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Summary: The developmental profiles of the protective mechanisms of heart against peroxidative
injury during neonatal growth was examined in the pigs of three different age groups. Lipid peroxida-
tion expressed in terms of malenaldehyde formation was considerably higher in the pig hearts of the
8-10 day age group compared to that either by newborn or adult age groups. The four principal
antioxidative enzymes, superoxide dismutase, glutathione peroxidase, glutathione reductase, and
glucosc-6-phosphate dehydrogenase (G6PD), were enhanced during early neonatal growth and, with
the exception of G6PD, all other enzymes were further enhanced during further growth to adulthood.
G6PD activity dropped significantly in adult heart. The phospholipid contents of myocardial membrane
between newborn and week-old pigs did not vary significantly. Total phospholipids and phosphatidyl-
choline contents were significantly higher in adult heart compared to those in neonatal heart. The
enzymes of phospholipid synthesis and degradation, fatty acyl CoA synthetase (FACS), phospholipase
A, (PLA,), lysophospholipase (LPL), and lysophosphatidylcholine acyltransferase (LPCAT) increased
during carly neonatal growth. During further growth to adulthood, FACS decreased, PLA, did not
change, whereas both LPL and LPCAT increased significantly. Analysis of free fatty acids showced that
palmitic and stearic acids decreased during the first week of growth, but increased during further growth
to adulthood. Oleic acid did not change with aging, but arachidonic acid dropped in adult heart
compared to that in neonatal heart. Linoleic, palmitoleic and free fatty acids increased dramatically
during the first week of neonatal growth, but dropped thereafter. These results suggest that the unusual
peroxidative status of the week-old pig heart is related to the presence of high concentrations of
polyunsaturated fatty acids in the membrane phospholipids and not with the antioxidative defense
system.
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Introduction

Recent studies have demonstrated that hearts of adult animals are more susceptible to
ischemic and reperfusion injury compared to those of neonates (17, 26). The greater
vulnerability of adult hearts to injury has been shown to be due to their inability to maintain
anaerobic glycolysis and adenosine triphosphate (ATP) levels during hypoxia compared to
neonates (18). For similar heart rates and anoxic insults, the degree of myocardial contrac-
ture in the neonates was found to be less than in the adult (17). The severity of contracture in
adult heart was shown to be due to the lower ATP and higher calcium concentrations. This
observation was also supported by a recent study which demonstrated that myocardial Ca*™*
uptake during reperfusion is greater in adults than in neonates (26).

The influx of Ca®™™ during ischemia and reperfusion is known to cause lipase activation
resulting in the breakdown of membrane phospholipids (3, 6, 10). In addition, reperfusion
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of ischemic myocardium is associated with the generation of oxygen-derived free radicals
(19, 29) which attack polyunsaturated fatty acids and phospholipids, causing lipid peroxida-
tion (9, 24). The loss of membrane phospholipids during ischemia and reperfusion has been
shown to be due to the defective reacylation of lysophosphatidylcholine, a deacylated
product of the major phospholipid component of myocardial membrane, phosphatidyl-
choline (3, 10, 34). It seems plausible, therefore, that the developmental changes in the
enzymes of deacylation-reacylation pathway of phospholipid synthesis may offer a promising
insight into the mechanism of greater vulnerability of adult hearts to reperfusion injury.
In this study, we compared the activities of the enzymes of phosphatidylcholine-lysophos-
phatidylcholine cycle pathway in the hearts of newborn, one-week-old, and aduit pigs. The
activities of these enzymes were evaluated in conjunction with the contents of various
phospholipids and free fatty acids and antioxidative enzymes of myocardial membrane.

Materials and Methods

Yorkshire pigs of both sexes were used in our experiment. The pigs were divided into three groups.
The first group consisted of newborn pigs born within 48 hours, the second group consisted of nconates
between 8 and 10 days of postnatal age, and the third group consisted of full-grown two-month-old adult
pigs. The animals were tranquilized with ketamine (Ketaject 50 mg/kg, i.m.) and anesthetized with
pentobarbital (Nembutal 25 mg/kg, i.v.). They were placed on positive pressure artificial respiration
using room air, and the chest was opened with a midline incision through the sternum. Several biopsies
from the heart were taken, washed of adhcring blood, and weighed immediately before processing of
the tissues {wet weight). The tissue biopsies were divided into several groups. The first group was dried
to a constant weight to obtain the dry weight of the heart. Another group was homogenized in ice-cold
Tris-Sucrose buffer containing 10 mM Tris-HCl, pH 7.4 and 0.32 M Sucrose (1 g tissue/5 ml buffer), pH
7.4 using a Teflon-coated, hand-held tissue homogenizer.

