
 
 

 

 

 

 

 

 

 

 
Charilaos Anastasios Xenodochidis 

 

Energy flows modulate the effect of 5-HT on smooth 

musculature 

 
 

AUTHOR’S ABSTRACT 

of the dissertation work for awarding the scientific and educational degree  

"DOCTOR" 

 

Field of higher education 

"Natural Sciences, Mathematics and Informatics" 

Professional field "Biological Sciences" 

Doctoral program: "Biophysics" 

 

 

 

 

Scientific supervisors: 

Prof. Plamen Zagorchev, PhD, DBSc 

Prof. Georgi Miloshev, PhD 

Scientific consultant – Chief Assist. Prof. Milena Draganova, PhD 

 

Plovdiv 2022  

FACULTY OF PHARMACY  

DEPARTMENT: MEDICAL PHYSICS AND BIOPHYSICS 



 
 

The PhD thesis is laid out on 174 standard typewritten pages, illustrated with 19 

tables, 48 figures and two appendices. 345 literature sources are cited. One part 

of the research was financed by the Medical University, Plovdiv in the 

implementation of an intra-university project with the number: SDP 12-2017 on 

the topic: “Radiation effects on bioelectric and mechanical processes in smooth 

muscle cells and tissues of gastrointestinal tract of fully irradiated rats with 

electron beam”. The other part was financed by the "America for Bulgaria" 

Foundation under the program "Science with a Future", project number 

15/22.12.2020 on the topic: "Development of Photodynamic Therapy for 

Neurodegenerative Diseases by Influencing the Enzyme Monoamine Oxidase 

A". 

The PhD thesis was discussed at the Extended Departmental Council of the 

Department "Medical Physics and Biophysics" at the Faculty of Pharmacy in the 

Medical University, Plovdiv on 06/09/2022 and is scheduled for defense before 

the scientific jury, which is composed of: 

External members: 

1. Prof. Natalia Alexandrova Krasteva, PhD 

2. Prof. Biliana Pancheva Nikolova, PhD 

3. Assoc. Prof. Dessislava Nikolaeva Staneva, PhD 

 

Internal Members: 

1. Assoc. Prof. Delian Penev Delev, MD, PhD 

2. Assoc. Prof. Ilia Dimitrov Kostadinov, MD, PhD 

 

Reserve Members: 

1. Prof. Radostina Ivaylova Alexandrova, PhD 

2. Assoc. Prof. Elisaveta Georgieva Apostolova, PhD 

 

The public defense of the PhD thesis will take place on 27
th

 of Octomber at 2 

p.m. before the scientific jury in the 2
nd

  auditorium of the Auditorium Complex 

of the Medical University - Plovdiv, 15A "Vasil Aprilov" Blvd. 

The defense materials are available in the Department of Science and Research 

and are published on the website of the Medical University   Plovdiv - 

www.mu-plovdiv.bg. 

 

 

http://www.mu-plovdiv.bg/


 
 

CONTENTS 

 

I. INTRODUCTION 5 

II. AIM AND OBJECTIVES  7 

III. MATERIALS AND METHODS  8 

1. MATERIALS  8 

2. METHODS  8 

IV. RESULTS  12 

V. DISCUSSION  35 

VI. CONCLUSIONS  39 

VII. SCIENTIFIC CONTRIBUTIONS  40 

VIII. SCIENTIFIC PAPERS, PARTICIPATION IN PROJECTS 

AND CONFERENCES 41 

IX. REFERENCES  43 

ACKNOWLEDGMENTS  45 

 

 

  



 
 

List of the used abbreviations: 

 

АСh  Acetylcholine  

ER Electromagnetic Radiation 

GIT  Gastrointestinal tract  

IR   Ionizing Radiation 

LA   Linear Accelerator 

LEDs  Light-Emitting Diodes  

MАО-А Monoamine Oxidase  А 

SCA   Spontaneous Contractile Activity 

SM  Smooth Muscles, Smooth Musculature 

UV Ultraviolet  

WOB Wet Organ Bath 

5-НТ  5-Hydroxytryptamine (Serotonin) 

 

  



5 
 

I. INTRODUCTION 

Mental disorders, neurodegenerative and oncological diseases are some of 

the most common pathologies worldwide. Many studies on these conditions 

show disturbances in serotonergic signaling. 5-Hydroxytryptamine (5-HT), also 

called serotonin, is a biogenic amine whose multifaceted functions make it one 

of the fundamental neurotransmitters in the human body. It has been found in 

the central (CNS) and peripheral nervous system (PNS). 5-HT has multiple 

functions. It controls mood, sleep, blood clotting, appetite and the motility of the 

gastrointestinal tract (GIT) (Shajib et al., 2017). 5-HT also mediates numerous 

other processes, including the regulation of the bladder function, homeostasis, 

vascular tone, immune functions in intestinal inflammation, and others (Ramage, 

2006). There is a considerable body of evidence in the scientific literature 

concerning the impact of various light sources that emit ionizing or non-ionizing 

radiation on the 5-HT’s effect. In a broad sense, ionizing radiation (IR) is used 

to diagnose and treat human diseases. Knowledge of the biological effects of 

these radiations is important for the medical practice, especially when IR is 

applied for therapy or diagnosis of various diseases. Also, light as 

electromagnetic radiation (ER) is used to treat and prevent many diseases, such 

as cancer and neurodegenerative disorders. Sources of non-ionizing radiation 

can generally be classified as lasers, light-emitting diodes (LEDs) and 

broadband lamps. These sources have been widely utilized in recent years due to 

their proven therapeutic and diagnostic properties in medical practice. There are 

many studies in the literature, which have focused on investigating the 

neurobiological effects of radiation, including the metabolism and transport of 

neurotransmitters that mediate vital functions in the human body (Hu et al., 

2021). 

One of the most well-known therapies applied in neurobiology is the so-

called low-level laser therapy or photobiomodulation, in which are mainly used 

lasers that have shown a beneficial effect on the human body since the last 

century. Lights with wavelengths spanning from the ultraviolet (UV) to infrared 

(IR) range have been found to activate various physiological systems and 

biological factors leading to a therapeutic effect on various conditions. 

Regarding the GIT, the role of 5-HT appears to be in controlling gastrointestinal 

motility by modulating motor functions in the gut. In this sense, scientific data 

associate this mediator with intestinal inflammations such as colitis, irritable 

bowel syndrome and celiac disease (Manocha & Khan, 2012). 

Oncological diseases, in turn, are the cause of approximately 9.6 million 

deaths worldwide according to statistics published in 2018 (Bray et al., 2018). 

Many different therapeutic approaches have been developed in the fight against 

these diseases. The most frequently used are: surgery, chemotherapy and 

radiotherapy. According to some authors, in about 50% of patients who are 

diagnosed with cancer, radiotherapy is recommended and applied (Begg et al., 
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2011), and in 60% of these patients it has a therapeutic effect (Barnett et al., 

2009). The latter confirms the thesis that IR is an effective tool against certain 

types of tumor cells. 

It has been scientifically proven that disturbances in serotonergic signaling 

occur with abnormal activity of the enzymes involved in the degradation of 5-

HT, in particular the enzyme monoamine oxidase - A (MAO-A). Alterations in 

MAO-A activity have been demonstrated in a number of neurological and 

neuropsychiatric disorders. Therefore, different types of MAO-A inhibitors (eg 

Clorgyline) are applied as a conventional therapeutic approach to these diseases. 

MAO-A is known to catalyze the oxidation of monoamine neurotransmitters in 

the CNS and PNS (Sturza et al., 2019). 5-HT is also a substrate of MAO-A. 

 There are data in the literature that define photodynamic therapy as 

efficient and easy to apply in the therapies of the above-mentioned pathologies. 

