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Key point summary 

 Intrauterine growth restriction (IUGR), induced by maternal undernutrition leads to 

impaired aortic development. This is followed by hypertrophic remodeling associated 

with accelerated growth during lactation. 

 Fetal nutrient restriction is associated with increased aortic compliance at birth and at 

weaning, but not in adult animals. This mechanical alteration may be related to a 

decreased perinatal collagen deposition. 

 Aortic elastin scaffolds purified from young male and female IUGR animals also exhibit 

increased compliance, only maintained in adult IUGR females. These mechanical 

alterations may be related to differences in elastin deposition and remodeling.  

 Fetal undernutrition induces similar aortic structural and mechanical alterations in 

young male and female rats.  

 Our data argue against an early mechanical cause for the sex differences in 

hypertension development induced by maternal undernutrition. However, the larger 

compliance of elastin in adult IUGR females may contribute to the maintenance of a 

normal blood pressure levels.  
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Abstract. Fetal undernutrition programs hypertension development, males being more 

susceptible. Deficient fetal elastogenesis and vascular growth is a possible mechanism. We 

investigated the role of aortic mechanical alterations in a rat model of hypertension 

programming, evaluating changes at birth, weaning and adulthood. Dams were fed ad-libitum 

(Control) or 50% of control intake during the second half of gestation (maternal 

undernutrition, MUN). 3-day, 21-day and 6-month old offspring were studied. Blood pressure 

was evaluated in vivo. In the thoracic aorta we assessed gross structure, mechanical properties 

(intact and purified elastin), collagen and elastin content and internal elastic lamina (IEL) 

organization. Only adult MUN males developed hypertension (SBP: MUNmales=176.6±5.6; 

Controlmales=136.1±4.9 mmHg). At birth MUN rats were lighter, with smaller aortic cross 

sectional area (MUNmales=1.51±0.08 x105, Controlmales=2.8±0.04 x105 m2); during lactation 

MUN males and females exhibited catch-up growth and aortic hypertrophy 

(MUNmales=14.5±0.5 x105, Controlmales=10.4±0.9 x105 m2), maintained until adulthood. MUN 

aortas were more compliant until weaning (Beta: MUNmales=1.0±0.04; Controlmales=1.3±0.03), 

containing less collagen with larger IEL fenestrae, returning to normal in adulthood. Purified 

elastin from young MUN offspring was more compliant in both sexes; only MUN adult females 

maintained larger elastin compliance (slope: MUNfemales=24.1±1.9; Controlfemales=33.3±2.8). 

Fetal undernutrition induces deficient aortic development followed by hypertrophic 

remodeling and larger aortic compliance in the perinatal period, with similar alterations in 

collagen and elastin in both sexes. The observed alterations argue against an initial mechanical 

cause for sex differences in hypertension development. However, the maintenance of high 

elastin compliance in adult females might protect them against blood pressure rise. 

Abbreviations 

CSA. Cross Sectional Area 

CVD. Cardiovascular Diseases 

DBP. Diastolic Blood Pressure 

ECM. Extracellular Matrix 

HR. Heart Rate 

IUGR. Intrauterine Growth Restriction 

IEL. Internal Elastic Lamina 

MUN. Maternal Undernutrition 

PFA. Paraformaldehyde  
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SBP. Systolic Blood Pressure 

W. Weight  
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Background  

Fetal and perinatal life are critical developmental periods and, if disrupted, may predispose the 

individual for later development of disease. Epidemiological and experimental studies have 

shown that suboptimal fetal growth, and subsequent low birth weight, is associated with a 

higher incidence of cardiovascular risk factors (hypertension, obesity and diabetes) and 

cardiovascular diseases (CVD) in adult life (Dasinger and Alexander, 2016). Inadequate fetal 

development, due to maternal malnutrition, placental alterations or exposure to other stress 

factors during intrauterine life, is frequently accompanied by accelerated postnatal growth, 

which has been proposed to be a key contributor to the development of CVD (Singhal et al., 

2007). 

Hypertension is one of the CVD risk factors consistently linked with low birth weight, both in 

humans and in various experimental animal models (Dasinger and Alexander, 2016). One of 

the proposed mechanisms to explain the relationship between suboptimal fetal growth and 

hypertension is a defective vascular development which might alter the mechanical properties 

of blood vessels (Martyn and Greenwald 1997). In support of this hypothesis is the evidence 

that low birth weight individuals exhibit a premature stiffening of carotid arteries (Martin et 

al., 2000), raised blood pressure in early life (Salgado et al., 2009), reduced conduit artery 

compliance (Martyn et al., 1995), as well as a tendency to remain in the same blood pressure 

centile during maturation (Voors et al., 1979). The passive mechanical properties of conduit 

vessels are largely dependent on the extracellular matrix (ECM), in particular on the balance 

between vascular collagen and elastic fibres and the distribution of tensile forces between 

them. Collagen and elastic fibres are formed during embryonic development and early 

postnatal life (Berry et al., 1972; Davis et al., 1995; Wagenseil and Mecham, 2009). Therefore, 

a defective or unbalanced deposition during these key developmental windows might establish 

the basis for later development of hypertension. Defective elastogenesis might be particularly 

important, since after the postnatal developmental period, elastic fibres are not efficiently 

synthesized, whereas collagen synthesis can be stimulated by several mechanical and humoral 

stimuli during maturation and ageing (Wagenseil and Mecham, 2009). Furthermore, a 

deficiency in elastogenesis could also contribute to abnormal wall structure, since elastin 

guides vascular cellular arrangement during fetal development and its deficit is responsible for 

abnormal wall formation (Li et al., 1998). In fact, in humans born small, there is evidence of 

alterations in the structure of the aorta, including reduced lumen size and wall thickening 