Membrane fractionation was then carried out by differential centrifugation according to the method
described by Mukherjee et al. (25) with some modification. The homogenate was centrifuged at 450 g to
remove cell debris. The supernatant fluid was then centrifuged at 10,000 g for 20 min to precipitate
mitochondria. The precipitate was dissolved in the buffer and recentrifuged. The final precipitate was
resuspended in assay buffer. The supernatant from the above step was further centrifuged at 100,000 g
for 1 h to settle microsomes. The precipitate was resuspended in buffer and centrifuged between
10,000 g and 100,000 g to obtain a purer form of microsomes. The final microsomal pellet was suspended
in the assay buffer. Appropriate marker enzyme monoamine oxidase was assayed as described
previously, to judge the purity of the preparation (13).

Assay of enzymes

Phospholipase A, activity was determined in the microsomal fraction of heart by incubating 0.3 umol
of phosphatidylcholine (made up to a specific radioactivity of about 10° cpm/umol with phosphatidyl-
[HC-cholinc]) with appropriate amounts of enzyme (50 pg of microsomal protein) in the presence of
10mM glycylglycine, pH 8.0, 4 mM CaCl,, and 0.5 % cholate in a total volume of 0.5 ml (41). Control
experiments performed without microsomal enzyme showed negligible amounts of labeled PC hydroly-
sis. After incubation at 37 °C for 60 min with shaking, the reaction was tcrminated by adding 30 ul of
0.2M EDTA and 2.15 ml of chloroform-methanol (5:8, v/v). Lipids were extracted and phospholipid
separated as described below. The spots were visualized under iodine vapor, scraped off into counting
vials, and counted for radioactivity incorporated into lysophosphatidylcholine after adding 5 ml of
methanol and 10 ml of scintillation fluid. The percentage of phosphatidyl [*C] choline degraded to
lysophosphatidyl [**C] choline was calculated, and the phospholipase activity was expressed as nmol of
phosphatidylcholine hydrolyzed per min per mg protein.

Lysophosphatidylcholine acyltransferase activity was assayed according to the method described by
Okuyama et al. (27) as modified by Chien et al. (3). The assay mixture contained in a final volume of
0.4 ml, 50 nmol of 1-palmitylglyccrophosphocholine, 0.05 uCi of [*C}-lysophosphatidylcholine, 40 nmol
of palmitoyl CoA, 10 umol of MgCl,, 50 pmol of Tris-HCl buffer (pH 7.2) and 100 ug of microsomal
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protein. After a 10 min incubation period at 37 °C in a shaking water bath, the reaction was stopped with
3 ml of methanol and the lipids extracted as described below. After scparation of the phospholipids,
phosphatidylcholine and lysophosphatidylcholine fractions were counted for radioactivity.

Fatty acyl CoA synthetase activity was measured by the formation of palmitoyl CoA from isotopic
palmitate as described elsewhere (8). The incubation mixture contained in a total volume of 1 ml, 0.2 M
Tris-HCL, pH 7.4, 1 mM EDTA, 0.2 mg Triton X-100, 50 mM MgCl,, 20 mM ATP, 200 mM potassium
(1-%C) palmitate, 500 uM CoASH and 50 pg of microsomal enzyme protein. Incubations were
performed for 10 min at 37 °C and terminated by the addition of 1 ml of Dole’s Reagent (isopropanol: n-
heptane: 0.5 M H,SO, 40:10:1, by vol). Unreacted palmitate was removed by washing with heptane.
The lower phase was assayed for radioactivity.

Lysophospholipase was assayed in the microsomal fraction of heart by incubating 50 ug of microsomal
protein with 200 nmol of 1-(1-*C) palmitoyl-S,-glycero-3-phosphacholine (sp. act. 100 dpm/nmol) in a
total volume of 0.5 ml with 100 mM phosphate buffer, pH 6.5, at 37 °C for 10 min (37). The rcaction was
stopped by adding 2.5 ml of a solution containing isopropanol:heptane: 1N H,SO, (400:100:10, by vol).
The rematining lysophosphatidylcholine was removed by adding 100 mg of silicic acid, and the releasced
fatty acids were extracted with 3 ml of a solution containing heptane and water (1:1, v/v). The heptane
layer was counted for radioactivity to estimate released fatty acids.

