je c te d  w ith  5mg o f  

v ita m in  E ( i / v )  a t  th e  same tim e  as in je c t io n  o f  th e  LPS. A f te r  2  

hours th e  anim al was b led  o u t. I f  ex vivo o x id a t io n  was o c c u rrin g  

th e  a d d it io n  o f  5mg v ita m in  E to  th e  blood c o l le c t io n  f la s k  should  

have p reven ted  t h is  process.

From f ig u r e  4 .5  i t  can be seen th a t  th e  TNS c o lle c te d  in to  a f la s k  

c o n ta in in g  v ita m in  E was s t i l l  a c t iv e ,  th e re fo re  l i p i d  p e ro x id a tio n  

must have occu rred  p r io r  to  c o l le c t io n .  However th e  in je c t io n  o f  5mg 

v ita m in  E i / v  to  a r a b b it  d id  b lock th e  p a r a s i t ic id a l  a c t i v i t y  o f  

TNS, suggesting  th a t  th e  l i p id  p e ro x id a tio n  was o c c u rr in g  in  vivo.
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F ig u re  4 .5 :  In h ib i t io n  oF P.-Falciparum growth by serum samples From 
ra b b its  tre a te d  w ith ; BCG a lo n e  (—#—) ,  BCG Follow ed  14 days la t e r  by 
LPS, e i t h e r  w ith  v ita m in  E g iv e n  i / v  a t  th e  tim e  oF LPS in je c t io n  
(H I —) o r w ith  v ita m in  E in  th e  serum c o l le c t io n  F la s k  (HD—) .  Normal 
r a b b it  serum (—10—) . The da ta  g iv e n  a re  For a s in g le  experim ent in  
which a l l  th e  se ra  were te s te d  a t  th e  same tim e . Each p o in t  
re p re s e n ts  th e  mean ± s tandard  e r r o r  oF th e  mean For th e  samples 
te s te d  in  t r i p l i c a t e .  (----- ) 507. in h ib i t io n  oF p a r a s ite  grow th.



4.7,  P a r a s i t ic id a l  E f fe c t  o f  O x id ised  L ip o p r o te in s  

4 . 7 J , . human L ip o p ro te in s .

Human lip o p ro te in s  were sep ara ted  by d e n s ity  g ra d ie n t  

u ltra c e n tr i-F u g a tio n  and then d ia ly s e d  o v e rn ig h t a g a in s t 0.4mM Ferrous  

c h lo r id e  in  s a l in e .  Another sample was t r e a te d  in  th e  same way excep t 

th a t  IOOjuM oF v ita m in  E was added beFore o x id a t io n . F erro u s  ions were 

used r a th e r  than  enzyme systems which g en era te  oxygen ra d ic a ls  

because th ese  would s t i l l  o p e ra te  du rin g  th e  assay For p a r a s i t ic id a l  

a c t i v i t y  (e .g  X an th ine  oxidase would m eta b o lis e  h ypoxan th ine , and 

glucose o x id ase  would m etab o lise  g lu c o s e ). Ferro u s  io n s , however, a re  

removed by d ia ly s is  a g a in s t s a lin e . S a lin e  was used because th e  

Ferrous ions would re a c t  w ith  phosphate in  PBS. Ferro u s  phosphate is  

in s o lu b le  (Reynolds 1989 ). The l ip o p ro te in s  were te s te d  For 

p a r a s i t ic id a l  a c t i v i t y  and th e  re s u lts  expressed as p e rc e n t sample 

r e la t iv e  to  th e  o r ig in a l  serum ( ta b le  4 . 3 ) .

Normal human lip o p ro te in s  were not in h ib i t o r y  to  th e  p a ra s ite s .  

However o v e rn ig h t exposure to  Ferrous ions s ig n iF ic a n t ly  increased  

t h e i r  p a r a s i t ic id a l  a c t i v i t y  (p = 0 .037 , Y = 4 ). T h is  a c t i v i t y  was

comparable to  th e  a c t i v i t y  oF TNS lip o p ro te in s  (29.46*/. compared w ith  

19.6*/., a lthough  s ig n iF ic a n t ly  less  p = 0 .0 2 2 , Y = 9 ). T h is  a c t i v i t y  was

preven ted  iF  v ita m in  E was added to  th e  l ip o p ro te in s  p r io r  to  

exposure to  Ferro u s  io n s .



SAMPLE
7. Sample (mean ± SEM (n ))  

To In h ib i t  P. falciparum 
Growth by 507.

Human L ip o p ro te in s 7 5 .7 5  ± 17 .1 8  (3)

Human L ip o p ro te in s  
Fe"'"'

*
2 9 .4 6  ± 6 .4 3  (3)

Human L ip o p ro te in s  
+ 100 mM V ita m in  E 
Fe-~"

6 5 .4 3  (2)

T a b le  4 .3 :  In h ib i t io n  o f  P.-falciparum in v itro  by human
lip o p ro te in s  sep ara ted  by u l t r a c e n t r i fu g a t io n .
Human lip o p ro te in s  were o x id is e d  by d ia ly s is  o v e rn ig h t a t  4°C in  
0.4mM fe rro u s  c h lo r id e  in  0.97. s a l in e  and then  d ia ly s e d  a g a in s t 0.9%  
s a l in e  fo r  24 hours. V ita m in  E (100 «M) was added to  one sample
b e fo re  o x id a t io n . The c o n tro l sample was d ia ly s e d  a g a in s t s a l in e  
o n ly . R esu lts  were c a lc u la te d  as in  th e  legend to  f ig u r e  4 .1 .
%, p =0 .037 when compared w ith  u n tre a te d  l ip o p ro te in s .



4 . 7 . 2 .  Ar t if ic ia l  lipoproteins  Made Using  Pure Fatty Ac id s ,

A r t i f i c i a l  l ip o p ro te in s  were made using  pure l in o le ic  a c id  (C 18:3) 

o r pure s te a r ic  a c id  (C 1 8 :0 ). These were combined w ith  bovine serum 

album in and v ita m in  E was added to  seme samples as an a n t io x id a n t .

The l ip id s  were o x id is e d  using  fe rro u s  ions in  0 .9 ’/. s a l in e  

o v e rn ig h t a t  4°C and then  d ia ly s e d  fo r  24 hours a g a in s t PBS.

The album in a lo n e  was not to x ic  to  th e  p a ra s ite  a t  th e  

c o n c e n tra tio n s  te s te d , n e ith e r  was i t  to x ic  a f t e r  th e  o x id a t io n  by 

fe r ro u s  ions w ith /w ith o u t  v ita m in  E ( f ig u r e  4 .6 a ) .

S te a r ic  a c id  l ip o p ro te in s  were e q u a lly  to x ic  to  th e  p a r a s ite  w hether 

th ey  co n ta in ed  v ita m in  E o r n o t, o r had been exposed to  fe r ro u s  io n s , 

(507. a c t i v i t y  a t  50 jug/ml S te a r ic  a c id ) , and th e y  were u n ifo rm ly  

to x ic  ( f ig u r e  4 .6 c ) .

V ita m in  E d id  not a f f e c t  th e  fe rro u s  o x id a t io n  o f  l in o le ic  a c id  

l ip o p ro te in s . The a c t i v i t y  o f  th e  fe rro u s  exposed lip o p ro te in s  was 

s im i la r  to  th e  s te a r ic  a c id  l ip o p ro te in s . However w ith  th e  samples 

not exposed to  fe r ro u s  ions i t  can be seen th a t  ( f ig u r e  4 .6 b ) th e  

v ita m in  E sample is  le s s  to x ic  than  th e  c o n tro l sam ple, suggesting  

th a t  th e  v ita m in  E has p ro te c te d  th e  f a t t y  a c id  in  some way.

I t s  c le a r  th a t  th e  t o x ic i t y  o f  s a tu ra te d  and u n s a tu ra te d  f a t t y  a c id  

l ip o p ro te in s  was not s im p ly  due to  o x id a tio n  o f  th e  f a t t y  a c id s . A 

more n a tu ra l system is  describ ed  in  th e  nex t s e c tio n  where f a t s  a re  

used r a th e r  than  pure f a t t y  a c id s . T h is  p resen ts  th e  p a ra s ite  w ith  

l ip id s  in  th e  form  th a t  i t  would encounter w ith in  th e  body, and a ls o  

w ith  a m ix tu re  o f  f a t s .
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F ig u re  4 .6 :  In h ib i t io n  o f  P.-Falciparum growth by a r t i f i c i a l
l ip o p ro te in s  made using  album in and pure f a t t y  a c id s . Each f ig u r e  
re p re s e n ts  th e  mean ± s tandard  e r r o r  o f  th e  mean o f  t r i p l i c a t e  
samples t re a te d  in  th e  fo lo w in g  ways:
—19— , d ia ly s e d  a g a in s t 0.9% s a l in e  fo r  36h a t  4°C ; HU— , w ith  100/uM 

o f  v ita m in  E a c e ta te , d ily s e d  a g a in s t 0.9% s a l in e  f o r  36h a t  4°C;
—i —, d ia ly s e d  a g a in s t 0.4mM Fe'4"4' fo r  12h a t  4°C  and 24h a t  4°C
a g a in s t 0.9% S a lin e ;  —0—, w ith  100wM v ita m in  E a c e ta te  , d ia ly s e d  
a g a in s t 0.4mM Fe-̂  f o r  12h a t  4°C and 24h a t  4°C a g a in s t 0.9%  
s a l in e .

F ig u re  4 .6 a :  Albumin a lo n e . The c o n c e n tra tio n  p o in ts  a re  those
a s s o c ia te d  w ith  th e  c o n c e n tra tio n s  o f  f a t t y  a c id  shown in  f ig u re s  
4 .6 b  and 4 .6 c  and s im i la r ly  f ig u re s  4 .7 a  and 4 .7 b .

F ig u re  4 .6 b : L ip o p ro te in s  made using  album in and pure l in o le ic  a c id  
(C 1 8 :3 ) .

F ig u re  4 .6 c :  L ip o p ro te in s  made using  album in and pure s te a r ic  a c id  
(C 18:0)



4 . 7 . 5 .  Ar t if ic ia l  Lipoproteins  Made Usin g  Vegetable Oi l s .

A r t i f i c i a l  l ip o p ro te in s  were made using  corn  o i l  which c o n ta in s  

p red o m in an tly  u n satu ra ted  f a t t y  a c id s , and coconut o i l  which c o n ta in s  

p red o m in an tly  s a tu ra te d  f a t t y  ac id s  ( ta b le  4 . 4 ) .  The l ip o p ro te in s  

were made in  e x a c t ly  th e  same way as those in  th e  p re v io u s  s e c tio n .

By using  o i l s  ra th e r  than  f a t t y  a c id s  th e  g en era l t o x ic i t y  to  

P.-falciparum in v itro  was much reduced. P a ra s ite  growth was not 

in h ib i te d  by c o n c e n tra tio n s  o f  o i l  up to  2 .5m g /m l. ( f ig u r e  4 . 7 ) .  I f  

u n s a tu ra te d  f a t t y  a c id s  (corn o i l )  were used ( f ig u r e  4 .7 a )  v ita m in  E 

p reven ted  th e  l ip o p ro te in s  being  p a r a s i t ic id a l  w hether th e y  had been 

exposed to  fe r ro u s  ions o r n o t. However w ith o u t t h is  p ro te c t io n  th e y  

were to x ic .  Ferrous ions increased  th is  t o x ic i t y  to  a sm all e x te n t .  

But i f  s a tu ra te d  f a t t y  a c id s  were used (coconut o i l )  then  no 

p a r a s i t ic id a l  a c t i v i t y  could  be d e tec ted  ( f ig u r e  4 .7 b ) .

When f a t t y  a c id s  a c id s  a re  o x id is e d  th e y  may become s m a lle r .  

T h e re fo re  th e  d i -  o r t r ig ly c e r id e  th a t  th ey  a re  a p a r t  o f  would have 

a d i f f e r e n t  m o b il i ty  on a t h in  la y e r  chrom atography p la t e .  T h is  is  

shown in  p la te  4 .1 0 . The above p re p a ra tio n s  were s e p a ra te d  by 

p etro leum  e th e r :d ie th y l  e th e rs a c e t ic  a c id  (see s e c tio n  3 . 6 ) .

The corn o i 1 has more u n s a tu ra te d  f a t s  than  th e  coconut o i 1. When 

th e s e  were o x id is e d  by fe rro u s  ions th e re  was a s h i f t  tow ards th e  

o r ig in ,  dem onstrating  th a t  th e  f a t s  had become s m a lle r  (s iz e  is  

p ro p o rt io n a l to  s o lu b i l i t y  in  petro leum  e th e r  and th e re fo re  

m obi1 i t y ) .

These r e s u lts  show th a t  th e  s a tu ra te d /u n s a tu ra te d  n a tu re  o f  th e  

l ip o p ro te in s  is  im portan t in  o x id a t iv e  environm ents w hether c a ta ly s e d  

o r n o t. They a ls o  fu r th e r  support th e  h yp o th es is  th a t  serum 

l ip o p ro te in s  when o x id is e d  a re  to x ic  to  m a la r ia  p a ra s ite s .



F a tty  A cid g f a t t y  ac id /lO O g  o i l

Coconut
□ i l

Corn O il  
(M aize)

S a tu ra te d
8 :0 7 .5 0

10:0 7 .1 0

12:0 4 7 .7  
<44-51)

0

14:0 1 5 .8 0 .8

16:0 9 .0 1 4 .0
(6 -2 2 )

18:0 2 .4 2 .3

2 0 :0 1 .0 0 .3

2 2 :0 0 Trace

2 4 :0 0 Trace

Mono-
U nsaturated

16:1 0 .4 0 .3

18:1 6 .6 3 0 .0
(1 9 -5 0 )

20:1 0 0 .2

22:1 0 0 .2

P o ly -
U nsaturated

18:2 1 .8 5 0 .0
(3 4 -6 2 )

18:3 0 1 .6

T a b le  4 .4 :  F a t ty  a c id  com position o f  coconut o i l  and corn o i l .  The 
f a t t y  a c id s  a re  l is t e d  by carbon c h a in  len g th  and number o f  
carbon-carbon double bonds. F ig u re s  in  b ra c k e ts  show th e  com position  
range between batches o f  o il . (P a u l and So u thgate  1978).
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F ig u re  4 .7 :  In h ib i t io n  o f  P.-Falciparum growth by a r t i f i c i a l
l ip o p ro te in s  made u s ing  bovine serum album in and corn o r  coconut 
o i l s .  Each f ig u r e  re p re s e n ts  th e  mean ± s tandard  e r r o r  o f  th e  mean o f  
t r i p l i c a t e  samples tre a te d  in  th e  fo llo w in g  ways:

—IB-—, d ia ly s e d  a g a in s t 0.9*/. s a l in e  fo r  36 hours a t  4°C; HU—, w ith  
IOOjuM o f  v ita m in  E a c e ta te , d ia ly s e d  a g a in s t 0.9% s a l in e  f o r  36 hours
a t  4°C; d ia ly s e d  a g a in s t 0.4mM Fe""'' f o r  12 hours a t  4°C  and 24
hours a t  4°C a g a in s t 0.9% s a l in e ;  “ 0—, w ith  IOOjuM v ita m in  E a c e ta te ,  
d ia ly s e d  a g a in s t 0.4mM F e ^  fo r  12 hours a t  4juC and 24 hours a t  4juC 
a g a in s t 0.9% s a l in e .

F ig u re  4 .7 a :  L ip o p ro te in s  made using  album in and pure corn o i l .

F ig u re  4 .7 b : L ip o p ro te in s  made u s ing  album in and pure coconut o i l .
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f  1* Ŝ vent Front

f  Vitamin E

f  2* Solvent Front

^ Origin

1 2 3 4 5 6 7 8 9 10 11 12

Plate 4.10: Thin layer chromatography o-f oxidised arti-Ficial
lipoproteins made using corn and coconut oils.
Solvent: Petroleum ether:diethyl ether:acetic acid (90:10:1).
The solvent front had moved 6 inches from the origin at the end of 
the run. 2jul of sample was spotted on the plate on the origin.
Lanes 1 to 6 corn oil. Lanes 7 to 12 coconut oil.
1 and 7 freshly prepared lipoprotein.
2 and 8 freshly prepared lipoprotein + 100 wM vitamin E.
3 and 9 lipoproteins after overnight incubation in saline at 4°C.
4 and 10 lipoproteins after overnight incubation in saline at 4°C

+ 100 wM vitamin E.
5 and 11 lipoproteins after overnight incubation in saline + 0.4mM

Fe++ at 4°C + 100 mM vitamin E.
6 and 12 lipoproteins after overnight incubation in saline + 0.4 mM

Fe++ at 4°C + 100 juM vitamin E.
The chromatogram was air dried and then sprayed with 50'/. sulphuric 
acid. It was then baked at 140°C for 15 minutes.



4.8 .  INHIBITION OF P. FALCIPARUM  GROWTH IN  V ITR O  BY NITRIC.
Ni t r it e  and Nit r a t e  I o n s .

P a ra s ite s  were incubated  w ith  d i f f e r e n t  c o n c e n tra tio n s  o f  sodium  

n i t r a t e  (NaNQs) and sodium n i t r i t e  (NaNOz). N i t r a t e  and n i t r i t e  

have both been shown to  be produced by macrophages a f t e r  s t im u la t io n .

N i t r a t e  was not to x ic  to  th e  m a la r ia  p a ra s ite s  o ver th e  

c o n c e n tra tio n s  te s te d  (0.05mM to  5mM, f ig u r e  4 . 8 ) .  However n i t r i t e  

was p a r a s i t ic id a l  in  a dose response manner w ith  a 50’/. growth  

in h ib i t io n  c o n c e n tra tio n  o f  0.9mM by re g re s s io n .

Under th ese  c o n d it io n s  a t  pH 7 .2  th e  n i t r i t e  ions should  rem ain as  

n i t r i t e .  But under a c id ic  c o n d it io n s  (pH < 6 .8 ) th e  ev idence  supports  

th e  breakdown o f  n i t r i t e  to  n i t r i c  (NO), i . e  th e  N i t r i t e / n i t r i c  

e q u ilib r iu m  moves towards th e  r ig h t .  However th e  p a ra s ite s  cannot 

s u rv iv e  f o r  long p e rio d s  a t  th ese  a c id ic  pH’ s . T h e re fo re  th e  p a ra s ite  

k i l l i n g  assay was m o d ifie d . P a ra s ite s  were incubated  in  1007. 

phosphate b u ffe re d  s a l in e  w ith  o r  w ith o u t n i t r i t e  and a t  d i f f e r e n t  

pH’ s .

F ig u re  4 .9  shows th e  e f f e c t  o f  pH and tim e  in  t h is  system . A lthough  

f o r  up to  6 hours th e  pH had no e f f e c t ,  th e  tim e  w ith o u t n u tr ie n ts  o r  

serum d id  have an e f f e c t .  T h e re fo re  a maximum o f  6  hours was chosen 

f o r  th e  assay and a pH o f  6 .0  was chosen to  m axim ise th e  e f f e c t  o f  

n i t r i t e  io n s . A f te r  th e  in c u b a tio n  in  th ese  c o n d itio n s  th e  p a ra s ite s  

were p u t in to  com plete medium and th e  assay co n tin u ed  as norm al. The 

fo rm er p a r t  o f  th e  assay was c a r r ie d  o u t in  n u t r ie n t - f r e e  medium 

because th e  n i t r i c  r a d ic a ls  would be mopped up by th e  components o f  

th e  com plete medium.

The r e s u lts  a re  expressed as th e  p e rc e n t growth compared to  th e  

c o n tro l b u f fe r  and a re  shown in  f ig u r e  4 .1 0 .

Up to  2 hours and in  c o n c e n tra tio n s  o f  n i t r i t e  up to  0.8mM th e  

p a ra s ite s  reco vere d . But a f t e r  6 hours exposure th e re  was s t i l l  507. 

in h ib i t io n  o f  growth w ith  0.08mM n i t r i t e ,  and t h is  was n o t pH 

r e la te d .

I t  is  im p o ss ib le  to  say from  th e s e  r e s u lts  w hether n i t r i c  o x id e  is  

in v o lv e d  in  th e  k i l l i n g  o f  P.-Falciparum, bu t i t  cannot be ru le d  

o u t. The assay c o n d it io n s  may be th e  im p o rtan t f a c to r  in  th ese  

exp erim en ts . However i t  can be s a id  th a t  n i t r a t e  is  non to x ic  and 

th a t  n i t r i t e  is  to x ic  (1D50 0.9m M ).
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F ig u re  4 .8 :  In h ib i t io n  o f  P. falciparum growth in  v itro  by NaNQs 
( ,-Ht  ) and IMaNQz (—SI—) . P a ra s ite s  were incubated  in  com plete medium 
p lu s  n i t r a t e  o r n i t r i t e  -For 24 hours. T h is  medium was re p la c e d  -for 
-Fresh medium c o n ta in in g  t r i t i a t e d  hypoxanthine -for a -fu rth e r  24 hours  
be-Fore being h arves ted .
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F ig u re  4 .9 :  S u rv iv a l o-f P.-Falciparum p a ra s ite s  in  100’/. 0.16M
phosphate bu-F-Fered s a lin e  a t  d i f f e r e n t  pH 's  fo r  2 hours (—B—) o r fo r  
6 hours (—$ —) .  A f te r  these in c u b a tio n  tim es th e  p a ra s ite s  were 
re tu rn e d  to  com plete medium fo r  th e  r e s t  o f  th e  assay .
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F ig u re  4 .1 0 :  In h ib i t io n  o f  P.Falciparum growth by a c id i f ie d  n i t r i t e  
in  phosphate b u ffe re d  s a lin e  over d i f f e r e n t  in c u b a tio n  tim e s . The 
r e s u lts  a re  expressed as a p ercen tage  o f  th e  p a ra s ite  growth in  
phosphate b u ffe re d  s a lin e  a lo n e  a t  th e  a p p ro p r ia te  pH and in c u b a tio n  
t im e . A t th e  end o f  th e  in c u b a tio n  th e  p a ra s ite s  were re tu rn e d  to  
com plete medium fo r  th e  rem ainder o f  th e  assay tim e .
Symbols: —&—, pH 7 .2  fo r  1 hour; pH 7 .2  f o r  2  hours; pH 7 .2
f o r  6 hours; —D—, pH 6 .0  fo r  1 hour; —0— 9 pH 6 .0  f o r  2 hours; — pH



k A - S UMABY QF IN VITRO. RESULTS-.

a ) Only th e  com bination  o f  BCG and LPS produced a p a r a s i t ic id a l  serum 

f  a c t o r .

b) The p a r a s i t ic id a l  a c t iv i t y  o f  th e  s e ra  c o r re la te d  w ith  l i p i d

p e ro x id a tio n  and not w ith  t r ig ly c e r id e  c o n c e n tra tio n .

c) Removal o f  th e  l ip o p ro te in  f r a c t io n  d e p le te d  th e  a c t i v i t y  o f  TNS. 

