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Introduction: Gestation under chronic hypoxia causes pulmonary hypertension, cardiovascular remodeling, and increased aortic stiffness in the offspring. To mitigate the neonatal cardiovascular risk, pharmacological treatments (such as hemin and sildenafil) have been proposed to improve pulmonary vasodilation. However, little is known about the effects of these treatments on the aorta. Therefore, we studied the effect of hemin and sildenafil treatments in the aorta of lambs gestated and raised at highlands, thereby subjected to chronic hypoxia.
Methods: Several biomechanical tests were conducted in the descending thoracic aorta (DTA) and the distal abdominal aorta (DAA), assessing 3 groups of study of hypoxic animals: non-treated (Control) and treated either with hemin or sildenafil. Based on them, the stiffness level has been quantified in both zones, along with the physiological strain in the unloaded aortic duct. Furthermore, a morphological study by histology was conducted in the DTA.
Results: Biomechanical results indicate that treatments trigger an increment of axial pre-stress and circumferential residual stress levels in DTA and DAA of lambs exposed to high-altitude chronic hypoxia, which reveals a vasodilatation improvement along with an anti-hypertensive response under this characteristic environmental condition. In addition, histological findings do not reveal significant differences in either structure or microstructural content.
Discussion: The biomechanics approach emerges as a valuable study perspective, providing insights to explain the physiological mechanisms of vascular function. According to established results, alterations in the function of the aortic wall may not necessarily be explained by morphostructural changes, but rather by the characteristic mechanical state of the microstructural components that are part of the studied tissue. In this sense, the reported biomechanical changes are beneficial in mitigating the adverse effects of hypobaric hypoxia exposure during gestation and early postnatal life.
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1 INTRODUCTION
High-altitude hypobaric hypoxia (HAHH) corresponds to a drop in the atmospheric partial pressure of oxygen [image: image], a condition that naturally occurs in highlands. This environmental condition leads to a decrease in the partial pressure of oxygen on arterial blood [image: image] relative to normoxic-normobaric conditions (exposure to lowlands) (Brito et al., 2020; Navarrete et al., 2020). This is clinically relevant at altitudes higher than 2,500 m-above-sea-level (m.a.s.l.), where pathophysiological responses become evident. Chronic exposure to HAHH during gestation may lead to perinatal complications, such as fetal hypoxia, respiratory distress, pulmonary arterial hypertension and aortic dysfuntion, among others (Gonzaléz-Candia et al., 2020; González-Candia and Herrera, 2021), specifically in the transition between fetal to neonatal circulation. This type of cardiovascular disease is related to an increment of vasoconstriction generated by smooth-muscle (Touyz et al., 2018; Jaminon et al., 2019), due to a pathological structural remodelling in small pulmonary arteries. A significant fraction of the world’s population lives under the effects of HAHH (between 80 and 140 million people) (Herrera et al., 2015; Tremblay and Ainslie, 2021), so the interest in studying its possible negative effects has a relevant contemporary concern in many disciplines.
In the area of biological soft-tissue characterization, only a small number of research studies have been focused on determining the ex-vivo mechanical response of the artery wall in face of cardiovascular diseases (Pejcic et al., 2019), such as atherosclerosis (Walsh et al., 2014; Karimi et al., 2015), abdominal aortic aneurysms (O’Leary et al., 2014; Pancheri et al., 2017) and vascular repair processes after stent implantation (Evans and Kwak, 2013; Fortier et al., 2014). In specific, the effects of chronic exposure to HAHH on the mechanical properties of arteries have been only barely explored. Drexler et al. (2008) reported stiffening on extrapulmonary arteries (trunk, right, and left main arteries) of rats with pulmonary hypertension induced by high altitude (5,000 m). In a recent experimental study, Utrera et al. (2022) described mechanical and structural alterations on descending thoracic aortas of rats as a cycle-dependent effect of the exposure to intermittent HAHH.
Treatments for pulmonary hypertension have been in the spotlight for the last 20 years, mainly aimed at reducing the intense vasoconstriction, the risks of blood-clots and on increasing pulmonary vasodilatation (Navarrete et al., 2020). Several studies focused on vascular reactivity have assessed the influence of a melatonin treatment and its effect on chronic HAHH (Beñaldo et al., 2019; Figueroa et al., 2021; Gonzaléz-Candia et al., 2021). From a biomechanical point of view, the performance of different treatments applied in the aforementioned context on the passive mechanical response of arteries, has not been widely assessed. Rivera et al. (2020) studied the effect of melatonin on thoracic, main pulmonary and abdominal aortic arteries of lambs subjected to chronic HAHH exposure. Their main results did not reveal significant evidence of changes on the ex-vivo mechanical response of arterial tissue. A similar trend was reported by Bezmalinovic et al. (2021), who addressed the hyperelastic and damage properties of thoracic aortas in the same animal model and treatment as Rivera et al. (2020). Besides, Navarrete et al. (2020) determined the effect of Atrial Natriuretic Peptide (ANP) and Cinaciguat on arterial residual strains, considering the same environmental conditions and animal model than Rivera et al. (2020). This study was performed on aorta, carotid and femoral arteries, finding significant changes in the residual strain measurements on treated subjects. More recently, Laubrie et al. (2023) studied the effect of Cinaciguat on the hyperelastic, damage and dissipation behavior of thoracic aortas on the same animal model as Rivera et al. (2020), Navarrete et al. (2020) and Bezmalinovic et al. (2021). The initial progress in this area reflects the need to better understand the effects of new treatments on the arterial-wall response, in order to have a more global overview related to the application of these therapies. Hemin is an inducer and activator of the heme oxygenase 1 enzyme (HO-1), which has inhibitory effects on the progression of pulmonary hypertension (Shimzu et al., 2008) due to its vasodilator, antioxidant and anti-remodeling properties. Sildenafil is a potent competitive inhibitor of phosphodiesterase type-5 (PDE5), which enhances the bioavailability of cyclic guanosine monophosphate (cGMP), resulting in vasodilation, which has already been proved as a successful treatment for reverting the effects of pulmonary hypertension (Weimann et al., 2000; Herrera et al., 2008). Both drugs are approved for treatments in humans, but only sildenafil has been used in neonates for cardiopulmonary problems, such as pulmonary hypertension and broncopulmonary dysplasia (Dillon et al., 2023). Sildenafil was proposed as a potent vasodilator agent (Kelly et al., 2017), while Hemin as an antiremodeling and antioxidant (Estarreja et al., 2024) In this context, there is strong evidence that suggests a potentially beneficial outcome of using these two drugs in treatments to reverse the adverse effects of HAHH exposure. However, to the best of our knowledge, no studies have addressed the effects of hemin and sildenafil on neonatal aortas exposed to chronic hypoxia during the perinatal period.
According to the different aspects previously exposed, the scope of this work is to determine the biomechanical response of thoracic and abdominal aorta arteries from lambs exposed to chronic HAHH and treated with either hemin or sildenafil, relating it to morphometric measurements. Specifically, mechanical properties obtained from uniaxial-tensile tests (along the circumferential and longitudinal directions of the arterial duct) and deformation measurements from residual strain tests [image: image] namely, ring-opening (García-Herrera et al., 2016) and pre-stretching tests (Voňavková and Horny, 2020) [image: image] are considered to assess the biomechanical impact of these treatments.
2 MATERIAL AND METHODS
The Bioethics Committee of Universidad de Chile approved all experimental procedures (Protocol CBA 761 FMUCH). The study was performed according to the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication No. 85–23, revised 1996) and adheres to the American Physiological Society’s Guiding Principles in the Care and Use of Animals.
2.1 Animals and treatments
Aortas were obtained from eighteen lambs (Ovis aries) aged 30 days-old, all of them gestated, born and raised at a high altitude (INCAS Research Station, Putre, 3,600 m. a.s.l). The use of this particular animal model is justified by several reasons, referred mainly to the cardiovascular development, structure, function and responses, similar to those observed in humans (Morrison et al., 2018; Gonzaléz-Candia et al., 2020; Navarrete et al., 2020).