Antioxidative enzymes were assayed from the heart homogenates. Superoxide dismutase (SOD) was
determined by its inhibitory action on the superoxide-dependent reduction of ferricytochrome by
xanthine-xanthine oxidase (35). The reaction mixture contained in a total volume of 1.6 ml, 0.02 M
phosphate buffer, pH 7.0, 0.1 mM xanthine, 2 uM cytochrome C, and 20 ul homogenate. The rcaction
was initiated by adding xanthine oxidase, and the rate of cytochrome C reduction was monitored at
417 nm by a spectrophotometer. The assay of GSH-peroxidase was bascd on the coupling of the enzyme
to NADPH via GSH-reductase, and the rate of NADPH oxidation was measured spectrophotometri-
cally at 340 nm (35). The assay mixture contained in a total volume of 1 ml, 0.25 mM reduced
glutathione, 0.2 mM cumene hydroperoxide, 0.12 mM NADPH, 1 unit of GSH-reductase, 0.091 mM
EDTA, 50 mM Tris-HCl buffer (pH 7.6), and 20 ul homogenate. The specific activity was expressed as
uM NADPH oxidized per min per mg protein. GSH-reductase was assayed enzymatically using an assay
mixture containing 87.7 mM Tris-HCI buffer, pH 8.0, 0.94 mM EDTA, 4.6 mM oxidized glutathione
(GSSG), 0.16 mM NADPH, and 20 pl of homogenate in a total volume of 2.87 ml (31). The change in
absorbance was followed at 340 nm at 25 °C. G-6-P-dehydrogenase activity was measured by incubating
20 pl of homogenate in 2.92 ml reaction mixture containing 86 mM triethanolamine buffer, pH 7.6, 0.5
mM NADPH solution, and 0.67 mM G-6-P solution (11). The reaction was monitored at 340 nm at
25°C.

Assay of fatty acids and phospholipids

The third group of tissue biopsies was used to estimate phospholipids. Lipids were extracted
according to the method of Folch et al. (14), as modified by Shaikh and Downar (34). Approximately
100 mg of myocardial tissue was homogenized in a 5 ml solution of ice-cold chloroform-methanol
mixture (2:1, vol/vol) containing 0.005 % butylated hydroxy toluene using a Polytron homogenizer
(Brinkman, NY). Appropriate amounts of labeled fatty acid and phospholipid were added as internal
standards to monitor the recoveries of fatty acids and phospholipids during extraction. Separate
standards were provided for each phospholipid class in order to account for the selective loss of different
phospholipid classes. The recovery of phospholipids was also verified by extracting the heart tissue in
the presence of labeled phospholipids of known radioactivity.

The extracted lipids were separated into neutral and phospholipids by silicic acid column chromatog-
raphy as described previously (16). The phospholipid fractions were subjected to a one-dimensional thin
layer chromatography (TLC) technique as described by Shaikh and Downar (34). TLC was performed
on silica gel H plates which were activated by heating at 120°C for 60 min prior to usec. Lipid extracts
were quantitatively transferred to the TLC plates, and the chromatograms were developed at room
temperature using chloroform-methanol-acetic acid-water (75:25:3:4 v/vivlv) as developing solvent.
Phospholipid fractions were localized by iodine vapor.

Silica gel areas corresponding to various phospholipids were scraped and quantitated by phosphorus
estimation as described by Bartlett (1). Free fatty acid (FFA) contents of myocardium were assayed by
high pressurc liquid chromatography (HPLC) after converting the FFAs into their corresponding
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phenacyl ester derivatives using a modification of the method of Wood and Lee (38). A lower
concentration of acetonitrile was used initially in order to separate palmitoleic and arachidonic acids (2).
25 wl of phenacyl esters of fatty acids were injected onto an IBM C18 column (250 X 4.5 mm). An initial
mobile phase of 58 % acetonitrile was run for 48 min, followed by 66 % acetonitrile for an additional
74 min. A linear gradient raising the acetonitrile concentration from 66 % to 88 % was run over 54 min,
followed by 24 min at 88 % acetonitrile. The phenacyl derivatives of fatty acids were identified by
comparing with the retention times of known standards.

