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of t h e m  (figure 4). Ovaries  of pha ra t e  adul ts  which  could 
be charac te r ized  b y  the  m o v e m e n t s  of eclosion, and  
adul t s  dur ing the  1st 2 h a f te r  eclosion, exh ib i t ed  an 
in tense  incorpora t ion  of pro te in  precursors .  This out -  
s t and ing  syn the t i c  ac t iv i ty  does no t  seem to be re la ted  to  
any  visible cytological  a l te ra t ion  in the  ovaries.  A l though  
we have  no da t a  on pro te in  synthes is  in o ther  t issues, the  
syn the t i c  ac t iv i ty  observed a t  th is  s tage should no t  be 
specifically re la ted  to vitel logenesis  itself. I t  could, 
however ,  be p a r t  of a more  general ized metabol ic  process,  
a t  t h a t  specific deve lopmen ta l  s tage of the  organism,  as 
discussed by  P a n  ~a. Considering these observat ions ,  yolk  
depos i t ion  in Rhynchosciara seems to involve 2 k inds  of 

mechan i sm:  the  incorpora t ion  of p ro te ins  f rom haemo-  
lymph,  as sugges ted  by  the  cor responding  e lec t rophore t ic  
p a t t e r n s  de tec ted  for fert i l ized eggs, ova ry  and  haemo-  
lymph,  and the  syn thes i s  b y  the  ova ry  itself, ma in ly  
dur ing  the  adul t  s tage,  as ind ica ted  by  its in tense  incor- 
pora t ion  of p ro te in  precursors .  
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Summary. Increas ing the  con t en t  of h u m a n  serum low dens i ty  l ipoprotein  in the  g rowth  med ium led to grea ter  in- 
corpora t ion  of asS-sulfate into pro teoglycan  (most ty into d e r m a t a n  sulfate) by p r i ma ry  aor ta  cells bu t  did no t  affect  
similar incorpora t ion  by f ibroblas t  cells. These results  suggest  a mechan i sm which can explain  the  increased deposi t ion 
of lipid in aor ta  due to hyper l ip idemia.  

Several  recent  s tudies  suggest  t h a t  lipid deposi t ion in 
a therosclerot ic  lesions m a y  be due, in part ,  to fo rmat ion  
of insoluble complexes  of serum l ipoproteins  with de rma-  
tan  sulfate  p ro teog lycans  secreted by  aor ta  s mo o t h  
muscle ceils 2 4. I t  has  been shown t h a t  of all g lycosamino-  
glycans d e r m a t a n  sulfate  has the  grea tes t  aff ini ty  :for low 
dens i ty  l ipoprotein (LDI,) 5 at  physiological  pH and  
ionic s t reng th  and is p resen t  in high concen t ra t ion  in 
ar ter ial  f a t t y  lesions 6. Bovine aor ta  conta ins  a d e r m a t a n  
su l fa te -chondroi t in  sulfate hybr id  pro teoglycan  molecule 
as the  major  p ro teoglycan  in the  tissue 7, s. Changes in the  
pro teoglycan  composi t ion of aor ta  t issue can be corre ia ted 
wi th  the  ex t en t  of a therosclerot ic  i nvo lvemen t  of the  
t issue 9,*0. Al though aor ta  smoo th  muscle cells in t issue 
and organ cul ture grow more rapidly  in the  presence of 
hyper l ipemic  serum ~', such increased g rowth  alone canno t  
expla in  the  lipid accumula t ion  which leads to a theroscler-  
osis. We presen t  evidence t h a t  serum l ipoprote ins  can s t im-  
ulate p ro teoglycan  synthes is  by  aor ta  cells in cul ture and 
hypo thes ize  t h a t  such increased secret ion by  aor ta  cells 
in vivo leads to the  increase in lipid depos i t ion  observed  
in the  format ion  of f a t t y  s t reaks  and f ibrous lesions in the  
aorta .  

