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process  wh ich  exh ib i t s  t he  s t ronges t  i n h i b i t i o n  (table),  
s ince f eedback  m e c h a n i s m s  exis t  be t w een  su l fa t ion  a n d  
e longa t ion  processes  of t he  po lysaccha r ide  cha in  and,  in 
add i t ion ,  b e t w e e n  c h o n d r o i t i n  su l fa te  s ide-cha in  syn-  
thes i s  a n d  t he  f o r m a t i o n  of the  side cha in  p r o t e i n  l inkage  
region11,12. B iosyn thes i s  of t o t a l  p r o t e i n  is also i n h i b i t e d  
as p r o t e o g l y c a n s  r ep re sen t  a b o u t  one ha l f  of ca r t i l age  
d r y  we igh t  13. The  effect  appea r s  to  be specific for an t i -  
p ro t eog lycan  serum,  since i t  abol ishes  a f t e r  a b s o r b i n g  
t he  a n t i b o d i e s  w i t h  p ro teog lycan ,  b u t  n o t  w i t h  car t i l age  
collagen.  D a t a  p r e s e n t e d  could i nd i ca t e  possible  recep tors  
a t  t h e  cell surface  of car t i lage  cells ac t ing  w i th  these  an t i -  
bod ies  or w i t h  so luble  p r o t eog l ycan  i m m u n e  complexes ,  
as ha s  been  sugges ted  for t he  p r o t e o g l y c a n - h y a l u r o n a t e  
comp lex  14. A t  p r e s e n t  i t  is s t i l l  unc lea r  wh ich  k ind  of 
a n t i g e n  f rom the  p r o t eog l ycan  complex  1~ p roduces  t he  
a n t i b o d i e s  caus ing  th i s  effect. 
The  decreased  b iosyn thes i s  c a p a c i t y  runs  obv ious ly  par -  
allel  w i t h  an  increased  a n a e r o b i c  glycolysis :  d u r i n g  in-  
c u b a t i o n  ra t e s  of CO2 p r o d u c t i o n  increase  s ign i f i can t ly  
(p < 0.001) up  to 125 to 150% of con t ro l s  (2.23 ~zmoles/g 
we t  we igh t ) ;  t he  effect  abol ishes  a f t e r  a b s o r b i n g  t he  
a n t i s e r u m  w i t h  p ro teog lycan ,  b u t  no t  w i t h  car t i l age  col- 
lagen.  On ly  a f t e r  longer  i n c u b a t i o n  (5.5 h) t he  a c t i v i t y  
of l a c t a t e  d e h y d r o g e n a s e  rises s l igh t ly  to  120 % of con t ro l s  
in t he  m e d i u m  ind i ca t i ng  cell damage .  The  c o n t e n t  of 
ca rbazo le -pos i t ive  m a t e r i a l  ( p robab ly  solubi l ized p ro teo-  
glycans)  as well  as t h e  a c t i v i t y  of acid p h o s p h a t a s e  
e x h i b i t  m i n i m a l  changes  in t he  m ed i um .  
The  d a t a  r e semble  f indings  obse rved  w i th  h u m a n  rheu-  
m a t o i d  a r t h r i t i s :  in synov ia l  f luids a rise in pCO e and  
in c o n c e n t r a t i o n  of lac t ic  acid 15,16 as well  as e l eva ted  

cy top l a smic  e n z y m e  ac t iv i t i es  17 (e.g. l a c t a t e  dehyd ro -  
genase).  The  p r o d u c t i o n  of p ro t eog lycans  a p p e a r s  to  be 
d imin i shed  w i t h  h u m a n  r h e u m a t o i d  synov ia l  cells ls a n d  
in j o in t  ca r t i l age  of e x p e r i m e n t a l  hype re rg ic  a r t h r i t i s  
w i t h  l a t e r  s t a t e s  10. However ,  in h u m a n  r h e u m a t o i d  ar-  
thr i t i s ,  a n t i p r o t e o g l y c a n  an t ibod ie s  h a v e  no t  ye t  been  
de tec ted ,  a l t h o u g h  a p o t e n t i a l  ce l l -media ted  i m m u n e  
response  to  p r o t e o g l y c a n  a n t i g e n  has  been  d e m o n -  
s t r a t e d  20. F ina l ly ,  i t  h a s  to  be s t a t e d  t h a t  ea r ly  in  v i t ro  
effects of a n t i p r o t e o g l y c a n  s e r u m  on car t i l age  cells differ  
f rom t h e  changes  obse rved  w i th  a n i m a l  os t eoa r th r i t i s ,  
wh ich  shows increased  p ro t eog lycan  b iosyn thes i s  and  loss 
of p ro t eog lycan  f rom a r t i cu l a r  ca r t i l age  on ly  a f te r  r epea t ed  
in jec t ions  of a n t i p r 0 t e o g l y c a n  i m m u n e  g lobul in  z. 
