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Abstract

The purpose of this study was to examine the hypothesis that excess maternal glucocorticoids in 

response to maternal undernutrition programs the expression of extracellular matrix (ECM) 

components potentially by miR-29c. We measured the expression of mRNA (qRT-PCR) and 

protein (Western blot) for collagen 3A1, collagen 4A5 and matrix metalloproteinase 2 (MMP2) in 

offspring carotid arteries from three groups of dams: 50% food-restricted in latter half of gestation 

[maternal undernutrition (MUN)], MUN dams who received metyrapone (MET) (500 mg/ml ) in 

drinking water from day 10 of gestation to term, and control dams fed an ad libitum diet. The 

expression of miR-29c was significantly decreased at 3 weeks, 3 months and 9 months in MUN 

carotid arteries, and these decreases in expression were partially blocked by treatment of dams 

with MET. The expression pattern of ECM genes that are targets of miR-29c correlated with 

miR-29c expression. Expression of mRNA was increased for elastin (ELN) and MMP2 mRNA in 

3-week MUN carotids; in 9-month carotids there were also significant increases in expression of 

Col3A1 and Col4A5. These changes in mRNA expression of ECM genes at 3 weeks and 9 months 

were blocked by MET treatment. Similarly, the expression of ELN and MMP2 proteins at 3 weeks 

were increased in MUN carotids, and by 9 months there were also increases in expression of 

Col3A1 and Col4A5, which were blocked by MET in MUN carotids. Overall, the results 

demonstrate a close correlation between expression of miR-29c and the ECM proteins that are its 

targets thus supporting our central hypothesis.
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Introduction

The concept of fetal programming of adult diseases is now well accepted and numerous 

studies have established that many metabolic and cardiovascular disorders that manifest in 

adult life have their origins before birth.1 For example, fetal programming of adult onset 

hypertension has been demonstrated in multiple animal species, and can be induced 

pharmacologically by maternal glucocorticoid (GC) administration or physiologically by 

maternal undernutrition (MUN).2 Although the mechanisms whereby MUN influences long-

term cardiovascular development and function remain unclear, exposure to excess GCs of 

maternal origin in response to an adverse uterine environment play a prominent role in this 

process.3,4 Correspondingly, GC administration to the mother is a widely used model of in 
utero programming.5 The early work of Langley-Evans and other investigators provided 

strong evidence that in the protein restriction model of fetal programming, GC of maternal 

origin plays a pivotal role as a programming agent for hypertension.6 In these studies, the 

administration of metyrapone (MET), which inhibits the synthesis of corticosterone through 

inhibition of 11β-hydroxylase in the pregnant rat and their fetuses, prevented development 

of hypertension in the offspring of mothers fed a low protein diet.7

Our previous studies have focused on changes in vascular composition and function in 

response to MUN. The extra-cellular matrix (ECM) composition of the vessel walls in these 

offspring exhibited significant remodeling that was associated with changes in the 

expression of matrix metalloproteinase 2 (MMP2) and matrix metalloproteinase 9 (MMP9).8 

MUN induced increases in elastin (ELN) and glycosaminoglycans (GAG) in 1-day-old (P1) 

neonatal offspring, with parallel increases in collagen deposition and reduction in GAG 

content, consistent with stiff vessels by 2 months of life. Similar changes were found in 

mesenteric arterioles.8 We also reported changes in vascular smooth muscle content and 

phenotype in response to MUN. In aortae from P1 and P60 MUN offspring, we observed a 

significant increase in the smooth muscle content secondary to cellular hypertrophy.9 