Animals were randomly separated into three groups according to the applied treatment, as follows: Control group ([image: image]; vehicle); Hemin group ([image: image]; 10 mg/kg/24 h of hemin in NaOH 0.01N, SC, during 10 days); Sildenafil group ([image: image]; 0.5 mg/kg/12 h of sildenafil in NaCl 0.9%, EV, during 5 days). In this context, to achieve a proper materno-neonatal attachment (at the beginning of postpartum period), all treatments were sumministrated since 3 days old. The doses were adjusted based on previous studies (Herrera et al., 2008; Dillon et al., 2023). In addition, before the experiments, we perform in-vivo dose response to ensure a pulmonary vascular response without any hemodynamic systemic responses (unpublished data).
2.2 Tested arterial tissue
Each aorta artery was divided into two regions, according to its location in the body (Figure 1A). The first region, called descending thoracic aorta (DTA, blue colored in Figure 1A), corresponds to the segment that goes from the end of the aortic arch to the diaphragm. The second segment, called distal abdominal aorta (DAA, brown colored in Figure 1A), is considered between the diaphragm and the right renal artery.
[image: Figure 1]FIGURE 1 | (A) Spatial localization of DTA and DAA artery regions in a sheep body. (B) Characteristic dimensions of closed and opened artery ring specimens.
All protocols for tissue manipulation were carried out in the basis of the established by Navarrete et al. (2020). Immediately after euthanasia, initial measurements were performed on the animal body (see details in Section 2.3). Then, the artery was extracted and kept on a calcium-free saline solution (Krebs [image: image]-free) during the remaining ex-vivo measurements and the corresponding biomechanical tests.
2.3 Experimental procedure
The experimental procedure performed in this study is focused on determining potential similarities or differences in structure, composition, and mechanical response along the aortic region.
2.3.1 Morphology
To determine the overall structure of the artery wall, morphologic measurements were carried out. The procedure consists on obtaining a ring-shaped sample from the excised artery, and place it on a Petri dish exposing its sectional area. Then, a photography is taken and analyzed with the aid of ImageJ software, which allows to scale the pixels of the image to an appropriate unit of measurement. So that, inner and outer perimeter can be obtained.
Two characteristic parameters of the vessel cross-section were defined, schematically represented in Figure 1B. The inner radius [image: image] is determined by its inner perimeter, considering a circular-shaped cross-section for arteries. Concurrently, wall thickness [image: image] is quantified by the difference between outer radius (determined by the outer perimeter) and inner radius.
2.3.1.1 Biomechanical tests
The biomechanical tests performed in this study were carried out according to protocols and procedures detailed in Navarrete et al. (2020), Rivera et al. (2020), and Utrera et al. (2022). The tests are briefly described below.
2.3.1.2 Pre-stretching test
According to previous findings, it is known that arteries are subjected to a physiological longitudinal stretch (Guo et al., 2012), which accomplishes several physiological roles: it minimizes longitudinal stress in the artery wall, prevents buckling, and presents vasodilator effects by increasing circumferential distensibility Horny et al. (2017).
This phenomenon can be observed when comparing the in-vivo and ex-vivo lengths of an artery, where a non-homogeneous shortening is reported in different zones of the aorta (Navarrete et al., 2020; Rivera et al., 2020; Utrera et al., 2022). To quantify the shortening experienced along the artery on each aortic zone, six equidistant marks were drawn in the vessel, using a gel pencil. A photography is taken in the in-vivo configuration, and then the artery is extracted from the animal body and placed inside a Krebs-filled Petri dish. After 10 min, another photography is taken. A millimeter grid paper is placed near the vessel in both pictures as a reference for length measurement. Using ImageJ software, in-vivo and ex-vivo lengths ([image: image] and [image: image] respectively) are registered for each artery segment, and axial pre-stretch is computed by, [image: image].
2.3.1.3 Ring-opening test
The ring-opening test is a widely utilized method to determine circumferential residual strain, which allows to estimate indirectly the residual stress field on a blood vessel, whose physiological role consists of homogenizing the stress distribution in the arterial wall (García-Herrera et al., 2016).
Regarding the performed experimental procedure, once the artery was removed from the body and it was photographed for the pre-stretching test (Section 2.3.2), two 1 mm-long rings were obtained from the proximal and distal ends of the artery (DTA and DAA zones respectively). Ring samples were maintained in a Krebs [image: image]-free solution at a physiological temperature (39[image: image]C), and photographed 15 min later. Subsequently, a radial cut was performed on each ring, producing an abrupt change in geometry, then the sample was kept in the same solution for 15 more minutes in order to eliminate viscous effects on the material (Fung, 1991). Finally, opened rings were photographed, and its characteristic angle [image: image] – measured by considering (as rays) the lines formed by the points located at mid-thickness at the opened-ring ends [image: image], and (as the vertex) the midpoint of the artery-wall perimeter at the inner radius (see Figure 1B) – is determined via image analysis with the aid of ImageJ software. Both closed and opened ring configurations were photographed using ToupView software under a magnifying glass (Motic SMZ-161) equipped with a digital camera (Motic Moticam 2.0MP.).
2.3.1.4 Uniaxial-tensile test
In order to determine the Cauchy stress [image: image] versus stretch [image: image] response, two rectangular pieces of artery-wall were extracted from DTA (lower thoracic zone, above the diaphragm) and DAA (upper abdominal zone, below the diaphragm) zones of each animal. Also, their initial dimensions (width [image: image], length [image: image] and thickness [image: image]) were measured, with values in between 3.3 and 7.5 mm for width, and values within 5 and 7.5 mm for length. The thickness was that of the artery itself. One of the samples was stretched along the longitudinal direction of the arterial duct, whereas the other was stretched along the circumferential direction. In both cases, the displacement-rate was set at 1.5 mm/min to minimize time-dependent effects on the material. The required instantaneous force [image: image], reached at different levels of displacement [image: image], was applied using a universal testing machine (Instron 3343) and captured using a 10 N load-cell ([image: image]N). Each test was carried out until the rupture of the specimen. During the entire test, samples were kept submerged in a Krebs [image: image]-free solution at a physiological temperature of 39[image: image]C.
Stretch [image: image] was calculated as, [image: image], and the assumption of incompressibility, usually considered for arterial tissue (Holzapfel, 2000), allows to compute Cauchy stress [image: image] as, [image: image]. Four mechanical parameters were determined from each stress-stretch curve, which allowed the quantification of the material stiffening at low and high stretches, along with the transition point between both strain levels (Utrera et al., 2022). From the first linear zone of the curve, the slope [image: image], corresponding to the elastic modulus at low-stretches, was determined. Likewise, a second linear zone at high-stretches was quantified by the elastic modulus [image: image]. Finally, the transition point ([image: image], [image: image]) was obtained, which denotes the boundary between low-stretch and high-stretch regimes of the tensile behavior. Both linear regions are identified at the moment of the slope analysis. The stretch bounds of each slope are hand-selected and manually visualized. A linear regression is calculated in the selected area, and the resulting slope is taken as the elastic modulus at either low or high strains. The determination coefficient is checked after every regression. If this coefficient does not reach a value near 1 (over 0.999), the boundaries of the analysis are changed until good fitness is achieved.
2.3.3 Histology
It is of utmost interest to quantify the composition of the DTA on the media layer, which mainly determines its elastic response. In this sense, a histological analysis was performed, following Masson’s Trichrome procedure (Leonard et al., 2018). Figure 2 shows a histological photograph, where blue zones denote the presence of collagen fibers whereas red/pink ones stain the cell nuclei.
[image: Figure 2]FIGURE 2 | Protocol for histological measurements.
