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Summary. The effect of insul in  ( 1 0 - 1 0  000 mU/1) on  
the pro l i fera t ion  of cul tured  h u m a n  arterial  smooth  
muscle  cells was studied.  Smooth  muscle  cells were 
cul t ivated by explanta t ion .  Ceils f rom the third to the 
fifth subcul ture  were used. Prol i fera t ion  was s tudied 
by growth curve exper iments .  Insu l in  s t imula ted  cell 
pro l i fe ra t ion  in all concen t ra t ions  (p <0 .001) .  
Growth  was however  s t imula ted  more  by a m e d i u m  
con ta in ing  10% fetal calf serum. The  highest  con- 
cen t ra t ion  of insul in  p roduced  only  35% of the effect 
of 10% fetal calf serum. Our  results suppor t  the 
hypothesis  that  insul in  may  play a role in a thero-  
sclerosis. 
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Diabe tes  is a m a j o r  risk factor for atherosclerosis.  
The  changes in  the vessel wall beg in  earl ier  and  ad- 
vance more  rapidly in diabet ic  pa t ients  than  in n o n -  
diabetics [1]. Smooth  muscle  cells play an impor t an t  
role in deve lopmen t  of atherosclerosis  [2, 3]. Accord-  
ing to the hypothesis  descr ibed by Ross [2], a thero-  
sclerosis begins  with an  in ju ry  of the endo the l ium.  At  
these sites of i n ju ry  var ious  factors such as I ipopro- 
teins, h o r m o n e s  and  p la te le t -der ived  factors infi l t rate 
the subendothe l i a l  tissue. The  inf i l t ra t ion of these 
factors may  lead to the pro l i fera t ion  of smooth  mus-  
cle cells der ived f rom the in t ima  and  media .  

To  s tudy whe ther  insul in  is one  of the se rum fac- 
t o r s  which lead to the pro l i fera t ion  of smooth  muscle  
cells, the effect of insul in  on  the growth of cul tured 
an imal  ar ter ial  smooth  muscle  cells was invest igated 
[4, 5]. A hypothesis  that  insul in  may  con t r ibu te  to the 
deve lopmen t  of atherosclerosis  was es tabl ished by 

Stout  [6]. In  this s tudy we have invest igated the 
g rowth-p romot ing  effect of insul in  on  cul tured  
h u m a n  arterial  smooth  muscle  ceils. 

Material and Methods 

Smooth muscle ceils were cultivated from segments of human 
arteries, which were obtained from operations on men aged 40 to 
60 years. 

For these experiments four segments of arteries from three 
subjects were used. Three segments of arteries were obtained by 
aneurysmectomy from two subjects aged 48 and 56 years. The 
segments used were of normal structure. One segment of artery 
was obtained by aorto-aortic bypass from a subject aged 35 years. 
This arterial wall was of normal structure apart from a thickend 
adventitia. No subject was taking drugs known to affect metabo- 
lism. Informed consent was obtained from the patients. 

Cell Culture Technique 

The intima and inner media of a segment of artery were stripped 
under sterile conditions. The stripped tissue was put into dessect- 
ing medium and was cut with a scalpel into small pieces 1 mm z. 
The dessecting medium used was Dulbecco's Modified Eagle 
Medium (Gibeo, Karlsruhe) containing 10 ml/1 Tris buffer (2 mol/ 
1, ph 7.4). These pieces were transferred to a 25 ml Falcon flask. 
One flask contained 15-20 pieces. The medium was removed and 
replaced by a tissue culture medium containing 100 ml/1 fetal calf 
serum. The culture medium used was Dulbecco's Modified Eagle 
Medium containing 10 ml/1 MEM NEAA-solution (Gibco, Karls- 
ruhe) and 30 ml/1 75 g/1 sodium bicarbonate. The concentration of 
insulin in the fetal calf serum was 5 mUff. 

Smooth muscle ceils were grown out in about three weeks. 
From this primary culture subcultures were made by trypsinisa- 
tion. The concentration of trypsin used was 0.5 g/1. 

Growth Curve Experiments 

The proliferation of smooth muscle cells in the logarithmic growth 
phase and in the stationary growth phase was examined. 

To examine the proliferation of smooth muscle cells during 
logarithmic growth, 4 ml of a cell suspension with 105 cells/ml in 
culture medium containing 10 ml/1 fetal calf serum was pipetted 
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uranyl-acetate,  and embedded  in EPON.  Af ter  the plastic was 
hardened  overnight,  the flask was broken and the plastic layer 
covering the  cell layer was removed.  Blocks were sectioned with an 
ul tramicrotome. The  sections were stained with lead citrate and 
viewed with a Philips E 302 electron microscope. 