Through co-localization studies of smooth muscle α-actin with non-muscle and smooth 

muscle myosin heavy chain isoforms in middle cerebral arteries, we further demonstrated 

that MUN smooth muscle cells were altered toward a non-contractile phenotype.10 Together, 

these changes increased middle cerebral artery stiffness.10 In other studies, hypoxia during 

pregnancy also has been shown to increase offspring mesenteric artery stiffness.11 Other 

studies have demonstrated decreased vasodilator responses in mesenteric but not conduit 

arteries of offspring of maternal protein restricted dams,12 and reduced constriction to 

phenylephrine in carotid arteries of offspring of food restricted dams.13

Our own studies have also revealed that decreased expression of vascular endothelial growth 

factor (VEGF) in conductance and resistance MUN vessels can lead to vascular rarefaction 

and reduced microvessel density in the renal medulla, attenuated mesenteric branching, and 

reduced angiogenic potential of endothelial cells isolated from MUN vessels.14 Based on 

these findings we hypothesized that reduced angiogenesis and angiogenic potential of 

endothelial cells secondary to inhibition of VEGF expression is a potential mechanism for 

programmed hypertension,14 and this programming effect was secondary to excess maternal 

GCs in response to nutritional stress.14
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The mechanism by which maternal GCs program the expression of angiogenic genes and 

ECM composition remains uncertain. A potential mechanism we have proposed involves 

miRNAs, which are short non-coding RNA molecules that regulate the expression of genes 

through translational repression and in some cases by enhanced mRNA degradation.15 

Through use of a microarray, we identified several miRNAs whose expression was altered in 

MUN aortas, including miR-29c whose expression was inhibited.16 Interestingly, miR-29c 

regulates the expression of genes that are key components of ECM including both collagen 

and ELN,16 and therefore MUN through its effect on miR-29c could alter vascular 

contractility. Based on these findings, we have hypothesized that maternal GC may promote 

programming of ECM genes through their effect on miR-29c expression.16 To address this 

hypothesis we conducted the present study in which we determined the parallel effects of 

MUN on offspring carotid artery expression of ECM genes and miR-29c expression and the 

effect of blockade of GC synthesis in MUN dams through administration of MET on 

expression of miR-29c and ECM genes.

Materials and methods

Animals

The study was approved by the Animal Use and Care Committee at Los Angeles Biomedical 

Research Institute at the Harbor-UCLA Medical Center. We used a well-characterized 

animal model of fetal programming developed by our group.17 In this model, first-time-

pregnant Sprague–Dawley rats (Charles River Laboratories Inc., Hollister, CA, USA) were 

housed in a facility with constant temperature and humidity with a 12 h light-12 h dark 

cycle. At 10 days of gestation, rats were provided either an ad libitum diet of standard 

laboratory chow (Lab Diet 5001, Brentwood, MO, USA: protein 23%, fat 4.5%, 

metabolizable energy 3030 kcal/kg) (Control group), or 50% food restricted diet determined 

by quantification of normal intake in the ad libitum fed rats (MUN group). The third group 

(MET) had 50% food restriction at 10 days of gestation onward and on days 11–22 of 

gestation were also given water bottles with MET (Sigma) (0.5 mg/ml). Control animals 

treated with MET were not used because the hypothalamic–pituitary–adrenal axis is intact in 

these animals and compensatory increased adrenocorticotropic hormone would be expected 

to normalize plasma corticosterone levels as previously reported by Warnes et al. in sheep.18 

Maternal body weights, food and water intake were recorded daily. There were no 

differences in water consumption among all groups. Offspring were weaned on day 21 of 

life into individual cages. To avoid the effect of estrous cycles on the parameters studied, 

only male offspring were used. These offspring were sacrificed by decapitation at 3 weeks, 3 

months and 9 months after birth.

RT-PCR

Total RNA was extracted using Trizol (Invitrogen, Grand Island, NY, USA). The quantity 

and quality of the isolated RNA was determined spectrophotometrically (ND-1000, 

NanoDrop Technologies, Wilmington, DE, USA). RNA samples of 10 ng were reverse 

transcribed using a specific stem-loop primer for miR-29c supplied by Applied Biosystems. 