Materials and methods. L D L  was p repared  fresh for each 
expe r imen t  f rom pooled normal  h u m a n  serum ob ta ined  
f rom fas t ing people.  Separa t ion  f rom o the r  serum com- 
ponen t s  was achieved by  the  me t h o d  Ewing  et  alYL In 
this  method ,  2 volumes  of serum overlaid wi th  1 volume 
of a 1.006 g/ml NaC1 solut ion are cent r i fuged for 20 h a t  
40,000 rpm in a Spinco Ti60 ro tor  a t  16-20~ to remove  
very  low dens i ty  l ipoprote in  (VLDL). The b o t t o m  layers 
conta in ing  L D L  are t rans fe r red  to a clean centr i fuge 
tube  (2 volumes) and overlaid wi th  1 volume of a 
1.1.82 g/ml NaC1-NaBr solution. After  cen t r i fuga t ion  at  
40,000 rpm in the  above ro tor  for 24 h, the  f loat ing L D L  
is removed.  The mater ia l  f rom the  b o t t o m  half  of the  
tube  is collected and saved as serum minus  V L D L  and 
I,DI,.  The var ious  f ract ions  wexe dialyzed agains t  0.15 M 
NaCI with 0.001 M EDTA,  sterile fi l tered under  pressure  
t h ro u g h  a 0.22 gm membrane ,  and s tored for less t han  
2 weeks in plast ic  tubes  a t  8 ~ before use. 
The h u m a n  foreskin f ibroblas t  (passage 11) cells were 
ob ta ined  from Dr C. Sanders  a t  the  L S U  Medical School, 
New Orleans. R a b b i t  and mo n k ey  aor ta  cells were 
ob ta ined  by  p r i m a r y  exp lan t  f rom aor tas  of 6 2-week-old 
rabb i t s  and an adul t  male rhesus monkey.  The aor tas  

cpm 
soo~ ! t 

40C 't a 

30c : 

2oc j t ,, 
I i, 

5 10 15 20 25 

Fraction number 

Fig. 1. Bio-Gel P-10 cohlmn chromatography of asS-sulfate-labeled 
proteoglycans from rabbit aorta cell culture medium (extracellular 
proteoglycans) after hyaluronidase digestion. The sample was from 
the experiment in which medium contained 3 times the normal 
amount of LDL. The sample, 0.2 ml, was applied to a 1.0x 27 cm 
column and eluted at a flow rate of 3.3 ml/h. 

l Acknowledgments. This work was supported by a Fort Polk- 
American Heart Association-Louisiana, Inc. Reserch Award. 

2 W. Hollander, Expl molec. Path. 25, 106 (1976). 
3 R. Ross and L. Harker, Science 193, 1094 (1976). 
4 T.N. Wight and R. Ross, J. Cell Biol. 67, 675 (1975). 
5 P.H. Iverius, J. biol. Chem. 2d7, 2607 (1972). 
6 B. Radhakrishnamurthy, D. A. gggen, M. Kokatnur, S. Jirge, 

J. P. Strong and G. S. Berenson, Lab. Invest. 33, 136 (1975). 
7 K. EhrIich, B. Radhakrishnamurthy and G. S. Berenson, Archs 

Biochem. Biophys. 17I, 361 (1975). 
8 H. Kresse, H. Heidel and E. Buddecke, Eur. J. Biochem. 22, 

557 (1971). 
9 E. Buddecke, J. Atheroscler. Res. 2, 32 (1962). 
10 V. Kumar, G. S. Berenson, H. Ruiz, E. R. Dalferes, Jr, and J. P. 

Strong, J. Atheroscler. Res. 7, 583 (1967). 
11 R. Ross and J. A. Glomset, Science 180, 1332 (1973). 
12 A.M. Ewing, N. K. Freeman and F. T. Lindgren, Adv. Lipid 

Res. 3, 25 (1965). 



