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Abstract

Objective: Taurine depletion is associated with development of cardiomyopathy. Further, oxidative stress is advanced as a critical factor
mediating the effect of taurine deficiency on target organs. However, the molecular mechanism(s) linking taurine deficiency with the
development of cardiomyopathy remains elusive. Since transition between apoptotic degeneration and cell proliferation in stress
conditions is regulated at cell cycle checkpoints, we determined the expression of two such genes, namely p21"Af /1P and 14-3-3 ¢ as
well as p53 that are responsible for oxidative stress and DNA damage. We also carried out quantitative determination of DNA damage.
Methods: Cardiomyocytes from B-alanine-induced taurine-depleted (TD) rats were used for this investigation. Single- and double-
stranded DNA damage was quantified using comet assay analysis. Western blot and two-dimensional polyacrylamide gel electrophoresis
with immunoblotting analysis were applied for protein analysis. Results: Comet assay analysis indicated that the extent of double-stranded
DNA damage was greater in TD than in control cardiomyocytes. Whereas only traces of both p53 and p21™A"/C™P! and no detectable
expression of /4-3-3 ¢ were found in cardiomyocytes of control animals, the TD cardiomyocytes expressed all three genes. Conclusions:
DNA damage and the consequent up-regulation of checkpoint proteins observed in TD cardiomyocytes indicate the involvement of cell
cycle control mechanisms in the effect of taurine deficiency on cardiomyocytes. Single- and double-stranded DNA damage and the
consequent arrest of cell proliferation in both G, and G, phases of the cell cycle induced by checkpoint proteins may trigger the

cardiomyopathy that is associated with taurine deficiency.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Taurine is a conditionally essential amino acid. It is not
incorporated into proteins but is found in the free form in
many tissues. In the heart it is found in high concentrations
accounting for about 50% of the free amino acid pool [1].
The exact role of taurine in the heart remains elusive
although a number of actions have been attributed to it.
Among its putative effects are modulation of ion transport
mechanisms and alterations in membrane structure and
function [2,3]. These actions of taurine are apparently of
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consequence for the myocardium since both drug- and
nutritionally-induced TD result in the development of
cardiomyopathy that is manifested as impairment in both
diastolic and systolic functions [3—6]. By contrast, taurine
supplementation reverses cardiomyopathy in TD animals
and also confers beneficial effects in patients with heart
failure [3-5,7].

While the impact of TD on myocardial energy metabo-
lism and contractile function have been the focus of many
investigations [3-7], less is known regarding the impact of
taurine deficiency on the potential triggering mechanism(s)
of cardiomyopathy. Oxidative stress is proposed to be the
pathogenic mechanism linking TD to the ultimate mani-
festation of cardiomyopathy. This contention is supported
by several lines of evidence. First, taurine deficiency
is associated with heart failure in animals and human
subjects [3—6]. Second, taurine deficiency is associated
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with oxidative stress [4]. Third, the protective effects of
taurine on target organs are attributed, in part, to its
antioxidant property [4,8,9].

It is noteworthy, however, that taurine cannot directly
scavenge reactive oxygen species and thus needs to func-
tion indirectly to reduce oxidative stress. Cellular response
to oxidative stress is generally controlled at cell cycle
checkpoints. Cell proliferation and progression into the
DNA synthesis phase of the cell cycle are inhibited by the
interaction of the P53-inducible p21"**"/“'"! gene with
the cdk2/cyclin E complex [10-13]. There is an excellent
correlation between p53 gene expression, capability for G
arrest, and p21 WAFI/CIPI induction after oxidative DNA
damage [14,15]. On the other hand, the arrest of the cell
cycle in the G, phase is controlled by 14-3-3 o. The
expression of this gene also prevents apoptosis [16].
Apparently, 14-3-3 o sequesters the mitotic initiation
complex, cdc2/cyclin B1, in the cytoplasm after DNA
damage. This prevents cdc2/cyclin B1 from entering the
nucleus where the protein complex would normally initiate
mitosis. In this manner, 14-3-3 o induces G, arrest and
allows the repair of damaged DNA [17,18].

