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Article 
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Bulgaria 

* Correspondence: janetchekalarova@gmail.com 

Abstract: Melatonin influences arterial biomechanics, and its absence could cause remodeling of the arterial 

wall, leading to increased stiffness. Direct effects of fentanyl on the aortic wall have also been observed 

previously. This study aimed to evaluate in vitro the effects of fentanyl on aortic viscoelasticity in a rat model 

of melatonin deficiency. It also aimed to test the hypothesis that melatonin deficiency leads to increased arterial 

wall stiffness. The viscoelasticity of the aortic wall was estimated in strip preparations from pinealectomised 

and sham-operated adult rats using the forced oscillations method. We found that melatonin deficiency in the 

untreated aortic wall did not significantly alter viscoelasticity. However, combined with 10 -9 M fentanyl, 

melatonin deficiency increased the natural frequency and arterial stiffness compared to the sham-operated. 

Independently, fentanyl treatment decreased the natural frequency and arterial stiffness compared separately 

to untreated normal and melatonin-deficient preparations. The observed effects of fentanyl were neither dose-

dependent nor affected by naloxone, suggesting a non-opioid mechanism. Furthermore, an independent effect 

of naloxone was also detected in the normal rat aortic wall, resulting in reduced arterial stiffness. Further 

studies are needed to clarify the underlying mechanisms, which may improve the clinical decisions for pain 

management and anesthesia. 
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1. Introduction 

Large elastic arteries such as the aorta exhibit nonlinear blood pressure-dependent mechanical 

wall behavior [1–3]. The arterial wall exhibits both elastic and viscous properties at the same time. 

Such mechanical behavior is referred to as viscoelastic, and its characteristics are often considered as 

measures of arterial stiffness and compliance. The biomechanical properties of the aorta have been 

studied extensively over the past few decades using various methods [1,3–5]. Without nervous and 

humoral regulation by the organism, the direct basal viscoelasticity assessment is performed in vitro 

using partial or cylindrical arterial segments [2,6–9]. 

Intrinsic aging of the aortic wall correlates with structural changes in its extracellular matrix [10–

12]. Reorganization of the extracellular matrix in the form of increased collagen synthesis and elastin 

degradation, together with smooth muscle cell proliferation, leads to changes in the viscoelasticity of 

the arterial wall [3,13–15]. The latter has been adopted to measure the structural change associated 

with cardiovascular disease risk [3]. Viscoelasticity could also be used to estimate the effect of opioid 

analgesics on arterial biomechanics, as these drugs are also known to affect arterial blood pressure 

[16,17]. 

The neurological and endocrine roles of melatonin have been well described in the literature 

[18]. Rat pinealectomy is a validated model of melatonin deficiency, in which not only plasma 

melatonin levels are significantly reduced during the day/night cycle but also urinary excretion of its 

metabolite 6-sulfatoxymelatonin in urine [19–21]. Melatonin has also been shown to significantly 

influence the homeostasis of the extracellular matrix of the arterial wall. However, its effects on 

arterial viscoelasticity, either directly or indirectly, remain to be elucidated [22–24]. 
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In the present work, we aimed to evaluate in vitro the direct effects of fentanyl on aortic 

viscoelasticity in a rat model of melatonin deficiency and test the hypothesis that melatonin 

deficiency leads to increased arterial stiffness. 

2. Results 

2.1. Effect of Pinealectomy in Untreated Aortic Preparations 

After 30 min initial adaptation (control), the natural frequency in both the sham and pin groups 

increased linearly with increasing equivalent blood pressure (shown in Figure 1), whereas the 

dynamic modulus of elasticity increased exponentially (shown in Figure 2). However, there was no 

significant difference between the control measurements of the sham and pin groups. 

 

Figure 1. Natural frequency as a function of the equivalent blood pressure. Effect comparison between 

the sham (n = 3) and pin (n = 4) groups, with measurements taken after the 30 min adaptation period 

(control). Solid lines and curves show the best-fit regression model. 

 

Figure 2. Modulus of elasticity as a function of the equivalent blood pressure. Effect comparison 

between the sham (n = 3) and pin (n = 4) groups, with measurements taken after the 30 min adaptation 

period (control). Solid lines and curves show the best-fit regression model. 

2.2. Effects of Pinealectomy in Fentanyl-Treated Aortic Preparations 

To further investigate the effects of melatonin deficiency, f0 and E´ were estimated at each 

fentanyl concentration and compared between the sham and pin groups. Natural frequency, as a 

linear function of equivalent blood pressure, was found to be significantly higher (p<0.035) in the pin 

group than in the sham group, only at the lowest fentanyl concentration (10-9 M). This difference was 

estimated to increase with rising equivalent blood pressure. A similar result was obtained for E´ at 

the same fentanyl concentration (p<0.035). However, higher concentrations of fentanyl did not 

significantly affect this viscoelastic property. Naloxone 10-6 M did not change the estimated effects of 

pinealectomy at higher fentanyl concentrations, as both f0 and E´ were significantly higher than in 

the sham group, but only at 10-9 M fentanyl (f0, p<0.035; E´, p<0.015). The estimated differences also 
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increased at higher levels of equivalent blood pressure, i.e., >111.8 mmHg (shown in Figures 3 and 

4). 

 

Figure 3. Natural frequency as a function of the equivalent blood pressure. Significant effect 

comparison between the sham (n = 3) and pin (n = 4) groups in equal concentrations of fentanyl – 10-

9 M fentanyl and 10-9 M fentanyl + 10-6 M naloxone treatment. Solid lines and curves show the best-fit 

regression model. 

 

Figure 4. Modulus of elasticity as a function of the equivalent blood pressure. Significant effect 

comparison between the sham (n = 3) and pin (n = 4) groups in equal concentrations of fentanyl – 10-

9 M fentanyl and 10-9 M fentanyl + 10-6 M naloxone treatment. Solid lines and curves show the best-fit 

regression model. 