T h is  e f f e c t  was g re a te r  when a e r o s i l  was used than  when

u lt r a c e n t r i fu g a t io n  was used.

d) The u lt ra c e n tr ifu g e -s e p a ra te d  l ip o p ro te in s  o f  TNS were

p a r a s i t i c id a l .

e ) L ip id  p e ro x id a tio n  occurred  in  vivo, and was not an in  v itro  

a r t e f a c t .

f )  V a rio u s  l i p i d  p re p a ra tio n s  co u ld  be o x id is e d  in  v itro  w ith

fe r ro u s  ions and became p a r a s i t i c id a l . I t  was necessary f o r  th e  

p re p a ra tio n s  to  be a m ix tu re  o f  l ip id s  ra th e r  than  p u r i f ie d  f a t t y  

a c id s .

g) N i t r i t e  ions were to x ic  to  P. Falciparum in vitro .



5. DISCUSSION I .

5 .1 . Nature of the p a r a s it ic id a l  Ac t iv it y  of TNS i n  v i t r o .

In  s e c tio n  4 , I have dem onstrated th a t  th e  a d m in is tra t io n  o f  BCG 

fo llo w e d  14 to  21 days la t e r  by LPS leads to  an in c re a s e  in  serum 

t r ig ly c e r id e s  in  ra b b its , and a ls o  to  an in c re a s e  in  serum l i p i d  

p e ro x id a tio n  as in d ic a te d  by th e  th io b a r b i tu r ic  a c id  t e s t .  T h is  h igh  

t r ig ly c e r id e  c o n c e n tra tio n  was a ls o  measured in  an im als  g iven  BCG o r  

LPS a lo n e .

A number o f  b a c te r ia l  in fe c t io n s  (in c lu d in g  M.bovis) have been 

shown to  in c rease  serum t r ig ly c e r id e s  (Thoen e t  a l  1 9 72 ), and 

m a in ta in  ra is e d  le v e ls  fo r  21 to  28 days. In  c o n tra s t , LPS has been 

shown to  do t h is  fo r  o n ly  about 12 hours fo llo w in g  a d m in is tra t io n .  

The peak occurs a t  8 hours, but s ta r t s  a lm ost im m ed ia te ly  fo llo w in g  

LPS in je c t io n .  By 2 hours th e re  is  an in c re a s e  o f  2 to  3 fo ld  

(Kaufmann e t  a l  1976 ), which is  in  agreem ent w ith  my r e s u lts .  The 

mechanism re s p o n s ib le  fo r  th is  has two components. F i r s t l y ,  th e  

s t im u la t io n  o f  h e p a tic  lip o g e n e s is  occurs , th e re fo re  in c re a s in g  th e  

serum t r ig ly c e r id e s .  Th is  can be induced by TNFa (Kawakami e t  a l

1982, F e in g o ld  e t  a l  1987 ), which is  re le a s e d  a f t e r  LPS s t im u la t io n .  

TNFa a ls o  has been shown to  in t e r fe r e  w ith  th e  enzyme l ip o p r o te in  

l ip a s e . T h is  enzyme removes t r ig ly c e r id e s  from  th e  plasma and is  v e ry  

im p o rta n t f o r  removing excess l ip id  (Krause and Hartman 1 9 84 ).

Secondly BCG may work in  a s im ila r  way to  LPS through i t s  e f f e c ts  

on macrophages. But i t  may a ls o  a f f e c t  an o th er mechanism, as  

p o s tu la te d  by Thoen e t  a l  (1 9 7 2 ), v iz  th e  d e s tru c t io n  o f  mast c e l ls .  

H e p a rin , one source o f  which is  mast c e l ls ,  which can s t im u la te  

l ip o p r o te in  l ip a s e . Mycobacterium in fe c t io n s  in  th e  lungs cause  

d e s tru c t io n  o f  th e  tis s u e s  and mast c e l ls ,  and th e re fo re  a down 

re g u la t io n  o f  l ip o p ro te in  lip a s e . The a d m in is tra t io n  o f  LPS a t  th is  

p o in t  would t r ig g e r  the  f i r s t  mechanisms, and th e  com bination  o f  a l l  

th e s e  mechanisms may be resp o n s ib le  f o r  th e  fu r t h e r  in c re a s e  in

l ip id s  observed ( ta b le  4 .2 )

The in c re a s e  o f  t r ig ly c e r id e s  under th e  above c o n d it io n s  may be a 

defence machanism a g a in s t m ic ro b ia l en d o to x in . I t  has been shown th a t  

en d o to x in  b inds to  t r ig ly c e r id e s  and is  rendered  in a c t iv e  

(Shaw W arren e t  a l  1988 ). But i f  an o x id a t iv e  b u rs t should  occur in

th e  presence o f  h igh le v e ls  o f  l i p id ,  l i p i d  p e ro x id a tio n  w i l l  be

in i t i a t e d .  I f  LPS is  g iven  to  a normal a n im a l, th e  o x id a t iv e  b u rs t



t r ig g e re d  is  less  than th a t  in  BCG prim ed an im als  (Nathan and Root 

1977) and th e re fo re  less  l ip id  p e ro x id a tio n  would occur ( ta b le  4 .2 ) .

The a e r o s i l  and u l t r a c e n t r i fu g a t io n  r e s u lts  dem onstrate th a t  these  

l ip id s  in  TNS a re  p a r a s i t ic id a l  and th e  th io b a r b it u r ic  a c id  t e s t  

re s u lts  suggest th a t  i t  is  l ip id  pero x id es  th a t  a re  th e  to x ic  

m olecu les , because the  p a r a s i t ic id a l  a c t i v i t y  c o r r e la te s  w ith  l i p id  

p e ro x id a tio n  and not w ith  plasma t r ig ly c e r id e  c o n c e n tra tio n .

In  both these s e p a ra tio n s  th e re  is  some re s id u a l a c t i v i t y  in  th e  

n o n - l ip id  f r a c t io n  o f  TNS. That t h is  was not due to  any rem ain ing  

l ip id s ,  is  suggested by th e  agarose g e l e le c tro p h o re s is  r e s u lts  a f t e r  

a e r o s i l  tre a tm e n t (p la te  4 .7 ) ,  and a ls o  th e  u lt r a c e n t r i fu g e  sep ara ted  

serum as measured by the  enzym atic method.

The a e r o s i l  d e p le tio n  removes more a c t i v i t y  than  th e  

u lt r a c e n t r i fu g e  which suggests th a t  th e re  is  a p a r a s i t ic id a l  m olecule  

which binds a e r o s il  but which does not a s s o c ia te  w ith  th e  

l ip o p ro te in s . In  f a c t  th is  m olecule may be common to  both NRS and 

TNS. A f te r  u l t r a c e n t r i fu g a t io n  th e  n o n - l ip id  f r a c t io n s  o f  NRS and TNS 

may have s im ila r  a c t i v i t i e s  but a f t e r  a e ro s il  tre a tm e n t even these  

a re  d e p le te d .

I f  th e re  is  ano ther in v itro  p a r a s i t ic id a l  f a c to r ,  i t  is  e i th e r  

not v e ry  a c t iv e  o r i t  is  a t  a low c o n c e n tra tio n  in  th e  serum. I t  was 

not a p ro tease  o r a m olecule dependent on d is u lp h id e  bonds as shown 

by th e  re s u lts  in  ta b le  4 .1 .

When an o x id a t iv e  b u rs t occurs in vivo a n t io x id a n ts  would be 

consumed. T h e re fo re  i t  is  reasonable to  assume th a t  th e  a n t io x id a t iv e  

c a p a c ity  o f  th e  serum would be reduced. T h is  may be s u f f ic ie n t  to  

a llo w  l i p i d  p e ro x id a tio n  to  occur in  th e  serum in  vitro . However 

t h is  does not e x p la in  th e  a c t iv i t y  o f  TNS, s in c e  prim ed ra b b its  

in je c te d  w ith  v ita m in  E a t  th e  tim e  o f  LPS a d m in is tra t io n  produced  

TNS, which was shown to  have no p a r a s i t ic id a l  a c t i v i t y ,  u n lik e  TNS 

made in  th e  usual way but w ith  v ita m in  E added when th e  blood was 

c o lle c te d . Thus l i p i d  p e ro x id a tio n  was o c c u rrin g  no t in  v itro  but 

in vivo.

There was alw ays th e  p o s s ib i l i t y  th a t  a n o n - l ip id  m olecule which 

a s s o c ia te s  w ith  l ip id s  could be re s p o n s ib le  f o r  th e  p a r a s i t ic id a l  

a c t i v i t y  o f  TNS. E ith e r  i t s  re le a s e  o r  o x id a tio n  cou ld  be induced by 

BCG/LPS tre a tm e n t. V arious l ip o p ro te in  p re p a ra tio n s  were made to  t r y  

and answer t h is  q u es tio n .



5.2.  Confirmation of,L ip id  Peroxide Pa r a s it ic id a l  Ac t iv it y .

Normal human lip o p ro te in s  were sep ara ted  by u lt r a c e n t r i fu g a t io n  and 

shown not to  be in h e re n tly  p a r a s i t ic id a l .  These were o x id is e d  using  

-Ferrous ions as a c a ta ly s t  w ith  and w ith o u t v ita m in  E, used as an 

a n t io x id a n t . The lip o p ro te in s  were o n ly  p a r a s i t ic id a l  a f t e r  o x id a tio n  

but th is  was blocked by v ita m in  E. T h e re fo re  p a r a s i t ic id a l  a c t i v i t y  

must be due to  th e  o x id a tio n  o f  a m olecule and not to  th e  in d u c tio n  

and in crease  in  a n o n - l ip id ,  l ip id -a s s o c ia t in g  m o lecu le . A lso th e  

p a r a s i t ic id a l  a c t i v i t y  cannot be due to  sm all by-p roducts  o f  

o x id a tio n  as these  should a l l  have been d ia ly s e d  o u t.

The a c tio n  o f  l i p id  peroxides was fu r th e r  confirm ed by p re p arin g  

a r t i f i c i a l  l ip o p ro te in s  made using bovine serum album in and pure  

f a t s .  Albumin a lo n e  was not to x ic  to  P. Falciparum in v itro  even 

a f t e r  exposure to  v ita m in  E o r fe r ro u s  ions .

L ip o p ro te in s  were f i r s t  made using pure f a t t y  a c id s . The two f a t t y  

a c id s  used were id e n t ic a l  in  carbon ch a in  len g th  and s tru c tu re  a p a rt  

from  th e  f a c t  th a t  l in o le ic  a c id  possesses two u n sa tu ra ted  double  

bonds and s te a r ic  a c id  does no t. The c o n c e n tra tio n  range o ver which 

th e  f a t t y  a c id s  were te s te d  a g a in s t th e  p a ra s ite s  was about 100 tim es  

le s s  than th e  serum t r ig ly c e r id e  c o n c e n tra tio n  (8-156jug/m l compared 

w ith  125-4000jug/m l) .  Under th e  c o n d itio n s  te s te d , s te a r ic  a c id  

l ip o p ro te in s  were p a r a s it ic id a l  b e fo re  and a f t e r  o x id a t io n . Each form  

was e q u a lly  to x ic .  L ip o p ro te in s  made using  l in o le ic  a c id  were 

s im i la r ly  p a r a s i t ic id a l  a lthough v ita m in  E d id  reduce t h e i r  a c t i v i t y .

W ith h in d s ig h t these re s u lts  a re  a ls o  perhaps not s u rp r is in g  

because th e  f a t t y  a c id s  would exchange w ith  th e  red  c e l l  membrane. 

The p a ra s ite  re q u ire s  f a t s  from i t s  surroundings because i t  lacks  a 

de novo s y n th e s is  pathway (Sherman 19 7 9 ). T h e re fo re  i f  th ese  f a t s  

a re  p redom inantly  o f  one species  th ey  would compete w ith  o th e r  f a t s  

f o r  p a ra s ite  enzymes more e f f i c i e n t l y  and r e s u lt  in  a l im ite d  number 

o f  p ro d u cts .

W ith s t e a r ic  a c id , which is  t o t a l l y  s a tu ra te d , th e  p a ra s ite  must 

d e s a tu ra te  i t ,  s in c e  i t s  requ irem ents a re  fo r  u n sa tu ra ted  f a t s .  Th is  

may not be v e ry  e f f i c i e n t  (Sherman 1979 ), and some e s s e n t ia l double  

bonds (those above C«?) may be im possib le  to  make (s e c tio n  2 .2 .3 ) .  

T h e re fo re  th e  p a ra s ite  may not be a b le  to  p ro p e r ly  form new 

membranes. S im i la r ly  i f  th e  number o f  m o d ified  f a t  products a re  

l im ite d .  T h is  l a t t e r  reason may be im p o rtan t fo r  th e  t o x ic i t y  o f



l in o le ic  a c id . T h is  f a t t y  a c id  may a ls o  be p a r a s i t ic id a l  v ia  

p e ro x id a tio n , which could  e x p la in  th e  e f f e c t  o f  v ita m in  E.

The o n ly  problem w ith  using pure f a t t y  a c id s  is  th a t  th ey  a re  

a r te fa c tu a l ,  and would not occur in vivo. T h e re fo re  pure v e g e ta b le  

o i l s  were used which co n ta in  a m ix tu re  o f  f a t s  and th e re fo re  f a t t y  

a c id s . The f i r s t  o b s e rv a tio n  was th a t  th e  o i l s  cou ld  be used a t  

s im ila r  c o n c e n tra tio n s  to  serum l i p i d  w ith o u t having in h e ra n t  

p a r a s i t ic id a l  a c t i v i t y  (250-2500wg/ml compared w ith  125-4000u/m l) .  

Coconut o i l  (p r im a r i ly  s a tu ra te d  f a t s - t a b le  4 .4 )  was not 

p a r a s i t ic id a l  a f t e r  exposure to  fe r ro u s  io n s , u n lik e  corn o i l  

(p r im a r i ly  u n sa tu ra ted  f a t s - t a b le  4 .4 )  which was p a r a s i t i c id a l . T h is  

l a t t e r  a c t i v i t y  could  be prevented  by v ita m in  E.

5 . 2 . 1 .  Mechanism o f Lip id  Peroxide To x ic it y .

In  re tro s p e c t i t  is  not s u rp r is in g  th a t  l i p id  pero x id es  were to x ic  

to  th e  p a r a s ite ,  s in c e  m a la r ia  p a ra s ite s  do not posses a de nova 

sy n th e s is  pathway fo r  f a t t y  a c id s ; th e re fo re  a l l  t h e i r  l i p id  

requ irem ents  must come from  th e  th e  plasma, so th a t  as w e ll as an 

e q u ilib r iu m  being m ain ta ined  between th e  red  c e l l  membrane and plasma 

l ip id s  th e re  w i l l  a ls o  be a n e t t  in f lu x  o f  l ip id s  from  th e  plasma to  

th e  p a r a s ite .  I  have a lre a d y  described  some o f  th e  membrane l i p i d  

changes and in  summary th e re  is  up to  5007. in c rease  in  th e  red  c e l l  

l ip id s  and an in c rease  from  757. to  907. in  i t s  u n sa tu ra ted  f a t s .  

T h e re fo re  i f  o x id is e d  l ip id s  a re  added to  th e  p a ra s ite s  th ey  would be 

taken  up by th e  p a ra s ite  because they a re  p r im a r i ly  u n sa tu ra ted  f a t s .  

E v e n tu a lly  th ese  p erox ides  would d es tro y  both red  c e l l  and p a ra s ite .  

The pero x id es  can a c t  as i n i t i a t o r s  fo r  fu r th e r  p e ro x id a tio n  o f  

u n s a tu ra te d  f a t s  (s e c tio n  2 . 3 . 4 . 2 ) .  The p a ra s it is e d  red  c e l ls  would 

be more s u s c e p tib le  to  p e ro x id a tio n  because th ey  have a g re a te r  

u n sa tu ra ted  f a t  c o n te n t, not o n ly  in  q u a n t ity  bu t in  percentage o f  

th e  t o t a l  f a t s .

Membrane p e ro x id a tio n  w i l l  a l t e r  membrane f l u i d i t y  because f l u i d i t y  

is  dependent on u n satu ra ted  f a t s .  Membrane f l u i d i t y  may not be v e ry  

im p o rtan t in v itro , however i t  may have consequences in  vivo. For 

example a re d u c tio n  in  th e  red  c e l l ’ s a b i l i t y  to  squeeze through  

narrow c a p i l la r ie s  may in crease  th e  chance o f  i t  being removed in  th e  

s p le e n .



Should s u f f ic ie n t  p e ro x id a tio n  occur in  th e  membrane, i t  w i l l  f a l l  

a p a r t ,  r e s u lt in g  in  p a ra s ite  death o r th e  in h ib i t io n  o f  p a ra s ite  

re in v a s io n .

L ip id  pero x id es  can a ls o  re a c t  w ith  p ro te in s  and DNA (Logani and 

Davies 1980, Schaich and Black 19 8 0 ). Thus damage to  membrane 

p ro te in s  such as ion  channels and enzymes would o ccu r. T h is  could  

e x p la in  why p a ra s ite s  a re  seen as as denser d a rk e r s h r iv e l le d  form s  

b e fo re  th ey  d isappear: th ey  may be s lo w e ly  d ie in g  o f  s ta r v a t io n .  T h is  

would n o t, o f  course, occur i f  th e  red  c e l l  membrane were s im p ly  

being d estro yed .

Some o f  th e  above e f fe c ts  can be preven ted  by a n t io x id a n ts  and 

indeed, these a re  ra is e d  in  p a r a s it is e d  red  c e l ls  ( ta b le  2 . 5 ) .  But 

even th ese  w i l l  have a l i m i t  o f  o x id a t io n  th a t  th e y  can cope w ith .  

Th is  th re s h o ld  concept may e x p la in  why LPS serum d id  no t have a 

p a r a s i t ic id a l  e f f e c t .  TNS, however, may p ro v id e  to o  g re a t  a s tre s s .  

Even in  th e  presence o f  h igh  c o n c e n tra tio n s  o f  a n t io x id a n ts , l i p i d  

p erox ides  would s t i l l  be to x ic .  F u rth e r  membrane p e ro x id a tio n  may not 

be p o s s ib le  but i f  s u f f i c ie n t  p re -fo rm ed  p ero x id es  g e t in to  th e  

membrane, then  th e  membrane may be d is ru p te d . V ita m in  E would be th e  

o n ly  a n t io x id a n t  to  p reven t fu r th e r  l i p i d  p e ro x id a tio n .

T h is  may e x p la in  why a n tio x id a n ts  cou ld  not b lock th e  p a r a s i t ic id a l  

a c tio n  o f  TNS a g a in s t P. ■falciparum (Geary e t  a l  1986 ).

5 .5 .  Pa r a s it ic id a l  Ef f e c t s  of RNI.

Up to  now a t te n t io n  has been focused on th e  e f f e c t s  o f  o x id a t iv e  

s tre s s  on th e  m a la r ia  p a r a s ite ,  o r on m olecu les which subsequently  

become p a r a s i t i c id a l . However th e  c e l ls ,  e s p e c ia l ly  macrophages, 

which produce these  oxygen ra d ic a ls  can a ls o  produce RNI.

M a la r ia  p a ra s ite s  were incubated  w ith  sodium n i t r a t e  o r  sodium  

n i t r i t e  as both n i t r a t e  and n i t r i t e  have been shown to  be re le a s e d  by 

macrophages a f t e r  s t im u la t io n  (s e c tio n  I . 3 . 4 . 4 . ) .  Under th e  

c o n d itio n s  te s te d , o n ly  n i t r i t e  in h ib ite d  P. faIciparum  growth in  

v itro  (50*/. in h ib i t io n  a t  0.9mM n i t r i t e ) .  T h is  may be d i r e c t ly  due to  

th e  n i t r i t e  o r th e  n i t r i t e  could  have been reduced to  n i t r i c  o x id e  

under s l ig h t l y  a c id  c o n d itio n s  (pH < 7 .0 ) (S tuehr and Nathan 1988 ).

T h is  was te s te d  by in cu b a tin g  th e  p a ra s ite  a t  d i f f e r e n t  pH’ s . N i t r i c  

o x id e  is  th e  ra d ic a l produced by macrophages and n i t r i t e  and n i t r a t e



a re  formed from  i t .  However th e  change in  pH d id  not a l t e r  th e  

t o x ic i t y  o f  n i t r i t e .

The o n ly  way to  determ ine w hether n i t r i c  o x id e  is  p a r a s i t ic id a l  

would be to  in cu b ate  th e  p a ra s ite s  in  an atmosphere c o n ta in in g  n i t r i c  

o x id e  gas.

□ne in te r e s t in g  p re lim in a ry  r e s u l t  has been found (d a ta  not shown) 

w ith  macrophages from  le th a l  P .yoelii in fe c te d  m ice. Sp leen  

macrophages were te s te d  s e p a ra te ly  fo r  superoxide  and n i t r i c  o x id e  

re le a s e  a f t e r  s t im u la t io n  by phorbol m yristic a c e ta te  and b ra d y k in in  

re s p e c t iv e ly .  V acc in a ted  an im als  w ith  an in fe c t io n  ju s t  b e fo re  

c le a ra n c e  produced 20 tim es  m ore n i t r i c  o x id e  than su p ero x id e . 