The ability of both P21VAFYCP and 14-3-3 & to keep
intracellular control over the DNA quality under stress
conditions directs the regulation cascade in the transition
between proliferation and apoptotic degeneration. In the
heart there is a balance between the stimuli that induce cell
growth (e.g. hypertrophy and hyperplasia) and those that
induce programmed cell death [19,20]. Further, there are
similarities and overlap among the mechanisms that reg-
ulate apoptosis and cell growth [21-23]. Therefore, cell
cycle control may be the key event in the regulation of the
cell population in the myocardium. It is likely that taurine
exerts its antioxidant effect, at least in part, through
modulation of the molecular events at the level of cell
cycle checkpoints. By contrast, one would expect that
taurine deficiency would cause oxidative stress resulting
in DNA damage thereby affecting key events in the cell
cycle. Since taurine deficiency results in myocardial dys-
function [3-6], we carried out an ex vivo investigation of
the expression of these two stress responsible genes com-
bined with quantitative determination of dsDNA damage
which exerts the most toxic effects on genes.

2. Materials and methods
2.1. Experimental taurine depletion (TD)

Seven-week-old male Sprague-Dawley rats were
obtained from Harlan Laboratories. All rats were main-
tained 2 per cage at constant humidity (60 £ 5%), tem-
perature (24 + 1°), and light cycle (06:00-18:00 hr). Two
days after arrival, the animals were randomly assigned to
two groups: one group received drinking water containing
3% B-alanine (TD group; N = 6) and the control group

(N = 6) received only tap water. B-Alanine inhibits cel-
lular uptake of taurine and its administration in the drink-
ing water significantly reduces tissue taurine content
(~40%) [24,25]. It is noteworthy that several lines of
evidence indicate that the manifested alterations in the
TD rat relates to taurine deficiency than the taurine deplet-
ing agent [24,25]. Food and drinking fluid were available
ad lib. throughout the study. Three weeks after initiation of
the TD regimen, the animals were decapitated and the heart
removed from each animal and immediately placed in
liquid nitrogen. The hearts were kept at —80° until assayed.

2.2. Laser microdissection (LMD)

The frozen heart samples from both TD and control rats
were used for LMD sections of cardiomyocytes with the
“Microbeam-MOMeNT” technique as described earlier
[26]. Serial sections of 5 pm thickness were cut, placed on
numbered Superfrost/Plus slides (Fisher) and immediately
placed on dry ice. The numbered sections were air dried,
fixed in 70% EtOH and washed with sterile water. A Laser-
Pressure-Catapulting device was used to collect specimen
focusing onto the collection substrate using 40 x magnify-
ing objective. The laser cut tissue spots with cardiomyo-
cytes were collected in sterile tubes, and stored at —80°
until analysis.

2.3. Western blot analysis

Rat cardiomyocytes were lysed by homogenization in
lysis buffer [9 M urea (Merck); 1% DTT (Sigma); 2%
CHAPS (Merck); 0.8% Bio-Lyte pH 3-10 (Bio-Rad);
5 mM Pefabloc (Roche)] followed by centrifugation.
The protein concentration in the supernatant was quantified
by the DC-Protein Assay (Cat. No. 161-0318, Bio-Rad).
Fourty pg protein of each sample were loaded onto 12%
SDS—polyacrylamide gels and electrophoresed to resolve
proteins. The proteins were then transferred to nitrocellu-
lose membranes (Schleicher and Schuell). Thereafter, they
were incubated in blocking buffer (58 mM NaHPO,,
17 mM NaH,PO,, 68 mM NaCl, 5% non-fat dry milk
powder; 0.1% Tween 20) for 1 hr at room temperature.
Incubation with primary antibody was performed using a
1:250 dilution of either anti-human-14-3-3 o or anti-
human-P21WAFYCP for 1 hr at room temperature in wash-
ing buffer I (58 mM NaHPO,, 17 mM NaH,PO,, 68 mM
NaCl, 1% non-fat dry milk powder, 0.1% Tween 20); these
antibodies display cross-reactivity with the rat proteins.
The membranes were then washed four times in the same
solution. The horseradish peroxidase-labeled anti-goat
secondary antibody was incubated with the membranes
for 1 hr at room temperature in washing buffer I. This was
followed by three washes in washing buffer II (58 mM
NaHPO,, 17 mM NaH,PO,, 68 mM NaCl, 1% non-fat
dry milk powder; 0.3% Tween 20) and three washes in
washing buffer I. Then the membranes were reacted with
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chemiluminescent reagent ECL plus (Cat. No. RPN 2132,
Amersham Pharmacia) and processed for autoradiography.

