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ABSTRACT 46 

Intrauterine growth restriction (IUGR) affects 7-10% of pregnancies and is associated 47 

with cardiovascular remodeling and dysfunction which persists into adulthood. The 48 

underlying subcellular remodeling and cardiovascular programming events are still 49 

poorly documented. Cardiac muscle is central in the fetal adaptive mechanism to IUGR 50 

given its high energetic demands. The energetic homeostasis depends on the correct 51 

interaction of several molecular pathways and the adequate arrangement of intracellular 52 

energetic units (ICEUs), where mitochondria interact with the contractile machinery and 53 

the main cardiac ATPases to enable a quick and efficient energy transfer. We studied 54 

subcellular cardiac adaptations to IUGR in an experimental rabbit model. We evaluated 55 

the ultrastructure of ICEUs with transmission electron microscopy and observed an 56 

altered spatial arrangement in IUGR, with significant increases in cytosolic space 57 

between mitochondria and myofilaments. A global decrease of mitochondrial density 58 

was also observed. In addition, we conducted a global gene expression profile by 59 

advanced bioinformatics tools to assess the expression of genes involved in the 60 

cardiomyocyte energetic metabolism, and identified four gene modules with a 61 

coordinated over-representation in IUGR: oxygen homeostasis (GO: 0032364), 62 

mitochondrial respiratory chain complex I (GO:0005747), oxidative phosphorylation 63 

(GO: 0006119) and NADH dehydrogenase activity (GO:0003954). These findings 64 

might contribute to changes in energetic homeostasis in IUGR. The potential 65 

persistence and role of these changes in long term cardiovascular programming deserves 66 

further investigation. 67 

Keywords: 68 

Cardiomycoyte intracellular organization; Energetic metabolism; Fetal cardiac 69 

programming; Intracellular energetic units; Intrauterine growth restriction. 70 

 71 
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1. Introduction 72 

Intrauterine growth restriction (IUGR), due to placental insufficiency, affects up to 7-73 

10% of pregnancies and is a major cause of perinatal mortality and long-term morbidity 74 

(1). Low birth weight, most likely due to IUGR is strongly associated with increased 75 

risk of cardiovascular mortality in adulthood (7). This association is thought to be 76 

mediated through fetal cardiovascular programming. IUGR fetuses suffer from a 77 

chronic restriction of oxygen and nutrients (47), which triggers the initiation of a variety 78 

of adaptive structural (12, 14, 46, 51) and metabolic responses (25) due to a 79 

pressure/volume overload and subsequently, with the objective of providing a more 80 

efficient myocardial performance. As a consequence, IUGR fetuses and newborns show 81 

signs of cardiovascular remodeling and altered function (21, 13, 14).  82 

The effect of hypoxia and nutrient restriction during pregnancy in cardiac development 83 

and function has been previously studied, demonstrating the association of IUGR to a 84 

cardiac remodeling. Maternal hypoxia has been related to changes in cardiac structure 85 

and function (37, 38, 49), increased cardiac collagen content (50), changes in 86 

cardiomyocyte proliferation and apoptosis (6, 28) and to long-term effects increasing 87 

cardiac susceptibility to ischemia-reperfusion injury by causing changes on myocardial 88 

energetic metabolism (39, 55). However, the underlying events of cardiac remodeling in 89 

IUGR at subcellular scale still remain poorly understood. The heart is an organ with 90 

high-energy requirements in the form of ATP to ensure proper functioning (29). 91 

Efficient energetic homeostasis depends on the correct arrangement of subcellular 92 

organelles. A close spatial interaction between mitochondria and the sarcomere 93 

contractile filaments is essential to ensure adequate and quick transportation of ATP. 94 

This is reached by the intracellular energetic units (ICEUs), that are structural and 95 

functional units, consisting of mitochondria located at the level of the sarcomeres 96 

between Z-lines interacting with surrounding myofilaments, sarcoplasmic reticulum, 97 
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cytoskeleton and cytoplasmic enzymes, that promote an endogenous cycling of adenine 98 

nucleotides between mitochondria and ATPases (40, 44, 45). Alterations in ICEUs 99 

arrangement together with an impaired local energetic regulation of the main cardiac 100 

ATPases have been described in cardiac pathophysiological processes (24). In addition, 101 

cardiomyocyte energetic homeostasis is regulated by a complex interaction of molecular 102 

pathways, mainly involving energy production through oxidative phosphorylation in the 103 

mitochondria (48). It has been widely described that disruption of mitochondrial 104 

oxidative phosphorylation plays a critical role in the development of heart failure (26, 105 

