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Abstract

Purpose Epidemiological studies clearly link intrauterine

growth restriction with increased risk of cardiac disease in

adulthood. The mechanisms leading to this increased risk

are poorly understood; remodeling of the myocardium is

implicated. The aim was to determine the effect of early

life growth restriction on the biochemical composition of

the left ventricular myocardium in adult rats.

Methods Wistar Kyoto dams were fed either a low pro-

tein diet (LPD; 8.7 % casein) or normal protein diet (NPD;

20 % casein) during pregnancy and lactation; from wean-

ing, the offspring were fed normal rat chow. At 18 weeks

of age, the biochemical composition of the hearts of NPD

control (n = 9) and LPD intrauterine growth-restricted

(n = 7) offspring was analyzed using Fourier Transform

Infrared (FTIR) micro-spectroscopy.

Results Body weights at postnatal day 4 were signifi-

cantly lower and remained lower throughout the experi-

mental period in the LPD offspring compared to controls.

FTIR analysis of the infrared absorption spectra across

the whole ‘‘fingerprint’’ region (1,800–950 cm-1) demon-

strated wider variation in absorbance intensity in the LPD

group compared to controls. In particular, there were

marked differences detected in the protein (1,540 cm-1),

lipid (1,455 and 1,388 cm-1), proteoglycan (1,228 cm-1)

and carbohydrate (1,038 cm-1) bands, indicating increased

lipid, proteoglycan and carbohydrate content in the growth-

restricted myocardium.

Conclusion In conclusion, changes in the biochemical

composition of the myocardium provide a likely mecha-

nism for the increased vulnerability to cardiovascular dis-

ease in offspring that were growth restricted in early life.

Keywords Early life growth restriction �
Fourier transform infrared (FTIR) micro-spectroscopy �
Cardiac remodeling � Fetal programming

Introduction

The etiology of cardiovascular disease is directly influ-

enced by both genetic and lifestyle factors, and it is now

well recognized that the very early prenatal environment

can program the heart for susceptibility to cardiovascular

disease later in life; intrauterine growth-restricted (IUGR)

infants are particularly vulnerable. Up to fifteen percent of

all pregnancies worldwide exhibit some degree of intra-

uterine growth restriction (IUGR) [1]; it is multifactorial in

origin and can be caused by factors such as placental

insufficiency, maternal infections, hypoxia and dietary

undernutrition and/or malnutrition [2–5].

Both clinical and experimental studies demonstrate a

strong link between IUGR and adverse cardiovascular

consequences in adulthood [2, 5]. For instance,
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epidemiological studies from many populations worldwide

have reported an increased incidence of ischemic heart

disease in adulthood in subjects that were born of low birth

weight [6, 7]. Importantly, in this regard, the USA Nurses’

Health Study in which the health of 121,700 women were

followed from 1976 clearly showed that these strong

associations between low birth weight and heart disease

remain even after adjustments for adult smoking, physical

activity, dietary habits and socio-economic status [8]. Also

of concern, in a recent study, cardiac function was shown

to already be impaired in IUGR children by 5 years of age;

these children also exhibited elevated blood pressure [9]. In

accordance with the human findings, in rodent models,

IUGR offspring have been shown to be more vulnerable to

the development of hypertension, cardiac fibrosis, cardiac

dysfunction and to myocardial ischemia–reperfusion injury

in adulthood [10–13]; also alterations in genes regulating

myocardial glucose metabolism have been reported [14].

In order to develop strategies to prevent the increased

incidence of ischemic heart disease in subjects that were

growth restricted in early life, it is imperative to gain an

understanding of the mechanisms underlying this rela-

tionship. In this regard, changes in the extracellular matrix

are a likely cause. The myocardial extracellular matrix is a

complex three-dimensional network including collagens,

elastin, proteoglycans and glycoproteins [15]. Many com-

plex factors contribute to decreased cardiac performance.

Extracellular matrix remodeling is thought to play an

important role in this process [16]. We therefore propose

that IUGR leads to alterations in the biochemical structure

of the heart which would have the potential to ultimately

lead to impaired electrical conductivity and contractility of

the myocardium. In this study, we have begun to address

this hypothesis by examining, using Fourier transform

infrared (FTIR) micro-spectroscopy, whether there are

differences in the molecular structure and biochemistry of

the myocardium in adult rats that were either appropriately

grown or growth restricted in early life.

