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The present study was designed to examine the cardioprotective effect of betaine on mitochondrial function
in isoprenaline-induced myocardial infarction in rats with respect to changes in the mitochondrial energy status
and antioxidant defense system. Prior oral treatment with betaine significantly prevented the isoprenaline-induced
elevation in the levels of diagnostic maker enzymes [alanine aminotransferase (ALT), aspartate aminotransferase
(AST), lactate dehydrogenase (LDH), and creatine phosphokinase (CPK)] and homocysteine in plasma of the ex-
perimental group of rats. Its administration significantly counteracted the isoprenaline-induced aberrations in the
myocardial energy status by maintaining the levels of myocardial ATP and betaine contents and the activities of
mitochondrial TCA cycle enzymes [isocitrate dehydrogenase (ICDH),α-ketoglutarate dehydrogenase (α-KDH),
succinate dehydrogenase (SDH), and malate dehydrogenase (MDH)] and respiratory marker enzymes (NADH de-
hydrogenase and cytochrome-c-oxidase) at near normalcy. It also exerted an antioxidant effect against isoprenaline-
induced myocardial infarction by blocking the induction of mitochondrial lipid peroxidation (LPO). A tendency to
minimize the isoprenaline-induced alterations in the level of reduced glutathione (GSH) and in the activities of
glutathione-dependent antioxidant enzymes [glutathione peroxidase (GPx) and glutathione-S-transferase (GST)]
and antiperoxidative enzymes [superoxide dismutase (SOD) and catalase (CAT)] in the heart mitochondria was
also observed. The results of the present study indicate that the overall cardioprotective effect of betaine is proba-
bly related to its ability to maintain the myocardial energy status (ATP) at higher level by maintaining the activities
of TCA cycle enzymes and respiratory marker enzymes atnear normalcy, and/or to its free radical-scavenging abil-
ity against isoprenaline-induced lipid peroxidation, which is primarily responsible for the irreversible necrosis of
the myocardialmembrane.
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INTRODUCTION

Despite understanding more about the etiology
and pathophysiology of cardiovascular disease, the
burden of cardiovascular disease is likely to worsen
rather than improve over the next 20 years. In
terms of global burden of disease in 1999, the World
Health Organization (WHO) placed myocardial in-
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farction in sixth place and stroke in seventh place,
but by2020 they will have moved to first and fourth
place, respectively. According to WHO estimates,
cardiovascular disease killed 14.7 million individ-
uals in 1990 and 17 million in 1999.1) It is often
assumed that myocardial infarction is a disease of
affluent, industrialized countries. However, 80% of
these deaths occur in low-to-middle income coun-
tries of varying size such as China, Russia, Poland,
Mauritius, Argentina, and India.2) The incidence of
myocardial infarction is also high among people
with Indian origins who are now living abroad.3)

Epidemiological studies and randomized clini-
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cal trials have provided compelling evidence that
the occurrence of myocardial infarction is largely
preventable.4) Hence the high incidence of myocar-
dial infarction requires new ways for prevention.
Betaine (N,N,N-trimethyl glycine) may be an in-
teresting candidate, all the more because homocys-
teinemia, which can be treated with betaine, is a
risk factor for myocardial infarction. Betaine is dis-
tributed widely in animals, plants, and microorgan-
isms and rich dietary sources include seafood, espe-
cially marine invertebrates; wheat germ or bran; and
spinach.5) The principle physiologic role of betaine
is either as an organic osmolyte to protect cells un-
der stress or as a catabolic source of methyl groups
via transmethylation for use in many biochemical
pathways.6) Earlier reports indicated that adminis-
tration of betaine exerted significant hepatoprotec-
tion in experimental animals against a wide variety
of hepatotoxins including chloroform, lipopolysac-
charide, methotrexate, and carbon tetrachloride.7–9)

Specificeffects of betaine on cellular function have
been reported to include reduced hepatic lipido-
sis and necrosis, improved morphology of mito-
chondria, rough endoplasmic reticulum, Golgi com-
plexes, and nuclear DNA and increased S-adenosyl
methionine content.5, 10) Betaine has also been re-
ported to protect against bile–induced apoptosis via
inhibition of the proapoptotic mitochondrial path-
way.10) Previous studies have shown that betaine
exerts cellular and subcellular membrane stabiliza-
tion in the liver by restoring both non-enzymic and
enzymic antioxidants.11, 12) Though the beneficial
properties of betaine are promising and well stud-
ied, the protective effects of betaine on mitochon-
drial function in experimentally induced myocardial
infarction condition have not yet been explored.