RNA samples of 2 μg were reverse transcribed using random primers for collagen 3A1 

(Col3A1), collagen 4A5 (Col4A5), MMP2 and ELN. Quantitative RT-PCR was carried out 
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using TaqMan or SYBR gene expression master mixes, and TaqMan miRNA or TaqMan 

gene expression assays (Applied Biosystems). Reactions were incubated for 10 min at 95°C 

followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Levels of mRNA and miRNA were 

quantified using the Invitrogen StepOne System and normalized to 18 S and RNU6B, 

respectively. All reactions were run in triplicate and relative expression was determined 

using the comparative cycle threshold method (2−ΔΔCT), as recommended by the supplier 

(Applied Biosystems). Abundance values were expressed as fold changes compared to the 

corresponding control group. The primer sequences used in the SYBR system for 

amplification for Col3A1 were sense 5′-TTGGGATGCAACTACCTTGGT-3′ and antisense 

5′-CCCGAGTCGCAGACACATATT-3′; for Col4A5 were sense 5′-

ATTACTATGCCAATTCTTACAGCTTTTG-3′ and antisense 5′-

TGTCCTCAAGTCGCCTGCTT-3′; for MMP2 were sense 5′-

GCACCGTCGCCCATCA-3′ and anti-sense 5′-GCACTGCCAACTCTTTGTCTGTT-3′; 

for ELN were sense 5′-AAAACCCCCGAAGCCCTATG-3′ and antisense 5′-

TCACTTTCTCTTCCGGCCAC-3′; and for 18 S were sense 5′-

GACGGACCAGAGCGAAAGC-3′ and antisense 5′-

CCTCCGACTTTCGTTCTTGATT-3′.

Western blot analysis

Tissues were sonicated in a protein lysis buffer and protein concentrations determined by the 

BCA Protein Assay kit (Pierce, Rockford, IL, USA). For each sample, 40 μg of protein was 

separated on a 7.5% polyacrylamide gel. The separated proteins were transferred 

electrophoretically to Immobilon-P membranes (Millipore Corp., New Bedford, MA, USA). 

Membranes were blocked for 1 h in a 5% milk buffer before overnight incubation with the 

antibodies against ELN (15257-1-AP), Col4A5 (19797-1-AP), Col3A1 (13548-1-AP) 

(Proteintech Group, Chicago, IL, USA) and MMP2 (sc-10736) (Santa Cruz Labs, Santa 

Cruz, CA, USA) all of which are targets of miR-29c at a dilution recommended by the 

manufacturer. The blots were subjected to enhanced chemiluminescence (ECL Western 

Blotting Detection System, Amersham Corp, Arlington Heights, IL, USA) with enzyme 

conjugates of anti-rabbit IgG horseradish peroxidase as a secondary antibody. Blots were 

then exposed to autoradiography film. The resulting bands were then compared by scanning 

densitometry. To ensure equal loading, protein blots were stripped and re-probed for 

Glyceryl-aldehyde 3-phosphate dehydrogenase (Santa Cruz Biotechnology), which served as 

a loading control. Band densities were quantified using Image J software (http://

imagej.nih.gov/ij/).

Statistics

All data are presented as mean ± S.E.M. The data were first analyzed for normality by the 

Kolmogrove–Smirnoff test, and comparisons were made by one-way ANOVA. Post hoc 

testing was done by Tuckey’s test. Statistical significance was established at P < 0.05.

Results

The blood pressure, body weight and plasma corticosterone of dams and offspring have been 

previously published.19 MUN offspring at birth weighed significantly less than control 
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offspring, and MET-treated dam offspring had similar body weight as controls offspring. By 

9 months of age male MUN offspring were heavier than controls whereas there were no 

differences in body weights between males in the MET and control groups. Blood pressures 

determined by tail plethsymography in the MUN males were higher compared with controls 

whereas there were no differences in MET offspring as compared with controls. 