Statistical Analysis 
For statistical analysis the  means  of the total numbe r  of cells of 
twofold determinat ions in each of duplicate plates were used. 
Resul ts  were then t reated by analysis of variance, and significance 
assessed using the  F-test .  

Fig. 1. Cult ivated h u m a n  smooth  muscle cell f rom the 4th passage. 
The  cell contains myofilarnents (mf) which are predominant ly  
located at the  periphery of the  cell. Along  the cell m e m b r a n e  many  
pinocytotic vesicles (pv) are present  

into Falcon tissue culture flasks on day 0. On  day 2 the  tissue 
culture med ium was removed  and the test  med ium containing 
10 ml/l  fetal calf se rum and insulin (porcine insulin, Hoechst ,  
Frankfurt)  at a concentrat ion of 1 0 - 1 0 0 0 0  mU/1 were added. The  
test med ium was replaced by fresh med ium every third day. Con-  
trol groups of cells cont inued their growth in med ium containing 
only 10 and 100 ml/1 fetal calf serum. O n  day 2, 4, 6, 8, 10, 12 and 
13 the  cells were counted twice in a Fuchs-Rosentha l  counting 
chamber .  

To s tudy the proliferation of cells taken from the stationary 
growth phase  in 10 ml/1 serum medium,  a cell suspension with 105 
cells/ml tissue culture med ium containing 1% fetal calf se rum was 
seeded into Falcon flasks. Af ter  9 days when  cells had  reached the 
stationary growth phase the test  med i um was added with an insulin 
concentrat ion of 1 0 - 1 0 0 0 0  mU/1. This  is referred to as day 0. The  
test med ium was replaced by fresh med ium every third day. Con-  
trol groups of cells were grown in 10 ml/1 med ium and 100 ml/l 
med ium as described above. Cell counting was carried out  on day 
0, 2, 4, 6, 8 and 10. For these exper iments  ceils f rom the third 
passage were used. 

Electron Microscopy 
To study the morphological  character  of the  cultured smooth  mus-  
cle cells by electron microscopy, the  cells were grown in Falcon 
tissue culture flasks as described. The  cell layer was r insed with 
0.1 mol/1 sod ium phospha te  buffer  containing 20 g/1 saccharose,  
p H  7.3, and subsequent ly  fixed at room tempera ture  for one hour  
with 20 g/1 glutaraldehyde,  10 g/1 tannin and 20 g/l saccharose in 
0.1 mol/1 sodium phospha te  buffer  p H  7.3. Af ter  fixation the cell 
layer was r insed again with 0.1 mol/1 sodium phospha te  buffer  and 
postfixed with 20 g/1 OsO4 in 0.1 mol/1 sod ium phosphate  buffer  
p H  7.3 for 2 h. Finally cells were dehydra ted  through a graded 
series of ethanol  solutions, contrasted with a saturated solution of 

Results 

Human smooth muscle cells from the intima and 
inner media of a segment of artery grew out from the 
explants after three weeks. They grew in multiple 
overlapping layers, characteristic for the growth pat- 
tern of smooth muscle cells. 

Cells from the third to the fifth passage were 
used. The ultrastructure of the cultured smooth mus- 
cle cells did not change during these passages. 
Smooth muscle ceils which advanced in culture 
showed alternations in their morphology. These cells 
contained many myofilament bundles and pino- 
cytotic vesicles were grouped along the cell mem- 
brane (Fig. 1). The cells also contained large mito- 
chondria, free ribosomes, a well-developed rough 
endoplasmatic reticulum, Golgi-apparatus and large 
dense bodies. 

The effect of insulin (10-10000 mU/1 plus 10 ml/1 
fetal calf serum on the proliferation of smooth muscle 
cells during the logarithmic growth phase is shown in 
Figure 2. The results show that cells which were 
grown in medium containing insulin multiplied more 
rapidly and reached the stationary growth phase ear- 
lier than cells which were grown in medium contain- 
ing only 100 ml/1 fetal calf serum. Cells which were 
grown in medium containing 100 ml/1 fetal calf serum 
showed greater multiplication and had a longer 
logarithmic growth phase, the stationary growth 
phase not being reached until the 12th day. The 
analysis of variance showed that the differences be- 
tween the effects of the various insulin concentra- 
tions (0-10 000 mU/1) were significant (p <0.001). 
There was also a significance between the mean cell 
counts in each treatment group and the correspond- 
ing hormone concentration (p <0.001). The F-test 
showed that the differences of the mean cell counts 
on days 4, 6 and 8 were significant (p <0.00I). 