180 Specialia EXPI~RIENTIA 34/2 

Effect of human serum low density lipoprotein on incorporation of sSS-sulfate into proteoglyeans of aorta and fibroblast cells in culture 

Proteoglyean Cholesterol Serum LDL Sulfated proteoglyeans (cpm/mg cell protein) 
fraction concentration (% of normal Primary Primary Human 

(mg/ml) amount in rabbit monkey foreskin 
human serum)* aorta ceils aorta cells fibroblasts 

Cell-associated 0.047 0 ND** 11,661 4- 3,000 50,997 4- 1,025 
0.188 100 53,647 -r 5,195 23,315 -r 3,842 55,322 i 6,011 
0.376 300 84,922 4- 14,478 71,965 4- 8,003 52,516 -t- 11,405 

Extraeellular 0.047 0 ND 30,152 • 5,805 224,936 4- 12,264 
0.188 100 145,312 4- 2,797 75,858 4- 9,371 201,602 4- 24,719 
0.376 300 244,929 -r 35,049 210,521 4- 54,449 180,927 4- 9,955 

* The low density lipoprotein in the pooled human serum from fasting people, which was used for these experiments, contained 65% of the 
total serum cholesterol. ** ND, not determined. 

were excised and  the  in t ima  and adven t i t i a  p a r t l y  
r emoved  by  scraping wi th  a sterile scalpel;  each aor ta  
was cut  in to  1-2 m m  3 f r agment s  wi th  iris scissors and 
then  p l an t ed  in flasks conta in ing  2 ml Dulbecco ' s  min imal  
essent ial  m e d i u m  (DMEM) wi th  10% fetal  calf serum, 
20 mmoles  H E P E S  (N-2-hydroxye thy lp ipe raz ine -N ' -2 -  
e thanesulfonic  acid) p H  7.3, ch lor te t racyc l ine  (100 tzg/ml), 
penicill in (100 units /ml) ,  s t r e p t o m y c i n  (100/~g/ml), and 
mycos t a t i n  (50/*g/ml). Cells grew out  f rom the  exp lan t s  
and reached  c0nfluency wi thin  21 days.  They  were t h e n  
used for exper iments .  
Cholesterol  assays  were pe r fo rmed  by  the  Pearson  
m e t h o d  13, and l ipoprote in  ident i f ied b y  e lect rophoresis  
on agarose gel p la tes  14. Bio-Gel P-10 co lumns  (1.0 • 27 cm) 
were equi l ibra ted  and eluted wi th  0.01% sodium dodecyl  
sulfate (SDS), 0.01 M Tris-HC1 p H  7.4. Hya luron idase  
(Nutr i t ional  Biochemicals)  digest ions were pe r fo rmed  
on 0.2 ml a l iquots  of d ia lyzed samples  using 0.2 ml  
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Fig. 2. Bio-Gel P-10 column chromatography of 8SS-sulfate-labeled 
proteoglycans from rabbit aorta cells (cell-associated proteoglycans) 
grown in medium containing 3 times the LDL content in normal 
human serum, a 0.2 ml of a hyaluronidase digest and b 0.2 ml of a 
nitrous acid-treated sample were applied to the column. 