From the Masson’s Trichrome staining, 4 images per group were taken of each cardinal point, following the procedure detailed in Navarrete et al. (2020). From each image, collagen percentage along with cell nuclei density were measured, and the mean value was taken as the representative of each animal. To measure the presence of collagen and cell nuclei, an image-processing procedure was carried out (see Figure 2), through the deconvolution technique and a subsequent application of a thresholding method (Utrera et al., 2022).
2.4 Statistical analysis
All values are expressed as mean [image: image] SEM (standard error of the mean). The statistical analyses were carried out with Graphpad Prism 6.01 (GraphPad Software Inc., San Diego, CA, USA). Firstly, a Kolmogorov–Smirnov test was used to check normality of the datasets. Then, a F-test was performed to compare potential variance differences between groups. Once both statistical tests were performed, a suitable statistical method was chosen to determine mean differences. The unpaired t-test was performed in case of normal distribution of both groups and the same variance; the Welch t-test was applied in the case of normal distribution of both groups and statistically significant differences of variance between groups; and the non-parametric Mann-Whitney U test was performed when one or both groups did not show normality. All comparisons were performed among treated groups and between the treated groups and the Control group. Differences were considered statistically significant for a probability of the null hypothesis being true ([image: image]-value), [image: image]. It should be noted that most of the groups analyzed have a normal distribution and statistically the same variances.
3 RESULTS
3.1 Morphometry
To give a sense of the size in the DTA and DAA regions of arteries studied, the inner radius (IR) and thickness (T) of closed ring specimens (Figure 1B) from DTA and DAA zones, are exhibited in Table 1. No significant differences were found on the size of closed rings among experimental groups.
TABLE 1 | Inner radius (IR) and thickness (T) of closed ring specimens extracted from DTA and DAA zones.
[image: Table 1]3.2 Biomechanical tests
3.2.1 Pre-stretching test
Figure 3 shows pre-stretch values [image: image] for each region (DTA to DAA) of the aorta. Each specimen was divided into five sections of roughly equal relative length. According to general results, through statistical analysis (Section 2.4) it is possible to state that there is not interaction between segmentation and group effects [image: image]. Focusing on the variation of [image: image] along the aorta of each study group, there is a characteristic incremental trend from DTA to DAA zones. In specific, results of the control group ranged from 1.07 [image: image] 0.04 to 1.60 [image: image] 0.11, whereas results of hemin group varied from 1.27 [image: image] 0.06 to 1.56 [image: image] 0.06, and sildenafil group exhibited a variation from 1.10 [image: image] 0.04 to 1.56 [image: image] 0.06.
[image: Figure 3]FIGURE 3 | Pre-stretching test. Pre-stretch versus segmentation (location segments within the aorta), from descending-thoracic (DTA) to distal-abdominal (DAA) aorta regions of control (N = 8) and hemin/sildenafil (both with N = 5) treated groups. Values expressed as mean [image: image] SEM. Significant differences [image: image]: (*) vs. Control.
A comparison of [image: image] values on each aorta segment shows that most of them did not have a significant variation among groups. The only exception is found in the hemin-treated group, where in the proximal segment (0–20[image: image]) a higher average pre-stretch value is present with respect to the values of other groups in this same region. This effect is statistically significant when comparing it with the Control group.
3.2.2 Ring-opening test
Figure 4 shows opening-angle values of DTA and DAA zones for the different study groups. From the results, a marked difference between average values of both regions can be observed on all groups, with statistically-significant differences in the control group (DTA [image: image] 125.4[image: image] 13.3[image: image] vs. DAA [image: image] 45.7[image: image] 8.0[image: image]) and hemin group (DTA [image: image] 115.5[image: image] 24.8[image: image] vs DAA [image: image] 50.2[image: image] 12.7[image: image]). Regarding the comparison between treatments in a specific aorta region, a significant difference was found when contrasting the DTA zone of control and sildenafil groups (125.4[image: image] 13.3[image: image] vs 65.7[image: image] 9.1[image: image], respectively).
[image: Figure 4]FIGURE 4 | Ring-opening test. Opening angle of descending-thoracic (DTA) and distal-abdominal (DAA) aortas of control (N = 8) and hemin/sildenafil (both with N = 5) treated groups. Values expressed as mean [image: image] SEM. Significant differences [image: image]: (*) vs. Control.
3.2.3 Uniaxial-tensile test
Tables 2, 3 show the mechanical parameters, which are defined in Section 2.3.2, determined from uniaxial stress-stretch curves of DTA and DAA zones, respectively. These results are presented for the Control and (hemin or sildenafil) treated groups, along longitudinal and circumferential directions of the vessel. The mean stress-stretch curves for both arteries and directions are displayed in the supplementary material.
TABLE 2 | Uniaxial-tensile test. Parameters obtained from stress-stretch curves of descending thoracic aortas (DTA) of control (N = 8) and hemin/sildenafil (both with N = 5) treated groups: initial slope [image: image] (at low-stretches), final slope [image: image] (at high-stretches) and coordinates of the transition between low and high stretch regimes ([image: image], [image: image]).
[image: Table 2]TABLE 3 | Uniaxial-tensile test. Parameters obtained from stress-stretch curves of distal abdominal aortas (DAA) of control (N = 8) and hemin/sildenafil (both with N = 5) treated groups: initial slope [image: image] (at low-stretches), final slope [image: image] (at high-stretches) and coordinates of the transition between low and high stretch regimes ([image: image], [image: image]).
[image: Table 3]From the results displayed in Tables 2, 3, no significant differences of mechanical parameters were found when comparing the hemin-treated and Control groups. On the other hand, according to Table 2, significant differences in the slope at low-stretches [image: image] and at high-stretches [image: image] can be observed between sildenafil and Control groups on samples tested along the circumferential direction. In specific, on DTA zones, the treatment increases both values, which denotes a higher uniaxial stiffness of the material at low and high stretches. Conversely, in Table 3, DAA zones of sildenafil treated subjects only show a higher [image: image], coherent with higher values of transition stress [image: image], at similar transition stretch [image: image].
3.3 Histology
A crucial aspect of correlating the previously reported biomechanical changes with the microstructural composition of the artery wall involves the application of histological techniques, duly detailed in Section 2.3.3. Figure 5 exhibits the main results obtained from the information provided by the Masson’s Trichrome stain on the DTA: cell nuclei density (Figure 5A), percentage area covered by cell nuclei (Figure 5B), and collagen percentage (Figure 5C).
[image: Figure 5]FIGURE 5 | Histological measurements. Values obtained from histology of descending thoracic aorta (DTA) of control (N = 8) and hemin/sildenafil (both with N = 5) treated groups. (A) Cell nuclei density, (B) cell nuclei percentage, and (C) collagen percentage within the arterial wall. Values expressed as Mean [image: image] SEM. Significant differences [image: image] (*) vs. Control.
In any case, there were no significant differences between the non-treated group and the respective groups with treatment applied. Particularly, SMC nuclei density by each group was: Control [image: image] 2,718 [image: image] 85 cells/[image: image], hemin [image: image] 2,852 [image: image] 62 cells/[image: image], and sildenafil [image: image] 2,715 [image: image] 35 cells/[image: image]. The results for percentage area occupied by cell nuclei were the following: Control [image: image] 12.6 [image: image] 1.2%, hemin [image: image] 9.7 [image: image] 1.1%, and sildenafil [image: image] 10.1 [image: image] 0.5%. Finally, the collagen percentage detailed by group was: Control [image: image] 43.75 [image: image] 1.62%, hemin [image: image] 44.58 [image: image] 2.09%, and sildenafil [image: image] 42.19 [image: image] 1.78%.
4 DISCUSSION
Exposure to chronic hypoxia during gestation leads to pulmonary hypertension, cardiovascular remodeling, and increased aortic stiffness in offspring (Herrera et al., 2010). To mitigate neonatal cardiovascular risks, potential pharmacological interventions such as hemin and sildenafil have been proposed to improve pulmonary vasodilation. In this way, the novelty of this work lies in assessing the effect of these treatments in a relatively understudied artery in the context of hypobaric hypoxia as the aorta, through biomechanics and histomorphometry. In this regard, only two studies have investigated the impact of hypobaric hypoxia on vascular biomechanics (Aguilar et al., 2018; Utrera et al., 2022). Additionally, two other studies (Navarrete et al., 2020; Rivera et al., 2020) examined the systemic circulation level effects of drug treatments such as melatonin, atrial natriuretic peptide (ANP), and cinaciguat. All the mentioned works have been developed by our research group, and the current study aligns with them, providing further insight into this condition and its cardiovascular implications.
