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Summary. The effect of dibutyryl cyclic AMP on 
DNA synthesis was studied in cultured human umbil- 
ical endothelial cells and rat aortic smooth muscle 
cells. Dibutyryl cyclic AMP (2 • 10-4tool/I) inhibited 
DNA synthesis in both arterial cell types when they 
were grown in medium supplemented with whole 
serum or with platelet poor serum, but had no ef- 
fect in the absence of  serum. An effect was seen one 
hour after the addition of the nucleotide, and the 
threshold concentration was between 2 x 10 -6 and 
2 • 10-5mol/l. These results may have relevance to 
the interaction of platelets and insulin with the arteri- 
al wall in the development of atherosclerosis in dia- 
betes. 
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Atherosclerosis is a disease of the inner part of the ar- 
terial wall. In this part of the artery two cells predomi- 
nate, endothelial cells, which line the inner surface of 
the vessel, and smooth muscle cells. Modem theories 
on the pathogenesis of atherosclerosis assign impor- 
tant roles to both these cells [1]. The endothelial cell is 
thought to act as a barrier preventing the constituents 
of circulating blood from entering the inner part of 
the artery. It is postulated that an early change in the 
development of atherosclerosis is an injury or altera- 
tion to the endothelial cell barrier allowing plasma 
constituents to enter the inner part of the arterial wall 
and act on the smooth muscle cells. Plasma constitu- 
ents stimulate arterial smooth muscle cells to prolifer- 
ate. If the stimulus is temporary, repair of the arterial 
damage occurs but if the stimulus continues, the cells 

become filled with lipid and eventually an atheroma- 
tous plaque develops. 

A number of factors have been proposed to have a 
role in the early development of the arterial lesion. 
These include platelet factors [2], lipoproteins [3] and 
insulin [4]. Both platelet and insulin action are related 
to the activity of cyclic adenosine 3' 5'-monophos- 
phate (cyclic AMP) and situations associated with in- 
sulin overactivity [5] and with platelet adhesiveness [6] 
are associated with decreased intracellular cyclic 
AMP. Cyclic AMP may thus be a common factor 
linking the actions of these factors. This paper de- 
scribes the effect of dibutyryl cyclic AMP (db-cAMP) 
on DNA synthesis in cultured arterial cells. Dibutyryl 
cyclic AMP was chosen as it is said to pass through 
cell membranes more readily than cyclic AMP itself 
[71. 

Materials and Methods 

Culture media, trypsin and fetal calf serum were obtained from 
Gibco Biocult, Paisley, Scotland, UK and Falcon plastic culture 
dishes and flasks from Becton Dickinson, Wembley, Middlesex, 
UK. Collagenase (Type I from Cl. histolyticum [Worthington]) was 
obtained from Millipore, London, UK. Human serum was ob- 
tained from the Northern Ireland Blood Transfusion Service, Bel- 
fast, UK. It was pooled from at least 20 donors and was filter steri- 
lized before use. Platelet-poor serum was prepared according to the 
method of Rutherford and Ross [8] as described [9]. Isotopes were 
obtained from the Radiochemical Centre, Amersham, UK. db- 
cAMP was purchased from Sigma Chemicals, London and dis- 
solved in a 4% bovine albumin solution. 

Cell Culture Techniques 

Human endothelial cells were cultured from umbilical vein by a 
modification [9] of the methods of Jaffe et al. [10] and Gimbrone et 
al. [11]. Briefly, umbilical cord was obtained within 12 h of delivery. 
The umbilical vein was identified, canulated and washed with Dul- 
becco's phosphate buffered saline (PBS) to remove any residual 
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Table 1. Effect of dibutyryl cyclic AMP (2 x 10-4mol/l) on DNA synthesis in cultured rat arterial smooth muscle cells 

Medium Control db-cAMP t value p value 

With 10% calf serum 1,373,966 + 81,557 253,051 _+ 22,498 13.25 < 0.0005 
(18%o) 

626,280 _+ 75,636 77,885 + 2,516 7.25 < 0.0005 
(12%) 

With 10% platelet-poor 13,453 _+ 1,557 3,389 + 217 6.40 < 0.0005 
human serum (25%) 

19,370 + 1,896 5,485 + 1,307 6.03 < 0.0005 
(28%) 

With no serum 9,977 + 3,265 5,952 + 1,790 1.08 > 0.15 
(60%) 

7,954 + 711 5,630 + 260 3.07 < 0.01 
(71%) 