2.3. Effects of Fentanyl and Fentanyl + Naloxone in the Sham Group 

In the sham group, treatment with increasing concentrations of fentanyl resulted in significantly 

lower values of f0 only at the highest 10-6 M fentanyl concentration (p<0.035) compared to the control 

measurement. No other significant differences were found (except for a borderline significance 

(p=0.054) at 10-7 M fentanyl). As with the control measurements, the natural frequency was estimated 

to increase linearly with increasing equivalent arterial blood pressure (shown in Figure 5). 

In contrast to f0, the modulus of elasticity was significantly lower (p<0.05) at all fentanyl 

concentrations compared to the sham group control. However, measurements taken after the 30-

minute wash-out, following the last concentration of fentanyl applied, resulted in an almost complete 

recovery of the modulus of elasticity to control levels. Furthermore, E´ again was significantly 

reduced after the subsequent 10-minute treatment with 10-6 M naloxone solution (p<0.015). 

Subsequent treatment with all incremental concentrations of fentanyl, in combination with 10-6 M 

naloxone, kept the modulus of elasticity significantly lower (p<0.015) than the control measurement 

in the sham group, except at 10-8 M fentanyl (shown in Figure 6). 
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Figure 5. Natural frequency as a function of the equivalent blood pressure. Significant effect 

comparison within the sham group (n = 3), with measurements taken after control, fentanyl (10-9, 10-

8, 10-7 and 10-6 M), 10 min 10-6 M naloxone, and fentanyl (10-9, 10-7 and 10-6 M) + 10-6 M naloxone 

treatment. Solid lines and curves show the best-fit regression model. 

 

Figure 6. Modulus of elasticity as a function of the equivalent blood pressure. Significant effect 

comparison within the sham group (n = 3), with measurements taken after control, fentanyl (10-9, 10-

8, 10-7 and 10-6 M), 10 min 10-6 M naloxone, and fentanyl (10-9, 10-7 and 10-6 M) + 10-6 M naloxone 

treatment. Solid lines and curves show the best-fit regression model. 

2.4. Effects of Fentanyl and Fentanyl + Naloxone in the Pin Group 

In the pin group, the comparison between the different treatments and the control measurement 

shows that f0 was significantly lower only after the 30-minute wash-out (p<0.015), following the last 

applied concentration of fentanyl, then after the subsequent 10 minutes of treatment with 10-6 M 

naloxone (p<0.015), and again after 10-6 M fentanyl + 10-6 M naloxone (p<0.035) (shown in Figure 7). 

E´ was also estimated to be significantly lower when compared to the control measurement in the pin 

group at 10-7 M fentanyl (p<0.035), after the 30-minute wash-out (p<0.035), after the last applied 

concentration of fentanyl, then after the subsequent 10 minutes treatment with 10-6 M naloxone 

(p<0.015) (shown in Figure 8). 
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Figure 7. Natural frequency as a function of the equivalent blood pressure. Significant effect 

comparison within the pin group (n = 4), with measurements taken after control, 10-7 M fentanyl, 30 

min wash-out, 10 min 10-6 M naloxone and 10-6 M fentanyl + 10-6 M naloxone treatment. Solid lines 

and curves show the best-fit regression model. 

 

Figure 8. Modulus of elasticity as a function of the equivalent blood pressure. Significant effect 

comparison within the pin group (n = 4), with measurements taken after control, 10-7 M fentanyl, 30 

min wash-out, 10 min 10-6 M naloxone and 10-6 M fentanyl + 10-6 M naloxone treatment. Solid lines 

and curves show the best-fit regression model. 

3. Discussion 

3.1. Effects of Fentanyl 

In the sham group, fentanyl treatment resulted in significantly lower values for both the natural 

frequency and the modulus of elasticity compared to the control measurement in the same group. 

For f0, this was true only at 10-6 M, whereas for E´, the effect was significant over the whole range of 

fentanyl concentration. However, a tendency to decrease f0 was observed at other concentrations with 

a borderline significance (p<0.054-0.075). A further increase in the sample tested will show whether 

the difference is significant. The addition of naloxone in the sham group did not reverse the effect of 

fentanyl, except at 10-8 M fentanyl. Similar but less clear results were also obtained within the pin 

group, where f0 values were significantly lower than the pin control only at 10-6 M fentanyl in the 

presence of 10-6 M naloxone, and Е´ values were significantly lower than the pin control only at 10-7 

M fentanyl. 

The natural frequency represents the frequency of the biomaterial at which resonance can occur, 

with the potential to cause structural damage to the constituent tissue due to the steeply increasing 

amplitudes of the oscillations. The modulus of elasticity is a measure of arterial stiffness. Therefore, 

it could be concluded that due to fentanyl treatment, lower values of f0 and E´ indicate a risk of 

reaching noxious oscillations at physiologically normal heart rate or lower external frequencies and 

a reduced arterial wall stiffness (i.e., increased distensibility) compared to untreated preparations. 

The slight relaxant effect of fentanyl in sham preparations is consistent with similar conclusions 

presented in the literature [17]. The pharmacological effects of fentanyl include arterial hypotension 

[17]. There is evidence for opioid receptor expression in arterial wall cells, such as endothelial and 

vascular smooth muscle cells, where the effects of opioid agonists on contractility have been reported 

[25–30]. In addition, other in vitro studies have shown that fentanyl (10-6 M) exerts a direct relaxant 

effect on phenylephrine-precontracted rat aorta, which is endothelium-independent and due to 

antagonism of α1D-adrenergic receptors on vascular smooth muscle cells [31,32]. Karasawa et al. have 

found that fentanyl-induced relaxation is mediated by alpha-adrenergic receptors and modulated 

only by the endothelium [31]. The same authors reported similar results for sufentanil and alfentanil, 

which act directly on the smooth muscle [33]. In our study, the endothelium was removed and did 

not affect smooth muscle viscoelasticity. We also found a similar relaxing effect of fentanyl in pin 

preparations. However, the resulting relaxation cannot restore the viscoelastic properties of the pin 
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aorta wall to those of the sham aorta wall. Subsequent treatment with naloxone did not significantly 

reverse the effects of fentanyl, suggesting a possible non-opioid mechanism of action of fentanyl. 

