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Summary 
Postnatal heart development is characterized by critical periods of 
heart remodeling. In order to characterize the changes in the 
lipophilic fraction induced by free radicals, fatty acids and their 
oxidized products, lipofuscin-like pigments (LFP), were 
investigated. Fatty acids were analyzed by gas chromatography 
and LFP were studied by fluorescence techniques. A fluorophore 
characterized by spectral methods was further resolved by HPLC. 
Major changes in the composition of fatty acids occurred 
immediately after birth and then during maturation. Fluorescence 
of LFP changed markedly on postnatal days 1, 4, 8, and 14, and 
differed from the adult animals. LFP comprise several 
fluorophores that were present since fetal state till adulthood. No 
new major fluorophores were formed during development, just 
the abundances of individual fluorophores have been modulated 
which produced changes in the shape of the spectral arrays. 
HPLC resolved the fluorophore with excitation maximum at 
360 nm and emission maximum at 410 nm. New 
chromatographically distinct species appeared immediately on 
postnatal day 1, and then on days 30 and 60. Consumption of 
polyunsaturated fatty acids immediately after birth and 
subsequent formation of LFP suggests that oxidative stress is 
involved in normal heart development. 
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Introduction 
 

At birth, heart oxygen concentration undergoes 
dramatic changes. After delivery, arterial PO2 increases 
more than threefold (from 30 to 100 mm Hg) and arterial 
O2 saturation increases from 18 to 97 % (Mitchell and 
Van Kainen 1992, Webster and Abela 2007). These 
changes in the tissue adapted to the fetal oxygen levels 
create conditions for an oxidative stress. This transition is 
accompanied by a change in nutrition because 
transplacental supply of nutrients is interrupted and 
mother’s milk nutrition is not yet fully developed (Kuma 
et al. 2004). 

The situation after birth is analogical to 
a hyperoxic stress produced by placing animals from 
normoxia to hyperoxia. Hyperoxic stress in adults was 
documented as a cause of heart oxidative damage (Nohl 
et al. 1981) and accordingly, an increase in the reactive 
oxygen species (ROS) in the heart after birth is therefore 
to be expected. Production of ROS in mouse heart 
significantly increased on postnatal day 4 and 7 in 
comparison with the postnatal day 1. Similarly, a marker 
for oxidative base modification in DNA, 8-oxo-7,8-
dihydroguanine was increased on postnatal day 4 and 7, 
thus documenting an oxidative damage in the developing 
mouse heart (Puente et al. 2014). 

Earlier study showed ROS-mediated oxidative 
damage to DNA in rat liver, kidney, and skin during the 
first few hours after normal birth. Lungs were not 
affected. The lesions were considered substantial, having 
been similar to or exceeding the levels found in 24-month 
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old rats (Randerath et al. 1997). The concept of oxidative 
stress after normal birth was supported by the finding of 
pronounced neonatal decrease in the hepatic GSH/GSSG 
ratio in rats (Sastre et al. 1994). 

The critical component controlling many cellular 
functions is the composition of fatty acids. Changes in 
their abundances influence vast range of qualities ranging 
from membrane fluidity to enzyme activities. Neonatal 
stress and increased cardiac function was found to 
influence the profile of fatty acids in neonatal rat heart 
(Gudmundsdottir and Gudbjarnason 1983, Novák et al. 
2006).  

There are several possibilities to assess the 
extent of oxidative stress. We have chosen for this study 
the end products of lipid peroxidation, the so called 
lipofuscin-like pigments (LFP). These fluorescent 
lipophilic substances are widely used as markers of 
oxidative damage (Jamieson 1991, Shimasaki 1994, 
Vasankari et al. 1995, Wilhelm and Herget 1999), 
because they are relatively stable and long-lived. The 
subject has been recently reviewed (Ivica and Wilhelm 
2014). In several works (Del Roso et al. 1991, Ikeda et al. 
1985, Muscari et al. 1990) higher accumulation of LFP 
was observed in the rat heart during older periods of 
postnatal development. On the other hand, in another 
study a higher level of LFP was described in the hearts of 
weaning rats as compared with 19-month-old rats 
(Csallany et al. 1986). 