Assay for lipid peroxidation

The fourth group of biopsies was carefully homogenized in ice-cold Krebs Ringer bicarbonate buffer,
pH 7.4, using a Teflon-coated, hand-held homogenizer so that there was no excessive cell damage, and
it was then suspended in a suitable amount of the same buffer to give a final protein concentration of
Smg/ml. Lipid peroxidation was stimulated by incubating the suspending tissue with vigorous shaking at
37°C for 3 h as described previously (39). At varying time intervals (30 min, 60 min, 120 min, and
180 min), buffer samples were withdrawn to estimate the extent of lipid peroxidation. The lipid
peroxidation was measured by monitoring malonaldchyde formation with the thiobarbituric acid (TBA)
reaction as described previously (12). Two milliliters of the buffer sample was mixed with 0.25 ml of cold
SN HCI, 0.5 ml of 40 % trichloroacetic acid, and 0.5 ml of 2-thiobarbituric acid (TBA); the mixture was
boiled at 100 °C for 10 min and rapidly cooled. The mixture was subjected to centrifugation at 3,000 rpm
for 5 min, and the absorbance at 535 nm of the supernatant was spectrophotometrically determined to
measure the amount of malonaldchyde formed. Protein was estimated according to Lowry ct al., using
fat-free bovine serum albumin as standard (22). DNA was estimated as described by Richards (33).
Analysis of data was performed by paired t-test or two-sample t-test. All measurements are expressed as
the mean values plus or minus the standard error of the mean (mean 3 SEM). Results were considered
significant when p < 0.05.

Results
Tissue water, protein and DNA contents of heart

The results for heart weight, tissue water, and protein and DNA contents as a function of
age are shown in Table 1. Heart weights of one-week-old pigs almost doubled compared to
those of newborns. The hearts further grew seven times in weight in two months. Water
content of heart did not vary significantly between newborn and week-old hearts, but it
increased slightly during maturation to adulthood.

Table 1. Comparision of weight, watcr, protein and DNA contents of heart.

Neonatal Adult

Newborn

(0-2 days) (8-10 days) 2 months

(n=6) (n = 6) (n=6)
Heart weight (g) 10.63 = 1.014 21.94 + 1.057* 145 £ 5.03**
Water content (%) of heart 81.3 0.2 81.8 0.2 82.6 +03
Heart protein/animal (g) 1.03 £ 0.039 3.05 = 0.024* 19.22 + (0.853**
Heart DNA/animal (mg) 25.7 *1.165 59.8 =+ 4.096* 256 £ 5.112**
Protein/DNA ratio 40 *1.3 51 *38* 75 £ 3.7

Results are expressed as Mean * SE of six different animals in each group.

* p < 0.001 compared to (0-2) days age group.

** p < 0.001 compared to either (0-2) days age group or (8-10) days age group.
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Myocardial protein and DNA contents tripled and doubled, respectively, within 8-10 days
of development, and enhanced by 6 times and 4 times, respectively, during the next two
months of age.

Activities of fatty acyl CoA synthetase, phospholipase A, lysophospholipase and lysophos-
phatidylcholine acyl transferase

All the enzyme activities were measured in the microsomal fraction of the heart. The
purity of the microsomal fraction was confirmed by the absence of monoamine oxidase as
described in the Methods section.

Hearts of the newborn pigs showed the least amount of enzyme activities amongst the
three different age groups. Significant enhancement of fatty acyl CoA synthetase, phos-
pholipase A; and lysophospholipase activities was noticed within the first week of neonatal
growth (Fig. 1). Lysophosphatidylcholine acyltransferase activity was also increased appre-
ciably after one week of birth, but the difference was not statistically significant. During
further development to adulthood, fatty acyl CoA synthetase dropped by 10% and
phospholipase A, did not increase any further, but both lysophospholipase and lysophos-
phatidylcholine acyltransferase increased significantly compared to those of neonatal ani-
mals.

In order to ascertain the extent of loss of enzyme activities during the course of subcellular
fractionations, the relative specific activities of the enzymes vs. percentage of total recov-
ered protein in microsomal fractions were calculated. Enzymatic activities in the total
homogenate and total recoveries thereof in microsomal fraction, expressed as percent of
homogenate activity, were as follows: Fatty acyl CoA synthetase 42.67, recovery 85 %;
phospholipase A; 35.35, recovery 88%; lysophosphatidylcholine acyltransferase 31.67,
recovery 91 % ; lysophospholipase 28.28, recovery 84 %.
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Fig. 1. Activities of fatty acyl CoA synthetase, phospholipase A,, lysophospholipase, and lysophos-
phatidylcholine acyl transferase as a function of age. Each bar graph represents Mean £ SE of
6 differcnt pigs in each group.
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Fig. 2. Membrane phospholipid content as a function of age. Each point represents the mean + SE of
6 different pigs in cach group.

