
journal of the mechanical behavior of biomedical materials 112 (2020) 104013

Available online 8 August 2020
1751-6161/© 2020 Elsevier Ltd. All rights reserved.

Effects of melatonin on the passive mechanical response of arteries in 
chronic hypoxic newborn lambs 

Eugenio Rivera a, Claudio García-Herrera a,*, Alejandro González-Candia d,e, 
Diego J. Celentano c, Emilio A. Herrera b,d 

a Departamento de Ingeniería Mecánica, Universidad de Santiago de Chile, Av. Bernardo O’Higgins, 3363, Santiago de Chile, Chile 
b Laboratorio de Función y Reactividad Vascular, Programa de Fisiopatología, ICBM, Universidad de Chile, Av. Salvador 486, Santiago de Chile, Chile 
c Departamento de Ingeniería Mecánica y Metalúrgica, Pontificia Universidad Católica de Chile, Av. Vicuña Mackenna 4860, Santiago de Chile, Chile 
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A B S T R A C T   

Chronic hypoxia is a condition that increases the cardiovascular complications of newborns gestated and born at 
high altitude (HA), over 2500 m above sea level (masl). A particularly complex pathology is pulmonary arterial 
hypertension of the neonate (PHN), which is increased at HA due to hypobaric hypoxia. Basic and clinical 
research have recognized that new treatments are needed, because current ones are, in general, palliative and 
with low effectiveness. Therefore, recently we have proposed melatonin as a potential adjuvant treatment to 
improve cardiopulmonary function. However, melatonin effects on the mechanical response of the arteries and 
their microstructure are not known. This study assesses the effects of a neonatal treatment with daily low doses of 
melatonin on the passive biomechanical behavior of the aorta artery and main pulmonary artery of PHN lambs 
born in chronic hypobaric hypoxia (at 3600 masl). With this purpose, ex-vivo measurements were made on axial 
stretch, tensile and opening ring tests together with a histological analysis to explore the morphometry and 
microstructure of the arteries. Our results show that the passive mechanical properties of the aorta artery and 
main pulmonary artery of lambs do not seem to be affected by a treatment based on low melatonin doses. 
However, we found evidence that melatonin has microstructural effects, particularly, diminishing cell prolifer
ation, which is an indicator of antiremodeling capacity. Therefore, the use of melatonin as an adjuvant against 
pathologies like PHN would present antiproliferative effect at the microstructural level, keeping the macroscopic 
properties of the aorta artery and main pulmonary artery.   

1. Introduction 

Adverse conditions during the gestational period are related to fetal 
risks and cardiovascular diseases after birth and in adulthood (Hanson 
and Gluckman, 2014). For instance, intrauterine nutrition (undernutri
tion or overnutrition) and hypoxia are known conditions that impact on 
cardiac morphometry and cardiopulmonary bed, leading to a higher 
disease risk (Meyrick and Reid, 1982; Dong et al., 2005, 2008; Herrera 
et al., 2007, 2014b; Kandadi et al., 2013; Torres et al., 2015; Astorga 
et al., 2018; Rood et al., 2019; Hanson, 2019; González-Candia, 2020). 

In particular, exposure to chronic hypoxia due to geographic high 
altitude (HA, >2500 masl) is a factor that increases fetal and neonatal 
complications (Keyes et al., 2003; Herrera et al., 2014a, 2015; Rood 

et al., 2019), negatively affecting the respiratory, cardiovascular and 
endocrine systems. Furthermore, chronic hypoxia impairs metabolism 
and growth, and may cause fetal abnormalities or death (Rood et al., 
2019). One of the noteworthy respiratory diseases that augments due to 
HA hypoxia is the pulmonary hypertension of the newborn (PHN), a 
syndrome characterized by maintaining a high pulmonary vascular 
resistance (PVR) and pulmonary arterial pressure (PAP) after birth (; 
Hernández-Díaz, 2007; Rood et al., 2019). In addition, under this con
ditions, there are important structural and functional alterations of the 
blood vessels, such as endothelial dysfunction and vascular remodeling 
(Herrera et al., 2007; Gao and Raj, 2011; Papamatheakis et al., 2013; 
Herrera et al., 2015). In particular, vascular remodeling, associated with 
PHN, is a process that involves increased thickening of tunica media and 
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stiffening of arterial walls (Papamatheakis et al., 2013). This process is 
also associated with an important luminal area reduction in small pul
monary arteries (Stenmark et al., 1987; Herrera et al., 2008; Gao and 
Raj, 2011). Furthermore, similar changes have been found in the large 
pulmonary arteries of newborns exposed to chronic hypoxia (Meyrick 
and Reid, 1982; Astorga et al., 2018). 