The experimental setup presented in this work enables us to postulate the existence of a relationship between physiological strain and mechanical properties in the vessel with its corresponding stress state. In this context, the seminal work by Cardamone et al. (2009) stated that longitudinal pre-stress and circumferential residual stress on arteries are contributions to their adaptation mechanisms in the face of perturbations triggered by changes in the external conditions with the aim at maintaining a homeostatic state, and hence its clinical importance since its levels are altered in the face of change in the environment (injuries and diseases) (Sigaeva et al., 2019). Therefore, assessing the level of physiological non-loaded stress distribution in the arterial wall and its possible variation in response to treatments is essential to clarify the contribution of the latter to the mitigation of the adverse effects of a HAHH condition.
Deepening in the main findings related to this work, that are also summarized in Figure 6, they exhibit that hemin and sildenafil treatments affect the biomechanics of the aorta, with a significant increment in pre-stretch values of DTA in animals treated with hemin, and a decrement in opening-angle value of DTA along with a higher uniaxial stiffness along the circumferential direction of DTA and DAA, due to a sildenafil treatment.
[image: Figure 6]FIGURE 6 | Main results of biomechanical and morpho-structural analysis of hemin/sildenafil treated groups. Representative scheme.
Related previous works report similar axial stretch evolution [image: image] from proximal towards distal zones of the aorta, with comparable values for each section. Rivera et al. (2020) determined pre-stretch levels under the same protocols and animal-model used in this work, on individuals treated with melatonin. Their main findings determined an incremental variation of 1.1–1.5 approximately, going from the thoracic to the abdominal aorta, in the same way as shown in Figure 3. Under the same chronic-hypobaric hypoxia condition, Navarrete et al. (2020) established [image: image] values in different sections of the aorta of neonatal lambs (15 days-old) treated with vasodilator drugs ANP and Cinaciguat. Their results show a similar evolution to those shown in Figure 3, with [image: image] values ranged between 1.1 and 1.6 approximately. According to Navarrete et al. (2020) and Rivera et al. (2020), treated groups did not exhibit significant changes in [image: image] values along the aorta compared to the control group. In addition to the aforementioned works, the study of Utrera et al. (2022), applied in a context of intermittent hypobaric hypoxia on rats, showed a statistically-significant change of pre-stretching values on the aorta between groups subjected to normobaric normoxia, short-term and long-term intermittent hypobaric hypoxia. Other research in this area addressed axial pre-stretch levels in the face of different variables, such as age (Horny et al., 2014b), type of vessel and its respective size (Guo et al., 2012), type of artery (Horny et al., 2017), and the effect of atherosclerosis and post-mortem interval on human abdominal arteries (Horny et al., 2014a). However, the effect of a hemin treatment on [image: image] values has not been previously reported in studies assessing the effects of hypobaric hypoxia. Delving into the effects associated with the physiological role of axial pre-stretch [image: image], there is evidence that higher values of this parameter are related to the homogenization in the longitudinal stresses and the energy conservation by each pressure cycle, a higher degree of arterial distensibility, and prevention of buckling (Cardamone et al., 2009; Horny et al., 2014b; García-Herrera et al., 2016; Kamenskiy et al., 2016). Therefore, the administration of hemin increased the level of physiological axial stretch reported in DTA, indicating an improvement in vasodilation performance. In addition, an increase in [image: image] by itself is also associated with higher levels of longitudinal pre-stress.
Regarding the ring opening angle behavior in the context of chronic hypobaric hypoxia, a similar behavior is observed in related works (Herrera et al., 2008; Navarrete et al., 2020; Rivera et al., 2020). In these studies, DTA zones presented opening-angle values ranged between 80[image: image] and 140[image: image] approximately, whereas in the DAA region values declined, ranging between 40[image: image] and 60[image: image] approximately. In specific, Navarrete et al. (2020) found a significant decrement of this value due to ANP and Cinaciguat treatments, in a transition zone between DTA and DAA. This same trend was also reported in other cardiovascular regions, such as carotid arteries. However, according to Rivera et al. (2020), melatonin treatment did not affect the aortic zones (DTA [image: image] 140[image: image] 16[image: image]; DAA [image: image] 48[image: image] 9[image: image]). In addition, it is worth stating that there is also a dependence between the animal model studied, the external condition to which specimens are exposed, and the characteristic mean opening angle value. For instance, in thoracic aortas of rats exposed to intermittent hypobaric hypoxia (Utrera et al., 2022), mean opening angles were found close to 40[image: image], while at a sea-level condition this value was close to 100[image: image]. Moreover, in studies performed on porcine aortas (Sokolis et al., 2020), the opening angle presented variations among artery layers. On the other hand, García-Herrera et al. (2016) described variations of the opening-angle in the face of diseases, such as Marfan syndrome, aneurysms and bicuspid valve on human ascending thoracic aortas. Providing an interpretation about the opening angle in the face of sildenafil treatment for DTA (Figure 3), a lower value of this parameter by itself (keeping all other conditions constant) is indicative of a lower degree of residual stress in the arterial wall, which accomplishes a homogenizing role of the transmural stress distribution in the in-vivo state (Cardamone et al., 2009).
There have been previous studies aimed at studying the biomechanical response of arteries subjected to HAHH which included the analysis of uniaxial-tensile tests. Among the main findings reported by related works, Utrera et al. (2022) performed uniaxial-tensile tests only along the longitudinal direction on samples of aorta arteries of rats exposed to acute and chronic intermittent hypoxia (low and high number of HAHH cycles, respectively) without a pharmacological treatment, finding significant differences only on the slope at high-stretches [image: image] between animals subjected to acute and chronic hypoxia conditions. Likewise, Aguilar et al. (2018) performed uniaxial-tensile tests on femoral arteries of rats subjected to intermittent hypoxia, using ring-shaped samples instead of the prismatic samples considered in this work. The initial and final slopes of stress-stretch curves (mechanical properties, [image: image] and [image: image], respectively) were compared. Main findings set significant differences on the [image: image] parameter, which increased under hypoxic conditions. On the other hand, Rivera et al. (2020) performed uniaxial-tensile tests on main pulmonary, thoracic and abdominal aorta arteries from lambs subjected to chronic HAHH, evaluating a possible alteration due to treatment with melatonin. Therein, no significant differences were found on the mechanical parameters from uniaxial-tensile tests, neither on slopes at low and high strain, nor on the transition stress and stretch. Likewise, Bezmalinovic et al. (2021) evaluated thoracic aortas of lambs subjected to chronic HAHH and treated with melatonin, finding no significant differences on the uniaxial stress. After analyzing the biomechanical parameters presented in Tables 2, 3, it can be seen that there is a tendency for a greater degree of material stiffness in both arterial zones when treatment is applied. However, it becomes significant only in those experimental groups treated with sildenafil in the circumferential direction of the vessel. It should be noted that the increase in this parameter by itself reflects an increment in the circumferential residual stress levels.