Membrane phospholipids as a function of age

Total as well as major individual phospholipid classes were measured in the heart biopsies
obtained from newborn, one-week-old and two-month-old pigs., As mentioned in the
Methods section, recoveries of phospholipid fractions were tested with exogenously added
labeled phospholipids of known radioactivity. The recoveries of the total phospholipid were
99.0 £ 1.4 %. The recoveries of phosphatidylcholine (PC), phosphatidyl ethanolamine (PE),
phosphatidyl inositol (PI) and lysophosphatidylcholine (LPC) were 98.9 + 1.2%, 99.2 +
1.0%, 97.5 £ 1.5%, and 96.2 + 1.7 %, respectively.

Neither the total phospholipids nor the individual phospholipids, PC, PE, PI, and LPC,
varied statistically in quantities between newborn and one-week-old age groups (Fig. 2).
Significant enhancement in the contents of phospholipids PC and LPC were, however,
achieved during further growth to adulthood. Thus, total phospholipids PC and LPC



42 Basic Research in Cardiology, Vol. 82, No. 1 (1987)

Table 2. Fatty acid composition of myocardial lipids.

Fatty acid 0-2 days 8-10 days 60 days
(n mol/g dry heart wt.)

Laurate 12:0 304+ 25 345+ 51 289+ 1.9
Mpyristate 14:0 436+ 8.1 787 £ 9.0* 530 6.7
Palmitate 16:0 307 = 16.7 299 =+ 234 295 + 252
Palmitolcate 16:1 375+ 4.1 52 £ 10.7* 115+ 23
Stearate 18:0 331 *+ 309 346 £ 372 395 £ 54.1
Oleate 18:1 160 £ 14.0 183 <+ 15.4* 159 %= 164
Linoleate 18:2 115 += 13.2 186 + 19.6* 131 £ 149
Arachidonate  20:4 117 + 102 144 £ 15.7* 641+ 7.6
Total FFA 1310+ 109 1510 =96 1181 + 121

* p<0.05 compared to 0-2 days age group. Results are expressed as Mean + SE of 6-7 different
animals in each group.

contents of adult heart membrane were about 29 %, 17 %, and 10 %, respectively, higher,
whereas PE and PI contents were about 17 % and 15 % lower, respectively, compared to
newborn animals.

Free fatty acids as a function of age

Fatty acid analyses were conducted on the total lipid extract from newborn, week-old, and
adult pig hearts. Amongst saturated fatty acids identified in the heart, palmitic acid and
stearic acid were present in the highest quantity (Table 2). Palmitic acid concentration was
decreased during the first week of growth, but increased during further development, such
that its concentration in two-month-old pig heart was the same as that in the newborn heart.
The stearic acid concentration followed a similar pattern, but its content in the adult heart
was significantly higher compared to any other age groups.

Of all the polyunsaturated fatty acids identified in our study, arachidonic and oleic acid
were present in the greatest quantity. Oleic acid concentration did not change with aging,
but arachidonic acid content dropped significantly in the hearts of adult animals compared to
those of newborn and week-old pigs. Linoleic acid increased dramatically during the first
week of growth and development and dropped slightly during further growth to adulthood.
Palmitoleic acid concentration also increased during the first week of aging, but dropped
significantly in the hearts of adult animals. Total free fatty acid (FFA) concentration in the
week-old pig heart was higher compared to newborn hearts, but the FFA concentration in
adult heart was significantly lower compared to any other age groups.