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Summary. The  N-a lky l  de r i va t i ve s  of morphol ine- ,  pyrro l id ine- ,  p iper id ine-  a n d  pe rhyd roasep ine -N-ox ide s  caused  
t he  r ap id ,  t e m p e r a t u r e - d e p e n d e n t ,  hemolys i s  of h u m a n  red  b lood cells. The  m o s t  h e m o l y t i c  were the  a m i n e  oxides  
w i t h  a lky l  g roups  h a v i n g  14-18 c a r b o n  a toms .  

The  N-a lky l  de r i va t i ve s  of s a t u r a t e d  he te rocyc l ic  amine  
oxides  r e p r e s e n t  t he  b i o d e g r a d a b l e  non ion i c  a m p h i -  
phi les  1, 2, possess ing  a s ign i f ican t  a n t i m i c r o b i a l  a c t i v i t y  3, 4. 
Our  r e c e n t  s tud ies  on  t he  m o d e  of a c t i o n  of these  rela-  
t i v e l y  n o n t o x i c  c o m p o u n d s  5 r evea led  t h a t  d i so rgan iza t ion  
of m e m b r a n e  s t r u c t u r e  a f t e r  i n t e r a c t i o n  of cells w i t h  
a m i n e  oxides  is p r i m a r i l y  respons ib le  for t he i r  an t i -  
m ic rob i a l  a c t i v i t y L  Th i s  a c t i v i t y  was found  to be signi- 
f i c an t l y  d e p e n d e n t  on  t h e  cha in  l e n g t h  of the  h y d r o p h o b i c  
alkyl ,  whi le  i t  was on ly  s l igh t ly  in f luenced  b y  o t h e r  
s u b s t i t u e n t s  of polar ized  N-oxide  group*. I n  th i s  p a p e r  
we descr ibe  t he  effects  of homologous  series of 4-alkyl-  
morpho l i ne -N-ox ide s  and  some o t h e r  a m i n e  oxides  w i t h  
a n  iden t i ca l  side cha in  b u t  d i f fe ren t  bas ic  s t r u c t u r e s  
on  t h e  s t a b i l i t y  of p l a s m a  m e m b r a n e  of h u m a n  red  blood 
cells. 
Materials and methods. W a s h e d  red  cells were p r e p a r e d  b y  
d i lu t ing  f resh  h u m a n  b lood  w i t h  3 vol. of cold 0.154 M 
sod ium chlor ide  a n d  cen t r i fug ing  t he  suspens ion  for 10 
rain a t  1000 • g in a re f r ige ra ted  cent r i fuge .  T h e  r e su l t i ng  
pe l le t  was  washed  twice  a n d  t h e  f inal  pe l le t  of red  cells 
was  d i lu t ed  to  a b o u t  t he  or ig ina l  v o l u m e  w i t h  0.154 M 
s o d i u m  chlor ide.  