(Skilton et al., 2005). 
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Fetal programming of hypertension is influenced by sex and it has been shown that females 

exhibit a certain degree of protection, remaining normotensive or developing milder forms of 

hypertension (Grigore et al., 2008; Ozaki et al, and Woods et al., 2001). Sex differences in fetal 

programming of hypertension might be established during fetal development and could be 

related to the poorer adaptation of the male placenta to an adverse environment (Clifton et 

al., 2010). Another possibility is the protective effects of female sex hormones on the 

vasculature (Grigore et al., 2008).  

We hypothesize that the sex-dependent development of hypertension in response to fetal 

undernutrition is related to a lower aortic compliance, due to sex-specific differences in 

elastogenesis during fetal and perinatal life or in extracellular matrix remodeling during 

maturation. To test this hypothesis we have used a rat model of fetal nutrient restriction 

induced by maternal undernutrition during gestation (MUN), in which only male offspring 

develop hypertension (Rodríguez-Rodríguez et al., 2015 and Rodríguez-Rodríguez et al., 2017). 

We have established 2 experimental groups (MUN and Control) and compared the following 

variables in both male and female animals, at 3 age points (birth, weaning period and adult 

life). The variables analyzed were: 1) blood pressure and heart rate, 2) gross aortic structure 

and morphology, 3) quasi-static aortic mechanical properties, 4) aortic collagen and elastin 

content, 5) elastic properties of purified elastin extracted from the aorta and 6) organization of 

the internal elastic lamina (IEL). 
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Materials and Methods 

Ethical Approval. Experiments were performed on Sprague Dawley rats from the colony 

maintained in the Animal House at Universidad Autónoma de Madrid (ES-28079-0000097). All 

experimental procedures conformed to the Guidelines for the Care and Use of Laboratory 

Animals (NIH publication No. 85-23, revised in 1996) and the Spanish legislation (RD 

1201/2005). The experiments were also approved by the Ethics Review Board of Universidad 

Autónoma de Madrid and by the Comunidad Autónoma de Madrid Review Board for use of 

Animals for Scientific purposes (RD 53/2013). The experiments were carried out according to 

the principles and standards for reporting animal experiments in The Journal of Physiology 

(Grundy, 2015).  

Maternal undernutrition (MUN) model. The rats were maintained under controlled conditions 

(temperature 22°C, relative humidity 40% and 12/12 light/dark photoperiod). The animals 

were free from any pathogen that might interact with the study outcomes and their welfare 

was monitored by staff at least once a day.  

The model of global nutrient restriction in rats (MUN) was established as previously described 

(Rodríguez-Rodríguez et al., 2015). The observation of sperm in the vaginal smear in the dams 

was considered as day 1 of gestation. Thereafter, the dams were allocated either to the 

Control or MUN experimental groups. During the first 10 days of pregnancy, both Control and 

MUN rats were fed with the same diet (Euro Rodent breeding Diet 22; 5LF5, Labdiet, Spain) 

containing 55% carbohydrates, 22% protein, 4.4% fat and 4.1% fiber. From day 11 to the end 

of gestation MUN rats were provided with 50% of the averaged Control daily intake (previously 

established as 12g/day). After giving birth, MUN dams were again allowed free access to the 

diet. The Control rats were given free access to the feed throughout the experimental period. 

Drinking water was provided ad libitum in all cases. 

Both MUN and Control dams had litters of 12-15 pups. The pups were sexed and weighed 24 

hours after birth and the litters were standardized to 12 individuals, 6 males and 6 females 

when possible (smaller litters were not used). Experimental procedures were performed on 3 

day, 21 day and 6 month old rats. The experiments on 3 day old male rats were carried out in 

offspring from 3 different MUN dams and 4 Control dams. The experiments on 21 day old and 

6 month old rats were carried out in the offspring from 5 different dams. For every variable 

analyzed, 1-2 males and 1-2 females from each dam were used at every age point studied and 

the data from the siblings were averaged. The remaining rats from the litter were used for 

other studies to embody the principles of the 3Rs (replacement, reduction and refinement). All 

the animals were euthanized by an overdose of anesthesia (see below).  
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Blood pressure and heart rate. Measurements were made on 21 day and 6 month old rats. 

The rats were anaesthetized with 37.5mg/kg Ketamine hydrochloride and 0.25 mg/kg 

Medetomidine hydrochloride i.p. and placed on a heating blanket controlled by a rectal probe. 

After evaluation of the depth of anesthesia by lack of reflex, the iliac artery was exposed 

though an incision and a polyethylene P50 catheter, filled with 0.9% saline solution with 1% 

heparin, was inserted and passed into the distal abdominal aorta. The catheter was connected 

to a pressure transducer (Statham; Harvard Apparatus) and to a PowerLab data acquisition 

system/8SP (ADInstruments). The pressure wave was continuously recorded for 45 min and 

the data were stored for later analysis. In all cases, blood pressure dropped during the first 30 

min and thereafter remained stable for the rest of the experimental period. Quantification of 

heart rate (HR) and diastolic and systolic blood pressure (DBP, SBP) was performed during the 

last part of the recording period, averaging the data in the pressure wave trace for 

approximately 1 minute. Thereafter, the rats were killed with excess anesthesia and the 

thoracic aorta was dissected.  