35, 52). The oxidative phosphorylation takes place in the mitochondrial electron 106 

transport chain. It is composed of five complexes; in the complex I the enzyme NADH 107 

dehydrogenase catalyzes the reaction (2). Deficiencies in complex I function have been 108 

observed in dilated cardiomyopathy and in failing myocardium (41).  109 

The goal of the present work was to evaluate the impact of chronic oxygen and nutrient 110 

restriction during a critical period for cardiac development, as present in IUGR, with 111 

regard to cardiomyocyte intracellular organization and gene expression of key pathways 112 

for energy production. For this purpose, the cardiomyocyte intracellular organization 113 

was studied by transmission electron microscopy. Additionally, the functional 114 

interpretation of the global gene expression profile was studied by means of advanced 115 

bioinformatics tools. The data presented here show changes in the cardiomyocyte 116 

intracellular organization in IUGR, specifically affecting ICEUs, together with an 117 

abnormal up-representation of blocks of genes acting together in a coordinated way, 118 

related to the cardiac oxygen homeostasis and energy production. 119 

 120 

 121 

 122 

 123 
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2. Material and methods 124 

 2.1 Animal Model 125 

New Zealand white rabbits were provided by a certified breeder. Dams were housed for 126 

1 week before surgery in separate cages on a reversed 12/12 h light cycle. Animals were 127 

fed a diet of standard rabbit chow and water ad libitum. Animal handling and all 128 

procedures were performed in accordance to applicable regulations and guidelines and 129 

with the approval of the Animal Experimental Ethics Committee of the University of 130 

Barcelona. 131 

Six New Zealand White pregnant rabbits were used to reproduce a model of IUGR, 132 

following the method previously described (16, 17). At 25 days of gestation, selective 133 

ligature of uteroplacental vessels was performed as previously described (16, 17). 134 

Briefly,  tocolysis (progesterone 0.9 mg/kg intramuscularly) and antibiotic prophylaxis 135 

(Penicillin G 300.000 UI intravenous) were administered prior surgery. Ketamine 35 136 

mg/kg and xylazine 5 mg/kg were given intramuscularly for anesthesia induction. 137 

Inhaled anesthesia was maintained with a mixture of 1-5% isoflurane and 1-1.5 L/min 138 

oxygen. After a midline laparatomy, both uterine horns were exteriorized. The number 139 

of gestational sacs from each horn were counted and numbered. Pregnant rabbits have 140 

between 4 and 7 gestational sacs per horn. At random, one horn was assigned as the 141 

IUGR horn and the other horn was considered as the normal control growth. In all 142 

gestational sacs from the horn assigned as IUGR, a selective ligature of the 40-50% of 143 

the uteroplacental vessels was performed. No additional procedure was performed in the 144 

horn assigned as control. After the procedure, the abdomen was closed and animals 145 

received intramuscular meloxicam 0.4 mg/kg/24 h for 48 h, as postoperative analgesia. 146 

Five days after surgery, at 30 days of gestation, a caesarean section was performed 147 

under the same anesthetic procedure and all living rabbit kits and their placentas were 148 

identified and weighted. Kits were anesthetized with an injection of ketamine and 149 
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xylazine. Following surgical removal from the chest cavity, hearts for gene expression 150 

analysis were immediately snap-frozen and stored at -80ºC until the moment of use. 151 

Hearts for transmission electron microscopy imaging were processed as described in 152 

section 2.2.1. 153 

 154 

 2.2 Electron Microscopy 155 

2.2.1 Tissue processing 156 

Hearts from 3 control and 3 IUGR rabbit fetuses, each control-IUGR pair coming from 157 

a different litter, were arrested in an ice-cold Ca2+-free phosphate saline buffer 158 

immediately after surgical removal from the chest cavity. Random areas of left ventricle 159 

were dissected and cut into small pieces. Approximately 10 pieces from each left 160 

ventricle were incubated with 2% parafomaldehyde and 2.5% glutaraldehyde in 161 

phosphate buffer (PB) during 24 hours at 4ºC. Then, tissue pieces were washed with a 162 

PB buffer and post-fixed with 1% osmium tetroxide in PB containing 0.8% potassium 163 

ferricyanide at 4ºC for 2 hours. Next, samples were dehydrated in acetone, infiltrated 164 

with Epon resin during 2 days, embedded in the same resin and polymerized at 60ºC 165 

during 48 hours. Semi-thin 500 nm sections were made in order to confirm the 166 

longitudinal orientation of cardiac sarcomeres under light microscope. Subsequently, 50 167 

nm ultra-thin sections were cut using a Leica UC6 ultramicrotome (Leica 168 

Microsystems, Vienna, Austria) and mounted on Formvar-coated copper grids. Sections 169 

were stained with 2% uranyl acetate in water and lead citrate. Tissue sections were 170 

imaged using a JEM-1010 electron microscope (Jeol, Japan) equipped with a CCD 171 

camera Megaview III and the AnalySIS software (Soft Imaging System GmbH, 1998). 172 