After almost complete recovery of the modulus of elasticity in the sham group after a 30-minute 

wash-out, naloxone treatment led to a significant decrease of E´. This effect was not expected given 

its known opioid antagonism, which would suggest an opposed effect to that seen with fentanyl, i.e., 

an increase of E´. Recently, Migheli et al. have shown that naloxone reduces the excessive intercellular 

production of reactive oxygen species (ROS) in rat pheochromocytoma PC12 cells [34]. This finding 

provides a possible link between the known interlayer ROS signaling in the vascular wall and the 

effect of naloxone observed in our study [35]. Further investigation of the independent effect of 

naloxone without opioid pretreatment would be beneficial to clarify these findings. In contrast, no 

independent effect of naloxone was observed in the pin group, while the fentanyl-induced decrease 

in E´ was not reversed by either the 30-minute wash-out or the subsequent treatment with naloxone. 

A possible explanation for this observation is that fentanyl may not be thoroughly washed out in pin 

preparations. This suggestion is consistent with our empirical observation that aortic preparations 

from pinealectomized rats show an increased fat accumulation at the macroscopic level compared to 

normal (sham) preparations. In addition, according to Sutcliffe et al., the higher lipophilicity of 

fentanyl leads to increased deposition in the cellular lipid membrane. Such a theory may explain the 

reduced ability of fentanyl to be washed out and its effect to be antagonized by naloxone [36]. 

3.2. Effects of Pinealectomy 

In untreated aortic preparations from pinealectomized and sham-operated rats, the observed 

differences in f0 and E´ were not statistically significant. These results suggest that melatonin 

deficiency alone may not significantly alter the aortic wall viscoelasticity. Although the observed 

differences in the absence of fentanyl are not statistically significant, we have empirical evidence to 

the contrary. Therefore, the lack of significance is probably due to the small sample size, and the effect 

of pinealectomy needs to be confirmed in a large sample study. However, when comparing the two 

groups in the presence of fentanyl, the values of f0 and E’ remain higher in the pin group even after 

their reduction by the fentanyl treatment. It is worth noting that the higher values of natural 

frequency and modulus of elasticity found in the pin group compared to the sham group are probably 

due to the pinealectomy itself rather than the effect of fentanyl alone. 

The increased aortic wall stiffness in the pin group (regardless of the presence of a low 

concentration of fentanyl 10-9 M) is consistent with the expected fibrotic rebuilding due to induced 

melatonin deficiency, associated with increased content of collagen types I and III in the media, as 

reported by Repová-Bednárová et al. in a continuous light exposure rat model of melatonin deficiency 

[24]. Repová-Bednárová et al. have also demonstrated that melatonin treatment reduced the effects 

of pineal gland dysfunction induced by 24-hour light exposure [24]. Here, we suggest that our results 

are complementary as they indicate that the pinealectomy model of melatonin deficiency may also 

lead to aortic wall remodeling and increased stiffness (i.e., decreased distensibility). 

Melatonin secretion from the pineal gland is known to decrease with age, both in humans and 

rodents [37,38]. Apart from this natural process, the clinical presentation of some neurodegenerative, 

neurological, oncological, metabolic, and rare congenital diseases is inversely correlated with blood 

plasma melatonin concentration. Decreased melatonin levels are often found in certain types of 

cancer and some genetic, neurological, or metabolic diseases [39]. Chronic exposure to artificial light 

at night also suppresses melatonin secretion in the blood plasma [39]. Taking all this into account, 

pineal dysfunction and the associated melatonin deficiency appear to be not uncommon; therefore, 

the relationship between aortic wall viscoelasticity and the absence of melatonin hormonal signaling 

deserves to be investigated to prevent any possible cardiovascular complications following opioid 

administration. This study provides further evidence of the effects of melatonin deficiency on aortic 

viscoelasticity in the presence of an opioid analgesic such as fentanyl, which is commonly used in 

general anesthesia and the treatment of severe pain. 

4. Materials and Methods 
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4.1. Materials 

The use of opioid analgesics was permitted with License No.5/19.04.2021 of the Bulgarian 

Ministry of Health. Fentanyl was supplied as fentanyl citrate 50 µg/ml solution from UAB Santonika, 

Lithuania, and naloxone was supplied as naloxone hydrochloride 0.4 mg/ml solution from Warsaw 

Pharmaceutical Works Polfa, Poland. The initial fentanyl solution was diluted with a nutrient 

medium and used in 4 solutions to increase concentration – 10-9, 10-8, 10-7, and 10-6 M (mol/L). The 

initial naloxone solution was diluted to 10-6 M. 

4.2. Animals 

All experiments were conducted with 4-month-old male Wistar rats, grown on wood chip 

bedding. The rats were supplied in-house from the Experimental and Breeding Base for Experimental 

Animals, part of the Institute of Neurobiology, Bulgarian Academy of Sciences. 

Institutional Review Board Statement: The study was conducted in accordance with the Decla-

ration of Helsinki. The animal study protocol was approved by Bulgarian Food Safety Agency permit 

No.300/N◦5888–0183/10.05.2021, in accordance with EC Directive 2010/63/EU. 