At present, however, the subtle mechanisms by which light affects 

neuropathological and neurodegenerative conditions are unclear. In the present 

project, the role of different energy flows on the reactivity to 5-HT of isolated 

circular smooth muscle (SM) tissues dissected from the corpus of rat stomach is 

investigated for the first time. We are also exploring the changes in the activity 

of the MAO-A enzyme in response to these radiations. The aim is to obtain 

interesting answers to important questions related to the molecular mechanism 

of influencing the physiology of cancer patients undergoing radiotherapy, as 

well as patients with neurological pathologies for which light therapy would be a 

good therapeutic approach.  
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II. AIM AND OBJECTIVES 

 

AIM 

To study the role of different energy flows on the reactivity to 5-

hydroxytryptamine of isolated circular smooth muscle strips from rat 

stomachs and to determine the activity of the enzyme monoamine oxidase 

A in response to these radiations. 

 

OBJECTIVES 

 

To fulfill the aforementioned aim, we formulated the following tasks: 

 

 To investigate the way, the electron beam of different power, generated 

by a linear accelerator, affect the spontaneous contractile activity of 

smooth muscle tissues from whole-body irradiated rats. 

 

 To study the impact of the electron beam, coherent and incoherent 

beams on the parameters of spontaneous contractile activity and the 

effect of 5-hydroxytryptamine on isolated smooth muscle strips from 

rat stomachs. 

 

 To determine the change in the enzymatic activity of the enzyme 

monoamine oxidase A after irradiation with coherent and incoherent 

non-ionizing radiation 
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III. MATERIALS AND METHODS 

1. MATERIALS 

5-HT and acetylcholine (ACh) were purchased from Sigma and used in 

these studies. The substances are dissolved in distilled water. Xylazine (Alfasan, 

Netherlands) and Ketamine (Wells, Austria) are used to anesthetize the animals 

before the act of irradiation. 

For the preparation of Krebs solution, we use: NaCl, KCI, CaCl2, MgCl2, 

KH2PO4, NaHCO3, C6H12O6. All chemicals were produced by MERCK 

(Darmstadt, Germany). 

2. METHODS 

2.1 Experimental animals and anesthesia 

Male Wistar rats (88 in total) weighing about 250 g are bred under standard 

laboratory conditions (temperature 22°С ± 1°С, 45% humidity, food and water 

ad libitum, 12 h dark/light cycle). 36 of the rats were irradiated with electron 

beams at doses of 1 Gy and 5 Gy. They are anesthetized intraperitoneally before 

each irradiation with a combination of Xylazine 2% - 10 mg/kg and Ketamine 

5% - 100 mg/kg. 

2.2 Conditions of irradiation of the experimental animals with 

electron beams 

Linear accelerator (LA) Mevatron Primus HE (Siemens, Germany) is the 

source of the electron beams used in this thesis. The applied kinetic energy is 9 

MeV, while the dose rate is calculated at 300 MU/min (Monitor Units/min). For 

purposes of irradiation, rats were fixed in a 30 × 30 × 0.5 cm plexiglass pad. The 

depth of dose maximum is 2 cm from the skin of the animal. 

2.3 Registration of the contractile activity of smooth muscle tissues 

All SM tissues are isolated from the corpus of rat stomachs and are 13.0 ± 

1.5 mm in length and 1.0 ÷ 1.5 mm in width without violating the mucosal layer. 

Before the start of each experiment is applied a mechanical load of 7 mN on the 

SM tissues. At the beginning and end of each trial is added 10
-6

 M AСh to the 

organ baths to check the viability of the SM tissues. The organ baths are washed, 

replacing the solution with a new one, pre-tempered and pre-aerated, after a one-

minute pause. A 5-minute recording is made for each impact. The recording 

registers the spontaneous contractile activity (SCA) with parameters like base 

period (BT), mean amplitude (Amean), area under the curve (AUC) and frequency 

(Freq). 

2.4 Statistical analysis and processing of experimental data 

The statistical analysis of the obtained results was performed by using the 

specialized software products Statistica 4.5 (StatSoft, Inc. Microsoft, USA), 

SPSS 11.5 (Inc, Chicago, IL, USA), Excel 7.0 VB for applications and 

GraphPad Prism 3.0 (GraphPad, Soft, USA). In the case of normal distribution, 

a student's t-test is used for related and independent samples. Statistically 

significant difference between mean values and relative proportions is 
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considered p<0.05. In the case of non-normal distribution are used Kruskal 

Wallis test, Wilcoxon paired sample test and singed rank test. 

2.5 Presentation of the obtained results 

In order to establish changes in the SCA of the investigated SM strips, we 

track the changes in the tonic component (TC) and Amean, measured in mN and 

determined for 5 min. Also, AUC is calculated in units of mN.s for the same 

time. The same stands for the Freq, which is defined as the number of 

contractions per min. Against these values that are considered as the baseline is 

performed a comparative and statistical analysis, taking into account their 

relative change after exogenous application of ACh or 5-HT. Only results with 

statistically indistinguishable standard deviations from the mean value were 

selected using a one-factor Friedman ANOVA test. The Wilcoxon signed-rank 

test is employed at p<0.05 to establish a reliable impact on the contractility of 

SM strips under the influence of the investigated substances. Data are presented 

as Mean ± SDM, where Mean is the mean value and SDM is the standard 

deviation of that value. 

2.6 Obtaining concentration-effect curves 

Concentration-effect curves are constructed using the method of least 

squares. The approximations of the curves are graphically expressed by Hill's 

formula: 

Response = Vm . Cα / (Cα + Kα), 

where, Response is the contractile response of the SM strips induced by the 

applied substance at a given concentration - C. The contractile response is 

presented in percentages (%), where the force of SM contraction is induced by 

the application of 5×10
-6

 M 5-HT. TC and Amean are the necessary parameters for 

determining the aforementioned concentration. In the same formula, α - is the 

Hill coefficient, Vm is the maximum value of contractile activation and K is the 

concentration at which we obtain half of the maximum effect (EC50). The 

maximum effect is indicated by EC100. The correlation coefficient (R) is 

determined after a comparison between the concentration-effect and the 

analytical curves obtained by the Hill formula. Two Factors ANOVA statistical 

analysis is employed to reliably differentiate the SCA at the applied 5-HT 

concentrations (10
-8

 M ÷ 10
-4

 M).  

2.7 Determination of the MAO-A activity 

MAO-A activity was investigated by fluorometric detection of hydrogen 

peroxide (H2O2), one of the by-products generated during the oxidative 

deamination of the MAO-A substrate. 

 

2.8 Irradiation of SM tissues in a humid environment with lasers, 

LEDs and lamps 

To avoid the specific absorption of ER in a water medium, which leads to a 

certain weakening of the radiation intensity, the irradiation is carried out in 
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conditions without Krebs solution. SM tissues are exposed to different 

wavelengths for 1 min, and the effect was reported 15 min after the act of 

irradiation when applying 5-HT in EC50 and EC100 concentrations. 

2.9 System for in vitro irradiation of smooth muscle tissues with 

electromagnetic radiation 

To study the 5-HT effect on the SCA of SM strips we use lasers, lamps and 

LEDs with physical characteristics that are described in Table 1. The intended 

characteristics of all light sources are maximum wavelength (λmax), power (P) 

and power density (PD). 

 

Table 1. Sources of ER and their physical characteristics. 