 173 

 174 

 175 
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2.2.2 Morphological analysis 176 

Morphological analysis of intracellular cardiomyocyte organization was performed in 2 177 

randomly chosen left ventricle tissue pieces, from each subject. For each tissue piece, 50 178 

nm ultra-thin sections were obtained from two ventricular areas separated 1 μm of 179 

distance. Images were taken at 20000x magnification when an area containing 180 

longitudinal myofilaments surrounded by a mitochondrial network was observed. In this 181 

study, micrographs with disrupted mitochondria, disrupted sarcomeres or transversal or 182 

oblique orientation of sarcomeres were excluded from the quantification. Electron 183 

micrographs were taken and quantified in a blinded fashion and by one researcher 184 

(A.G.T.).  Images were analyzed from three viewpoints: 185 

 186 

General cardiomyocyte cyotarchitecture: volume density estimation 187 

The volume densities of myofilaments, mitochondria and cytoplasm were estimated in 188 

10 electron micrographs acquired from each heart. For this purpose, a grid in which 189 

each line intersection served as a sample point was generated on each image using 190 

Image J (36), according to standard stereological methods (20). Volume densities of the 191 

different structures were calculated by counting the number of points hitting the studied 192 

structures divided by the total number of points hitting the section, using a grid size of 193 

0.02 a.u.  194 

 195 

Mitochondrial area and number 196 

The area of individual mitochondria was determined from 193 mitochondria in each 197 

study group. Individual mitochondria were delineated and their area was measured 198 

using the AnalySIS software. The number of mitochondria was counted by using 10 199 

randomly chosen images from each heart as previously described (22). 200 

 201 
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ICEUs arrangement 202 

The cytoplasmic area and the mean distance between mitochondria and myofilaments 203 

within ICEUs were measured by delineating the area of cytoplasm existing between two 204 

consecutive z-disks and the immediately adjacent mitochondria, as shown in Fig.1, 205 

using a custom-made GUI (Graphical User Interface) designed in MatLab (30). The 206 

area was automatically calculated and the mean distance between mitochondria and 207 

myofilaments within ICEUs was obtained by evaluating the Euclidean distance of the 208 

delineated region (11). A total of 169 ICEUs were analyzed in the control group, 209 

whereas 154 ICEUs were analyzed in the IUGR group, obtained from 10 to 15 electron 210 

micrographs from each heart. We analyzed all the ICEUs found in the transmission 211 

electron microscopy images. However, ICEUs were discarded from the quantification 212 

when they were not clear, blurred or if the limits to mitochondria were not sharp 213 

enough. 214 

 215 

 2.3 Gene set expression analysis  216 

2.3.1 Gene expression microarray 217 

The IUGR-gene expression profile was analyzed in 6 control and 6 IUGR rabbit fetuses, 218 

each control-IUGR pair coming from a different litter. In this study, special attention 219 

was paid to the expression profile of groups of genes related to energetic metabolism. 220 

Total RNA was isolated from 40 mg of each left ventricle. The extraction protocol was 221 

a combination of TRIzol as reagent and the RNeasy Mini kit (Qiagen). For each sample 222 

included in the study, the total amount of RNA was always above 25 μg with 223 

homogenous profile, showing a RNA integrity number between 9.3 to 9.9 (analyzed 224 

with RNA 6000 Nano and Bioanalyzer 2100; Agilent). Next, 500 ng of total RNA from 225 

each sample were labeled with the Quick Amp One-color Labelling kit (Agilent) and 226 

fluorochrome Cy3. Efficiency of labeling (Cy3pmol/μg) was analyzed using a 227 
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Nanodrop spectrophotometer to check that values were above the minimum 228 

requirements (>1.65 μg and > 9.0 pmols Cy3/ μg). Additionally, a RNA 6000 Nano 229 

mRNA assay in the Bioanalyzer 2100 was done in order to assess that all the samples 230 

show a comparable profile and fragments size was as expected (200-2000 bp). Then, 231 

1650 μg of RNA obtained from each labeled sample were hybridized during 17 hours at 232 

65ºC with a Rabbit Microarray (Agilent Microarray Design ID 020908) containing 233 

43,803 probe sequences obtained from the rabbit genome. All probe sequences included 234 

in the microarray were based on rabbit (Oryctolagus cuniculus) public transcript data. 235 