F u rth e r  work in  t h is  a re a  is  c le a r ly  c a l le d  f o r .



5 . 4 .  Su m m a r y .

a) Only th e  com bination  o f  BCG fo llo w e d  by LPS induces a

p a r a s i t ic id a l  serm -fa c to r.

b) The -fac to r is  n e ith e r  a p ro te a s e  nor a p ro te in  r e ly in g  on

d is u lp h id e  bond fo r  s tru c tu re  and fu n c t io n .

c) A e ro s il d e p le te s  serum l ip id s  and th e  p a r a s i t ic id a l  -fa c to r . L ip id s  

sep ara ted  by u l t r a c e n t r i fu g a t io n  c o n ta in  th e  p a r a s i t ic id a l  a c t i v i t y  

o f  TNS. L ip id  p e ro x id a tio n  c o r re la te s  w ith  p a r a s i t ic id a l  a c t i v i t y  and 

not l i p i d  c o n c e n tra tio n . L ip id  p ero x id es  may k i l l  th e  p a ra s ite  by 

d es tro y in g  th e  red  c e l l  membrane and damaging e s s e n t ia l  membrane 

p ro te in s  such as enzymes and trans-m em brane c a r r ie r  p ro te in s .

d) Normal human lip o p ro te in s  a re  no t in h e re n t ly  p a r a s i t ic id a l  n e ith e r  

a re  a r t i f i c i a l  l ip o p ro te in s  made using  v e g e ta b le  o i l s .  These can be
w\ad.e paras -fU em  w>i V\a P e tro u s  icwS,



6 . Results (iw  v iv o  In h ib it io n  o f  Plasmodium growth in  m ic e ).

6 .1 .  In h ib it io n  o f L e th a l P .y o e l ii (YU) growth by R abb it Tumour

Necro sis  Serum .

10* le th a l P .y o e l i i  (YM) parasites (LPY) were in jected  i / v  in to  

Tuck Nol mice. From th is  inoculum parasites become detectable in  

blood -Films by day 3 or day 4. They increase to  parasitaemias in  

excess o f 50*/. on day 6 and the mice s ta r t  to  d ie  from day 7 onwards. 

Though le th a l in  most inbred s tra in s , th is  p aras ite  does not k i l l  

100'/. o f Tuck mice. For example, in the experiment shown in  fig u re

6 .1 , the m o rta lity  fo r  day 8 o f the control in fe c tio n  was 40% (4 /1 0 ). 

The remaining mice eventua lly  recovered.

RTNS was in jected  in to  a group o f mice a t  a dose o f  0.5ml serum i /p  

per mouse on days 0 ,2 ,4 ,6  and 8 follow ing LPY in je c tio n . This group 

o f mice maintained low parasitaemias (<0.1%, p<0.0001), w ith a

fu rth e r decrease fo llow ing  each TNS in je c tio n .

The previous experiments in  v i t r o  suggested th a t the lip o p ro te in  

fra c tio n  in  TNS was p a ra s it ic id a l. However the re s u lts  i n  v ivo  were 

quite  d iffe re n t. The separated TNS lipop ro te in  fra c tio n  was in jected  

in to  mice, the regimen being the same as fo r  TNS except th a t the  

in jections were i /p  in  one experiment and i / v  in  another. The 

resu lting  parasitaemias fo r  these two groups were id e n tic a l and are  

pooled in  fig u re  6 .1 . Parasitaemias were not s ig n if ic a n t ly  d iffe re n t  

from the control in fe c tio n  although the mice began to  d ie  1 day 

e a r l ie r  than the contro ls , 2 /10  on day 7. On day 9 there  was 60% 

m o rta lity  compared to  the control o f 40%.

In contrast, the lip o p ro te in  depleted serum showed the same 

a n tip a ra s itic  a c t iv ity  as the whole serum, demonstrating th a t in  

vivo  the TNS a c t iv ity  is  in  th is  fra c tio n  and not in  the  

lipopro teins. (p<0.0001).

One other d iffe ren ce  was noted from day 4 onwards. In  the mice 

in jected with TNS or lip o p ro te in  deple ted TNS (TN S-lp), the number 

o f polymorphonuclear c e lls  per f ie ld  was between 5 and 10 times more 

than the control in fe c tio n  or the mice in jected  w ith TNS lp , fo r  a 

s im ila r density o f red c e lls .
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Figure 6 .1 : In h ib it io n  o-F le th a l P .y o e l i i  (YM) in fec tio n  in  v ivo  
by whole and fractionated  rab b it tumour necrosis serum.
10* paras itised  red blood c e lls  in jected  i /v  on day 0. 0 .5  ml TNS 
in jected i /p  on days 0 ,2 ,4 ,6  and 8. us
Symbols: , control in fection ; —O—, TNS i/p ;  —0—, TNS-1ipoproteins
i /p  a f te r  u ltra c e n trifu g a tio n ; —£t—, TNS lipopro teins i /v  a f te r  
u ltra c e n trifu g a tio n ; #, days o f serum sample in je c tio n .

a:p<0.0001, control in fec tio n  compared with e ith e r  TNS or TNS-lp.



6 .2 .  E ffe c t  o f N e u tra lis in g  th e  INF a c t iv i t y  in  TNS on a LPY 

In fe c t io n  i n  v i v o .

The mean TNF a c t iv ity  o f  ra b b it TNS was 18.96 ± 1 xlO*U/ml. A 

goat an ti ra b b it TNF antiserum a t  a d ilu t io n  o f 1:5 blocked the TNF 

a c t iv ity  in  a bioassay, (L929 c e ll  c y to to x ic ity ) .

TNS was incubated w ith the antiserum before in je c tin g  in to  mice.The 

pre-bleed serum from the goat was used as a control and incubated 

with TNS in the same way as the antiserum. Tuck Nol mice were 

in jected w ith 0.5ml serum i /p  on days 0 ,2  and 4 a f te r  in fe c tio n  w ith  

10* LPY i /v .
Figure 6 .2  shows th a t by day 4 the control parasitaem ia was w ell 

established (5 .24 ± 1.417.), but in  the TNS in jec ted  mice, parasites  

were only ju s t detectable. The control parasitaem ia increased to  50% 

by day 6 where i t  remained leve l fo r  the re s t o f  the experiment, 2 /3  

mice died on day 8. A fte r the TNS in jec tio n s  were stopped the  

parasitaemia began to  r is e  so th a t by day 8 i t  reached the control 
parasitaem ia. The number o f TNS in je c tio n s  was reduced to  3 because a 

large d ifference in  parasitaemias is  already evident a f te r  4 days in  

treated  mice and remains fo r  another 2 to  3 days. Once the TNS 

in je c tio n  have been stopped the resu ltin g  increase in  parasitaem ia is  

s im ila r in  gradient to  a normal in fe c tio n , which suggests th a t the  

fac to r responsible fo r  holding down the parasitaem ia must e ith e r  be a 

component o f  TNS or a fa c to r induced by TNS.

Pretreatment w ith anti-TNF antibody did not s ig n if ic a n t ly  reduce 

the a n tip a ra s itic  e f fe c t  o f TNS (fig u re  6 .2 ) ,  suggesting th a t TNF 

i t s e l f  is  not the only a c tiv e  fa c to r .
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Figure 6 .2 : In h ib it io n  o f le th a l P .y o e l i i  (YM> in fe c tio n  i n  v ivo  
by TNS and the e f fe c t  o f a polyclonal goat antiserum made against 
ra b b it TNF. The antiserum was used a t 1:5 and pre-incubated w ith TNS. 
TNS was also incubated with the goat pre-bleed serum a t  the same 
d ilu t io n . A ll sera were in jected i /p  a t 0.5ml per mouse on days 0 ,2  
and 4.
10^ paras itised  red blood c e lls  i /v  on day 0.
Symbols: —B—, control in fection; -4  Normal ra b b it serum i/p ;
TNS pre-incubated with goat pre-bleed serum a t  5:1 (TNS:Goat) i /p ;  
—0—, TNS pre-incubated with goat polyclonal antiserum against rab b it 
TNF a t 5:1 <TNS:Goat) i /p ;  days o f serum sample in je c tio n , 
a, p<10"s compared with the control in fection ; b, p<0.04 compared 
w ith the control in fec tio n .



6 .5 .  I on-E xchange Chromatography of TNS.

TNS was separated on DE-52 anion exchange resin  in to  four 

fra c tio n s . (0.04M PBS, 0.08M PBS, 0 . 16M PBS and 1.5M N aC l). These 

fra c tio n s  were tested in  v ivo  against a LPY in fe c tio n  as described 

fo r  TNS in  the previous sections.

The control in fec tio n  followed the same course as before w ith  

animals dying from day 9. Whole TNS con tro lled  the in fe c tio n  as 

before except th a t a f te r  stopping TNS in jec tio n s  the parasitaemia  

rose slower than before, (fig u re  6 .3 )

A pooled fra c tio n  o f the separated TNS was tested to  make sure 

a c t iv ity  was reta ined . As fig u re  6 .3  shows the a c t iv ity  o f the pooled 

fra c tio n  was not s ig n ific a n tly  d iffe re n t  from TNS.

One fra c tio n  (0.04M PBS) did not have any a c t iv ity  compared with  

the control in fe c tio n . The other three fra c tio n s  were not as 

e ffe c tiv e  as whole TNS but did control the in fe c tio n , preventing  

parasitaemias increasing above 107..

Assuming th a t one component was not spread across a l l  three ac tive  

frac tio n s  th is  re s u lt suggests the a d d itiv e , or perhaps syn erg is tic , 
a c t iv ity  o f two or more components o f TNS.



6 .4 .  Molecular We ig h t  Sepa ra tio n  of the I on-E xchange f r a c t io n s .

The three a c tiv e  frac tio n s  were separated by sephacryl-200 

superfine beads, using PBS as the separation b u ffe r. The absorbance 

p ro file s  a t  280nm fo r  the separations are shown in fig u res  6 .4a , 6 .5a  

and 6 .6a . Fractions were then recombined as shown by the v e r t ic a l

lines  in  these fig u res  since the mouse assay was im practical fo r

large numbers o f samples.

Assay o f fra c tio n  a c t iv ity  was carried  out as before. From figu res  

6 .4b ,6 .5b and 6.6b i t  can be seen th a t there was only one fra c tio n  

w ith any a c t iv ity  (fig u re  6 .5b , fra c tio n  2 ) .  This was a fra c tio n  o f  

the 0 .1 6M ion-exchange fra c tio n . However th is  a c t iv ity  was not 

s ta t is t ic a l ly  s ig n ific a n t. These fra c tio n s  were recombined but lo s t 

any o f the a c t iv ity  th a t they had had in  f ig u re  6 .3 . One o f the major 

problems w ith these separations was th a t a large amount o f protein  

had to  be separated by the column to  s a t is fy  the assay requirements, 

and therefore  some proteins would most c e rta in ly  be present in

several fra c tio n s . This is  shown in  p la te  6 .1 . The 0 . 16M PBS

ion-exchange fra c tio n  a t  two d ilu tio n s  are on the r ig h t hand side and 

the S-200 separated fra c tio n  in  the le f t  hand lanes. Lane 4 

corresponds to  the s lig h tly  ac tive  fra c tio n  and should have only 

contained high molecular weight proteins, because th is  is  from the  

e a rly  part o f the column e fflu e n t. Several bands can be seen, some o f  

which are present in  the other fra c tio n s . This would reduce the  

a c t iv ity  o f any p a ra s itic id a l proteins present although the pooled 

fra c tio n  should then be a c tiv e , which i t  was not.

Even though these assays did not work as hoped, several important 

points did arise :
a) A c tiv ity  was lo s t a f te r  molecular weight separation although the  

pro te in  concentrations o f some o f the fra c tio n s  was su b stan tia l. 

(Table 6 .1 ) showing th a t foreign  pro te in  was not responsible fo r  the  

a c t iv ity  o f TNS.

b) The LPS concentration in  the fra c tio n s  was greater than th a t in  

the whole TNS. Presumably th is  LPS came from the separation columns 

and handling procedures, but these concentrations o f LPS c le a r ly  do 

not a f fe c t  the parasitaem ia. (tab le  6 .2 ) .

O verall the separation resu lts  suggest th a t the mouse assay is  not 

the best way to  te s t frac tiona ted  TNS.
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Figure 6.4a: Separation o f the 0.08M PBS ion exchange Fraction oF 
TNS, by S-200 molecular weight sieving ge l. 1 ml oF 5 times 
concentrated sample was applied to  the column and 5 ml Fractions were 
co llected . The v e r t ic a l lines  ind icate Fractions which were pooled 
together. Fl=Fractions 5 to  12; F2=Fractions 13 to  15; F3=Fractionsl6  
to  28.
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Figure 6.4b: Lethal P .y o e l i i  <YM) inFection in  v ivo  and the 
eFFect oF oF the Fraction From Figure 6 .4a .
lO* paras itised  red blood c e lls  i / v  on day 0 and 0.5ml oF 
Fractionated serum i /p  on days 0 ,2  and 4.
Symbols: H i —, Control inFection; —0—, pooled Fractions
(equivalent to  0.08M PBS ion exchange F ra c tio n ); , F I;  - A - , F2;
— , F3; #, days oF sample in je c tio n .
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F ig u re  6 .5 a :  S ep ara tio n  o-F th e  0.16M  PBS ion exchange f r a c t io n  o f  
TNS, by S -200  m olecu lar w e ig h t s ie v in g  g e l .  1 ml o f  5 tim es  
co n cen tra ted  sample was a p p lie d  to  th e  column and 5  ml f r a c t io n s  were  
c o lle c te d . The v e r t ic a l  l in e s  in d ic a te  f r a c t io n s  which were pooled  
to g e th e r . F l= f r  a c t ions 15 to  20 ; F 2 = fr  a c t ions 21 to  27; F 3 = fr  a c t  ions  
28 to  33; F 4 = fra c t io n s  34 to  37; F 5 = fra c tio n s  38 to  53 .
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F ig u re  6 .5 b : L e th a l P.yoelii (YM) in fe c t io n  in  vivo and th e
e f f e c t  o f  o f  th e  f r a c t io n  from  f ig u r e  6 .5 a .
1 0 p a ra s it is e d  red  blood c e l ls  i / v  on day 0 and 0 .5m l o f
f r a c t io n a te d  serum i / p  on days 0 ,2  and 4 .
Symbols: -Hi --, C ontro l in fe c t io n ;  pooled f r a c t io n s
(e q u iv a le n t to  0.16M PBS ion exchange f r a c t io n ) ;  —t —, F I ;  —A—, F2; 
— , F3; —i-—, F4; —X—, F5, days o f  sample in je c t io n .
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F ig u re  6 .6 a :  S ep ara tio n  o-F th e  1.5M NaCl io n  exchange -F raction  o-F 
TNS, by S -200 m olecu lar w e ig h t s ie v in g  g e l.  1 ml o f  5 tim es  
co n cen tra ted  sample was a p p lie d  to  th e  column and 5  ml f r a c t io n s  were 
c o lle c te d . The v e r t ic a l  l in e s  in d ic a te  f r a c t io n s  which were 
pooled to g e th e r . F l= f ra c t io n s  15 to  26; F 2 = fra c t io n s  27 to  32; 
F 3 = fra c t io n s  33 to  39; F 4 = fra c tio n s  40 to  56 .
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F ig u re  6 .6 b : L e th a l P.yoelii (YM) in fe c t io n  in  vivo and th e  
e f f e c t  o f  o f  the  f r a c t io n  from f ig u r e  6 .6 a .
10** p a ra s it is e d  red  blood c e l ls  i / v  on day 0  and 0 .5m l o f  
f r a c t io n a te d  serum i / p  on days 0 ,2  and 4 .
Symbols: ~ 0 —, C ontro l in fe c t io n ;  —0—, pooled  f r a c t io n s
(e q u iv a le n t to  1.5M NaCl ion exchange f r a c t io n ) ;  —• —, F I ;  - A - , F2; 

F3; — , F4; days o f  sample in je c t io n .



Sample P ro te in  
mg/ml

serum
TNS 8 2 .0
NRS 7 6 .0

DE-52
0.04M 0 .1
0.08M 6 .7
0.16M 4 7 .0
1.50M 6 .7
pool 56.6

S-200
(DE52-0.08M) NT

(DE52-0.16M)
F I 0 .2 3
F2 1 3 .4
F3 16 .0
F4 0 .0 6
F5 0 .0 2

pool 29.71

(DE52-1.50M)
F I 1 .02
F2 0 .2 0
F3 0 .9 4
F4 0 .0 0

pool 2 .16

T ab le  6 .1 :  P ro te in  c o n c e n tra tio n s  in  sep ara ted  -fra c tio n s  o f  TNS as 
determ ined using  th e  Bio-Rad p ro te in  assay K i t ,  w ith  bovine serum 
album in as th e  s tan d ard . NT; no t te s te d .

SAMPLE LPS (n g /m l)

TNS1 194

TNS2 180

TNS3 0

TNS4 323

F I to  F4 >340

T ab le  6 .2 :  C o n cen tra tio n  o f  L ip o p o lysacch arid e  (LPS) in  tumour
n ecro s is  sera  and f r a c t io n s  o f  tumour n e c ro s is  se ra  a f t e r
ion-exchange chromatography. (F I to  F4 r e fe r  to  th e  f ra c t io n s  in  
s e c tio n  6 . 3 ) .  (F I being 0.04M  PBS and F4 being 1.50M N a C l). LPS was 
measured using  a QCL-1000 assay k i t  (W h itta k e r B io te c h n o lo g y ).
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Plate 6.1: SDS-PAGE o-F 0.16M -fraction o-f ion-exchange separated TNS 
a-Fter S-200 molecular weight chromatography.
Lanes 6/7; 0.16M ion-exchanged -Fraction o-F TNS (1:10 dilution and 
neat respectively)
Lanes 1-5; S-200 separated 0.16M -Fraction o-F TNS.

1; Fraction 5 
2; Fraction 4 
3; Fraction 3 
4; Fraction 2 
5; Fraction 1

Lane 8; Molecular weight markers.



6.5. How IS TNS ACTING IN  VIVO ?

Because o f  th e  d i f f i c u l t i e s  encountered in  s e p a ra tin g  o u t th e  

a c t i v i t y  in  TNS, a n o th er approach was adopted . The e f f e c t  o f  TNS was 

c le a r ly  e v id e n t by day 4  and i t  was thought t h a t  TNS may be b o o stin g  

any n o n -s p e c if ic  a n t ip a r a s i t ic  e f fe c to r  mechanisms. One o f  which  

could  be an o x id a tiv e  b u rs t . One way to  t e s t  t h is  was to  fe e d  th e  

anim als  v e ry  h igh  doses o f  a n t io x id a n ts .

6 .5 .1 .  E f fe c t  o f  v ita m in  c on TNS A c t iv i t y  in  vivo .

V ita m in  C was fe d  to  th e  mice ad libitum  in  t h e i r  d r in k in g  w a te r  

a t  lOmg/ml, fo llo w in g  a load ing  dose o f  20mg in  PBS i / p ,  g iv e n  24  

hours b e fo re  LPY in fe c t io n .  TNS (0 .5m l i / p )  was in je c te d  on days 0 ,2  

and 4 . W ater consumption was measured each day and th e  v ita m in  C

in ta k e  per mouse was c a lc u la te d  ( f ig u r e  6 .8 b ) .

The c o n tro l LPY in fe c t io n  increased  as b e fo re  and m ice d ie d  from  

day 7 onwards w ith  5 /1 7  dead on day 7 and 1 3 /1 7  dead by day 13. These 

mice f e l l  in to  two groups. Those whose p a ra s ita e m ia s  reached n e a r ly  

1007. o r those which p la te a u e d  a t  ap p ro x im ate ly  507., th e s e  then  e i t h e r  

dropped o r remained le v e l f o r  s e v e ra l days. T h is  is  in  c o n tra s t  to  

th e  v ita m in  C t r e a te d  mice whose p a ra s ita e m ia s  ro se  c o n tin u o u s ly  

u n t i l  a l l  th e  mice d ied  by day 8 . On th e  day b e fo re  death  a l l  had

p a ra s ita e m ia s  >757., and 5 /8  were >907.. The mean in c re a s e  in

p a ra s ita e m ia  was s l ig h t ly  h ig h e r th an  th e  c o n tro l bu t no t

s ig n i f ic a n t ly  so (F ig u re  6 .7 a ) .  These m ice consumed an average o f

2 2 .4mg o f  v ita m in  C per day.

The TNS t re a te d  m ice fe d  v ita m in  C consumed 2 0 .3 3  mg

v ita m in  C/mouse/day up to  day 8  when consumption dropped to  1 4 .2 2  mg 

v ita m in  C/m ouse/day, presumably because th e  m ice were s ic k .  T h is  was 

a gen era l tre n d  which occurred  in  a l l  groups. However th e  mice fe d  

v ita m in  C never appeared to  be as s ic k  and im m obile as th e  u n tre a te d  

group o f  m ice.



The e f f e c t  o f  v ita m in  C on TNS was to  p a r t i a l l y  b lock i t s  

p a r a s i t ic id a l  a c t i v i t y  (p < 0 .007 ) a lth o u g h  th e re  was s t i l l  some 

a c t iv i t y  when compared w ith  th e  c o n tro ls  (p<0 .0002  to  day 7 ) .  Once 

TNS in je c t io n s  were stopped th e  n o n -v ita m in  C t r e a te d  g ro u p 's  

p a ra s ita e m ia  in creased  s im ila r  to  a  c o n tro l in fe c t io n ,  reachi ing  407. 

to  day 14, whereas th e  TN S -v itam in  C t r e a te d  mice reached 407. 

p a ra s ita e m ia  on day 11.
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F ig u re  6 .7 :  In h ib i t io n  o f  le th a l  P.yoelii <YM) in fe c t io n  in  vivo 
by tumour necro s is  serum and th e  e f f e c t  o f  th e  a n t io x id a n t ,  
V itam in  C.
10^ p a ra s it is e d  red  blood c e l ls  g iven  i / v  on day 0 . 0 .5m l TNS 
g iven  i / p  on days 0 ,2  and 4 . V itam in  C fe d  ad libitum  in  th e  
d rin k in g  w ater a t  lOmg/ml a f t e r  an i n i t i a l  20mg i / p  24 hours b e fo re  
in fe c t io n .
Symbols: —B—, c o n tro l in fe c t io n ;  —O—, TNS i /p ;  —fr—, c o n tro l
in fe c t io n  p lu s  v ita m in  C; ~~0—, TNS i /p  p lu s  v ita m in  C. # , days o f  TNS 
in je c t io n ;  a , p<0.0002 compared w ith  th e  c o n tro l in fe c t io n ;  
b, 0 .005< p < 0 .05  compared w ith  th e  c o n tro l in fe c t io n ;  c , p<0.007  
compared w ith  TNS.