Treatment of the thoracic aorta. The aortic arch was discarded. A ring proximal to the arch 

was cut, fixed in 4% paraformaldehyde (PFA) and stored for later analysis of aortic structure 

with confocal microscopy. The adjacent segment, 3-4 mm long, was used to test the 

mechanical properties of the intact vessel. The remaining thoracic aorta was either fixed with 

4% PFA, for the study of IEL organization with confocal microscopy, or treated to remove 

collagen (see below) to evaluate the mechanical properties of the elastin scaffold. In 3 day old 

specimens these protocols could not be performed due to insufficient tissue.  

In 3 day old rats the mechanical properties of the aorta were assessed with a pressure 

myograph, this technique being chosen due to the small size of the aorta. The aortas from 21 

day and 6 month old animals, as well as the purified elastin scaffolds obtained from them, 

were too large for pressure by myography and their mechanical properties were evaluated by 

subjecting rings to isometric tension. 

In an additional group of rats the whole thoracic aorta was used to quantify elastin and 

collagen content.  

Aortic morphology. To evaluate gross structure the ring proximal to the aortic arch was used. 

The ring was mounted on a slide provided with a small well, to avoid compression, containing 

Citifluor mounting medium (Life Technologies). The rings were visualized with a laser scanning 

confocal microscope (Leica® TCS SP2) at Ex488 nm/Em500–560 nm, the wavelength at which 

elastin can be detected by its autofluorescence (Wong and Langille, 1996), thus revealing the 

limits of the arterial media. Single images were captured with a x20, x10 or x5 air objective 
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(depending on the size of the artery). Quantification was performed with MetaMorph® image 

analysis software (Universal Image Corporation). Internal and external perimeters were 

measured from the images and internal diameters and medial cross sectional medial areas 

(CSA) were calculated, assuming the sections were circular.  

Pressure myography. Aortic segments from 3 day old rats were mounted on a pressure 

myograph (Danish Myotech P100, J.P. Trading, Denmark), as previously described (Gil-Ortega 

et al., 2016). Briefly, the arterial segment was secured with nylon sutures between 2 glass 

cannulae in an organ bath maintained at 37°C, containing zero-calcium physiological salt 

solution (0Ca-PSS) of the following composition:115 mM NaCl, 4.6 mM KCl, 25 mM NaHCO3, 

1.2 mM KH2PO4,1.2 mM MgSO4, 10 mM EGTA, 11 mM glucose and bubbled with a mixture of 

95% O2 and 5% CO2 to maintain the pH between 7.3 and 7.4. The organ bath was placed on the 

stage of a Zeiss Axiovert inverted microscope coupled to a CCD camera (Sony XC-73CE, 

monochrome) attached to the microscope`s third ocular tube.  The artery was first allowed to 

equilibrate for 15 min and thereafter it was exposed to increasing pressures (5, 20, 40, 60, 80, 

100, 120 mm Hg). At each pressure, the artery was allowed to stabilize for 3 minutes and an 

image was taken with a x10 objective. From the images, external diameter was measured with 

ImageJ software (internal diameters could not be visualized). From each segment a pressure-

stretch relationship was calculated. Stretch () was defined as Dx-D0/D0, where Dx is the 

external diameter at each pressure (P) and D0, the diameter at or near to zero pressure. 

Individual pressure-stretch data were fitted to an exponential curve (P=aeB), where a is a 

constant. The B values obtained from the fitted curve were taken as a measure of the 

functional stiffness. At the end of the experiment the vessel was fixed at 40 mm Hg pressure, 

the estimated SBP of the rat according to previously obtained data (González et al., 2005) and 

stored for confocal microscopic analysis of fenestral area in the IEL. 

Isometric tension. Mechanical properties of ring specimens were tested using an isometric 

recording system as previously described (Angus and Wright, 2000). Briefly, the 3 mm long 

segment was mounted on stiff stainless steel hooks in an organ bath containing 0Ca-PSS at 

37°C. One of the hooks was fixed to a methacrylate support leg and the second hook was 

connected to an isometric force transducer coupled to a recording system PowerLab 8SP 

(ADInstruments). The arterial segment was allowed to equilibrate for 15 min unstretched on 

the wire hooks with the spacing between the hooks adjusted so that they were both in contact 

with the inner wall of the vessel but not generating a measurable force. Thereafter, the 

separation between the hooks was increased in 200 m steps with a micrometer and the force 

generated was recorded after 3 min. This procedure was carried out until tissue failure (21-day 
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old rats) or at the maximum stretch the system allowed (6 month old rats). From each segment 

a tension-internal circumference relationship was derived as previously described (Angus and 

Wright, 2000) from the expression Ti = aeBL
i, where Ti is the circumferential tension at each 

stretch level i, calculated as Ti= Fi/2g, where g is segment length (3 mm)  and Fi is the force 

measured at each stretch level; a, is a constant and Li is the internal circumference at each 

stretch level, calculated from the individual internal diameters at zero tension (obtained from 

the ring measurements) and the distance between the hooks. The B values obtained from the 

exponential fit to the tension length data were taken as a measure of the functional stiffness. 