4.3. Surgical procedure 

The rats were divided into two groups according to the surgical manipulation: sham-operated 

(sham, n=5) and rats with pinealectomy (pin, n=5). Pinealectomy was performed according to the 

protocol of Hoffmann and Reiter and our previous studies [40–42]. The pineal gland was removed 

with fine forceps in anesthetized rats (ketamine 40 mg/kg, i.p. and xylazine 20 mg/kg, s.c.) fixed to 

the stereotaxic apparatus (Stoelting, Europe). After the surgery, routine manipulations were applied, 

and rats were injected with Ringer’s solution and gentamicin as an antibiotic for three days. The sham 

group underwent similar procedures, except for the removal of the gland. 

Recently, we reported that plasma melatonin levels in sham-operated rats have a circadian 

pattern with a peak during the dark period and a nadir during the light period [42]. In addition, we 

also reported that rats with pinealectomy had a flattened 24-hour pattern of plasma melatonin [42]. 

These findings agree with Lewy et al., who reported a nocturnal plasma melatonin level of 52 pg/mol 

in sham-operated animals. In contrast, in pinealectomized, the hormone was below the minimum 

detectable concentration (<1 pg/mol) 7 days after surgery [21]. The authors have also confirmed that 

the pineal gland is the primary source of the hormone. At the same time, several other tissues, 

including the gastrointestinal tract, release the hormone with mainly paracrine functions [21]. 

Recently, we reported that the absence of the pineal gland in young adult rats of the same age 

had a detrimental effect on some physiological, metabolic, and biochemical parameters [43]. 

Melatonin deficiency was also found to accelerate the aging process in young adult animals, 

increasing arterial blood pressure, blood glucose, and triglyceride levels [43–46]. 

In a continuous light exposure model of melatonin deficiency, 3-month-old Wistar rats 

demonstrated the development of hypertension and adaptive remodeling of the thoracic aorta 

associated with significant accumulation of collagen I and III in the medial layer. Compared to 

untreated animals, melatonin administration reduced blood pressure and collagen accumulation [24]. 

However, in addition to the lack of sympatholytic effect of melatonin, arterial remodeling in the 

continuous light-exposure model could also be attributed to increased activity of the hypothalamic-

pituitary-adrenal axis [47]. 

4.4. Preparation of Aortic Strips 

All experimental animals were sacrificed by guillotine after CO2 inhalation 14 days after surgery. 

A portion of the aorta was dissected between the end of the aortic arch and an area slightly above the 

aortic hiatus of the diaphragm, including most of the descending thoracic aorta. The aortic segment 

was then immersed in a cold (4°C) nutrient medium and cleaned under a microscope to remove both 

the adventitial and endothelial layers. The latter was removed by gently rubbing the inner surface of 

the artery with a thin stainless-steel wire in a longitudinal and circular motion for a few seconds. The 
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remaining tunica media layer was spirally cut into a helical strip preparation approximately 3 mm 

wide. The procedure was performed in such a way as to avoid any stretching of the strip and to 

ensure that the viscoelastic properties were not compromised. 

In recent years, new studies have expanded the knowledge of PVAT and its role in regulating 

arterial smooth muscle tone and extracellular matrix composition [48,49]. 

Melatonin MT1 receptors have been found in rat mesenteric artery's adventitia and media layers 

[50,51]. Only the MT1 type has been confirmed in rat aorta, where these receptors have been detected 

at mRNA and protein levels predominantly in the outermost layer – the tunica adventitia [51]. The 

authors suggest that melatonin receptors do not directly contribute to aortic contractility. In our 

study, the adventitia is removed during the preparation of aortic strips, allowing the direct effects of 

fentanyl on the intrinsic viscoelasticity of the medial layer to be assessed. 

4.5. Nutrient Medium 

A nutrient medium was used throughout all experiment durations so that the vitality of each 

strip preparation would remain preserved while being kept in quasi-physiological conditions. The 

nutrient medium was a modified Tyrode solution with pH 7.2 - 7.4, consisting of the following 

substances in millimolar concentrations: 136.9 NaCI, 2.7 KCI, 2.0 CaCI2, 0.6 MgCI2, 11.9 NaHCO3, 0.5 

NaH2PO4, and 11.5 glucose, continuously aerated with a carbogen gas mixture (95% CO2, 5% O2) at 

37°C. 

The experimental protocol is further described in 4.7. below. 

4.6. Forced Oscillations Method 

The forced oscillations method applies the Kelvin-Voigt viscoelasticity model, where the 

preparation is represented by both a viscous damper and an elastic spring connected in parallel 

(shown in Figure 9). Low-frequency sinusoidal oscillations with constant amplitude (excitation 

oscillations) are applied at the upper end of the suspended strip preparation. The response 

oscillations of the lower end of the strip are known as forced oscillations. When the frequency of 

excitation oscillations sweeps a chosen interval up and down, so does the frequency of forced 

oscillations, but their amplitude rises and diminishes, going through the resonance. The forced 

oscillations are recorded simultaneously with applied excitation oscillations by a computer’s analog-

to-discrete converter (ADC). The method is described in detail in Antonova et al., 2024 [52]. 

The graphical representation of the dependence of the amplitude of the forced oscillations on 

the frequency is known as the resonance curve (shown in Figure 10). In contrast to the linearly elastic 

materials, where the resonance curve is symmetrical, the arterial wall exhibits nonlinear elasticity 

represented as bending the “bone” of the resonance curve to the left (softening-type nonlinear 

elasticity) or to the right (hardening type nonlinear elasticity) [53]. 

