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Abst rac t .  The e f f e c t  o f  chron ic  o r a l  n i c o t i n e  i n t a k e  on plasma 
mi t y  1 i popro te i  n  (LDL) clearance, 1  i p i d  t r a n s f e r  p ro te in ,  
and 1  e c i  t h i n : cho les te ro l  acy l  t rans ferase (LCAT) was examined i n  
ma1 e  a the rosc le ros i s  suscept ib le  s q u i r r e l  monkeys. Eighteen 
y e a r l i n g  primates were d i v i ded  i n t o  two groups: 1 )  Cont ro ls  fed 
i s o c a l o r i c  1  i q u i d  d i e t ;  and 2)  N i co t i ne  monkeys g iven l i q u i d  d i e t  
supplemented w i t h  n i c o t i n e  a t  6 mg/kg body wt/day f o r  a  two-year 
per iod.  Averaged over 24 months o f  treatment, animals i n  t he  
N i c o t i n e  group had s i g n i f i c a n t l y  h i ghe r  l e v e l s  o f  plasma and LDL 
cho les te ro l  compared t o  Cont ro ls  w h i l e  plasma LCAT a c t i v i t y  was 
s i m i l a r  f o r  both groups. Fo l low ing  simultaneous i n j e c t i o n  of 3H 
LDL and 14c h igh  dens i t y  l i p o p r o t e i n  (HDL) cho les te ry l  e s t e r  (CE), 
removal o f  t he  l a t t e r  was n o t  a l t e r e d  by o r a l  n i c o t i n e  w h i l e  
plasma c learance o f  3H LDL was d rama t i ca l l y  delayed i n  N i c o t i n e  
monkeys. Trans fer  o f  14c HDL CE t o  very  low dens i t y  l i p o p r o t e i n  
(VLDL) -LDL p a r t i c l e s  was g r e a t l y  acce lera ted  i n  t he  N i co t i ne  group 
vs Cont ro ls  w h i l e  t he  rec ip roca l  movement o f  3H LDL CE t o  HDL was 
on l y  h igher  i n  experimental animals a t  two t ime po in t s  f o l l o w i n g  
i n j e c t i o n  o f  t he  isotopes.  Resul ts  f rom t h i s  study prov ide  
evidence t h a t  one major  de t r imenta l  e f f e c t  o f  long-term o r a l  
n i c o t i n e  use i s  an increase i n  t he  c i r c u l a t i n g  pool of atherogenic 
LDL which i s  due to :  1) acce lera ted  t r a n s f e r  o f  l i p i d  from HDL; 
and 2) impaired c learance o f  LDL from the  plasma compartment. 
Diminished removal o f  LDL i s  o f  p a r t i c u l a r  importance because an 
extended residence t ime o f  these p a r t i c l e s  i n  c i r c u l a t i o n  would 
increase t h e  l i k e l i h o o d  o f  t h e i r  depos i t i on  i n  t h e  a r t e r i a l  w a l l .  
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Our recent  f i nd ing  t h a t  chron ic  o r a l  
n i c o t i n e  i n t a k e  causes an e l e v a t i o n  i n  
atherogenic low dens i t y  l i p o p r o t e i n s  
(LDL) (1) i s  s i g n i f i c a n t  because i t  
ind i ca tes  t h a t  a  c i r c u l a t i n g  i n s u l t  t o  
t he  a r t e r i a l  w a l l  can be induced by a  
s i n g l e  tobacco component and may i n  
p a r t  be respons ib le  f o r  t he  increased 
a r te r i opa thy  observed i n  c i g a r e t t e  
smokers (2) .  I t  appears t h a t  acce ler -  
ated synthesis o f  LDL through enhanced 
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l i p o l y t i c  convers ion o f  precursor 
l i p o p r o t e i n s  i s  one metabol ic  process 
respons ib le  f o r  c r e a t i o n  o f  an athero-  
genic 1  i p o p r o t e i n  p r o f i l e  by n i c o t i n e  
( 3 ) .  On the  o the r  hand, syn thes is  i s  
b u t  one mechanism which regu la tes  
plasma LDL concentrat ions.  Imbalances 
i n  t he  r a t e  o f  removal o f  these macro- 
mol ecul  es f rom the  p l  asma compartment 
( 4 )  and t r a n s f e r  o f  cho les te ry l  e s t e r  
(CE)  from h igh  dens i t y  1  i pop ro te ins  
(HDL) t o  LDL f o l l  owing chol  ester01 
e s t e r i f i c a t i o n  by l e c i t h i n : c h o l e s t e r o l  
acy l  t rans ferase (LCAT) (5), may a1 so 
modi fy  LDL l eve l s .  LDL c learance i s  
i n  t u r n  f a c i l i t a t e d  by bo th  h igh-  
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a f f i n i t y  receptor  and receptor -  
independent pathways (4 )  whi 1 e 
r e d i s t r i b u t i o n  o f  CE among 1 ipopro-  
t e i n s  i s  promoted by l i p i d  t r a n s f e r  
p r o t e i n  (LTP) ( 6 ) .  V i r t u a l  l y  no th ing  
i s  known about whether n i c o t i n e  a1 t e r s  
these processes i n  v ivo .  Consequent- 
l y ,  t he  purpose o f  t h i s  study was t o  
determine whether 1 ong-term o r a l  con- 
sumption o f  t he  a l k a l o i d  increases LDL 
l e v e l s  by de lay ing  removal o f  these 
p a r t i c l e s  from c i r c u l a t i o n  and/or by 
acce le ra t i ng  t r ans fe r  o f  1 i p i d  from 
HDL w i t h  resu l  t a n t  over1 oading o f  t h e  
LDL core. 