6 .5 .2 . E f fe c t  o f V itam in  e on TNS A c tiv ity  i n  v iv o .

V ita m in  E o i l  was fe d  to  th e  mice ad libitum  in  t h e i r  food  a t  

2 .5m g /g . TNS (0 .5m l i / p )  was in je c te d  on days 0 ,2  and 4 a f t e r  

in fe c t io n  w ith  LPY. The food was weighed each day to  determ ine  th e  

consumption o f  v ita m in  E/m ouse/day ( f ig u re  6 .8 b ) .

The c o n tro l group o f  mice and th e  v ita m in  E group d id  n o t have 

s ig n i f ic a n t ly  d i f f e r e n t  p a ra s ita e m ia s  (F ig u re  6 .8 a ) .  However u n l ik e  

th e  v ita m in  C t r e a te d  m ice, th e  m o r ta l i ty  o f  th e  v ita m in  E t re a te d  

m ice was n o t s ig n i f ic a n t ly  d i f f e r e n t  from  th e  c o n tro l m ice, (3 /6  by 

day 13 compared w ith  13 /1 7  f o r  th e  c o n tro l g ro u p ).

The in ta k e  o f  v ita m in  E rem ained a t  ap p ro x im ate ly  20 mg/mouse/day 

u n t i l  day 6 when i t  f e l l  to  ap p ro x im ate ly  10 mg/mouse/day f o r  th e  

rem ainder o f  th e  assay . T h is  change in  e a t in g  corresponded to  th e ' 

p a ra s ita e m ia  reach in g  507.. From t h is  tim e  u n t i l  th e  m ice recovered  o r  

d ie d , th ey  looked r u f f le d ,  s ic k  and were p ass ive  f o r  most o f  th e  

t im e . The v ita m in  E fe d  mice were always f a r  more a c t iv e  and le s s  

s ic k  lo o k in g  than  th e  c o n tro ls . T h is  was, o f  course o n ly  a  

q u a l i t a t iv e  o b s e rv a tio n .

The e f f e c t  o f  v ita m in  E on TNS a c t i v i t y  was v e ry  s im i la r  to  th a t  o f  

v ita m in  C, s ig n i f ic a n t ly  reducing  TNS a c t i v i t y  (0 .0001< p < 0 .05 ) to  day

7 . The p a ra s ita e m ia  o f  th e  v ita m in  E-TNS group reached 40% 3 days 

b e fo re  th e  TNS group, a f t e r  TNS in je c t io n s  were stopped ( f ig u r e  

6 .9 a ) .  However th e  a c t i v i t y  in  th e  TN S -v itam in  E group was s t i l l  

s ig n i f ic a n t  compared w ith  th e  c o n tro l in fe c t io n  (p < 0 .0 0 0 2 ).
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F ig u re  6 .8 :  In h ib i t io n  o-F le th a l  P .yae lii (YM) in F e c tio n  in  vivo 
by tumour necro s is  serum and th e  e f f e c t  o f  th e  a n t io x id a n t ,  
V itam in  E.
10^ p a ra s it is e d  red  blood c e l ls  g iv e n  i / v  on day 0 . 0 .5m l TNS 
given  i / p  on days 0 ,2  and 4 . V ita m in  E fe d  ad lib itum  fa th e  feo<A 
a t £5  1*19/9
Symbols: —fi—, c o n tro l in fe c t io n ;  —□ —, TNS i /p ;
— , c o n tro l in fe c t io n  p lu s  v ita m in  E; —0—, TNS i / p  p lu s  v ita m in  E;

days o f  TNS in je c t io n ;  a , p<0.0002 compared w ith  th e  c o n tro l  
in fe c t io n ;  b, p=0.0079 compared w ith  th e  c o n tro l in fe c t io n ;  c , 
0 .0001<p <0 .05  compared w ith  TNS.



6 . 5 . 3 .  E ffe c t  o f V itam in C. Vitam in e and Superoxide Dismutase 

in  Combination on the A c t iv ity  o f TNS i n  v i v o .

Mice were -Fed a com bination o f  v ita m in  C and v ita m in  E as d escribed  

above. One group a ls o  reoie.ved in je c t io n s  o f  Superoxide Dismutase 

(SOD) i / p  (2500 U/mouse/day) from  day -1  to  day 5 .

TNS was in je c te d  (0 .5m l i / p )  on days 0 ,2  and 4 .

The mice fe d  v ita m in  C and v ita m in  E had a reduced v ita m in  C in ta k e  

compared w ith  th e  p rev io u s  experim ent (=<10mg/mouse/day compared w ith  

22m g/m ouse/day). However th e  consumption o f  v ita m in  E was comparable 

to  th e  p rev io u s  experim ent ( f ig u r e  6 .9 b ) .  T h is  was because th e  food  

was made up w ith  w ater and th e re fo re  th e  w ater consumption from  th e  

b o t t le  dropped. T h is  d id  not a f f e c t  th e  f i n a l  r e s u lts .

The com bination  o f  v ita m in  C and v ita m in  E reduced th e  a c t i v i t y  o f  

TNS to  th e  same e x te n t as th e  v ita m in s  a lo n e , excep t th a t  when TNS 

in je c t io n s  were stopped thB in crease  in  p a ra s ita e m ia  was fa s te r  than  

th e  v ita m in s  a lo n e  as shown by th e  p a ra s ita e m ia  reach in g  40*/. 4 to  5  

days b e fo re  th e  TNS group w ith o u t v ita m in s , compared to  3  days in  th e  

v ita m in  C o r v ita m in  E groups. T h is  was a ls o  t ru e  f o r  th e  group o f  

mice fe d  v ita m in s  C and E and SOD ( f ig u r e  6 .9 a ) .

SOD a lo n e  d id  not a l t e r  TNS a c t i v i t y  up to  day 4 , bu t a f t e r  TNS 

in je c t io n s  were stopped, th e  p a ra s ita e m ia  increased  much fa s te r  than  

in  th e  v ita m in  t re a te d  m ice. No deaths occurred  in  t h is  group.

I f  these  r e s u lts  a re  compared to  th e  p rev io u s  s e c tio n s  i t  can be 

seen th a t  a t  th e  doses used, th e  in d iv id u a l v ita m in s  were as 

e f f e c t iv e  as th e  com bination . SOD may p o s s ib ly  be more e f f e c t iv e  

a lo n e , a lthough  not when used in  c o n ju n c tio n  w ith  v ita m in s  C and E.
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F ig u re  6 .9 :  In h ib i t io n  o f  le th a l  P.yoelii (YM) in fe c t io n  in vivo 
by tumour n ecro s is  serum and th e  e f f e c t  o f  th e  a n t io x id a n ts ,  
S uperoxide Dismutase a lo n e; V ita m in  C and V ita m in  E; and V ita m in  C, 
V ita m in  E and Superoxide Dismutase.
10A p a ra s it is e d  re d  blood c e l ls  g iven  i / v  on day 0 . 0 .5m l TNS g iven  
i / p  on days 0 ,2  and 4 . V itam in  E fe d  ad libitum  in  th e  food a t  
2.5m g/g ; V ita m in  C fe d  ad libitum  in  th e  d r in k in g  w a te r a t  lOmg/ml 
a f t e r  an i n i t i a l  20mg dose i /p  24 hours beore in fe c t io n ;  and 
S uperoxide Dismutase— 2500 U /0 .5m l PBS/mouse/day from  days 0  to  5 
Symbols: F ig u re  6 .9 a ;  - 1 - , c o n tro l in fe c t io n ;  HD—, TNS i / p ;  “ , TNS 
i / p  p lu s  v ita m in  C and v ita m in  E; - A —, TNS i / p  p lu s  v ita m in  C ,E and 
SOD; H j e — , TNS i / p  p lu s  SOD; #, days o f  SOD in je c t io n  i / p  and TNS 
in je c t io n  (days 0 ,2  and 4 o n ly ) ;  a , p<0.0002 compared w ith  th e  
c o n tro l in fe c t io n ;  b, 0 .0002<p<0.015 compared w ith  th e  c o n tro l  
in fe c t io n ;  c , p<0.0002 compared w ith  TI\B; d, 0 .0002<p<0 .0 3 5  compared 
w ith  TNS. Symbols: F ig u re  6 .9 b ; TNS p lu s  v ita m in  C (HD—) and v ita m in  
E (—0—);  TNS p lu s  v ita m in  C (—B - ) , v ita m in  E ( - #-■) and SOD.



6 ,6 ,.. E ff ect... o f . Recombinant I FN-v anq IL- 1 . qn-LPY-IneeciiqU l.

S in ce  th e  v ita m in  re s u lts  suggested a  r o le  f o r  oxygen m e ta b o lite s  

in  vivo, two c y to k in e s  which can s t im u la te  an o x id a t iv e  b u rs t in  

vivo were te s te d . Although probab ly  not p re s e n t in  TNS, t h e i r  

p ro d u c tio n  would alm ost c e r ta in ly  be s tim u la te d  in  vivo e i t h e r  by 

th e  TNS o r  by th e  in fe c t io n . T h is  would have to  be th e  case f o r  IFN-'Y 

because r a b b it  IF N -Y  would no t be fu n c t io n a l in  a mouse.

F ig u re  6 .1 0  shows th a t  these c y to k in e s  were n o t a c t iv e  a g a in s t LPY 

in fe c t io n  a t  th e  doses used (10 000 U IF N -Y  i / p  on days 0  and 2 ,  

50 000 U IL -1  i / p  on days 0 and 2 ) .  T h is  seems to  r u le  o u t th ese  

c y to k in e s  a lo n e , though they m ight s t i l l  a c t  to g e th e r  w ith  o th e r  

fa c to r s .  No polym orphonuclear c e l l  i n f i l t r a t e  was seen.
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F ig u re  6 .1 0 :  E f fe c t  o f  recombinant cy to k in es  on th e  in  viva growth  
o f  P .yoelii in  Tuck N o .l m ice.
10 * P .yoelii p a ra s it is e d  red blood c e l ls  in je c te d  i / v  on day 0 . 
Recombinant c y to k in e s  in je c te d  i / p  on days 0 , 2 and 4 .
Symbols: i  , normal in fe c t io n ;  —0—, 10 ,000  U recom binant m urine
IFN—V i / p ;  , 5 0 ,0 0 0  U recom binant m urine IL -1  i / p .



6 .7 . Effect of Antioxidants  on Mouse Malaria  I nfections .

V ita m in  C and V ita m in  E were fe d  to  mice as d escribed  p re v io u s ly .  

Each mouse consumed between 15 and 25 mg o f  v ita m in  C o r  E per day. 

T ro lo x  was g iven  as in je c t io n s  i / p  a t  20 mg/mouse/day. 

N o rd ih y d ro g u a r ia re t ic  a c id  was g iven  a t  10 mg/mouse/day i / p .

Three p a ra s ite s  were used to  look a t  th e  e f f e c t  o f  v ita m in  C and  

v ita m in  E on a p rim ary  in fe c t io n . The e f f e c t  o f  th e s e  on a LPV 

in fe c t io n  have a lre a d y  been described  and a re  shown to g e th e r in  

f ig u r e  6 .1 1 a . V ita m in  E d id  not a l t e r  th e  course o f  th e  LPY 

in fe c t io n ,  nor were th e  p a ras itaem ias  s ig n i f ic a n t ly  d i f f e r e n t  from  

th e  c o n tro l.  V ita m in  C trea tm en t a lthough  not s ig n i f ic a n t ly  

in c re a s in g  th e  p a ra s ita e m ia , caused a l l  th e  mice to  d ie  by day 8  o f  

in fe c t io n .

N e ith e r  v ita m in  C nor v ita m in  E changed th e  course o f  a NLPY

in fe c t io n  ( f ig u r e  6 .1 2 ) .  P a ra s ite  c le a ra n c e  s t i l l  occurred  a t  day 20 .

V ita m in  C tre a tm e n t d id  increase th e  p a ra s ita e m ia  between days 12 and

16 to  about 557. compared w ith  less  than 507. f o r  th e  c o n tro l group.

However both v ita m in s  delayed th e  c lea ran c e  o f  P.chabaudi by 24 to

48 hours, ( f ig u r e  6 .1 3 a ) .  The p aras itaem ias  fo r  each group up to  th e

peaks were no t s ig n i f ic a n t ly  d i f f e r e n t  from  each o th e r .

V ita m in  E was a ls o  te s te d  on a P.chabaudi in fe c t io n  in  m ice

v a c c in a te d  w ith  107, fo rm a lin  f ix e d  P.chabaudi p a ra s ite s  14 days

e a r l i e r .  The c o n tro l paras'taemia reached a peak o f  107. on day 9 , and
A

then  th e  p a ra s ite s  c le a re d  by day 11 ( f ig u r e  6 .1 3 b ) .  V ita m in  E 

a l te r e d  t h is  by in c re a s in g  th e  peak p a ra s ita e m ia  to  307. and d e la y in g  

th e  c le a ra n c e  by 24 to  48 hours.

In  LPY v a c c in a te d  mice th e  c o n tro l in fe c t io n  reached a peak a t  day 

5 w ith  a p a ra s ita e m ia  o f  7%. The p a ra s ite s  were c le a re d  by day 7 . 

Four a n t io x id a n ts  were te s te d  in d iv id u a l ly  a g a in s t a  LPY in fe c t io n  in  

L P Y -vacc in a ted  m ice. The data  were pooled because th e  r e s u lts  were 

s im i la r  (F ig u re  6 .1 1 b ) .  The a n tio x id a n ts  in creased  th e  peak 

p a ra s ita e m ia  to  12% compared w ith  67. and delayed  p a r a s ite  c le a ra n c e  

by 24 hours. From day 6 to  day 8  th e  a n t io x id a n t  t re a te d  mice had a  

s ig n i f ic a n t ly  g re a te r  p aras itaem ia  compared w ith  th e  c o n tro l 

in fe c t io n .
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F ig u re  6 .1 1 : E-Ffect o f  a n t io x id a n ts  on th e  course o f  a
le th a l  P.yoelii in fe c t io n  in  m ice.
V itam in  C was fe d  ad libitum  in  th e  w a te r a t  lOmg/ml. V ita m in  E was 
fe d  ad libitum  in  th e  food a t  2 .5m g /g . T ro lo x ; 20 mg i / p  
per mouse/day. N o rd ih y d ro g u a r ia re t ic  a c id ;  10 mg i / p  per mouse/day.
A ll  were s ta r te d  24 hours b e fo re  in fe c t io n  w ith  10^ p a ra s it is e d  red  
blood c e l ls  i / v .
a :N o n -vacc in a ted  Tuck N o .l m ice; —B—, c o n tro l in fe c t io n ;  —<0—, v ita m in  
E fe d  m ice; v ita m in  C fe d  m ice.
b: V acc inated  (C57black x B a lb /c )F l;  —S—, c o n tro l in fe c t io n ; ,
— , pooled data  o f  a l l  fo u r  a n t io x id a n ts  te s te d  in d iv id u a l ly .
* ,  0 .03<p < 0 .0004 ; T , p <0 .0004 .
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F ig u re  6 .1 2 :  E-FFect o-F a n t io x id a n ts  on th e  course o f  a n o n -le th a l  
P .yaelii in fe c t io n  in  m ice. V ita m in  C was fe d  ad libitum  in  th e  
w ater a t  lOmg/ml. V ita m in  E was fe d  ad libitum  in  th e  food a t  
2.5m g/g . Both were s ta r te d  24 hours b e fo re  in fe c t io n  w ith  10* 
p a ra s it is e d  red  blood c e l l  i / v .
N on-vaccinated  Tuck N o .1 m ice; —S—, c o n tro l in fe c t io n ;  —0—, v ita m in  C 
fe d  m ice; , v ita m in  E fe d  m ice.
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F ig u re  6 .1 3 :  E f fe c t  o-f a n tio x id a n ts  on th e  course o f  a P.chabaudi 
in fe c t io n  in  m ice.
V itam in  C was fe d  ad libitum  in  th e  w ater a t  lOmg/ml. V ita m in  E was 
fe d  ad libitum  in  th e  food a t  2 .5m g/g . Both were s ta r te d  24 hours  
b e fo re  in fe c t io n  w ith  10* p a ra s it is e d  red  blood c e l l  i / v .  
a :N o n -vacc in a ted  (C57black x B alb /C )F1 mice; —B—, c o n tro l in fe c t io n ;  
—0—, v ita m in  E fe d  m ice; —&—, v ita m in  C fe d  m ice.
b: V acc in a ted  (C57black x B a lb /c )F l;  --B - , c o n tro l in fe c t io n ;  —0— 
v ita m in  E fe d  m ice.



6 .8 .  SUMMARY QF RESULTS,

1) TNS m ain ta in ed  LPY in fe c t io n  p a ra s ita e m ia s  below 0.001'/.

2 ) TNF was n o t th e  main a c t iv e  fa c to r  in  TNS.

3 ) 3 a c t iv e  f r a c t io n s  were s ep ara ted  by ion-exchange chromatography  

which m ain ta in ed  th e  LPY in fe c t io n  p a ra s ita e m ia s  below 10'/.

4 ) M o le c u la r w e ig h t chromatography lo s t  th e  a c t i v i t y  in  TNS.

5 ) V ita m in  C, v ita m in  E o r  SOD cou ld  a lm ost t o t a l l y  re v e rs e  th e  

a n t ip a r a s i t ic  e f f e c t  o f  TNS.

6 ) N e ith e r  IL -1  nor Y -IF N  a f fe c te d  th e  course o f  an LPY in fe c t io n .

7) A l l  a n t io x id a n ts  te s te d  had an e f f e c t  on an LPY in fe c t io n  in

v a c c in a te d  m ice.

V ita m in  C and n o t v ita m in  E a f fe c te d  a p rim ary  in fe c t io n  o f  LPY.

V ita m in  C and n o t v ita m in  E a f fe c te d  a p rim ary  in fe c t io n  o f  NLPY 

but not th e  tim e  o f  reco very .

V ita m in  E and n o t v ita m in  C a f fe c te d  a p rim ary  P.chabaudi 

in fe c t io n  by d e la y in g  reco very  by 2 4 -4 8  hours.

V ita m in  E a f fe c te d  a P.chabaudi in fe c t io n  in  v a c c in a te d  m ice.

A n tio x id a n ts  de layed  p a r a s ite  c le a ra n c e  in  LPY in fe c te d  

MtXcciiaW rtticC



7. Discussio n  I I .

7.1. Lip id s .

The in  vivo e f f e c t  o f  TNS on LPY has been known f o r  some tim e  

(Taverne e t  a l  1982 ). Up to  now t h is  a c t i v i t y  has been a t t r ib u t e d  to

two s o r ts  o f  fa c to rs  p resen t in  TNS; those a b le  to  k i l l  th e  p a ra s ite s

d i r e c t ly  and those a c t in g  in d i r e c t ly .  F o llo w in g  my r e s u lts  on th e  

p a r a s i t ic id a l  e f f e c t  o f  TNS l ip o p ro te in s  in  v itro , I  t r i e d  to  

re p e a t th e  e f f e c t  in  vivo us ing  u l t r a c e n t r i fu g e  sep ara ted  

l ip o p ro te in s . These were ad m in is te red  both i / v  and i / p .  The r e s u lts  

( f ig u r e  6 .1 )  were id e n t ic a l  and were th e re fo re  pooled . The 

l ip o p ro te in s  from  TNS had no s ig n i f ic a n t  e f f e c t  on th e  LPY 

p a ra s ita e m ia , a lthough  th e re  was a tendency fo r  th e  p a ra s ita e m ia  to  

be h ig h e r . However th e  n o n - l ip id  f r a c t io n  was v e ry  a c t iv e  in  

m a in ta in in g  a  low p a ra s ita e m ia , s im i la r  to  th e  whole TNS. T h is  is  in  

com plete c o n tra s t  to  th e  in  v itro  r e s u lts ,  and suggests th a t  th e  

n o n - l ip id  f r a c t io n  o f  TNS must be a c t in g  in d i r e c t ly  on th e  p a r a s ite .

I cannot r u le  o u t th e  p o s s ib i l i t y  th a t  during  an in fe c t io n

lip o p ro te in s  may p la y  a p a r a s i t ic id a l  r o le .

One p o s s ib le  reason f o r  th e  l ip o p ro te in s  having no e f f e c t  in  vivo 

is  th a t  when a mouse is  in je c te d  i / v  w ith  0 .5m l o f  them, th ey  would 

be d ilu te d  1 :5  by th e  b lood. T h is  d i lu t io n  would have o n ly  507. 

a c t i v i t y  in v itro . In  o rd er to  in c rease  a c t i v i t y  in vivo, th e  

l ip o p ro te in s  would have to  be co n cen tra ted , bu t t h is  proved  

im p ra c tic a l because th e  r e s u lt in g  s o lu t io n  was to o  v isco u s , and th e  

l ip id s  began to  come o u t o f  s o lu t io n . Experim ents were done w ith  

a r t i f i c i a l  l ip o p ro te in s  (s e c tio n  4 .7 .2  and 4 . 7 . 3 ) ,  b u t th e  i n i t i a l  

r e s u lts  in  v itro  were not as prom ising  as hoped, th e re fo re  th ey  

were not te s te d  fu r th e r .

7.2 . TNF.