The current therapeutic indications for PHN include inhaled nitric 
oxide (iNO), surfactants, Ca2+ channel blockers, oxygen supplementa
tion and external vital support. However, the effectiveness of the 
treatments is limited, because when they are suspended the problem 
reappears in almost 50% of the newborns, with a high morbidity and 
mortality (Hernández-Díaz, 2007; Gasque, 2009). Therefore, new 
treatments are needed to improve survival and posterior life quality of 
newborns suffering from PHN (Dan-Chen, 2013). Consequently, novel 
therapeutic approaches have been proposed with new vasoactive and 
antioxidant agents (Jain and McNamara, 2015; Pedersen et al., 2018). 
Such is the case of melatonin, a neurohormone that has important car
diovascular beneficial properties (Sun, 2016; Zhou et al., 2018). Mela
tonin is an antioxidant, acting as a direct scavenger of reactive oxygen 
species (ROS), upregulating antioxidant enzymes expression and activ
ity, and negatively modulating pro-oxidant activity (Aversa et al., 2012; 
Torres et al., 2015; González-Candia, 2020), Furthermore, it has been 
shown to be a antihypertensive, both at systemic (Baker and Kimpinski, 
2018) and pulmonary circulations (Aversa et al., 2012; Torres et al., 
2015; González-Candia, 2020). 

Finally, melatonin has antiremodeling effect, since it increases 
vascular density and luminal surface area of the pulmonary arteries, and 
decreases cellular density and remodeling markers (Torres et al., 2015; 
Astorga et al., 2018). All of these properties, improve the pulmonary 
vascular function and structure in the neonatal period in model animals 
suffering PHN (Torres et al., 2015; Astorga et al., 2018; 
González-Candia, 2020). 

However, few is known about the biomechanical effects of melatonin 
on the main systemic and pulmonary arteries in the neonatal period. 
Knowing and evaluating the biomechanical properties of the main ar
teries of the circulatory system is essential and of extreme interest in the 
analysis of clinical cases associated with cardiovascular and cardiopul
monary problems, since they are useful for the development of a proper 
diagnostic (Laurent et al., 2006; García-Herrera, 2008; Dodson et al., 
2013), and accurate prognosis after interventions (Claes, 2010; Akent
jew et al., 2019). 

Based on the above, the objective of the present research is to eval
uate the effects of a treatment with low doses of melatonin on the pas
sive mechanical properties of the aorta and main pulmonary arteries of 
lambs conceived and born under chronic hypoxia at high altitude (3600 
masl) suffering from PHN. To that end, we describe the materials and 
methods used for the biomechanical (axial stretch, tensile and ring 
opening tests) and microstructural tests (histomorphometry), from 
which a number of parameters are derived that allow comparing the 
responses of the material. 

2. Material and methods 

2.1. Material 

Eleven newborn lambs (Ovis aries) were conceived, born, and studied 
at high altitude (International Center for Andean Studies, INCAS 
Research Station), Putre, 3600 masl, GPS coordinates 18◦11′47.9′′S 
69◦33′16.5′′W). In this environment, the animals develop PHN due to 
their conception, development and birth under chronic hypobaric hyp
oxia (Herrera et al., 2007, 2015; Torres et al., 2015; González-Candia, 
2020). 

It should be noted that at present, animal models are still important 
to understand the effects of exposure to hypoxia, since conditions can 
vary from mild to extreme when analyzing cases of interest (Rood et al., 
2019). In particular, the models of fetal and newborns sheep raised at 

high altitude are similar to human newborns affected by hypobaric 
hypoxia (Herrera et al., 2007; Rood et al., 2019), showing similar car
diovascular and respiratory development and body weight (Rood et al., 
2019). 

The lambs were separated randomly into two groups: 
Control (CN): Six lambs were administered the vehicle orally (CN, 

n = 6, 1.4% ethanol 0.5 mL kg− 1 per day). 
Melatonin (MN): Five lambs were treated with oral melatonin (MN, 

n = 5, melatonin 1 mg kg− 1 in ethanol 1.4%, 0.5 mL kg− 1 per day). 
Melatonin or vehicle administration was performed during 21 days 

from the third day of life, at dusk (20:00 h) to follow the circadian 
rhythm of melatonin nocturnal endogenous release. 

Previous studies using sheep neonates as a model of PHN (Torres 
et al., 2015; González-Candia, 2016; González-Candia, 2020) have 
demostrated that the administration of a dose of 1 mgKgg− 1 increases 
the plasma levels of melatonin without affecting the daytime concen
trations of this hormone, maintaining the circadian rhythm of plasma 
concentration. Moreover, one dose is capable of increasing melatonin 
levels about nine times after 1 h (Torres et al., 2015; González-Candia, 
2020). 

All the arterial samples were obtained from lambs aged between 29 
and 33 days old, as shown in the general data of Table 1. 

Each aorta was divided according to two regions: thoracic aorta (TA) 
and abdominal aorta (AA). Thereafter, aorta artery and main pulmonary 
artery (MPA) were preserved in a saline solution (Krebs) cooled to 4oC 
until experiments. The biomechanical tests were performed not more 
than 24 h after extraction. 

Animal care, maintenance and procedures were approved by the 
Bioethics Committee of the Faculty of Medicine of the Universidad de 
Chile (CBA # 0761 FMUCH) and were carried out according to the In
ternational Regulations for the Care and Use of Laboratory Animals 
published by the National Institutes of Health of The Unites States 
(Publication NIH No. 85–23, revised in 1996). 