Finally, hybridization was quantified at 5 μm resolution (Axon 4000B scanner). Data 236 

extraction was done using Genepix Pro 6.0 software and results were subjected to 237 

bioinformatics analysis. 238 

 239 

2.3.2 Gene set analysis 240 

Gene set analysis was carried out for the Gene Ontology (GO) terms using the FatiScan 241 

(3) algorithm, implemented in the Babelomics suite (4). This method detects 242 

significantly up- or down-regulated blocks of functionally related genes in lists of genes 243 

ordered by differential expression. FatiScan can search for modules of genes that are 244 

functionally related by different criteria such as common annotations like GO terms.  245 

The FatiScan algorithm studies the distribution of functional terms across the list of 246 

genes coming from the microarray experiment, extracting significantly under- and over-247 

represented GO terms in a set of genes. GO terms were grouped in three categories: 1) 248 

cellular components, that refer to the place in the cell where a gene product is active; 2) 249 

biological processes, which refer to a biological objective to which a gene or gene 250 

product contributes and 3) molecular functions; that represent all the biochemical 251 

activities of a gene product. FatiScan uses a Fisher's exact test for 2×2 contingency 252 

tables for comparing two groups of genes and extracting a list of GO terms whose 253 
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distribution among the groups is significantly different. Given that many GO terms are 254 

simultaneously tested, the results of the test are corrected for multiple testing to obtain 255 

an adjusted p-value. FatiScan returns adjusted p-values based the False Discovery Rate 256 

(FDR) method (10). GO annotation for the genes in the microarray where taken from 257 

the Blast2GO Functional Annotation Repository web page 258 

(http://bioinfo.cipf.es/b2gfar/). The raw microarray data have been deposited in the 259 

Gene Expression Omnibus database under accession number GSE37860. 260 

 261 

 2.4 Statistical analysis 262 

Statistical analysis of the morphological study was performed with the statistical 263 

package SPSS 18.0 (SPSS, Chicago). Data are expressed as mean ± SD or median 264 

(interquartile range, IQR). Statistical significance of differences between experimental 265 

groups was compared with an unpaired two-tailed t-test or Mann-Whitney test, 266 

depending whether variables followed a normal distribution or not. Differences were 267 

considered significant with probability values of p<0.05. Statistical methods concerning 268 

gene expression analysis have been detailed on section 2.3.2. 269 

 270 

3. Results 271 

 3.1 Animal model of IUGR: fetal biometry 272 

Table 1 summarizes biometric outcome of the study groups. Birth weight, placental 273 

weigth, heart weight, crown-rump length and abdominal girth decreased significantly in 274 

IUGR kits compared to normally growth kits. Additionally, heart to body weight ratio 275 

was increased in the IUGR group. 276 

 277 

 278 

 279 
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 3.2 Morphological analysis 280 

3.2.1 Intracellular arrangement 281 

Significant differences between IUGR and normally growth fetal myocardium could be 282 

observed regarding the arrangement of the intracellular components. A representative 283 

image of this is displayed in Fig. 2A-B, showing that IUGR rabbits present a looser 284 

packing of mitochondria and an increased cytosolic space between mitochondria and 285 

myofilaments. Quantification of the volume densities of myofilaments, mitochondria 286 

and cytoplasm is shown in Fig.2C. Stereological examination of micrographs obtained 287 

from control and IUGR myocardium showed that the amount of myofilaments was not 288 

different between control and IUGR rabbits (mean 34.64 ± SD 4.04% in control vs. 289 

34.74 ± 6.01% in IUGR, p=0.973). On the other hand, changes in the relative volume 290 

occupied by mitochondria and cytoplasm were observed among control and IUGR 291 

myocardium. The relative volume occupied by mitochondria was significantly 292 

decreased in IUGR fetuses (34.59 ± 4.23% in control vs. 27.74 ± 5.28% in IUGR, 293 

p=0.032), while the relative volume occupied by total cytoplasm was significantly 294 

increased under IUGR (30.77 ± 3.04% in control vs. 37.53 ± 4.97% in IUGR, p=0.018). 295 

In this study we classified the cytoplasm into two categories according to its 296 

localization: i) cytoplasm located between mitochondria and myofilaments (ICEUs) and 297 

ii) cytoplasm not located in the ICEUs, namely free cytoplasm. The cytoplasm existing 298 

within ICEUs was significantly increased under IUGR (6.47 ± 0.1.18% in control vs. 299 

8.69 ± 1.75% in IUGR, p=0.027). However, the free cytoplasm was not altered (24.31 ± 300 

2.91% in control vs. 28.84 ± 5.27 % in IUGR, p=0.095).  301 

 302 

3.2.2 Mitochondria: area and number   303 

The average area of individual mitochondria as well as the number of mitochondria 304 

were quantified in order to test whether changes described in section 3.2.1 could be due 305 
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to changes in the mitochondrial size or number (Fig.3). Results did not show 306 

statistically significant differences regarding the area of individual mitochondria 307 