Light 

Source 
Region of the 

electromagnetic 

spectrum 

λ
max, 

[nm] 
P, 

[W] 
PD, 

[mW/cm
2

] 

LED 

UV 365 3 4 

Visible, Red 660 3 4 

Visible, Blue 470 3 4 

Lasers 
Visible, Green 532 0,2 4 

Infrared 808 0,5 4 

Lamps 
UVC 254 6 4 

UVA/B 350 6 4 

Figure 1 shows a system for irradiation dosing system consisting of 6 

components. The first component is a light source (LED, lasers, lamps) that 

irradiates the SM tissues with parameters presented in the table above. Another 

component of this system is a constant autonomous power supply. The third 

component provides current control and allows its correction. The mechano-

optical system for the formation of the energy flow provides the desired power 

of the emitter. The biological object is the last component of this system, and 

before it absorbs the laser beam, the exposure to the ER is first adjusted through 

a regulation unit. 
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Figure 1. System for irradiation dosing for ER. 1 - light source; 2 - 

autonomous power supply; 3 - current control; 4 - mechano-optical 

system; 5 - exposure regulation unit; 6 – biological object  

Source: Zagorchev et al., 2020 
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IV. RESULTS 

1. Investigation of the influence of ionizing radiation generated by a linear 

accelerator on the spontaneous contractile activity of smooth muscle tissues from the 

stomachs of whole-body irradiated experimental animals 

 The first task is to investigate the impact of electron beams on the SCA of 

SM tissues isolated from the corpus of rat stomachs. For the realization of this 

task, we divide the SM tissues into 7 groups depending on the absorbed dose of 

IR and the time of the SM strips’ dissection. These groups are: group 1 - control 

SM strips (non-irradiated), groups 2 and 3 - SM strips irradiated with 1 Gy and 

isolated the 1h and 18h after their exposure to IR, respectively, groups 4 and 5 - 

SM strips irradiated with 5 Gy and isolated the 1h and 18h, respectively, and 

finally groups 6 and 7 – SM strips irradiated with 5 Gy and dissected 5 days 

and 10 days after their exposure to IR, respectively. To analyze the effect of IR 

on the SCA of SM strips, we sequentially examined their tonic and phasic SCA. 

The results are illustrated in Figure 2A, where we present the data obtained from 

the measurement of the tonic SCA of the experimental animals. Specifically for 

the control tissues (group 1) the Fmean is 3.3±1.0 mN. For SM strips isolated 

from irradiated animals with accelerated electrons at the dose of 1 Gy and 

dissected the 1h after irradiation (marked as group 2 – 1 Gy 1h in the graph), the 

results for Fmean are 3.4±0.9 mN, and for those SM tissues dissected 18h (group 

3 – 1 Gy 18h), Fmean is found to be 3.5±1.0 mN. 

On the other hand, for SM preparations irradiated with a dose of 5 Gy and 

dissected 1h after irradiation (group 4), the measured Fmean is 3.2±0.9 mN, while 

for SM strips dissected 18h (group 5), 5 days (group 6) and 10 days (group 7) 

after irradiation at the same dose, we report Fmean equal to 3.3±0.6 mN, 3.4±0.9 

mN and 3.3±0.8 mN, respectively. 

The phasic SCA of the irradiated tissues with 1 Gy and 5 Gy and dissected 

at different times are presented in Figure 2B. The measured Fmean for the control 

А B 

Figure 2. SCA of isolated SM tissues from whole-body irradiated rats with IR. 
А) Tonic SCA measured in mN for the 7 groups of SM tissues. Each group consists of 

15 circular SM strips. 
B) Phasic SCA measured in mN for the same 7 groups.  
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group is 1.4±0.7 mN. Circular strips irradiated with a dose of 1 Gy IR and 

dissected 1h after irradiation (group 2) showed a phasic SCA with Fmean equal to 

1.45±0.76 mN, while those strips isolated from the group of animals irradiated 

with 1 Gy and dissected 18h after irradiation (group 3), the Fmean is 1.5±0.73 

mN. The phasic SCA for the last groups of tissues irradiated with a maximum 

dose of 5 Gy and isolated at 1h (group 4) and 18h (group 5), 5 days (group 6) 

and 10 days after the act of irradiation (group 7), the measured Fmean is 1.5±0.73 

mN, 1.34±0.6 mN, 1.55±0.7 mN and 1.4±0.6 mN, respectively. Notably, there 

were no differences with respect to Fmean of phasic SCA between the control and 

irradiated SM tissues, regardless of the dose of IR and the time elapsed between 

the act of irradiation and dissection. 

Evidence for the lack of significant differences in the SCA of SM tissues 

isolated from the stomachs of whole-body irradiated rats, regardless the dose of 

IR and the time elapsed between the act of irradiation and dissection, is also 

found in the presented mechanograms in Figure 3. The mechanograms illustrate 

a comparison between the contractile activity of SM tissues of group 1 (control, 

non-irradiated) and this of group 6 (irradiated with 5 Gy and dissected on day 5). 

Obviously, the accelerated electron beams do not cause significant changes in 

the SCA parameters of the irradiated SM strips (group 6 – 5 Gy 5 days) 

compared to these of the control ones (p<0.05). It is evident that the SCA of the 

SM tissues is preserved, despite their exposure to IR. 

 

 

 

 

 

 

 

 

 

 

 Figure 3. Mechanograms of the SCA of control and irradiated SM 

strips at the dose of 5 Gy and dissected 5 days after irradiation (group 

6, 5 Gy 5 days). 

А) SСА of the control SM strips. 

B) SСА of irradiated SM strips at the dose of 5 Gy and dissected 5 days 

after the act of irradiation. 

А B SСА – controls SСА – 5 Gy after 5 days 
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Next step is to determine the concentration of 5-HT that elicits maximal 

force of contraction in all 7 groups of animals. For this purpose, we construct 

concentration-effect curves for all groups of animals. The concentration range of 
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Group 7 – 5 Gy, dissected on day 10 

Figure 4. Concentration-effect curve of the 5-HT effect in different concentrations with the 

addition of ACh in a concentration of 10
-5

 M on the SM strips from all 7 groups of animals. 

Also are presented, the experimental (black) and the analytical curve (red), which are 

constructed according to Hill's formula. 
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5-HT is between 10
-8

 M and 10
-4

 M. Each experimental data point shows the 

maximum value of contraction obtained after application of 5-HT at 

concentration indicated on the abscissa and presents the contractile response as 

% of contraction of SM samples induced by 1 µM AСh. In Figure 4, we present 

the analytical (in red) and concentration-effect curves (in black) of the 5-HT 

effect. Analytical curves are constructed by using Hill's formula. In all 

concentration-effect curves, we observe an increase in the contractile response 

of SM strips from the corpus of rat stomachs as the molar concentration of 5-HT 

increases. Interestingly, in all groups, 10
-5

 M 5-HT provokes the strongest 

reactions of the SM tissues. We define this concentration as EC100. The strongest 

effect on SM strips by 5-HT was reported in animals completely irradiated with 

1 Gy, dissected 1h after irradiation. The time elapse between irradiation and SM 

strips’ dissection affects their SCA especially at high 5-HT concentrations. 

2. Study of the impact of different coherent and incoherent beams on 

the parameters of SCA and of the 5-HT effect on isolated SM strips from 

rat stomachs. 