Each value is the mean of six replicate plates. Results are expressed as counts min-~ mg cell protein-1 (mean + SEM). Figures in paren- 
theses represent the values in the cells exposed to db-cAMP expressed as a percentage of the values in the control cells 

Table 2. Effect of time of exposure to db-cAMP (2 x 10-4mol/1) on 
DNA synthesis in cultured rat arterial smooth muscle cells grown 
in medium with 10% fetal calf serum 

Time (h) DNA (%) 

0 62,666 100 
1 37,973 61 
2 39,429 63 
3 41,806 67 
4 27,298 44 

Each value is the mean of two replicate plates. Results are ex- 
pressed as counts min ~ mg cell protein- 1 

Table 3. Effect of different concentrations of db-cAMP on DNA 
synthesis in cultured rat arterial smooth muscle cells grown in me- 
dium with 10% fetal calf serum 

db-cAMP DNA (%) 
(tool/l) 

0 17,816 + 666 100 
2 x  10 .6 19,565 ___ 492 110 
2 x  10 -5 11,583 + 277 65 
2 x 10 .4 4,270 + 170 24 

Each value is the mean + SEM of three replicate plates. Results are 
expressed as counts min-  1 mg cell protein- 1 

blood. Ten ml 0.025% collagenase in PBS was then infused and the 
vein was clamped. After 10 min incubation at 37 ~ C, the collagenase 
solution was flushed out together with the endothelial cells into me- 
dium 199. After centrifugation the cell pellet was resuspended in 
medium 199 supplemented with 20% human serum (v/v) and plat- 
ed into a 25 cm culture flask. Cell growth occurred in about 6 h and 
the cells reached confluency in about 5 days. Endothelial cells were 
identified by the presence of Weibel-Palade bodies on electron 
microscopy [10] and by immunofluorescence against clotting factor 
VIII antibodies. When the cells had filled the surface of the flask, 
they were freed from each other and the flask by 10 min exposure to 
trypsin (0.5g/l) in versene buffer (0.2g/l) and passed into two or 
more new flasks. The cells were used for experiments after two or 
three subcultivations. 

Smooth muscle cells were cultured from rat aorta by methods 
previously described [13]. Briefly, the aorta was removed under 
sterile conditions from 150g male Wistar rats. The intima and me- 
dia were carefully separated from the rest of the aorta, divided into 
small pieces and placed in plastic culture flasks with Dulbecco- 
Vogt medium supplemented with 10% fetal calf serum (v/v) at 
37 ~ in a humidified atmosphere of 5% carbon dioxide in air. Cell 
growth was seen about 10 days after explantation and the cells grew 
in the hills and hollows typical of smooth muscle cells. The identity 
of the cells was confirmed as previously described [13]. The cells 
were treated by trypsinisation in a similar manner to the endothelial 
cells and in these studies were used after 4-12 subcultivations. 

Experimental 

Equal numbers of cells were plated into 12 30 mm plastic petri dish- 
es and were grown to near confluency in their usual growth medi- 
um. For endothelial cells this was medium 199 supplemented with 
20% pooled human serum (v/v) and for smooth muscle cells, Dul- 
becco-Vogt medium supplemented with fetal calf serum. When the 
platelet-poor serum was being tested, human serum was used for 
both cell types [9]. db-cAMP was then added in appropriate con- 
centrations to the medium (see Tables) and the same volume of 4% 
albumen to the controls. After 24h exposure to db-cAMP, 2 ~tCi of 
(methyl-3H) thymidine was added to each dish. After a further 2h  
the medium was removed, the cells were washed in PBS and re- 
moved from the dishes by trypsinisation. DNA was extracted and 
its activity measured as described [9]. Protein was measured by the 
Lowry method [14] and the results were expressed in counts per mi- 
nute per milligram cell protein. The results were analysed by Stu- 
dent's 't ' test. 