We have found increased LFP concentrations 
corresponding to augmented ROS production in the rat 
heart shortly after birth in our previous studies 
(Ošťádalová et al. 2010, 2007). The present study is 
aimed at the changes in the composition of fatty acids and 
analysis of LFP components in relation to critical 
developmental periods. 
 
Methods 
 

The study was conducted in accordance with the 
Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH 
publication No. 85-23, revised 1996). Experiments were 
approved by the Animal Protection Expert Commission 
of the faculty. 

 
Animals 

Twelve pregnant female Wistar rats were used 
throughout the experiments. They had free access to 

water and standard laboratory diet. The offsprings (a total 
of 65 neonates) of both sexes were investigated 1 day 
before birth (group F, mean weight 4.32±0.30 g), and 
then on days 1 (group D1, mean weight 6.29±0.41 g), 
2 (group D2, mean weight 7.91±0.23 g), 4 (group D4, 
mean weight 10.15±0.99 g), 8 (group D8, mean weight 
16.64±2.00 g), 14 (group D14, mean weight 25.68±1.79 
g), 30 (group D30, mean weight 110.00±2.5 g), and 60 
(group D60, mean weight 275.15±7.07 g) of postnatal 
life.  

On the sampling day, rats were weighed and 
sacrificed under general anesthesia (Thiopental, 40 mg 
kg−1 b.w., i.p., VUAB Pharma a.s., Roztoky, Czech 
Republic) by decapitation (groups F, D1, D2, D4, D8) or 
by cutting the spinal cord (groups D14, D30, D60). In the 
F group, mothers were anaesthetized. Hearts were 
exenterated and immediately frozen in the liquid 
nitrogen. 

 
Fatty acids analysis 

Total lipids were extracted according to (Dodge 
and Phillips 1967) using equimolar mixture of methanol-
chloroform. Individual lipid classes were separated by 
thin-layer chromatography (0.25 mm Silica Gel, 
Macherey-Nagel, Düren, Germany) with a mobile phase 
of heptane-diethylether-acetic acid (80:20:1, v/v/v) 
according to (Tvrzická et al. 2002). The phospholipid 
fraction was transformed to methyl esters by 
transesterification by methanolic solution of BF3 (Dodge 
and Phillips 1967, Gercken et al. 1972). Methylesters 
were extracted twice into pentane, concentrated and 
stored at −20 °C. Fatty acids methylesters were resolved 
on a gas chromatograph Agilent 6890N (Agilent 
Technologies, Santa Clara, USA) equipped with flame 
ionization detector using a capillary column Famewax 
(30 m x 0.25 mm, 0.25 µm, Restek, Bellefonte, USA), 
and hydrogen as a carrier gas. The temperature 
programme of the column started at 60 °C for 2 min, then 
the column was warmed up at the speed of 10 °C min−1 to 
240 °C. The final temperature was kept for 5 min. Fatty 
acids methylesters were identified on the basis of their 
retention times compared to the retention times of 
standards. The relative abundance of given fatty acid was 
calculated as an average of the percentage of the peak 
area. Fatty acids analyses were run in pentaplicates. The 
statistical evaluations were made using ANOVA with 
Scheffe post-hoc test, and the results are shown as means 
± SD. 
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Table 1. The abundances of fatty acids in the rat heart lipophilic fraction in the course of ontogenesis. 
 