The second task is to investigate the impact of different coherent and 

incoherent beams on the parameters of SCA and of the 5-HT effect on isolated 

SM strips from rat stomachs. To monitor the in vitro effect of coherent and 

incoherent beams on SM tissues, we use light sources emitting coherent and 

incoherent ER with different wavelengths. For the purposes of this work, a 

special system for irradiation dosing with ER is developed. The system is 

presented in Figure 1 from the Materials and Methods Section. All emitters 

regardless of different λmax and P have the same PD. Using this irradiation 

system, we investigate the effect of LEDs, lasers and lamps emitting light of 

different wavelengths on the reactivity of SM tissues to 5-HT. Follows analysis 

of changes in the reactivity of SM tissues as a result of exposure to irradiation 

and exogenous application of 5-HT. Changes in SCA of SM samples irradiated 

with 1 Gy and dissected at 1h post-irradiation were compared with these of non-

irradiated (controls). In Figure 5 are demonstrated representative 

mechanograms. We investigate the effect of accelerated electron beams on the 

reactivity of SM strips, in response to exogenous application of 10
-5

 M 5-HT, 

isometrically fixed in a 20 mL organ bath. We observe a time-increasing 

mechanical contraction in SM strips irradiated with IR. All SCA parameters 

increase in the irradiated SM strips except Freq, which remains constant. 
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Follows a similar analysis for SM strips irradiated with 1 Gy and dissected 

18h after the act of irradiation. The results are presented in Figure 6. We notice 

an increase in SCA after administration of 5-HT at a concentration of 10
-5

 M 

compared to the non-irradiated samples. This group of animals exhibited 

maximal muscle contraction at 14 mN, which is less than that of SM strips 

irradiated with 1 Gy and dissected at 1h. Regarding the last, they showcase the 

maximal effect of muscle contraction at 17 mN. We hypothesize that extending 

the time elapse between whole-body irradiation of the experimental animals and 

dissection of the tissues at the same concentration of 5-HT leads to lower SCA 

parameters. 

А B 

10 µM 5-HT   
 

10 µM 5-HT    

 

Figure 5. Mechanograms, reporting the SCA of SM strips in response to 1 Gy IR 

and to exogenous application of 10
-5

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on the SM contractility from 

control animals. 

B) Mechanogram of the 5-HT effect on the contractility of isolated SM strips from 

whole-body irradiated animals with 1 Gy and dissected 1h after irradiation. 
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For detailed studies on the SCA of SM samples isolated from in vitro 

irradiated animals with non-ionizing radiation using the light sources UVC 254 

nm, UVA/B 350 nm, UV 365 nm, LED 470 nm, Laser 532 nm, LED 660 nm 

and Laser 808 nm, we apply exogenously 5-HT at a concentration of 5×10
-6

 M. 

Irradiation is performed in vitro in a moist and not liquid medium (WOB 

chamber). The tissues are exposed for 1 min in a moist medium, which does not 

change the parameters of the SCA and their reactivity to 5-HT for 5, 10, 20 and 

30 min. The irradiation with different light sources lasts 60 sec, while the effect 

is reported 15 min after the act. Figure 7 presents representative mechanograms 

of SCA of SM strips in response to 5-HT application and to irradiation with 

UVC light at a wavelength of 254 nm. The mechanograms demonstrate 

increased muscle contraction of the irradiated with UVC 254 nm SM tissues 

when we apply 5-HT in a concentration of 5×10
-6

 M compared to non-irradiated 

ones. The Freq of SCA remains unchanged, analogous to the described results 

with IR. The reported contractile activity of the irradiated with UVC light SM 

strips as a result of the exogenous application of 5-HT reached up to a 35% 

increase. 

 

 

А B 
10 µM 5-HT   

 

10 µM 5-HT    

 

Figure 6. Mechanograms, reporting the SCA of SM strips in response to 1 Gy IR 

and to exogenous application of 10
-5

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on the SM contractility from 

control animals. 

B) Mechanogram of the 5-HT effect on the contractility of isolated SM strips from 

whole-body irradiated animals with 1 Gy and dissected 18h after irradiation. 
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The next source of incoherent ER is a lamp emitting UVA/B-radiation. We 

follow the action of UVA/B-radiation on the reactivity of SM strips isolated 

from rat stomachs to 5-HT at a concentration of 5×10
-6

 M. Figure 8 illustrates 

the representative mechanograms of contraction of the examined SM strips in 

А B 

5 µM 5-HT   

 

5 µM 5-HT    

 

Figure 7. Mechanograms reporting the contractile activity of SM strips (n=7) in 

response to irradiation with UVC light and exogenous application of  5×10
-6 

M  

5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control SM 

strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips irradiated with 

UVC radiation. 

B А 5 µM 5-HT   

 

5 µM 5-HT   

 

Figure 8. Mechanograms reporting the contractile activity of SM strips (n=7) in 

response to irradiation with UVA/B radiation and exogenous application of 5×10
-6

 M 

5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control SM 

strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips irradiated with 

UVA/B radiation. 
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response to exogenous application of 5-HT. The irradiated SM strips responded 

1 mN stronger than controls. The obtained results are presented in percentages 

and for this group of tissues is reported an approximately 8% increase in the 

SCA of the irradiated GM strips compared to WOB. 

The next groups of experiments are performed on SM tissues irradiated 

with LED 365 nm. We are investigating the effect of this radiation on their SCA. 

Following the experimental protocol described above, we explore the registered 

changes in the parameters SCA of control and irradiated SM strips with LED 

365 nm before and after exogenous administration of 5-HT at a concentration 

corresponding to EC100. Interestingly, the irradiated SM strips exhibited reduced 

SCA compared to the non-irradiated. The executed analyses demonstrate a 16% 

reduction in SCA of SM strips in response to the applied 5-HT concentration. 

From the mechanogram presented in Figure 9, the registered decrease in SCA is 

about 2 mN. 

 

А B 

Figure 9. Mechanograms reporting the SCA of SM strips (n=7) in response to 

irradiation with LED radiation at a wavelength of 365 nm and exogenous 

application of 5×10
-6

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control 

SM strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips 

irradiated with 365 nm radiation. 

5 µM 5-HT   

 
5 µM 5-HT    
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Following the protocol for SM strips’ irradiation, we further investigate the 

effect of LED 470 nm on the SCA of SM strips in response to exogenous 

administration of 5-HT at a concentration of EC100. The results are shown in 

Figure 10. 

We observe a decrease in the strength of SCA in irradiated SM tissues with 

LED 470 nm compared to WOB (non-irradiated). The reported decrease is 1 

mN, which corresponds to 3% except for the Freq. 

The next source of non-ionizing coherent radiation, whose impact we trace 

on SM strips, is a laser emitting green light at a wavelength of 532 nm. Figure 

11 shows the changes in the SCA of irradiated and control SM strips isolated 

from rat stomachs after their treatment with 5-HT at a concentration of EC100. A 

relative increase in the effect of 5-HT was registered in samples irradiated with 

laser green radiation of approximately 2 mN. The results obtained from this 

series of experiments demonstrated about a 19% increase in SCA of SM strips in 

response to the 5-HT application in irradiated (Laser 532 nm) compared to 

control ones.  

А B 5 µM 5-HT   
 

5 µM 5-HT    

 

Figure 10. Mechanograms reporting the SCA of SM strips (n=7) in response to 

irradiation with LED radiation at a wavelength of 470 nm and exogenous 

application of 5×10
-6

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control SM 

strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips irradiated 

with 470 nm radiation. 
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А  
5 µM 5-HT   

 
5 µM 5-HT   

 

Figure 11. Mechanograms reporting the SCA of SM strips (n=7) in response to 

irradiation with Laser radiation at a wavelength of 532 nm and exogenous 

application of 5×10
-6

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control SM 

strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips irradiated with 

Laser 532 nm radiation. 
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Figure 12. Mechanograms reporting the SCA of SM strips (n=7) in response to 

irradiation with LED radiation at a wavelength of 660 nm and exogenous 

application of 5×10
-6

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control 

SM strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips irradiated 

with LED 660 nm radiation. 
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The next task is to study the effect of incoherent non-ionizing radiation at a 

wavelength of 660 nm on the reactivity of SM strips to 5-HT at a concentration 

of 5×10
-6

 M. The results are shown in Figure 12. One-minute exposure of SM 

strips to red light changes the parameters of their SCA. The mechanogram 

illustrates an increase in the irradiated SM strips’ contractility by 1 mN. The 

observed differences in the increase of SCA after irradiation with LED 660 nm 

are statistically significant. 