2.2. Biomechanical tests 

2.2.1. Axial stretch tests 
It is known that in the physiological state many arteries (e.g. the 

artery aorta) are under an axial stretch. This is evident when cutting an 
artery and observing a longitudinal shortening. To quantify this change 
in length, a measurement process is performed, where the initial or 
physiological lengths (before cutting) are recorded and compared with 
the measurements after the artery was extracted. The measurement 
procedure followed in this work consisted of dividing the length of the 
thoracic aorta (TA) and abdominal aorta (AA) into five equal segments 
according to their length, before excision. Subsequently, the observed 
shortening was recorded in photographs. The procedure allows to 
calculate the physiological length of the artery, lf and similarly the 
longitudinal measurements of the artery are obtained once it is extrac
ted, that is, the length, L. The axial stretch is computed as: 

λz =
lf

L
. (1) 

Table 1 
General information of the individuals tested: the control group (CN, n = 6) and 
melatonin group (MN, n = 5). Average values were expressed as Mean ± SEM.  

Lamb Weight [kg] Age [days] Lamb Weight [kg] Age [days] 

CN1 8.1 31 MN1 7.7 32 
CN2 9.1 33 MN2 3.9 32 
CN3 5.2 33 MN3 9.2 33 
CN4 9.1 29 MN4 10.9 32 
CN5 7.4 30 MN5 9.1 29 
CN6 10.2 30 − − −

Mean 8.2±0.7  31±1  Mean 8.2±1.2  32±1   

E. Rivera et al.                                                                                                                                                                                                                                  



Journal of the Mechanical Behavior of Biomedical Materials 112 (2020) 104013

3

The quantification of the axial stretch is intended to evaluate the 
changes produced by the administration of melatonin, and derive some 
biomechanical parameters of interest (distensibility and incremental 
module). In addition, this measure can be used in future research, to 
perform more realistic computational simulations of the mechanical 
response of the aorta artery according to the zone of interest. 

It should be noted that in the case of the MPA this measure was not 
evaluated, due to the physiological limitations of its size and location, 
and in this work it is assumed free of axial stretch. 

2.2.2. Tensile test 
The tensile test is aimed at determining the stress-stretch relation 

under uniform deformation. Although the uniaxial stress experiments 
are insufficient to characterize completely the constitutive three- 
dimensional stress-stretch relations of the biological materials, these 
tests can provide useful descriptive information on the mechanical 
behavior (Macrae, 2016). In the present work it is used mainly to obtain 
biomechanical responses that allow comparing the studied groups. The 
experimental protocol was adjusted to physiological conditions as 
established by García-Herrera, (2008), with samples immersed in 
calcium-free saline solution (Krebs), at 39oC. 

The samples subjected to tension were obtained from the arteries by 
cutting rectangular strips in the circumferential and longitudinal di
rections. The average values of the geometry of the samples are pre
sented in Table 2. The samples were mounted and stretched to rupture at 
a constant speed of 1.5 mm/min in an Instron 3342 machine equipped 
with a 10 N load cell with a precision ±0.001N. 

In this test, the Cauchy’s axial stress is calculated as σ = F
A, where F is 

the axial load and A is the instantaneous cross sectional area. The axial 
stretching is calculated as λ = L

L0
, where L and L0 are the instantaneous 

and initial measurements of the sample, respectively. The instantaneous 
cross-sectional area A is evaluated through the incompressibility con
dition that leads to A = A0

λ , where A0 is the sample’s initial cross 
sectional area (García-Herrera et al., 2016). 

The results of the test were used to determine some biomechanical 
parameters that allow comparing the tensile mechanical behavior, 
which are, for the physiological function range, the distensibility and the 

Table 2 
Average values of the dimensions in the rectangular samples for both CN and MN 
groups used in the uniaxial tensile test. Values were expressed as Mean ± SEM. 
Significant differences (P ≤ 0.05): * vs. CN.  

Artery (Circ. Direction) Thickness [mm]  Length [mm]  Width [mm]  

TA CN 1.74±0.03  6.74±0.09  5.34±0.26  
TA MN 1.95±0.09  7.03±.0.17  6.26±0.50  
AA CN 0.82±0.02  6.89±0.45  5.99±0.45  
AA MN 0.77±0.06  7.17±0.15  5.17±0.44  
MPA CN 1.87±0.03  6.49±0.11  4.59±0.18  
MPA MN 1.96±0.04  6.76±0.07  5.76±0.29  

Artery (Long. Direction) Thickness [mm]  Length [mm]  Width [mm]  

TA CN 1.78±0.05  6.86±0.14  6.38±0.22  
TA MN 1.93±0.09  6.91±0.21  6.45±0.23  
AA CN 0.81±0.04  7.02±0.15  6.88±0.68  
AA MN 0.78±0.07  6.04±0.13  5.85±0.40   

Fig. 1. Representation of the opening the rings process. (a) Initial and (b) Open configurations. R and t respectively denote the radius and thickness, α represents the 
opening angle. Representative samples of opening rings of thoracic artery. (c) Initial and (d) Open configurations. 
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incremental module, where the thin-walled tube approximation is 
assumed as in the work by (García-Herrera, 2012). In addition, to 
evaluate the global behavior the initial and final slopes, the elbow point, 
and rupture values of the stress-stretch curves were determined (Cañas 
et al., 2017). 