Myocardial infarction induced by isoprenaline
[Isoproterenol; L-β-(3,4-dihydroxyphenyl)-α-
isopropylaminoethanol hydrochloride], aβ-
adrenergic agonist, has been reported to exhibit
many metabolic and morphologic aberrations in the
heart tissue of the experimental animals similar to
those observed in human myocardial infarction.13)

Isoprenaline challenge induces myocardial necrosis
by a multiple step mechanism. The primary
disturbance of isoprenaline-induced myocardial
infarction has been reported to enhance adenylate
cyclase activity resulting in increased cAMP
formation, which in turn leads to increased lipid
accumulation in the myocardium.14) It is also well
known to generate free radicals and to stimulate
lipid peroxidation, which may be a causative

factor for irreversible damage to the myocardial
membrane.15) Isoprenaline-induced myocardial
infarction there by serves as a well-standardized
model to study the beneficial effects of many drugs
and cardiac function.16)

In the present study, an attempt was made to
assess the preventive effects of betaine on mito-
chondrial energy status and antioxidant defense sys-
tem in isoprenaline-induced myocardial infarction
in rats by virtue of its membrane-stabilizing action
and antioxidant property.

MATERIALS AND METHODS

Chemicals —— Betaine, epinephrine, and isopre-
naline were obtained from M/s. Sigma Chemical
Company, St. Louis, MO, U.S.A. All other chemi-
cals used were of analytical grade.
Animals —— Wistar strain male albino rats, weigh-
ing 150–180 g, were selected for the study. The
animals were housed individually in polypropylene
cages (with stainless steel grill top) under hygienic
and standard environmental conditions (28± 2◦C,
humidity 60–70%, 12 hr light/dark cycle). The an-
imals were allowed a standard diet (M/s Sai Feeds,
Bangalore, India) and waterad libitum. The exper-
iment was carried out as per the guidelines of the
Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals (CPCSEA), New
Delhi, India.
Induction of Myocardial Infarction —— Myocar-
dial infarction was induced in experimental rats
by intraperitoneally (i.p.) injecting isoprenaline
[11 mg (dissolved in physiological saline)/100 g
body weight, day] for 2 days.17)

Experimental Protocol —— Five days after ac-
climatization, the experimental animals were di-
vided into four groups, comprising six rats each.
Ratsin Group I (normal control) received standard
diet for a period of 30 days. Group II animals were
orally administered with betaine [250 mg (dissolved
in distilled water)/kg body weight, day] by intragas-
tric intubation for a period of 30 days. In Group
III, rats were injected with isoprenaline [11 mg (dis-
solved in physiological saline)/100 g body weight,
day], i.p. for 2 days for the induction of myocardial
infarction. In Group IV, the animals were pretreated
with betaine (250 mg/kg body weight, day), p.o for
30 days before the induction of myocardial infarc-
tion as described for Group III. Control animals
(Group I and Group II) were injected with physi-
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ological saline alone for 2 days.
At the end of the experimental period, i.e.

24 hr after last injection of isoprenaline, the ex-
perimental animals were killed, blood was col-
lected using sodium citrate as anticoagulant, and
the plasma separated was used for the determination
of diagnostic marker enzymes [alanine aminotrans-
ferase (ALT) (EC 2.6.1.2), aspartate aminotrans-
ferase (AST) (EC 2.6.1.1), lactate dehydrogenase
(LDH) (EC 1.1.1.27), and creatine phosphokinase
(CPK) (EC 2.7.3.2)] and homocysteine. The heart
tissue was dissected out immediately, and washed
with chilled physiological saline. Mitochondria iso-
lated from the heart tissue by the method of John-
son and Lardy18) were used for the determination
of TCA cycle enzymes [isocitrate dehydrogenase
(ICDH) (EC 1.1.1.42),α-ketoglutarate dehydroge-
nase (α-KDH) (EC 1.2.4.2), succinate dehydroge-
nase (SDH) (EC 1.3.99.1), malate dehydrogenase
(MDH) (EC 1.1.1.37)], respiratory marker enzymes
[NADH dehydrogenase (EC 1.6.99.3), cytochrome-
c-oxidase (EC 1.9.3.1), lipid peroxides (LPO), re-
duced glutathione (GSH)], glutathione-dependent
antioxidant enzymes [glutathione peroxidase (GPx)
(EC 1.11.1.9), glutathione-S-transferase (GST) (EC
2.5.1.18)] and antiperoxidative enzymes [superox-
ide dismutase (SOD) (EC 1.15.1.1) and catalase
(CAT) (EC 1.11.1.6)].
Biochemical Assays —— The activity of ALT was
assayed by the method of Mohur and Cook.19)

To 1.0 ml of substrate (0.1 M phosphate buffer,
pH 7.4, 0.2 MDL-alanine, 2.0 mM 2-oxoglutarate),
0.2 ml of plasma was added and incubated at
37.8◦C for 1 hr. Then 1.0 ml of 0.02% 2,4-
dinitrophenylhydrazine (DNPH) was added and
kept at room temperature for 20 min. To the control
tube, sample was added after arresting the reaction
with DNPH. Then 5 ml of 0.4 N NaOH wasadded
and the colour developed was read at 540 nm. The
activity was expressed asµmoles of pyruvate liber-
ated/l per hour.