The last source of coherent laser radiation is a Laser 808 nm, whose impact 

on the reactivity of SM tissues to the application of exogenous 5-HT we explore. 

The results are shown in Figure 13. When examining the impact of laser 

radiation, we discover an increase in the SCA of the irradiated SM strips. 

Interestingly, when comparing the SCA in response to different energy flows, 

Laser 808 nm provokes the strongest response of the tissues to the applied 

concentration of 5-HT (EC100). Representative mechanograms show a relative 

increase in muscle contraction, as the maximum effect in irradiated exceeded 

that of WOB group by about 4 mN. 

The obtained data so far on the changes in the SCA of SM tissues isolated 

from rat stomachs upon application of 5-HT after their irradiation with ionizing 

and non-ionizing radiation are shown in Figure 14. The exogenous application 

of 5-HT is at a concentration of 10
-5

 M for tissues dissected from the stomach of 

whole-body irradiated rats, and at 5×10
-6

 M for in vitro irradiation on SM strips 

А B 
5 µM 5-HT   

 
5 µM 5-HT    

 

Figure 13. Mechanograms reporting the SCA of SM strips (n=7) in response to 

irradiation with Laser radiation at a wavelength of 808 nm and exogenous 

application of 5×10
-6

 M 5-HT. 

A) Mechanogram demonstrating the 5-HT effect on contractility from control SM 

strips. 

B) Mechanogram of the 5-HT effect on the contractility of SM strips irradiated 

with Laser 808 nm radiation. 

. 
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with non-ionizing radiation. All comparisons between the strength of muscle 

contractions in response to exogenous 5-HT are relative to the WOB (non-

irradiated) group. Exposure of SM strips to non-ionizing ER is for a 60 sec 

interval during which the tissues are placed in an organ bath without Krebs 

solution. Graphical comparison of the obtained results with regard to their 

reactivity to 5-HT after irradiation with the studied energy flows shows that in 

all beams the application of exogenous 5-HT increases the strips’ muscle 

contraction except for those irradiated with UV radiation (UV 365 nm) and LED 

470 nm, which decrease the effect of 5-HT at the applied concentration 5×10
-6

 

M. The highest SCA after exogenous application of 5-HT we observe for SM 

tissues irradiated with IR, UVC at a wavelength of 254 nm and with Laser 808 

nm. 

In conclusion from the conducted experiments on the SCA of SM strips, it 

can be summarized, that all the applied radiations, whether ionizing or non-

ionizing, coherent or incoherent, significantly change the effect of 5-HT on their 

SCA. Surprisingly, at wavelengths of 365 nm and 470 nm, there is a decrease in 

the parameters of SCA of the examined SM strips, whereas we detect an 

increase at all others. 

C
h

an
ge

s 
in

 5
-Н

Т 
e

ff
ec

t 
o

n
 S

C
A

, %
 

-20

-10

0

10

20

30

40

50

1GY 1H 1GY 
18H 

UVC 
254 

UVA/B UV 365 LED 470 L 532 LED 660 L 808 WOB 

Figure 14. Changes in SCA of SM gastric tissues, expressed as a percentage, in 

response to exogenous application of 5-HT at a concentration of 10
-5

 M (IR) and 5×10
-6

 

M (non-ionizing). The applied IR dose is 1 Gy with two different time elapses between 

iraadiation and dissection of the SM strip: 1h and 18h. The remaining SM strips are 

irradiated with UVC 254 nm, UVA/B 350 nm, UV 365 nm, LED 470 nm, Laser 532 nm, 

LED 660 nm, Laser 808 nm. All changes in the 5-HT effect on the SCA of SM strips are 

compared with the control ones (WOB). 
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3. Study of changes in the enzyme activity of monoamine oxidase A 

after irradiation with coherent and incoherent beams 

In order to prove a connection between the observed differences in the 

SCA of the studied SM tissues after irradiation with coherent and incoherent 

beams, and the activity of the MAO-A enzyme, which is known to be involved 

in the regulation of 5-HT levels, we explored the detected alternations in the 

enzymatic activity after irradiation with the employed sources studied and 

described above. For enzyme irradiation, we use the same irradiation system 

presented in Figure 1. We explore the effect of each of the employed sources of 

coherent and incoherent radiation (lamps, lasers and LEDs) on the enzymatic 

activity of MAO-A. According to the manufacturer's protocol, MAO-A activity 

is investigated by fluorimetric detection of the amount of hydrogen peroxide 

(H2O2) released during the enzyme reaction. We construct curves with the 

obtained data from the fluorimetric analysis and by the slope that the values of 

the detected fluorescence conclude with the abscissa. Thus, we determine the 

activity of the enzyme in the various reactions. After irradiation, we record the 

changes in the slope of the curves. To induce complete inhibition of the MAO-A 

enzyme, we apply an enzyme inhibitor (negative control), while to prove 

enzyme activity, we add an activator (positive control). In this way, we calculate 

the slope of the curves and determine the activity of MAO-A at all energy flows 

at different times. 

Figure 15 presents a graphical analysis of the observed inhibition of MAO-

A activity following the addition of various concentrations of the MAO-A 

inhibitor Clorgyline to the enzyme reactions. The abscissa shows the values of 

the so-called relative fluorescence units (RFU) measured during the fluorimetric 

analysis. The inhibitory enzyme activity of clorgyline was tested for 15 min. The 

applied concentrations of the inhibitor range from 0.1 to 1000 nM. 
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Curve 1 represents the standard/control in which the reaction proceeds 

without the addition of the inhibitor. All the other curves (2–8) reflect 

experiments in the presence of Clorgyline. Each curve from 2 to 8 shows a 

decrease in MAO-A activity with increasing the concentration of clorgyline. 

Specifically, in curve 2, the applied inhibitory concentration used is the lowest at 

0.1 nM. We observe 100% enzyme activity. Curve 3 showcases a 2% decrease 

in MAO-A activity at an inhibitory concentration of 0.3 nM. With the 

augmentation of the clorgyline concentration to 1 nM, the enzymatic activity is 

decreased by 18% (curve 4). A 45% reduction in MAO-A activity is reported in 

the presence of 10 nM Clorgyline (curve 5). Interestingly, 30 nM inhibitory 

concentration, results in 60% reduced enzymatic activity (curve 6). Similarly, 

curve 7 shows a 72% drop in MAO-A activity at the presence of 100 nM 

Clorgyline in the enzymatic reaction. The highest inhibitory concentration 

employed in our experiments was 1000 nM clorgyline. It elicits a 90% reduction 

in the enzymatic activity (curve 8). The obtained percentages of the reduction of 

MAO-A activity after the application of different inhibitory concentrations 

allow us to construct a concentration-effect curve of the relative activity of 

MAO-A in % (Figure 16). The constructed concentration-effect curve of MAO-

A activity in the presence of the inhibitor allows us to calculate the inhibitory 

concentration of clorgyline corresponding to a relative enzymatic activity 

(Figure 16). 

Figure 15. Graphic expression of the evaluation of the inhibitory activity of 

Clorgyline at different concentrations (0.1÷1000 nM) on the activity of MAO-A 

by fluorescence detection of RFU. 
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The first source whose effect on MAO-A activity we examine is a lamp 

light source emitting UVC radiation. We divide the samples into 2 groups - non-

irradiated and irradiated. The non-irradiated is divided into two subgroups. 