In vitro lipid peroxidation

Lipid peroxidation in heart homogenates of pigs of varying ages was followed for 3 hours
by in vitro incubation, and the amounts of thiobarbituric acid (TBA) reactive materials
formed were measured as a function of incubation time (Fig. 3). Two-month-old pig hearts
showed minimal production of TBA-reactive materials, newborn pigs showed a relatively
greater, but not appreciable, amount of lipid peroxidation, whereas 8-10-day-old pig hearts
showed generation of massive amounts of TBA-reactive materials. For two-month-old pigs,
lipid peroxidation did not change with incubation time, but progressive increase in lipid
peroxidation occurred for both groups of neonatal animals.
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Antioxidative enzymes as a function of age

The activities-of the enzymes are shown in Figure 4. All of the enzymes were present in
significant amounts in the hearts of newborn pigs. Antioxidative enzymes changed with
aging, but the development pattern varied for each enzyme. For example, myocardial SOD
activity increased only slightly within one week after the birth, but enhanced by about 40 %
during the next two months of growth to adulthood. GSH-peroxidase activity was enhanced
by 12 % within the first 10 days of neonatal life, and increased further by 30 % in two-month-
old animal heart. GSH-reductase also increased progressively, although by a small amount,
within the first two months of growth and development. The activity was stimulated by 5 %
within one week after birth, and then by 15 % during further aging to adulthood. G-6-P-
dehydrogenase activity in the hearts of 8-10-day-old pigs was 5 % higher compared to those
in the 0-2 day-old-animals (Fig. 4). This value dropped significantly to 40 % of the activity
after two months of aging.

Discussion

There is increasing evidence to indicate with a high degree of probability that endogenous
free radical reactions play a significant role in the degradation of biological systems.
Peroxidative cleavage of polyunsaturated lipids studied in a variety of biological tissues,
including lung (20, 39), liver (40) and kidney (20) has been associated with the oxidative
destruction of membrane lipids. A similar study was never performed in the heart. In this
report, we have demonstrated that the lipid peroxidative process in heart is associated with
the neonatal rather than adult heart. Furthermore, a unique age-specific myocardial lipid
peroxidation was found to occur after incubation of neonatal pig heart homogenates in the
absence of any added factors. As measured by the formation of malondialdehyde, lipid
peroxidation was minimum in two-month-old adult pig heart. Newborn pigs within 48 hours
of birth also showed very little lipid peroxidation initially, but in contrast to adult heart,
malondialdehyde formation increased with incubation time. Striking results were obtained
with the hearts from week-old pigs. Not only was the initial lipid peroxidative product higher
compared to newborn and adult animals, but it increased dramatically with the duration of
incubation. After 3 hours of incubation, more than three times the amount of malondial-
dehyde was formed compared to any other age group. Similar results were previously
reported for lungs (20, 39). Lipid peroxidation was not detected in rat lung homogenates
prepared from animals immediately after birth, but appeared by the second day, reached a
maximum at 5 days of age, and gradually disappeared by 20 to 21 days after birth. It has
been hypothesized that a soluble inhibitor may be present in the lung, kidney and liver cells
of older animals, inhibiting the lipid peroxidation process (20). Such a soluble inhibitor may
also be present in the hearts of adult animals.

It is generally believed that a complex of inhibitors are normally present in the whole
intact tissue. Homogenization of tissue apparently causes partial or total destruction of these
inhibitors, thus initiating a chain of lipid peroxidation reactions. These inhibitors might
include such products as the breakdown of the normal iron binding in tissue or the
antioxidant complexes. Since the lipid peroxidizing activity occurred in such age-specific
patterns and in association with immaturity, a deficiency of a factor or antioxidative enzyme
normally providing protection against oxidative free radical injury in mature animals may
result in the observed malondialdehyde formation. Previous results indicate that several
antioxidative enzymes including superoxide dismutase (SOD), glutathione reductase,
glutathione peroxidase, glucose-6-phosphate dehydrogenase and their co-factors serve to
protect the membrane phospholipids from free radical injury by breaking the autocatalytic
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chain reactions of lipid peroxidation (4). We, therefore, measured the activities of these
antioxidative enzymes in our study. Our results indicate that activities of these enzymes are
lower in newborn pig hearts compared to those in week-old hearts. For example, SOD, best
known as the scavenger of free radicals, is present in the newborn pig hearts in significant
amounts. This enzyme activity is enhanced slightly within 810 days of neonatal age, and
increased further by 40 % during the later phase of growth and development. A number of
studies have confirmed the biologic importance of SOD in the prevention of oxygen-free
radical cytotoxicity (32). When the presence of SOD in a tissue is not adequate to prevent
the free radicals, the generated toxic radicals attack the unsaturated lipids in the cell causing
lipid peroxidation. These toxic lipid peroxides are converted into hydroxy fatty acids, which
are then metabolized by B-oxidation pathway (Fig. 5). The enzyme which is responsible for
this conversion is glutathione peroxidase. Activity of this enzyme was enhanced by about
12 % during the first week of neonatal development, and increased by 30 % during further
growth to adulthood.