tes t icu lar  hya luron idase  (100 un i t s /ml  in 0.1 M NaC1), 
and  0.2 ml c i t r a t e -phospha te  buffer,  p H  5.0. Incuba t ion  
was a t  37~ for 13 h. For  n i t rous  acid digest ion,  50 ~zl 
glacial acetic acid and 50 ~l 20% sodium ni t r i te  were 
added  to 0.2 ml  samples  in glass t e s t  tubes  and  the  
mix tu re  incuba ted  1.5 h a t  27 ~ 
Dupl ica te  25 cm 2 plast ic  flasks wi th  conf luent  monolayers  
were t r ea ted  as follows. The med i u m was removed,  and 
e i ther  DMEM wi th  10% h u m a n  se rum minus  V L D L  
and  LDL,  DMEM wi th  10% dialyzed h u m a n  serum, or 
DMEM wi th  10% dialyzed h u m a n  serum plus LDL 
(0.13 ml of purif ied LDL,  cholesterol  co n t en t  = 2.82 
mg/ml)  was added.  In  order  to have  the  same concen-  
t ra t ion  of med i u m in all samples  the  incuba t ion  med ium 
was ad jus ted  to 2 ml using 0.001 M EDTA,  0.15 M NaC1 
(the dialysis solut ion for LDL) as necessary,  and  35S- 
sulfate  added  to  a concen t ra t ion  of 10 ~zCi/ml. The cell 
monolayers  were incuba ted  a t  37 ~ for 36 h. 
Fol lowing incubat ion  and removal  of the  medium,  the 
cells were washed 4 t imes  wi th  H E P E S - b u f f e r e d  saline 
and  t h e n  dissolved in 1% SDS. Bo th  med i u m and  cell 
f ract ions  were d ia lyzed exhaus t ive ly  against ,  first,  0.1 M 
Na~SO 4 and t h e n  0.15 M NaC1. Al iquots  were assayed  for 
rad ioac t iv i ty  and  Characterized by  var ious  techniques ,  
as descr ibed above.  
Results  and discussion. The up take  of 3~S-sulfate into 
pro teoglycans  was  measured  in expe r imen t s  wi th  rabbi t  
and mo n k ey  aor ta  cells and h u m a n  foreskin f ibroblasts .  
In general,  h igher  levels of L D L  in the  se rum resul ted  in 
increased incorpora t ion  of label into pro teoglycan  in the  
r abb i t  and m o n k e y  aor ta  cell exper iments ,  b u t  in de- 
creased incorpora t ion  in the  h u m a n  foreskin f ibroblas t  
s t u d y  (table). The increase was found in bo th  cell-asso- 
c ia ted (not lost  by  washing) and  ext racel lu lar  (secreted) 
pro teoglycans .  The increased 35S-sulfate incorpora t ion  
for rhesus  aor ta  cells was grea te r  t h a n  t h a t  for r abb i t  
ao r ta  cells, a l though  the  r abb i t  smooth  muscle cells had 
a g rea te r  ne t  incorpora t ion  on a per  mg  basis a t  lower 
levels of LDL.  

13 S. Pearson, S. Stern and T. H. McGavack, Analyt. Chem. 25, 
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16 K. Kowalewski, Proe. Soc. exp. Biol. Med. J01, 536 (1959). 
17 D.T. Forman, S. MeCann, R. E. Nosher and A. J. Boyle, Circ. 
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These  resu l t s  are in  a g r e e m e n t  w i t h  those  of severa l  
workers  who  h a v e  found  a n  increased  i n c o r p o r a t i o n  of 
asS-sulfate in to  g lycosaminog lycans  in a o r t a  t issue incu-  
b a t e d  u n d e r  a therosc le ro t ic  cond i t ions  15-18. M a m m a l i a n  
cells are  k n o w n  to inco rpora t e  su l fa te  on ly  in to  p ro teo-  
g lycan,  and  t he  a m o u n t  of su l fa te  i n c o r p o r a t i o n  is 
cons idered  to be  a good e s t ima te  of a c t u a l  a m o u n t s  of 
p ro t eog lycans  syn thes i zed  b y  t he  cells ~.  Therefore ,  i t  
seems l ikely t h a t  e l eva ted  s e rum l ipopro te in  levels cause  
h e i g h t e n e d  p r o d u c t i o n  of p ro t eog lycans  in a o r t a  cells. 
Phase  mic roscopy  s tud ies  of m o r p h o l o g y  ind ica te  t h a t  
the  cell p o p u l a t i o n s  cons is t  m a i n l y  of s m o o t h  muscle  
cells. The  facts  t h a t  the  cells syn thes ize  p r e d o m i n a n t l y  
d e r m a t a n  su l fa te  pro teoglycan(s )  (see below) suppor t s  
th i s  conclusion.  
Rad io l abe l ed  p ro t eog lycans  f rom r a b b i t  a o r t a  cu l tu res  
i n c u b a t e d  w i t h  3 t imes  the  n o r m a l  h u m a n  se rum L D L  
were c h r o m a t o g r a p h e d  on P-10 co lumns  before  and  a f te r  
h y a l u r o n i d a s e  or n i t rous  acid t r e a t m e n t .  Af te r  i n c u b a t i o n  
w i th  hya lu ron idase ,  a r e t a r d e d  peak  (mol. w t  < 20,000) 
was found  in all m e d i u m  samples  (figure 1), b u t  no t  in 
a n y  cell samples  (figure 2, a). Af te r  n i t rous  acid degrada-  
t ion,  the  cell f rac t ion  also showed a r e t a r d e d  peak  
(figure 2, b). The  u n t r e a t e d  samples  f rom cell and  m e d i u m  
f rac t ions  showed only  a single r ad ioac t ive ly  labeled  peak  
m i g r a t i n g  w i th  t he  c o l u m n  void  volume.  Simi lar  resu l t s  
were o b t a i n e d  f rom ana lyses  of the  m o n k e y  a o r t a  
p ro teog lycan  fract ions .  W i t h  n o r m a l  and  reduced  c o n t e n t  
of L D L  in the  serum,  no  change  in the  P-10 profi le  was  
found  (da ta  no t  shown).  The  secre ted p ro t eog lycan  
ma te r i a l  also shows no s ign i f ican t  differences  in  com- 
pos i t ion  w i th  d i f fe rent  a m o u n t s  of se rum L D L  in the  cell 
g rowth  med ium.  
We conclude f rom these  resul t s  t h a t  the  compos i t ion  of 
cei l -associated and  ex t race l lu la r  p ro t eog lycans  does no t  
v a r y  s ign i f ican t ly  wi th  the  l ipopro te in  c o n t e n t  of the  