AST was assayed by the method of Mo-
hur and Cook.19) The assay mixture containing
1.0 ml of buffered substrate (L-aspartic acid andα-
ketoglutaric acid in 0.15 M phosphate buffer, pH
7.4) and 0.2 ml of plasma was incubated at 37.8◦C
for 1 hr. To the control tubes, sample was added
after the reaction was arrested by the addition of
1.0 ml DNPH. The tubes were kept at room temper-
ature for 30 min. Then 5.0 ml of 0.4 N NaOH was
added and the colour developed was read at 540 nm.
The activity was expressed asµmoles of pyruvate

liberated/l per hour.
LDH was assayed according to the method of

King.20) To 1.0 ml of the buffered substrate (lithium
lactate in 0.1 M glycine buffer, pH 10), 0.1 ml of
enzyme preparation was added and the tubes were
incubated at 37.8◦C for 15 min. After adding 0.2 ml
of NAD+ solution, the incubation was continued for
another 15 min. The reaction was arrested by adding
0.1 ml of DNPH (2,4-dinitrophenyl hydrazine), and
the tubes were incubated at 37.8◦C for a further pe-
riod of 15 min after which 7.0 ml of 0.4 N NaOH
was added and the color developed was measured
at 420 nm in a Shimadzu (Tokyo, Japan) UV-1601
spectrophotometer. Suitable aliquots of the stan-
dards were also analyzed by the same procedure.
The activity of the enzyme was expressed asµmoles
of pyruvate liberated/l per hour.

CPK activity in plasma was determined by the
method of Okinakaet al.21) The reaction mixture
comprised of 0.05 ml of plasma, 0.1 ml of substrate,
0.1 ml of ATP solution, and 0.1 ml of cysteine-
hydrochloride solution. The final volume was made
up to 2.0 ml with distilled water and incubated at
37.8◦C for 30 min. The reaction was arrested by
the addition of 1.0 ml of 10% trichloroacetic acid
(TCA) and the contents were subjected to centrifu-
gation. To 0.1 ml of the supernatant, 4.3 ml distilled
water and 1.0 ml ammonium molybdate were added
and incubated at room temperature for 10 min. 1-
amino-2-naphthol-6-sulphonic acid (ANSA) 0.4 ml
was added and the color developed was read at
640 nm after 20 min. The activity of the enzyme
was expressed asµmoles of phosphorus liberated/l
per hour.

ICDH activity was assayed according to the
method of Bell and Baron (1960).22) Briefly, the re-
action mixture consisting of 0.1 M Tris-HCl buffer,
0.1 M trisodium isocitrate, 0.015 M manganous
chloride, 0.001 M NADP, and mitochondrial sus-
pension was incubated at 37.8◦C for 60 min. Added
to this were 1.0 ml of 0.001 M DNPH and 0.5 ml of
5% EDTA. After 20-min incubation, 10 ml of 0.4 N
NaOH was added and the color intensity was mea-
sured at 390 nm in a Shimadzu UV-1601 spectrom-
eter. The activity of ICDH was expressed asµmol
α-ketoglutarate liberated/min per mg protein.

SDH activity was estimated according to the
method of Slater and Bonner (1952).23) The rate of
reduction of potassium ferricyanide was measured
in the presence of sufficient potassium cyanide to
inhibit cytochrome oxidase by following the rate of
decrease in the optical density at 420 nm. Briefly,
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0.2 ml of mitochondrial suspension was added to a
reaction mixture containing 0.3 M phosphate buffer,
0.03 M EDTA, 0.4 M sodium succinate, 0.075 M
potassium ferricyanide, bovine serum albumin, and
0.03 M potassium cyanide. The enzyme activity
was measured at 420 nm in a Shimadzu UV-1601
spectrophotometer using UVPC Software package.
The activity of SDH was expressed asµmoles of
succinate oxidized/min per mg protein.

Malate dehydrogenase activity was assayed by
the method of Mehleret al. (1948).24) The activ-
ity determination was based on the measurement
of the rate of oxidation of NADH in the presence
of the enzyme and excess of oxaloacetate. Briefly,
0.3 ml of 0.25 M Tris-HCl buffer, 0.1 ml of NADH,
and 0.1 ml of oxaloacetate were added and the total
volume was made to 2.9 ml with water. The reac-
tion was started by adding 0.1 ml of mitochondrial
suspension. The enzyme activity was measured at
420 nm in a Shimadzu UV-1601 spectrophotome-
ter using UVPC Software package. The activity of
malate dehydrogenase was expressed asµmoles of
NADH oxidized/min per mg of protein.