Fatty 
acida 

F D1 D2 D4 D8 D14 D30 D60 
Relative Abundance % 

C 14:0 0.9±0.15 3.0±0.40** 0.5±0.09 0.8±0.10 1.0±0.20 1.0±0.15 0.3±0.03* 0.1±0.02** 

C 16:0 20.6±0.92 16.4±0.80 19.4±0.88 18.8±0.75 18.5±0.81 19.0±0.95 22.6±1.05 13.5±0.65* 

C 16:1, n-7 1.1±0.18 1.3±0.15 0.8±0.10 0.5±0.03* 0.3±0.03** 0.3±0.02** 0.4±0.03** 0.3±0.02** 

C 18:0 20.0±0.88 15.1±0.75* 20.0±0.90 20.9±0.85 22.0±0.80 21.4±0.72 23.2±1.10 21.6±0.75 
C 18:1, n-9 10.2±0.35 22.8±0.48** 9.9±0.34 7.0±0.28 5.3±0.30* 4.4±0.25** 15.9±0.35* 6.1±0.26* 

C 18:1, n-7 4.3±0.20 4.6±0.25 4.6±0.18 4.5±0.15 4.2±0.20 4.1±0.13 3.4±0.22* 4.3±0.15 
C 18:2, n-6 7.8±0.42 12.0±0.40** 6.6±0.31 5.7±0.35* 5.9±0.30* 5.9±0.25* 11.2±0.35** 21.7±0.50** 

C 18:3. n-6 1.0±0.08 2.2±0.10** 0.0±0.00** 0.3±0.02** 0.1±0.01** 0.2±0.01** 0.0±0.00** 0.2±0.01** 

C 18:3. n-3 1.1±0.03 1.2±0.05 0.9±0.04 0.6±0.05* 0.1±0.01** 0.7±0.05* 0.1±0.01** 0.1±0.01** 

C 20:0 1.8±0.10 1.1±0.08* 1.3±0.07* 0.8±0.06** 0.2±0.01** 0.7±0.04** 0.2±0.01** 0.2±0.01** 

C 20:4, n-6 20.2±1.10 14.0±0.85** 23.2±0.95 25.2±1.18* 25.0±1.55* 22.5±1.15 13.9±0.77** 19.6±0.68 
C 22:5, n-3 3.6±0.03 0.0±0.00** 3.3±0.02 3.2±0.02 3.3±0.03 4.4±0.08 0.7±0.04** 1.6±0.07** 

C 22:6, n-3 7.5±0.25 6.2±0.20* 7.2±0.20 9.3±0.31* 12.3±0.35** 14.0±0.40** 14.6±0.32** 8.8±0.30 

 
a Number of carbons:number of double bonds, n – position of the first double bond from the end of the chain. Statistical significance is 
related to the fetal group, * P<0.05, ** P<0.01. 
 
 
Fluorescence analysis 

The technique described by (Goldstein and 
McDonagh 1976), as modified by (Wilhelm and Herget 
1999), was used for the analysis of LFP in the heart. 
Approximately 30 mg of frozen heart sample was 
weighed, chopped to fine pieces, and transferred into 
a glass-stoppered test tube containing 6 ml of chloroform-
methanol mixture (2:1, v/v). After 1 h extraction on 
a motor-driven shaker, 2 ml of double distilled water was 
added, the sample was agitated and the ensuing mixture 
was centrifuged (400 g, 10 min). After centrifugation, the 
lower chloroform phase was separated and used for 
measurements. 

Fluorescence excitation and synchronous spectra 
were measured on an Aminco-Bowman series 2 
spectrofluorometer and recorded and analyzed using AB-
2 computer program that also organized the spectra into 
tridimensional spectral arrays. The excitation spectra 
were measured in the range of 250-400 nm for emission 
adjusted between 380 and 540 nm in steps of 10 nm. 

The synchronous emission spectra were 
measured in the range of 380-540 nm, with a constant 
difference of 50 nm between excitation and emission 
wavelengths. Their second derivatives were obtained 
using the AB-2 software. 