Because recom binant TNF had a s l ig h t  but s ig n i f ic a n t  e f f e c t  on th e  

course o f  a LPY in fe c t io n  in vivo (Taverne e t  a l  1 9 8 7 ), th e  

a c t i v i t y  o f  TNS may p a r t ly  be due to  i t s  TNF c o n te n t, o r  some o th e r  

m olecules in  TNS may o n ly  be a c t iv e  in  th e  presence o f ,  o r



s y n e rg is t ic  w ith , TNF. T h is  was te s te d  by us ing  an a n ti-T N F  

an tise ru m . T h is  in h ib ite d  th e  TNF a c t i v i t y  o-f TNS in  a  b ioassay, bu t 

had l i t t l e  e f f e c t  on th e  in  vivo a c t i v i t y  o f  TNS on a LPY in fe c t io n  

(F ig u re  6 . 2 ) .

F u rth e r  experim ents  o f  t h is  typ e  should  be done w ith  more, o r  

d i f f e r e n t ,  a n t ib o d ie s , b e fo re  d ism iss in g  th e  r o le  o f  TNF 

a lto g e th e r .

N everth e les s  th ese  r e s u lts  do suggest th a t  o th e r  m olecules in  TNS 

a re  more im p o rtan t than  TNF, e s p e c ia l ly  when an o ccas io n a l TNS (1 :2 0 )  

has no in  vivo a c t i v i t y ,  even though i t s  TNF c o n te n t was h igh  

(>10» U /m l) .

N e ith e r  IL -1  nor Y -IF N  a lo n e  induced a p a r a s i t ic id a l  response. T h is  

cou ld  be because th e  dose o f  c y to k in e s  used was to o  low, o r  th a t  th ey  

cannot a c t  a lo n e ; c e r ta in ly  any IL -1  in  TNS would c o n tr ib u te  to  th e  

a c t i v i t y  o f  th e  serum by a c t in g  w ith  o th e r  fa c to r s .  Y -IF N  on th e  

o th e r  hand because o f  i t s  sp ec ies  s p e c i f ic i t y  would have to  be 

induced w ith in  th e  anim al b e fo re  i t  cou ld  e x e r t  i t s  e f f e c ts .

7 .5 .  Separation  of TNS.

TNS was i n i t i a l l y  sep arated  by ion-exchange chromatography in to  

fo u r  f r a c t io n s .  These were te s te d  fo r  in  vivo a c t i v i t y  a g a in s t LPY. 

The 0.04M  PBS f r a c t io n  had no a c t i v i t y  whereas th e  o th e r  3  f r a c t io n s  

had some a c t i v i t y ,  p re v e n tin g  th e  p a ra s ita e m ia  from  r is in g  above 10'/.. 

When th ese  f r a c t io n s  were pooled , th e  pool was as a c t iv e  as th e  

o r ig in a l  TNS ( f ig u r e  6 . 3 ) .  T h is  suggests th a t  th e  t o t a l  a c t i v i t y  o f  

TNS may be a d d it io n  o r synergism  between a t  le a s t  3  d i f f e r e n t  

f a c to r s .  Because o f  th e  method o f  s e p a ra tio n  i t  le s s  l i k e ly  fo r  a 

p ro te in  to  be sep ara ted  in to  more than  one f r a c t io n .  The l ip id s  

e lu te d  in to  th e  0.16M  PBS f r a c t io n  and were no t re s p o n s ib le  fo r  t h is  

f r a c t io n 's  a c t i v i t y .  TNF e lu te d  in  th e  1.6M NaCl f r a c t io n ,  which is  

in  agreement w ith  p re v io u s ly  pub lish ed  re s u lts  (Taverne e t  a l  1984 ), 

and i t  cou ld  be re s p o n s ib le  f o r  th e  a c t i v i t y  o f  t h is  f r a c t io n .

F u rth e r  s e p a ra tio n  by m o lecu la r w e igh t s ie v in g  lo s t  any a c t i v i t y  

th a t  was p re s e n t in  th e  ion-exchange f ra c t io n s  (pooled f r a c t io n s ,  

F ig u re s  6 .4 b , 6 .5 b , 6 .6 b ) .

Even though no d a ta  cou ld  be o b ta in e d  on th e  m o lecu la r w e igh t o f



th e  a c t iv e  -Factors, these re s u lts  d id  show th a t  -Foreign p ro te in s  were  

no t re s p o n s ib le  -For th e  a c t iv i t y  o f  r a b b it  TNS in  m ice on LPY, nor 

was i t  due to  b a c te r ia l  LPS p icked  up du rin g  th e  s e p a ra tio n  

procedures, because f r a c t io n  a c t i v i t y  d id  no t c o r r e la te  w ith  e i th e r  

p ro te in  c o n c e n tra tio n , o r w ith  LPS co n te n t.

7 .4 .  An t io x id a n t s .

7 . 4 . 1 .  Reversal o f  TNS Ac t iv it y .

Three in je c t io n s  o f  0 .5m l TNS over th e  f i r s t  -Four days o f  a LPY 

in fe c t io n  from  an inoculum o f  10* p a ra s ite s  was s u f f ic ie n t  to  cause  

a 3  log  re d u c tio n  in  p a ra s ita e m ia  by day 4 . T h is  would be e q u iv a le n t  

to  th e  in je c t io n  o f  1(7* p a ra s ite s  ra th e r  than  10s (based on 5  x 

10s' RBC/ml and 2  ml b lo o d ). Th is  tim in g  is  s u g g es tive  o f  a 

n o n -s p e c if ic  mechanism being resp o n s ib le  -For th e  a c t i v i t y  o f  TNS. 

because i t  is  to o  e a r ly  -For a e f f e c t iv e  T o r B c e l l  response to  have 

been mounted.

The h ypo thes is  th a t  TNS was t r ig g e r in g  a o x id a t iv e  b u rs t was te s te d  

by fe e d in g  th e  mice ve ry  h igh  doses o f  a n t io x id a n ts . The d a i ly  doses 

o f  both v ita m in  C and v ita m in  E would be e q u iv a le n t in  humans to  5 .6 g  

p er day. A lthough w e ll to le ra te d  t h is  dose cou ld  cause some

gas t r o - in t e s t in a l  d is tu rb an ces , but o th e rw ise  th e  v ita m in s  a re

n o n -to x ic  (Reynolds 1989 ). Both v ita m in  C and v ita m in  E a re  r e a d i ly  

absorbed from  th e  in te s t in e s . V ita m in  C passes d i r e c t ly  in to  th e  

plasma w h ils t  v ita m in  E is  taken  up in to  th e  lymph and a s s o c ia te s  

w ith  th e  chylom icrons. These d a i ly  doses were based on p u b lish ed  da ta  

(G odfrey 1957a ,b , Eaton e t  a l  1976 ).

The v ita m in s , s in g ly ,  were a b le  to  alm ost co m p le te ly  re v e rs e  th e  

p a r a s i t ic id a l  a c t i v i t y  o f  TNS. T h is  re v e rs a l cou ld  no t be improved 

upon by u s ing  both v ita m in s  in  th e  same an im a l. T h is  suggests t h a t  

th e  p a r a s i t ic id a l  a c t io n  o f  TNS is  p r im a r i ly  v ia  oxygen ra d ic a ls  and 

th a t  th e  b lo c k in g  c a p a c ity  o f  both a n t i  o x id a n ts  is  m axim al. Under 

p h y s io lo g ic a l c o n d itio n s  v ita m in  C syn erg ises  w ith  v ita m in  E to

n e u tr a l is e  oxygen ra d ic a ls  (N ik i 1987 ). T h e re fo re  t h e i r  e f f e c t

to g e th e r should  be much g re a te r  than e i th e r  one a lo n e , u n less  th e  

c o n c e n tra tio n s  a lo n e  a re  in  excess fo r  th e  amount o f  ROI produced.

The p a ra s ita e m ia s  in  in fe c te d  an im als g iven  a n t io x id a n ts  but no t



TNS show th a t  v ita m in s  C and E were no t in h e re n t ly  to x ic  to  th e  

p a ra s ite .

Superoxide Dismutase in je c t io n s  (2500U/m ouse/day) -From day -1  to  5  

o-F in fe c t io n ,  a ls o  alm ost t o t a l l y  reversed  th e  p a r a s i t ic id a l  a c t i v i t y  

o f  TNS. I t s  e f f e c t s  were p o s s ib ly  g re a te r  a lo n e  than  when used in  

co n ju n c tio n  w ith  v ita m in s  C and E a lthough  not s ig n i f ic a n t .

7 .4 .2 .  Ef f e c t  of a n t io x id a n t s  on m a l a r ia  p a r a s it e s  in  non- v a c c in a te d

AND VACCINATED MICE.

Three p a ra s ite s  were used: L e th a l P. y o e lii , N o n -le th a l P.yoelii 

and P.chabaudi. The P.yoelii p a ra s ite s  showed a a tendency to  

s u rv iv e  and grow b e t te r  in  v ita m in  C t r e a te d  m ice, as shown by

increased  p a ra s ita e m ia s . Thus th e  m ice w ith  LF*Y a l l  d ied  by day 8 ,

compared to  u n tre a te d  m ice, p o s s ib ly  due to  anaemia as >907. o f  th e  

e ry th ro c y te s  were in fe c te d  p r io r  to  death . A lthough an increased  

p a ra s ita e m ia  was seen in  NLPY in fe c t io n ,  th e  m ice d id  not d ie . Indeed  

th e  p a ra s ite s  c le a re d  a t  th e  same tim e  as those in  th e  u n tre a te d  

m ice.

V ita m in  E had no e f f e c t  on P .yoelii in fe c t io n s , bu t i t  delayed  

th e  c le a ra n c e  o f  a P.chabaudi in fe c t io n  by 24 to  48 hours, which 

v ita m in  C d id  n o t. When a n t io x id a n ts  were te s te d  on an LPY o r  

P.chabaudi in fe c t io n  in  va c c in a te d  m ice, th ey  had s im i la r  e f f e c ts .  

The peak p a ra s ita e m ia s  were in c rease d , and th e  c le a ra n c e  o f  th e  

p a ra s ite s  was delayed  by 24 to  48 hours.

These re s u lts  suggest th a t  ROI a re  im p o rtan t in  v a c c in a te d  mice -For

c o n tr o l l in g  th e  growth o f  th e  p a r a s ite ,  b u t a re  not th e  most

im p o rtan t mechanism fo r  th e  c le a ra n c e  o f  th e  p a ra s ite s . I t  is  a ls o  

im p lie d  th a t  more oxygen ra d ic a ls  a re  re le a s e d  in  va c c in a te d  mice 

a lthough  th e  a c tu a l sp ec ies  o f  r a d ic a ls  may be d i f f e r e n t  in  

va c c in a te d  mice compared w ith  n o n -vacc in a ted  m ice (see n ex t s e c t io n ) .



7.5.  Role of ROI in  M alaria In fec tions .

A prim ary  in fe c t io n  does n o t appear to  s t im u la te  th e  re le a s e  o f  ROI 

in  q u a n t it ie s  to  in h ib i t  p a ra s ite  grow th, because a n t io x id a n ts  have 

l i t t l e  e f f e c t .  However th ey  do seem to  make th e  an im als  look b e t te r .  

W hile  th e  an im als  in  th e  c o n tro l group a re  lo o k in g  hunched, u n tid y  

and le th a r g ic ,  th e  an im als  g iven  v ita m in s  look and a c t  as norm al, 

even though th ey  have p a ra s ita e m ia s  above 50*/.. T h is  suggests th a t  th e  

oxygen r a d ic a ls  a re  damaging th e  h ost in  th e  u n tre a te d  groups o f  

m ice. T h is  cou ld  be m ediated through p ro te in  o r l i p i d  damage. The 

d if fe re n c e  in  e f f e c t  o f  v ita m in  C and v ita m in  E on P .yoelii and 

P.chabaudi may r e f l e c t  th e  sp ec ies  o f  r a d ic a l induced by th e  two 

p a ra s ite s . For example P .yoelii induce ra d ic a ls  which a re  a c t iv e  in  

an aqueous phase and th e re fo re  n e u tra lis e d  by v ita m in  C, whereas 

P.chabaudi induce ra d ic a ls  a c t in g  in  a l i p id  phase which can be 

blocked w ith  v ita m in  E.

Thus, even though th e  peak o f  macrophage a c t i v i t y  as measured by 

L929 tumour c e l l  c y to x ic i ty  (Taverne e t  a l  1986) and ROI re le a s e  

(D o c k e re ll e t  a l  1 9 8 6 ), occurs ju s t  b e fo re  p a r a s ite  c le a ra n c e  in  

P.chabaudi in fe c t io n ,  ROI in  th e  above in fe c t io n s  a re  n o t e s s e n t ia l  

f o r  c le a r in g  th e  p a ra s ite s .

When mice a re  v a c c in a te d  th e re  is  a  la rg e  in c re a s e  in  macrophage 

a c t i v i t y  (Taverne e t  a l  1986) and ROI re le a s e  (D o c k re ll e t  a l  1986 ). 

T h is  is  r e f le c te d  by th e  e f f e c t  o f  a n t io x id a n ts  on LPY and 

P.chabaudi in fe c t io n s  in  v a c c in a te d  m ice. A lthough p a ra s ite  

c le a ra n c e  s t i l l  occurs , th e  re s u lts  do show t h a t  ROI a re  in vo lved  in  

c o n tr o l l in g  th e  in fe c t io n .  Moreover both v ita m in  E and v ita m in  C have 

an e f f e c t .  T h is  cou ld  be due to  th e  in creased  ROI p ro d u ctio n  o r  

p o s s ib ly  a change in  th e  sp ec ies  o f  r a d ic a ls  produced.

However even in  va c c in a te d  mice th e  o x id a t iv e  response is  no t as 

g re a t  as th a t  in  m ice in je c te d  w ith  TNS in  which v ita m in s  C and E 

s ig n i f ic a n t ly  in h ib i t  a n t ip a r a s i t ic  a c t i v i t y .

The e f f e c t  o f  superoxide  dism utase suggests th a t  superoxide is  an 

an im p o rtan t e f f e c to r  ra d ic a l in  th e  a c t io n  o f  TNS a g a in s t th e  

p a ra s ite .  P erox ide  is  produced from  th e  re a c t io n  o f  superoxide and 

superoxide dism utase, th e re fo re  th e  p e ro x id e  must be disposed o f  

q u ic k ly  e ls e  i t  would be p a r a s i t ic id a l ,  as has been shown (D o c k re ll 

and P la y f a i r  1984) un less  th e  q u a n t ity  o f  p ero x id e  made in  th e  above 

re a c tio n  is  not p a r a s i t i c id a l .



V itam in  C can n e u tra lis e  ra d ic a ls  re le a s e d  by e f f e c to r  c e l ls  in to  

an aqueous environm ent, u n less  th e  e f f e c t o r  c e l l  is  so c lo s e  to  th e  

ta r g e t  c e l l  so th a t  th e  ra d ic a ls  a re  re le a s e d  d i r e c t ly  onto  th e  

ta rg e t  c e l l ' s  membrane. These ra d ic a ls  would be in h ib ite d  by v ita m in  

E. However i f  a compartment is  formed between th e  e f f e c to r  and ta r g e t  

c e l ls  then th e re  would i n i t i a l l y  be a l im ite d  a n t io x id a n t  c a p a c ity  

b efo re  damage o ccurs . D ire c t  re le a s e  s im ila r  to  t h is  has been 

described  (W ozencraft e t  a l  19 8 5 ).

V itam in  C can p ro te c t  membrane p ro te in s  from  becoming o x id is e d .  

Damage to  th ese  p ro te in s  would a f f e c t  th e  exchange o f  n u tr ie n ts  

between th e  plasma and th e  red  c e l l ,  which would lead  to  p a ra s ite  

death by s ta r v a t io n . Ion  channels in  th e  membrane can be s im i la r ly  

a f fe c te d . P a ra s ite  death cou ld  occur b e fo re  red  c e l l  d e s tru c tio n  and 

th is  may be one e x p la n a tio n  o f  " c r is is  fo rm s". L ip id  p e ro x id a tio n  may 

r e s u lt  in  red  c e l l  d e s tru c tio n  b e fo re  p a ra s ite  dea th , u n less  th e  

p a ra s ite  is  f i r s t  k i l l e d  by ta k in g  up th e  l i p i d  pero x id es  in to  i t s  

own membrane. The two mechanisms above probab ly  occur to g e th e r and 

th e  e x te n t o f  each would be determ ined by th e  r a t io  o f  l i p i d  

a n tio x id a n ts  to  aqueous phase a n t io x id a n ts . Whatever th e  e x a c t  

mechanism o f  oxygen ra d ic a l k i l l i n g  o f  LPY p a ra s ite s  a f t e r  TNS 

in je c t io n ,  th e  re s u lts  do show th a t  i t  is  th e  most im p o rtan t 

mechanism o f  a c t io n  o f  TNS. The rem ain ing  a c t i v i t y  a f t e r  a n t io x id a n t  

trea tm en t cou ld  s t i l l  be due to  ROI damage in  s itu a t io n s  where 

a n tio x id a n ts  cannot reach . For example c lo s e  c e l l  to  c e l l  c o n ta c t o r  

phagocytosis as describ ed  above. A l t e r n a t iv e ly  i t  may r e f l e c t  some 

q u ite  d i f f e r e n t  a c t i v i t y  (see b e lo w ).

7.6. MOPE OF ACTION OF TNS.
As described  above, TNS is  p r im a r i ly  a c t in g  in vivo by inducing  a 

ROI response, which k i l l  th e  p a ra s ite s . In  each experim ent w ith  

a n tio x id a n ts  th e re  was s t i l l  re s id u a l p a r a s i t ic id a l  a c t i v i t y .  T h is  

could be due to  components o f  TNS a c tin g  d i r e c t ly  on th e  p a ra s ite .  On 

th e  o th e r hand th e  a c t i v i t y  may be due to  FOI which cannot be blocked  

w ith  a n tio x id a n ts  as described  above. TNS may induce th e  re le a s e  o f  

o th e r types o f  r a d ic a ls ,  such as RN I. These may n o t be blocked by th e  

a n tio x id a n ts . RNI can a tta c k  s u lp h y d ry l groups and th e re fo re  damage 

p ro te in s . G lu ta th io n e  can n e u tr a l is e  t h e i r  a c t i v i t y  ( Ig n a rro  e t  a l  

1981).



TNS is  more ra p id  bu t not more com plete a t  in h ib i t in g  p a ra s ite  

growth than  v a c c in a tio n  o f  th e  m ice. The noted in c rease  in  blood  

leukocytes  fo llo w in g  TNS in je c t io n s ,  may be a c o n tr ib u t in g  fa c to r  to  

th e  increased  ROI re le a s e . A l t e r n a t iv e ly  TNS may supply  a l l  th e  

necessary a c t iv a t in g  and growth prom oting fa c to rs  f o r  ROI re le a s e ,  

which would bypass th e  tim e  re q u ire d  to  s y n th e s is e  and re le a s e  them. 

TNS may a ls o  supply th e  i n i t i a l  t r ig g e r  fo r  macrophage a c t iv a t io n ,  i f  

not then th e  p a ra s ite  c e r ta in ly  can (Wood and C la rk  1984, Bate e t  a l  

1988, 1989 ).

7 .7. I MPLICATIONS FOR FURTHER..RESEARCH.

Given th a t  th e  p rim ary  a c t io n  o f  TNS in vivo was to  s t im u la te  an 

o x id a t iv e  b u rs t , i t  may be p o s s ib le  to  dev ise  an in  v itro  assay to  

measure th e  re le a s e  o f  ROI -From macrophages o r o th e r  c e l 1 types  a f t e r  

s t im u la t io n  by TNS o r  separated  f r a c t io n s  o f  TNS. T h is  would have 

s e v e ra l advantages over th e  in  vivo mouse assay.

a ) S m alle r volumes could  be te s te d  and th e re fo re  o n ly  sm all volumes 

o f  TNS would need to  be sep ara ted  (1 o r 2 m l) compared w ith  6 to  

10ml. T h is  means s h o rte r  run tim es  and sharper p ro te in  peaks.

b) Many more f ra c t io n s  could  be c o lle c te d  and te s te d .

c) S h o rte r assay tim e .

d) Com binations o f  f r a c t io n s  cou ld  be te s te d .

e ) The assay would be more s e n s it iv e  than th e  p a ra s ite  k i l l i n g  in  

vivo. The form er makes a d i r e c t  measurement o f  ROI re le a s e  whereas 

th e  l a t t e r  assay r e l ie s  on s u f f ic ie n t  ra d ic a ls  to  k i l l  th e  p a ra s ite .

An assay o f  t h is  typ e  m ight make i t  p o s s ib le  to  id e n t i f y  which  

m olecules a re  re s p o n s ib le  f o r  th e  a c t i v i t y  o f  TNS and which c e l l  

types a re  s tim u la te d . The assay cou ld  a ls o  be adapted to  te s t  f o r  

chem otactic  fa c to r s .

U lt im a te ly  an a r t i f i c i a l  TNS cou ld  be developed w ith  th e  e f fe c to r  

m olecules a t  optimum c o n c e n tra tio n s . The f in a l  t e s t  would be to  see  

i f  i t  has a c t i v i t y  in  vivo a g a in s t m a la r ia  p a ra s ite s .

RNI cou ld  a ls o  be in v e s tig a te d  in  th e  above system . U n lik e  ROI, RNI 

a re  not as easy to  in h ib i t  in vivo. A t p resen t t h e i r  s y n th e s is  can 

be c o m p e tit iv e ly  in h ib ite d  by us ing  a rg in in e  analogues, bu t may 

them selves be p a r a s i t i c id a l .



7.8.  Summary.

1) TNS l i p i d  p ero x id es  a re  not a n t ip a r a s i t ic  in  vivo, a lthough  

l i p i d  p ero x id es  cannot be ru le d  o u t as an e f f e c t o r  mechanism.

2) The in  vivo p a r a s i t ic id a l  a c t i v i t y  o f  TNS is  no t due s o le ly  to  

TNF. N e ith e r  IL -1  nor Y -IF N  a lo n e  can induce a p a r a s i t ic id a l  

response.