Corticosterone levels in E20 dams were significantly higher in MUN group compared with 

controls whereas the MUN + ET group had similar corticosterone levels as the controls.19

The levels of miR-29c mRNA expressed in carotid arteries are shown in Fig. 1. At 3 weeks 

of age, the levels of miR-29c were significantly less in MUN than in the Control arteries, 

and levels in the MET group were significantly greater than in the MUN group (Fig. 1, left 

panel). This pattern of expression was also evident in the 3-month old (Fig. 1, middle panel) 

and 9-month old (Fig. 1, right panel) offspring. This pattern generally paralleled that found 

in the aortae from these animals.16

The effects of MUN and MET on both the mRNA and protein levels of molecules targeted 

by miR-29c are summarized in Figs 2–4. At 3 weeks of age, the abundance of mRNA for 

ELN and MMP2, but not Col3A1 and Col 4A5, were significantly increased in MUN 

compared with Control carotid arteries (Fig. 2). Treatment of MUN dams with MET reduced 

the abundance of ELN, MMP2 and Col4A5 mRNA compared with the MUN group in 

carotids from 3-week-olds (Fig. 2). Protein abundance for ELN, and MMP2 were 

significantly greater in 3-week-old carotid arteries from the MUN group compared with 

controls (Fig. 3); at this age the abundance for Col3A1 and Col4A5 were similar in MUN 

and Control arteries. The protein abundance for ELN, MMP2, Col3A1 and Col4A5 were all 

significantly less in carotids from the MET group than from the MUN group at 3 weeks of 

age.

By 9 months of age, the abundance of mRNA for ELN, MMP2, Col4A5, and Col3A1 were 

all significantly increased relative to control in MUN carotid arteries (Fig. 2). In 9-month-

olds, treatment with MET reduced the abundance of ELN, MMP2, Col4A5 and Col3A1 

mRNA compared with the MUN group (Fig. 2). In carotid arteries from 9-month-olds, the 

protein abundance for ELN, MMP2, Col3A1 and Col4A5 were all significantly greater in 

the MUN group compared with the Control group (Fig. 4). In addition, at 9 months the 

abundance of ELN, MMP2, Col3A1 and Col4A5 protein were all significantly less in 

carotids from the MET group than from the MUN group (Fig. 4).

Discussion

The results of this study support the hypothesis that MUN programs the expression of a 

number of structural protein components of the ECM of blood vessels, and contributes to 

remodeling by promoting changes in abundances of ELN, Col4A5, Col3A1 and MMP2. The 

mRNAs for these proteins are targets of miR-29c, which is suppressed by MUN as is evident 

at postnatal day 1 and throughout adult life both in aorta16 and as shown here, in carotid 

arteries. The ability of MUN to increase abundances of ELN, collagen and MMP2 in carotid 

arteries are consistent with our previously published findings in the aorta8 and indicate that 

MUN-induced programming of ECM protein expression affects multiple vessel types. 
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Importantly, our current data extend our previous findings and reinforce the hypothesis that 

excess maternal GC secretion in response to nutritional stress contributes directly to 

programming the expression of these key ECM components. Given that increased expression 

of these proteins was blocked by treatment of MUN dams with MET, a blocker of 11β-

hydroxylase enzyme and thereby GC synthesis, our find-ings strongly implicate GC 

synthesis in this process. Because miR-29c targets ELN, Col4A5, Col3A120 and MMP2,21 

and MET treatment of MUN dams partially blocked the inhibition of miR-29c in offspring 

carotid arteries (Fig. 1) we speculate that excess maternal GC induces feedback inhibition of 

offspring GCs and miR-29c which in turn should relieve inhibition of miR-29c targets, 

including ELN, Col4A5, Col3A1 and MMP2.