Coupling the effect of the biomechanical results discussed above, it is possible to determine that sildenafil treatment triggers an alteration in the biomechanical properties of DTA and DAA, where a stiffness increment along the circumferential direction is reported in both zones (Tables 2, 3). Particularly for DTA, although higher values of the circumferential stiffness at low stretches [image: image] (a parameter representative of the physiological conditions of the artery) are exhibited, the fact that the residual strain (represented by the opening angle) in this direction was lower, it does not provide enough evidence to back up a potential change on the residual stress. Pertaining DAA zones, from Table 3 and Figure 4 it is possible to underline that arteries treated with sildenafil had a higher residual stress along the circumferential direction, due to differences in mechanical properties [image: image] and [image: image], whereas the opening angle did not exhibit differences due to this treatment. As for the mechanical parameters and pre-stretch found along the longitudinal direction of DTA zones, results of the hemin-treated group and its comparison with the Control group (see Figure 3 and Table 2) show that there were no significant differences on the mechanical parameters. However, axial pre-stretch levels were significantly higher in the treated group, when compared to the Control group. Therefore, it can be stated that the axial pre-stress level on DTA was higher for the hemin-treated group. Since all other group-wise comparisons lacked significant differences in mechanical properties and residual strains, no evidence supports changes in residual stresses in these cases.
In summary, all biomechanical differences reported between groups indicate a stress level increment in treated groups: (a) physiological axial pre-stress for hemin in DTA, and (b) circumferential residual stress for sildenafil in DAA. This increase in residual stress might be interpreted as a homogenizing effect on the arterial wall (Haghighipour et al., 2010). In this way, the transmural stress distribution tends to be more uniform when compared to that of the hypoxic non-treated group. Beñaldo et al. (2022) report the systemic arterial pressure in animals exposed to both treated and untreated hypoxia. The values remain relatively constant throughout the perinatal period, indicating that our results are not affected by blood pressure variations when treatments are administered. Therefore, changes in the unloaded physiological stress induce a positive biomechanical response in groups treated with hemin and sildenafil.
Arteries are structured with three main layers: the intima, media, and adventitia. The intima comprises a sole layer of endothelial cells resting on a delicate extracellular matrix. The media contains multiple layers of smooth muscle cells capable of producing various structural components like collagen, elastin, proteoglycans, and growth factors. The coordinated actions of endothelial and smooth muscle cells play a crucial role in regulating responses to hemodynamic and biochemical cues, influencing both normal development and physiological as well as pathological reactions (Kumar et al., 2014). Smooth muscle cells within blood vessel walls are linked to a complex network of collagen fibers and elastic fibers. This network plays a crucial role in allowing the vessel wall to stretch elastically, enabling it to accommodate the volume of blood ejected during each heartbeat and to dampen pressure fluctuations in the periphery. The activity and arrangement of smooth muscle cells can impact the mechanical stress experienced by the extracellular matrix components, thereby regulating vessel diameter and stiffness (Holzapfel, 2008; Reesink and Spronck, 2019). Focusing on histological results, in general terms, the collagen content generally aligns with findings from previous studies. Specifically, for healthy sheep under 18 months old Graham et al. (2011) report a collagen percentage close to 30 [image: image] In other animal models such as mini-pigs, collagen percentage ranges between 30 and 50 [image: image] approximately in the first 8 weeks of life Hayenga et al. (2012). In addition, Concannon et al. (2020) set the collagen amount in the human thoracic aorta via Masson’s Trichrome stain, as between 20 and 35 [image: image]. Cell nuclei density has been also determined in different research. Wheeler et al. (2015) using a mouse animal model, report an average value close to 4,000 cells/[image: image] in young rodents. In the aformentioned work of Concannon et al. (2020) approximately 1,000 cell nuclei by [image: image] are reported in the human thoracic aorta. Utrera et al. (2022) exhibit cell nuclei density values around 2000 cells/[image: image] in the thoracic aorta of normoxic and (intermittent) hypobaric-hypoxic rats. Finally, Rivera et al. (2020) determine values close to 3,000 cells/[image: image] for hypoxic sheep.
O’Rourke and Nichols (2005), it was demonstrated that chronic exposure to arterial hypertension results in increased stress on smooth muscle cells, prompting them to proliferate. This proliferation leads to hyperplasia (increased cell numbers) and thickening of the vascular wall (Jaminon et al., 2019). Additionally, Humphrey et al. (2014) showed that matrix metalloproteinase activity facilitates the breakdown of elastin within the extracellular matrix. In response to this breakdown, synthetic smooth muscle cells begin producing collagen ECM in an attempt to maintain stiffness homeostasis. Considering these findings, the lack of significant variations in collagen density and cellular nuclei count within the arterial walls between the untreated and treated groups suggests that the administered drugs do not have an effect on cell density but do not discard a possible effect on smooth muscle cell function or other structural components that may affect the biomechanical characteristics or vasoactive function.
As depicted in Figure 5, there is a lack of histological evidence in DTA supporting the notion that the biomechanical modifications outlined in this study can be attributed to the proliferation or decrease of microstructural load-bearing components or alterations at macrostructural levels, as illustrated in Table 1. To address this pertinent issue, it is conceivable to attribute the overall mechanical alteration expounded upon in Section 3.2 to changes in the stress/strain state of extracellular matrix components throughout the aortic-wall lifespan. This perspective finds resonance in prior investigations (Zeller and Skalak, 1998; Humphrey and Rajagopal, 2002).
All the mentioned aspects highlight that arterial biomechanics emerges as a crucial approach in explaining cardiovascular functional changes in response to hypobaric hypoxia, as well as the potential for improvement through treatment interventions (Herrera et al., 2008). This notion becomes particularly valuable, given that in the case study of this research, histological and morphometric information by itself does not provide evidence about the beneficial effects of treatment application, as reported in the biomechanical analysis.
A critical issue to be addressed in the biomedical research field is the potential translation of the results obtained from the sheep animal model to humans. Several authors (Duchenne et al., 2019; Weisskopf et al., 2021; Banstola and Reynolds, 2022) have discussed the impact of the sheep model in a cardiovascular context, assessing the following advantages: (a) Similar to cardiovascular human anatomy and physiological functions; (b) adequate translation of drug therapy between pre-clinical to clinical studies; (c) similar development with human pregnancy; and (d) biomechanical and hemodynamic properties are comparable to humans. In addition, focusing the attention on studies contextualized on perinatal chronic hypoxia using the ovine animal model, Gonzaléz-Candia et al. (2020) highlight the importance and benefits of this animal model, particularly on the translation to cardiopulmonary development. Moreover, Morrison et al. (2018) refers to the importance of the use of the sheep model in the study of intrauterine fetal growth restriction through high-altitude pregnancy, since the development of this condition is similar to humans, compared to other frequent-used animal models.
On one hand, the strength of this study lies in the biomechanical analysis of the effect of drug-based treatments on the passive biomechanical response of arterial tissue performed through multiple approaches, namely, ex-vivo mechanical testing along with morphological and histological analysis. This allows us to link the mechanical response of the arterial wall with the geometry and microstructure of the extracellular matrix and smooth muscle cells (Gleason and Humphrey, 2004). The study was performed on an appropriate animal model, whose results can be translated to clinical trials. On the other hand, the limitations of this study are related to, firstly, having analyzed only the passive response of arterial tissue, and secondly, the morphometric and histological analysis of the arterial wall, performed by accounting for microstructural components evaluated only on the transversal section of the arterial wall.
5 CONCLUSION
In this work, the biomechanical response of descending-thoracic aortas (DTA) and distal-abdominal aortas (DAA) from lambs subjected to chronic hypobaric high-altitude hypoxia (HAHH) has been studied, assessing whether hemin and sildenafil treatments could alter this behavior.