In separate studies the effect of insulin on the 
proliferation of smooth muscle cells in the stationary 
growth phase was studied in medium containing 
10 ml/1 serum (Fig. 3). From day 0, the day when 
cells had achieved stationary growth, the basal 
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Fig. 2. The  effect of insulin on the prolifera- 
tion of cultured h u m a n  arterial smooth  mus-  
cle cells in the logarithmic growth phase.  
The  cells used in this study were from the 
4th passage. Insulin was tested at a concen- 
tration of 10-10  000 mU/1 in comparison 
with culture medium containing 10 ml/1 fetal 
calf serum (1% S) or  100 ml/1 fetal calf 
serum (10% S). Each  point is the  mean  cell 
count of twofold determinat ion in two repli- 
cate plates. The change to fresh med ium is 
indicated by arrows 
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Fig. 3. The  effect of insulin on the prolifera- 
tion of cultured h u m a n  arterial smooth  mus-  
cle cells in the stationary growth phase. The 
cells used in this study were from the 5th 
passage. Insulin was tested at a concentra-  
tion of 10-10  000 mU/1 in comparison with 
culture medium containing 10 or 100 ml/1 
fetal calf se rum (1% S, 10% S). Each point  
is the  mean  cell count of twofold determina-  
tion in two replicate plates 

medium was removed and the test medium was 
added. In this experiment,  insulin significantly stimu- 
lated cell proliferation at all concentrations (p 
<0.001).  Proliferation was most increased in the first 
2 d after the test medium was added. On day 4 the 
stationary growth phase was again achieved. Medium 
containing 100 ml/1 serum stimulated cell prolifera- 
tion more. Stationary growth was achieved on day 9. 
For this experiment the same statistical analysis was 
performed as described above, all tests being signi- 
ficant (p <0.001).  

Discuss ion 

The foregoing studies show that the proliferation of 
human arterial smooth muscle cells was stimulated 
even by small concentrations of insulin similar to 
those found in plasma under physiological condi- 
tions. Our previous studies [4] with cultivated arterial 
smooth muscle cells of rats showed that the growth of 
these cells can also be stimulated by a medium con- 
taining insulin. Stout et al. [5] demonstrated that 
insulin at a concentration of 10-10000  mU/l  stimu- 
lated the proliferation of arterial smooth muscle cells 

of monkeys (Macaca nemistrina). All these studies 
suggest strongly that insulin is a growth-factor of 
serum, able to stimulate the proliferation of smooth 
muscle cells of vessel wall. 

Atherosclerosis is the principal cause of death 
among diabetic patients. A study in the Joslin Clinic 
in Boston between 1956-1968 [7] showed that about 
78% of diabetic patients die from cardiovascular- 
renal disease. Cardiac death alone accounted for 
more than half of all deaths. In Finland a five-year 
prospective study of risk factors for coronary heart  
disease was carried out [8, 9]. The study showed that 
men with high plasma insulin levels had a two to 
threefold increase in coronary heart  disease. The 
effect of insulin was independent of other  risk fac- 
tors. Our laboratory studies show that insulin in phy- 
siological concentrations stimulated the proliferation 
of cultured human arterial smooth muscle cells. From 
the clinical observations in Helsinki and from our in 
vitro experiments we conclude that insulin itself 
could have a direct effect on the pathogenesis of 
atherosclerosis. 

In contrast to our results, Ledet  [10] found that 
the addition of insulin in various concentrations (2, 5 
and 100 mU/1) to nondiabetic human serum did not 
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resul t  in e n h a n c e m e n t  of  the  g rowth  of the  cu l tu red  

rabbi t  ar ter ia l  s m o o t h  musc le  cell. I t  is poss ible  that  

he  could  no t  obse rve  an effect  of  insulin at these  low 
concen t ra t ions  with the  high se rum concen t r a t i on  
(50 ml/1) used  in his exper iments .  

T h e  m e c h a n i s m  of ac t ion  of  insulin on  ar ter ia l  

s m o o t h  musc le  cells is unknown.  S te iner  et  al. [11] 

descr ibed  insulin as a cel lular  g rowth  ragu la to r  of  

hepa tocy tes  and discussed a new hypothes i s  regard-  

ing the  role  of  the  i n s u l i n - r e c e p t o r - c o m p l e x  in ini t iat-  

ing the  m e t a b o l i c  and mi togen ic  effects  of insulin. 

M a n y  ques t ions  abou t  the  m e c h a n i s m  of the  regula-  

t ion of cell  p ro l i f e ra t ion  by insul in r e m a i n  to  be  

studied,  however .  
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