In 6 month old rats, due to the large size of the aorta, the system could not accommodate a 

stretch level sufficient to cause tissue failure and the tension-internal circumference 

relationship was fitted to a linear expression. In this case the slope was used as a measure of 

functional stiffness.  

Elastin purification protocols. A hot alkali purification method (adapted from Mecham, 2008) 

was used. Two protocols were established; one was used for quantitative analysis of elastin 

and collagen content and the second, to obtain scaffolds of purified elastin for mechanical 

testing.  

Purification method to quantify relative elastin and collagen content. The whole thoracic aorta 

was dried on a glass slide in an oven, at 65°C, for 30 min and weighed (dry weight). Then, it 

was immersed in a glass tube containing 500 l of 0.1N NaOH solution, maintained at 100°C in 

a water bath while avoiding evaporation. The resulting elastin scaffold was washed twice in 

distilled water, dried in the oven at 65°C for 30 min and weighed again to obtain the relative 

elastin weight (elastin weight/aortic dry weight). Preliminary experiments were performed to 

establish the optimum time of incubation in NaOH. We considered as optimal, the incubation 

time required to eliminate the cells and collagen from the aorta without visible elastin 

degradation (maintenance of a fenestrated organization in the lamellae). This was assessed by 

staining the sample with the nuclear dye DAPI (1:500, 15 min), together with collagen I and 

collagen III antibodies (Santa Cruz, 1:200, overnight) followed by species-specific secondary 

antibody staining (Alexa Fluor 647, Molecular Probes, 1:200,60 min). The sample was 

examined with a laser scanning confocal microscope (Leica® TCS SP2) at Ex 405/Em410–475 

nm to visualize cell nuclei, Ex488/Em500–560 nm to visualize elastin autofluorescence and Ex 

647/Em665 nm to visualize collagen.  

The remaining NaOH solution was used to assess total collagen content using a protocol based 

on dot blot protein detection on PVDF membranes (BioRad) and Sirius red (Sigma-Aldrich), as 

previously described (Rodríguez-Rodríguez et al., 2013). From each aorta, the relative elastin 
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and collagen dry weights were calculated with respect to the aortic dry weight prior to 

purification.  

Purification method to test mechanical properties of the elastin scaffold. In this case, the 

thoracic aorta segment was exposed to the hot alkali, as described above, without the drying 

step to minimize manipulation and damage. 

NaOH incubation times to purify elastin were identical for female and male aortas. 

Fenestral organization in the internal elastic lamina (IEL).  The IEL is visible due to the 

autofluorescent properties of elastin; the IEL is partially folded in relaxed vessels and it is best 

visualized when fixed under pressure or tension (Briones et al., 2003). In 3-day old rats, the IEL 

was evaluated in the aorta fixed at 40 mm Hg. In 21 day and 6 month old rats, a group of aortic 

segments were fixed on the hooks under tension with 4% PFA for 2h. The tension level to 

achieve a maximal stretch of elastin was calculated from the previously obtained tension-

internal circumference data (3.6 mm stretch for 21-day old aorta and at 5.6 mm stretch for 6 

month old aorta). The fixed segment was cut open, mounted on a slide with the endothelial 

side facing up and visualized with the Ex 488/Em500–560 nm emission wavelength. Stacks of 

serial optical sections (0.5 m thick) were captured from 3 randomly chosen regions with a x20 

oil immersion objective at zoom 8, under identical conditions of laser intensity, brightness and 

contrast, as previously described (Briones et al., 2003). A maximum intensity projection image 

was obtained from the stack with Metamorph Image analysis software. These images were 

segmented at identical threshold levels and binary images obtained to quantify the relative 

area occupied by the fenestra. 

Statistical analysis 

Statistical analysis was performed with SPSS (version 22). Sample size was calculated as 10rats 

per group. This calculation was performed based on blood pressure measurements in vivo, 

which was the parameter which, in our experience, exhibits the highest variability, assuming 

an alpha type error of 5% and a beta type error of 80%. All the variables analyzed followed a 

normal distribution (Kolmogorov-Smirnov test). Data are expressed as mean ± SEM and include 

the mean differences between Control and MUN groups and their confidence intervals (CI, 

95%). When 2 or more pups from the same dam were used, the values were averaged and the 

number of dams was used as “n” value for statistical analysis (Dickinson et al., 2016). Data 

were analyzed by ANOVA, with maternal nutrition, sex and age as factors.   
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Results  

Body weight. At birth MUN rats were significantly smaller than Controls, both in males and 

females. MUN pups from both sexes remained significantly lighter at 3 days of age. At the age 

of 21 days there was no significant difference in body weight between MUN and Control rats, 

either in males or in females. Again, at the age of 6 months there was no significant difference 

in body weight between MUN and Control males or females (Figure 1). The interaction 

between sex and age was statistically significant (p<0.001), showing the expected sexual 

dimorphism in body weight of adult rats from both experimental groups. 