FTIR spectroscopy is a powerful technique that has been

successfully applied to many biomedical research appli-

cations including analyses of cardiac tissue. We have

recently performed 3D FTIR imaging on the mouse heart

and showed how protein distribution varies within the

myocardium [17] and others have examined biochemical

differences in the myocardium in the presence of diabetes

and following myocardial infarction [18–20]. This tech-

nique allows assessment of the spatial distribution of

extracellular molecules as well as quantitative assessment

of their tissue levels. FTIR spectra record the transitions

in vibrational modes of molecular functional groups as a

result of absorption of mid-infrared photons. Consequently,

FTIR spectra of tissues are representative of their constit-

uent biomolecules such as proteins, lipids, carbohydrates

and nucleic acids. From the relative intensities of absor-

bance bands, associated with various functional groups, the

relative content of the different biomolecules present in the

sample can be obtained. FTIR micro-spectrometers may

be coupled to a focal plane array (FPA) or linear array

detector to enable rapid acquisition of thousands of spectra

as a hyper spectral data image. Each spectrum can be

correlated to a particular x–y coordinate and thus enables

imaging of the molecular and structural composition

directly within the tissue.

Experimental methods

Animals and diet treatment

Ten-week-old female and male Wistar Kyoto (WKY)

breeder rats were obtained from the Australian Resource

Centre, Perth, Australia. Female breeders were placed on

either a low protein diet (LPD; 8.7 % casein and 15.6 MJ/

kg) or normal protein diet (NPD; 20 % casein and 16.1 MJ/

kg) [21] 2 weeks prior to pregnancy (to allow them to

adapt to the diet), during pregnancy and 2 weeks after birth

(diets were commercially available from Specialty Feeds,

Glen Forrest, Perth, Western Australia). After this time, all

dams were fed standard rat chow. Female breeders were

housed individually and maintained on a 12:12-h light–

dark cycle and at a constant temperature of 21 ± 1 �C.

Food and water were provided ad libitum. At birth, the

litters were reduced to eight pups and the female offspring

allowed to grow to adulthood (NPD: n = 9; LPD: n = 7).

There was no difference in litter size between groups, and

the male/female ratio was not different between NPD and

LPD litters. Only female offspring were examined in this

study as we have recently shown increased vulnerability to

cardiac dysfunction in adulthood in the female offspring in

this model [22]; one female offspring from each litter was

used. Body weight of the offspring was measured daily

from day 4 until weaning (4 weeks of age), then once a

week until the experimental endpoint (18 weeks of age).

After weaning all offspring were fed standard rat chow.

Animal care and experimental procedures were carried

out in accordance with the National Health and Medical

Research Council (NH&MRC) of Australia ‘‘Code of

Practice for the Care and Use of Animals for Scientific

Purposes’’ and were approved by the Monash University,

School of Biomedical Sciences Animal Ethics Commi-

ttee A.

Organ collection and tissue processing

At 18 weeks of age, the rats were anesthetized and perfu-

sion-fixed retrogradely (via a catheter in the abdominal
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aorta) with 4% formaldehyde at a constant pressure of

100 mmHg [23]. Prior to perfusion-fixation heparin sodium

(to prevent blood from clotting), papaverine hydrochloride

(to maximally dilate the vasculature) and potassium chlo-

ride (to arrest the hearts in diastole) were administered via

the abdominal catheter. The fixed hearts were excised,

trimmed of fat and connective tissue and weighed. The

atria were excised from the hearts, and the right and left

ventricles with adjoining interventricular septum were cut

into 1-mm-thick transverse slices using a razor blade cut-

ting device.

Heart wall volume determination

An orthogonal grid was superimposed over the ventricular

slices and the volume of the right ventricular (RV) wall and

left ventricular (LV) wall and adjoining septum (LV ? S)

were determined using the Cavalieri principle [24].

Quantification of cardiac fibrosis

Every second LV slice was embedded in paraffin, sectioned

at 5-lm-thickness and stained with picrosirius red [21]. To

measure interstitial fibrosis, the sections were uniformly,

systematically sampled, and the percentage of collagen

within the interstitium was quantified using image analysis

(Image Pro Plus Version 6.0, Media Cybernetics) [21].