Our findings show that both treatments affect the biomechanics of the aorta, marked by: a significant increase in pre-stretch values on DTA subjects treated with hemin, which has not been reported in previous works; added to a decrement in opening-angle values on DTA and to higher uniaxial stiffness along the circumferential direction on DTA and DAA, due to sildenafil treatment. These results bring as a consequence an increment in stress level for an unloaded in-vivo configuration of the treated groups, compared to the non-treated, which improves vasodilatation, along with homogenizing and diminishing the stress levels on the artery wall, both desired effects concerning the application of the treatments.
Our results allow us to elucidate the impact of sildenafil and hemin treatments on the axial pre-stress and the circumferential residual stress of arteries from lambs exposed to HAHH, granting some insight into the relationship between the functional improvement of these pharmacological treatments and arterial biomechanics. In addition, the importance of the choice of the animal model is emphasized, determining that the sheep animal model is feasible to reduce the gap between this pre-clinical study and the clinical application of these findings.
To deepen the knowledge about the biomechanical response of the artery wall, future investigations should be focused on the study of other phenomena, such as viscoelasticity and active response. Along with that, adopting a feasible method to obtain the transmural residual stress (e.g., via numerical simulations) could give discernment about the quantitative impact of drug-based treatments directed at mitigating the effects of exposure to high altitudes, relating them to potential remodeling phenomena triggered at the cellular level. In addition, future studies should focus on the utilization of novel experimental techniques, such as confocal microscopy and computer tomography. These techniques enable precise quantification of fiber configurations under various load states (Pukaluk et al., 2022) and their spatial disposition along different cross-sectional views of the blood vessel. This approach aims to discern, more accurately, whether biomechanical changes stem from alterations in arterial components rather than their relative quantity.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was approved by Bioethics Committee of Universidad de Chile (Protocol CBA 761 FMUCH). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
AN: Investigation, Methodology, Data curation, Formal Analysis, Validation, Visualization, Writing–original draft. MI: Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing–original draft. AU: Data curation, Formal Analysis, Investigation, Visualization, Software, Writing–review and editing. AB: Data curation, Formal Analysis, Investigation, Visualization, Writing–review and editing, Validation. AG-C: Data curation, Investigation, Validation, Writing–review and editing, Methodology. ER: Data curation, Formal Analysis, Investigation, Methodology, Visualization, Writing–review and editing. C-GG: Resources, Writing–review and editing, Data curation, Formal Analysis, Visualization. EH: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Writing–review and editing. CG-H: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The authors wish to acknowledge the support of Universidad de Santiago de Chile, and FONDECYT Projects Nos 1151119, 1201283, and 1220956 of the Chilean National Research and Development Agency (ANID) (Expendables, operating expenses, student scholarships). AN, AB and AU thank ANID PFCHA/DOCTORADO NACIONAL BECAS CHILE (2019-21190623, 2021-21211826 and 2023-21231932, respectively). MI thanks “Ayudante_DICYT” project, code “052316 GH_Ayudante”, provided by “Vicerrectoría de Investigación, Desarrollo e innovación” from Universidad de Santiago de Chile (Research Assistant Salary and APC).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aguilar, M., González-Candia, A., Rodríguez, J., Carrasco-Pozo, C., Cañas, D., García-Herrera, C., et al. (2018). Mechanisms of cardiovascular protection associated with intermittent hypobaric hypoxia exposure in a rat model: role of oxidative stress. Int. J. Mol. Sci. 19, 366. doi:10.3390/ijms19020366
 Banstola, A., and Reynolds, J. N. (2022). The sheep as a large animal model for the investigation and treatment of human disorders. Biology 11, 1251. doi:10.3390/BIOLOGY11091251
 Beñaldo, F., Llanos, A., Araya-Quijada, C., Rojas, A., González-Candia, A., Herrera, E., et al. (2019). Effects of melatonin on the defense to acute hypoxia in newborn lambs. Front. Endocrinol. 10, 433. doi:10.3389/fendo.2019.00433
 Beñaldo, F. A., Araya-Quijada, C., Ebensperger, G., Herrera, E. A., Reyes, R. V., Moraga, F. A., et al. (2022). Cinaciguat (bay-582667) modifies cardiopulmonary and systemic circulation in chronically hypoxic and pulmonary hypertensive neonatal lambs in the alto andino. Front. Physiology 13, 864010. doi:10.3389/FPHYS.2022.864010
 Bezmalinovic, A., Rivera, E., García-Herrera, C., Celentano, D., González-Candia, A., and Herrera, E. A. (2021). Caracterización del Daño Mecánico de la Aorta en Condición de Hipoxia: Modelamiento y Simulación Numérica de un Ensayo de Presurización. Matéria R. Jan. 26. doi:10.1590/s1517-707620210001.1240
 Brito, J., Siques, P., and Peña, E. (2020). Long-term chronic intermittent hypoxia: a particular form of chronic high-altitude pulmonary hypertension. Pulm. Circ. 10, 5–12. doi:10.1177/2045894020934625
 Cardamone, L., Valentín, A., Eberth, J., and Humphrey, J. D. (2009). Origin of axial prestretch and residual stress in arteries. Biomech. Model Mechanobiol. 8, 431–446. doi:10.1007/s10237-008-0146-x
 Concannon, J., Dockery, P., Black, A., Sultan, S., Hynes, N., McHugh, P. E., et al. (2020). Quantification of the regional bioarchitecture in the human aorta. J. Anat. 236, 142–155. doi:10.1111/JOA.13076
 Dillon, K., Lamba, V., Philip, R. R., Weems, M. F., and Talati, A. J. (2023). Efficacy of sildenafil in infants with bronchopulmonary dysplasia-associated pulmonary hypertension. Child. (Basel, Switz.) 10, 1397. doi:10.3390/children10081397
 Drexler, E., Bischoff, J., Slifka, A., McCowan, C., Quinn, T., Shandas, R., et al. (2008). Stiffening of the extrapulmonary arteries from rats in chronic hypoxic pulmonary hypertension. J. Res. Natl. Inst. Stand. Technol. 113, 239–249. doi:10.6028/jres.113.018
 Duchenne, J., Claus, P., Pagourelias, E. D., Mada, R. O., Puyvelde, J. V., Vunckx, K., et al. (2019). Sheep can be used as animal model of regional myocardial remodeling and controllable work. Cardiol. J. 26, 375–384. doi:10.5603/CJ.A2018.0007
 Estarreja, J., Caldeira, G., Silva, I., Mendes, P., and Mateus, V. (2024). The pharmacological effect of hemin in inflammatory-related diseases: a systematic review. Biomedicines 12, 898. doi:10.3390/BIOMEDICINES12040898
 Evans, P., and Kwak, B. (2013). Biomechanical factors in cardiovascular disease. Cardiovasc. Res. 99, 229–231. doi:10.1093/cvr/cvt143
 Figueroa, E., Gonzaléz-Candia, A., Villanueva, C., Ebensperger, G., Reyes, R., Llanos, A., et al. (2021). Beneficial effects of melatonin on prostanoids pathways in pulmonary hypertensive neonates. Vasc. Pharmacol. 138, 106853. doi:10.1016/j.vph.2021.106853
 Fortier, A., Gullapalli, V., and Mirshams, R. (2014). Review of biomechanical studies of arteries and their effect on stent performance. IJC Heart and Vessels. 4 (1), 12–18. doi:10.1016/j.ijchv.2014.04.007
 Fung, L. (1991). Changes of zero-stress state of rat pulmonary arteries in hipoxic hypertension. J. Appl. Physiology 70, 2455–2460. doi:10.1152/jappl.1991.70.6.2455
 García-Herrera, C., Bustos, C., Celentano, D., and Ortega, R. (2016). Mechanical analysis of the ring opening test applied to human ascending aortas. Comput. Methods Biomechanics Biomed. Eng. 19, 1738–1748. doi:10.1080/10255842.2016.1183125
 Gleason, R. L., and Humphrey, J. D. (2004). A mixture model of arterial growth and remodeling in hypertension: altered muscle tone and tissue turnover. J. Vasc. Res. 41, 352–363. doi:10.1159/000080699
 Gonzaléz-Candia, A., Arias, P., Aguilar, S., Figueroa, E., Reyes, R., Ebensperger, G., et al. (2021). Melatonin reduces oxidative stress in the right ventricle of newborn sheep gestated under chronic hypoxia. Antioxidants 10, 1658. doi:10.3390/antiox10111658
 Gonzaléz-Candia, A., Candia, A., Ebensperger, G., Reyes, R., Llanos, A., and Herrera, E. (2020). The newborn sheep translational model for pulmonary arterial hypertension of the neonate at high altitude. J. Dev. Orig. Health Dis. 11, 452–463. doi:10.1017/S2040174420000616
 González-Candia, A., and Herrera, E. A. (2021). High altitude pregnancies and vascular dysfunction: observations from Latin american studies. Front. Physiology 12, 786038. doi:10.3389/fphys.2021.786038
 Graham, H. K., Akhtar, R., Kridiotis, C., Derby, B., Kundu, T., Trafford, A. W., et al. (2011). Localised micro-mechanical stiffening in the ageing aorta. Mech. Ageing Dev. 132, 459–467. doi:10.1016/J.MAD.2011.07.003
 Guo, X., Liu, Y., and Kassab, G. (2012). Diameter-dependent axial prestretch of porcine coronary arteries and veins. J. Appl. physiology 112, 982–989. doi:10.1152/japplphysiol.00857.2011
 Haghighipour, N., Tafazzoli-Shadpour, M., and Avolio, A. (2010). Residual stress distribution in a lamellar model of the arterial wall. J. Med. Eng. Technol. 34, 422–428. doi:10.3109/03091902.2010.514974