Four lead rings with known mass are consecutively placed over the mask, creating elongations 

of the preparation like that made by the intraluminal pressure in the artery. This way, the strip 

preparation stress state could be assumed to be very close to the stress state in a cylindrical arterial 

segment under intraluminal pressure (named here equivalent blood pressure, mmHg). The obtained 

resonance curves (shown in Figure 10) are used to measure the 3dB bandwidth, the octave length, 

and the natural frequency (f0), as explained in previous studies [54]. 
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Figure 9. Scheme of the forced oscillations method: 1. Strip preparation, 2. Mechanism for generation 

of sinusoidal oscillations, 3. Opaque mask, 4. Photo element, 5. Electronic transducer, 6. Analog-to-

discrete converter (ADC), 7. Signals display, 8. Organ chamber, 9. Peristaltic pump, 10. Valve, 11. 

Orifice, 12. Lead ring (concentrated mass). 

 

Figure 10. Theoretical resonance curve (solid black) based on two experimental resonance curves (P1 

& P2). f0 – natural frequency. 

The dynamic modulus of elasticity (E´) is calculated using the following equation, considering 

the preparation's geometry [52,54]. 

E’ = (2 × π × f0)2 × m × (L0 + ∆L) ⁄ S (1) 

Where: 

ΔL – elongation of the preparation 

L0 – initial length of the preparation 

S – cross-section area of the preparation 

4.7. Experimental Protocol 

Once suspended, the preparation was allowed to adapt to the experimental conditions for 30 

min while superfusing with nutrient medium (6 mL/min). After the adaptation period had elapsed, 

control measurements were taken. The superfusion was stopped during the record of oscillations to 

avoid the attachment of an additional oscillating mass by the solution. Each subsequent measurement 

was taken with 1 out of 4 separate suspended concentrated masses, starting with the lightest 
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concentrated mass in an incremental order. Each mass creates a stretch corresponding to a discrete 

level of the equivalent intraluminal pressure between 77.2 and 157.4 mmHg. The same procedure 

was repeated with each of the five concentrations of fentanyl in incremental order, starting with 10-9 

M added to the nutrient medium (named further “fentanyl solution”) – filled in a second thermostatic 

glass. Each higher-concentration solution was then filled in the same thermostatic glass after 

emptying it from the previous solution. No washing of the preparation was performed after each 

concentration application so that each subsequent concentration of fentanyl is additive for a 

cumulative effect on the preparation. After all fentanyl solutions had been used, the preparation was 

washed out, and it was superfused with a pure nutrient medium for another 30 minutes. After this 

period, experiments were done again at four equivalent pressures to control the elimination of the 

fentanyl. Then, the preparation was superfused for 10 minutes with naloxone 10-6 M added to the 

nutrient medium. Another four records were made for control of the naloxone effect. It is sought 

naloxone to bind the opioid receptors and to preserve them against bounding the fentanyl in the next 

step. The experimental procedure was repeated with each of the previous fentanyl solutions but in 

addition to naloxone (shown in Figure 11). 

 

Figure 11. Experimental protocol. 

4.8. Data Analysis 

The recorded signals of excitation and forced oscillations were processed digitally with 

OriginPro (OriginLab, USA) and Excel (Microsoft Corp., USA). GraphPad Prism (GraphPad 

Software, Inc., USA) was used for statistical analysis. Linear and nonlinear regression were used to 

estimate f0 and E´ respectively. Slopes and elevations/ intercepts (for f0) and regression curves (for E´) 

were compared for differences, and statistical significance was assumed if p < 0.05. 

5. Conclusions 

Two viscoelastic properties of the tunica media of the aortic wall have been quantitatively 

estimated, in contrast to other studies, where only a qualitative estimate of the elastic modulus is 

made. Our results suggest that in the untreated rat aortic wall, melatonin deficiency alone may not 

significantly alter the natural frequency and stiffness of the isolated medial layer. Fentanyl treatment 

resulted in decreased values of natural frequency and modulus of elasticity in both normal and 

melatonin-deficient preparations. An increased risk of noxious oscillations at frequencies close to the 

natural frequency and decreased arterial wall stiffness could be expected. Nevertheless, melatonin 

deficiency in combination with 10-9 M fentanyl shows higher values of natural frequency and arterial 

wall stiffness than the combination of the same fentanyl treatment and normal rat aortic wall. The 

observed effects of fentanyl were neither concentration-dependent nor affected by the opioid 

antagonist naloxone, indicating that they are unlikely to be mediated by opioid receptors. In addition, 

an unexpected independent effect of naloxone was also detected on the normal rat aortic wall, leading 

to reduced arterial stiffness. Further studies are needed to clarify the underlying mechanisms, which 

may improve clinical decisions in pain management and anesthesia. 

Author Contributions: Formal analysis and data curation were performed by A.G., M.K., L.S., P. M. and M.A; 

methodology and validation were performed by P.M., J.T. and M.A.; writing - review & editing was performed 

by A.G., P.M., J.T. and M.A.; writing - original draft was performed by A.G.; visualization was provided by P.M. 

and A.G.; investigation was performed by A.G. and J.T.; funding acquisition and project administration were 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 April 2024                   doi:10.20944/preprints202404.0400.v1



 11 

 

provided by J.T.; conceptualization, resources, and supervision were performed by J.T. and M.A. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This research was funded by National Science Fund of Bulgaria, grant number KP-06-N41/4. 

Institutional Review Board Statement: The study was conducted in accordance with the Declaration of 

Helsinki. The animal study protocol was approved by Bulgarian Food Safety Agency permit No.300/N◦5888–

0183/10.05.2021, in accordance with EC Directive 2010/63/EU. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: All data generated or analyzed during this study are included in this article. 

Further inquiries can be directed to the corresponding author. 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to 

publish the results. 

References 

1. Antonova, M.L.; Antonov, P.S.; Marinov, G.R.; Vlaskovska, M. V.; Kasakov, L.N. Viscoelastic 

Characteristics of in Vitro Vital and Devitalized Rat Aorta and Human Arterial Prostheses. Ann. Biomed. 