(0.3094 ± 0.0595 μm2 in control vs. 0.2407 ± 0.0176 μm2 in IUGR; p=0.128). Average 308 

number of mitochondria neither resulted to be different between control and IUGR 309 

hearts (27.47 ± 9.32 in control vs. 26.33 ± 8.06 in IUGR; p=0.627). 310 

 311 

3.2.3 ICEUs arrangement 312 

The area and mean distance between mitochondria and myofilaments were 313 

automatically quantified (Fig.4). Results showed that both the area of cytoplasm 314 

between mitochondria and myofilaments within ICEUs (median 120700 (IQR 87490-315 

155500) nm2 in control vs. 168600 (124100-236200) nm2 in IUGR, p=0.015) (Fig. 4E) 316 

and the mean distance (105.7 (86.7-137.9) nm in control vs. 133.7 (104.7-182.3) nm in 317 

IUGR, p=0.037) (Fig.4F) were significantly increased in IUGR rabbit myocardium. 318 

 319 

 3.3 Gene set expression analysis 320 

All experiments showed a good level of labeling and hybridization onto the Agilent 321 

microarray. Genes were ordered by differential expression between the two 322 

experimental conditions and a ranked list with all genes of the experiment was obtained. 323 

We used the statistic of the statistical test for each gene, to order this list: genes at the 324 

top of list are more expressed in IUGR than in control group, and genes at the bottom 325 

are more expressed in control than IUGR group. Analyzing for a fold change higher 326 

than 0.5 and an adjusted p-value lower than 0.05 (data not shown), there were not genes 327 

with significant differential expression. The output result of the differential expression 328 

analysis (ranked list by the statistic of the test) was the input for the gene set analysis.  329 

On this full list of genes, Fatiscan detected groups of genes with the same expression 330 

pattern and sharing biological functions and extracted significantly under- and over-331 
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represented Gene Ontology terms in a set of genes after comparing two sub-lists of 332 

genes with different pattern of expression: the first list included genes more expressed 333 

in IUGR group and the second list with genes more expressed in control group. 334 

Therefore, this analysis evaluated both the IUGR group and control group at the same 335 

time. Gene set analysis showed that IUGR subjects presented a statistically significant 336 

enrichment in groups of genes involved in energy production and cardiac energetic 337 

metabolism regulation (Table 2).  Oxidative phosphorylation annotation (GO: 0006119, 338 

biological process) was found in 1.03% of the most up-regulated genes in IUGR (list 1, 339 

more expressed in IUGR than control group), while only 0.17% of the most down-340 

regulated genes in IUGR contained the annotation (list 2, more expressed in control 341 

than IUGR group) (Table S1.A). Similarly, the annotations for oxygen homeostasis 342 

(GO: 0032364, biological process) (Table S1.B), mitochondrial respiratory chain 343 

complex I (GO: 0005747, cellular component) (Table S1.C) and NADH dehydrogenase 344 

(GO: 0003954, molecular function) (Table S1.D) were found in 0.49%, 0.44% and 345 

0.35% respectively, of the most up-regulated genes in IUGR, and only in 0.04%, 0% 346 

and 0% of the most down-regulated genes in IUGR, respectively. All p-values were ≤ 347 

0.001 and all adjusted p-values were < 0.08. 348 

 349 

4. Discussion  350 

The study presented here shows an association between IUGR and a less organized 351 

intracellular arrangement of the cardiomyocyte organelles. The specific disarrangement 352 

of the ICEUs together with differences in the expression of key pathways for energy 353 

production, suggest an impairment of the energetic metabolism under IUGR. This study 354 

can contribute to explain the process of fetal cardiac programming and the global 355 

contractile dysfunction previously described in IUGR fetuses and children (12, 13, 14).  356 
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The experimental IUGR model used in this study is based on the selective ligature of 357 

the uteroplacental vessels in pregnant rabbit at 25 days of gestation until 30 days of 358 

gestation. The model mimics IUGR in human pregnancy, since it induces a combined 359 

restriction of oxygen and nutrients, taking into account the role of the placenta (16, 17). 360 

Different gestational ages as well as different degrees of ligature severity were 361 

previously tested for this experimental IUGR model, concluding that the condition that 362 

best reproduced human IUGR due to placental insufficiency is the selective ligature of 363 

the 40-50% of the uteroplacental vessels at 25 days of gestation (16). It is known that in 364 

rabbits, complete organogenesis has been achieved at 19.5 days of gestation (9). The 365 

two previous statements together with the aim to reproduce late IUGR occurring in the 366 

third trimester of human pregnancy (which is mainly caused by placental and maternal 367 

vascular factors), lead to the rationale of the ligature from 25 to 30 days of gestation 368 