FTIR micro-spectroscopy: sample preparation

and data acquisition

Alternate ventricular slices were used for FTIR scanning.

Paraffin blocks were sectioned at 4 lm using a microtome

(Micro Tec, Type 4060 Germany) and mounted on FTIR-

reflective slides (Kevley Technologies). The slides were

dewaxed (three washes in clean xylene) prior to FTIR

imaging. Spectra were collected with a Varian ‘‘Sting-

ray’’system that combines a 7000 series rapid-scan spec-

trometer containing a Michelson interferometer, a 600

UMA microscope and a liquid nitrogen cooled mercury–

cadmium–telluride 64 9 64 pixel FPA detector. FTIR

spectral data images were recorded in the range 1,800–

800 cm-1 at 6 cm-1 resolution. For each tissue section,

two sets of images were obtained. The first set of images

covered areas of 0.7 mm 9 0.7 mm that included only

LV free wall with a spatial resolution of 11 lm per pixel

(4 pixel aggregation and 64 co-added interferograms). The

second set of images comprised the whole LV (that is the

interventricular septum, free wall and papillary muscles)

with spatial resolution of 176 lm per pixel (1,024 pixel

aggregation and 8 co-added scans). Background spectra

were collected from a clean region on the FTIR-reflective

slide. A visible light image of the sample was also

collected. The total data acquisition times for each image

of LV free wall and the whole LV were approximately

1 min and 9 h, respectively.

Unsupervised hierarchical cluster (UHC) analysis

To analyze the spectral data sets, we used unsupervised

hierarchical cluster (UHC) analysis that enables analysis of

the similarity of spectra in a data set by well-established

algebraic methods and assigns ‘cluster membership’ based

on this similarity [25]. The pseudo-color maps, based on

the spectral similarity only, do not require any prior

knowledge about the type of tissue, state of disease or

composition. Hence, this analysis is referred to as an

‘unsupervised’ method [25].

Statistical analysis

Body weights at 4 days of age, morphometric data and

levels of cardiac fibrosis at 18 weeks of age were analyzed

with a Student’s t test. Body weight over time was ana-

lyzed using a repeated measure of two-way analysis of

variance (ANOVA). Statistical significance was accepted

at P B 0.05.

Chemical images were generated using Varian Resolu-

tions Pro software. Figure 1 displays an example of a

typical FTIR spectrum from the LV free wall showing the

major band positions and the integrated areas under the

bands used to produce the FTIR chemical images.

Assignments of band vibrations are given in Table 1. The

area under the amide II band at *1,540 cm-1 is repre-

sentative of the total protein content. Analysis of the

dominant amide I band (1,650 cm-1) from proteins was not

included due to dispersion effects in the heart tissue as

evidenced by the apparent shifting about of the amide I

band center in the range 1,643–1,653 cm-1 and the varia-

tion in the ratio of the amide I to amide II band intensities.

It has recently been demonstrated that these dispersion

effects are principally due to resonant Mie scattering and

while it is normally most prominent on the amide I band, it

is not confined to the amide I band and may influence any

band in the spectrum [26]. The area under the pair of bands

at 1,455 and 1,388 cm-1 is indicative of the lipid content

in the tissue [27, 28]. The band at 1,228 cm-1 (labeled

‘‘mixed’’ band) arises from several contributing functional

groups; (a) the protein amide III mode, (b) the asymmetric

phosphate stretching vibration from nucleic acids, phos-

pholipids and phosphorylated proteins and (c) the sulfate

symmetric stretch from proteoglycans. The band at

1,038 cm-1 is assigned to carbohydrates [27, 28].

The average spectrum from each animal was calculated

in Cytospec (www.cytospec.com) from spectra in the FTIR

image that passed quality tests for signal-to-noise ratio and
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dispersive line shape artifacts [29]. To produce the two

group average spectra, the average spectrum from each

animal was first vector normalized (mean-centered) to

remove any possible bias from tissue section thickness

variations. Second derivative spectra were calculated from

the group average spectra using the Savitsky Golay algo-

rithm (9 smoothing points). Second derivative analysis

enables resolution of ‘‘hidden’’ band features in the spectra.

Second derivative spectra were statistically analyzed using

UHC analysis in Cytospec.