3) Separated  TNS losses a c t i v i t y  in  vivo, suggesting  th e  a d d it iv e  

o r  s y n e rg is t ic  n a tu re  o f  th e  e f f e c to r  m olecu les.

4 ) The a c t i v i t y  o f  TNS can be alm ost t o t a l l y  reversed  by 

a n t io x id a n ts , showing th a t  th e  p rim ary  e f f e c t  o f  TNS in  vivo is  to  

induce th e  re le a s e  o f  ROI.

5 ) A n tio x id a n ts  a llo w  g re a te r  p a ra s ite  growth in  v a c c in a te d  m ice, 

and d e la y

by 24 to  48 hours, but do not p re v e n t, c le a ra n c e  o f  th e  p a ra s ite s .
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I  have dem onstrated th a t  th e  in  vivo and in  v itro  p a r a s i t ic id a l  

a c t i v i t i e s  o f  r a b b it  TNS a re  due to  c o m p le te ly  d i f f e r e n t  components. 

In v itro , o x id is e d  lip o p ro te in s  a re  a lo n e  re s p o n s ib le  fo r  th e  

serum 's p a r a s i t ic id a l  a c t i v i t y ,  bu t in  vivo th ey  have no d e te c ta b le  

e f f e c t  on th e  course o f  a LPY in fe c t io n .  The n o n - l ip id  f r a c t io n  is  

th e  a c t iv e  p a r t  o f  TNS in  vivo. I t  was n o t p o s s ib le  to  s e p a ra te  

th is  a c t iv i t y  in to  s in g le  a c t iv e  m olecules because i t  cou ld  not be 

d etec ted  a f t e r  s e p a ra tio n  regim ens I  used. However i t  does seem 

l i k e ly  th a t  th e re  is  more than  one m olecu le  re s p o n s ib le  f o r  th e  f in a l  

a c t i v i t y  o f  TNS, and th a t  th ese  a c t  to g e th e r a d d it iv e ly  o r  

s y n e r g is t ic a l ly .  T h is  cou ld  be a reason why using  in d iv id u a l

c y to k in e s  had l i t t l e  (e .g . TNF) o r no (e .g .  IL -1 ,V - IF N )  e f f e c t .  The 

la rg e  number o f  p o s s ib le  com binations o f  cy tok ines /TN S  f r a c t io n s  to  

be te s te d  prevented  t h is  being s tu d ie d  in  th e  tim e  a v a i la b le .  The in  

v itro  assay described  in  s e c tio n  7 .7  to  t e s t  fo r  ROI/RNI p ro d u ctio n  

from  phagocytes a f t e r  s t im u la t io n  w ith  TNS f r a c t io n s  would be b e t te r  

s u ite d  to  th e  above exp erim en t, because many com binations and

d ilu t io n s  could be te s te d  s im u ltan eo u s ly  w ith  th e  minimum requ irem ent 

fo r  m a te r ia l .

Two o b serva tio n s  may account f o r  th e  success o f  TNS in  vivo: th e  

leukocytopaen ia  which occurs by day 4 a f t e r  beg inn ing  TNS tre a tm e n t  

and in fe c t io n . A lso  th e  alm ost t o t a l  re v e rs a l o f  TNS a c t i v i t y  in  

vivo w ith  a n t io x id a n ts . The ap paren t o x id a t iv e  b u rs t generated  by 

TNS appears to  be g re a te r  than  th a t  in  e i t h e r  a normal p rim ary  

in fe c t io n  o r th a t  produced in  v a c c in a te d - in fe c te d  an im als as 

dem onstrated by th e  e f f e c ts  o f  a n tio x id a n ts  on th e  p a ra s ita e m ia s . The 

d if fe re n c e  may be due to  th e  f a c t  th a t  th e  o x id a t iv e  b u rs t occurs  

e a r l i e r  and more suddenly in  mice g iven  TNS than  in  th e  n a tu ra l 

in fe c t io n ,  as shown by th e  p a ra s ita e m ia s  on day 4 when TNS in je c te d

mice a re  compared w ith  va c c in a te d  m ice. The g e n e ra tio n  o f  an

o x id a t iv e  b u rs t as an e f f e c t iv e  a n t im a la r ia l  mechanism has been known 

fo r  s e v e ra l yea rs  (C la rk  & Hunt 1983, C la rk  e t  a l  1983) but th e  

ra d ic a ls  may a ls o  be d e tr im e n ta l to  th e  h ost an im a l. T h is  would 

depend on s e v e ra l fa c to r s ,  in c lu d in g  th e  n u t r i t io n a l  s ta tu s  o f  th e  

host and whether th e  e f fe c to r  c e l ls  have been prim ed in  some way so 

th a t  th ey  re le a s e  more r a d ic a ls  upon s t im u la t io n .

I have a lre a d y  d escrib ed  some o f  th e  ways in  which ROI/RNI may be 

produced in  a m a la r ia  in fe c t io n .  One o b s e rv a tio n  may suggest th a t



they do indeed have an u n d e s ira b le  e f f e c t  on th e  h o s t. The mice fe d  

a n tio x id a n ts  always appeared h e a lth ie r  than  th e  c o n tro l mice even 

though th e  p a ra s ita e m ia s  were th e  same o r h ig h e r . The a n t i  o x id a n ts  

could be p ro te c tin g  host t is s u e s  from  o x id a n t damage. L ip id  

p e ro x id a tio n  could be a m ajor e f f e c t  o f  o x id a n t a t ta c k .  T h is  does 

have im p lic a tio n s  f o r  people w ith  m a la r ia .

8.1 .  Di e t .

8 . 1 . 1 .  Saturated Fat Di e t .

A d ie t  e x c lu s iv e  in  s a tu ra te d  f a t s  would e v e n tu a lly  be harm ful to  

the  h o st. As w e ll as th e  occurrence o f  t is s u e  damage ( ta b le  2 .1 ) ,  

th is  d ie t  would a ls o  lead  to  a lowered in flam m atory  response. The 

e s s e n tia l f a t t y  a c id  a ra c h id o n ic  a c id  is  used by c e l ls  to  make 

p ro stag lan d in s  and le u k o tr ie n e s . One e f f e c t  o f  a d e f ic ie n c y  in  these  

two c lasses  o f  m olecules is  a re d u c tio n  in  v a s c u la r p e rm e a b ility . 

Th is  would reduce th e  number o f  leu ko cytes  which cou ld  be re c ru ite d  

in to  th e  blood stream  from  th e  surrounding  t is s u e s  (Ganong 19 8 3 ). 

T h ere fo re  th e re  would be a s m a lle r  o x id a t iv e  b u rs t in  th e  b lood, 

which combined w ith  few er c ir c u la t in g  u n sa tu ra ted  f a t s  would r e s u l t  

in  few er l i p id  p e ro x id es . However th e re  would be alw ays be a sm all 

amount o f  u n sa tu ra ted  f a t  because o f  host enzyme mechanisms 

(s e c tio n  2 . 2 .3 ) .  T h is  s itu a t io n  may be advantageous to  th e  p a ra s ite .  

Indeed in  th e  s h o rt term  a m ix tu re  h igh  in  s a tu ra te d  f a t s  d id  not 

in h ib i t  p a ra s ite  grow th. Long term  e f fe c ts  could  e a s i ly  be s tu d ie d  by 

using P.-Falciparum in v itro  and l i p i d  d e p le te d  serum p lu s  

a r t i f i c i a l  s a tu ra te d  l ip o p ro te in s  in  th e  c u ltu re  medium.



8 . 1 . 2 .  UNSATURATED ..FA T _Ol E L

A d ie t  high in  u n sa tu ra ted  -Fats would p reven t th e  host t is s u e  

damage described  in  ta b le  2 .1 .  P ro s ta g la n d in  and le u k o tr ie n e  

production  would not be compromised as in  a s a tu ra te d  f a t  d ie t ,  

indeed i t  may be enhanced i f  th e re  is  a la rg e  re s e rv o ir  o f  

a ra c h id o n ic  a c id . A lso  serum lip o p ro te in s  would be a b le  to  induce an 

increase  in  p ro s ta g la n d in  and le u k o tr ie n e  p ro d u ctio n  (K e lle y  e t  a l

1988 ). T h ere fo re  i t  would be e a s ie r  f o r  leukocytes  to  pass in to  th e  

blood stream  from th e  t is s u e s , and th e  n e t t  o x id a t iv e  b u rs t would be 

g re a te r , when compared w ith  th a t  generated  in  an im als on a s a tu ra te d  

f a t  d ie t .  The number o f  l i p i d  perox ides  generated  would a ls o  be 

g re a te r .

The e f f e c t  o f  a h igh  u n sa tu ra ted  f a t  d ie t  on ro d en t m a la r ia  is  

q u ite  dram atic  (G odfrey 1957a ). Compared w ith  th e  c o n tro l in fe c t io n  

th e re  is  alm ost no p a ra s ite  grow th. Th is  is  p robab ly  not due to  

normal l ip id s  as my re s u lts  show (s e c tio n s  4 .7 .3  and 4 . 7 . 4 ) .  The 

unsatu ra ted  fa t s  a re  not p a r a s i t ic id a l  u n t i l  th ey  a re  o x id is e d . In  

fa c t  p a ra s ite  growth is  normal in  an im als on a h igh u n sa tu ra ted  f a t  

d ie t  i f  they  a re  a ls o  g iven  h igh doses o f  v ita m in  E o r v ita m in  C.

8 . 1 . 5 .  An t io x id a n t  Sta tu s .

A n tio x id a n ts  have been shown to  have p a ra s ite  p ro te c t iv e  e f fe c ts ;  

f i r s t l y  la rg e  doses o f  a n tio x id a n ts  reversed  th e  p a r a s i t ic id a l  

e f fe c ts  o f  a h igh u n sa tu ra ted  f a t  d ie t  and second ly , an im als which  

are  made v ita m in  E d e f ic ie n t ,  no longer support p a ra s ite  grow th. T h is  

is  reversed  by in je c t in g  a n t io x id a n ts . These e f fe c t s  a re  summarised 

in  ta b le  8 .1 .

Under exp erim en ta l c o n d itio n s  th e  above r e s u lts  suggest a p o s s ib le  

a p p lic a t io n  o f  d ie t  to  m a la r ia  th e ra p y . However th e  d e s ire d  

m anipu la tion  o f  d ie ts  may not be v e ry  p r a c t ic a l  in  m a la r ia  endemic 

areas , a lthough th e  p o p u la tio n  o f  those c o u n tr ie s  do have in  t h e i r  

favo u r a more p redom inantly  v e g e ta b le  d ie t  than  th e  w estern  w o rld , 

and th is  would favo u r th e  u n sa tu ra ted  ra th e r  than  th e  s a tu ra te d  f a t s .  

On th e  o th e r hand d ie ts  r ic h  in  a n t io x id a n ts  may be harm ful because 

they could a llo w  fa s te r  p a ra s ite  growth though th ey  m ight a ls o



Unsaturated
Fats

Vitamin E 
Deficiency

Vitamin
E

Vitamin
C

TNS Alloxan Hydrogen 8 
Peroxide

P. chabaudi Delays
Recovery
24-48h

No effect No effect

P.chabaudi
vaccinated

Peak 
Parasitae’ 
311 v’s 61

P. vinckei 

\p.berghei

LETHAL
P.yoelii

\P. yoelii 
Ivaccinated

Godfrey 1957a Godfrey 1957a 
Coatney and 
Greenberg 
1961

Reverses 
unsat’ fat 
inhibition 
Godfrey 1957a

No effect 

Peak
parasitae’ 
401 v’s 61

Reverses 
unsat’ fat 
inhibition 
Godfrey 1957a

All die by 
day 8

Peak 
parasitae’ 
351 v’s 61

Slight
Reduction

Keep
parsitae'
below
0.011

nP
Clark and 
Hunt 1983 
Cox 1983

Waki et al 
1985

y
Dockrell
and
Playfair
1983

NON-LETHAL 
p. yoelii

No effect Parasitae’ 
reached 60 
v’s 451

4
Taverne et 
al 1981

Babesia 4*
Godfrey 1957b

4*
Godfrey 1957b

Reverses 
unsat fat 
inhibition 
Godfrey 1957b

Avian
malarias Yarrington et 

al 1973

Tab le  8 .1 :  Summary o-F th e  e f f e c t  o f  a n tio x id a n ts  o r oxygen ra d ic a l  
g e n era tin g  system on m a la r ia  p a ra s ite s  in vivo.
Published data  is  shown w ith  a re le v a n t  re fe re n c e . My d ata  is  a ls o  
in c lu d ed .



p ro te c t  th e  host from o x id a t iv e  damage. From my d a ta  th e re  is  a 

tendency f o r  a n tio x id a n ts  to  in c rease  p a ra s ite  lo ad .

However from  ta b le  8 .1  s e v e ra l anom alies can be seen reg ard in g  th e  

e f fe c ts  o f  a n tio x id a n ts  on p a ra s ite  in fe c t io n s . P.chabaudi 

p a ra s ite s  l i v e  in  mature red  c e l ls  and th e re fo re  should  be th e  most 

s e n s it iv e  to  oxygen ra d ic a ls .  But TING does not have any e f f e c t  on 

them and th e re  is  o n ly  a s l ig h t  e f f e c t  o f  v ita m in  E on th e  c le a ra n c e  

o f  th e  p a ra s ite s  and none on t h e i r  grow th. T h is  suggests th a t  these  

p a ra s ite s  a re  a lre a d y  o p t im a lly  p ro te c te d  a g a in s t ra d ic a l a t ta c k , and 

th a t  th e  c lea ran c e  o f  th e  p a ra s ite s  must th e re fo re  be due to  some 

o th e r mechanism (an tibody f o r  exam ple).

P.berghei is  in  a s im i la r  p o s it io n  as regards  TNS, suggesting  

th a t  i t  to o  is  p ro te c te d  a g a in s t o x id a n t a t ta c k . Indeed a n tio x id a n ts  

a re  re q u ire d  fo r  p a ra s ite  growth because i t  cannot grow in  v ita m in  E 

d e f ic ie n t  an im als . I t  would be in te r e s t in g  to  know th e  e f f e c ts  o f  

high doses o f  a n tio x id a n ts  in  normal in fe c te d  an im a ls .

I  d id  look a t  th e  e f f e c t s  o f  v ita m in s  C and E on a p rim ary  

in fe c t io n ,  and in  v a c c in a te d - in fe c te d  an im a ls . O nly v ita m in  C

a ffe c te d  th e  p rim ary  in fe c t io n  by hasten in g  th e  death  o f  th e  mice 

w ith  LPY and causing a ra is e d  p a ra s ita e m ia  fo r  NLPY. T h is  cou ld  

suggest th a t  th e  p a ra s ite s  a re  amply p ro te c te d  a g a in s t l i p i d  

a tta c k in g  ra d ic a ls  but th ey  lack  a n t io x id a n t  mechanisms fo r

p ro te c tin g  a g a in s t aqueous phase ra d ic a ls .  These ra d ic a ls  would 

a tta c k  th e  membrane tra n s p o rt  p ro te in s . T h e re fo re  P .yoelii appears  

to  be not as w e ll p ro te c te d  as P.berghei o r P.chabaudi, and th is  

may e x p la in  i t s  s e n s i t iv i t y  to  TNS. In  va c c in a te d  an im als  e i t h e r  th e  

q u a li ty  o f  ra d ic a ls  is  increased  o r th e re  is  a change in  th e  p a tte rn  

o f  r a d ic a ls  re le a s e d , which is  why a l l  th e  a n t io x id a n ts  have an 

e f f e c t  in  vacc in a te d  m ice. I t  would be in te r e s t in g  to  look a t  a l l  th e  

roden t m a la r ia  species fo r  th e  p a tte rn  o f  ROI and RNI response b e fo re  

and a f t e r  v a c c in a tio n  and a f t e r  TNS in je c t io n .



8 .1.4.  Starvatio n .

People d uring  long term  s ta rv a t io n  show no symptoms o-f m a la r ia  

n e ith e r  a re  any p a ra s ite s  d e te c ta b le  in  th e  blood (M urray e t  a l  1975, 

M urray e t  a l  1 9 76 ). One m ight have expected  th e  a p p o s ite  because 

s ta r v a t io n  leads to  a decreased immune response, (Hayward 1977 ). 

However, s ta rv a t io n  o f  th e  host may a ls o  lead  to  s ta rv a t io n  o f  th e  

p a ra s ite  due to  a lack  o f  n u tr ie n ts  and a ls o  a n t io x id a n ts . The form er 

would slow p a ra s ite  growth and th e  l a t t e r  would make th e  p a ra s ite  

more s u s c e p tib le  to  any o x id a t iv e  response. Th is  is  supported by th e  

f a c t  th a t  once th e  "s ta rv in g "  persons begin proper fe e d in g , th e  

m a la r ia  p a ra s ite s  reap p ear, as do th e  d isease symptoms (Murray e t  a l  

1975, M urray e t  a l  1976 ).

8 .2 .  A Un if ie d  Scheme for Non-S p e c if ic  Pa r a s it ic id a l  Me c h a n ism s .

Using pu b lish ed  da ta  and w ith  th e  e f fe c ts  I  have dem onstrated by 

using  TNS and a n t io x id a n ts , I  would l ik e  to  propose th e  fo llo w in g  

scheme:

P a ra s ite s  a re  phagocytosed and processed (Tosta  and Wedderburn 

1980, Celada e t  a l  1983) and in  doing so a c t iv a te  th e

re tic u lo e n d o th e liu m  system (Cox e t  a l  1964, Kharazmi e t  a l  1987 ). 

T h is  w i l l  r e s u l t  in  th e  re le a s e  o f  ROI (Descamp-Latscha e t  a l  1987) 

and c y to k in e s  (Wood and C la rk  1984, B ate e t  a l  1988, 19 8 9 ). Many o f  

th e  fa c to r s  described  in  ta b le  1 .5  may a ls o  be re le a s e d .

P a ra s ite s  can a ls o  a c t iv a te  complement (Fogel e t  a l  1966 ). The 

chem otactic  m olecules formed and those released from  a c t iv a te d  c e l ls  

would a t t r a c t  leu ko ytes  in to  th e  blood v e s s e ls . Such m olecules would 

in c lu d e  p ro s ta g la n d in s  and le u k o tr ie n e s  as d e scrib ed , p lu s  IL -1  and 

TNF (Sayers e t  a l  1988 ). TNS may c o n ta in  s e v e ra l o f  th ese  which a c t  

to g e th e r to  enhance th e  response.

C ytok ines  in  TNS o r re le a s e d  from  c e l ls  a f t e r  s t im u la t io n  by 

p a ra s ite s  o r TNS could  a c t iv a te  th e  leu ko cy tes . 7 -1 FN has been shown 

to  make monocytes p a r a s i t ic id a l  (Ockenhouse e t  a l  1984a), but t h is  was 

in  v itro  and Y -IF N  a lo n e  does not induce a p a r a s i t ic id a l  response  

in vivo. N e u tro p h ils  a re  p a r a s i t ic id a l  a f t e r  s t im u la t io n  w ith



Zymosan o r  complement (Nnalue and Friedm an 1988, Salmon e t  a l  1986 ). 

The p a r a s i t ic id a l  a c t i v i t y  is  v e ry  l i k e ly  to  be oxygen ra d ic a l  

m ediated . F a c to rs  in  TNS may a c t iv a te  n e u tro p h ils , e s p e c ia l ly  i f  IL -8  

is  p re s e n t in  TNS. From in h ib i t o r  s tu d ie s  two ra d ic a ls  in vo lved  in  

n e u tro p h il m ediated p a r a s i t ic id a l  a c t i v i t y  a re  p ero x id e  and 

h yp o ch lo rid e  (D a lle g r i  e t  a l  1983, D a l le g r i  e t  a l  19 8 5 ).

From my a n t io x id a n t  d ata  I  would suggest th a t  in  a p rim ary  

in fe c t io n  th a t  th e  above response is  not o f  m ajor im portance. But i f  

th e  an im als  a re  v a c c in a te d  o r  in je c te d  w ith  TNS then  th e  response is  

in c rease d , and in  th e  case o f  TNS, speeded up. I t  is  u n fo rtu n a te  th a t  

in  la b o ra to ry  an im als  we cannot e a s i ly  study c h ro n ic  in fe c t io n s  o f  

th e  human ty p e . I t  is  perhaps not s u rp r is in g  th a t  BCG tre a te d  an im als  

cannot support p a ra s ite  growth because th e  m a la r ia  p a ra s ite s  a c t  l i k e  

LPS (a lth o u g h  perhaps le s s  p o te n t ly )  and as a r e s u l t  would be 

endogenously generated  TNS. The e f f e c t  o f  a n tio x id a n ts  would be w orth  

in v e s t ig a t in g  h e re .

The n e a re s t s i tu a t io n  to  th e  above in  humans would be tu b e rc u lo s is .  

C e r ta in ly  serum from  tu b e rc u lo s is  p a t ie n ts  is  p a r a s i t ic id a l  (Geary e t  

a l 1986 ). These p a t ie n ts  had a a c t iv e  ongoing in fe c t io n  w ith  a c id  

f a s t  b a c te r ia  in  t h e i r  sputum. The presence o f  these  may p ro v id e  both  

th e  p rim in g  and t r ig g e r in g  necessary to  produce th e  p a r a s i t ic id a l  

response. U n lik e  M.bovis BCG which c le a r ly  does n o t. I t  is  no t 

e th ic a l  to  g iv e  peop le  tu b e rc u lo s is  f o r  a m a la r ia  in fe c t io n ,  b u t a 

BCG v a c c in a tio n  m ight be p ro te c t iv e  p ro v id in g  th ey  have not a lre a d y  

be v a c c in a te d  w ith  i t .

E o s in o p h ils  may a ls o  be s tim u la te d  in  th e  above s c e n a rio . T h e ir  

to x ic  c a t io n ic  p ro te in s  have p a r a s i t ic id a l  a c t i v i t y  (W aters e t  a l

19 8 7 ). These p ro te in s  could  puncture h o les  in  th e  red  c e l l  membrane 

in  a s im i la r  way to  complement (Young e t  a l  1 9 8 6 ). E o s in o p h ils  would 

a ls o  enhance th e  o x id a t iv e  response by re le a s in g  hypochlorous a c id  

made by th e  e o s in o p h il p erox idase  enzyme which uses hydrogen p ero x id e  

as a s u b s tra te  (Weiss e t  a l  1986 ).