NADH dehydrogenase activity was assayed ac-
cording to the method of Minakamiet al. (1962).25)

The reaction mixture contained 1.0 ml of 0.1 M
phosphate buffer, 0.1 ml of 0.03 M potassium fer-
ricyanide, 0.1 ml of 0.1% NADH, and 1.6 ml of dis-
tilled water in a total volume of 3.0 ml. The tem-
perature was brought to 30◦C and0.1% NADH was
added just before the addition of the sample. A suit-
able aliquot of mitochondrial solution was added
and the enzyme activity was measured at 420 nm
in a Shimadzu UV-1601 spectrophotometer using
UVPC Software package. The activity of NADH
dehydrogenase was expressed asµmoles of NADH
oxidized/min per mg of protein.
α-KDH activity was estimated according to

the method of Reed and Mukherjee (1969).26) It
is based on the calorimetric determination of fer-
rocyanide produced by the decarboxylation ofα-
ketoglutarate with ferricyanide as electron acceptor.
To 0.15 ml of 0.1 M phosphate buffer, 0.1 ml each of
0.002 M thiamine pyrophosphate, 0.003 M magne-
sium sulphate, and 0.01 M potassium ferrocyanide
was added. The total volume was made up to 1.2 ml
with water. Mitochondrial suspension 0.2 ml was
added and incubated at 30◦C for 30 min. Aliquots
of the supernatant after centrifugation were taken,
0.1 ml of 0.25 M potassium ferricyanide was added,
and the volume was made up to 2.4 ml with water.
One milliliter of 4% dupanol and 0.5 ml of ferric

ammonium sulphate dupanol reagent were added
and incubated at 25◦C for 30 min. The colour in-
tensity was measured at 540 nm in a Shimadzu UV-
1601 spectrophotometer. The activity ofα-KDH
was expressed as nanomoles of potassium ferro-
cyanideliberated/min per mg protein.

Cytochrome-C-oxidase activity was assayed ac-
cording to the method of Pearlet al.27) The enzyme
activity was determined utilizing the accumulation
of the free radical formed by the enzymatic univa-
lent oxidation of a stable non-toxic substrate,N-
phenyle-p-phenylene diamine. The reaction mix-
ture consisted of 1.0 ml of the buffer, 0.2 ml of 0.2%
solution ofN-phenyle-p-phenylene diamine, 0.1 ml
of cytochrome solution, and 0.5 ml of distilled wa-
ter. The reaction mixture was incubated at 25◦C for
5 min. Then added0.2 ml of the enzyme preparation
was added and the solution mixed well by invert-
ing the cuvette. A blank containing water instead
of enzyme, and control containing all the reagents
except cytochrome-C, were also treated similarly.
The change in optical density was measured in Shi-
madzu UV-1601 spectrophotometer at 550 nm at an
interval of 15 s for 5 min. The activity of the enzyme
was expressed as change in optical density/min per
mg protein.

Lipid peroxidation (LPO) was assayed by the
method of Ohkawaet al.28) in which the malon-
dialdehyde (MDA) released served as the index of
LPO. 1,1,3,3-Tetra ethoxypropane malondialde-
hyde bis(diethyl acetal) was used as standard. To
0.2 ml of mitochondrial suspension, 0.2 ml of 8.1%
sodium dodecyl sulfate (SDS), 1.5 ml of 20% acetic
acid (pH 3.5), and 1.5 ml of 0.8% Thiobarbituric
acid (TBA) were added. The mixture was made
up to 4.0 ml with water then heated in a water bath
at 95.8◦C for 60 min using glass ball as a con-
denser. After cooling, 1.0 ml of water and 5 ml of
n-butanol/pyridine mixture were added and shaken
vigorously. After centrifugation at 4000 rpm for
10 min, the organic layer was taken and its ab-
sorbance was measured at 532 nm. The level of lipid
peroxides was expressed as nanomoles of MDA
formed/mg protein.

GSH wasestimated by the method of Ellman.29)

Mitochondrial suspension 0.1 ml was precipitated
with 5% TCA. The contents were mixed well
for complete precipitation of proteins and cen-
trifuged. To 0.1 ml of supernatant, 2.0 ml of 0.6 mM
DTNB [5,5 dithiobis(2-nitrobenzoic acid)] reagent
and 0.2 M phosphate buffer (pH 8.0) were added to
make up to a final volume of 4.0 ml. The absorbance
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was read at 412 nm against a blank containing TCA
instead of sample. A series of standards treated in
a similar way also were run to determine the glu-
tathione content. The amount of glutathione was
expressed as nmol/g heart tissue. 5-Sulphosalicylic
acid was used to prevent oxidation of glutathione.

GPx was assayed by the method of Paglia and
Valentineet al.30) The reaction mixture consisted of
0.2 ml of 0.8 mM EDTA, 0.1 ml of 10 mM sodium
azide, 0.1 ml of 2.5 mM H2O2, 0.2ml of GSH,
0.4 ml of 0.4 M phosphate buffer pH 7.0, and 0.2 ml
of mitochondrial suspension and was incubated at
37.8◦C for 10 min. The reaction was arrested by
the addition of 0.5 ml of 10% Trichloroacetic acid
(TCA) and the tubes were centrifuged at 2000 rpm.
To the supernatant 3.0 ml of 0.3 mM disodium hy-
drogen phosphate and 1.0 ml of 0.04% DTNB were
added and the colour developed was read at 420 nm
immediately. The activity of GPx was expressed as
µmoles of glutathione oxidized/min per mg protein.