2.4. Two-dimensional PAGE (2D-PAGE) and
immunoblotting analysis

A 400 pg aliquot of each protein sample was used for
2D-PAGE separation followed by immunoblotting analy-
sis. One-dimensional separation was performed in immo-
bilized pH gradient gels (IPG-Strips, Bio-Rad) through the
electric isofocusing of proteins in the range of pH 4-7 as
described by the supplier. 125 pL protein samples contain-
ing rehydration buffer (8 M urea, 10 mM DTT, 1%
CHAPS, 0.25% Bio-Lyte, pH 4-7) were loaded on the
IPG-Strips and subjected to 14 kVhr overnight at 20° in a
PROTEAN IEF Cell. After this one-dimensional protein
separation the extruded IPG-Strips were equilibrated in gel
equilibration buffer I (50 mM Tris—HCI, 6 M urea, 30%
glycerol, 2% SDS, 1% DTT). This was followed by
equilibration in buffer II (50 mM Tris—HCIl, 6 M urea,
30% glycerol, 2% SDS and 260 mM iodacetamide) for
10 min before loading them onto polyacrylamide gels
(12% SDS-PAGE) for the two-dimensional resolution in
Mini-PROTEAN 3 (Bio-Rad). For the determination of
sizes of the separated proteins a colored protein standard
(Cat. No. 161-0318, Bio-Rad) was loaded onto the gels.
After electrophoresis the separated proteins were electro-
transferred to nitrocellulose membranes and immunoblotted
as described in Western blot analysis for the 14-3-3 G protein
detection.

2.5. Comet assay analysis

2.5.1. Principle

dsDNA and ssDNA damage was measured as increased
migration of DNA using the single-cell gel electrophoresis
technique (comet assay). The assays were conducted under
neutral and alkaline conditions to detect dsDNA and
ssDNA breaks, respectively. The measurement was per-
formed in isolated cardiomyocytes ex vivo. The comet
assay (Trevigen, Inc., Cat. No. 4250-050-K) provides a
simple and effective method for evaluating DNA damage
in cells. The principle of the assay is based upon the ability
of cleaved DNA fragments to migrate out of the nucleus
under the influence of an electric field. Intact DNA mole-
cules migrate slower and remain within the confines of
the nucleoid when a current is applied. Evaluation of the
DNA ““comet” tail shape and migration pattern allows
for assessment of DNA damage. This method has been
described in detail previously [27-31].

2.5.2. Experimental

Isolated cardiomyocytes were calculated in each sample
and immobilized in a bed of low melting point agarose with
a cell density of about 200-300 cells per sample. Following
gentle cell lysis and electrophoretic separation of fragmented

DNA, the slides were stained with SYBR® Green, a
DNA intercalating fluorescence dye. DNA fragmentation
was evaluated using the imaging system from Olympus,
Germany.

2.5.3. Microscope slide analysis

The comets were visualized under a fluorescent micro-
scope (Olympus) at 40, with a 515-560 nm exciting filter
and a 590 nm barrier filter, and analyzed by image analysis
(SIS). At least 100 comets were analyzed for each data
point.