Blood pressure and heart rate. At the age of 21 days we found no statistically significant 

differences in SBP, DBP or HR between MUN and Control rats, either in males or in females. At 

the age of 6 months MUN males exhibited significantly higher SBP and DBP compared to their 

age and sex matched Control counterparts. We did not observe statistically significant 

differences between MUN and Control females. Heart rate was not significantly different 

between MUN and Control rats, either in males or in females (Figure 2). There was a significant 

interaction between the 3 factors (sex, age and maternal nutrition) for SBP (p<0.01) and DBP 

(p<0.05), but not for HR, which indicates an age-dependent sexual difference in blood pressure 

in association with maternal nutrition. 

Aortic structure. There was no statistical difference between groups in the internal diameter 

of the aorta at any age studied (Figure 3A). 3-day old MUN males had a significantly smaller 

medial CSA compared to Controls. At the age of 21 days medial CSA was significantly larger in 

MUN rats compared to Controls both in males and females. A larger CSA was also found in 6 

month old MUN males and females compared to their sex-matched Control counterparts 

(Figure 3B). A significant interaction between sex and age was observed for both internal 

diameter (p<0.001) and CSA (p<0.001), which indicates a sexual dimorphism in the size of the 

aorta in adult rats from both experimental groups. In addition, a significant interaction 

between maternal nutrition and age was found for CSA (p<0.001); which suggests that 

maternal undernutrition induces wall hypotrophy during fetal development followed by a 

hypertrophic response during the catch-up growth period. No differences in the number of 

elastic lamellae were observed at any age studied (data not shown). 

Mechanical tests on the thoracic aorta. In 3 day old MUN male rats the pressure-stretch 

relationship was shifted to the right and the mean B value, derived from the expression 

P=aeB, was significantly lower when compared to Controls (Figure 4A). 

In 21-day old MUN rats the tension-stretch relationship was shifted to the right and the mean 

B value (derived from the expression Ti = aeBLi) was significantly smaller in MUN rats compared 
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to Controls, both in males and in females (Figure 4B). No significant interaction was found 

between maternal nutrition and sex in the B value, indicative of a similar mechanical behavior 

of young male and female aorta. 

In the tension-stretch tests on 6 month old rats it was not possible to reach tissue failure due 

to the large size of the vessel and limitations of the measurement system. Over the range of 

stretches investigated there was a linear relationship between tension and stretch. There were 

no statistically significant differences in the slopes of linear fits to the relationship between 

MUN and Control rats, either in males or in females (Figure 4C). No significant interaction was 

found between maternal nutrition and sex in slope values, indicative of a similar mechanical 

behavior of adult male and female aorta from both experimental groups. 

Aortic elastin purification. Experiments were performed to determine the optimum incubation 

time with hot alkali to obtain elastin scaffolds devoid of cells and collagen. It was observed that 

after 15 minutes in NaOH the cellular component of the aorta was completely removed, but 

collagen was still visible in both 21-day old and 6-month old rat aorta. In the aorta from young 

rats, a 30 min incubation period completely removed collagen and the fenestrae were still 

visible in the IEL; longer incubation times substantially degraded elastin. In the aorta from 

adult rats a 45 min period was required to completely eliminate collagen leaving visible 

fenestra and longer incubation times substantially degraded IEL (Figure 5).   

Mechanical tests on purified aortic elastin. In purified elastin scaffolds tension-stretch data 

exhibited a linear relationship (Figure 6). In 21 day old MUN rats the slope of this relationship 

had significantly lower values compared to Controls, both in males and in females, showin that 

the elastin scaffold of MUN rats was more compliant than those of Controls (Figure 6A). 

In 6 month old rats there were no statistically significant differences in slope values between 

MUN and Control males. However, a significantly lower slope value was found in MUN females 

compared to female Controls (Figure 6B). A significant interaction between sex and age was 

found for slope values, suggesting that the change with age in the elastin mechanical behavior 

is influenced by sex. 

Collagen and elastin content. At the age of 21 days we did not detect a significant difference 

in relative elastin content between MUN and Control rats, either in males or in females (Figure 

7A). Relative collagen content was significantly smaller in aortas from MUN rats in both males 

and females (Figure 7B). 

At the age of 6 months we did not detect a significant difference between MUN and Control 

rats in relative elastin or collagen content, either in males or in females (Figure 7).  
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Fenestral organization in the IEL. In the aorta from 3-day old rats the fenestrae were very 

small and hardly visible and could not be accurately quantified. In 21 day old aortas the IEL 

from Control rats appeared denser and more compact compared to the IEL from MUN rats, 

both in males and females. The area occupied by the fenestrae (relative to that of the entire 

image) was significantly larger in MUN rats compared to Controls, both in males and in females 

(Figure 8A).  

In 6 month old rats, the fenestrae were larger than in 21 day old rats. No significant differences 

in the relative fenestral area were observed between groups (MUN and Control), either in 

males or females. However, a significant interaction between maternal nutrition and sex was 

found for fenestral area (p<0.05), suggesting a different mode of age-related IEL remodeling in 

MUN males and females. 
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Discussion 

Our main objective was to determine if the sex-dependent development of hypertension   

induced by nutrient restriction during fetal life could be explained by an early alteration of the 

mechanical properties of the aorta and to assess the involvement of collagen and elastin 

alterations. To achieve this objective, we introduced some modifications in the methodology 

which merit discussion.  