Since glutathione (GSH) is essential for the normal function of many cells, it must be
regenerated to ensure proper repair and proliferation of myocardial cells. The reducing
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equivalents used by GSH-peroxidase are regenerated by GSH-reductase, which transfers
the reducing equivalents from reduced nicotinamide adenine dinucleotide phosphate
(NADPH) to produce intracellular supplies of reduced GSH. Our result indicates a 5%
increase in GSH-reductase activity during the first 10 days of neonatal heart maturation.
About a 15 % increase of this enzyme activity was noticed during further development of the
heart.

When the supply becomes low, NADPH can be regenerated through the action of pentose
phosphate shunt enzyme, G-6-P-dehydrogenase which is abundantly present in heart tissue.
It appears from our study that neonatal pigs are born with relatively higher activity of this
enzyme. A very small increase in activity is noticed in the hearts of 8-10-day old-pigs
compared to that of newborns. Less than 70 % of G-6-P-dehydrogenase activity (compared
to newborns) is present in the hearts of adult pigs, suggesting that adult pigs do not depend
upon the pentose phosphate shunt activities for the maintenance of NADPH levels in heart
like the neonatal pigs. The presence of a relatively lower level of this enzyme activity also
suggests that adult hearts may be less susceptible to the peroxidative injury since lipid
peroxidation in biologic tissue is not only checked by G-6-P-dchydrogenase activity on lipid
peroxides, but also lipid peroxidase may actually be prevented by this enzyme as a result of
direct scavenging of the highly toxic OH' radicals (23). Indeed, our study showed relatively
lower amounts of the malonaldehyde generation when heart homogenates were incubated in
buffer for prolonged time periods. In addition to providing the necessary supply of NADPH,
G-6-P-dehydrogenase may be a critical ingredient for the biosynthesis of adenine nucleo-
tides and fatty acids essential for the repair of free radical-induced damaged tissue (36).
However, although we did not measure malic enzyme and 6-phosphogluconate dehydrogen-
ase activities in heart, it may be equally interesting to know the development profiles of
these two enzyme activities since they are also able to regenerate necessary NADPH when
the supply becomes low (36).

The results of our study indicate that lipid peroxidative process is significant only in week-
old pig hearts. Comparison between newborn and week-old pigs shows that the heart of the
week-old pig undergoes a greater degree of lipid peroxidation, even though it has relatively
higher levels of antioxidative enzymes, suggesting that peroxidative status is not a function
of antioxidative enzymes. Since it is well known that lipid peroxidation requires NADPH for
the enzymatic reactions (15), and polyunsaturated fatty acids localized primarily in the
microsomal phospholipids are the most likely substrates for the NADPH-catalyzed micro-
somal lipid peroxidation (30), we examined the enzymes of major pathways for myocardial
phospholipid synthesis in the microsomal fraction because alteration in tissue enzyme
activity is a more sensitive and specific indicator of tissue damage than any other known
biochemical measurements. Our results indicate that the enzymes of deacylation-reacylation
pathway of phospholipid metabolism and synthesis are relatively low in the hearts of
neonatal animals. Significant enhancement of fatty acyl CoA synthetase, which activates
fatty acids; phospholipase A,, which deacylates phospholipids; and lysophospholipase,
which hydrolyze lysophospholipids into free fatty acids are noticed within the first week of
neonatal growth. Lysophosphatidylcholine acyltransferase, which reacylates lysophos-
pholipids into phospholipids, is also increased appreciably after one week of birth, but the
difference is not statistically significant; this suggests that compared to newborn pig heart, in
week-old heart the degradation of membrane phospholipids may be greater than the de
novo synthesis resulting in the presence of higher amounts of free fatty acids. However,
neither the total phospholipids, nor the individual phospholipids such as PC, PE, PI and
LPC varied in quantities between the hearts of newborn and week-old animals. Significant
enhancement in the contents of total phospholipids and PC is achieved during further
growth to adulthood. In concert, lysophosphatidylcholine acyltransferase, but not phos-
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pholipase A,, increased in the hearts of adult animals compared to neonates. Lysophos-
pholipase activity is also increased in adult pig hearts, suggesting that not only the
reacylation but the hydrolysis of lysophospholipids also is higher in adult animal hearts
compared to those in neonatal hearts. These results also suggest that, similar to adult heart
(3, 10, 34), a deacylation-reacylation cycle of phospholipid synthesis exists in neonatal
hearts.