Eng. 2008, 36, 947–957, doi:10.1007/s10439-008-9477-0. 

2. Bergel, D.H. The Dynamic Elastic Properties of the Arterial Wall. J. Physiol. 1961, 156, 458, 

doi:10.1113/JPHYSIOL.1961.SP006687. 

3. Antonov, P.; Antonova, M.; Nikolova, N.; Antonova, N.; Vlaskovska, M.; Kasakov, L. Age Dependent 

Changes of Arterial Wall Viscoelasticity. Clin. Hemorheol. Microcirc. 2008, 39, 63–68, doi:10.3233/CH-2008-

1069. 

4. Deng, S.X.; Tomioka, J.; Debes, J.C.; Fung, Y.C. New Experiments on Shear Modulus of Elasticity of 

Arteries. Am. J. Physiol. - Hear. Circ. Physiol. 1994, 266, doi:10.1152/ajpheart.1994.266.1.h1. 

5. Franchini, G.; Breslavsky, I.D.; Holzapfel, G.A.; Amabili, M. Viscoelastic Characterization of Human 

Descending Thoracic Aortas under Cyclic Load. Acta Biomater. 2021, 130, 291–307, 

doi:10.1016/j.actbio.2021.05.025. 

6. Apter, J.T.; Marquez, E. A Relation between Hysteresis and Other Visco Elastic Properties of Some 

Biomaterials. Biorheology 1968, 5, 285–301, doi:10.3233/BIR-1968-5405. 

7. Bergel, D.H. The Static Elastic Properties of the Arterial Wall. J. Physiol. 1961, 156, 445–457, 

doi:10.1113/jphysiol.1961.sp006686. 

8. Hardung, V. Dynamic Elasticity and Interior Friction of Muscular Blood Vessels during Varying Wall Stress 

Caused by Stretching and Tonic Contration. Arch. Kreislaufforsch. 1970, 61, 83–100. 

9. Petkov, S. In Vitro Investigation of the Mechanic and Magnet-Resonance Properties of Human Blood 

Vessels, Technical University Gabrovo, Bulgaria, 1998. 

10. Mammoto, A.; Matus, K.; Mammoto, T. Extracellular Matrix in Aging Aorta. Front. Cell Dev. Biol. 2022, 10, 

367, doi:10.3389/fcell.2022.822561. 

11. Nagai, Y.; Metter, E.J.; Earley, C.J.; Kemper, M.K.; Becker, L.C.; Lakatta, E.G.; Fleg, J.L. Increased Carotid 

Artery Intimal-Medial Thickness in Asymptomatic Older Subjects with Exercise-Induced Myocardial 

Ischemia. Circulation 1998, 98, 1504–1509, doi:10.1161/01.CIR.98.15.1504. 

12. Oishi, Y.; Miyoshi, H.; Mizuguchi, Y.; Iuchi, A.; Nagase, N.; Oki, T. Aortic Stiffness Is Strikingly Increased 

with Age ≥50 Years in Clinically Normal Individuals and Preclinical Patients with Cardiovascular Risk 

Factors: Assessment by the New Technique of 2D Strain Echocardiography. J. Cardiol. 2011, 57, 354–359, 

doi:10.1016/j.jjcc.2010.12.003. 

13. Hayashi, K.; Makino, A.; Kakoi, D. Remodeling of Arterial Wall: Response to Changes in Both Blood Flow 

and Blood Pressure. J. Mech. Behav. Biomed. Mater. 2018, 77, 475–484, doi:10.1016/j.jmbbm.2017.10.003. 

14. Holzapfel, G.A.; Ogden, R.W. Biomechanical Relevance of the Microstructure in Artery Walls with a Focus 

on Passive and Active Components. Am. J. Physiol. - Hear. Circ. Physiol. 2018, 315, H540–H549, 

doi:10.1152/ajpheart.00117.2018. 

15. Learoyd, B.M.; Taylor, M.G. Alterations with Age in the Viscoelastic Properties of Human Arterial Walls. 

Circ. Res. 1966, 18, 278–292, doi:10.1161/01.RES.18.3.278. 

16. Elliott, W.; Guo, D.; Veldtman, G.; Tan, W. Effect of Viscoelasticity on Arterial-Like Pulsatile Flow 

Dynamics and Energy. J. Biomech. Eng. 2020, 142, 0410011, doi:10.1115/1.4044877. 

17. Kim, J.S.; Han, S.M.; Park, S.H.; Ryu, S.J.; Kim, K.H.; Chang, T.H.; Kim, S.H. Effect of Sufentanil and 

Fentanyl on Heart Rate and Blood Pressure Changes during Induction of Anesthesia. Korean J. Anesthesiol. 

1998, 35, 662–668, doi:10.4097/kjae.1998.35.4.662. 

18. Cipolla-Neto, J.; Do Amaral, F.G. Melatonin as a Hormone: New Physiological and Clinical Insights. Endocr. 

Rev. 2018, 39, 990–1028, doi:10.1210/er.2018-00084. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 April 2024                   doi:10.20944/preprints202404.0400.v1



 12 

 

19. Brown, G.M.; Bar-Or, A.; Grossi, D.; Kashur, S.; Johannson, E.; Yie, S.M. Urinary 6-sulphatoxymelatonin, 

an Index of Pineal Function in the Rat. J. Pineal Res. 1991, 10, 141–147, doi:10.1111/j.1600-

079X.1991.tb00831.x. 

20. Holmes, S.W. and D.S. The Effect of Melatonin on Pinealectomyinduced Hypertension in the Rat. Br J 

Pharmacol 1976, 56, 360–361. 

21. Lewy, A.J.; Tetsuo, M.; Markey, S.P.; Goodwin, F.K.; Kopin, I.J. Pinealectomy Abolishes Plasma Melatonin 

in the Rat. J. Clin. Endocrinol. Metab. 1980, 50, 204–205, doi:10.1210/jcem-50-1-204. 