GST was assayed by the method of Habiget
al.31) To 0.1 ml of mitochondrial suspension, 1.0 ml
of 0.3 M phosphate buffer pH 6.5, 1.7 ml of wa-
ter, and 0.1 ml of 30 mM CDNB (1-chloro-2,4-
dinitrobenzene) were added. After incubation at
37.8◦C for 15 min, 0.1 ml of GSH was added and
change in Optical Density (OD) was read at 340 nm
for 3 min at an interval of 30 s. Reaction mix-
ture without the enzyme was used as blank. The
glutathione-S-transferase activity was expressed as
units/min per mg protein.

SOD wasassayed by the method of Misra and
Fridovich.32) Mitochondrial suspension 0.1 ml was
added to the tubes containing 0.75 ml ethanol and
0.15 ml chloroform (chilled in ice) and centrifuged.
To 0.5 ml of supernatant, 0.5 ml of 0.6 mM EDTA
solution and 1 ml of 0.1 M carbonate-bicarbonate
(pH 10.2) buffer were added. The reaction was
initiated by the addition of 0.5 ml of 1.8 mM
epinephrine (freshly prepared) and the increase in
absorbance at 480 nm was measured in a Shimadzu
UV spectrophotometer. One unit of the SOD activ-
ity is the amount of protein required to give 50%
inhibition of epinephrine autoxidation.

CAT was assayed by the method of Takahara
et al.33) To 1.2 ml of 50 mM phosphate buffer pH
7.0, 0.2 ml of mitochondrial suspension was added
and reaction was started by the addition of 1.0 ml of
30 mM H2O2 solution. The decrease in absorbance
was measured at 240 nm at 30 s intervals for 3 min.
The enzyme blank was run simultaneously with
1.0 ml of distilled water instead of hydrogen perox-

ide. The enzyme activity was expressed asµmoles
of H2O2 decomposed/min per mg protein.

Homocysteine(tHcy) concentration in plasma
was assayed by Microtiter Plate Assay package (Di-
azyme Laboratories, La Jolla, California).34) Be-
taine content in the heart tissue was determined by
the method of Maret al.35) using Shimadzu LC 10
ATvp HPLC-PDA system with Lichrosorb C8 RP
Column (4.6 mm I.D× 125 mm). The level of ATP
in the heart tissue was determined according to the
method of Ryder36) using Shimadzu LC 10 ATvp
HPLC-PDA system with Hypersil C18 RP Column
(4.6mm I.D× 250 mm).
Statistical Analysis —— Results are expressed as
mean± S.D. Multiple comparisons of the signifi-
cant analysis of variance (ANOVA) were performed
by Tukey’s multiple comparison tests. Ap-value
< 0.05 was considered as statistically significant.
All data were analyzed with the aid of statistical
package programSPSS 10.0 for Windows.

RESULTS

Table 1depicts the levels of diagnostic marker
enzymes (ALT, AST, LDH, and CPK) in plasma of
normal and experimental groups of rats. Intraperi-
toneal administration of isoprenaline caused a sig-
nificant (p < 0.001) elevation in the levels of di-
agnostic marker enzymes in the plasma of Group
III rats as compared with that of Group I control
rats. In the present study, oral pretreatment with
betaine [250 mg/kg body weight, day, for a period
of 30 days] significantly (p < 0.001) prevented the
isoprenaline-induced release of diagnostic marker
enzymes from the heart tissue into the systemic cir-
culation and also maintained the rats at near normal
status. Figure 1 shows the level of tHcy in normal
and experimental groups of rats. There was a sig-
nificant rise observed in the level of tHcy in plasma
of Group III isoprenaline-administered rats as com-
pared with Group I control animals. Prior oral ad-
ministration of betaine significantly was found to re-
duce the level of tHcy in plasma of Group IV rats.
Figure 2 depicts the level of betaine content in nor-
mal and experimental groups of rats. There was a
significant decline noted in the level of betaine in
heart tissue of Group III isoprenaline-administered
rats as compared with Group I control animals. In
Group II rats, there was a significant elevation noted
in the betaine content in the heart tissue as com-
pared with that of Group I control animals. Oral pre-
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Table 1. Levels of Alanine Aminotransferase (ALT), Aspartate Aminotransferase (AST), Lactate Dehydrogenase (LDH), and Cre-
atine Phosphokinase (CPK) in Plasma of Normal and Experimental Groups of Rats

Parameters Control Betaine (A) Isoprenaline (B) (A+B)
AST 97.7± 9.1 91.2± 7.6 396± 18∗,∗∗ 129± 8∗∗∗

ALT 86.3± 5.9 81.7± 6.5 358± 16∗,∗∗ 110± 5∗∗∗

LDH 152 ± 9 149 ± 8 331± 16∗,∗∗ 182± 9∗∗∗

CPK 132 ± 7 127 ± 7 314± 24∗,∗∗ 149± 8∗∗∗

(A): Betaine, 250 mg/kg body wt, day, p.o. for 30 days. (B): Isoprenaline, 11 mg/100 g body wt, day, i.p. for 2 days. Results are mean± S.D. of
6 animals. Values expressed: ALT, AST, and LDH,µmol pyruvate liberated h−1l−1; CPK,µmol creatine liberated h−1l−1. ∗p < 0.001 significantly
different compared with control animals;∗∗p < 0.001 significantly different compared with betaine-administered normal rats;∗∗∗ p < 0.001
significantly different compared with isoprenaline-induced myocardial infarcted rats.