Ma te r i a l s  and Methods. Eighteen year-  
1 i n g  male B o l i v i a n  s q u i r r e l  monkeys 
were d i v i ded  i n t o  two t reatment groups 
cons i s t i ng  o f  9 monkeys/ group: 1) 
Cont ro ls  f e d  Primate L i q u i d  D i e t  # 19 
(Bioserv Inc., Frenchtown, NJ) ; and 2) 
N i co t i ne  animals g iven l i q u i d  d i e t  
supplemented w i t h  n i c o t i n e  (Eastman 
Kodak Co., Rochester, NY) a t  6 mg/kg 
body wt/day . Th is  concent ra t ion  was 
chosen because a comparable o r a l  l e v e l  
administered t o  r a t s  has been shown t o  
increase hepat ic  microsomal enzyme 
a c t i v i t y  (7 )  w h i l e  a somewhat h igher  
int ravenous dose (9.6 mg/kg/day) has 
been used t o  evaluate h a b i t u a t i o n  i n  
nonhuman pr imates (8).  D i e t  composi - 
t i o n ,  feeding pro toco l  , and pr imate 
housing have been p rev ious l y  descr ibed 
(9)  

On a monthly bas is  f o r  2 years, 
p l  asma cho les te ro l  (10) and t r i g l y c e r -  
i d e  (Scl  avo Diagnost ics,  Wayne, NJ) 
were measured c o l o r i m e t r i c a l l y  and HDL 
chol  es te ro l  was quan t i t a ted  (10) 
f o l l  owing p r e c i p i t a t i o n  o f  very  
low dens i t y  1 i p o p r o t e i n  (VLDL) -LDL 
w i t h  hepar i  n-manganese (11) . VLDL-LDL 
cho les te ro l  was ca l cu la ted  as t h e  

, d i f f e rence  between plasma and HDL 
cho les te ro l  , and LDL cho les te ro l  was 
determi ned us ing  t h e  formul a (VLDL+LDL 
cho les te ro l  ) - plasma t r i g l y c e r i d e l 5  
(12). Plasma l e c i  t h i n : cho les te ro l  
acy l  t ransferase (LCAT) a c t i v i t y  was 
a l so  assayed each month as p rev ious l y  
descr ibed (9) .  

LDL and HDL r a d i  01 abel ed predomi n- 
a n t l y  i n  t he  CE moiety were prepared 
separate1 as descr ibed by Portman 
e t  a1 (13f us ing  plasma f rom non-study 
animals. Fo l low ing  i s o l a t i o n  o f  LDL 
and HDL by dens i t y  g rad ien t  u l t r a -  

c e n t r i f u g a t i o n  (14), 1 i pop ro te in  
cho les te ro l  mass was quan t i t a ted  (10) 
and r a d i o a c t i v i t y  was measured by 
1 i q u i d  s c i n t i l l a t i o n  spectrometry. 3H 
LDL and 14c HDL w i t h  s p e c i f i c  a c t i v i -  
t i e s  o f  1 .22x107 DPM/mg cho les te ro l  
and 1 . 2 5 ~ 1 0 ~  DPM/mg , r e s p e c t i v e l y  , 
were then combined, i n j e c t e d  i n t o  
Contro l  and N i c o t i n e  monkeys, and 
plasma samples were c o l l e c t e d  a t  
5, 10, 15, 30, 60, 90, and 120 min. 
Fo l low ing  separa t ion  o f  HDL f rom 
VLDL-LDL ( l l ) ,  a l i q u o t s  f rom each 
f r a c t i o n  were removed f o r  count ing  and 
chol  es te ro l  mass de terminat ion  as 
descr ibed above. S p e c i f i c  a c t i v i t y  
measurements were cor rec ted  t o  a 
plasma volume ca l cu la ted  as 4% o f  body 
weight. A l l  da ta  was expressed as mean 
+ SEM and analyzed f o r  s i g n i f i c a n t  
d i f f e rences  (Pc0.05) by Student 's  
t - t e s t .  