The distensibility proposed by Laurent et al., (2006) (Laurent et al., 
2006), is given by: 

DC =
D2

s − D2
d

D2
s (Ps − Pd)

(2)  

where Ds and Ps are the diameter and the systolic pressure, respectively, 
while Dd and Pd are the diameter and the diastolic pressure, respectively 
(systolic pressure ≈ 120 mmHg and diastolic pressure ≈ 60 mmHg) 
(Peers et al., 2002). 

For the main pulmonary artery we consider that the physiological 
pressures are between 14 and 35 mmHg, values close to those reported 
by (Eisele, 1986; Drude et al., 2000; Thelitz et al., 2004; Herrera et al., 
2007). 

The formula to obtain the incremental module which represents the 
secant to the σ − λ curve in the physiological pressure values (systolic 
and diastolic) is given by expression 3 (Laurent et al., 2006): 

Einc =
3D2

s (Ps − Pd)

D2
s − D2

d

4t + Ds

4t
=

3
DC

4t + Ds

4t
(3)  

where t is average initial unloaded arterial wall thickness. 
The initial and final slopes of the stress-stretch curves were deter

mined by fitting a linear regression, selecting the points of the curve 
until a variation smaller than or equal to 5%. The point that defines the 
elbow of the curves was calculated directly from the final coordinate of 
the linear zone E1 and the initial coordinate of the final zone E2 ac
cording to Cañas et al. (2017). 

2.2.3. Ring opening tests 
The estimation of the ring opening in the blood vessels is an aspect 

that must be evaluated to achieve a more robust characterization of the 
material response (García-Herrera et al., 2016). In this work the ring 
opening test (Vaishnav and Vossoughi, 1983; Liu and Fung, 1988; 
Okamoto et al., 2002; Holzapfel et al., 2007) was used to evaluate the 
changes due to the administration of melatonin. The test consists basi
cally in cutting in the radial direction a ring-shaped arterial piece, which 
due to internal stresses is opened until stabilization is achieved. The 
angle formed by the cut ends defines the opening angle, α, as can be seen 
in Fig. 1a and b. 

Samples of 4 mm height were used. The procedure consisted in 
measuring the sizes of the ring-shaped samples, which were then 
immersed in Krebs during 10 min at a temperature of 39 ± 1oC (phys
iological range for lambs). The rings were then cut radially, and after 20 
min in the saline solution the resultant opening angles were measured. 
The sizes of the samples and the opening angles were obtained by image 
processing using the imageJ software (Schneider, 2012). 

2.3. Histomorphometry 

The composition and structure of the tissues were studied through 
histological and morphometric analyses previously described by Carson 
and Hladik (2009) (Carson and Hladik, 2009; Astorga et al., 2018). 

Ring-shaped aorta artery pieces from the thoracic and abdominal 
zones were extracted, and they were immersed and fixed in 4% para
formaldehyde during 24 h at 4oC. The samples were embedded in 
paraffin and cut in 5 μm thickness cross sections on a Leitz rotary 
microtome. The sections were mounted on microscope slides and stained 
with the Hematoxilin-Eosin (HE) and Elastic van Gieson (EVG) stains. 
The observation and capture of the micrographs were made under an 
Olympus BX41 microscope and a Jenoptik digital camera model Pro
gRes®C3 (Jena, Germany), for 4X, 10X, and 40X magnifications 

(Astorga et al., 2018). 
Micrographs were taken to (1) observe the general state of the blood 

vessels; (2) quantify the density of elastin and collagen cell components 
(no of component pixels/total pixels) in the tunica media of each artery; 
(3) determine cellular density per area (no of smooth muscle nuclei/ 
(50× 50 μm2)) in the tunica media of each artery; and (4) perform 
morphological measurements of the arterial wall, including measure
ments of internal and external diameters, wall thicknesses, and wall 
layers thicknesses. These processes were developed with computational 
support using ImageJ 1.48v (Schneider, 2012) and GIMP 2.10.2 
(GIMP-team, 2014) softwares. 

2.4. Statistic analysis 

All the data were expressed as the means ± standard error of the mean 
(SEM), which is the ratio between the standard deviation and the square 
root of the number of specimens. 

All the results were compared statistically by means of the non- 
parametric Mann-Whitney test for independent random samples. Sig
nificant differences were accepted when P ≤ 0.05 (Prism 5.0; 
GraphPad). 

3. Results and discussion 

3.1. Axial stretch 

Fig. 2 presents the graphs of the average axial stretch along the aorta 
artery for the control (CN) and melatonin (MN) groups, respectively. It 
should be remembered that, each zone (TA and AA) was divided into 
five segments as explained in the 2.2.1 section. The results obtained 
show a variable response along the aorta artery. At the proximal end, the 
lowest axial stretch value is presented (≈ 1.118, for both CN and MN), 
followed by an increase to mean values for the thoracic zone (CN: 1.260 
± 0.011; MN: 1.242±0.002). And then, a new increase is evident when 
crossing the transition zone (thoracic-abdominal), the average values 
obtained in the abdominal zone were similar (CN: 1.451 ± 0.025; MN: 
1.392 ± 0.018). The comparison in the axial stretch responses between 
the CN and MN groups does not show significant statistical changes, the 
greatest variation observed corresponds to the eighth section, where the 
MN group presents a decrease equivalent to 8.7% with respect to the CN 
group. 