However th e  ra d ic a ls  a re  no t t o t a l l y  b e n e f ic ia l  and some o f  th e  bad 

e f fe c ts  have a lre a d y  been d iscussed. TNF has a ls o  been im p lic a te d  in  

causing patho logy in  m a la r ia . I t  may do th is  by causing an in c rease  

in  thrombospondin which in  tu rn  could  in c rease  th e  s e q u e s tra tio n  o f  

p a ra s ite s  (Roberts e t  a l  1985, Rock e t  a l  19E©). TNF can a ls o  

in c rease  th e  ROI re le a s e  and o th e r macrophage products (C la rk  e t  a l

1989 ). TI\F can encourage d y s e ry th ro p o ie s is  and e ry th ro p h ag o cy to s is  

(C la rk  and Chaudri 1 9 8 8 ). TNF has been found in  th e  serum o f  people



w ith  m a la r ia  (see C la rk  e t  a l 1989 -For re v ie w ) . But TNF does not 

appear to  have any g re a t p a r a s i t ic id a l  a c t i v i t y  in  vivo as shown by 

th e  sep ara ted  TNS and recom binant TNF experim ents  (Taverne e t  a l

1 986 ). T h e re fo re  i t  may be p o s s ib le  to  use a n t i-T I\F  a n tib o d ie s  as 

therapy  f o r  severe  m a la r ia . Many o f  th e  a c t i v i t i e s  o f  TNF can be 

mimicked by o th e r c y to k in e s  ( IL - 1 ,  Y -IF N , f o r  exam ple ). T h e re fo re  a 

p ro te c t iv e  response could  s t i l l  occur but w ith o u t any o f  th e  

p a th o lo g ic a l consequences o f  TNF, described  above. A l l  th e  above 

mechanisms and some o f  those discussed e a r l i e r  a re  shown in  a summary 

diagram ( f ig u r e  6 .1 )  which t r i e s  to  encompass th e  proven and 

p o s tu la te d  p a r a s i t ic id a l  a c tio n s  o f  TNS.

8 .5 .  I m p l ic a t io n s .

I  would l i k e  to  suggest some p o s s ib le  approaches f o r  tre a tm e n t o f  

m a la r ia  based on ideas generated  from  my work.

The bas is  o f  th e  approach is  to  g en era te  oxygen and n itro g e n  

r a d ic a ls ,  th e  e f fe c t iv e n e s s  o f  which w i l l  depend on th e  l i p id  s ta tu s  

and a n t io x id a n t  s ta tu s  o f  th e  person.

8 . 5 . 1 . L i p i d  S tatus.

In c re a s in g  th e  p ro p o rtio n  and c o n c e n tra tio n  o f  u n sa tu ra ted  f a t s  

c e r ta in ly  decreases p a ra s ite  grow th. T h is  cou ld  be m ediated v ia  l i p i d  

p e ro x id a tio n  and th e re fo re  g e n e ra tin g  an o x id a t iv e  b u rs t in  th e  

presence o f  u n sa tu ra ted  f a t s  would in c rease  th e  number o f  l i p i d  

perox ides  and th e re fo re  t h e i r  p a r a s i t ic id a l  e f f e c t .

E x p e rim e n ta lly , an im als  a re  fe d  fo r  s e v e ra l weeks on h igh  

u n satu ra ted  f a t  d ie ts  to  change th e  r a t io  o f  u n sa tu ra ted  to  s a tu ra te d  

f a t s  in  c e l l  membranes. However, long term  d ie ts  would not be 

p r a c t ic a l  and th e  nex t best s i t u a t io n  would be to  te m p o ra r ily  

in crease  th e  serum l i p i d  u n sa tu ra ted  f a t  c o n te n t. T h is  could  be 

acheived  by g iv in g  th e  person a meal h igh in  u n s a tu ra te d  f a t s  2 -3  

hours p r io r  to  fu r th e r  tre a tm e n t, by which tim e  th e  u n sa tu ra ted  f a t s  

would be in  th e  blood stream  as chylom icrons.





F ig u re  8 .1 :  Schem atic diagram o-f th e  p a r a s i t ic id a l  a c tio n s  o f  TNS. 
( c e l ls  a re  not to  s c a le ) .

Abbrev i a t  i ons:

TNS
LPL
TNF
APP
IL
IFN
RNI
ROI
ECP
EOS
NEUT

Tumour n e c ro s is  serum 
L ip o p ro te in  l ip s a e  enzyme 
Tumour n ec ro s is  fa c to r  
Acute phase p ro te in  
In te r le u k in  
In te r fe ro n
R eac tive  n itro g e n  in te rm e d ia te s  
R ea c tiv e  oxygen in te rm e d ia te s  
E o s in o p h il c a t io n ic  p ro te in  
E o s in o p h i1 
N e u tro p h i1

P a ra s ite  s u rv iv a l w i l l  depend on a number o f  fa c to r s  in c lu d in g  
a n t io x id a n t  c a p a c ity  o f  th e  in fe c te d  c e l ls ,  age o f  red  c e l l  and th e  
p a ra s ite  l i p i d  requ irem ents .



8 . 3 .2 .  Antioxidant  Status .

In  general h igh a n tio x id a n t s ta tu s  ( i . e .  a h igh  reduced s ta tu s ) is  

advantageous to  th e  p a ra s ite .  T h e re fo re  should  th e  method o f  

tre a tm e n t be v ia  oxygen ra d ic a ls ,  t h e i r  e f f e c t  would be to  s h i f t  th e  

o x id a n t/re d u c ta n t r a t io  towards th e  l e f t  and in  fa v o u r o f  th e  h o s t.

E x p e rim e n ta lly  t h is  can be ach ieved  by decreas ing  th e  hosts

a n t io x id a n t  pool by p u tt in g  th e  an im als  on v ita m in  E f r e e  d ie ts .  

However because t h is  takes  s e v e ra l weeks, i t  would not be v e ry  

p r a c t ic a l  fo r  humans. Another approach is  to  a l t e r  th e  host 

o x id a n t /a n t io x id a n t  s ta te  in  vivo. T h is  has been done by co n v e rtin g  

reduced g lu ta th io n e  (GSH) to  o x id is e d  g lu ta th io n e  (GSSG) o r by

b lo ck in g  th e  red u c tio n  o f  GSSG. The form er re a c t io n  can be m ediated

by th e  drug Ebselen which a c ts  l i k e  g lu ta th io n e  pero x id ase  (M u lle r  e t  

a l 1984, Wendle e t  a l  1984 ). C e r ta in ly  t h is  drug is  p a r a s i t ic id a l  in  

v itro  a g a in s t P. -Falciparum, but i t  has no e f f e c t  on P. berghei in  

vivo (Huther e t  a l 1989 ). The l a t t e r  e f f e c t  was accounted fo r  

because th e  drug has a s h o rt in  vivo h a l f - l i f e .  However Ebselen has 

th e  advantage o f  low t o x ic i t y  tow ards th e  anim al (M ecurio r and Combs

1986) u n lik e  th e  drug Carm ustine (BiCNU). T h is  may not be s u ita b le  

fo r  long term  use in  vivo because o f  i t s  many to x ic  s id e  e f f e c ts  

(BNF 1989, Reynolds 1989 ). One o f  i t s  a c tio n s  is  to  b lock g lu ta th io n e  

reductase and th e re fo re  p reven t th e  re d u c tio n  o f  GSSG (K arp lus  e t  a l

1988 ). C e r ta in ly  in v itro  t h is  drug is  a n t ip a r a s i t ic  (Zhang e t  a l

1987), I t  would be in te re s t in g  to  t e s t  i t  in

vivo on a m a la ria  in fe c t io n .

I f  th e  more o x id a n t s ta te  is  ach ieved  in  th e  h o s t, then  th e  

t o x ic i t y  o f  oxygen ra d ic a ls  would be increased .

8 . 5 . 5 .  Generation of Oxygen Ra d ic a l s .

Some c u rre n tly -u s e d  a n t im a la r ia l  drugs can g en era te  oxygen 

r a d ic a ls .  For example A rtem esin (Quing hao su) (Krungkrai and 

Yuthavong 1987) and p o s s ib ly  Pyrim etham ine (Kharazmi 1986) can do 

t h is .

TNS induces an o x id a t iv e  b u rs t in  vivo, and i f  th e  a c t iv e  

f a c to r (s )  could be is o la te d  they  may form  th e  b as is  o f  a tre a tm e n t. 

However, the  a n tio x id a n t s ta tu s  o f  th e  host and p a ra s ite  may be an



im portan t fa c to r  in  d eterm in in g  how s u s c e p tib le  th e  p a ra s ite  is  to  

oxygen ra d ic a ls ,  so changing th e  host a n t io x id a n t  s ta tu s  may be 

necessary. T h is  cou ld  be te s te d  us ing  P.chabaudi and P.berghei in  

mice tre a te d  w ith  Carm ustine, and then  in je c t in g  TNS. As an

a lte r n a t iv e  to  a d m in is te r in g  th e  a c t iv e  fa c to rs  in  TNS, i t  may be

p o ss ib le  to  induce t h e i r  re le a s e  in  vivo, however i t  must be

remembered th a t  when TNS is  made in  th e  o rd in a ry  way th e  anim al d ies !

F u rth e r research  could  be c a r r ie d  o u t to  look a t  th e

s u s c e p t ib i l i t ie s  o f  o th e r  d iseases to  TNS. A p a ra s ite  more s e n s it iv e  

to  th e  to x ic  e f f e c t s  o f  TNS than  P.yoelii may be found, thus  

enab ling  to  t e s t  f o r  sep ara ted  TNS in  vivo.

The u lt im a te  aim o f  s e p a ra tin g  TNS would be to  t r y  and f in d  a

fa c to r  o r fa c to rs  which could  perhaps form  th e  b as is  o f  a tre a tm e n t  

fo r  m a la r ia  Dr some o th e r d isease by inducing  an o x id a t iv e  b u rs t,

which would be to x ic  to  th e  p a ra s ite  w ith o u t causing i r r e v e r s ib le  

damage to  th e  h o s t. T h is  response would o n ly  be a c t iv e  w h ils t  th e  

fa c to r  is  p resen t and th e re fo re  would be more l i k e  a drug than  a

vacc in e .

Th is  idea o f  m an ip u la tin g  th e  body to  re le a s e  fa c to r s  as a means o f  

destro y in g  p a r a s i t ic  c e l ls  is  not new. The use o f  Y -IF N  fo r  p rim ing

and a s tre p to c o c c a l p re p a ra tio n  f o r  t r ig g e r in g ,  has been used w ith  

some success in  cancer p a t ie n ts  (Soma e t  a l  1987, Tagaki e t  a l 1987, 

Dobashi e t  a l 1987 ). T h is  tre a tm e n t g enerates  a novel TNF (TNF-S) 

which destroys th e  cancer c e l ls  u n lik e  th e  TNF most people  r e fe r  to  

(Mizuno e t  a l  1987 ). As in  th e  above case not a l l  cancer p a t ie n ts  had 

s u ita b le  cancers . The suggestion  o f  a s im ila r  tre a tm e n t bu t using  TNS 

fa c to rs  in  m a la r ia  may o n ly  be s u ita b le  fo r  c e r ta in  c a te g o r ie s  o f  

in fe c te d  p eop le , such as those people who a re  not going to  rem ain in  

an endemic a re a , because a f t e r  tre a tm e n t they  would be s u s c e p tib le  to  

re in fe c t io n ,  and, perhaps most o f  a l l ,  p a t ie n ts  s e v e re ly  i l l  w ith  

d ru g -re s is ta n t  s t r a in s  o f  th e  p a r a s ite .

The use o f  oxygen ra d ic a ls  as a p a r a s i t ic id a l  mechanism has th e  

advantage over both chemotherapy and th e  a c t iv a t io n  o f  T o r B c e l ls  

(e .g  by vacc in es ) th a t  th ey  may be le s s  s u s c e p tib le  to  p a ra s ite  

escape v ia  g e n e tic  v a r ia t io n .  I t  is  s t i l l  p o s s ib le , o f  course, th a t  

m utation  w ith in  th e  p a ra s ite  may a ls o  enab le  i t  to  evade o x id a t iv e  

damage, and o x id a t iv e  mechanisms may not be so easy to  evade. 

C e r ta in ly  in c re a s in g  red  c e l l  a n t io x id a n t  c a p a c ity  may be advantage  

to  the  p a ra s ite ,  b u t th is  can be made in e f f e c t iv e  as I  have a lre a d y  

discussed.



Although th e  tre a tm e n t o-f m ice w ith  whole TNS is  cru d e , th e y  do not 

appear to  s u f fe r  any s h o rt o r long term  i l l  e f f e c ts  from  th e  

tre a tm e n t and as my da ta  shows i t  is  a v e ry  e f f e c t iv e  means o f  

p reven tin g  p a ra s ite  grow th. T h e re fo re  fu r th e r  research  on TNS w ith  

th e  above ideas in  mind may f in d  a w orkable  tre a tm e n t whether fo r  

m a la r ia  o r some o th e r d isease .
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10. Ap p e n d ix .



1 0 . 1 .  Co m puter  Pr o g r a m s .

The -Following -Four programs were used to  c a lc u la te  e x a c t p -v a lu s e  

-For S tu d e n t’ s t - - te s t .

Programs 1 and 2 must be run -F irs t to  g en erate  th e  s e m i- fa c to r ia ls  

in  th e  equations (s e c tio n  3 .4 . 2 . 1 ) .  The d ata  generated  by these  

eq u atio n s  is  then  used by programs 3 and 4 to  c a lc u la te  th e  

p ro b a b i1i t y .

E quation  3 c a lc u la te s  ’ p ’ from a g iven  t  v a lu e  and degrees o f  

freedom , w h ile  program 4 c a lc u la te s  ’ p ’ from th e  means, s tandard  

d e v ia tio n s  and sample s iz e s .

The programs were w r it te n  on a S in c la ir  Spectrum +3. However th e  

B asic should RUN on any computer. A part from  syntax th e  on ly  

change necessary, i f  an» would be to  th e  f i l e  han d lin g  ro u tin e s  

( i . e .  SAVE and LOAD).



10 REM " c a lc u la te  semi -F a c to ria l f o r  even DFs" 
20 REM " i . e .  1 * 3 * 5 . . . / 2 * 4 * 6 . . .  e tc "
30 REM "K irk  A lla n  R ockett 1989"
40 DIM s (100)
50 LET b = l: LET c=l 
60 FOR a= 2 TO 56 STEP 2 
70 LET b = b * (a -1 )
80 LET c=c*a  
90 LET s (a )= b /c  

100 NEXT a
110 FOR a= 58 TO 100 STEP 2: LET s (a )= b /c :  NEXT a 
120 SAVE "td a ta "  DATA s ()

10 REM " c a lc u la te  semi f a c t o r ia ls  fo r  odd
20 REM " i . e .  2 * 4 * 6 . . . / 3 * 5 * 7 . . . e tc "
30 REM "K irk  A lla n  R ockett 1989 11

40 DIM t(1 0 0 )
50 LET b = l: LET c=l
60 FOR a= 2 TO 54 STEP 2
70 LET b=b*a
80 LET c = c *(a + 1 )
90 LET t (a )= b /c

100 NEXT a
110 FOR a= 56 TO 100 STEP 2: LET t ( a )= b /c :
120 SAVE " td a ta l"  DATA t ( )

10 REM " c a lc u la te  P va lu e  from g iven  t  va lu e  and 
20 REM "K irk  A lla n  R ockett 1989"
30 DIM s (lO O ): DIM t(1 0 0 )
40 LOAD "td a ta "  DATA s(>
50 LOAD "td a ta 1" DATA t ( )
60 LET sum =0 
70 CLS
80 INPUT " t  va lu e  " ; t :  PRINT " t  v a lu e  " ; t  
90 INPUT " d f " ; d f : PRINT "Degrees o f  Freedom ";i 

100 LET theta=FN a ( t , d f )
110 REM " c a lc u la te  P va lu e  fo r  odd d f"
120 IF  (INT ( d f /2 ) ) * 2 = d f  THEN GO TO 210
130 FOR a= 2 TO (d f -3 )  STEP 2
140 LET sum= s u m + (t (a )* ( (COS th e ta )  "'a))
150 NEXT a
160 LET sum =sum +1
170 LET sum=sum*(SIN th e ta )  * (COS t h e t a ) * ( 2 /P I> 
180 LET ang = ( th e ta  * 2 ) /P I :  LET sum=sum+ang 
190 GO TO 270
200 REM " c a lc u la te  P va lu e  fo r  even DFs"
210 FOR a = 2 TO (d f -2 )  STEP 2
220 LET sum =sum+ (s (a ) *  ( (COS th e ta ) '''‘a ) )
230 NEXT a
240 LET sum =sum+l
250 LET sum=sum*( (SIN t h e t a ) )
260 GO TO 270
270 PRINT " p ro b a b ility  (1-sum)
280 REM "Equation fo r  th e ta "
290 DEF FN a (a ,b )=  (ATN (a/SQR b ) )



10 REM "C a lc u la te  P va lues from means and SDs"
20 REM "K irk  A lla n  R ockett 1909"
30 CLS
40 DIM s (1 0 0 ):  DIM t(1 0 0 )
50 REM "lo ad  semi f a c t o r ia l  data fo r  equations"
60 LOAD " td a ta "  DATA s(>
70 LOAD " t d a t a l" DATA t ( )
80 GO SUB 340  
90 LET sum =0 

100 LET d f= n l+ n 2 -2  
110 PRINT " d f : " ; d f  
120 LET theta=FN  a ( t , d f )
130 REM "odd DF"
140 IF  (INT (d f /2 ) ) * 2 = d f  THEN GO TO 230
150 FOR a= 2 TO (d f -3 )  STEP 2
160 LET sum= sum-Ht (a) * ( (COS th e ta )^ a ) )
170 NEXT a
180 LET sum =sum +1
190 LET sum=sum*(SIN th e ta )  * (COS t h e t a ) * ( 2 /P I )
200 LET ang = ( th e ta  * 2 ) /P I :  LET sum=sum+ang 
210 GO TO 290  
220 REM "even DF"
230 FOR a = 2 TO (d f -2 )  STEP 2
240 LET sum =sum+ (s(a># ( (COS th e ta )^ a ) )
250 NEXT a
260 LET sum =sum+l
270 LET sum=sum*( (SIN th e ta ) )
280 GO TO 290  
290 PRINT (1-sum)
300 REM " eq u atio n  to  c a lc u la te  th e ta "
310 DEF FN a (a ,b )=  (ATN (a/SQR b ) )
320 GO TO 80
330 REM " in p u t means e tc "
340 INPUT "m e a n l,s d l,n l ";m eanl;" " ;s d l; "  " ;n l  
350 INPUT "m ean2,sd2,n2 ";mean2;" " ;s d 2 ;"  ";n 2  
360 REM " c a lc u la te  p o p u la tio n  sd"
370 LET shat=SQR ( ( ( ( n l - 1 ) * ( s d l * s d l ) ) + ( ( n 2 - l ) * (sd 2*s d 2 ) ) ) / (n l+n2-2 )  

380 REM " c a lc u la te  t  va lu e"
390 LET t=(ABS (m eanl-m ean2)) /  (shat*SQR ( < l / n l ) + ( l / n 2 ) >>
400 PRINT " t : " ; t  
410 RETURN
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The multiplication of Plasmodium falciparum  in culture, as measured by [3H]hypoxanthine incorporation, 
was inhibited in a dose-dependent m anner by rabbit tum or necrosis serum . The regimen by which tumor 
necrosis serum  is produced caused significant increases in the levels of triglycerides and lipid peroxides, with 
the latter being indicated by the level of malondialdehyde in the serum. W hen tum or necrosis serum was 
depleted of lipoproteins by aerosil (fumed silica), no parasiticidal activity rem ained, and when it was separated 
by ultracentrifugation, more than 70% of the parasiticidal activity was found in the lipoprotein fraction. This
suggests that lipid peroxides may account for most of the 
a nonlipid toxic factor may also be present.

Tum or necrosis serum (TNS) is generated when animals 
are treated with Mycobacterium bovis BCG or Propionibac- 
terium acnes (formerly Corynebacterium parvum) followed 
14 days later with bacterial lipopolysaccharide (LPS) and 
then are bled 2 h later (4). This serum , which contains tum or 
necrosis factor and increased levels of num erous o ther 
m olecules, has been show n to kill blood-stage malaria para
sites in vitro (11) and in vivo (22); this effect in vitro is not 
due to tum or necrosis factor, as dem onstrated by using the 
recom binant molecule (13, 23). H ow ever, the conditions 
under which this serum is made could implicate reactive 
oxygen intermediates (ROI). It has been shown in vitro that 
mitogenic stimulation o f peritoneal m acrophages 14 days 
after in vivo treatm ent with BCG gives an optimal hydrogen 
peroxide release (19) and that hydrogen peroxide is cyto
toxic to blood-stage malaria parasites in vitro (6). H ow ever, 
hydrogen peroxide and o ther ROI have very short half-lives 
and are unlikely to be responsible for the in vitro effect of 
TN S; m oreover, their effects would be blocked by antioxi
dants, which is not the case for the parasiticidal activity o f 
TNS (10). H ow ever, lipid peroxides, which can be formed 
by reacting with ROI, are unaffected by antioxidants (18). 
L ipid peroxidation has the effect of stabilizing the reactive 
oxygen groups and thus creates a cytotoxic molecule with a 
much longer half-life. Also, many by-products o f low molec
ular weight are form ed; one is malondialdehyde (MDA) (17). 
This molecule can be used as an indicator o f lipid peroxida
tion (2). Indeed, it has been shown that low-molecular- 
weight products are form ed when Plasmodium vinckei- 
infected erythrocytes are exposed to oxidative stress (3) and 
that these products are toxic to the parasite when tested in 
vitro (5).