 Hayenga, H. N., Hu, J. J., Meyer, C. A., Wilson, E., Hein, T. W., Kuo, L., et al. (2012). Differential progressive remodeling of coronary and cerebral arteries and arterioles in an aortic coarctation model of hypertension. Front. physiology 3, 420. doi:10.3389/FPHYS.2012.00420
 Herrera, E., Ebensperger, G., Krause, B., Riquelme, R., Reyes, R., Capetillo, M., et al. (2008). Sildenafil reverses hypoxic pulmonary hypertension in highland and lowland newborn sheep. Pediatr. Res. 63, 169–175. doi:10.1203/PDR.0b013e31815ef71c
 Herrera, E., Farías, J., Ebensperger, G., Reyes, R., Llanos, A., and Castillo, R. (2015). Pharmacological approaches in either intermittent or permanent hypoxia: a tale of two exposures. Pharmacol. Res. 101, 94–101. doi:10.1016/j.phrs.2015.07.011
 Herrera, E. A., Riquelme, R. A., Ebensperger, G., Reyes, R. V., Ulloa, C. E., Cabello, G., et al. (2010). Long-term exposure to high-altitude chronic hypoxia during gestation induces neonatal pulmonary hypertension at sea level. Am. J. Physiology-Regulatory, Integr. Comp. Physiology 299, R1676–R1684. pMID: 20881096. doi:10.1152/ajpregu.00123.2010
 Holzapfel, G. (2000). Non linear solid mechanics. Chichester: John Wiley and Sons Ltd. 
 Holzapfel, G. (2008). Collagen in arterial walls: biomechanical aspects. Boston, MA: Springer US, 285–324. doi:10.1007/978-0-387-73906-9_11
 Horny, L., Adamek, T., and Kulvajtova, M. (2014a). Analysis of axial prestretch in the abdominal aorta with reference to post mortem interval and degree of atherosclerosis. J. Mech. Behav. Biomed. Mater. 33, 93–98. doi:10.1016/j.jmbbm.2013.01.033
 Horny, L., Adámek, T., and Kulvajtová, M. (2017). A comparison of age-related changes in axial prestretch in human carotid arteries and in human abdominal aorta. Biomechanics Model. Mechanobiol. 16, 375–383. doi:10.1007/s10237-016-0797-y
 Horny, L., Netušil, M., and Voňavková, T. (2014b). Axial prestretch and circumferential distensibility in biomechanics of abdominal aorta. Biomechanics Model. Mechanobiol. 13, 783–799. doi:10.1007/s10237-013-0534-8
 Humphrey, J. D., Dufresne, E. R., and Schwartz, M. A. (2014). Mechanotransduction and extracellular matrix homeostasis. Nat. Rev. Mol. Cell Biol. 15, 802–812. doi:10.1038/nrm3896
 Humphrey, J. D., and Rajagopal, K. R. (2002). A constrained mixture model for growth and remodeling of soft tissues. Math. Models Methods Appl. Sci. 12, 407–430. doi:10.1142/S0218202502001714
 Jaminon, A., Reesink, K., Kroon, A., and Schurgers, L. (2019). The role of vascular smooth muscle cells in arterial remodeling: focus on calcification-related processes. Int. J. Mol. Sci. 20, 5694. doi:10.3390/ijms20225694
 Kamenskiy, A., Seas, A., Bowen, G., Deegan, P., Desyatova, A., Bohlim, N., et al. (2016). In situ longitudinal pre-stretch in the human femoropopliteal artery. Acta Biomater. 32, 231–237. doi:10.1016/j.actbio.2016.01.002
 Karimi, A., Navidbakhsh, M., Rezaee, T., and Hassani, K. (2015). Measurement of the circumferential mechanical properties of the umbilical vein: experimental and numerical analyses. Comput. Methods Biomechanics Biomed. Eng. 18, 1418–1426. doi:10.1080/10255842.2014.910513
 Kelly, L. E., Ohlsson, A., and Shah, P. S. (2017). Sildenafil for pulmonary hypertension in neonates. Cochrane Database Syst. Rev. 2017. doi:10.1002/14651858.CD005494
 Kumar, V., Abbas, A., and Aster, J. (2014). Robbins and cotran pathologic basis of disease. Robbins pathology. Elsevier Health Sciences. 
 Laubrie, J. D., Bezmalinovic, A., García-Herrera, C. M., Celentano, D. J., Herrera, E. A., Avril, S., et al. (2023). Hyperelastic and damage properties of the hypoxic aorta treated with cinaciguat. J. Biomechanics 147, 111457. doi:10.1016/j.jbiomech.2023.111457
 Leonard, A. K., Loughran, E. A., Klymenko, Y., Liu, Y., Kim, O., Asem, M., et al. (2018). Methods for the visualization and analysis of extracellular matrix protein structure and degradation. Methods Cell Biol. 143, 79–95. doi:10.1016/BS.MCB.2017.08.005
 Morrison, J., Berry, M., Botting, K., Darby, J., Frasch, M., Gatford, K., et al. (2018). Improving pregnancy outcomes in humans through studies in sheep. Am. J. Physiology Regul. Integr. Comp. Physiology 315, R1123–R1153. doi:10.1152/ajpregu.00391.2017
 Navarrete, A., Zhuoming, C., Aranda, P., Poblete, D., Utrera, A., García-Herrera, C., et al. (2020). Study of the effect of treatment with atrial natriuretic peptide (ANP) and cinaciguat in chronic hypoxic neonatal lambs on residual strain and microstructure of the arteries. Front. Bioeng. Biotechnol. 8, 590488. doi:10.3389/fbioe.2020.590488
 O’Leary, S., Healey, D., Kavanagh, E., Walsh, M., McGloughlin, T., and Doyle, B. (2014). The biaxial biomechanical behavior of abdominal aortic aneurysm tissue. Ann. Biomed. Eng. 42, 2440–2450. doi:10.1007/s10439-014-1106-5
 O’Rourke, M. F., and Nichols, W. W. (2005). Aortic diameter, aortic stiffness, and wave reflection increase with age and isolated systolic hypertension. Hypertension 45, 652–658. doi:10.1161/01.HYP.0000153793.84859.B8
 Pancheri, F., Peattie, R., Reddy, N., Ahamed, T., Lin, W., Ouellette, T., et al. (2017). Histology and biaxial mechanical behavior of abdominal aortic aneurysm tissue samples. ASME J. Biomechanical Eng. 139, 031002. doi:10.1115/1.4035261
 Pejcic, S., Hassan, S., Rival, D., and Bisleri, G. (2019). Characterizing the mechanical properties of the aortic wall. Vessel Plus 3, 32. doi:10.20517/2574-1209.2019.18
 Pukaluk, A., Wolinski, H., Viertler, C., Regitnig, P., Holzapfel, G. A., and Sommer, G. (2022). Changes in the microstructure of the human aortic medial layer under biaxial loading investigated by multi-photon microscopy. Acta biomater. 151, 396–413. doi:10.1016/J.ACTBIO.2022.08.017
 Reesink, K. D., and Spronck, B. (2019). Constitutive interpretation of arterial stiffness in clinical studies: a methodological review. Am. J. Physiology-Heart Circulatory Physiology 316, H693–H709. pMID: 30525878. doi:10.1152/ajpheart.00388.2018
 Rivera, E., García-Herrera, C., González-Candia, A., Celentano, D., and Herrera, E. (2020). Effects of melatonin on the passive mechanical response of arteries in chronic hypoxic newborn lambs. J. Mech. Behav. Biomed. Mater. 112, 104013. doi:10.1016/j.jmbbm.2020.104013
 Shimzu, K., Takahashi, T., Iwasaki, T., Shimizu, H., Inoue, K., Morimatsu, H., et al. (2008). Hemin treatment abrogates monocrotaline-induced pulmonary hypertension. Med. Chem. 4, 572–576. doi:10.2174/157340608786241972
 Sigaeva, T., Sommer, G., Holzapfel, G. A., and Martino, E. S. D. (2019). Anisotropic residual stresses in arteries. J. R. Soc. Interface 16, 20190029–20190799. doi:10.1098/RSIF.2019.0029
 Sokolis, D., Bompas, A., Papadodima, S., and Kourkoulis, S. (2020). Variation of axial residual strains along the course and circumference of human aorta considering age and gender. ASME J. Biomechanical Eng. 142, 021003. doi:10.1115/1.4043877
 Touyz, R. M., Alves-Lopes, R., Rios, F. J., Camargo, L. L., Anagnostopoulou, A., Arner, A., et al. (2018). Vascular smooth muscle contraction in hypertension. Cardiovasc. Res. 114, 529–539. doi:10.1093/cvr/cvy023
 Tremblay, J. C., and Ainslie, P. N. (2021). Global and country-level estimates of humanpopulation at high altitude. Proc. Natl. Acad. Sci. 118, e2102463118. doi:10.1073/pnas.2102463118
 Utrera, A., Navarrete, A., González-Candia, A., García-Herrera, C., and Herrera, E. (2022). Biomechanical and structural responses of the aorta to intermittent hypobaric hypoxia in a rat model. Sci. Rep. 12, 3790. doi:10.1038/s41598-022-07616-3
 Voňavková, T., and Horny, L. (2020). Effect of axial prestretch and adipose tissue on the inflation-extension behavior of the human abdominal aorta. Comput. Methods Biomechanics Biomed. Eng. 23, 81–91. doi:10.1080/10255842.2019.1699544
 Walsh, M., Cunnane, E., Mulvihill, J., Akyildiz, A., Gijsen, F., and Holzapfel, G. (2014). Uniaxial tensile testing approaches for characterisation of atherosclerotic plaques. J. biomechanics 47, 793–804. doi:10.1016/j.jbiomech.2014.01.017
 Weimann, J., Ullrich, R., Hromi, J., Fujino, Y., Clark, M., Bloch, K., et al. (2000). Sildenafil is a pulmonary vasodilator in awake lambs with acute pulmonary hypertension. Anesthesiology 92, 1702–1712. doi:10.1097/00000542-200006000-00030
 Weisskopf, M., Kron, M., Giering, T., Walker, T., and Cesarovic, N. (2021). The sheep as a pre-clinical model for testing intra-aortic percutaneous mechanical circulatory support devices. Int. J. Artif. Organs 44, 703–710. doi:10.1177/03913988211025537
 Wheeler, J. B., Mukherjee, R., Stroud, R. E., Jones, J. A., and Ikonomidis, J. S. (2015). Relation of murine thoracic aortic structural and cellular changes with aging to passive and active mechanical properties. J. Am. Heart Assoc. 4, e001744. doi:10.1161/JAHA.114.001744
 Zeller, P. J., and Skalak, T. C. (1998). Contribution of individual structural components in determining the zero-stress state in small arteries. J. Vasc. Res. 35, 8–17. doi:10.1159/000025560
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Navarrete, Inostroza, Utrera, Bezmalinovic, González-Candia, Rivera, Godoy-Guzmán, Herrera and García-Herrera. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_165.gif