ECM composition is a key determinant of arterial compliance and blood pressure.22,23 

Composed primarily of ELN, collagen, GAG, the vascular ECM serves as a scaffold for 

smooth muscle cells, and also as a reservoir for growth factors and cytokines.23 In blood 

vessels ELN is organized with other proteins in microfibrils that maintain elastic function 

and enable long range deformability and passive recoil.23 Conditions such as aging, 

hypertension, and atherosclerosis are associated with decreased vascular ELN content and 

compliance.24 In turn, observations that MUN offspring typically exhibit hypertension19,14 

and reduced vascular compliance10 suggest that MUN blood vessels may also exhibit 

decreased ELN content. In contrast, our findings that ELN content was increased in MUN 

offspring carotid arteries (Figs 3 and 4), and also in the aorta8 demonstrates that MUN-

induced reductions in compliance cannot be attributed to reduced ELN, and instead must be 

due to changes either in ELN organization, cross-linking and/or association with other 

myofibrillar proteins. Consistent with this interpretation are our previous observations of a 

marked disruption of the architecture of elastic fibers with partial loss of the typical wavy 

patterns and reduced inter-elastic laminae area in MUN aortas.8 These findings raise the 

possibility that MUN-induced increases in ELN content may in some way impair vascular 

function due perhaps to altered structural organization of the laminae needed to provide 

elastic recoil. Interestingly, the increase in vascular ELN found in MUN vessels was not 

found in MET-treated dams, indicating that excess maternal GC in MUN dams are closely 

associated with upregulation of ELN expression, perhaps through fetal programming of the 

ELN gene. GCs can stimulate ELN synthesis in rabbit lung,25 in fetal human lung cells,26 

and in chick aortic tissue in an age-dependent manner.27 This stimulatory effect of GC on 

ELN synthesis is most probably transcriptional, as glucoco-corticoid response elements have 

been identified in the human ELN promoter.28 Additional mechanisms by which maternal 

GC could program overexpression of offspring vascular ELN include direct epigenetic 

modification of the ELN gene (methylation/histone acetylation) or indirect enhancement of 

ELN mRNA translation mediated by GC-induced inhibition of miR-29c,16 which targets the 

ELN gene.29

A second major component of the vascular ECM is collagen, which provides tensile strength 

and rigidity to the vessel wall. Of the more than two dozen forms of collagens identified,30 

the major types in rodent vessels include collagens I, III, IV, V and VI.23 Of these, collagen 

III is the main fibril-forming collagen and together with collagen type 1 is most important 

for imparting tensile strength.23 Because collagens 3A1 and 4A5 are targets of miR-29c,20 

the present study focused on the correlations between expression of these collagens and 
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expression of miR-29c. In our earlier published work we reported increased expression of 

collagen in both aorta and mesenteric arterioles of adult MUN offspring and postulated that 

this increase in collagen was the structural basis for blood vessel stiffening.8 In this report 

we extend these findings to carotid arteries and furthermore, demonstrate that blockade of 

maternal excess GC in MUN dams also inhibits overexpression of collagen in MUN vessels 

and prevents the vascular stiffening observed in the middle cerebral artery10 and other vessel 

types31,32 following MUN. Whereas the changes in vascular structure induced by MET 

could be caused indirectly by normalization of blood pressure, as we and others have 

reported in various animal models of fetal programming,19 it is even more likely that direct 

effects of GC on collagen synthesis are involved. In many different blood vessels, GC can 

stimulate collagen synthesis.33,34 Although the roles of epigenetic mechanisms in these 

effects of GC have not been explored, their involvement seems likely given that: (1) both the 

Col3A1 and Col4A5 genes are targets of miR-29c).20 (2) MUN attenuates miRNA29c 

abundance; and (3) inhibition of GC synthesis with MET reverses the effects of MUN on 

miR-29c as well as Col3A1, Col4A5, and ELN.

Vascular stiffness and compliance are governed not only by the expression levels of ELN 

and collagen but also by the cross-linking, organization and selective degradation of these 

proteins, which is strongly governed by the activity and abundance of MMPs,35 and MMP2 

and MMP9,36 in particular. From this perspective, the increased MMP2 expression observed 

in MUN offspring is important. How this gelatinase could have contributed to increased 

arterial stiffness is unknown, because limited tissue availability prohibited measurements of 

multiple types of MMP, tissue inhibitors of metalloproteinases and MMP enzyme activity. 