The first subgroup is the so-called control or normal and is represented by curve 

1. The second subgroup - Clorgyline at a concentration of 10 μM, is represented 

by curve 6. The irradiated group, on its part, is divided into samples exposed to 

UVC radiation for 1 min, respectively (curves 2 and 3) and 2 min (curves 4 and 

5). The results are presented in Figure 17. Our findings demonstrate that at a 

concentration of 10 μM Clorgyline provokes a 100% inhibition of the MAO-A 

activity. Probes irradiated for 1 min with UVC radiation show decreased MAO-

A activity by 49%. From the concentration-effect curve in Figure 16, it can be 

seen that the reported relative activity of MAO-A corresponds to a 15 nM 

equivalent concentration of clorgyline. Upon irradiation for 2 min with UVC 

radiation, MAO-A activity decreases to 65%, which corresponds to 45 nM 

Clorgyline (calculated from Figure 16).  

Figure 16. Concentration-effect curve illustrating MAO-A activity (%) after 

inhibition with Clorgyline (0.1÷1000 nM; n=8). 
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The study of the effect of UVA/B radiation on MAO-A activity is 

analogous. Figure 18 illustrates the change in the enzymatic activity after 

irradiation with a lamp source emitting UVA/B radiation (350 nm). Similarly, 

y = 622.88x + 1426.5 

y = 222.95x + 1469.2 y = 216.67x + 1669.6 

y = 3.9x + 1584.3 

y = 323.99x + 1656 y = 321.11x + 1351.3 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

11000

12000

13000

14000

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

R
F

U
 (

E
x
/E

m
 =

 5
3

5
/5

8
7

 n
m

) 

Time, min 

UVC  254 nm 

Figure 17. Analysis of RFU change after the application of Clorgyline (10 

μM) and irradiation with UVC (4 mW/cm
2
) for 1 and 2 min (n=2). The 

results are reported for a 15-min time interval. 
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Figure 18. Analysis of RFU change after application of Clorgyline (100 

μM) and irradiation with UVA/B (4 mW/cm
2
) for 1 and 2 min (n=2). The 

results are reported for a 15-min time interval. 
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we classify the samples into unirradiated and irradiated with UVA/B radiation. 

The unirradiated show a 100% MAO-A activity in the absence of the inhibitor 

(Figure 18, curve 1). On the contrary, in the case of non-irradiated samples, we 

detect a 100% inhibition of the MAO-A activity, in the presence of Clorgyline at 

a concentration of 100 μΜ (curve 6). In Figure 18, curves 2 and 3 correspond to 

irradiated samples for 1 min with the light source, while probes irradiated for 2 

min are indicated in the figure with the curves 4 and 5. The obtained results 

show that at 100 μΜ Clorgyline, MAO-A activity is 100% inhibited. The 

enzymatic reactions performed by exposing the samples to UVA/B radiation for 

1 min demonstrate a 7% decrease in MAO-A activity (curves 2, 3). By doubling 

the probes’ exposure time to UVA/B radiation (2-minute exposure) is reported a 

27% reduction of MAO-A activity (curves 4, 5). Figure 16 shows that for 

samples exposed for 1 min the MAO-A activity is achieved at a concentration of 

0.3 nM Clorgyline, while for those irradiated for 2 min at a concentration of 2 

nM Clorgyline. 

Likewise, we calculate the effect of LED 365 nm on MAO-A activity. 

Upon irradiation with this light source, the maximum inhibition of MAO-A 

activity (90%) is achieved at a 1 μM clorgyline. These results are presented in 

Figure 19, curve 6 (control group). Curves 2 and 3 illustrate samples exposed to 

LED 365 nm for 1 min, while curves 4 and 5 – these exposed for 2 min to ER 

(irradiated group). Interestingly, the maximum inhibition of MAO-A activity 

with this light source is about 90%. It is established an opposite tendency to that 

observed so far with the other sources. Namely, exposure to LED 365 nm 
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Figure 19. A 15-min analysis of RFU change after application of Clorgyline 

(1 μM) and irradiation with LED 365 nm (4 mW/cm
2
) for 1 and 2 min (n=2) 
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increases the enzymatic activity. Concretely, the results demonstrate an 

increased MAO-A activity in probes irradiated for 1 min (Figure 19, curves 2 

and 3) with LED 365 nm radiation, which is found to be 28%. Similarly, 

samples irradiated for 2 min (Figure 19, curves 4, 5) show a 30% increase in 

MAO-A activity. 

With the following experiments, we investigate the effect of the LED light 

source emitting ER at a wavelength of 470 nm on enzymatic activity. 

Experiments were performed on probes exposed to LED 470 nm radiation and 

probes in which clorgyline was present or absent in the enzymatic reactions. The 

grouping of the samples is similar to all other sources – 2 groups (control and 

irradiated). Samples in which clorgyline was absent from the enzyme reactions 

are represented by curve 5 (control group). Curve 6 represents the enzyme 

reactions in which MAO-A activity is inhibited 100% in the presence of 

Clorgyline at a concentration of 100 μM. Samples irradiated for 1 min with LED 

470 nm are represented by curves 1 and 2, while those exposed for 2 min to ER 

are depicted by curves 3 and 4 (irradiated group). Figure 20 shows the obtained 

results. The results demonstrate a slight increase in MAO-A activity after 

irradiation with LED 470 nm radiation. Specifically, one-minute irradiation 

leads to a 5% increase in MAO-A activity, whereas probes exposed for 2 min to 

ER to 8%.  

 

 

 

 

 

 

 

 

 

 

 

 

 Changes in MAO-A activity in response to irradiation with a laser emitting 

radiation at a wavelength of 532 nm are presented in Figure 21. The maximal 

inhibition of MAO-A activity, i.e. 100% observed upon the addition of 1 μM 
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Figure 20. Changes in MAO-A activity after application of Clorgyline (100 

μM) and irradiation with LED 470 nm (4 mW/cm
2
) for 1 and 2 min (n=2) 
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Clorgyline in the enzymatic reaction – curve 6 (control group). Curves 2 and 3 

represent probes irradiated with Laser 532 nm radiation for 1 min, while curves 

4 and 5 - for 2 min. The results in Figure 21 show that curves 2 and 3 

demonstrate a 24% decrease in MAO-A activity after exposure for 1 min to 

Laser 532 nm radiation. According to the concentration-effect curve (Figure 16), 

the calculated inhibitory concentration of Clorgyline is 150 nM. In the two-

minute exposure of the enzyme to Laser 532 nm, it is reported a 25% decrease in 

its activity at 155 nM Clorgyline.  

In the next series of experiments, we explore the impact of LED 660 nm 

radiation on MAO-A activity (Figure 22). Curves 2 and 3 represent samples 

irradiated with LED 660 nm for 1 min, while curves 4 and 5 illustrate the 

enzyme reactions occurring after irradiating the enzyme with LED 660 nm for 2 

min. The results show that irradiation with LED 660 nm reduces the activity of 

MAO-A. Samples exposed for 1 min (curves 2 and 3) to the ER demonstrated a 

decrease in enzymatic activity by 5%, while those irradiated for 2 min (curves 4 

and 5) - a decrease of about 9%. At a concentration of 0.4 nM Clorgyline is 

achieved a decrease in MAO-A activity corresponding to 5%, whereas at 0.5 nM 

Clorgyline – a 9% decrease. We observe a complete inhibition of MAO-A 

activity at 100 μM Clorgyline - curve 6 (Figure 22). 
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Figure 21. Changes in MAO-A activity after application of Clorgyline (1 μM) 

and irradiation with Laser 532 nm (4 mW/cm
2
) for 1 and 2 min (n=2).The 

analysis is performed for a 15-min time interval. 
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Finally, we explore the effect of Laser 808 nm on MAO-A activity (Figure 