Table 2. Activities of Isocitrate Dehydrogenase(ICDH), Succinate Dehydrogenase (SDH),α-Ketoglutarate Dehydrogenase (α-
KDH), Malate Dehydrogenase (MDH), NADH-Dehydrogenase, and Cytochrome-c-Oxidase inthe Heart Mitochondria
of Normal and Experimental Groups of Rats

Parameters Control Betaine (A) Isoprenaline (B) (A+B)
TCA cycleenzymes

ICDH 718 ± 54 762 ± 51 427 ± 29∗,∗∗ 673 ± 45∗∗∗

SDH 292 ± 17 315 ± 23 149 ± 10∗,∗∗ 284 ± 19∗∗∗

α-KDH 152 ± 10 169 ± 9 58.7 ± 33.2∗,∗∗ 133 ± 8∗∗∗

MDH 347 ± 28 385 ± 32 164 ± 12∗,∗∗ 327 ± 24∗∗∗

Respiratory marker enzymes
NADH-dehydrogenase 41.8± 2.9 43.8 ± 2.5∗∗∗∗ 19.2 ± 1.4∗,∗∗ 36.5 ± 1.6∗∗∗

Cytochrome-c-oxidase 4.23± 0.27× 10−2 4.55± 0.25× 10−2 2.11± 0.14× 10−2 ∗,∗∗ 3.95± 0.23× 10−2 ∗∗∗

(A): Betaine, 250 mg/kg body wt, day, p.o. for 30 days. (B): Isoprenaline, 11 mg/100 g body wt, day, i.p. for 2 days. Results are mean± S.D.
for 6 animals. Values expressed: ICDH, nmol ofα-ketoglutarate formed/min per mg protein;α-KDH, nmol of ferrocyanide formed/min per mg
protein; SDH,µmol of succinate oxidized/min per mg protein; MDH,µmol of NADH oxidized/min per mg protein; NADH-dehydrogenase,µmol
of NADH oxidized/min per mg protein; Cytochrome-c-oxidase, change in optical density/min per mg protein.∗p < 0.001 significantly different
compared with control animals;∗∗p < 0.001 significantly different compared with betaine-administered normal rats;∗∗∗p < 0.001 significantly
different compared with isoprenaline-induced myocardial infarcted rats.

Fig. 1. Level of Homocysteine in Plasma of Normal and Ex-
perimental Groups of Rats. (A): Betaine, 250 mg/kg
body wt, day, p.o. for 30 days. (B): Isoprenaline,
11 mg/100 g body wt, day, i.p. for 2 days

Results are mean± S.D. for 6animals.ap < 0.001 significantly
different compared with control animals;bp < 0.001 significantly dif-
ferent compared with betaine-administered normal rats;cp < 0.001
significantly different compared withisoprenaline-induced myocardial
infarcted rats.

treatment with betaine significantly prevented the
isoprenaline-induced betaine depletion in the heart
tissue of Group IV rats as compared with that of
Group III rats.

Table 2 shows the activities of TCA cycle en-

Fig. 2. Level of Betaine Content in the Heart Tissue of Nor-
mal and Experimental Groups of Rats. (A): Betaine,
250 mg/kg body wt, day, p.o. for 30 days. (B): Isopre-
naline, 11 mg/100 g body wt, day, i.p. for 2 days

Results are mean± S.D. for 6animals. ap < 0.001 significantly
different compared with control animals;bp < 0.001 significantly dif-
ferent compared with betaine-administered normal rats;cp < 0.001
significantly different compared with isoprenaline-induced myocardial
infarcted rats.
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Table 3. Levels of Lipid Peroxides (LPO) and Reduced Glutathione (GSH) and Activities of Glutathione Peroxidase (GPx),
Glutathione-S-Transferase (GST), Catalase (CAT), and Superoxide Dismutase (SOD) in the Heart Mitochondria of
Normal and Experimental Groups of Rats

Parameters Control Betaine (A) Isoprenaline (B) (A+B)
LPO 0.79± 0.03 0.72± 0.04 2.18± 0.01∗,∗∗ 0.94± 0.04∗∗∗