2.5.4. Comet measurement

Damage was assigned to four classes based on the visual
aspect of the comets, considering the extent of DNA migra-
tion [30,32]. Comets with a bright head and almost no tail
were classified as class 1 with minimal DNA damage.
Comets with no visible head and a long diffuse tail were
classified as class 4 (severely damaged/apoptotic cells).
Comets with intermediate characteristics were assigned to
classes 2 and 3 dependent on the ratio R = T/r, where T is
a length of comet’s tail and r is a radius of comet’s head.
The characteristic value of R for class 1 is 1 (T ~ r) and for
class 4 is oo (r = 0). Comets with values 1 < R < 3 were
classified as class 2 (see Section 3).

2.5.5. DNA damage evaluation

DNA damage (DD) and a relative DNA damage (RDD)
were calculated using Eqgs. (1) and (2) described in litera-
ture [33,34] and modified for four classes observed in our
case:

ny+2n3+3ny
bb = > /100 M

DD
RDD = (D—DO) x 100% 2)
where DD is the DNA damage, n,—n, are the amount of
calculated comets in classes 2, 3 and 4, respectively, X is
the total number of scored comets, including class 1 with
no DNA damage, RDD is the relative DNA damage
calculated for the cardiomyocytes of TD rats, and DD,
is the DD in samples from the control group.

2.5.6. Statistical analysis

All statistical analyses were done using the SPSS soft-
ware (version 8.0). Statistical significance was calculated
by the two-sided unpaired Student’s f-test.

3. Results
3.1. Comet assay analysis
Fig. 1 shows a representative example of each of the four

classes of comets. Comets with a bright head and almost
no tail were classified as class 1 indicating minimal DNA
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Fig. 1. Comet classification. (A) Comets with a bright head and almost no tail were classified as class 1 with minimal DNA damage. (D) Comets with no
visible head and a long diffuse tail were classified as class 4 (completely fragmented DNA). Comets with intermediate characteristics were assigned to classes
2 (B) and 3 (C).

damage (Fig. 1A). By contrast, comets with no visible head
and a long diffuse tail were classified as class 4 indicating
complete fragmentation of DNA (Fig. 1D). Comets with
intermediate characteristics were assigned to classes 2 and
3 (Fig. 1B and C). Figs. 2 and 3 show significant increase in
both (A) dsDNA and (B) ssDNA damage in cardiomyo-
cytes of TD compared to the control rats.

(A) dsDNA breaks: The ratio of the most damaged (class 4)

to the intact dsSDNA (class 1) molecules is about 3 for
the control and about 14 for the TD group (Fig. 2).
Cardiomyocytes of the control rats displayed damaged
dsDNA molecules belonging to classes 2, 3 and 4 that
are, collectively, nearly 6-fold higher than the amount
of comets belonging to class 1. By contrast, the TD
cardiomyocytes displayed nearly 19 times as much
damaged dsDNA than intact DNA molecules. The
relationship of classes 2 and 3 comets were similar
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between the two groups (Fig. 2). The calculated mean
value of relative DNA damage in cardiomyocytes of
TD rats under neutral conditions is 128 4 6%.

ssDNA breaks: The difference between the ratios
for class 4 to class 1 for the control and TD groups is
considerably greater under alkaline than under
neutral conditions; the values are about 7 and 60
for the control and TD group, respectively (Fig. 3).
The ratio of the completely damaged ssDNA to intact
DNA molecules was about 13 for the control group,
whereas it was about 66 for the TD group. Similar to
the results under neutral conditions there was no
significant difference in the relationship of class 2 and
class 3 between the two groups. The calculated mean
value of relative DNA damage in cardiomyocytes of
TD rats under alkaline conditions is 128 £ 9% which
is similar to that observed under neutral conditions
(128 £ 6%).
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_