Results

Body weights, absolute and relative LV ? S weights

and wall volumes

The LPD offspring were significantly smaller at postnatal

day 4 compared with NPD offspring (NPD: 7.19 ± 0.24 g

and LPD: 6.16 ± 0.28 g; P \ 0.015), and they remained

significantly smaller over the experimental period (PDiet \
0.0001; PTime \ 0.0001; two-way ANOVA). However, at

18 weeks of age when comparing the two groups, no dif-

ferences in body weight were detected. At 18 weeks of age,

there were no differences in absolute (NPD: 1,400 ± 43 mg

and LPD: 1,382 ± 39 mg; P [ 0.81) or relative (NPD:

5.5 ± 0.2 mg/g and LPD: 5.6 ± 0.2 mg/g; P [ 0.88) heart

weights. There were also no significant differences in the

absolute LV ? S weights and relative LV ? S weights

between the groups (P [ 0.88 and P [ 0.68, respectively;

Table 2). Absolute LV ? S wall volumes were significantly

Fig. 1 Typical FTIR spectra of

the left ventricle (LV). Gray
areas indicate the integrated

areas used to produce

the chemical images

in Figs. 5 and 6. Proteins

(1,583–1,477 cm-1), lipids

(1,477–1,350 cm-1),

‘‘mixed’’ contribution

band (1,295–1,186 cm-1)

and carbohydrates

(1,060–1,000 cm-1)

Table 1 Band assignments of major absorptions in IR spectra of

heart tissue in 1,800–950 cm-1 region

Frequency

(cm-1)

Assignments

1,740 C=O stretching: ester functional groups in lipids

[28]

1,650 Amide I: (mainly protein C=O stretching) [19]

1,540 Amide II: (protein N–H bending, C–N stretching)

[19]

1,468 CH2 scissoring: lipids [27, 28]

1,386 CH3 bending: lipids [27, 28]

1,338 CH2 side chain vibrations of collagen [18, 19]

1,312 Collagen (amide III) [18]

1,282 Collagen amide III vibration [18, 19]

1,228 region

(1,235–1,246)

Sulfate stretch from proteoglycans [34–37]

Collagen amide III vibration [18, 19, 32]

PO2
- asymmetric stretching: phospholipids,

nucleic acids [19, 27]

1,201 Collagen (amide III) [18, 19, 32]

1,171 CO–O–C asymmetric stretching: ester bonds in

cholesterol esters and phospholipids [47]

1,154 C–O stretching: glycogen, nucleic acids [48]

1,126 Glycogen [49]

1,080 PO2
- symmetric stretching: phospholipids, nucleic

acids [27] C–O stretching: glycogen,

oligosaccharides, glycolipids [48], proteoglycans

[36, 37]

1,038 C–O stretching vibrations of the carbohydrate

residues [50] and present in proteoglycans [36]

994 Nucleic acids [51]

968 Nucleic acids [51]

IR infrared
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reduced in the LPD offspring compared to controls

(P \ 0.01; Table 2), but when adjusted to body weight, there

was no difference between the groups (P \ 0.08; Table 2).

Cardiac fibrosis

There was no significant difference (P [ 0.05) in the

amount of collagen deposition within the LV ? S between

NPD (4.49 ± 0.40 %) and LPD (5.11 ± 0.38 %) offspring

at 18 weeks of age.

FTIR micro-spectroscopic analyses

Figure 2 shows the average FTIR spectra for each indi-

vidual animal in the spectral region 1,800–950 cm-1 for

the NPD group and LPD groups. In the spectral range

1,455–1,038 cm-1, the LPD offspring (five of the seven

animals studied) exhibited much stronger absorbance

compared to the controls; the remaining two LPD offspring

exhibited an absorbance similar to that of the NPD group.