Methodological aspects 

Collagen and elastin and their interaction are the main determinants of the passive mechanical 

properties of the large elastic arteries and they are often quantified in vascular research from 

morphometric analysis of vascular sections stained with specific dyes or antibodies. One of our 

methodological objectives was to quantify these ECM proteins from the same vascular location 

with a chemical method, which could be both less time consuming and less subjective than 

classical histomorphometry. The method is based on the classical method of purification of 

elastin in hot alkali and the quantification of collagen in the remaining solution. Elastin is the 

main component of elastic fibres and is highly resistant to high temperature, extreme pH and 

chemical attack. Several purification methods have been described, including autoclaving, 

extraction in CnBr or in NaOH at high temperature, each of them with advantages and pitfalls 

(Mecham, 2008). We chose the hot alkali method for several reasons: 1) the scaffold obtained 

with this method matches the aminoacid composition of native elastin (Daamen et al., 2001), 

2) it allows the assaying of collagen in the resulting solution and 3) it is an easier and less toxic 

method than CnBr extraction. The main drawback of this approach is the possibility of inducing 

some fragmentation of elastin. To minimize this problem it has been recommended to avoid 

prolonged incubation times (Mecham, 2008). Since we were using aorta from rats of different 

ages we considered it important to establish the optimum incubation time. Our results 

demonstrate that the cellular component is the first to be eliminated, while collagen requires 

longer times. We considered the visualization of intact fenestral organization in the IEL as a 

good means of judging the degree of elastin degradation, based on our previous reports using 

elastase (Briones et al., 2003) or CnBr purification (Arribas et al., 2008). It is important to note 

that the purified elastin scaffold obtained for mechanical tests is elastin devoid of the 

microfibrilar component of the elastic fibre (Daamen et al., 2001) as well as, by definition, 

alkali soluble elastin, and therefore these specimens might not exhibit the mechanical 

behavior of the native elastic fibre. Moreover, we cannot be sure that the NaOH digestion has 

not induced some degree of elastin fragmentation.  
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The collagen assay in the remaining extract after elastin purification, developed by our group, 

is based on the detection of the basic residues of the collagen aminoacids with Sirius red on a 

dot blot assay (Rodríguez-Rodríguez et al., 2013).  This method is similar to the Sircol collagen 

colorimetric assay, previously used to evaluate intact collagen (Dodson et al., 2017). The main 

advantage of our method is that it enables one to detect all the collagen in the vascular wall, 

independent of the degree of fragmentation, using gelatin (semi-fragmented collagen) as a 

standard. Since the method is compatible with the NaOH assay it has the advantage that it 

allows quantification of total collagen and elastin from the same part of the vessel.  

Hemodynamic alterations induced by fetal undernutrition  

The present results show that MUN rats from both sexes were normotensive at weaning and 

only adult MUN males developed hypertension. These data confirm the sexual differences in 

blood pressure development in rats exposed to global nutrient restriction during fetal life, as 

has been previously described by others and by us (Dasinger and Alexander, 2016; Rodriguez-

Rodriguez et al., 2017). We analyzed blood pressure under medetomidine/ketamine 

anesthesia, which needs to be taken into consideration since both drugs exert cardiovascular 

effects. In small animals ketamine has been shown to induce a short term increase in blood 

pressure (Dobromylskyj, 1996), an effect related to increased sympathetic nervous system 

outflow. Consequently, ketamine produces cardiovascular effects that resemble sympathetic 

nervous system stimulation. On the other hand, medetomidine has alpha 2-adrenergic agonist 

effects reducing noradrenaline outflow within the central nervous system, which results in 

dampening of the central sympathetic tone and bradycardia (Sinclair, 2003). In fact, we have 

evidence of a lower HR in MUN and Control rats under medetomidine/ketamine anesthesia 

compared to diacepam/ketamine (Rodriguez-Rodriguez et al., 2017). Under our experimental 

conditions, using a mixture of both anesthetics, we observed an initial pressure drop that 

stabilized after 30 minutes. This effect was observed in all animals, irrespective of their dietary 

group. Since alterations in the sympathetic nervous system have been described in animal 

models of fetal programming (Alexander et al., 2015), we cannot disregard the possibilitythat 

the anesthetics used might exert different cardiovascular effects in MUN and Control rats. 

Furthermore, we cannot exclude the possibility of a different effect of the anesthesia on males 

and females which might have masked a mild form of hypertension in MUN females, as 

previously described (Dassinger and Alexander, 2016). It also needs to be pointed out that we 

did not evaluate the stage of estrus cycle of the rat when the blood pressure measurements 

were performed. This might influence hemodynamic variables, since estrogens are known to 

induce vasorelaxation, through a positive modulation of nitric oxide production (Chakrabarti et 

al., 2013). 
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Structural and mechanical alterations induced by fetal undernutrition  

Our main objective was to evaluate the hypothesis that sex-dependent programming of 

hypertension induced by fetal nutrient restriction is related to deficient elastogenesis and 

subsequent perinatal alteration of aortic mechanical properties.  