(16, 8). The severity of the experimental IUGR model reproducing human IUGR 369 

condition due to placental insufficiency, with regard to mortality rate and hemodynamic 370 

changes has been previously described (16, 17). Cardiac function from IUGR kits is 371 

characterized by changes on cardiovascular Doppler parameters, with increased ductus 372 

venosus pulsatility index and increased isovolumetric relaxation time (17). Here we 373 

present the biometric changes induced by the selective ligature of 40-50% of the 374 

uteroplacental vessels, which result, as expected, in lower birth and heart weights, as 375 

well as decreased crown-rump length and abdominal girth. Additionally, an increase in 376 

heart to body weight is denoted in IUGR, which could be interpreted as a hypertrophic 377 

compensatory mechanism and is consistent with previous studies from experimental 378 

models of severe IUGR (28, 54, 55). 379 

Our current analysis reports cardiomyocyte structural changes induced by IUGR. The 380 

stereological estimation of the volume densities of the different cellular components 381 

evidences that IUGR fetal hearts show a less organized intracellular arrangement, 382 
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characterized by an increased relative volume occupied by cytoplasm and a decreased 383 

relative volume occupied by mitochondria. These changes under IUGR could be either 384 

due to alterations on cardiac development, hypoxia or to mechanical stress caused by 385 

pressure or volume overload (49, 53). All the above mechanisms are believed to occur 386 

in and contribute to the development of cardiac dysfunction in IUGR, although the 387 

exact mechanisms are still not well understood. Recently it has been shown that 388 

experimentally induced pressure overload results in a depression of mitochondrial 389 

respiratory capacity together with a reduction of total mitochondrial volume density, 390 

with a stronger effect on intermyofibrillar (IFM) compared to subsarcolemmal 391 

mitochondria (SSM) (42). Due to the fact that our study samples are fetal, we cannot 392 

provide structural and functional differences between IFM and SSM (32). Despite that, 393 

our observations of a decrease on mitochondrial relative volume in IUGR are in line 394 

with the observations from Schwarzer et al. (42) The resulting structural remodeling 395 

shown in Fig. 4 from Schwarzer et al. (42) appears to be very similar to the structural 396 

remodeling presented in this study in IUGR hearts (Fig.4). Additionally, in the same 397 

study (42), they relate a decrease in mitochondrial density with a decrease in 398 

mitochondrial size, since the citrate synthase activity is decreased in pressure overload 399 

but the mitochondrial number is not. We do not observe changes on the number or in 400 

the area of individual mitochondria. Since the stereological study shows a decreased 401 

relative volume occupied by mitochondria, we hypothesize that smaller mitochondrial 402 

size could be the reason for the decreased mitochondrial density (similar to what was 403 

described in pressure overloaded hearts (42)), despite the lack of significance, which 404 

might be attributed to sample size restrictions. The decrease in mitochondrial density 405 

but with no changes in myofibrillar content, as we show, has also been observed in fetal 406 

sheep subjected to high altitude hypoxia, which is in agreement with an alteration 407 

caused by the lack of oxygen during intrauterine life (27).  408 
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Concerning the relative volume occupied by cytoplasm, we observe that the total 409 

relative density of cytoplasm is increased in IUGR, however, when classifying it into 410 

free cytoplasm or cytoplasm within ICEUs, the former is not significantly increased 411 

while the later is increased in IUGR hearts. We show that both the area of cytoplasm 412 

and the mean distance between mitochondria and myofilaments within ICEUs are 413 

increased in IUGR myocardium. In fetal heart, energy transfer is believed to rely on the 414 

direct ATP and ADP channeling between organelles since the CK-bound (creatine 415 

kinase) system is not mature (23). Its efficiency mostly depends on the close interaction 416 

between mitochondria and myofilaments (24). In this regard, it has been reported that 417 

intracellular disorganization restricts ATP and ADP diffusion, decreasing the efficiency 418 

of energy transfer (5).  Since ICEUs play a central role in maintaining cardiac energetic 419 

homeostasis, alterations on their structure could alter the energy production, utilization 420 

and transfer, and as a consequence, cardiac function could be compromised (45). Based 421 

on previous studies, our data suggests that ICEUs abnormal arrangement could 422 

contribute to the development of less efficient hearts in IUGR, maybe due to a decrease 423 

on the energy transfer efficiency from mitochondria to the main cardiac ATPases. Such 424 

compromise of cardiac function due to alterations on ICEUs has been previously 425 