For  m e a s u r e m e n t  of hemoly t i c  ac t iv i ty ,  t he  s t a n d a r d  
i n c u b a t i o n  m i x t u r e  a t  3 7 ~  c o n t a i n e d  0.154 M NaC1, 
10 mM Tris-HC1, e r y t h r o c y t e s  (20-40 • 10 e cells pe r  ml) 
a n d  amine  oxide  (at  i n d i c a t e d  concen t ra t ion ) ,  f inal  p H  
7.45. A t  t he  t i m e  ind ica t ed  a n  a l i quo t  of m i x t u r e  was 
cen t r i fuged  a t  1 0 0 0 •  for 2 m i n  and  t h e  degree of 
hemolys i s  was  e v a l u a t e d  b y  d e t e r m i n i n g  of t he  a m o u n t  
of h e m o g l o b i n  re leased in t h e  s u p e r n a t a n t  l iquid  spect ro-  
p h o t o m e t r i c a l l y  a t  537 n m  ~. The  hemoglob in  concen t r a -  
t ion  in s u p e r n a t a n t  of red  cells lysed in 10 m M  Tris-HC1 
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p H  7.45 r ep re sen t ed  100% hemolysis .  T he  h e m o l y t i c  
e n d - p o i n t  co r r e spond ing  to comple te  lysis (no t u r b i d i t y )  
in  s t a n d a r d  i n c u b a t i o n  m i x t u r e  a t  t he  t e m p e r a t u r e  
i n d i c a t e d  was obse rved  d i rec t ly  b y  eye in t u b e s  of f ixed 
size us ing  a well  def ined  b l ack -on -wh i t e  b a c k g r o u n d  for 
v iewing  7. 
Results  and discussion. Figure  1 shows t he  effect  of 4- 
dodecy lmorpho l i ne - N - ox i de  on  the  s t a b i l i t y  of h u m a n  
red  b lood  cells m e m b r a n e .  I t  was found  t h a t ,  d e p e n d i n g  
on t h e  a m i n e  oxide concen t r a t i on ,  an  i n d u c t i o n  per iod  
of v a r i a b l e  l e n g t h  p receded  a per iod  of r ap id  hemolys is .  
A s ign i f i can t  degree of hemolys i s  was obse rved  a t  0.6 m M  
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Fig. 1. Effect of incubation time and the concentration of 4-dodecyl- 
morpholine-N-oxide on the hemolysis of red blood cells. Amine oxide 
concentrations: A 0-0.4 mM; B 0.5 mM; C 0.6 mM; D 0.7 mM; E 
0.8 raM; F 0.9 mM; G 1.0 mM. 
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Fig. 2. Arrhenius plot of hemolytic activity of 4-dodecylmorpholine- 
N-oxide. 1 mM amine oxide was added to suspension of red blood 
cells incubated in standard medium at the indicated temperature 
(~ and the time t~ (min) required to cause the complete hemolysis 
was determined. The hemolytic activity is conveniently expressed as 
value 100/tT corresponding to percent hemolysis per min incubation 
time at indicated temperature (T). 

amine  oxide concen t r a t i on ,  w h i c h  is v e r y  close to t h e  
m i n i m a l  c o n c e n t r a t i o n  of 4 -dodecy lmorpho l ine -N-ox ide  
i n h i b i t i n g  t h e  g r o w t h  of va r ious  mic rob ia l  cells 4. 
The  h e m o l y t i c  a c t i v i t y  of 4 -dodecy lmorpho l ine -N-ox ide  
was found  to be  r e m a r k a b l y  d e p e n d e n t  on  t he  t e m p e r a -  
ture .  The  t i m e  needed  for a m i n e  oxide (1 mM) induced  
comple te  lysis of red  b lood cells a t  0 ~ was  60fold longer  
t h a n  t h a t  a t  t he  37~ D a t a  o b t a i n e d  f rom h e m o l y t i c  
a c t i v i t y  of 4 -dodecy l -morpho l ine -N-ox ide  sub jec t ed  to 
A r r h e n i u s  k ine t i c  d e m o n s t r a t e d  a b iphas ic  cu rve  w i t h  a 
t r a n s i t i o n  p o i n t  a t  18~ (figure 2). Since e r y t r o c y t e  
m e m b r a n e  l ipids  unde rgo  a t r a n s i t i o n  a t  18-20 ~ s, t hese  
f ind ings  i nd ica t e  t h a t  t h e  changes  in t he  phys ica l  s t a t e  
of t he  l ipid phase  of e r y t r o c y t e  m e m b r a n e  9 a f t e r  i ts  
i n t e r ac t i on  w i t h  a m i n e  oxide  m a y  be  i n t i m a t e l y  i nvo lved  
in m e c h a n i s m  of a m i n e  ox ide - induced  hemolysis .  