Results 

Smooth Muscle Cells 

In Table 1 the results of duplicate experiments, each 
using six dishes in control and db-cAMP medium, are 
shown, db-cAMP (2x 10-4mol/1) inhibited DN A  
synthesis by more than 80% in cells grown in whole 
serum and by 75% in cells grown in platelet-poor se- 
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Table 4. Effect of  dibutyryl cyclic A M P  (2 x 10-4mol/1) on D N A  synthesis in cultured human endothelial cells 
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Medium Control db-cAMP t value p value 

With 20% human serum 561,689 _+ 42,214 97,874 _+ 4,276 10.93 < 0.0005 
(17%) 

157,352 _+ 5,716 106,629 _+ 7,701 5.29 < 0.0005 
(68%) 

With 20% platelet-poor serum 63,597 + 4,674 41,238 + 2,022 4.39 < 0.0025 
(65%) 

100,301 _+ 20,598 50,768 _+ 6,294 2.30 < 0.025 
(51%) 

60,384 + 10,150 6,294 _ 543 5.32 < 0.0005 
(lO%) 

With no serum 836,847 _+ 176,924 716,653 + 155,774 0.51 > 0.30 
(86%) 

16,810 + 2,487 12,839 _+ 3,094 1.00 > 0.15 
(76%) 

Each value is the mean _+ SEM of  six replicate plates. Results are expressed as counts m i n -  1 per mg cell prote in- l .  Figures in parentheses 
represent the values in the cells exposed to db-cAMP expressed as a percentage of  the values in the control cells 

Table 5. Effect o f  time of  exposure to db-cAMP (2 x 10-4mol/1) on 
D N A  synthesis in cultured human  endothelial cells grown in medi- 
um with 20% human serum 

Time (h) D N A  (%) 

0 36,440 100 
1 31,078 85 
2 30,523 84 
3 37,077 102 
4 24,336 67 

Each value is the mean of  two replicate plates. Results are ex- 
pressed as counts ra in-  1 mg cell protein - 1 

Table 6. Effect of  concentration of  db-cAMP on D N A  synthesis in 
cultured human endothelial cells grown in medium with 20% hu- 
man serum 

db-cAMP (mol/1) D N A  (%) 

0 154,121 + 59,421 100 
2 x 10 - 6  137,836 + 52,278 89 
2 x 10 .5 72,487 _+ 38,807 47 
2 x  l 0  - 4  7,923 + 1,371 5.1 

Each value is the mean _+ SEM of  three replicate plates. Results are 
expressed as counts rain - 1 mg cell protein - 

more marked again after 24h exposure (Table 1). 
Table 3 shows that the threshold concentration for the 
effect of db-cAMP on DNA synthesis in cultured ar- 
terial smooth muscle cells is between 2 x 10 .6 and 
2 x 10-Smol/1. 

Endothelial Cells 

Tables 4, 5 and 6 show the effect of db-cAMP on 
DNA synthesis in cultured human endothelial cells. 
The inhibitory effect of the nucleotide is more var- 
iable and perhaps not as potent on endothelial cells as 
on smooth muscle cells (Table 4) but the pattern of ef- 
fect on the different media is the same. The D N A  
counts/min in the cells in the control media are very 
variable between experiments, probably related to 
differing cell densities in the dishes. The time course 
of the effect of db-cAMP in endothelial cells is similar 
to that in smooth muscle cells (Table 5), and the effect 
of different concentrations of the nucleotide is also si- 
milar, although a small effect of 2 x  10-6tool/1 is 
shown. 

rum, but had much less effect on cells grown in a se- 
rum free medium. In the latter medium, only one of 
the duplicate experiments showed a significant differ- 
ence between db-cAMP and control. The counts in 
the control medium are much lower when it con- 
tained platelet-poor serum or no serum in keeping 
with the low level of cellular activity in these media. 
Table 2 shows that the effect of db-cAMP on DNA 
synthesis is seen 1 h after the cells are exposed to the 
nucleotide, the effect is more marked after 4h, and is 

Discussion 

The results of these experiments show that db-cAMP 
potently inhibits DNA synthesis in cultured arterial 
smooth muscle and endothelial cells. Previous experi- 
ments have shown that db-cAMP antagonized the sti- 
mulating effect of insulin on the proliferation of arte- 
rial smooth muscle cells cultured from primate aortas 
[4]. It also inhibited sterol synthesis from acetate in 
cultured rat arterial smooth muscle cells [15]. Cyclic 
AMP has been shown to be related to the growth of a 
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number of different cell lines in culture and it has 
been suggested that the growth response to serum 
constituents may be modulated by intracellular 
changes in cyclic AMP concentrations [16]. An in- 
verse relationship between intracellular cyclic AMP 
levels and cell proliferation has been described [16]. 
Malignant and transformed cells have low intracellu- 
lar cyclic AMP levels, and growth control and mor- 
phological appearance can be restored towards nor- 
mal by addition of db-cAMP to the culture medium 
[7]. Most of the studies relating cyclic AMP to cell pro- 
liferation have used fibroblasts and it is not clear 
whether other cell types respond in the same way [17]. 
The present experiments suggest that growth of cul- 
tured arterial endothelial and smooth muscle cells is 
also influenced by cyclic AMP and that this effect is 
not dependent on the presence of added insulin in the 
medium [4]. Intracellular cyclic AMP levels do not ap- 
pear to have been measured in arterial cells. 

