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The role of exo- and endogenous serotonin antagonists in the onset and maintenance of 
chronic serotonin insufficiency is demonstrated. Experimental and clinical administration 
of serotonin reduces tissue hypoxia in patients with diabetic and/or age-related angiopathy. 
It is demonstrated that chronic serotonin insufficiency plays a key role in the genesis of 
diabetic and age-related angiopathies. 
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Considerable scientific effort has been focused on 
biological problems of aging. The understanding of 
the mechanisms of aging is necessary for the de- 
velopment of effective measures aimed at prolonga- 
tion of active life. It is known that physiological 
aging is a slow process, while premature aging is 
often related to disease(s). Although there are dif- 
ferent concepts of aging (more than 200 have been 
proposed during the last two decades [5,6,13,15]), it 
has been generally recognized that aging is a "by- 
product" of biological processes occurring in the 
organism. It should be noted that there is no uni- 
versal theory explaining the mechanism of aging. 

Aging is accompanied by cardiovascular, central 
nervous system, and other dysfunctions. The cardio- 
vascular system is vital for maintaining homeostasis. 
It delivers nutrients and oxygen to tissue and re- 
moves waste products. Age-related angiopathy im- 
pairs oxygen transport, which leads to tissue hypo- 
xia, dystrophy, and necrosis and results in mono- 
and polyorganic insufficiency and death..Therefore, 
we believe that special attention should be paid to 
the aging of blood vessels. It is known that in "aged" 
blood vessels the intima is more dense, the media is 

Research Center for the Investigation of the Role of Serotonin in 
the Organism, A. V. Vishnevskii Institute of Surgery, Russian 
Academy of Medical Sciences, Moscow 

atrophied, and the vascular elasticity decreases. As a 
result, the ability of microvessels to dilate and con- 
tact rhythmically declines. This ability is determined 
by the automatism of smooth muscle fibers and is 
termed endogenous vasomotorics, vasomotion, myo- 
genic regulation of microvessels, etc. [4, 10,16,20]. 

Aging of blood vessels is accompanied by de- 
gradation of their receptors, including the serotonin 
receptors (SR). Serotonin and SR play an important 
role in the maintenance of homeostasis. For in- 
stance, smooth muscle and platelet SR interact with 
ferroproteins (myoglobin and hemoglobin). Based on 
the new information about serotonin and its re- 
ceptors [8-12], we decided to reconsider their role 
in some biological processes. 

The present study is an attempt to evaluate the 
significance of serotonin and its antagonists in the 
genesis of diabetic and age-related angiopathies. 

MATERIALS AND METHODS 

Experiments with isolated segments of rabbit and 
guinea pig intestine showed that serotonin anta- 
gonists (papaverine, Novocain,  dimedrol ,  Pro- 
medol, gentamycin, etc.) affect the serotonin--SR 
binding, inducing acute serotonin insufficiency 
which impairs automatism and contract i l i ty of 
smooth muscles. Exogenous serotonin restored 
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Fig. 1. Serotonin-induced decrease in the am- 
pl i tude of contract ions of a guinea pig i leum 
segment caused by the addit ion of increased 
concentrations of papaverine to the incubation 
medium. 1) baseline level of contractions (sero- 
tonin concentration 10 ~ g/ml); 2) contractions 
in response to the same concentration of sero- 
tonin after washing (control); 3-6) decreased 
amplitude of contractions in response to 10 --~ 
g/ml serotonin after the addition of increasing 
concentrations of papaverine; 7, 8) restoration 
of the amplitude of contractions to baseline level 
after the addit ion of 10 --~ g/ml serotonin. In- 
cubation with papaverine 3 min, addition of sero- 
tonin after 7 rain. Asterisk indicates washing. 
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Fig. 2. Serotonin-induced decrease in the amplitude of contractions of a guinea pig ileum segment caused by the addition of increased 
concentrations of Novocain to the incubation medium. 1) baseline contractions (serotonin concentration 10 --s g/ml); 2) contractions in response 
to the same concentration of serotonin after washing (control); 3-5) decreased amplitude of contractions in response to 10 -8 g/ml serotonin 
after the addition of increasing concentrations of Novocain; 6) restoration of the amplitude of contractions to baseline level after the addition 
of 10 --8 g/ml serotonin. Incubation with Novocain 3 min, addition of serotonin after 7 rain. Asterisk indicates washing. 
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Fig. 3. Inhibition of contractile activity of a rabbit ileum segment by papaverine and Novocain and its restoration with serotonin. 1) normal 
automatism and contractile activity; 2) partial inhibition of contractile activity by papaverine and Novocain and preserved automatism: 3) 
restoration of contractile activity after the addition of serotonin. 

automatism and contractility of intestinal smooth 
muscles (Figs. 1-4). 