Resu l ts  and Discussion. Averaged over 
24 months o f  treatment. N i c o t i n e  mon- 
keys had s i g n i f i c a n t l y  h igher  l e v e l s  
o f  bo th  plasma (223 + 6 mg/dl) and LDL 
(75 + 6 mg/dl) cho les te ro l  compared t o  
Cont ro ls  (210 + 4, 62 + 4). Plasma 
c learance o f  14c HDL cho les te ry l  e s t e r  
was e s s e n t i a l l y  t h e  same f o r  bo th  
groups. However, as seen i n  Fig.  1, 
removal o f  3H LDL cho les te ry l  e s t e r  
f rom c i r c u l a t i o n  was s i g n i f i c a n t l y  

@ - N I C O T I N E  
0-0 CONTROL 

I n  v ivo clearance o f  3H LDL 
c h M y l - e ~  from the plasma. 
Each po in t  represents the mean + SEM 
f o r  5 monkeys/group. S indicates 
s ign i f i can t  dif ference (P<0.05) 
between Control and Nicotine means. 
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delayed i n  n i c o t i n e  t r e a t e d  primates. 
Moreover, w h i l e  t he  t r a n s f e r  o f  3H LDL 
cho les te ry l  e s t e r  t o  HDL was s i g n i f i -  
c a n t l y  g rea te r  i n  N i c o t i n e  animals vs 
Cont ro ls  a t  60 and 120 min a f t e r  
i n j e c t i o n  o f  t h e  isotope,  r ec ip roca l  
movement o f  "+c HDL chol  e s t e r y l  e s t e r  
t o  VLDL-LDL was accentuated as a  
r e s u l t  o f  o r a l  n i c o t i n e  a t  5, 30, 60, 
90 min suggesting a  more a c t i v e  t r ans -  
f e r  i n  t he  d i r e c t i o n  o f  HDL+VLDL-LDL 
(F ig .  2): 

Defect1 ve LDL c learance i n  n i c o t i n e  
t r ea ted  monkeys (Fig.  1) i s  cons i s ten t  
w i t h  an e a r l i e r  s tudy which showed 
t h a t  chron ic  subcutaneous i n j e c t i o n  o f  
t he  a1 k a l o i d  i n t o  dogs re ta rds  t he  
removal o f  r ad io labe led  plasma 
cho les te ro l  (15) .  A1 though LDL i s  
degraded i n  bo th  ex t rahepat ic  and 
hepat ic  t i s sues  , t h e  1  a t t e r  represents 
t he  major s i t e  f o r  LDL catabol ism v i a  
apo B, E receptors  (4 ) .  Since smoking 
does n o t  i n t e r f e r e  w i t h  receptor  
mediated degradat ion o f  LDL by 
pe r i phe ra l  lymphocytes (16) , t h e  1  i v e r  
appears t o  be t he  l i k e l y  s i t e  where 
tobacco components may a c t  t o  de lay  
l i p o p r o t e i n  uptake and degradation. 
Two experiments which support t h i s  
hypothesis i nc lude  one study w i t h  
carbon monoxide exposed r a b b i t s  i n  
which hepat ic  removal o f  l i p o p r o t e i n  
remnants was i n h i b i t e d  (17) and our  

F z - Q 
ip-i-p-i--i @-@NICOTINE 

- 0-0 CONTROL 

u 10 30 60 9 0 120 - TIME ( h r s . )  

f i n d i n g  t h a t  l i v e r  s l i c e s  f rom animals 
exposed t o  tobacco smoke con ta in i ng  
h i g h  l e v e l s  o f  n i c o t i n e  have reduced 
capaci t y  t o  degrade rad io1  abeled 
l i p o p r o t e i n s  i n  v i t r o  suggesting a  
permanent impairment i n  1  i ver  f u n c t i o n  
(18) 