22. Agabiti-Rosei, C.; Favero, G.; De Ciuceis, C.; Rossini, C.; Porteri, E.; Rodella, L.F.; Franceschetti, L.; Maria 

Sarkar, A.; Agabiti-Rosei, E.; Rizzoni, D.; et al. Effect of Long-Term Treatment with Melatonin on Vascular 

Markers of Oxidative Stress/Inflammation and on the Anticontractile Activity of Perivascular Fat in Aging 

Mice. Hypertens. Res. 2017, 40, 41–50, doi:10.1038/hr.2016.103. 

23. Favero, G.; Lonati, C.; Giugno, L.; Castrezzati, S.; Rodella, L.F.; Rezzani, R. Obesity-Related Dysfunction of 

the Aorta and Prevention by Melatonin Treatment in Ob/Ob Mice. Acta Histochem. 2013, 115, 783–788, 

doi:10.1016/J.ACTHIS.2013.02.014. 

24. Repová-Bednárová, K.; Aziriová, S.; Hrenák, J.; Krajčírovičová, K.; Adamcová, M.; Paulis, L.; Šimko, F. 

Effect of Captopril and Melatonin on Fibrotic Rebuilding of the Aorta in 24 Hour Light-Induced 

Hypertension. Physiol. Res. 2013, 62, doi:10.33549/PHYSIOLRES.932592. 

25. Chen, Z.C.; Shieh, J.P.; Chung, H.H.; Hung, C.H.; Lin, H.J.; Cheng, J.T. Activation of Peripheral Opioid μ-

Receptors in Blood Vessel May Lower Blood Pressure in Spontaneously Hypertensive Rats. Pharmacology 

2011, 87, 257–264, doi:10.1159/000326084. 

26. Niu, J.; Wu, C.; Zhang, M.; Yang, Z.; Liu, Z.; Fu, F.; Li, J.; Feng, N.; Gu, X.; Zhang, S.; et al. κ-Opioid Receptor 

Stimulation Alleviates Rat Vascular Smooth Muscle Cell Calcification via PFKFB3-Lactate Signaling. Aging 

(Albany. NY). 2021, 13, 14355–14371, doi:10.18632/aging.203050. 

27. Okano, T.; Sato, K.; Shirai, R.; Seki, T.; Shibata, K.; Yamashita, T.; Koide, A.; Tezuka, H.; Mori, Y.; Hirano, 

T.; et al. β-Endorphin Mediates the Development and Instability of Atherosclerotic Plaques. Int. J. 

Endocrinol. 2020, 2020, doi:10.1155/2020/4139093. 

28. Parra, L.; Pérez-Vizcaíno, F.; Alsasua, A.; Martín, M.I.; Tamargo, J. Μ- and Δ-Opioid Receptor-Mediated 

Contractile Effects on Rat Aortic Vascular Smooth Muscle. Eur. J. Pharmacol. 1995, 277, 99–105, 

doi:10.1016/0014-2999(95)00067-U. 

29. Saeed, R.W. Expression of Functional Delta Opioid Receptors in Vascular Smooth Muscle. Int. J. Mol. Med. 

6 2000, 673–677. 

30. Stefano, G.B.; Hartman, A.; Bilfinger, T. V.; Magazine, H.I.; Liu, Y.; Casares, F.; Goligorsky, M.S. Presence 

of the Μ3 Opiate Receptor in Endothelial Cells: Coupling to Nitric Oxide Production and Vasodilation. J. 

Biol. Chem. 1995, 270, 30290–30293, doi:10.1074/jbc.270.51.30290. 

31. Karasawa, F.; Iwanov, V.; Moulds, R.F.W. Effects of Fentanyl on the Rat Aorta Are Mediated by Alpha-

Adrenoceptors Rather than by the Endothelium. Br. J. Anaesth. 1993, 71, 877–880, doi:10.1093/bja/71.6.877. 

32. Park, K.E.; Sohn, J.T.; Jeong, Y.S.; Sung, H.J.; Shin, I.W.; Lee, H.K.; Chung, Y.K. Inhibitory Effect of Fentanyl 

on Phenylephrine-Induced Contraction of the Rat Aorta. Yonsei Med. J. 2009, 50, 414–421, 

doi:10.3349/ymj.2009.50.3.414. 

33. Karasawa, F.; Iwanov, V.; Moulds, R.F.W. Sufentanil and Alfentanil Cause Vasorelaxation By Mechanisms 

Independent of the Endothelium. Clin. Exp. Pharmacol. Physiol. 1993, 20, 705–711, doi:10.1111/j.1440-

1681.1993.tb01655.x. 

34. Migheli, R.; Lostia, G.; Galleri, G.; Rocchitta, G.; Serra, P.A.; Campesi, I.; Bassareo, V.; Acquas, E.; Peana, 

A.T. New Perspective for an Old Drug: Can Naloxone Be Considered an Antioxidant Agent? Biochem. 

Biophys. Reports 2023, 34, 101441, doi:10.1016/j.bbrep.2023.101441. 

35. Chen, Q.; Wang, Q.; Zhu, J.; Xiao, Q.; Zhang, L. Reactive Oxygen Species: Key Regulators in Vascular Health 

and Diseases. Br. J. Pharmacol. 2018, 175, 1279–1292, doi:10.1111/bph.13828. 

36. Sutcliffe, K.J.; Corey, R.A.; Alhosan, N.; Cavallo, D.; Groom, S.; Santiago, M.; Bailey, C.; Charlton, S.J.; 

Sessions, R.B.; Henderson, G.; et al. Interaction With the Lipid Membrane Influences Fentanyl 

Pharmacology. Adv. Drug Alcohol Res. 2022, 2, doi:10.3389/adar.2022.10280. 