The involvement of other collagenases such as MMP1, MMP9 and MMP13,37 and tissue 

inhibitors of metalloproteinases may also have contributed significantly. For MMP2, the 

factors that enhanced its expression are also unknown, but it is unlikely that these involved a 

direct effect of GC on MMPs because GC generally inhibits MMP expression, at least in 

tissues such as sarcomas,38 and nasal polyps.39 Undoubtedly, many other factors are 

involved in this complex interaction between MUN, elevated maternal GC, and upregulated 

ECM proteins. Prime candidates for other molecular participants include vasoactive peptides 

such as Angiotensin ll, endothelin-140,41 and growth factors.

Increased collagen and ELN deposition can contribute to stenosis and increase vulnerability 

for ischemic stroke, 20% of which are due to extra cranial atherosclerotic carotid stenosis.42 

Increased ELN content can promote formation of carotid plaques that can enhance 

symptoms of cerebral ischemia.43 Equally important, the ameliorative effect of treatment of 

MUN dams with MET is not unique to the ECM of blood vessels but also apply to lung 

alveoli.44,45

In summary, the present study examines the parallel effects of MUN on the expression of 

collagen, ELN, MMP2, and miR-20c in offspring carotid arteries. The effects of MUN on 

ECM composition reported here in offspring carotid arteries corroborate and extend our 

previous findings in offspring aortae.8 The ECM proteins analyzed here are all determinants 

of vascular compliance, and all are also targets of miR-29c, which in our previous 

microarray study of offspring aortae16 identified as the miRNA with the greatest response to 

MUN. Because treatment of MUN dams with a GC synthesis inhibitor, partially relieved 
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inhibition of miR-29c expression but attenuated enhanced expression of multiple ECM 

proteins these data demonstrate a tight inverse coupling between the expression of miR-29c 

and ECM proteins. Together, these findings support the hypothesis that excess maternal GC 

secretion in response to nutritional stress programs the expression of ECM proteins through 

a miR-29c-mediated pathway.
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Fig. 1. 
The level of miR-29c in 3-week (left panel, control n =5, MUN n =5, MET n =6), 3-month 

(middle panel, n =6 per group) and 9-month (right panel, control n =5, MUN n =8, MET n 
=8)-old offspring of maternal undernutrition (MUN) and metyrapone (MET)-treated dams 

by qRT-PCR. *P <0.05.
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Fig. 2. 
The mRNA levels of elastin (ELN) (upper left panel), matrix metalloproteinase 2 (MMP2) 

(upper right panel), collagen 4A5 (Col4A5) (lower left panel) and collagen 3A1 (Col3A1) 

(lower right panel) in 3-week and 9-month-old offspring of maternal undernutrition (MUN) 

and metyrapone (MET)-treated dams by qRT-PCR. *P < 0.05.

Khorram et al. Page 12

J Dev Orig Health Dis. Author manuscript; available in PMC 2016 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
The protein expression of elastin (ELN), matrix metalloproteinase 2 (MMP2), collagen 4A5 

(Col4A5) and collagen 3A1 (Col3A1) in 3-week-old offspring of maternal undernutrition 

(MUN) and metyrapone (MET)-treated dams by Western blotting (upper left). The band 

density of ELN (upper left), MMP2 (upper right), Col4A5 (lower left) and Col3A1 (lower 

right) was shown, respectively. *P < 0.05.
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Fig. 4. 
The protein expression of elastin (ELN), matrix metalloproteinase 2 (MMP2), collagen 4A5 

(Col4A5) and collagen 3A1 (Col3A1) in 9-month-old offspring of maternal undernutrition 

(MUN) and metyrapone (MET)-treated dams by Western blotting . The band density of ELN 

(upper left), MMP2 (upper right), Col4A5 (lower left) and Col3A1 (lower right) was shown, 

respectively. *P < 0.05.
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