23). Likewise with all the other sources, we divide the samples into 2 groups - 

irradiated and non-irradiated. Non-irradiated are classified into 2 subgroups. The 

first represents samples in which no Clorgyline is added - curve 1. The second 

subgroup consists of samples in which MAO-A activity is completely inhibited 

by Clorgyline - curve 6. The irradiated samples are divided into those irradiated 

with Laser 808 nm for 1 min - curves 2 and 3. Curves 4 and 5 represent the other 

subset of samples irradiated for 2 min. We observe a decrease in the activity of 

MAO-A after exposure to Laser 808 nm. Curves 2 and 3 show a 13% reduction 

in the enzymatic activity in the presence of clorgyline. This reduction is 

accomplished at 0.7 nM inhibitory concentration (Figure 16). Samples irradiated 

for 2 min demonstrated a 30% decrease in MAO-A activity, which corresponds 

to 2.8 nM Clorgyline according to the concentration-effect curve (Figure 16). At 

a concentration of 1 μM Clorgyline, we record a maximum inhibition of the 

MAO-A enzyme (Figure 23, curve 6).  
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Figure 22. Changes in MAO-A activity after application of Clorgyline (100 μM) and 

irradiation with LED 660 nm (4 mW/cm
2
) for 1 and 2 min (n=2).The analysis is 

performed for a 15-min time interval. 
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 The following table (table 2) presents the average values of the calculated 

relative activity of MAO-A for the groups of samples irradiated for 1 and 2 min 

with all the aforementioned light sources (lasers, lamps and LEDs). 

Table 2. Relative enzyme activity after irradiation with lasers, lamps and LEDs and 

application of 1, 10 and 100 μM Clorgyline. 

Light sources Time, min Relative МАО-А activity, % 

UVC (254 nm) 

(10 μM Clorgyline) 

1 51,75 ± 0,15 

2 35,2 ± 0,5 

UVА/В (350 nm) 

(100 μM Clorgyline) 

1 93,55 ± 0,45 

2 73,9 ± 1,1 

LED 365 nm 

(1 μM Clorgyline) 

1 128,85 ± 0,25 

2 133,45 ± 0,45 

LED 470 nm 

(100 μM Clorgyline) 

1 105,65 ± 0,45 

2 108,25 ± 0,15 

Laser 532 nm 

(1 μM Clorgyline) 

1 76,85 ± 0,15 

2 75,65 ± 0,25 
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Figure 23. Changes in MAO-A activity after application of Clorgyline (1 μM) and 

irradiation with Laser 808 nm (4 mW/cm
2
) for 1 and 2 min (n=2).The analysis is 

performed for a 15-min time interval. 

(1) 
 
(2); (3) 

 
 
(4); (5) 
 
 
 
 
 
 
 

 

 

 

 
(6) 



33 
 

LED 660 nm 

(100 μM Clorgyline) 

1 95,40 ± 0,3 

2 91,85 ± 0,6 

Laser 808 nm 

(1 μM Clorgyline) 

1 87,15 ± 0,5 

2 70,55 ± 0,6 

As a summary of the results presented above, we present Figure 24, which 

illustrates changes in MAO-A activity after irradiation with the investigated 

light sources. In Figure 24, the obtained results give reason to claim that 

different light sources affect the enzyme activity of MAO-A in a different way. 

Interestingly, wavelengths of 350 nm and 470 nm increase the activity of MAO-

A. On the other hand, the 5-HT effect on SCA of SM tissues irradiated with the 

same light sources is reduced compared to that of non-irradiated ones. At all 

other wavelengths from the UV-VIS (ultraviolet-visible) range, we observe a 

decrease in MAO-A activity, which is accompanied at the same time with an 

increased effect of 5-HT on the contractility of irradiated compared to control 

SM strips.  

The established relationship between the observed differences in the SCA 

of the studied SM strips after irradiation with coherent and incoherent beams, 

and the activity of the enzyme MAO-A in response to these lights, is very 

interesting. We demonstrate that some lights decrease MAO-A activity while 

others increase it. This is logically associated with the altered SCA of the SM 

strips observed upon irradiation with the same lights. Our hypothesis is that by 

modulating with light sources the SCA of the gastric SM tissues, we can also 

modulate its contractile function by affecting the levels of 5-HT. To be sure of 

this hypothesis, it is necessary to check the expression levels of the genes for the 

Figure 24. MAO-A activity in % upon irradiation of samples for 1 min with light 

sources emitting ER in the UV-VIS range. 
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MAO enzymes after irradiation with the same sources, which is a good 

prerequisite for future research on the subject.  
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V. DISCUSSION 

Neurotransmission underlies the mediation and control of vital functions of 

GIT. There is evidence that 5-HT receptors localized in myenteric neurons are 

key factors in initiating and controlling the motility of GIT. Potential 

dysfunction related to the activity of these receptors can lead to hypo- or hyper-

contractility in one of these anatomical areas and can cause various symptoms 

such as nausea, vomiting, heaviness after eating, upper abdominal pain, anemia, 

weight loss and many other adverse sensations. The research approach in the 

dissertation combines experiments aimed at elucidating the mechanisms by 

which energy flows influence the contractile activity of SM cells from the 

stomach of experimental animals. In general, the light sources are divided into 

two large groups: sources of ionizing and non-ionizing radiation. This is very 

important to study the impact of each type of energy on SM and their SCA in 

response to the application of 5-HT. 

The first part of the experiments is conducted with IR generated from LA 

after whole-body in vivo irradiation of the animals and subsequent monitoring of 

the contractility of SM strips dissected at different times after the act of 

irradiation. The results show that accelerated electron beams do not affect 

significantly the tonic and phasic SCA of the SM strips, regardless of the 

irradiation dose and the time the SM tissues were dissected after the irradiation. 

However, the time elapse between irradiation and dissection affected the SCA of 

SM samples, especially at high concentrations of 5-HT. We also detect changes 

in the characteristics of phasic activity, as well as in tissue reactivity to 5-HT, 

which proves the important role of 5-HT in the course of physiological functions 

of GIT (Hasler, 2009), including motor regulation (Sikander et al., 2009). After 

the analysis of the obtained results from the whole-body irradiated rats with 1 

Gy, we did not detect changes in the Freq of SCA of SM tissues dissected at 

different times after irradiation (1h and 18h). Nevertheless, regarding the force 

of muscle contraction, we observe significant differences after application of 5-

HT in a concentration range from 10
-8

 M to 10
-4

 M. Moreover, a similar trend is 

noticed in irradiated rats with an absorbed dose of 5 Gy. With the increase of 

time until the dissection of experimental animals, strips’ reactivity to 5-HT in 

the studied concentration range increases significantly. This is proof of the 

impact of factors like dose and time of IR irradiation on the SCA of the studied 

SM tissues. Therefore, the tissues’ reactivity to 5-HT after irradiation with IR is 

determined by three factors: the absorbed dose, the time elapse from the 

irradiation session to the dissection of the SM tissues and the concentration of 

exogenous 5-HT. These factors are important in the development of precise and 

radiation-sparing protocols for patients with IR. Our experimental data also 

provide indirect information that accelerated electron beams with the indicated 

energies do not significantly affect the functions of the interstitial cells of Cajal 
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responsible for the Freq of spontaneous contractions (Al-Shboul, 2013), which 

remains unchanged. 