evidenced in heart failure (24). The abnormal ICEUs arrangement in IUGR could also 426 

be interpreted as a maturation delay, as it has been described that during cardiac 427 

maturation there are major changes on the cardiomyocyte intracellular organization in 428 

which mitochondria get closer to myofilament to form the ICEUs (34).  429 

Therefore, from one side our findings present a close similarity to the previously 430 

described in experimentally induced pressure overload cardiac dysfunction (18, 42). On 431 

the other side, it has been described that cytoarchitectural perturbations can lead to 432 

energetic alterations, and conversely perturbations of cellular energetic metabolism can 433 

lead to ultrastructural remodeling (52). In our study, it remains uncertain whether the 434 
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structural changes could contribute to be a cause or a consequence of the cardiac 435 

dysfunction previously documented in IUGR. 436 

Subsequently, we wanted to evaluate whether these structural changes are related to 437 

subtle changes on gene expression. For this purpose we performed a gene expression 438 

microarray experiment, which is complementary to the structural data and provide new 439 

evidence regarding the insults that IUGR hearts are receiving. We have used advanced 440 

bioinformatics analytic tools based on FatiScan gene set analysis (3), integrated in 441 

Babelomics (31). We propose the use of such procedure to scan ordered lists of genes 442 

and understand the biological processes operating behind them. Genes were ordered by 443 

differential expression between two experimental conditions: IUGR and control. There 444 

were not individual genes with significant differential expression. The output result of 445 

the differential expression analysis (ranked list by the statistic of the test) was the input 446 

for the gene set analysis. On this full list of genes, Fatiscan detected groups of genes 447 

with the same expression pattern and sharing biological functions. Therefore, the same 448 

analysis evaluated IUGR group and control group at the same time. Our analysis 449 

identified key gene pathways related to cardiac energy production which were 450 

compromised under IUGR. This included oxygen homeostasis (GO: 0032364), 451 

oxidative phosphorylation (GO: 0006119), mitochondrial respiratory chain complex I 452 

(GO: 0005747) and NADH dehydrogenase activity (GO: 0003954). On one hand, 453 

alterations on the oxygen homeostasis and oxidative phosphorylation suggest that IUGR 454 

hearts are suffering from hypoxia. Previous studies have shown a 20-35% decrease in 455 

the oxidative phosphorylation in skeletal muscle from IUGR rats, leading to a decrease 456 

in ATP production and thus an impairment of skeletal muscle function (43). 457 

Additionally, exposure to chronic hypoxia has been related to a decrease in cardiac 458 

oxidative capacity in rats, which leads to a decline in ATP synthesis and in oxygen 459 

consumption (2). Hypoxia during early life has also been associated to persistent 460 
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changes in genes linked to the regulation of cardiac metabolic processes that remain 461 

present long after the termination of the neonatal hypoxic insult (15). This may 462 

eventually be linked to the cardiovascular programming due to IUGR and the long term 463 

persistence of the changes. On the other hand, alterations on the expression of 464 

mitochondrial respiratory chain complex I and specifically on the NADH 465 

dehydrogenase activity are again in line with the study of Schwarzer et al. in pressure 466 

overload, in which they observe decreased function of the mitochondrial respiratory 467 

chain complex I. Our observations are also consistent with other studies in human 468 

IUGR in which a deficiency of the mitochondrial respiratory chain complex I has been 469 

observed (19).  470 

Several study limitations and technical considerations should be mentioned. The 471 

morphological characterization of cardiomyocyte intracellular organization and ICEUs 472 

only provides structural information. Further studies are required in order to elucidate 473 

the functional consequences of these alterations. The bioinformatics gene set analysis 474 

used in this study is useful for studying diseases in which subtle differences are 475 

expected to occur, like in IUGR. Therefore, rather than expression changes on 476 

individual genes, alterations are expected to occur at the level of biological pathways 477 

and functionally related groups of genes. IUGR is thought to be a multifactorial disease 478 

in which several pathways and multiple members of a pathway might be involved, often 479 

resulting in only subclinical changes. However, we acknowledge that is difficult to 480 

address the actual biological relevance of the gene expression findings. Future 481 

functional studies are required to relate the gene expression changes to the functional 482 

alterations at the cellular level. Finally, we do not evaluate the postnatal persistence in 483 

this study, which would provide valuable data of the long-term impact of the changes. 484 