Axial stretch analyzes have been performed on the human thoracic 
and abdominal aorta. The mean value for the thoracic zone is λz = 1.20 
(Holzapfel et al., 2007; García-Herrera, 2012), and for the abdominal 
section samples is λz = 1.37, with a tendency to decrease with age 
(Horny, 2013). The indicated data is widely used to analyze the me
chanical behavior of the aortic artery in sheep and human models 

Fig. 2. Axial stretch. Groups are control (CN, n = 6) and melatonin (MN, n =

5) lambs. Values are means ± SEM. Significant differences (P ≤ 0.05): * vs. CN. 
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(García-Herrera, 2012; Horny, 2014; Dodson et al., 2014). Furthermore, 
our results (see Fig. 2 or Table 4) are close to those reported in such 
references. 

3.2. Tensile test 

Fig. 3a and b show the graphs of the average stress-stretch curves of 
the thoracic aorta for the control (CN) and melatonin (MN) groups, 
respectively. Similarly, Fig. 3c and d present the graphs of the average 
stress-stretch curves of the abdominal aorta. Each figure contains the 
experimental data for the circumferential and longitudinal directions. 
An estimation is also made of the rupture point, which we define by the 
pair of coordinates: mean rupture stretch (λr) and mean rupture stress 
(σr), shown in Table 3. It is seen that all the curves present a typical 
hyperelastic behavior, that is, a first linear stage followed by a transition 
stage, and finally a linear (stiffening stage). Analogously, Fig. 3e shows 
the graphs of the average stress-stretch curves of the main pulmonary 
artery for the control (CN) and melatonin (MN) groups for the circum
ferential direction. From the stress-stretch curve a set of parameters 
(initial and final slopes together with elbow coordinates) were derived 
which allow comparing the mechanical responses of the arteries 
(Table 3). The values in general do not present significant changes be
tween the MN group and the CN group, but a large part of the average 
values of the parameters of the MN group present a decrease of the 
mechanical properties compared to the CN group, particularly in the 
thoracic aorta the differences exceed 10% difference compared to the 
CN group. In the abdominal aorta the results show a large similarity 
between groups. The distensibility and incremental module 

measurements presented in Table 4 show similar biomechanical re
sponses in the physiological pressure range (Pd = 60 mmHg, Ps = 120 
mmHg) for the aorta artery and main pulmonary artery (Pd = 14 mmHg , 
Ps = 35 mmHg). Values that cover satisfactory the range of pressure 
obtain in this work SP (CN: 33.8 ± 2.7 mmHg; MN: 28.0 ± 0.3 mmHg) 
and DP (CN: 15.0 ± 1.3 mmHg; MN: 16.2 ± 0.9 mmHg). 

On the other hand, the mechanical responses to uniaxial tensile in 
the thoracic artery aorta of the CN and MN groups (see Fig. 3a and b) 
shows that the curves in the circumferential and longitudinal directions 
are similar, which could wrongly mean a response close to the isotropic 
over the whole stretching range. However, these results correspond to 
an approximation of the global response of the blood vessels, and it 
should not be assumed directly that the behavior is isotropic (García-
Herrera et al., 2016), because the arterial mechanical response presents 
anisotropy due to the presence of collagen fibers, and furthermore, the 
arterial wall is composed of three layers (intima, media, and adventitia) 
which differ in their mechanical behavior (Holzapfel, 2006). The results 
presented here must be contrasted with biaxial biomechanical tests with 
the purpose of evaluating if the exposure to chronic hypoxia due to high 
altitude affects the mechanical behavior from anisotropic to isotropic, as 
has been shown with other pathologies, such as, for example, Marfan’s 
disease (García-Herrera, 2008; García-Herrera et al., 2016). The me
chanical responses to uniaxial tension in the abdominal aorta artery 
presents a more marked anisotropic biomechanical response, as shown 
in Fig. 3c and d. 

The mechanical responses to uniaxial tension in the main pulmonary 
artery of the CN and MN groups is presented in Fig. 3e, where it is shown 
that the curves in the circumferential direction are similar. 

Additionally, we present some comparisons with values obtained in 
the literature. In the work by Dodson et al. (2014), two groups, one 
control and one with intrauterine growth restricted fetal sheep, where 
thickness values for aorta were compared. For the control group, they 
obtained thoracic aorta t = 1.99 mm and abdominal aorta t = 0.67 mm, 
values close to those obtained in our work (see Table 2). In addition, 
larger values are reported for human arteries, e.g., t = 2.60 mm (Gar
cía-Herrera et al., 2016). In the work of Wells et al. (1999), initial and 
final slope values (E1 and E2) for thoracic aorta samples of fetuses, lambs 
and adult sheep were reported from the pressurization test, which could 
be compared with our results in the circumferential direction. In the 
particular case of lambs, the values were E1 = 150 kPa and E2 =

1400 kPa. These results are far from our results in thoracic sections, but 
similar to our abdominal aortic artery values (see Table 3). These 

Table 3 
Average values of parameters obtained from the stress-stretch curve for the aorta artery and main pulmonary artery: initial slope E1 and final slope E2, coordinates of 
the elbow (λc, σc) and coordinates of the rupture (λr ,σr). Values were expressed as Mean ± SEM. Significant differences (P ≤ 0.05): * vs. CN.  