37. Reiter, R.J.; Richardson, B.A.; Johnson, L.Y.; Ferguson, B.N.; Dinh, D.T. Pineal Melatonin Rhythm: 

Reduction in Aging Syrian Hamsters. Science (80-. ). 1980, 210, 1372–1373, doi:10.1126/science.7434032. 

38. Sack, R.L.; Lewy, A.J.; Erb, D.L.; Vollmer, W.M.; Singer, C.M. Human Melatonin Production Decreases With 

Age. J. Pineal Res. 1986, 3, 379–388, doi:10.1111/j.1600-079X.1986.tb00760.x. 

39. Hardeland, R. Neurobiology, Pathophysiology, and Treatment of Melatonin Deficiency and Dysfunction. 

Sci. World J. 2012, 2012, doi:10.1100/2012/640389. 

40. Hoffman, R.A.; Reiter, R.J. Rapid Pinealectomy in Hamsters and Other Small Rodents. Anat. Rec. 1965, 153, 

19–21, doi:10.1002/ar.1091530103. 

41. Tchekalarova, J.; Nenchovska, Z.; Atanasova, D.; Atanasova, M.; Kortenska, L.; Stefanova, M.; Alova, L.; 

Lazarov, N. Consequences of Long-Term Treatment with Agomelatine on Depressive-like Behavior and 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 April 2024                   doi:10.20944/preprints202404.0400.v1



 13 

 

Neurobiological Abnormalities in Pinealectomized Rats. Behav. Brain Res. 2016, 302, 11–28, 

doi:10.1016/j.bbr.2015.12.043. 

42. Tchekalarova, J.; Stoyanova, T.; Nenchovska, Z.; Ivanova, N.; Atanasova, D.; Atanasova, M.; Georgieva, K. 

Effect of Endurance Training on Diurnal Rhythms of Superoxide Dismutase Activity, Glutathione and 

Lipid Peroxidation in Plasma of Pinealectomized Rats. Neurosci. Lett. 2020, 716, 

doi:10.1016/j.neulet.2019.134637. 

43. Tchekalarova, J.; Hrischev, P.; Ivanova, P.; Boyadjiev, N.; Georgieva, K. Metabolic Footprint in Young, 

Middle-Aged and Elderly Rats with Melatonin Deficit. Physiol. Behav. 2022, 250, 

doi:10.1016/j.physbeh.2022.113786. 

44. Pierpaoli, W. The Pineal Gland as Ontogenetic Scanner of Reproduction, Immunity, and Aging. The Aging 

Clock. In Proceedings of the Annals of the New York Academy of Sciences; Ann N Y Acad Sci, 1994; Vol. 

741, pp. 46–49. 

45. Pierpaoli, W.; Bulian, D. The Pineal Aging and Death Program. I. Grafting of Old Pineals in Young Mice 

Accelerates Their Aging. J. Anti. Aging. Med. 2001, 4, 31–37, doi:10.1089/109454501750225668. 

46. Pierpaoli, W.; Bulian, D. The Pineal Aging and Death Program: Life Prolongation in Pre-Aging 

Pinealectomized Mice. In Proceedings of the Annals of the New York Academy of Sciences; Ann N Y Acad 

Sci, 2005; Vol. 1057, pp. 133–144. 

47. Simko, F.; Paulis, L. Antifibrotic Effect of Melatonin - Perspective Protection in Hypertensive Heart Disease. 

Int. J. Cardiol. 2013, 168, 2876–2877, doi:10.1016/j.ijcard.2013.03.139. 

48. Costa, R.M.; Filgueira, F.P.; Tostes, R.C.; Carvalho, M.H.C.; Akamine, E.H.; Lobato, N.S. H2O2 Generated 

from Mitochondrial Electron Transport Chain in Thoracic Perivascular Adipose Tissue Is Crucial for 

Modulation of Vascular Smooth Muscle Contraction. Vascul. Pharmacol. 2016, 84, 28–37, 

doi:10.1016/j.vph.2016.05.008. 

49. Xia, N.; Li, H. The Role of Perivascular Adipose Tissue in Obesity-Induced Vascular Dysfunction. Br. J. 

Pharmacol. 2017, 174, 3425–3442. 

50. Molcan, L.; Maier, A.; Zemančíková, A.; Gelles, K.; Török, J.; Zeman, M.; Ellinger, I. Expression of Melatonin 

Receptor 1 in Rat Mesenteric Artery and Perivascular Adipose Tissue and Vasoactive Action of Melatonin. 

Cell. Mol. Neurobiol. 2021, 41, 1589–1598, doi:10.1007/s10571-020-00928-w. 

51. Schepelmann, M.; Molcan, L.; Uhrova, H.; Zeman, M.; Ellinger, I. The Presence and Localization of 

Melatonin Receptors in the Rat Aorta. Cell. Mol. Neurobiol. 2011, 31, 1257–1265, doi:10.1007/s10571-011-9727-

9. 

52. Antonova, M.; Georgiev, A.; Totev, C. A Device for Implementation of the Forced Oscillation Method on 

Strip Preparations of Biological Tissues in Vitro in Prolonged Experiments (in Press). J. Theor. Appl. Mech. 

2024. 

53. Randall, R.B. Frequency Analysis; Bruel & Kjaer, 1980; ISBN 8787355078. 

54. Antonova, M.; Kasakov, L. Dynamic Viscoelastic Characteristics of Strips of Vital, Devitalized and Artificial 

Blood Vessels at Resonance. I: Natural Frequency, Dynamic Modulus of Elasticity, Coefficient of Viscosity. 

C. R. Acad. Bulg. Sci. 1999, 52, 123–126. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 April 2024                   doi:10.20944/preprints202404.0400.v1