In clinical practice, acute serotonin insufficiency 
is observed in intoxication with psychotropic prepara- 
tions and other serotonin antagonists (drugs, toxins, 
etc.). Administration of serotonin eliminates the 
symptoms of acute serotonin insufficiency (distur- 
bance of consciousness, intestinal obstruction, and/ 
or vascular insufficiency). 

Some endogenous substances act as serotonin 
antagonists. High concentrations of hemoglobin in- 
hibit serotonin-induced contractions of guinea pig 
intestinal segments. The addition of a 10-fold higher 
dose of serotonin increases the ampIitude of con- 
tractions, i.e., partially restores smooth muscle con- 
tractility. An erythrocyte normally lives for 100-130 
days, about 1% of erythrocytes is destroyed every 
day, and certain amount of hemoglobin circulates in 
the bloodstream [3,18,20]. Normal plasma free hemo- 
globin contents varies from 10 to 40 mg/liter [1,3, 
5,14]. The haptoglobin system prevents elevation of 
free hemoglobin in the blood and its interaction with 

SR, thus providing normal functioning of vascular 
smooth muscle ceils. 

In a living organism, circulating free hemoglobin 
gradually induces changes in SR similar to those 
observed in acute experiments. It was demonstrated 
that the binding of serotonin antagonists to SR is 
reversible (Figs. I-5): the antagonist--SR complex 
dissociates after washing and addition of free sero- 
tonin. However, the interactions between SR and 
hemoglobin in the organism create conditions for 
pathological changes in the entire circulation system. 
Blood serotonin concentration normally ranges from 
20 to 200 gg/liter and does not increase with age 
[8,101, presumably, as a result of degradation of 
vascular SR caused by free Hb and dystrophic changes 
in surrounding tissues. 

Serotonin is produced by enterochromaffin cells 
of the alimentary canal. Changes in the blood vessels 
supplying the alimentary canal lead to tissue hypoxia 
and decrease serotonin production. Serotonin from 
enterochromaffin cells is adsorbed by platelets. In the 
microcirculatory vascular bed, serotonin is released 
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from platelets and interacts with smooth muscle SR, 
inducing periodical dilation-constriction waves necess- 
ary for normal tissue metabolism and homeostasis [ 10]. 

It can be hypothesized that circulating serotonin 
antagonists (free hemoglobin and some metabolites) 
affect normal interactions between serotonin and SR, 
leading to irreversible changes in SR. Degradation of 
these receptors alters functional and morphological 
properties of  the microvessel smooth muscles. To 
certain age the amount  of  circulating serotonin is 
sufficient for the maintenance of normal endogenous 
vasomotorics; however, with age greater amounts of 
serotonin are necessary due to chronic serotonin in- 
sufficiency, which is accompanied by impaired auto- 
matism and contractility of vascular smooth muscles 
and decreased elasticity of  blood vessels leading to 
endogenous microcirculatory disorders, hypoxia, dys- 

TABLE 1. Changes in Transcutaneous P% During Administration of 
Serotonin Adipinate to Patients with Diabetic Angiopathy 

Age, years 

28 

39 

40 

43 

43 

46 

48 

54 

54 

55 

56 

57 

58 

58 

59 

60 

61 

62 

64 

68 

68 

69 

71 

75 

76 

8O 

P%, mm Hg 

baseline 

46 

43 

25 

35 

33 

47 

14 

18 

16 

12 

27 

28 

22 

34 

18 

38 

26 

31 

21 

28 

23 

19 

17 

21 

12 

12 

serotonin infusion, 
5-10 mg/h* 

61 

57 

34 

52 

43 

52 

31 

3O 

27 

21 

37 

42 

40 

47 

28 

48 

32 

44 

30 

51 

37 

36 

34 

38 

23 

26 

Note. *p<0.05 compared with baseline value. 
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Fig. 4. Inhibition of automatism and contractile activity of a rabbit 
ileum segment by papaverine and Novocain and its restoration with 
serotonin. 1) normal automatism and contractile activity; 2) complete 
inhibition of contractile activity by papaverine and preserved 
automatism; 3) complete restoration of contractile activity and partial 
restoration of automatism after the addition of serotonin: 4) 
restoration of automatism and contractile activity after a second 
addition of serotonin. 