GSH 3.36± 0.18 3.74± 0.24 1.62± 0.12∗,∗∗ 3.18± 0.16∗∗∗

GPx 2.78± 0.23 2.91± 0.21 1.21± 0.09∗,∗∗ 2.59± 0.18∗∗∗

GST 1160 ± 75 1225 ± 72 578 ± 46∗,∗∗ 996 ± 69∗∗∗

CAT 10.7 ± 0.9 12.4 ± 1.0 4.15± 0.29∗,∗∗ 9.58± 0.76∗∗∗

SOD 5.02± 0.28 5.23± 0.25 2.02± 0.15∗,∗∗ 4.53± 0.21∗∗∗

(A): Betaine, 250 mg/kg body wt, day, p.o. for 30 days. (B): Isoprenaline, 11 mg/100 g body wt, day, i.p. for 2 days. Results are mean
± S.D. for 6 animals. Values expressed: LPO, nmol malondialdehyde released/mg protein; GSH,µmol g−1 wet tissue; GPx, nmol GSH
oxidized min−1mg−1 protein; GST,µmol 1-chloro-2,4-dinitrobenzene conjugate formed min−1mg−1 protein; CAT, nmol H2O2 decomposed
min−1mg−1 protein; SOD, one unit of the SOD activity is the amount of protein required to give 50% inhibition of epinephrine autoxidation.
∗p < 0.001 significantly different compared with control animals;∗∗p < 0.001 significantly different compared with betaine-administered
normal rats;∗∗∗ p < 0.001 significantly different compared with isoprenaline-induced myocardial infarcted rats.

Fig. 3. Level of ATP in the Heart Tissue of Normal and Ex-
perimental Groups of Rats. (A): Betaine, 250 mg/kg
body wt, day, p.o. for 30 days. (B): Isoprenaline,
11 mg/100 g body wt, day, i.p. for 2 days

Results are mean± S.D. for 6animals.ap < 0.001 significantly
different compared with control animals;bp < 0.001 significantly dif-
ferent compared with betaine-administered normal rats;cp < 0.001
significantly different compared with isoprenaline-induced myocardial
infarcted rats.

zymes (ICDH,α-KDH, SDH, and MDH) and res-
piratory marker enzymes (NADH dehydrogenase
and cytochrome-c-oxidase) in heart mitochondria
of normal and experimental groups of rats. There
was a significant (p < 0.001) reduction noted in
the activities of TCA cycle enzymes and respiratory
marker enzymes in heart mitochondria of Group
III rats as compared with Group I animals. Prior
oral treatment with betaine resulted in the mainte-
nance of these mitochondrial enzyme activities at
near normalcy as compared with those of Group III
rats. It also significantly (p < 0.001) prevented
the isoprenaline-induced decline in the ATP (Fig. 3)
content in the heart tissue of experimental rats.

Table 3depicts the levels of lipid peroxides and
GSH, and theactivities of glutathione-dependent

antioxidant enzymes (GPx and GST) and antiper-
oxidative enzymes (SOD and CAT) in heart mi-
tochondria of normal and experimental groups of
rats. Injection of isoprenaline induced a significant
(p < 0.001) elevation in the level of lipid perox-
ides in the heart mitochondria of Group III rats as
compared with that of Group I control animals. A
parallel decline in the level of GSH and in the ac-
tivities of the glutathione-dependent antioxidant en-
zymes and antiperoxidative enzymes was also ob-
served. In the present study, prior oral administra-
tion of betaine significantly (p < 0.001) prevented
all these isoprenaline-induced adverse effects and
maintained the heart mitochondrial antioxidant de-
fense system at near normal.

DISCUSSION

Elevated levels of AST, ALT, LDH, and CPK
in plasma are presumptive markers of the occur-
rence of necrotic lesions in the myocardial mem-
brane. Significant (p < 0.001) rises observed
in the levels of diagnostic marker enzymes in
the plasma of Group III rats as compared with
Group I normal controls are indicative of the sever-
ity of isoprenaline-induced necrotic damage to the
myocardial membrane. This observation concurs
with an earlier reported study.37) Recent prospec-
tive studies have shown that hyperhomocysteinemia
is associated with an increased risk of cardiovas-
cular diseases independently of classical risk fac-
tors.38) Our observations confirm the same pattern
and showed a significant (p < 0.001) rise in the
level of tHcy in plasma of Group III rats as com-
pared with Group I controls.
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In the present study, prior administration of be-
taine maintained the levels of diagnostic marker
enzymes and tHcy in plasma of Group IV rats at
near normalcy as compared with Group III rats. It
probably did so by its membrane-stabilizing prop-
erty. Betaine plays a significant role in main-
taining the structural and functional integrity of
cell membranes.39) Previous reported studies in-
dicated that oral administration of betaine pro-
tected the liver from the necrotic damaging effects
of CCl4 and ethanol through the formation of S-
adenosylmethionine (SAM), which is important in
the synthesis of phosphotidyl choline, a principal
component of cell membranes.40, 41)

There was a significant reduction noted in the
betaine content in heart tissue of Group III rats as
compared with Group I normal animals, indicat-
ing aberrations in normal functioning of the cellu-
lar and subcellular membranes in the myocardium.
A previous reported study showed that dietary be-
taine accumulated in the liver and intestinal tissue
and stabilized the intestinal epithelial structure in
healthy and coccidia-infected broiler chicks.42) In
the present study, oral administration of betaine re-
sulted in increased accumulation of betaine in heart
tissue of Group II animals as compared with Group I
rats. Oral pretreatment with betaine significantly at-
tenuated the isoprenaline-induced betaine depletion
in heart tissue of Group IV rats as compared with
that of Group III animals, indicating its cytoprotec-
tive property. This finding concurs with a previous
reported study, which showed that supplementation
of betaine ameliorated ischemia-reoxygenation in-
jury, presumably by inhibiting Kupffer cell activa-
tion.43)