med ium.  The  cel l -associa ted p ro t eog lycans  are n o t  de- 
g raded  b y  h y a l u r o n i d a s e  (figure 2, a), a l t h o u g h  n i t rous  
acid t r e a t m e n t  degrades  ~ 45% of th i s  ma te r i a l  (fig- 
ure  2,b).  The  cel lular  p ro t eog lycan  mate r i a l ,  therefore ,  
consis ts  of 55% d e r m a t a n  su l fa te  p r o t e o g l y c a n  (hyal-  
uronidase ,  n i t r ous  ac id- res i s tan t )  a n d  45% h e p a r a n  
sul fa te  (n i t rous  acid-sensi t ive) .  The  ex t race l lu la r  p ro teo-  
g lycans  c o n t a i n  a po r t i on  t h a t  is d e g r a d a b l e  b y  hya l -  
u ron idase  ( ~  55%) a n d  a po r t i on  r e s i s t a n t  to  e n z y m e  
deg rada t i on .  W e  h a v e  found  (results  n o t  shown) t h a t  th i s  
h y a l u r o n i d a s e - r e s i s t a n t  m a t e r i a l  is n o t  d e g r a d e d  b y  
n i t r ous  acid b u t  is ex t ens ive ly  degraded  b y  chond ro i t i na se  
ABC. These  resu l t s  i nd i ca t e  t h a t  t he  p e a k  in the  P-10 
c h r o m a t o g r a p h  e lu t ing  in t he  c o l u m n  void  v o l u m e  p rob -  
ab ly  is composed  of d e r m a t a n  sul fa te  p ro teog lycan .  
Compared  to o t h e r  g lycosaminoglycans ,  d e r m a t a n  sulfate ,  
ident i f ied  b y  i ts  r es i s t ance  to h y a l u r o n i d a s e  and  n i t r ous  
acid and  suscep t ib i l i t y  to  chond ro i t i na se  ABC, ha s  the  
g rea t e s t  a f f in i ty  for L D L  u n d e r  phys io log ica l  cond i t ions  
and  has  been  found  in h igh  c o n c e n t r a t i o n s  in a r t e r i a l  
lesions t~ Our  resu l t s  sugges t  a m e c h a n i s m  to exp la in  
t he  increased inc idence  of f a t t y  lesions in ao r t a s  of an ima l s  
whose  s e rum lipid c o n t e n t  is e levated .  The  increased  s e rum 
L D L  c o n t e n t  in t he  a o r t a  s t i m u l a t e s  a n  increase  in g r o w t h  
of those  a o r t a  s m o o t h  muscle  cells exposed  to b lood  
flow due to pr ior  i n j u r y  of the  a r t e r i a l  wal l  a ,n.  The  
g r o w t h  increase  is a ccompan ied  b y  an increased  syn thes i s  
and  secre t ion  of d e r m a t a n  sul fa te  p r o t e o g l y c a n  w h i c h  
complexes  w i t h  the  s e rum L D L  to fo rm insoluble  p rod -  
ucts.  The  b u i l d u p  of insoluble  l ipids causes  loss of cell 
v iab i l i ty .  E v e n t u a l l y ,  ca lc i f icat ion m a y  occur  to  r ende r  
the  p r o t e o g l y c a n - L D L  complex  even  more  r e s i s t a n t  to  
r e m o v a l  f rom the  lesions b y  e n z y m a t i c  deg rada t ion .  Th i s  
hypo thes i s  is cons i s t en t  w i th  the  increase  in d e r m a t a n  
sul fa te  found  in ar te r ies  t h a t  deve lop  lesions a f t e r  
ex tens ive  l ipid in f i l t r a t ion  10. 