However, this goal lies beyond the scope of the present study and it will be investigated 485 

in future research. 486 
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In conclusion we demonstrate that hearts from IUGR fetuses present a less organized 487 

intracellular arrangement of the cardiomyocyte organelles. These structural changes are 488 

accompanied with differences in the expression of groups of genes related to energy 489 

production and oxygen homeostasis. Overall, this study suggests that energetic 490 

metabolism is impaired in IUGR and provides new evidence to characterize cellular and 491 

subcellular mechanisms underlying cardiac remodeling in IUGR. Our findings might 492 

help to explain the global cardiac dysfunction previously documented in IUGR fetuses 493 

and children, and deserve further investigation to ascertain persistence on the long term 494 

as part of the cardiovascular programming observed in IUGR. 495 
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FIGURE CAPTIONS  740 

 741 
Figure 1. Electron micrograph showing an example of the delineation used to 742 
automatically quantify the area of cytoplasm and the mean distance between 743 
mitochondria and myofilaments within ICEUs. 744 
 745 
Figure 2. Cytoarchitectural organization of cardiac myocytes. Representative 746 
micrographs showing the typical organization of the intracellular space in control (A) 747 
and IUGR (B) fetal cardiomyocytes. While mitochondria are highly compacted and 748 
packed close to myofilaments in controls, they are looser packed showing an increased 749 
cytosolic space both within the mitochondrial network (**) and between mitochondria 750 
and myofilaments (arrow heads) in IUGR. C, stereological measurements of fetal 751 
control and IUGR cardiomyocytes showing the relative volume occupied by 752 
myofilaments, mitochondria, free cytoplasm (Free), cytoplasm between mitochondria 753 
and myofilaments (ICEUs) and total cytoplasm (Total). *p<0.05. Data in graphs are 754 
expressed as mean ± SD. Magnification: 20000x. Scale bar=2 μm. Mit (mitochondria), 755 
Myof (myofilaments), Cyto (cytoplasm), N (nucleus).    756 
 757 
Figure 3. Mitochondria area and number. A, average area of individual 758 
mitochondria, estimated delineating each mitochondria as shown in Fig 2.A and B. B, 759 
average number of mitochondria. Data in graphs are expressed as mean ± SD. 760 
 761 
Figure 4. Arrangement of ICEUs. Representative micrographs showing an overview 762 
of a mitochondrial network surrounded by myofilaments in a control (A) and IUGR (B) 763 
fetal cardiomyocyte. Images C (control) and D (IUGR) are a detail of image A and B, 764 
respectively, showing delineated ICEUs. While in control myocardium mitochondria 765 
are closely apposed to myofilaments, the cytoplasmic space between mitochondria and 766 
myofilaments is greater in IUGR. E and F, show the quantification of the average area 767 
of cytoplasm and the mean distance between mitochondria and myofilaments within 768 
ICEUs, respectively. *p<0.05. Data in graphs are expressed as mean ± SD. 769 
Magnification: 20000x. Scale bar=2μm. Mit (mitochondria), Myof (myofilaments), 770 
Cyto (cytoplasm), N (nucleus). 771 
 772 
 773 
 774 
 775 
 776 
 777 
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TABLES 791 

Table 1. Biometry in experimental groups. All values are median and interquartile 792 
range. g: grams; cm: centimetres. Data are expressed as mean ± SD. * p-value < 0.05.  793 
 794 

 795 

 796 

 797 

 798 

 799 
 800 
 801 
 802 
Table 2. Gene set analysis with FatiScan. Gene Ontology annotations involved in 803 
energy production and cardiac energetic metabolism regulation with a statistically 804 
significant enrichment in IUGR. * adjusted p-value < 0.08. 805 
 806 

 807 
 808 
 809 
 810 

 Control IUGR P value 

Birth weight (g) 49.24±8.03 29,76±5.99 0.000* 

Heart weight (g) 0.43±0.07 0.29±0.07 0.001* 

Heart/body weight (x100) (g) 0.84±0.12 1.02±0.11 0.009* 

Placental weight (g) 3.86±1.06 2.23±0.37 0.028* 

Crown-rump length (mm) 10.56±0.46 8.94±1.05 0.004* 

Abdominal girth 7.47±0.93 6.38±0.65 0.048* 

Annotation 

Up-

represented 

in IUGR 

Down-

represented 

in IUGR 

p-value 
adj. p- 

value 
GO type 

Oxidative phosphorylation 

(GO: 0006119) 
1.03% 0.17% 1.15e-4 7.87e-2 * 

Biological 

process 

Oxygen homeostasis 

(GO: 0032364) 
0.49% 0.04% 1.63e-4 7.82e-2 * 

Biological 

process 

Mitochondrial respiratory chain complex I 

(GO: 0005747) 
0.44% 0% 1.39e-3 7.29e-2 * 

Cellular 

component 

NADH dehydrogenase 

(GO: 0003954) 
0.35% 0% 4.37e-4 6.03e-2 * 

Molecular 

function 
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