Reduction in the activities of TCA cycle en-
zymes and respiratory marker enzyme in heart mi-
tochondria of Group III rats as compared with those
of Group I animals indicated that the mitochondrial
oxidative phosphorylation was operating at a lower
level despite the higher energy demand in the is-
chemic myocardium. Changes in the concentra-
tion of respiratory components, phosphorylative ac-
tivity, cytochrome-c-oxidase activity, and adenylate
charge level have also been reported in isoprenaline-
induced cardiac damage.44) Our observations con-
firm thesame pattern and showed a significant (p <
0.001) reduction in the level of ATP content in the
heart tissue of Group III rats as compared with that
of Group I controls.

Prior oral administration of betaine maintained
the level of ATP content and the activities of TCA

cycle enzymes and respiratory marker enzymes at
near normalcy in Group IV rats as compared with
those of Group III rats, reflecting the drug’s abil-
ity to maintain functional integrity of the heart mi-
tochondria at normal status. The protective action
of betaine on mitochondrial energy status is prob-
ably related to its ability to modulate the phys-
iochemical properties of the mitochondrial mem-
brane lipid bilayer. Reports by Harita and Axel-
rod45) have demonstrated that betaine through its
participation in sequential methylation within the
cellular and subcellualr membranes maintains the
proper balance between phosphotidyl ethanolamine
and phosphotidyl choline, hence sustaining proper
membrane structure and fluidity for the transport of
materials across membranes as well as the transmis-
sion of signals across membranes.

Significant elevation observed in the level of
lipid peroxidation with a concomitant decline in
the level of GSH and the activities of glutathione-
dependent antioxidant enzymes (GPx and GST) and
antiperoxidative enzymes (CAT and SOD) in heart
mitochondria of Group III rats, which is in corrob-
oration with previous investigations,13, 46) reflected
the high vulnerability of mitochondrial membrane
to oxidative deterioration in ischemic conditions.
Depletion of glutathione is known to result in en-
hanced LPO and excessive LPO can cause in-
creased glutathione consumption,17) as observed in
the present study. The generation of free radi-
cals in isoprenaline-induced myocardial infarction
might have exceeded the ability of antiperoxidative
enzymes (SOD and CAT) to dismute the radicals,
resulting in membrane damage and inactivation of
these enzyme activities.37) Inhibition in the activ-
ities of antioxidant enzymes may lead to the in-
creased generation of O2− and H2O2, which in turn
can form hydroxyl radical (OH·) andbring about a
number of reactions harmful to structural and func-
tional integrity of mitochondrial membranes.47)

Oral pretreatment with betaine significantly
(p < 0.001) prevented the isoprenaline-induced
LPO and maintained the level of GSH and the
activities of glutathione-dependent antioxidant en-
zymes and antiperoxidative enzymes in heart mi-
tochondria of Group IV rats at near normalcy. It
probably did so by its antioxidant action5) against
isoprenaline-induced lipid peroxidation.48) Betaine
is highly lipotropic and, when administered exoge-
nously, can readily pass across the membrane lipid
bilayer and inhibit LPO in cellular membranes as a
result of distinct biophysical interactions with mem-
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brane lipid bilayer.49)

Reports by Kim and Kim7) indicated that be-
taine supplementation was effective in prevention
of lipopolysaccharide-induced necrotic damage in
liver by inhibiting Kupffer cell activation and be-
having as an antioxidant. Earlier reports6, 50, 51) in-
dicated that betaine had a potent reducing effect on
the production of free radicals in rats exposed to cy-
totoxicity. Feeding SH-generating substances such
as methionine or non-enzymic antioxidants such as
glutathione have been reported to protect cellular
and subcellular membranes from toxic free radical
metabolites.52) Betaine is involved in the synthe-
sis of methionine, which serves as a major supplier
of cellular cysteine via transsulfuration pathway for
the synthesis of reduced glutathione8) that protects
the cell from reactive metabolites and reactive oxy-
gen species.

In conclusion, the results of the present inves-
tigation indicate that oral pretreatment with betaine
ameliorates isoprenaline-induced aberrations in the
myocardial mitochondrial energy status and antiox-
idant defense system in experimental rats. The
overall cardioprotective effect of betaine is prob-
ably related to its ability to strengthen the my-
ocardial membrane by its membrane-stabilizing ac-
tion, or to its ability to maintain the myocardial en-
ergy status (ATP) at higher level by maintaining
the activities of TCA cycle enzymes and respira-
tory marker enzymes at near normalcy, and/or to its
free radical-scavenging ability against isoprenaline-
induced LPO, which is primarily responsible for
the irreversible necrosis of the myocardial mem-
brane. However, further studies have to be carried
out in other experimental models such as coronary
ligation-induced myocardial infarction to identify
the exact mechanism involved in the cardioprotec-
tive action of betaine.
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