TA Thoracic aorta artery 

E1[kPa] E2[kPa] λc

[mm
mm

] σc[kPa] λr

[mm
mm

] σr [kPa]

Long. CN 37.13±9.30  426.0±124.5  1.40±0.05  27.23±6.94  2.14±0.13  291.6±92.6  
Long. MN 33.21±5.19  353.7±99.5  1.40±0.09  23.54±6.05  2.10±0.10  235.4±37.2  
Circ. CN 62.27±7.90  653.1±120.7  1.64±0.05  77.04±11.94  2.49±0.14  615.9±133.6  
Circ. MN 52.46±9.06  525.7±45.6  1.55±0.05  59.70±4.77  2.39±0.12  452.0±33.7  

AA Abdominal aorta artery 
E1[kPa] E2[kPa] λc

[mm
mm

] σc[kPa] λr

[mm
mm

] σr [kPa]

Long. CN 91.6±16.05  2295±432  1.60±0.09  152.6±29.9  2.57±0.19  1784±310  
Long. MN 95.6±19.73  2284±905  1.54±0.07  106.4±28.2  2.44±0.13  1632±665  
Circ. CN 163.6±36.6  2651±409  1.50±0.08  153.9±33.3  2.21±0.15  1543±268  
Circ. MN 183.9±40.0  2607±331  1.44±0.05  167.6±34.4  2.16±0.11  1599±381  

MPA Main pulmonary artery 
E1[kPa] E2[kPa] λc

[mm
mm

] σc[kPa] λr

[mm
mm

] σr [kPa]

Circ. CN 22.7±4.0  463.2±68.8  1.64±0.04  38.17±7.07  2.79±0.14  423.5±72.3  
Circ. MN 19.2±2.8  371.1±13.1  1.70±0.11  36.24±7.55  3.16±0.32  482.2±102.7   

Table 4 
Distensibility, DC, and incremental modulus of elasticity, Einc, obtained in the 
tensile test. Values were expressed as Mean ± SEM. Significant differences (P ≤

0.05): * vs. CN.  

Artery Stretching DC [mmHg− 1] × 10− 3  Einc [MPa]

TA CN λz = 1.23  6.05±0.55  0.242±0.023  
TA MN λz = 1.22  5.70±0.37  0.243±0.017  
AA CN λz = 1.45  3.88±0.46  0.538±0.044  
AA MN λz = 1.39  3.56±0.52  0.591±0.092  
MPA CN λz = 1.00  14.5±1.3  0.096±0.010  
MPA MN λz = 1.00  15.9±1.7  0.083±0.005   
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differences may be due to the evaluation procedure of these moduli used 
in both tests: local in the uniaxial test and structural in the pressurization 
test (Claes, 2010). The values of compliance and incremental modulus in 
human aortas reported by García-Herrera et al. (2016) were 4.261×
10− 3 mmHg− 1 and 0.482 MPa, respectively. In relation to the main 
pulmonary artery, our thickness values are greater than those reported 
for pediatric pulmonary arteries (t = 1.06 mm) (Cabrera et al., 2013), 
and less than those of an adult ovine pulmonary arteries (t = 2.85 mm) 
reported by (Cabrera et al., 2013). On the other hand, in the 

aforementioned investigation, they performed equibiaxial tensile tests 
on MPA samples: although they cannot be directly comparable, our 
stress-stretch curves are similar to those of the reported sheep group. 

3.3. Ring opening test 

Fig. 1 shows a representative ring of a sample of a thoracic aorta 
artery, (c) which corresponds to a closed ring before making the radial 
cut, and (d) is the opened ring after the cut and the stabilization, 

Fig. 3. Stress-stretch curves. (a) Thoracic aorta for control group (CN) lambs, (b) Thoracic aorta for melatonin group (MN) lambs, (c) Abdominal aorta for control 
group (CN) lambs, (d) Abdominal aorta for melatonin group (MN) lambs. and (e) Main pulmonary artery for control group (CN) and melatonin group (MN) lambs. 
Experimental values were expressed as Mean ± SEM. The points ⊗ represent the coordinates of the rupture points. 
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configuration that allows calculating the opening angle. 
Using the nomenclature defined in Fig. 1, Table 5 summarizes the 

geometric values for the ring opening test; these values are the internal 
radius R0, the thickness e0 and the opening angle α. The data are pre
sented as the average ± SEM. The results obtained show similarities in 
the geometry of the arteries and opening angles, and the statistical 
evaluation does not show significant changes between the CN and MN 
groups. The similarity seen in the values of the opening angles agrees 
with what was seen in the microstructure, because specifically the 
opening angle is related to the presence of elastin in the arterial wall 
(Greenwald et al., 1997) whose amount resulted similar for the two 
groups CN and MN (see results in Section 3.4). On the other hand, the 
results show that in the thoracic zone they have greater opening angles 
compared to the abdominal zone, a behavior that is in agreement with 
those reported in (Liu and Fung, 1988; Fung, 1991) in rat aortas. Some 
investigations reported for the healthy human thoracic aorta (García-
Herrera et al., 2016), pig and rat abdominal aortas (Kassab, 2006) have a 
mean opening angle of about α = 130o (Kassab, 2006; García-Herrera 
et al., 2016), value close to that obtained for the thoracic aortic artery in 
our work. 