OPS/images/inline_164.gif





OPS/images/inline_167.gif





OPS/images/inline_166.gif





OPS/images/inline_161.gif





OPS/images/inline_160.gif





OPS/images/inline_163.gif





OPS/images/inline_162.gif







OPS/images/inline_159.gif





OPS/images/inline_55.gif






OPS/images/inline_158.gif





OPS/images/inline_56.gif






OPS/images/inline_16.gif
()





OPS/images/inline_54.gif
(p

0.12)





OPS/images/inline_59.gif





OPS/images/inline_6.gif





OPS/images/inline_57.gif





OPS/images/inline_58.gif





OPS/images/inline_62.gif





OPS/images/inline_60.gif





OPS/images/inline_61.gif





OPS/images/inline_155.gif





OPS/images/inline_154.gif
| oF





OPS/images/inline_157.gif





OPS/images/inline_156.gif





OPS/images/inline_15.gif





OPS/images/inline_153.gif





OPS/images/inline_152.gif
| oF





OPS/images/inline_121.gif





OPS/images/inline_65.gif





OPS/images/inline_120.gif





OPS/images/inline_66.gif





OPS/images/inline_14.gif





OPS/images/inline_63.gif





OPS/images/inline_13.gif
i vivol Lex—vivo





OPS/images/inline_64.gif





OPS/images/inline_69.gif





OPS/images/inline_7.gif





OPS/images/inline_67.gif





OPS/images/inline_68.gif





OPS/images/inline_70.gif





OPS/images/inline_71.gif





OPS/images/inline_26.gif





OPS/images/inline_25.gif





OPS/images/inline_28.gif





OPS/images/inline_27.gif





OPS/images/inline_24.gif





OPS/images/inline_23.gif





OPS/images/inline_118.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Biomechanical effects of hemin and sildenafil treatments on the aortic wall of chronic-hypoxic lambs		1 Introduction

		2 Material and methods		2.1 Animals and treatments

		2.2 Tested arterial tissue

		2.3 Experimental procedure

		2.4 Statistical analysis





		3 Results		3.1 Morphometry

		3.2 Biomechanical tests

		3.3 Histology





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/inline_11.gif





OPS/images/inline_12.gif





OPS/images/inline_119.gif





OPS/images/inline_3.gif





OPS/images/inline_29.gif





OPS/images/inline_10.gif





OPS/images/inline_31.gif





OPS/images/inline_1.gif





OPS/images/inline_30.gif
(0)





OPS/images/crossmark.jpg
©

|





OPS/images/fbioe-12-1406214-g005.gif





OPS/images/inline_207.gif





OPS/images/fbioe-12-1406214-g006.gif
Shocp model

ekl Treated groups

\rw

Sildenafil

Pre-stretching test

""'-'J' n=p

Ring opening test / Morphometry

i 7
Gv_,a...w.

|wm..,u

Lo —






OPS/images/inline_206.gif





OPS/images/fbioe-12-1406214-g003.gif
- contol
= Hemin
= sidenai

020 2040 4080 6030 0100

‘Segmentation (%) E






OPS/images/inline_209.gif





OPS/images/fbioe-12-1406214-g004.gif
200

. == Control
— 3 Hemin
&= sidenafi

150

100

50

Opening angle [']

DTA DAA





OPS/images/inline_208.gif





OPS/images/fbioe-12-1406214-t003.jpg
Sildenafil

Long.
Ei (kPa) 1205184 1261221 16224335 295.6+55.1 2225330 3617£506"
E; (kPa) 14514378 1198 265 1303 +284 2437 451 2051 + 498 2171+483
M (5) 150£0.09 1412003 145004 148008 | 150007 | 149:£008
0 (kPa) 156.9£506 89.63+18.31 12874245 25114634 230.1%68.3 3044816

Resulis of tests along longsindnal (Long:) -and- Greamibresitial (Circ) directions. Values exprossod as Mean & HRAL %) Skmilicant-diffoconces 1< i03% v, Control:





OPS/images/fbioe-12-1406214-t001.jpg
Control Hemin Sildenafil

IR (mm) T (mm) IR (mm) T (mm) IR (mm) T (mm)
227 £0.11 3.09+0.24 247 £0.17 3.44 £ 0.09 204£0.13

1.07 £0.05 244£0.23 1.07 +0.04 271£017 0.97 £ 0.05

p<0.05) were detected.





OPS/images/inline_205.gif





OPS/images/fbioe-12-1406214-t002.jpg
NIGELEN

Ey (kPa) 65.24+13.89 58.10£7.19 92.05 % 35.61 85492374 1197 +129 1297 +10.0*
E; (kPa) 204.1£208 3957 £96.5 256.9+69.3 505.9+85.9 279.1£224 [ 954.7 £106.9%
A ) 1.36:%0.08 1.57£0.07 | 1.610.21 1.61 0,07 | 1.52£0.08 [ 152£0.02
o, (kPa) 39.50+15.17 63.61+14.54 62.89+33.17 80.36 £ 15.20 69.61+9.80 [ 1135125

Resulis of tests along longsindaal (Long:) -and- Greamibresitial (Circ) directions. Values exprossod as Mean: & HRAL %) Skmilicant-diffoconces 1< iD3% v, Control:





OPS/images/inline_22.gif





OPS/images/fbioe-12-1406214-g001.gif





OPS/images/inline_210.gif





OPS/images/fbioe-12-1406214-g002.gif
 Oriciont sammle.





OPS/images/inline_21.gif





OPS/images/inline_212.gif





OPS/images/inline_211.gif





OPS/images/inline_32.gif
| oF





OPS/images/inline_33.gif





OPS/images/inline_36.gif





OPS/images/inline_37.gif





OPS/images/inline_34.gif





OPS/images/inline_35.gif





OPS/images/inline_5.gif





OPS/images/inline_53.gif





OPS/images/inline_38.gif





OPS/images/inline_4.gif





OPS/images/inline_198.gif





OPS/images/inline_197.gif





OPS/images/inline_2.gif





OPS/images/inline_199.gif





OPS/images/inline_204.gif
| oF





OPS/images/inline_203.gif
| oF





OPS/images/inline_200.gif
| oF





OPS/images/inline_20.gif
Wy





OPS/images/inline_202.gif





OPS/images/inline_201.gif





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/inline_188.gif





OPS/images/inline_19.gif





OPS/images/inline_189.gif





OPS/images/inline_195.gif





OPS/images/inline_194.gif





OPS/images/inline_196.gif





OPS/images/inline_191.gif





OPS/images/inline_190.gif





OPS/images/inline_193.gif





OPS/images/inline_192.gif





OPS/images/inline_18.gif
(0)





OPS/images/inline_179.gif





OPS/images/inline_185.gif





OPS/images/inline_184.gif





OPS/images/inline_187.gif





OPS/images/inline_186.gif





OPS/images/inline_181.gif





OPS/images/inline_180.gif





OPS/images/inline_183.gif





OPS/images/inline_182.gif





OPS/images/inline_72.gif





OPS/images/inline_75.gif





OPS/images/inline_178.gif





OPS/images/inline_76.gif





OPS/images/inline_73.gif





OPS/images/inline_74.gif





OPS/images/inline_79.gif





OPS/images/inline_8.gif





OPS/images/inline_77.gif





OPS/images/inline_78.gif





OPS/images/inline_80.gif





OPS/images/inline_17.gif





OPS/images/inline_175.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Bioengineering and Biotechnology






OPS/images/inline_174.gif





OPS/images/inline_177.gif





OPS/images/inline_176.gif





OPS/images/inline_171.gif





OPS/images/inline_170.gif





OPS/images/inline_173.gif





OPS/images/inline_172.gif





OPS/images/inline_81.gif





OPS/images/inline_82.gif





OPS/images/inline_169.gif





OPS/images/inline_85.gif





OPS/images/inline_168.gif





OPS/images/inline_86.gif





OPS/images/inline_83.gif





OPS/images/inline_84.gif





OPS/images/inline_87.gif





OPS/images/inline_9.gif