 
HPLC analysis 

Heart chloroform extracts were evaporated under 

the stream of nitrogen. The evaporated sample was then 
dissolved in approximately 0.5 ml of 80 % acetonitrile in 
water. 50 µl of this solution was applied on C-18 column 
(4x250 mm, 5 μm) attached to a JASCO HPLC 
instrument equipped with fluorescence detector. The 
detector was set at the excitation of 360 nm and the 
emission of 410 nm. The chromatography was run in the 
linear gradient mode between 20-80 % acetonitrile in 
water during 40 min. The flow rate was 0.7 ml min−1, the 
column was thermostated at 30 °C. 
 
Results 
 

As the first step in our study, we analyzed fatty 
acid composition of the heart during ontogenesis. The 
abundances of 13 fatty acids are given in Table 1. The 
physiological effects are mostly imparted by the ratio of 
saturated/unsaturated fatty acids. Therefore, the time 
course of polyunsaturated fatty acids (PUFA) – 
arachidonic acid (20:4, number of carbons:number of 
double bonds), and docosahexaenoic acid (22:6), is 
compared to major saturated acid, stearic acid (18:0) in 
Figure 1. The statistical significance is related to the fetal 
group. Stearic acid transiently decreased on D1 and then 
returned to the fetal level on D2 and stayed without 
change until adulthood. Arachidonic acid significantly 
decreased on D1 and subsequently rose to reach 
maximum on D4 and D8, then significantly decreased on  
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D30 again. The time course of docosahexaenoic acid 
differed from that of arachidonic acid: after initial 
decrease on D1 it steadily rose until D30 when it reached 
its maximum. On D30 the abundances of both 
unsaturated fatty acids were the same and on D60 both 
returned to initial values. This, however, meant an 
increase in arachidonic acid and a decrease in 
docosahexaenoic acid. Figure 1 thus illustrates that major 
changes in fatty acids composition occurred immediately 
after birth and then during animal maturation. 

LFP represent the products of free radical 
interactions with unsaturated fatty acids. It was therefore 
interesting to study changes in LFP composition with 
regard to the changes in the composition of unsaturated 
fatty acids shown above. The collection of spectral arrays 
of studied time intervals is shown in Figure 2. It is 

 
 
Fig. 1. Abundances of stearic acid (18:0), arachidonic acid 
(20:4), and docosahexaenoic acid (22:6) in the rat heart 
lipophilic fraction during development. Statistical significance is 
related to the fetal group, * P<0.05, ** P<0.01. For the group 
description see Materials and Methods. 
   

  
Fig. 2. Tridimensional fluorescence spectral arrays of LFP in the rat heart lipophilic fraction during development. Fluorescence is given 
in arbitrary units. For the group description see Materials and Methods. 
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apparent that immediately after birth on D1 the set of 
fluorophores differed from the fetal situation. There was 
no major change on D2, however, dramatic changes 
occurred on D4 and D8. Starting from D14 there was a 
steady build-up of the fluorophore with emission around 
435 nm after excitation around 360 nm, which became 
the predominant species at mature animals on D60. 

Synchronous fluorescence spectra are generally 
used for the characterization of complex mixtures as they 
represent a “fingerprint” of a given composition. The 
collection of synchronous spectra of our samples is 
shown in Figure 3. Similarly as in Figure 2, there is 
apparent a major difference between fetal samples and 
those after birth. The “turning points” of changes in the 
composition are also similar as in Figure 2. 

The synchronous spectra can be resolved into 
individual fluorophores by performing second derivative 
of the spectra. The results of this mathematical operation 
are summarized in Figure 4. From these derivative 
spectra it is apparent that all samples comprise similar set 
of fluorophores. A quantity of a given fluorophore can be 
deduced from the depth of a valley corresponding to the 
emission maximum of this fluorophore. We have chosen 
fluorophores with emission around 448 nm (parameter a) 
and around 517 nm (parameter b) and used the ratio of 

b/a to characterize the given time group. The results are 
shown in Table 2. In the fetal group this ratio is below 1, 
in all other groups it is higher than 1 with a local maxima 
at D2 and D30. The changes in this ratio and the shape of 
derivative spectra indicate that the spectral characteristics 
of individual fluorophores are not changed during 
development, rather, their ratio influences the shape of 
the synchronous spectra. Apparently no or only a little of 
new fluorophores have been formed during postnatal 
development. 