Select ive  inac t iva t ion  of ca ta lase  dur ing  p r o t o p o r p h y r i n  induced  p h o t o h e m o l y s i s  
of h u m a n  red b lood  ce l l s  
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Summary. The  level  of some e n z y m a t i c  ac t iv i t i es  in red b lood cells before  a n d  a f t e r  pho tohemolys i s  i nduced  b y  p ro to -  
p o r p h y r i n  I X  was s tudied.  A 30% decrease  in ca ta lase  a c t i v i t y  was found  b o t h  in n o r m a l  e r y t h r o c y t e s  a n d  those  f rom 
p a t i e n t s  af fected b y  favism. O t h e r  p ro te ins  t h o u g h  p re sen t  in larger  a m o u n t s  inside t he  e r y t h r o c y t e s  are no t  a f fec ted  
b y  the  p h o t o h e m o l y t i c  process.  

The  p h o t o d y n a m i c  effect  of p r o t o p o r p h y r i n  on red blood 
cells has  r ecen t ly  been s tudied ,  in view of i ts  s ignif icance 
as a model  s y s t e m  for p o r p h y r i a s  1. A f u r t h e r  i n t e r e s t i ng  
aspec t  is to  i den t i fy  the  ea r ly  d a m a g e d  c o m p o n e n t  of the  
m e m b r a n e  2-6. Whi le  the  p rev ious  paper s  were conce rned  
w i t h  the  m e m b r a n e  d a m a g e  in general ,  in  the  p r e sen t  
c o m m u n i c a t i o n  we r e p o r t  a b o u t  the  i n a c t i v a t i o n  of 
i n t r a e r y t h r o c y t i c  ca ta lase  d u r i n g  pho tohemolys i s .  
Materials and methods. H u m a n  red b lood cells were 
o b t a i n e d  b y  v e n i p u n c t u r e  f rom h e a l t h y  people  and  f rom 
p a t i e n t s  af fected b y  favism,  us ing  oxa la te  as an t i coagu lan t .  
The  red cells were col lected b y  cen t r i f uga t i on  and  washed  
3 t imes  w i th  isotonic  saline.  T h e n  the  p a c k e d  cells were 
suspended  in 100 vol. i sotonic  sal ine a n d  i n c u b a t e d  in 
t he  presence  of 1 ~xM p r o t o p o r p h y r i n  I X  (Sigma, St. 
Louis,  Mo, USA) .  Samples  were i r r ad i a t ed  w i t h i n  a 
t h e r m o s t a t e d  b a t h  w i t h  2 0 s r a m  p ro j ec to r  150 W lamps  
s i t u a t e d  a t  30 cm dis tance .  

Af te r  5-30 min  i n c u b a t i o n  u n d e r  l ight ,  t h e  samples  were 
s tored in the  d a r k  for 2 h, t h e n  cen t r i fuged  and  the  e x t e n t  
of hemolys i s  was e v a l u a t e d  b y  m e a s u r i n g  t he  a b s o r b a n c e  
of s u p e r n a t a n t  a t  550 nm.  Cont ro l  samples  were o b t a i n e d  
e i the r  b y  i n c u b a t i o n  in t he  d a r k  or b y  h y p o t o n i c  hemo-  
lysis. 
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