A1 though the  exact  mechanism 
responsi b l  e  f o r  de l  ayed 1  i popro te i  n  
c learance i s  unknown, d i r e c t  de l  i very 
o f  o r a l  n i c o t i n e  t o  t h e  l i v e r  f rom the  
i n t e s t i n e  and " f i r s t  pass" metabolism 
t o  c o t i n i n e  and o the r  by-products 
(2,19) may i n  some way a f fec t  hepat ic  
l i p i d  and l i p o p r o t e i n  metabolism. For 
exampl e, because the  1  i ver  represents 
t h e  major  organ w i t h  microsomal 
enzymatic c a p a b i l i t i e s  f o r  n i c o t i n e  
degradat ion (2,15), a c t i v e  catabol  ism 
o f  t he  a l k a l o i d  cou ld  i n f l uence  
microsomal hepat ic  chol  ester01 
synthesis s ince  bo th  processes r e q u i r e  
common co fac to rs  ( 15). Moreover, 
chron ic  d e l i v e r y  o f  o r a l  n i c o t i n e  t o  
1  i v e r  compartments cou ld  conceivably 
a l t e r  apo B, E membrane receptors,  
hepat ic  synthesis o f  LCAT and l i p i d  
t r a n s f e r  p r o t e i n  (LTP) (5,7), o r  as we 
r e c e n t l y  demonstrated, b i  1  i a r y  
cho les te ro l  exc re t i on  (1 ) .  

Although human smokers have reduced 
LCAT mass compared t o  non-smokers (20) 
and animals exposed t o  tobacco smoke 
con ta in i ng  h i g h  l e v e l s  o f  n i c o t i n e  
demonstrate 1  ower plasma cho les te ro l  
e s t e r i f  i c a t i o n  (21), chron ic  admini s- 
t r a t i o n  o f  o r a l  n i c o t i n e  had no e f f e c t  
on acy l t r ans fe rase  a c t i v i t y  i n  t he  
plasma o f  N i c o t i n e  (0.128 + 0.005% 
e s t e r i f  i ca t i on /m i  n) vs Contro l  (0.132 
+ 0.004) monkeys. However, F ig.  2  
shows t h a t  t h e  a l k a l o i d  may a l t e r  LTP 
which i s  secreted by t h e  l i v e r  and 
which i s  f u n c t i o n a l l y  r e l a t e d  t o  LCAT 
because i t  i s  respons ib le  f o r  t h e  u n i -  
o r  b i d i r e c t i o n a l  r e d i s t r i b u t i o n  of CE 
among c i r c u l a t i n g  1  i pop ro te ins  (6).  
Accentuated a c t i v i t y  o f  LTP may 
account f o r  t h e  a c t i v e  t r a n s f e r  o f  
HDL cho les te ry l  e s t e r  t o  VLDL-LDL 
(Fig.  2) and r e s u l t a n t  expansion of 
t h e  LDL pool i n  N i c o t i n e  primates. 
Accelerated LTP a c t i v i t y  may i n  t u r n  
be r e l a t e d  t o  e leva ted  l i ~ o ~ r o t e i n  

Fig. 2. 14C cholesteryl  ester  1 i pase (LPL) observed i n  these inonkeys 
appearing i n  the VLDL-LDL f rac t ion  (Mul l  igan, J. e t  a1 , unpublished data)  
following i n  vivo plasma t ransfer  from s ince  a c t i v e  1  i p o l y s i s  o f  t r i g l y c e r -  
radio labeled m. Time points and i d e - r i c h  1  i pop ro te ins  s t imu la tes  
s t a t i s t i c a l  signif icance same as i n  t r a n s f e r  o f  HDL cho les te ry l  e s t e r  t o  
Fig.  1 legend. 1 ower dens.i ty 1  i pop ro te ins  (22). Th i s  
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data i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  
l i g h t  o f  t he  suggestion by Albers 
e t  a1 (6)  t h a t  i n fo rma t i on  about LTP 
may be impor tan t  i n  e l u c i d a t i n g  t he  
pa thophys io log ica l  bas is  of 1  i po -  
p r o t e i n  abnormal i t ies .  

Considered together,  our  f ind ings  
are  unique because they  i n d i c a t e  t h a t  
besides s t i m u l a t i n g  synthesis from 
precursor  1  i pop ro te ins  (3 ) ,  o r a l  
n i c o t i n e  can a l so  increase the  LDL 
concent ra t ion  by impa i r i ng  c learance 
of these p a r t i c l e s  from the  plasma 
compartment and by over1 oadi ng LDL 
w i t h  l i p i d  v i a  enhanced t r a n s f e r  from 
HDL. Ni  cot ine- induced a1 t e r a t i o n s  i n  
l i v e r  f u n c t i o n  may p l a y  a  c e n t r a l  
r o l e  i n  both o f  these de fec ts  i n  
l i p o p r o t e i n  metabolism. Diminished 
removal o f  LDL would i n  t u r n  enhance 
i t s  atherogenic p o t e n t i a l  s ince  an 
extended residence t ime i n  c i r c u l a t i o n  
would increase the  l i k e l i h o o d  o f  LDL 
depos i t i on  i n  t he  a r t e r i a l  w a l l  (23). 

The authors wish t o  express t h e i r  
s incere  app rec ia t i on  t o  Carol M a r t i n  
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