Fig. 2. Results of comparative comet assay analysis under neutral conditions with calculated standard deviations in cardiomyocytes of TD (A) and control
(B) rats. Data are means + SD.
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Fig. 3. Results of comparative comet assay analysis under alkaline conditions with calculated standard deviations in cardiomyocytes of TD (A) and control

(B) rats. Data are means + SD.
3.2. Western blot analysis

Western blot analysis shows an enhanced gene expres-
sion of both p21"AF"'P1 and p53 in cardiomyocytes of TD
rats but only traces of both proteins were detected in the
control group (Figs. 4 and 5). There were no significant
quantitative differences in the gene expression rate of both
p21WAFICIPL and p53 among individual samples within the
group of TD rats (data not shown).

3.3. Two-dimensional immunoblots (TDIBs)

Western blot experiments indicated that the absolute
gene expression rate of /4-3-3 o is relatively weak (data are
not shown). Therefore, the more sensitive technique of 2D-
PAGE followed by immunoblotting (two-dimensional
immunoblots; TDIBs) was used for expression analysis
of 14-3-3 a. The cardiomyocytes of the TD rats displayed a
single spot of about 31 kDa on TDIBs that corresponds to
the 14-3-3 o protein (Fig. 6A); its isoelectric point was
determined to be 6.8. However, no detectable expression of
14-3-3 ¢ was noted in the control group (Fig. 6B).

(B) (A)
T

1 WAF1/CIP1

21 kDa

Fig. 4. Western blot analysis of p2 gene expression in
cardiomyocytes of TD (lane A) and control (lane B) rats.

(B) (A)

53 kda

Fig. 5. Western blot analysis of p53 gene expression in cardiomyocytes of
TD (lane A) and control (lane B) rats.

(A pH7 pH6.5 ®B) pH7 pH6.5
34.7 r \ 34.7 \‘

e
28.3 * 28.3

Fig. 6. Two-dimensional immunoblots (TDIBs) analysis of /4-3-3 ¢ gene
expression in cardiomyocytes. While, no spots were observed in TDIBs of
the control group (B), a single spot was detected (arrow) in TDIBs of TD
group (A).

4. Discussion

This study shows that TD promotes DNA damage and
causes activation of events that are involved in cell cycle
arrest. This contention is supported by the observation that
whereas no detectable gene expression of 14-3-3 ¢ and only
traces of P53 and P21VAFYC™P! were found in cardiomyo-
cytes of the control group, all three genes were induced in
cardiomyocytes of TD rats. Taken together, these findings
suggest that arrest of cardiomyocyte growth is triggered in
both G, and G, phases of the cell cycle, an effect due to the
accompanying DNA damage in TD cardiomyocytes. These
molecular events could potentially cause degeneration of
cardiomyocytes, and thereby trigger the development of
cardiomyopathy under taurine deficiency conditions [5,35].

Increasing evidence suggests that dietary taurine sup-
plementation confers protective effects on target organs
including the heart. Several mechanisms have already been
proposed to account for the beneficial effect of taurine in
heart failure. First, taurine is an important osmoregulator
and exerts multiple effects on ion transport mechansims
[2,3,36]. Further, recent evidence indicates that taurine’s
osmoregulatory function is associated with a modification
of the osmolarity sensor protein ENVZ expression in the
heart [37]. Second, taurine modulates kidney function by
promoting natriuresis and diuresis, thereby affecting body
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fluid homeostasis [24]. These actions of taurine could be of
potential benefit in heart failure, a condition associated
with fluid and sodium retention. Third, taurine mediates a
modest positive ionotropic effect by regulating [Ca”'];,
[Na™]; and Na*/Ca®" exchanger activity [3,7,38]. Fourth,
taurine opposes some of the actions of angiotensin II
including those on Ca®" transport, protein synthesis and
angiotensin II signaling [38,39]. The net effect would be
attenuation of angiotensin II-mediated events such as
induction of cardiac hypertrophy, myocardial remodeling
and volume overload [38].