Hence, the LPD group showed a wider variation in

absorbance intensity compared to controls (particularly in

the region 1,477–950 cm-1). Figure 3 shows distinct dif-

ferences in the second derivative average spectra between

the NPD offspring and LPD offspring across the spectral

region 1,425–950 cm-1. The band maxima in the original

spectra become minima after calculating the second

derivative. Bands at 1,038, 1,080, 1,126, 1,154, 1,171,

1,228, 1,312, 1,367 and 1,388 cm-1 were observed to be

enhanced in the LPD offspring group compared to the

control group. Importantly, the second derivative analysis

revealed several unchanged band profiles between the LPD

offspring and NPD offspring groups. These unchanged

bands were found at 968, 994, 1,201, 1,282 and

1,338 cm-1. The unchanged bands at 968 and 994 cm-1

were assigned to nucleic acids, and the 1,201, 1,282 and

1,338 cm-1 bands were assigned to collagen. Hence,

indicating there was no change in nucleic acid content and

collagen content between the two groups. UHC analysis

distinguished the LPD versus the NPD offspring from the

spectra in the range 1,800–950 cm-1 (Fig. 4). Cluster

average second derivative spectra confirmed that protein,

collagen and DNA content were not significantly changed

between the two groups.

FTIR chemical images from the LV free wall and entire

LV (LV ? S) are shown in Figs. 5 and 6, respectively;

(NPD images are shown in Figs. 5a–d, and 6a–d, respec-

tively and LPD images shown in Figs. 5e–h and 6e–h,

respectively). In Figs. 5 and 6, the columns (from left to

right) depict FTIR chemical images based on the following

spectral regions: proteins (amide II at 1,540 cm-1), lipids

(1,455 and 1,388 cm-1), the ‘‘mixed’’ contributions band at

1,228 cm-1 and carbohydrates (1,038 cm-1).

Protein bands: The NPD group (Figs. 5a, 6a) and LPD

group (Figs. 5e, 6e) showed similar amide II absorbance in

the LV free wall and in the whole LV as indicated by UHC

analysis.

Lipid bands: Hearts from LPD offspring (Figs. 5f, 6f)

exhibited a significantly higher lipid content compared to

NPD controls (Fig. 5b, 6b) (apparent as increased red areas

in the image). The distribution of lipids in the LV free wall

(Fig. 5b) and whole LV (Fig. 6b) in the NPD group closely

follows the pattern of protein content (Figs. 5a, 6a), thus

indicating that the lipid content is spatially associated with

the proteins. The same was found to be true for the dis-

tribution of proteins and lipids in the LV free wall and

whole LV of the LPD offspring (Figs. 5e, f, 6e, f, respec-

tively). The higher lipid content in the myocardium of the

LPD group was also evidenced by the band at 1,740 cm-1

(assigned to ester functional groups in lipids) that had an

increased intensity compared to the NPD group (Fig. 2).

Mixed contributions band at 1,228 cm-1: The most

striking difference in the biochemical composition of the

LV myocardium was observed in the mixed contribution

band. There was a marked increase in absorbance in the

mixed contributions band at 1,228 cm-1. FTIR micro-

spectroscopic analysis revealed relatively low absorbance

in the LV of the NPD offspring (Figs. 5c, 6c) and strong

absorbance in the LPD offspring (Figs. 5g, 6g). As was

found for the lipid images, the FTIR images based on the

mixed contributions band exhibited a similar spatial dis-

tribution to the protein images (NPD: Figs. 5a, 6a, LPD:

Figs. 5e, 6e).

Carbohydrate bands: Figs. 5d and 6d (NPD offspring)

and Figs. 5h and 6h (LPD offspring) show the spatial

intensity of carbohydrates within the LV free wall and

whole LV, respectively. Some of the average spectra from

the individual animals within the LPD offspring group

exhibited the characteristic glycogen triplet of bands at

1,038, 1,080 and 1,126 cm-1; that probably indicates var-

iation in the stored glycogen content within LPD group.

The individual animals within the NPD group all appeared

Table 2 Absolute and relative LV ? S weights and volumes of the

rat offspring at 18 weeks of age

NPD

(n = 9)

LPD

(n = 7)

P value

LV ? S weight (mg) 830 ± 23 824 ± 24 0.88

LV ? S weight: body weight

(mg/g)

3.3 ± 0.1 3.4 ± 0.1 0.68

LV ? S volume (mm3) 742 ± 22 658 ± 17 0.01

LV ? S volume: body weight

(mm3/g)

3.0 ± 0.1 2.7 ± 0.1 0.08

Data are mean ± standard error of the mean

LV ? S left ventricle including interventricular septum
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to have lower absorbance in carbohydrates. In contrast to

the results found for lipids and for the ‘‘mixed’’ contribu-

tion band, the spatial distribution of carbohydrates did not

closely follow the protein content in either the NPD or LPD

offspring.