Interestingly, after irradiation, the strength of tonic contractions caused by 

exogenous 5-HT increased. Our results show that the leading factor for this 

change is the length of the post-irradiation period. The observed time 

dependence is clearly a product of a rapid biochemical process caused by the 

accelerated electrons, and leads to a temporarily increased activity of the 

serotonergic signaling cellular system, which subsides hours later (even in less 

than 18h, including 1h). The latter observation requires further research, which 

is beyond the scope of the present work. There is also the so-called process of 5-

HT reuptake by intestinal epithelial cells (Chen et al., 1998). We assume that the 

effect of 5-HT reuptake is negligibly small. Importantly, we hypothesize that the 

detected effects of 5-HT on the SCA of SM tissues after irradiation in our 

experimental procedures are mediated by two factors: the interaction of ER with 

5-HT receptors and/or the possible influence of ER on the enzymatic activity, 

involved in regulating the levels of 5-HT in the body. The first reason is less 

likely, due to the short-term interaction of ER with biological tissues and the 

relatively short time interval of 20 min for any kind of cellular response, 

specifically, the functions of 5-HT receptors. Possibly, the explanation lies in the 

second reason, which is the influence of IR on the activity of some enzymes that 

regulate 5-HT levels, namely the MAO-A enzyme. This hypothesis also 

underlies our research and is based on studies associating changes in MAO 

activity as a response to various ER (Dolgacheva et al., 2000). 

We also study the effect of different non-ionizing energy flows on 

biological systems described in the dissertation from stomachs of experimental 

animals. To explore the in vitro effect of coherent and incoherent radiation on 

SM tissues, we use light sources emitting coherent and incoherent radiation 

(lasers, LEDs and lamps) with different wavelengths. We also utilize a special 

WOB system for dosing irradiation with ER. A great advantage of the WOB 

system is the option to adjust the physical characteristics of the emitter such as 

power density, intensity and direction of the emitted radiation. Experiments 

performed on isolated SM isolated from rat stomachs demonstrate that 

irradiation with non-ionizing radiation shows substantial changes in SM 

contractile activity. More specifically, all light sources increase the parameters 

of SCA of rat SM stips in the presence of exogenous 5-HT at a concentration of 

5×10
-6

 M except for the case of LED 470 nm and LED UV 365 nm, which 

decrease the contractile response of the experimental animals. The detailed 

study of the change in MAO-A enzymatic activity after irradiation with different 

light sources of ER is one of the tasks in the experimental part of this 

dissertation. MAO-A enzymes are responsible for a number of diseases such as 

neurodegenerative diseases, depression, serotonin syndrome, etc. These 

enzymes have high expression levels in gastrointestinal and liver tissues as well 

as in neurons (Finberg & Rabey, 2016). 
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5-HT is known to be degraded specifically by MAO-A by oxidative 

deamination. Products of 5-HT degradation are acidic metabolites such as 5-

hydroxyindole-3-acetic acid, whose accumulation in the brain is associated with 

dementia (Vermeiren et., 2015). An imbalance in 5-HT levels is one of the key 

factors in patients suffering from mental disorders. Elevated levels of MAO-A 

are associated with generation of H2O2, which could potentially be a possible 

cause of neurodegeneration (Naoi et al., 2013). Recently, bright light therapy 

has been used in medical practice as an alternative approach for the treatment of 

mental disorders, including depression. Spies and co-authors demonstrate that 

bright light reduces MAO-A levels, thus increasing 5-HT activity, thereby 

achieving an antidepressant effect (Spies et al., 2018). There are data in the 

literature associating changes in MAO-A activity after exposure of biological 

structures to ER (Dolgacheva et al., 2000). According to the absorption 

spectrum of MAO-A, it is evident that the use of lasers, LEDs and broadband 

lamps emitting radiation at different wavelengths allow us to gain in-depth 

knowledge concerning their impact on the reactivity of SM tissues to 5-HT and 

their contractility as response to ER. 

The light sources used for the irradiation of the MAO-A enzyme are the 

same as those used for the irradiation of biological tissues, namely UVC 254 

nm, UVA/B 350 nm, UV 365 nm, LED 470 nm, Laser 532 nm, LED 660 nm, 

Laser 808 nm. It turns out that the increased SCA of the studied SM tissues in 

response to 5-HT after irradiation with ER corresponds to a reduced enzyme 

activity of MAO-A. It is noteworthy that when irradiating probes in which the 

MAO-A enzyme reaction is controlled by using activators and inhibitors, with 

blue and UV radiation (470 nm and 365 nm), our results demonstrate increased 

MAO-A activity, which coincides with the absorption spectrum of the MAO-A 

enzyme. We also observed reduced contractility in SM tissues in response to 5-

HT (5×10
-6

 M). These results have no counterpart in the literature, as no data 

were found directly linking SM reactivity to MAO-A enzyme activity upon 

exposure to ER. Also, we demonstrate that prolonging the exposure of the 

samples to ER leads to a weaker effect on MAO-A activity. The latter statement 

is based on the comparison of MAO-A activity between samples exposed for 1 

and 2 min to ER. Those samples that were irradiated with blue and UV radiation 

(470 nm and 365 nm) for 2 min differed, as they showed the opposite trend, i.e. 

longer exposure leads to an increase in the effect of MAO-A.  

Our results are in full agreement with the results of other authors, who 

prove a relationship between the activity of the MAO-A enzyme and irradiation 

with a certain wavelength (Dolgacheva et al., 2000), as well as add new 

information about the relationship between MAO-A and 5-HT under these 

irradiation conditions. The continuation of these experiments is necessary to 

build the complete picture of the impact of different types of radiation on the 

neurophysiology of important tissues and organs, such as these of the constituent 

organs and cells of GIT. Moreover, the present work show an interesting 
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relationship between the activity of the MAO-A enzyme and its substrate - 5-HT 

under the influence of the studied light sources that emit non-ionizing radiation. 

This relationship is a prerequisite for creating a detailed picture of the impact of 

non-ionizing radiation on MAO-A activity and the amount of 5-HT in the SM of 

the stomach. The latter would guarantee the development of protocols for the 

use of this radiation in therapeutic and diagnostic medical practice.  
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VI. CONCLUSIONS 

 

1. Ionizing radiation of electron beams does not affect significantly the 

tonic and phasic spontaneous contractile activity of smooth muscle 

strips, regardless of the irradiation dose and the time of dissection after 

irradiation 

2. 5-HT at a concentration of 10
-5

 M induces maximal force of contractility 

in control and irradiated with 1 Gy ionizing radiation smooth muscle 

tissues isolated from rat stomachs 

3. Coherent radiation at wavelengths of 532 nm and 808 nm increases the 

effect of 5-HT on smooth muscle tissues. The greatest increase in the 

spontaneous contractile activity was observed upon irradiation with 

infrared light 808 nm, which also correspondes to the results of reduced 

MAO-A activity  

4. Incoherent radiation at wavelengths of LED 365 nm and LED 470 nm 

reduces the effect of 5-HT on smooth muscle tissues and increases the 

activity of MAO-A 

5. Sources of incoherent radiation LED 660 nm, as well as broadband 

lamps emitting radiation at a wavelength of 254 nm and in the UVA/B 

region, increase the effect of 5-HT on spontaneous contractile activity. 

This coincides with the reduced MAO-A activity  
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VII. SCIENTIFIC CONTRIBUTIONS 

 

1. A system is developed for in vitro irradiation of smooth muscle tissues in 

a moist medium. The system allows direct irradiation of biological 

objects without loss of energy and without changes in the parameters of 

spontaneous contractile activity and reactivity provoked by the presence 

of primary neurotransmitters. 

2. For the first time, data are collected regarding the impact of different 

radiation wavelengths in the UV-VIS range on the spontaneous 

contractile activity of smooth muscle tissues isolated from the corpus of 

rat stomachs. 

3. An inverse correlation between 5-HT and MAO-A enzyme has been 

proven, which suggests regulation of 5-HT levels by modulating MAO-

A activity upon irradiation with an appropriate wavelength.  
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