The fluorophores characterized spectrally can be 
further resolved by chromatographic methods. To 
demonstrate this possibility we have chosen the 
fluorophore with excitation maximum around 360 nm 
and emission maximum around 410 nm and resolved it 
by HPLC in all studied groups. The results are illustrated 
in Figure 5. It can be seen that immediately after birth in 
group D1 new fractions were observed within retention 
times of 4-8 min. During further development the ratio of 
these fractions has been changed, thus indicating 
alterations in the composition of LFP. A qualitative 
change occurred on D30, when the major fraction had 
retention time around 23 min. Further alteration in LFP 
composition was observed on D60 when the fractions 
with retention time of 4-8 min were predominant. This 
analysis also documents that a single spectrally 
characterized fluorophore comprises several distinct 
compounds. 
 
Discussion 
 

Previous studies have shown that remodeling of 
heart during early development is accompanied by 
changes in fatty acid profiles in total phospholipids 
(Gudmundsdottir and Gudbjarnason 1983), and a more 
detailed study analyzed the fatty acid profiles in 
individual phospholipid species (Novák et al. 2006). In 
both studies it was suggested that several factors may 
play a role in the observed effects, mainly nutrition, 
metabolic transition, hormonal changes and increasing 
workload. 

During postnatal development of rats two 
periods were found when major metabolic changes 
occurred (Ostadal et al. 1999). The first period is 
observed after birth, when the nutrition changes from 
high-carbohydrate utilization of the fetus to the high-fat 
consumption of the neonate provided by the mother’s 
milk. This is accompanied by switch to oxidative 
metabolism. Especially postnatal day 4 appears to be 

 
 
Fig. 3. Synchronous fluorescence spectra of chloroform extracts 
from rat heart during development. Fluorescence is given in 
arbitrary units. The same samples as in Figure 2 were used for 
the measurements. 
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critical for the rat heart development, as cellular 
proliferation is replaced by the hypertrophic growth that 
is triggered by increased heart workload (Li et al. 1996), 
and the value of heart/body weight ratio is the highest 
(Ošťádal et al. 1967, Ošťádalová et al. 1993). The second 

period occurs at the time of weaning when there is 
a change in both content and composition of dietary fat. It 
is a change from mother’s milk to laboratory chow, i.e. 
from high fat diet to high carbohydrate diet three weeks 
after birth. 

 

  
Fig. 4. Second derivatives of the synchronous fluorescence spectra shown in Figure 3. The arrows indicate the emission maxima of the 
resolved fluorophores, a and b are the parameters used for the characterization of the ratio of fluorophore emitting at 448 nm and 
517 nm, respectively. 
 
 
Table 2. Ratio of parameters b/a obtained from Figure 4 in the course of development. 
 

Group F D1 D2 D4 D8 D14 D30 D60 

b/a 0.7 1.2 1.9 1.4 1.5 2.4 2.7 2.2 
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Fig. 5. HPLC analysis of the fluorophore with excitation 
maximum at 360 nm and emission maximum at 410 nm in the 
course of development. Relative fluorescence is given in arbitrary 
units, abscissa shows the time of analysis. 
 
 

In our previous study (Wilhelm and Ošťádalová, 
2012) we have shown a sharp increase in the heart LFP 
concentration during the first five postnatal days in 
relation to the fetal level. This can be taken as 
a demonstration of the oxidative stress. Therefore, in the 
present study we used a more detailed sampling during 
the first two postnatal weeks and enlarged the scope of 
previous studies (Gudmundsdottir and Gudbjarnason 
1983, Novák et al. 2006) to fetal values. 