trophy, and tissue necrosis which manifest themselves 
as functional and morphological alterations in blood 
vessels and dystrophy of the organs supplied by them. 
These processes develop gradually as a result of physio- 
logical aging and are accelerated in some diseases, 
when more potent serotonin antagonists (pathological 
metabolites) appear in the bloodstream. 

This hypothesis is supported by results obtained 
during the treatment of patients with diabetes mel- 
litus. Diabetic patients develop angiopathy similar to 
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Fig. 5. Serotonin- induced changes in the am- 
pl i tude of contract ions of a gu inea pig i leum 
segment caused by the addit ion of increased 
concentrat ions of  hemog lob in  (Hb) to the in- 
cubat ion med ium.  1) base l ine  con t rac t ions  
(serotonin concent ra t ion 10 -8 g/ml);  2) con- 
tractions in response to the same concentration 
of serotonin af ter  washing (control) ;  3-6) de- 
creased amplitude of contractions in response to 
10 -4 g/ml sero ton in  af ter  the addi t ion of in- 
creasing concentrations of Hb; 7) restoration of 
the amplitude of contractions after the addition 
of 10 -7 g/ml serotonin against the background of 
10 -S g/ml Hb. Incubation with Hb 5 min, addition 
of  seroton in  af ter  7 min. As te r i sk  ind icates 
washing. 

that observed in aged people. The mechanisms of this 
angiopathy is unknown [2,5,14,19]. Based on the 
hypothesis of impaired serotonin--SR binding, we 
have suggested that diabetic angiopathy is associated 
with chronic serotonin insufficiency, and the func- 
tion of vascular smooth muscles in these patients, at 
least partially, can be normalized by administration 
of serotonin. We anticipated that serotonin improves 
automatism and contract i l i ty  of  vascular smooth  
muscles and eliminates tissue hypoxia. 

RESULTS 

Group 1 included 26 patients (11 women and 15 
men). Four patients had type I diabetes mellitus and 
22 patients had type II diabetes mellitus. In 6 pa- 
tients the disease duration was <10 years, and in 20 
patients it was >10 years. In patients with diabetic 
angiopathy (foot or toe necrosis), local changes in 
Po,. were measured transcutaneously with a Radio- 
meter apparatus before and after infusion of sero- 
tonin adipinate. The sensor was placed near necrotic 
focus. In 14 patients, electromyogram was recorded 
simultaneously with P%. Serotonin adipinate 10 mg 
(1%) was dissolved in 100-200 ml normal saline and 
infused intravenously at a rate of 2.5 or 5-10 mg/h. 

At an infusion rate of  2.5 mg/h  (12 patients) 
serotonin induced no statistically significant changes 
in microcirculation. 

At an infusion rate of 5-10 mg/h (mean age 57.4 
years) Po, increased by 50.4% compared with the 
initial value (Table 1). Tissue P% and electrical 
activity of smooth muscles increased in all 14 pa- 
tients. The majority of patients (25 out of  26) were 
older than 35, i.e., they had both age-related and 
diabetic angiopathies of various intensity. Figure 6 
shows electromyogram and P% dynamics during sero- 
tonin infusion in patient A. (75 years old, type II 
diabetes mellitus with microangiopathy of leg blood 
vessels and purulent-necrotic ulcer of the right foot). 

Thus, we have demonstrated that in patients with 
age-related and diabetic angiopathies both electrical 
activity and P% in pathologically changed tissues 
increase during intravenous infusion of  serotonin. 
The finding that even clinically pronounced angiopathy 
can be at least partially normalized imply that the 
pathological processes occurring in the vascular wall 
are reversible, i.e., under certain conditions age-related 
angiopathy and, consequently, aging can be slowed 
down. This suggestion is consistent with the observa- 
tion that changes in the structure and function of 
smooth muscles are reversible to a certain extent [7]. 