3.4. Histomorphometry 

Fig. 4 show representative micrographs for the cross section of aorta 
arteries of lambs. Fig. 4 shows the general condition of the artery which 
presents an ordered and well defined structure in which the elastin fibers 
arranged circumferentially are distinguished (Claes, 2010). 

Fig. 4a corresponds to a HE stain and Fig. 4b to an EVG stain, which is 
a more specific trichromic stain that shows in greater detail the 
circumferential distribution of the elastin fibers, and the tunica intima 
allows the observation of the collagen (in reddish color). 

With respect to the morphological measurements, it was found that 
the micrographs of the thoracic aorta artery showed an absence of the 

tunica adventitia as a result of the cleansing made of the artery before 
the experimental procedures (see Fig. 4a). The results of the measure
ments of the tunica intima and media were similar between groups. 
Equally, Fig. 4b shows a representative micrograph of the abdominal 
aorta artery, and the results of the thicknesses of the arterial wall were 
similar between groups (as can be seen in Table 6). The thicknesses of 
the main pulmonary artery layers, denoted by L1, L2, and L3 (Frid, 
1994) were similar between groups, except on the thickness of zone L1 
that was decreased by melatonin treatment (see Fig. 5 and Table 6). In 
general, the statistical evaluation does not show significant changes 
between the CN and MN groups. Similar results were obtained in the 
main pulmonary artery layers by Astorga et al. (2018), where 12-day-old 
lambs were analyzed under similar conditions, with a similar pharma
cological treatment. The decrease in the L1 zone was attributed to the 
effects of melatonin in the smooth muscle cell density. We therefore 
speculate that L1 zone might be the most affected layer in the chronic 
hypoxia-induced remodeling. 

The cellular density was made on HE stained samples, and the results 
correspond to the number of nuclei contained in a 50× 50 μm2 surface. 
There was a decreased number of nuclei in the arteries of the melatonin 

Table 5 
Geometric data to determine the initial and final configurations in the ring 
opening process. Values were expressed as Mean ± SEM. Significant differences 
(P ≤ 0.05): * vs. CN.  

Artery R0 [mm]  e0 [mm]  α [o] 

TA CN 3.57±0.34  2.06±0.07  144±9  
TA MN 3.26±0.15  2.14±0.07  140±16  
AA CN 2.51±0.11  0.81±0.03  50.6±9.4  
AA MN 2.35±0.14  0.81±0.04  48.0±9.3  
MPA CN 3.80±0.52  1.81±0.14  134±8  
MPA MN 3.73±0.27  1.94±0.07  153±8   

Fig. 4. Representative histological section of: (a) thoracic aorta with Hematoxylin-Eosin (HE) stain, the magnification 4X is shown. (b) abdominal aorta with Elastic 
Van Gieson (EVG) stain, the magnification 10X is shown. 

Table 6 
Intima thickness, media thickness, media cellular density in the aorta artery; and 
L1, L2, L3 thicknesses and cellular density in de main pulmonary artery. Groups 
are control (CN, n = 6) and melatonin treated (MN, n = 5) lambs. Values are 
means ± SEM. Significant differences (P ≤ 0.05): * vs. CN.    

Control (CN) Melatonin 
(MN) 

AT Intima thickness (μm)  54.1 ± 8.2  57.5 ± 9.6  
Media thickness (μm)  1419 ± 132  1539 ± 18  

Media cellular density (cells/μm2)×
10− 2  

0.327 ±
0.022  

0.276 ± 0.022  

AA Intima thickness (μm)  34.1 ± 5.1  29.1 ± 4.1  
Media thickness (μm)  503.2 ± 21.8  578.7 ± 25.5  

Media cellular density (cells/μm2)×
10− 2  

0.282 ±
0.010  

0.233 ± 0,008*  

MPA L1 zone thickness (μm)  114.8 ± 4.2  96.3 ± 4.1*  
L2 zone thickness (μm)  567.2 ± 60.4  498.9 ± 29.0  
L3 zone thickness (μm)  663.7 ± 37.0  869.4 ± 110.3  

L1 zone cellular density (cells/μm2)×
10− 2  

0.406 ±
0,076  

0.258 ± 0.046  

L2 zone cellular density (cells/μm2)×
10− 2  

0.232 ±
0,012  

0.232 ± 0.012  

L3 zone cellular density (cells/μm2)×
10− 2  

0.301 ±
0,018  

0.268 ± 0.019   
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group, as shown in the graph of Fig. 6 or Table 6. The results were 
similar for thoracic artery and were significant for the abdominal aorta 
and may indicate a possible antiremodeling effect in the arterial wall 
caused by the administration of melatonin. However, no differences 
were observed in the cellular density of the zones of the main pulmonary 
artery, as shown in the graph of Fig. 5c. The results obtained in this work 
are similar to those published by Dodson et al. (2014), where it was 
observed that in the thoracic zone there is a higher cell density than in 
the abdominal zone (TA: 0.38 (cells/μm2)×10− 2 and AA: 0.26 
(cells/μm2)× 10− 2). 