Pronounced increase in the abundance of 
arachidonic acid in the heart of newborn rats was 
suggested to reflect the response of the heart to stress 
associated with transition from fetal to neonatal 
metabolism (Gudbjarnason 1989). Here we suggest that 
oxidative stress is another factor playing a role in 
modulation of fatty acids profile in postnatal heart. 
Immediately after birth on D1 we observed a sharp 
decrease in arachidonate and other PUFA abundance that 
could have been explained by free radical-initiated 
oxidation, however, from D2 on we found increased 
abundance of PUFA in agreement with Gudbjarnason 
(1989) which indicates that large metabolic 
rearrangements are probably in play that override the 
consumption of unsaturated fatty acids by free radicals. 
Consumption of PUFA precedes the development of LFP, 
thus supporting the idea that PUFA serve as a substrate 
for LFP formation. In the recent study (Puente et al. 
2014) ROS production was found to increase in 
developing mouse heart from postnatal day 1 to day 7, 
when it was maximum, and correlated with DNA 
oxidative damage. Besides the possibility that ROS 

production kinetics might differ in different animal 
species, the sensitivity of PUFA to free radical attack is 
higher than that of DNA, and therefore changes in PUFA 
composition occur earlier in development. 

Tridimensional fluorescence spectral arrays offer 
the integral view of the fluorophores present in the 
measured sample. Even the subtle change in their 
composition is revealed in the overall pattern. The set of 
these spectra shown in Figure 2 documents the dynamics 
of the changes in LFP composition during heart 
development. The overall pattern is largely modified on 
D1, D4, D8, and D14, and the spectra of matured animals 
on D60 can be distinguished from those of young 
animals. These “turning points” correlate with the critical 
days of heart postnatal development. It indicates the 
involvement of LFP in the key developmental stages. 

The synchronous fluorescence spectra are widely 
used for the characterization of complex mixtures (Rubio 
et al. 1986), as their shape depends on the number of 
fluorescing species and also on their abundance. Spectra 
shown in Figure 3 document a qualitative difference 
between fetal and postnatal heart. Further modifications of 
the shape of the spectra in postnatal animals correspond to 
the “turning points” found in the tridimensional spectra. 

The second derivative of synchronous 
fluorescence spectra enables to reveal individual 
fluorophores “hidden” under the integral curve (Rubio et 
al. 1986). It is apparent from Figure 4 that heart lipophilic 
fraction contains the same set of fluorophores since the 
fetal state till adulthood with only minor modifications of 
their fluorescence properties. It suggests that the 
abundance of individual fluorophores is the parameter 
that has been changing throughout the development. To 
characterize that, we used the ratio of fluorescence with 
emission around 445 nm and around 517 nm. The results 
shown in Table 2 indicate that the changes are not linear, 
as we see two local maxima on D2 and D30. The second 
derivative of synchronous spectra thus documents that the 
appearance of the overall pattern of the fluorescence 
spectra is dependent on the ratio of fluorophores present 
in the heart since the fetal state and that no new major 
fluorophores are formed in the course of development. 
Just in the specific time intervals some fluorophores are 
formed in a greater quantity than the others. 

LFP characterized by spectral methods can be 
resolved into individual species by HPLC techniques. By 
this way we were able to recognize several tens of 
fluorescent LFP species in the developing brain (Wilhelm 
et al. 2011). In the present study we have demonstrated 
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the capability of HPLC method in separation of the heart 
fluorophore with excitation maximum at 360 nm and 
emission maximum at 410 nm. New chromatographically 
distinct species appeared immediately on D1 and major 
changes in the chromatography pattern occurred on D30 
and D60 that could be related to changes in PUFA 
abundances. It illustrates the complexity of the problem, 
as not only the ratio of fluorophores is being changed, but 
also the species carrying them are modulated in the 
course of heart development. 

Taken together, all the used methods document 
dynamic changes in the composition of LFP during 

development. As LFP are indicators of free radical 
oxidative damage, we can deduce that oxidative stress 
and its consequences play a role at specific points of the 
development. What is the actual role of LFP, however, is 
not clear and should be aimed in the next studies. 
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