In  this study, we have investigated the lipoprotein fraction 
o f rabbit TNS to see w hether lipid peroxidation occurs and 
w hether these lipid peroxides are cytotoxic to Plasmodium  
falciparum  in vitro.

MATERIALS AND METHODS
Culture of P. falciparum. The Ugandan strain o f P. fa lc i

parum  (Palo Alto) (7) was maintained in human O*  e ry thro
cytes at a hem atocrit of 5%  in a standard culture system  (25)

* Corresponding author.

parasiticidal activity m tum or necrosis serum but that

in RPM I 1640 medium containing 10% heat-inactivated hu
man A + serum , supplemented with 25 mM H EPES (/V-2- 
hydroxyethylpiperazine-A/'-2-ethanesulfonic acid), 0.2% 
N aH C O j, and 40 U of streptom ycin per ml (complete 
medium) in an atm osphere o f 5% C 0 2, 5% 0 2, and 90% N 2. 
Cultures were synchronized by treatm ent with 5% sorbitol 
(16).

Rabbit sera. N orm al rabbit serum  was obtained from 
rabbits that had fasted overnight. TNS was produced as 
previously repotted  (22). Briefly, 5 x  107 live M. bovis BCG 
organisms were injected intravenously. Two weeks later, 
after an overnight fast, the animals were given 80 pg of 
bacterial endotoxin (Escherichia coli; Glaxo Pharm aceuti
cals, L td ., G reenford, United Kingdom) and 1.5 to 2 h later 
were bled out. The blood was allowed to clot overnight, and 
the serum  was stored at -20°C  before use.

Measurement of lipid peroxidation in serum. The following 
substances were added to 1 ml o f fresh serum in a glass 
container: 5 pi o f 0.3% butylated hydroxytoluene (to prevent 
peroxidation catalyzed by iron), 2 ml of solution containing 
15% trichloroacetic acid, 0.375% thiobarbituric acid, and 
0.25 N HC1. The container was then placed in boiling w ater 
for 15 min. The sample was cooled and centrifuged at 1,000 
x  g  for 15 min, after which the optical density o f the 
supernatant was m easured at 535 nm, and the concentration 
o f MDA was calculated by using an extinction coefficient o f 
1.56 x  105 M _1 cm -1 . The am ount detected in phosphate- 
buffered saline (PBS) after the treatm ent was taken as the 
zero value in each assay. (2).

M easurement of triglycerides. Triglycerides were mea
sured by using an enzym atic method (kit 676519; Boehringer 
M annheim Biochemicals, Indianapolis, Ind.) and an Encore 
chemical system  (Baker Instrum ents G roup, A llentow n, 
Pa.).

Depletion of lipoproteins by aerosil. Aerosil (fumed silica; ^  
Sigma Chemical C o., St. Louis, Mo.) was used to deplete 
serum of lipoproteins (21). A 20-mg quantity of aerosil was 
added to 2 ml o f serum  (protein concentration, 7.5%; pH 7.2 
to 7.8). After the serum  was stirred in a water bath at 45°C 
for 4 h, the serum  was cooled and centrifuged at 2,500 x  g 
for 20 min. The supernatant was decanted and dialyzed 
against PBS-5 mM glutathione (reduced) (GR) before test
ing. '
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TABLE 1. Effects of BCG and LPS, alone and 
combined, in rabbits

DILUTION

FIG. 1. Inhibition of P. falciparum  growth by semm samples 
from rabbits treated with BCG alone ( • ) ,  LPS alone (O), BCG 
followed 14 days later by LPS (■ ), or serum samples from two 
normal rabbits (□ ). The data given are from a single experiment in 
which all sera were tested at the same time. The point used to 
compare parasiticidal activity in experiments is the dilution of serum
required to inhibit parasite growth by 50% (------- ). Each datum point
is the mean ±  standard error of the mean for the sample tested in 
triplicate.

Separation of lipoproteins by ultracentrifugation. Serum 
dialyzed against PB S-5 mM GR was adjusted to a density of 
1.21 g/ml with N aB r-5  mM GR (p =  1.51 g/ml) solution. A 
1-ml quantity  o f N aB r-5  mM GR (1.21 g/ml) was layered on 
top o f the serum  preparation , which was then centrifuged for 
44 h at 5°C in a  50 Ti ro to r at 105,000 x  g. After centrifuga
tion was com pleted, the top 1-ml lipoprotein-containing 
fraction was rem oved from  each sample. The serum protein 
pellet was then resuspended in the remaining volume. All 
samples w ere dialyzed extensively against PBS-5 mM GR 
and concentrated  with polyethylene glycol (Afr, 20,000; 
BDH , Poole, England) as necessary to adjust volumes to the 
original serum  volume.

Cytotoxicity assay. All samples for the cytotoxicity assay 
were extensively dialyzed against PBS-5 mM GR. Doubling 
dilutions o f the test sam ples were made in PBS-5 mM GR in 
50-p.l volum es in 96-well flat-bottom m icrotiter plates (Nunc, 
Roskilde, Denm ark) in triplicate. Synchronized cultures o f 
P. falciparum  at the ring stage were adjusted to a parasitemia 
o f betw een 0.5 and 1% at a hem atocrit o f 5% in complete 
m edium , and 50-p.l volum es were added to  the test samples.

The plates w ere incubated at 37°C in an atm osphere o f 5% 
C 0 2, 5% 0 2, and 90% N ,. At 24 h, tritiated hypoxanthine 
(0.4 p.Ci per well) was added to each well. At 48 h, the plates 
were harvested  and incorporation was m easured in a Tri- 
Carb 574 coun ter (Packard Instrum ent C o., Inc., Rockville, 
M d.).

R esults w ere calculated as the mean percent inhibition of 
hypoxanthine uptake (±  standard erro r o f  the mean) and 
com pared w ith values for controls in which parasites were 
cultured in 50% PB S-5 mM GR in place o f the test serum. 
From  the dose-response curves produced, the concentration 
o f sam ples that resulted  in a 50% parasite growth inhibition 
was calculated. T hese concentrations were used to compare 
the killing o f P. falciparum  by the various serum samples.

RESULTS

Rabbits w ere injected either with BCG or LPS alone or 
with BCG and LPS. Only the com bination o f BCG followed 
by LPS triggered the production o f significant parasiticidal 
activity (Fig. 1). Serum  sam ples from rabbits given BCG

Rabbit
treatment

Serum level (mean £  SEM [/i]) % Serum 
(mean ± SEM (n|) 
to inhibit parasite 
growth by 50%Triglycerides (mM) MDA" (m.M)

Control 0.53 ±  0.06 (8) 2.43 ±  0.34 (12) 57.9 ±  5.53 (26)
LPS 1.82 (2) 3.31 (2) 75.0 ±  25.00 (3)
BCG 1.21 ±  0.09* (3) 2.36 ±  1.03 (3) 46.4 *  17.90 (5)
TNS 1.55 ±  0.26* (7) 5.62 ±  0.29* (8) 22.5 ±  2.78* (22)

“ MDA is an indicator of lipid peroxidation. 
6 P <  0.01 compared with control sample.

alone o r LPS alone w ere unable to produce 50% parasite 
killing, even at a dilution o f  1:2. The parasiticidal activity of 
each serum sample w as m easured here as the dilution 
resulting in a 50% inhibition o f  parasite growth, as m easured 
by [3H ]hypoxanthine incorporation.

In order to test w hether the parasiticidal activity was- 
related to the lipoproteins, the concentrations of triglycer
ides were m easured in the sera. There was a significant 
increase in triglycerides (P  <  0.01) following the adm inistra
tion o f BCG or LPS o r both (Table 1). This was not due to 
d ietary factors as all anim als w ere fasted overnight before 
they were bled. H ow ever, there was no direct relationship 
betw een the levels o f triglycerides and parasite killing by the 
serum.

MDA was m easured next to give an indication of the 
oxidation state of the lipoproteins. TN S had the highest level 
o f MDA (P <  0.01) and the level o f MDA was also elevated 
in LPS serum (Table 1). N o  increase was seen in BCG 
serum . This suggests that lipid peroxidation, ra ther than 
simply a high concentration  o f lipid, may be involved in 
parasite killing. There w as no correlation between the tri
glyceride concentration and the MDA concentration.

To test more directly for the involvem ent of lipoproteins, 
a  method was required to deplete the serum of these .mole- , 
cules. Aerosil (fumed silica) alm ost exclusively rem oves 
lipoproteins (21). This treatm ent entirely depleted the small 
level o f activity in norm al rabbit serum and almost com 
pletely depleted the activ ity  in TNS (Fig. 2). This suggests 
that the activity o f norm al rabbit serum  is not due simply to 
the inability o f a  hum an parasite  to thrive in the serum o f a

NRS NRS NRS 
45'C A

TNS TNS TNS 
45’C A

FIG . 2. Inhibition of P. falciparum  growth by TNS and effect of 
depleting serum lipoproteins with aerosil. The values were calcu
lated as in the legend to Fig. 1. Abbreviations: 45'C, Serum 
incubated for 4 h at 458C; A , serum after treatment with aerosil at 
45°C; D il_ l , dilution-1 ; NRS, normal rabbit serum. Each bar is the 
mean ±  standard error of the mean for four to six experiments. 
Symbols: * , P  <  0.001 compared with normal rabbit serum; * * , not 
significant compared with TN S; * * * ,  P  <  0.001 compared with TNS.
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NFS NRS NRS TNS TNS TNS
LP -LP LP -LP

FIG. -3. Inhibition of P. falciparum  growth by TNS and effect of 
preparative separation of lipoproteins by ultracentrifugation at 1.21 
g/ml for 40 h at 105.000 x g. The values were calculated as described 
in the legend to Fig. 1. Abbreviations: LP, lipoprotein fraction of 
serum; -L P , serum depleted of lipoproteins; D il-1, dilution-1; 
NRS, normal rabbit serum. Each bar is the mean ±  standard error 
of the mean for six to nine experiments. Symbols: *, P < 0.001 
compared with normal rabbit serum; * * , 0.005 <  P <  0.001 
compared with normal rabbit serum; * * * , 0.02 <  P < 0.01 compared 
with TNS.

different species. This depletion was not due to the incuba
tion of serum  at 45°C for 4 h as shown in Fig. 2.

As a result of the nature of aerosil, it was not possible to 
recover the lipoproteins for testing. Instead, lipoproteins 
were preparatively separated by density gradient ultracen
trifugation at a density  o f 1.21 g/ml. Figure 3 shows that the 
lipoproteins in TN S are toxic to the parasite (P  <  0.01). The 
activity o f the nonlipid fraction of TNS was reduced to a 
level not significantly different from that o f normal rabbit 
serum . Thus, the depletion o f lipids, While significantly 
reducing parasite killing, was not as effective as aerosil 
treatm ent, which rem oved essentially all activity. This may 
suggest the presence of two parasiticidal molecules, only one 
o f which is lipoprotein in nature.

DISCUSSION

We have dem onstrated that the administration o f BCG 
followed by LPS leads to a rise in the concentration o f serum 
triglycerides in rabbits and also to an increase in lipid 
peroxidation, as indicated by the thiobarbituric acid test. 
The elevated level of triglycerides is partly due to the BCG 
infection, as previously shown (24), but the LPS injection 
increases this level still further. These changes could be 
accounted for by several mechanisms. LPS can cause re
lease o f lipoproteins from various cell types. Also, this 
regimen causes the release of tum or necrosis factor, which in 
turn can block the action of lipoprotein lipase, thus blocking 
triglyceride clearance from the serum (15). LPS can also 
interfere with the activation of triglyceride clearance en
zym es. It has been shown that the concentration o f serum 
triglycerides can increase significantly within 2 h o f LPS 
injection alone (14).

It is perhaps not surprising, then, that lipid peroxidation 
has occurred in TN S when the treatm ent is also optimal for 
m acrophage activation (19). LPS alone can activate m acro
phages but not as well as treatm ent with BCG and LPS; 
therefore, some lipid peroxidation would be expected in the 
LPS serum , but it was not as high as in TNS (Table 1).

The results shown in Table 1 suggest that lipid peroxida
tion is not solely involved because the LPS serum should 
then have activity intermediate between that o f TNS and

norm al rabbit serum , w hich it clearly does not. H ow ever, 
the lipoprotein fraction o f TN S was undoubtedly more toxic 
than that o f normal rabbit serum  (Fig. 3). If this effect were 
simply due to the triglyceride concentration, one would 
expect the BCG and LPS se ra to  be as toxic as TN S. There 
was no correlation betw een triglyceride concentration and 
the percent serum  required to inhibit parasite growth by 
50%.

If  the aerosil results and the ultracentrifugation results are 
taken together, it is clear that there  is another parasiticidal 
facto r present which also b inds to  aerosil, suggesting a  factor 
with high hydrophobicity. This m olecule may also be present 
in norm al rabbit serum  but is e ither in a  less toxic condition 
o r at a lower concentration than in TN S. Preliminary data  
from  chrom atographic separations do support the idea o f 
tw o cytotoxic fractions, one a  lipoprotein fraction and a 
low-molecular-weight fraction (data  not shown).

Lipid peroxides have been im plicated in a num ber o f 
diseases and have been show n to be cytotoxic to various cell 
types. T hey could kill cells in several ways. Since the 
parasites do not have a de novo triglyceride synthesis 
pathw ay (20), they m ust obtain all their lipid requirem ents 
from the host serum . If  oxidized lipids are taken up by the 
parasite, they may have a direct cytotoxic effect on the 
parasite, for exam ple, in cross-linking proteins. H ow ever, 
they  are more likely to destabilize the cell mem brane, in 
particular the erythrocyte m em brane, which could then lead 
to parasite death without necessarily  destroying the ery th
rocyte; this is quite possible as no significant hemolysis was 
seen in the cytotoxicity assay s .T t has been shown that in a 
malaria infection, the lipid con ten t o f the erythrocyte mem
brane can rise by up to 600% (1). O f the lipids, linoleic acid 
in particular increases. This is an unsaturated fatty acid 
which is readily oxidized. T herefore, linoleic peroxides are 
likely to be readily taken up by the parasitized erythrocytes. 
As well as causing m em brane destabilization, the peroxides 
can initiate further oxidation in the presence o f oxygen, 
especially in the presence o f ferric ions, w hich ,act as a 
catalyst; both o f these are available within the erythrocyte. 
The erythrocyte does have antioxidant pathways which 
would prevent this occurrence, but the potential oxidative 
capacity  o f TNS may be too much for the system . This 
threshold concept could explain why LPS serum is not 
parasiticidal, if the oxidative capacity  o f the LPS serum were 
within the antioxidant capacity  o f the erythrocyte.

I f  the erythrocyte w ere dam aged enough, it would not 
support parasite grow th. This process would be semiselec- 
tive for the parasitized ery th rocy tes because parasitized 
ery throcytes would take up m ore lipid as mentioned above. 
T here would be som e effect on norm al erythrocytes but not 
enough perhaps to hinder norm al erythrocyte function, 
although there might be an effect on reinvasion by the 
parasites. X

In sum m ary, we have dem onstrated  that the direct para
siticidal effect of rabbit TN S can be attributed to an increase 
in lipid peroxides, with the probability that a second nonlipid 
parasiticidal molecule is also present. These molecules, 
then , m ust be added to the growing list of non-antibody- 
m ediated anti-plasmodial m olecules, which already includes 
eosinophil products (26), orosom ucoid (9), polyamine oxi
dase (8), and crisis forming facto r (12). We are currently 
investigating w hether our nonlipid factor is related to one o f 
these m olecules.
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ABSTRACT
A group of inactivators of cysteinyl proteinases which 

function by covalent bond formation have been examined for their 
ability to inactivate plasmodia within red blood cells. The most 
effective of these caused inactivation of the parasite near 10“®M 
concentration. The range of inhibitory action varied with peptide 
structure in a manner characteristic of affinity-labels for 
proteases suggesting that the target of inhibition was an 
unidentified protease, probably cysteinyl, but different from 
cathepsins B and L.

Plasmodial inhibition; antimalarials; protease inhibitors
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INTRODUCTION
The study of plasmodial proteinases is currently under 

investigation in connection with various features of the life
cycle of the parasite (1-5) including erythrocyte invasion (1), 
intra-erythrocytic events such as hemoglobin digestion (2,4,5) 
and merozoite maturation (3). The use of specific inhibitors to 
obtain evidence for the physiological role of these proteinases 
and conceivably to lead to therapeutic applications is a logical 
extension of these studies. The success of this approach will 
depend on the specificity of the inhibitors since host cells 
employ similar proteinases for useful functions. Considerable 
progress has been made in the development of inactivators that 
function by affinity-labelling, using peptide sequences which 
satisfy the specificity of a target proteinase but are also 
capable of forming a covalent bond at the active center. Peptide 
derivatives that irreversibly inactivate serine and cysteinyl 
proteinases include peptidyl chloromethanes (6), fluoromethanes 
(7-13), diazomethyl ketones (14-18) and peptidyl methyl sulfonium 
salts (19,20). Variation in the peptidyl portion may provide 
selectivity of inactivation among closely related
proteinases. This may be difficult to achieve within a common 
mechanistic family, but exploration of inhibitor structures has 
revealed useful enzyme differences, including topographical 
variations [17,18]. ^

We found previously that certain peptidylfluoromethanes, and • 
in particular, one containing a novel amino acid imidazolyl- 
norvaline, ImNva, (12) are able to lyse the infectious but' not

2
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the n o n - i n f e c t i o u s  forms of A f r i c a n  a n d  S o u t h  A m e r i c a n  

trypanosomes in vitro (Ashall, Angliker, and Shaw, manuscript in 

p r e p a r a t i o n ) .  We s u b s e q u e n t l y  e x a m i n e d  a g r o u p  of p r o t e a s e  

i n h i b i t o r s  of the p e p t i d y l  f l u o r o m e t h a n e , d i a z o m e t h a n e , and 

peptidylmethyl sulfonium salt classes for a possible effect on 

the intraerythrocytic development of the human malarial parasite, 

Plasmodium falciparum, with the results described below.

2. MATERIALS AND METHODS

Cultures of human A+ erythrocytes at a haematocrit of 5% in a 

standard culture system [21] were infected with P. falciparum 

strain NF54 . parasites were synchronized using 5% sorbitol

[22]. When parasites reached the ring stage, culture volumes were 

adjusted to a parasitaemia of 0.5 to 1% at a • haematocrit of 5% 

then incubated with protease inhibitors at 37°C in an atmosphere 

of 5% C02/5% O 2 / 90% N 2 . After 24 hours, tritiated hypoxanthine 

(4 pCi/ ml) was added to the cultures and after an additional 48 

hours, e r y t h r o c y t e s  were h a r v e s t e d  and i n c o r p o r a t i o n  of 

radioactivity determined and used as an estimate of the rate of 

parasite multiplication [23].

3. RESULTS AND DISCUSSION

Nine synthetic proteinase inhibitors were examined, chiefly 

peptidyl fluoromethanes, but two other types were also included, 

a diazomethane and a pair of sulfonium salts. In the P^ position 

[24] both n e u t r a l  and p o s i t i v e l y  c h a r g e d  a m i n o  a c i d s  were- 

included since the specificity of proteolysis is often directed 

to this residue. Two of the i n h i b i t o r s  w e r e  p a r t i c u l a r l y
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effective in inhibiting development of intraerythrocytic P . 
falciparum (Table 1, top). The concentrations required to 
produce 50% inhibition of parasite division were similar to those 
of chloroquine, a widely used antimalarial drug (which for this 
strain has an|C5Q of 1.28 x 10“® M).

Morphology changes accompanying the inhibition of 
intraerythrocytic development of P. falciparum included 
enlargement of food vacuoles within the parasite (figure 1). It 
may be that the proteinase inhibitors produce these effects by 
inhibiting digestive proteases within parasite food vacuoles. 
Independent observations made with one of the less effective 
inhibitors of the present study, Cbz-Phe-AlaC^F, led to a 
similar interpretation of its action [5]. However, in that study 
it was concluded that the protease affected may be cathepsin-L 
like. In fact, such a possibility would suggest a lack of 
selective toxicity.

An important characteristic of affinity-labelling reagents 
such as those in Table 1 is the influence of peptide sequence. 
With an unknown protease, the variation in susceptibility to 
inhibitors of different sequences provides information about the 
specificity of the protease, analogous to examining a group of 
synthetic substrates. The results in Table 1 suggest that the 
most susceptible plasmodial protease is not cathepsin L-like, 
although they may belong to the same gene family, since cathepsin 
L is ten times more susceptible to an inhibitor containing the 
Cbz-Phe-Ala- sequence than one with Cbz-Leu-Tyr- [18], whereas in 
Table 1 the fluoromethane with the latter sequence is more than 
50 times more effective, indicating quite a different binding

4



site. This is promising with respect to developing inhibitors 
selective for an important plasmodial protease but without action 
on host cell function, thereby permitting treatment of human 
malarial infections in vivo. While it is not yet certain that the 
inhibition we describe is due to inactivation of a proteinase, it 
is very likely, since the fluoromethane group is unreactive and 
forms covalent bonds largely as a result of complex formation 
with a target enzyme [8]. The use of such reagents in 
radioactive form should permit the identification of the 
inactivated protease and characterization of its specificity in 
the usual manner.
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Table 1 Effects of protease inhibitors on intraerythrocytic 
development of P. falciparum.

Protease inhibitor

Cbz-Leu-TyrCH2F 
Cbz-Phe-lmNvaCH2F 
Cbz-Tyr-AlaCH2F 
Cbz-Phe-AlaCH2F 
Ala-Phe-LysCH2F 
Cbz-Ala-PheCH2F 
Cbz-Phe-AlaCHN2 
Cbz-Phe-AlaCH2S+(CH3)2 
Cbz-Phe-ArgCH2S+(CH3)2 

* In preparation

Concentration producing 50% Ref. 
inhibition of growth (nM)

59 11
80 12

1390 *
3380 7
4940 , 8

15670 _ * 10
8790 14
1950 19

21080 20
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Figure 1: Appearence o-f Plasmodium -Falciparum trophozoites a-fter 4
hours incubation in;
a: normal culture medium.
b: 0.05 juM protease inhibitor.
magnification x 1000. Stained with giemsa.