Our results indicate that diabetic and age-related 
angiopathies are accompanied by changes in SR of 
vascular smooth muscles and chronic serotonin in- 
sufficiency. These changes induce vascular disorders 
and dystrophy of tissues and organs leading to mono- 
and polyorganic insufficiency and death. 
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Fig. 6. Electromyogram (a) and Po 2 (b) record of a patient with age-related and diabetic angiopathies before and after intravenous infusion 
of serotonin, a) baseline electrical activity of smooth muscles and baseline Po 2 (21 mm Hg); b) increased electrical activity of smooth muscles 
and Po 2 elevation (38 mm Hg) during serotonin infusion. 

F u r t h e r  s t u d i e s  a r e  n e c e s s a r y  f o r  o p t i m i z a t i o n  o f  

t h e r a p y  a n d  p r e v e n t i o n  o f  d i a b e t i c  a n d  a g e - r e l a t e d  

a n g i o p a t h y  w i t h  s e r o t o n i n .  

REFERENCES 
1. G. A. Alekseev and G. B. Berliner, Hemoglobinuria [in Rus- 

sian], Moscow (1972). 
2. B. A. Zelinskii, Functional State of the Cardiovascular System 

in Diabetes Mellitus [in Russian], Kiev (1984). 
3. L. I. Idel 'son, N. A. Didkovskii, and G. V. Ermil'chenko, 

Hemolytic Anemia [in Russian], Moscow (1975). 
4. O. V. Korkushko, Clinical Cardiology in Geriatrics [in Rus- 

sian], Moscow (1980). 
5. Medical Encyclopedia [in Russian], Moscow (1994). 
6. V. N. Nikitin, in: Biology of Aging [in Russian], Leningrad 

(1982), pp. 153-174. 
7. D. S. Sarkisov, Selected Lections on General Pathology [in 

Russian], Moscow (1993). 
8. A. P. Simonenkov, "Funct ional  intestinal obtrusion, dis- 

seminated intravascular coagulation, and symptoms occurring 
in intoxication with psychotropic drugs as clinical mani- 
festations o f  serotonin insufficiency," Author's Synopsis of  
Doct. Med. Sci. Dissertation [in Russian], Moscow (1992). 

9. A. P. Simonenkov, V. D. Fedorov, and A. A. Galkin, ByulL 
Eksp. Biol. Meal., 121, No. 4, 467-469 (1996). 

I0. A. P. Simonenkov, V. D. Fedorov, A. V. Fedorov. et al., 
Vestn. Ross. Acad. Med. Nauk, No. 6, 11-15 (1994). 

11. A. P. Simonenkov, V. D. Fedorov. and A. V. Fedorov. Ibid.. 
6, No. 12, 27-30 (1995). 

12. A. P. Simonenkov, V. D. Fedorov, A. V. Fedorov. et al., 
Ibid., No. 12, 45-51. 

13. V. V. Skupchenko, I. E. Poverennova, R. M. Balakleets, et 
al., in: Practical Geriatrics [in Russian], Samara (1995), pp. 
318-360. 

14. A. I. Vorob'ev (Ed.), Reference Book for Physicians [in Rus- 
sian], Moscow (1993). 

15. V. V. Frol'kis, in: Biology of Aging [in Russian], Leningrad 
(1982), pp. 5-23. 

16. A. M. Chernuch, P. N. Aleksandrov, and O. V. Alekseev, 
in: Microcirculation [in Russianl, Moscow (1984), p. 430. 

17. R. Blattner, H. Classen, H. Dehnert, and H. Doting, Ex- 
periments on Isolated Smooth Muscle Preparations, Basel (1978). 

18. M. J. Denham and I. Chanarin, Blood Disorders in the Elderly', 
Edinburgh - London - Melbourne - New York (1985). 

19. R. M. Greenhalgh (Ed.), Hormones and Vascular Disease, 
Pitman Medical (1981). 

20. R. Schmidt and G. Thews, Human Physiology, Berlin - Heil- 
delberg - New York (1983). 