Discussion

The findings of this study have demonstrated, using FTIR

micro-spectroscopy, that the biochemical composition of the

LV myocardium is markedly altered in adult rats that were

growth restricted in early life as a result of maternal protein

restriction. There was a marked upregulation in the intensity

of lipids, proteoglycans and carbohydrates in the LV myo-

cardium of the LPD offspring; such dramatic changes in the

biochemical composition of the myocardium are a potential

cause of the abnormalities in cardiac function observed in

adult life in growth-restricted offspring.

The greatest difference in the biochemical composition of

the myocardium between the NPD and LPD offspring was

observed in the ‘‘mixed’’ contribution band (1,228 cm-1).

The 1,228 cm-1 band arises from several contributing

functional groups (Table 1) such as: (a) the protein amide III

mode, (b) the asymmetric phosphate stretching vibration

from nucleic acids, phospholipids and phosphorylated pro-

teins and (c) the sulfate symmetric stretch from proteogly-

cans. Undoubtedly, all these macromolecules are present in

Fig. 2 Average spectra for

individual animals in NPD

(solid line, n = 9) and LPD

(dashed line, n = 7) groups

across 1,800–950 cm-1 spectral

window from LV free wall

Fig. 3 NDP and LPD group

average second derivative

spectra for the data presented in

Fig. 2
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the LV free wall; however, it appears that they are not all

responsible for the change in absorbance in this band

between the two groups. It is tempting to ascribe the change

in absorbance in the mixed contributions band as due to an

increased collagen fraction of the total protein in the LPD

offspring heart tissue compared to the controls. Elevated

collagen expression has been previously observed by FTIR

micro-spectroscopy in cardiomyopathic hearts from ham-

sters [18]. Spectral markers characteristic for collagen

include four bands found at 1,338, 1,284, 1,240 and

1,204 cm-1 [18]. All of these bands are present in the spectra

for the LPD and NPD offspring heart tissue indicating the

presence of collagen. However, the three bands at 1,338,

1,284 and 1,204 cm-1 are unchanged between the two

groups in the second derivative spectra (Fig. 3) indicating no

discernable increase in collagen content in the LV free wall

of LPD offspring compared to controls. We then confirmed

this by assessing collagen content using image analysis of

picrosirius red-stained LV tissue; there was no difference in

the levels of interstitial collagen between the LPD and NPD

group. This is in contrast to our previous findings of

increased fibrosis in LPD female rats [21]; however, those

rats were examined at an older age (24 weeks of age); hence,

there may be a differential increase in collagen deposition

with advancing age [30]. In the present study, although we

found no differences in total collagen between the groups, it

is possible that there may be differences in the proportion of

the collagen subtypes, in particular collagens types I and III.

Indeed, it is the change in the ratio of type I to type III

collagen that is considered important in diseased hearts

rather than the total amount of fibrosis [16, 31]. Currently, it

remains difficult to detect the different collagen subtypes by

FTIR micro-spectroscopy. Belbachir et al. have described

this and succeeded but only for pure type samples [32].

Within the ‘‘mixed’’ contribution band, the spectral

analysis also clearly demonstrated that there was no

Fig. 4 UHC analysis maps of whole LV tissue sections, based on

spectra in the range 1,800–950 cm-1. UHC analysis separated the

collected spectra into two groups (red and blue) based on spectral

similarity. The appearance of the NPD samples (left) in mostly blue
and the LPD samples (right) in red indicates that UHC analysis has

readily distinguished the two groups as having spectra that are

statistically different from each other. Only a small number of spectra

have been misclassified (red pixels in the NPD sections)