Despite recognition of the diverse mechanisms by which
taurine therapy exerts its multiple effects, the molecular
basis for the beneficial effect of taurine treatment in heart
failure has not received adequate attention. In order to get
an insight into the effect of taurine on molecular events
regulating the cell cycle, we used the TD rat model that has
been shown to develop a number of abnormalities in both
myocardial function and bioenergetics [3,40,41]. Since
taurine is an important intracellular antioxidant, its defi-
ciency is believed to augment cellular oxidative damage
[4]. However, the consequences of taurine deficiency-
induced oxidative stress on the regulatory mechanisms
that determine the balance between proliferation and
degenerative reduction of cardiomyocytes are not clear.

Cell growth and degeneration are ultimately controlled
by cell cycle regulatory checkpoint proteins. Progression
of the cell cycle events requires that cyclin-dependent
kinases become activated. Cyclin kinase inhibitors inacti-
vate cyclin-dependent kinases, causing cell cycle arrest
[42]. The expression rate of both genes p21"AF"/“'"! and
14-3-3 o is elevated by DNA damage in order to trigger cell
cycle arrest and DNA repair [10,17,43]. The results of the
comet assay under both neutral and alkaline conditions
clearly indicate that TD is accompanied by significant
DNA damage in cardiomyocytes thereby facilitating the
expression of the p53, p21"A*/!P1 and 14-3-3 ¢ genes. It
is noteworthy, however, that the relatively high dsDNA
fragmentation of control cardiomyocytes is in agreement
with high rates of cell death reported by other investigators
in normal adult human hearts and those of mice and rats
[19]. Nonetheless, our observations suggest that in cardi-
omyocytes taurine exerts a regulatory/modulatory role on
cell cycle control. The effects of taurine on these aspects
may represent an essential component against cardiac
tissue degeneration. These beneficial effects would be
lacking in TD cardiomycytes thereby promoting degen-
erative changes. This may explain the beneficial effects of
taurine therapy in reversal of TD cardiomyopathy [5]. This
contention is supported by the emerging evidence indicat-
ing that taurine supplementation protects pancreatic 3-cell
degeneration in a dose-dependent manner in streptozotocin-
induced diabetic rats [44]. Therefore, it is likely that DNA
molecules are the primary target, the damage to which
results in a non-physiological depletion of NAD via activa-
tion of poly(ADP-ribose) synthetase (PARP). PARP is an

abundant nuclear protein functioning as a DNA nick-sensor
enzyme. Upon binding to DNA breaks, activated PARP
cleaves NAD(+) into nicotinamide and ADP-ribose and
polymerizes the latter onto nuclear acceptor proteins
including histones, transcription factors, and PARP itself.
Poly-ADP-ribosylation contributes to DNA repair and to
the maintenance of genomic stability. On the other hand,
oxidative stress-induced overactivation of PARP consumes
NAD(+) and consequently ATP, culminating in cell dys-
function or necrosis. This cellular suicide mechanism has
been implicated in the pathomechanism of stroke, myocar-
dial ischemia, diabetes, diabetes-associated cardiovascular
dysfunction, shock, etc. [45]. Inhibition of the poly(ADP-
ribose) synthetase results in multiple effects including an
increase in the survival rate of pancreatic B-cells, without
preventing DNA strand breaks, and considerably increases
the frequency of islet B-cell tumors [46]. In this regard, it is
noteworthy that the ability of different cell types to resist the
effect of reactive oxygen species may ultimately lead to the
identification of biomarkers of cellular resistance in patho-
logical conditions (e.g. diabetes mellitus) [47-49].

In conclusion, TD causes DNA damage accompanied
by the up-regulation of key genes that regulate the cell
cycle machinery, namely p53, p21"A*/"P! and 14-3-3 ¢ in
cardiomyocytes. Since TD is associated with the develop-
ment of cardiomyopathy, the relevance of these molecular
events to the ultimate manifestation of cardiomyopathy
caused by TD represents a fertile area for further investi-
gation.
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