The pattern of response of endothelial and 
smooth muscle cells to db-cAMP was strikingly simi- 
lar in view of the different responses of these cells to 
insulin and to the platelet derived growth factor [9]. 
The fact that endothelial cells bind insulin to mem- 
brane receptors [18] and respond to db-cAMP, and yet 
are unresponsive to insulin with respect to DNA syn- 
thesis [9] suggests that some additional factor, absent 
in endothelial cells but present in smooth muscle 
cells, mediates the activity of insulin on DNA synthe- 
sis and cell proliferation. The identity of this factor re- 
mains unknown. 

Potent inhibitory effects of db-cAMP on DNA 
synthesis were only seen in the presence of serum. 
Serum was also necessary for db-cAMP to inhibit 
sterol synthesis in cultured smooth muscle cells [15]. 
This may be because the nucleotide only has effects 
on dividing cells. On the other hand, db-cAMP mar- 
kedly inhibited DNA synthesis in smooth muscle 
cells exposed to platelet-poor serum despite the fact 
that these cells are quiescent in the absence of growth 
factors from platelets [2]. This suggests that some se- 
rum factor, other than one derived from platelets, is 
necessary for db-cAMP to have an effect on DNA 
synthesis. It is notable that db-cAMP had the same ef- 
fect on DNA synthesis in endothelial cells and 
smooth muscle cells grown in platelet-poor serum 
despite the fact that the two cell types respond in op- 
posite ways to this preparation of serum [91. This is 
further evidence for db-cAMP interacting with a se- 
rum factor unrelated to the platelet derived growth 
factor. 

In these experiments the endothelial and smooth 
muscle cells were derived from different species. Al- 
though there has been a report of successful smooth 
muscle cell culture from human umbilical vessels [19], 

the technique is difficult and attempts to reproduce it 
in this laboratory have been unsuccessful. Human 
smooth muscle cells have been grown from small 
pieces of tissue obtained at operation or autopsy [20] 
but endothelial cell culture from such tissues has not 
been reported. On the other hand, the rat aorta is too 
small to allow sufficient quantities of endothelial cells 
to be harvested for culture purposes. A compromise 
could be made by studying bovine endothelial and 
smooth muscle cells as techniques have been reported 
for culturing both types of ceils from this source [21]. 
On the other hand, it would seem preferable to use hu- 
man cells as far as possible. Smooth muscle cells have 
been cultured from a number of different species [3, 4, 
20-23] and in general the effects of different stimuli 
have been the same irrespective of the origin of the 
cells. Furthermore, apart from whole serum, the 
stimuli being studied in these experiments are not 
species specific. 

An early event in the development of atheroscle- 
rosis is proliferation of smooth muscle cells in the ar- 
terial intima and adjacent media. Factors which con- 
trol proliferation of arterial cells are of potential 
importance in the understanding of atherogenesis. 
The factors described include insulin [4] and a platelet 
derived growth factor [2]. Insulin has been shown to 
lower intracellular cyclic AMP levels in fat and hepat- 
ic cells [5] and to inhibit cyclic AMP elevations in- 
duced by other agents [5] while cyclic AMP inhibits 
the proliferative effect of insulin on arterial smooth 
muscle cells [4]. Platelet behaviour is influenced by 
two products of the arachidonic acid pathway, pros- 
tacyclin which causes vasodilatation and reduced 
platelet aggregation [24] and thromboxane A2 which 
has opposite effects [25]. Prostacyclin increases plate- 
let cyclic AMP levels [24] while thromboxane A2 re- 
duces cyclic AMP levels [25]. In diabetes, arterial 
prostacyclin levels have been reported to be low [26] 
and platelets from diabetics have increased sensitivity 
to aggregating agents [27]. The relation of cyclic AMP 
platelet and hormone action to the cellular changes in 
atherosclerosis and diabetes remains speculative and 
must be the subject of further studies. However, it has 
been reported that circulating cyclic AMP levels are 
low in diabetics [28], and that experimental athero- 
sclerosis lesions in animals contain lower cyclic AMP 
levels than normal artery [29]. 
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