Fig. 5 LV free wall chemical images, based on the integrated areas

indicated in Fig. 1, for proteins, lipids, the ‘‘mixed’’ contributions

band and carbohydrates in the NPD and LPD groups. Images a–d
represent a typical LV free wall tissue section from the NPD group;

images e–h represent the LPD group. Warmer (red) colors represent

areas of higher absorbance and the cooler (blue) colors represent

regions of least absorbance. The tissues have undergone shrinkage

during the processing, hence in the visible light micrographs open

spaces appeared that showed no absorbance and thus appeared as the

darkest blue color in the FTIR images
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detectable change in nucleic acids, and hence, the observed

increase in the ‘‘mixed’’ contribution band at 1,228 cm-1 is

likely due to changes in proteoglycans. Normal cardiac

tissue produces several distinct proteoglycans; they are

found in the basement membrane, cell surface and inter-

stitial extra cellular matrix. Their synthesis, secretion,

organization and degradation are complex and tightly

regulated processes influenced by physical and chemical

factors [33]. An increase in proteoglycan deposition can

ultimately affect cardiac performance and vascular com-

pliance [33]. FTIR spectra of proteoglycans are charac-

terized by 1,216–1,255 cm-1 (symmetric sulfate stretch)

[34–37] and bands in the range 1,031–1,080 cm-1 [37, 38].

The sulfate stretch is pronounced in the spectra due to the

prevalence of sulphation of the glycosaminoglycan chains

in proteoglycans [10, 36]. In our study, all of the above-

described proteoglycan bands were observed in the spectra

of the LV myocardium and importantly, all of these bands

were more pronounced and exhibited increased absorbance

in the hearts of LPD offspring when compared to controls.

The spatial distribution of the increased proteoglycan

content in the LPD offspring (Fig. 5g) showed a very

similar spatial distribution to that seen for protein in the

wall of the LV in the LPD offspring (Fig. 5e), indicating

that the increased proteoglycans were associated with the

proteins and deposited in similar regions of the myocar-

dium as the proteins. Likewise, there was upregulation of

lipids within the myocardium of the LPD offspring and

their spatial distribution also followed that of the protein

distribution. In contrast, the carbohydrate content that was

also increased in the LPD myocardium did not resemble

the spatial distribution of the proteins.

There is a large body of experimental evidence linking

IUGR with the programming of impaired glucose metab-

olism, increased adiposity and metabolic syndrome in later

life [39–43] thus supporting our findings, of increased lipid

and carbohydrate deposition in the hearts of LPD offspring.

Interestingly however, we have recently shown in this

model of maternal protein restriction that there is improved

insulin sensitivity and normal whole-body composition

(using dual X-ray absorptiometry analysis) in adult off-

spring exposed to maternal protein restriction; we suggest

that these effects likely relate to the persistent attenuation

of growth postnatally such that growth in utero reflected

growth after birth [44]. Of concern, however, although the

overall whole-body composition appears to be normal, the

results from the present study demonstrate abnormal

deposition of lipids within the myocardium. Whether this is

also the case in other organs is yet to be examined.

The increase in carbohydrates within the myocardium of

the growth-restricted offspring is also an important finding

of this study and again is indicative of altered glucose

metabolism within the LPD offspring. When there is an

excess of glucose, it is generally stored within tissues in the

form of starch/glycogen and lipids [45].

The time point when the biochemical changes first

developed within the myocardium of the growth-restricted

offspring is at this stage unknown. Certainly, the bio-

chemical changes that we have observed in the adult

myocardium in our growth-restricted offspring may have

developed in early life. In support of this idea, a previous

study by Tappia et al. [46] has reported an altered

phospholipid profile and fatty acid content within the heart

of LPD offspring by the time of birth.

In conclusion, FTIR micro-spectroscopy clearly dem-

onstrates an increase in lipids, carbohydrates and proteo-

glycans within the adult myocardium following early

life growth restriction. These changes in the biochemical

composition of the myocardium provide a likely mecha-

nism for the increased vulnerability to cardiovascular dis-

ease later in life, in individuals that were born of low birth

weight. Whether the observed biochemical changes in the

Fig. 6 Whole LV tissue

sections including adjoining

interventricular septum and

papillary muscles chemical

images, based on the integrated

areas indicated in Fig. 1, for

proteins, lipids, the ‘‘mixed’’

contributions band and

carbohydrates in the NPD and

LPD groups. Images

a–d represent a whole LV tissue

section for the NPD group;

images e–h represent the LPD

group for the same hearts

presented in Fig. 5. Warmer

(red) colors represent areas of

higher absorbance and the

cooler (blue) colors represent

regions of least absorbance
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heart are specific to IUGR due to maternal protein

restriction or are a generalized consequence to all forms of

IUGR (for example, IUGR due to hypoxia) is yet to be

elucidated.
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