The  s t u d y  of t he  r e l a t ionsh ip  b e t w e e n  hemoly t i c  a c t i v i t y  
and  chemica l  s t r u c t u r e  of a m i n e  oxides  revea led  t h a t  
cy to ly t i c  a c t i v i t y  in  homologous  series of 4 -a lky lmor-  
pho l ine -N-ox ides  was d e p e n d e n t  on t he  l e n g t h  of t h e  
h y d r o p h o b i c  a lky l  (figure 3). I n  a t e s t ed  series of a m i n e  
oxides,  t he  4 -hexadecy l -morpho l ine -N-ox ide  was found  to  
be t h e  m o s t  ac t ive .  The  a m i n e  oxides  w i t h  a lkyl  g roups  
h a v i n g  2-8  c a r b o n  a t o m s  e x h i b i t e d  v e r y  poor  hemoly t i c  
ac t iv i ty .  The  s l igh t ly  h igher  h e m o l y t i c  c o n c e n t r a t i o n  of 
4 -oc t adecy lmorpho l ine -N-ox ide  m i g h t  p r o b a b l y  be t h e  
resu l t  of i ts  decreased  so lub i l i ty  in w a t e r  as c o m p a r e d  
to a m i n e  oxides  w i t h  sho r t e r  a lkyl  chain .  I n  the  series of 
amine  oxides  h a v i n g  t h e  same  a lkyl  cha in  (C1~) b u t  
d i f fer ing in t he  s t r u c t u r e  of he te rocyc l ic  r ing,  the  follow- 
ing order  of c o m p o u n d s  accord ing  to t h e i r  decreas ing  
hemoly t i c  ac t iv i t i e s  was  e s t ab l i shed :  1 -dodecy lperhydro-  
asepine-N-oxide ,  1-dodecylp iper id ine-N-oxide ,  1-dodecyl-  
pyr ro l id ine-N-oxide ,  4 -dodecy lmorpho l ine -N-ox ide  a n d  
N ; N - d i m e t h y l d o d e c y l a m i n e - N - o x i d e .  I n  t h i s  case, how-  
ever,  t he  re la t ive  difference in h e m o l y t i c  c o n c e n t r a t i o n s  
of a m i n e  oxides  did  no t  exceed a fac to r  3. Thus,  t he  
genera l  s t r u c t u r e  a c t i v i t y  r e l a t ionsh ips  for hemoly t i c  
a c t i v i t y  b y  a m i n e  oxides  are v e r y  s imi la r  to  those  for 
a n t i m i c r o b i a l  a c t i v i t y  4 or acu te  t ox i c i t y  in  m a m m a l s  5. 
The  resu l t s  of th i s  p a p e r  d e m o n s t r a t e  t he  h e m o l y t i c  
a c t i v i t y  of some he terocyc l ic  N-a lky l  a m i n e  oxides. This  
ac t iv i ty ,  as well  as t he  r ecen t l y  descr ibed  a n t i m i c r o b i a l  
a c t i v i t y  4, were found  to  be  d e p e n d e n t  on t h e  t e m p e r a t u r e ,  
r e la t ive  c o n c e n t r a t i o n  a n d  chemica l  s t r u c t u r e  of a m i n e  
oxides.  I t  is e v i d e n t  t h a t  in  b o t h  cases the  biological  
m e m b r a n e s  which ,  a f t e r  i n t e r a c t i o n  w i t h  amine  oxides,  
undergo  changes  in molecu la r  o rgan iza t ion ,  osmot ic  a n d  
p e r m e a b i l i t y  p roper t i e s  are t he  si te  of ac t ion  of these  
compounds .  
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Fig. 3. Dependence of hemolytic concentration of 4-alkylmorpholine- 
N-oxide required to cause complete hemolysis of red cells on the 
length of the hydrophobic alkyl chain. Temperature 37~ time of 
interaction 30 min. 
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