Finally, the estimation of the microstructural amounts of elastin and 
collagen (based on the EVG stain) were similar and gave the following 
results for the thoracic aorta (elastin CN: 34.3±5.4%; MN: 34.5±4.6%, 
and collagen CN: 11.1±1.3%, MN: 11.4±1.4%). For the abdominal 
aorta: elastin (CN: 43.7±4.2%; MN: 40.3±0.5%) and collagen (CN: 
13.8±1.8%; MN: 14.7±1.2%). In addition, the main pulmonary artery 
elastin was CN: 18.4±2.5%; MN: 22.3±3.6% while the collagen content 
was CN: 14.9±2.1%; MN: 15.2±2.4%. The statistical analysis did not 
show any significant differences in these variables. In the study by 
Dodson et al. (2014) the percentage of elastin was calculated in the 
aortic artery, with 27% and 33%, in the thoracic and abdominal zone, 
respectively. In the work of Arroyave et al. (2015), pig aortic arteries 
were analyzed, reporting high percentages of passive cellular content in 
the groups of aortic arteries, for the thoracic aortic artery where the 
percentage of collagen was 33.3% and that of elastin was 57.6%. For the 
abdominal aortic artery the percentage of collagen was 32.1% and 
elastin 58.0%. However, the latter samples were obtained from adult 
animals. 

Unfortunately, one of the limitations of our study is that we do not 
know if the effects induced by melatonin are receptor-mediated (Astorga 
et al., 2018). However, a previous study has shown that in the aortic 
artery of rats MT1 receptors are present and were preferentially local
ized to the tunica adventitia, while MT2 receptors are not present 
(Schepelmann et al., 2011), where, in this same study, MT1 it is related 
to vasoconstriction and MT2 with vasodilation. Therefore, melatonin 
does not contribute directly to relaxation or contraction of the aorta. 
This could support the results obtained in the present investigation, 
since in general the effects of melatonin on the aortic artery were not 
statistically significant. 

4. Conclusions 

The experimental work based on the axial stretch, uniaxial tensile 
and ring-opening tests on samples of aorta and main pulmonary arteries 
have been presented. The central study case corresponded to the eval
uation of the effect of the administration of melatonin on the arterial 
biomechanical behavior in lambs gestated and born at high altitude; 
affected by pulmonary arterial hypertension. The evaluation contrasted 
two experimental groups: the control group (CN) and the melatonin 
(MN) treated group. 

The macroscopic analysis experimentally based on biomechanical 
tests, which compared the behavior of the CN and MN groups, was 
similar in all the biomechanical analyses (axial stretch, tensile and ring- 
opening tests). No evidence was found of significant changes in the 
general and standard comparison parameters, such as the initial and 
final slopes, elbow, and rupture coordinates. In addition, there were no 

Fig. 5. Results for the main pulmonary artery. (a) Thickness of the zones (Li, i = 1,2, 3). (b) Representative histological section. (c) Cellular density in the zones (Li, 
i = 1, 2,3). Groups are control (CN, n = 6) and melatonin (MN, n = 5) lambs. Values are means ± SEM. Significant differences (P ≤ 0.05): * vs. CN. 
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changes in the parameters associated with the physiological functions 
detected, such as the distensibility and incremental modulus. Similarly, 
no significant changes were found in the biomechanical response due to 
the axial stretch and ring-opening analysis. 

In addition, the microstructural analysis through the histological 
examination did not show any significant changes in the aortic thickness 
or elastin and collagen amount. However, we observed significant 
changes in the thickness L1 layer of the main pulmonary artery and the 
cell density contained in the arterial wall of the abdominal aorta. This 
changes that may represent an antiremodeling process as a result of the 
administration of melatonin in the neonatal period (Astorga et al., 
2018). 

Therefore, this work allows stating that the pharmacological 
administration of low doses of melatonin during 21 days to lambs 
gestated and born under hypobaric hypoxia; has no significant effects on 
the passive mechanical behavior of the aorta and main pulmonary ar
teries. Furthermore, the microstructural changes seen are in agreement 
with recent research related to melatonin administration as an adjuvant 
in PHN cases. (Herrera et al., 2014a; Torres et al., 2015; Astorga et al., 
2018; González-Candia, 2020). 

Finally, this original research allowed reporting a set of experimental 
measurements of the mechanical behavior of arteries from animals 
exposed to high altitude (> 2500 masl), an hypoxic environment, with 
PHN. 

Funding and acknowledgments 

The work was funded by CONICYT-PCHA/Doctorado Nacional/ 
2014–21140988 and projects FONDECYT 1170608 and 1151119. 

We are grateful for the excellent technical assistance of Mr Gabino 
Llusco and Carlos Brito in animal maintenance and of Mrs. Mireya 

Delgado in the samples processing. 

Author statement 

All authors have made substantial contributions to all of the 
following: 

E. Rivera: Conceptualization, Methodology, Validation, Formal 
analysis, Investigation, Writing - original draft, Writing - review & 
editing, Visualization. C. García-Herrera: Conceptualization, Method
ology, Formal analysis, Investigation, Resources, Writing - original draft, 
Writing - review & editing, Supervision, Project administration, Funding 
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