Since lipid peroxidation occurs by the oxidation of polyunsaturated fatty acids of micro-
somal phospholipids, we determined the composition of fatty acids isolated from the hearts
of three different age groups. Compared to neonatal pig heart, week-old heart has more
unsaturated fatty acids as indicated by the presence of significantly higher amounts of
linoleic acid and palmitoleic acids. The total amount of FFA is also higher in the heart of this
group of animals. Although it cannot be supported from our study, it is likely that the
amount of linoleic and palmitoleic acids into the phospholipid or triglyceride pool of
membrane lipids is relatively higher in the week-old pig heart than those in the newborn
heart. In adult heart, FFA as well as unsaturated fatty acids, particularly arachidonic and
palmitoleic acid, were present in significantly lower amounts compared to neonatal heart.
The results suggest that increase in lipid peroxidation in the hearts of week-old animals may
be due to an increase in polyunsaturated fatty acid content since the less unsaturated species
are less susceptible to lipid peroxidation and will not decompose to form malondialdehyde
(7). The presence of relatively lower amounts of FFA, especially arachidonic acid, may
explain why negligible amounts of lipid peroxidation occur in the heart of adult animals,
because arachidonic acid is the most preferred substrate for malondialdehyde formation via
cyclo-oxygenase pathway (28).

Even though newborns are particularly susceptible to the lipid peroxidative process and
this process is further stimulated during the initial phase of growth and development, the
peroxidation process does not appear to have any toxic effect on the cells. Our study shows
that deoxyribonucleic acid (DNA) content of normal pig heart increases after birth until the
animal matures. Protein synthesis follows a similar pattern. Recent work suggested that
superoxide anions alter the structure of DNA (21). More recently is has been shown that
oxygen radicals actually inhibit DNA synthesis from thymidine due to the inhibition of
thymidine kinase activity (5). These investigators also noticed stimulation of DNA-polymer-
ase activity, an enzyme involved in DNA repair, further suggesting oxygen radical-mediated
DNA injury. Our study, however, did not indicate any injury to DNA. Although superoxide
anions can affect the DNA growth, the possibility of such interactions can only depend upon
the probability of free radical generation in the nucleus near the DNA molecules and the
absence of adequate SOD in the immediate vicinity. Studies characterizing myocardial DNA
biosynthesis as a function of aging are extremely limited. To the authors’ knowledge, no
work has been performed regarding the effects of free radicals on protein and DNA content
of heart during growth and development.

The findings of this study may be of great significance in those pathophysiological
conditions of heart where reperfusion or reoxygenation of ischemic myocardium is essential.
Recent studies demonstrated that adults are more susceptible to the ischemic injury than
neonates (17, 18, 26). Our results indicate that some factor or factors other than antioxida-
tive defense system or the peroxidative status of heart are responsible for greater reperfu-
sion injury as observed by Jarmakani and his coworkers (17, 18). The antioxidative defense
system against the peroxidative injury appears to be the strongest for adult heart and weaker
for the week-old hearts. The results of this study suggest that the ability of the neonatal or
adult pig heart to tolerate free-radical mediated myocardial injury is governed by a delicate
balance between the peroxidative status, membrane integrity regulated by phospholipid and
free fatty acids, and myocardial defense system controlled by various antioxidative enzymes.
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The result further suggests that an in vivo enzymatic pathway exists in the heart for reducing
lipid peroxides (Fig. 5). The ability of the heart to offset this challenge is determined not
only by the total activities of myocardial antioxidative enzymes, but also by the capability of
the heart to increase its antioxidant enzymes in response to an injury during reperfusion and
the proximity of these protective systems to the site of generation of cytotoxic agents.
Although the physiologic stimulus for the postnatal development profiles in antioxidant
defense capacity is not established from our study, at least one explanation can be
speculated. The marked increase in metabolic activity and increasing total oxygen consump-
tion of growing neonates could provide sufficient increase in oxygen-derived free radical
production to stimulate modulation of antioxidative status of the heart during growth and
development. Our observations on the unique profile of the peroxidative status of the heart
during growth and development support this hypothesis. Such modification in the peroxida-
tive status of the heart during aging is likely to contribute to the modulation in the contents
of membrane-bound phospholipids rich in polyunsaturated fatty acids, which could be of
great importance in maintaining the integrity and function of myocardial membranes.
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