Fetal undernutrition induced a poor vascular development, as demonstrated by the smaller 

aorta in newborn MUN male rats. This initial effect was followed by a hypertrophic response 

observed at weaning, likely related to accelerated growth during the lactation period. This is a 

compensatory response to nutrient deficiency in utero which we have previously observed in 

other organs, such as adipose tissue (Muñoz-Valverde et al., 2015) and the heart (Rodríguez-

Rodríguez et al., 2017). Vascular remodeling in the aorta was not accompanied by increased 

vessel stiffness in early life. In fact, the aorta from MUN rats was less stiff at birth, as shown by 

the rightward shift of the stretch-pressure relationships and the lower B values. Moreover, the 

reduced stiffness was maintained at the age of 21 days. Our data differ from those recently 

reported in a rat model of IUGR induced by bilateral uterine artery ligation, which show an 

increased stiffness of the aorta at weaning (Dodson et al., 2017). Another difference between 

both studies is the alteration in elastin. In the rat model of placental insufficiency Dodson and 

co-workers reported a reduction in the number of elastic lamella, while we did not detect 

alterations in elastin content or in the number of lamella. We suggest that differences in 

haemodynamic environment might account for the observed disparity between the two 

models of IUGR, since elastogenesis is highly influenced by local hemodynamic conditions. The 

key role of placental flow on elastin deposition is shown in necropsies from children born with 

a single umbilical artery in which the entire placental blood flow passes through the common 

iliac artery on one side only. This vessel exhibited a lamellar structure richer in elastin 

compared to the contralateral artery which had not been included in the placental circulation 

(Meyer and Lind, 1974). In a study on adolescents born with a single umbilical artery, a large 

difference was found in the compliance of the two iliac arteries, assessed by measurements of 

pulse wave velocity, thus demonstrating that the effect of abnormal blood flow during uterine 

life has long lasting effects on arterial structure and function (Berry et al., 1976). 

Despite the fact that we did not observe modifications in elastin content or number of lamella, 

a less compact organization of the IEL with larger fenestral area was found in MUN rats. We 

cannot discard the possibility that this alteration reflects a reduced elastin deposition, not 

detectable by relative elastin weight measurements. Alterations in elastin distribution in 

lamella, showing a reduction in inter-lamella connections, have been previously found in blood 

vessels from young rats exposed to protein restriction in fetal life (Khorram et al., 2007). In 



18 
 

SHR and WKY rats we have previously reported a positive association between fenestral size 

and vascular compliance of purified elastin frameworks from aorta (Arribas et al., 2008). 

Therefore, we suggest that the observed alterations in the IEL organization might contribute to 

the reduced stiffness of the purified elastin scaffolds in 21-day old MUN rats, evidenced by the 

lower slope values of the stretch-tension relationship. 

Collagen is, together with elastin, another key ECM determinant for the passive vascular 

mechanical properties. Therefore, the lower collagen content of the aorta from young MUN 

rats could contribute to the observed reduction in stiffness. Taking together our current data 

and previous reports in other rat models of IUGR, we note an important difference in the 

deposition of ECM, particularly elastin and collagen, between models of placental insufficiency 

and those of nutritional deficiency. These might account for the observed disparity in the 

vascular mechanical properties of young animals in each of these experimental models. The 

observed structural and mechanical alterations induced by nutrient deficit were similar in 21-

day old male and female offspring. Therefore, our results argue against an early mechanical 

defect induced by altered elastogenesis as primary cause of sex-dependent hypertension in 

this rat model of IUGR. 

The initially reduced stiffness of the aorta from MUN rats was lost by the time they reached 

adulthood. Due to methodological constraints, we were unable to evaluate the mechanical 

properties of the aorta over the full range of stretch. The stretch-tension relationship in 6-

month old aortas was approximately linear, which suggests that we reached only a limited 

degree of elastin deformation and thus it is likely that we did not reach a significant level of 

collagen recruitment (Dobrin, 1978). Therefore, we cannot provide information on the 

contribution of collagen to the mechanical properties of the aorta from adult rats or possible 

differences between MUN and Control animals. Although we did not detect alterations in total 

collagen content, we cannot rule out a modification in the organization of collagen fibres. In 

this regard changes in the angular distribution of adventitial collagen have been previously 

described in a sheep model of IUGR (Dodson et al., 2014). This is a limitation in this study, 

which deserves further analysis with appropriate methodology. 

The relative elastin content in the adult aorta was maintained at a similar level to that in 21-

day old rats, (around 40% of dry weight), similar values to those previously reported in rats 

(Greenwald and Berry, 1978) and mice (Davis et al., 1995). These data confirm that elastin is 

not actively synthesized after weaning and it is mainly remodeled, as shown by the observed 

enlargement of the IEL fenestrae from the age of 21 days to adulthood. This has been 

previously reported in rabbit conduit (Wong and Langille, 1996) and in rat resistance arteries 

(González et al., 2005). Elastin content was similar in males and females, but a sex difference 
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was observed in the remodeling of the IEL; i.e. the increased fenestral size with maturation 

was greater in the female aorta. This was accompanied by a larger compliance of elastin, 

demonstrated by the lower slope values of elastin scaffolds in female aorta, particularly in 

MUN rats. In adults, it was also found that the larger compliance of the elastin scaffolds 

observed at a young age was maintained in MUN females but not in MUN males. Fenestral 

enlargement is induced by metalloproteases (MMPs), particularly MMP-2 (Jackson et al., 

2002), which are regulated by sex steroids (Vassilev et al., 2005). Therefore, it is possible that 

elastin remodeling in MUN rats is influenced by sex hormones. In fact, sex steroids have been 

proposed to play a role in the different responses of males and females to fetal stress. 

Testosterone has been shown to be implicated in fetal programming of hypertension, while 

estrogens provide protection to females exposed to several fetal insults (Ojeda et al., 2007a; 

Ojeda et al., 2007b). The differences in the mechanical properties of elastin between male and 

female MUN rats, observed in adult life, but not in the perinatal period (before sexual 

maturation), also support this assumption. Therefore, it is possible that estrogens contribute 

to the protection of females against fetal programming of hypertension through a more 

effective mechanical adaptation during adult life.  
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Figure legends 

Figure 1. Body weight in male and female rats aged 24 h, 3 days, 21 days and 6 months. 

MUN, maternal undernutrition. In parentheses is shown the number of dams (from each dam 

2 pups of each sex were averaged, with the exception of 24h data which includes all pups from 

each dam). Bar graphs represent the mean and error bars are SEM. Mean differences between 

Control and MUN groups are shown below each graph together with confidence intervals 

(*p<0.05 when compared to sex and age-matched Control rats). 

 

Figure 2. Systolic and diastolic blood pressure (SBP, DBP) and heart rate (HR) measured in 

anesthetized male and female rats aged 21 days and 6 months. MUN, maternal 

undernutrition. In parentheses is shown the number of dams (from each dam 2 pups of each 

sex were averaged). Bar graphs represent the mean and error bars are SEM. Mean differences 

between Control and MUN groups are shown below each graph together with confidence 

intervals (*p<0.05 when compared to sex and age matched Control rats). 

 

Figure 3. Thoracic aorta structure. (A) Internal diameter and (B) Media Cross Sectional Area 

(CSA) from thoracic aorta rings without tension. MUN, maternal undernutrition. In 

parentheses is shown the number of dams (from each dam 2 pups of each sex were averaged). 

Bar graphs represent the mean and error bars are SEM.  Mean differences between Control 

and MUN groups are shown below each graph together with confidence intervals (*p<0.05 

when compared to sex and age matched Control rats). 

 

Figure 4. Mechanical properties of rat aortic segments. (A) Average stretch-pressure 

relationship in 3-day old rats. (B) Average stretch-tension relationship in 21-day old rats. (C) 

Average stretch-tension relationship in 6-month old rats. Inset shows the average B values or 

slope (derived for the exponential fit) from each experimental group. MUN, maternal 

undernutrition. In parentheses is shown the number of dams (from each dam 2 pups of each 

sex were averaged). Bar graphs represent the mean and error bars are SEM. Mean differences 

between Control and MUN groups are shown below each graph together with confidence 

intervals (*p<0.05 when compared to sex and age matched Control rats).  
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Figure 5. Effect of different incubation times with NaOH on aortic collagen and elastin 

degradation.  Representative images of adventitial collagen and internal elastic lamina from a 

21 day old Control rat aorta incubated with 0.1 N NaOH at 0, 15, 30 or 45 minutes. Images 

were obtained with a laser scanning confocal microscope at Ex488 nm/Em500–560 nm to 

visualize elastin and Ex 647/Em 665 to visualize collagen, using a x20 objective with zoom 4. 

Scale bar 25 m.  

 

Figure 6. Mechanical tests on purified aortic elastin. (A) Average stretch-tension relationship 

in 21-day old rat aorta. (B) Average stretch-tension relationship in 6-month old rat aorta. Inset 

shows the average slope values. MUN, maternal undernutrition. In parentheses is shown the 

number of dams (2 pups from each dam were used). Bar graphs represent the mean and error 

bars are SEM. Mean differences between Control and MUN groups are shown below each 

graph together with confidence intervals (*p<0.05 when compared to sex and age matched 

Control rats). 

 

Figure 7. Relative aortic scleroprotein content. (A) Elastin and (B) Collagen. MUN, maternal 

undernutrition. W, weight. In parentheses is shown the number of dams (from each dam 1-2 

pups of each sex were averaged). Bar graphs represent the mean and error bars are SEM. 

Mean differences between Control and MUN groups are shown below each graph together 

with confidence intervals (*p<0.05 when compared to sex and age matched Control rats).  

 

Figure 8. Internal elastic lamina organization in rat aorta. Relative area of fenestrae and 

representative confocal images of the internal elastic lamina of 21-day old (A) and 6-month old 

animals (B). MUN, maternal undernutrition. Images were obtained with a x20 objective, zoom 

8 (Scale bar, 100 m). The relative area of fenestra (area of fenestra relative to the entire 

image) was measured from binary images. In parentheses is shown the number of dams (from 

each dam 1-2 pups of each sex were averaged). Bar graphs represent the mean and error bars 

are SEM. Mean differences between Control and MUN groups are shown below each graph 

together with confidence intervals (*p<0.05 when compared to sex-matched Control rats).  
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Figure 2 

Systolic blood pressure 
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Figure 3 

A) Internal diameter 

B) Media cross sectional area 
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Figure 4 

B)  Stretch-tension 21 days aorta 

A)  Stretch-pressure 3 days aorta 

C)  Stretch-tension 6 months aorta 
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Figure 5 
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Figure  6 

A)  Stretch-tension 21 days  purified elastin 
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B)  Stretch-tension 6 months purified  elastin 
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Figure 7 
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Figure 8 

B) Internal elastic lamina organization in 6-month old rat aorta 
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