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Elevation of the adenylate pool in rat cardiomyocytes by
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Rapid resynthesis of the adenylate pool in cardiac myocytes is important for recovery of contractility and normal function of regulatory mechanisms in the heart.
Adenosine and adenine are thought to be the most effective substrates for nucleotide
synthesis, but the possibility of using other compounds has been studied very little in
cardiomyocytes. In the present study, the effect of S-adenosyl-L-methionine (SAM) on
the adenylate pool of isolated cardiomyocytes was investigated and compared to the
effect of adenine and adenosine. Adult rat cardiomyocytes were isolated using the collagenase perfusion technique. The cells were incubated in the presence of adenine derivatives for 90 min followed by nucleotide determination by HPLC. The concentrations of adenine nucleotides expressed in nmol/mg of cell protein were initially
22.1 ± 1.4, 4.0 ± 0.3 and 0.70 ± 0.08 for ATP, ADP and AMP, respectively (n = 10,
±S.E.M.), and the total adenylate pool was 26.8 ± 1.6. In the presence of 1.25 mM SAM
in the medium, the adenylate pool increased by 5.2 ± 0.4 nmol/mg of cell protein, but
only if 1 mM ribose was additionally present in the medium. No changes were observed with SAM alone. A similar increase (by 4.9 ± 0.6 nmol/mg protein) was observed after incubation with 1.25 mM adenine plus 1 mM ribose, but no increase was
observed if ribose was omitted. Adenosine at 0.1 or 1.25 mM concentrations also
caused an increase in the adenylate pool (by 5.2 ± 1.0 and 5.2 ± 0.9 nmol/mg protein,
respectively), which in contrast to the SAM or adenine was independent of the additional presence of ribose. Thus, S-adenosyl-L-methionine could be used as a precursor
of the adenylate pool in cardiomyocytes, which is as efficient in increasing the
.
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adenylate pool after 90 min of incubation as adenosine or adenine. Nucleotide synthesis from SAM involves the formation of adenine as an intermediate with its subsequent incorporation by adenine phosphoribosyltransferase.

Myocardial adenylate pool depletion resulting from ischemia may adversely affect metabolic processes and mechanical function in
the heart. The association between adenine
nucleotide level and contractility has been extensively investigated but a direct link between ATP concentration and the mechanical
performance of the heart is still controversial
[1, 2]. However, another consequence of nucleotide pool depletion could be a decreased
production of adenosine [3], involved in feedback control mechanisms of coronary flow,
adrenergic response, hemostasis and inflammation [4–7] that also may indirectly affect
the function of the heart.
Adenine nucleotide synthesis in cardiomyocytes can be accelerated by the supply of
adenosine, adenine and, to a limited extent,
also by inosine or hypoxanthine [8–10].
Cardiomyocyte nucleotide synthesis from purine bases can be further accelerated by the
supply of exogenous ribose [11] because of the
relatively low efficiency of the pentose phosphate pathway in the heart and low endogenous ribose production.
Some other derivatives of adenine were also
shown to increase the adenylate pool in non
cardiac cells. S-Adenosyl-L-methionine (SAM),
5¢-iodo-5¢-deoxyadenosine, neplanocin A or
2¢-deoxyadenosine were found to increase the
adenylate pool in human erythrocytes
[12–14]. Preliminary results indicating that
SAM may increase the adenylate pool in cardiac myocytes were included in our preliminary report [15]. However, this effect has not
been studied in detail.
The present study was designed to evaluate
whether SAM could be used as a precursor of
the adenylate pool in cardiomyocytes and to
study the mechanism of nucleotide synthesis
from SAM. The effect of SAM on the adenine
nucleotide pool was compared to that of adenine and adenosine.

MATERIALS AND METHODS

Isolation of the cells. Cardiac myocytes
were isolated from the hearts of Wistar rats
weighing 250–300 g according to a previously
described procedure [16]. In brief, animals
were anesthetized with diethyl ether, the
heart was excised and the aorta cannulated.
Perfusion at a flow rate of 10 ml/min with the
low calcium buffer containing 112.6 mM
NaCl, 15 mM KCl, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 10 mM Hepes and 5.5 mM glucose
(pH 7.3), gassed with 100% O2 started immediately. The temperature was maintained at
37°C. After 10 min, perfusion was switched to
recirculating mode and the perfusion medium
was changed to 20 ml of the above buffer containing 0.1% collagenase and 0.5% bovine serum albumin. Calcium readministration
started after 15 min of recirculating perfusion
and the concentration was raised to 1 mM in
three steps with 5 min intervals. After 45 min
of recirculating perfusion, the hearts were removed from the apparatus, the ventricular
portion of the heart minced and further incubated for 15 min at 37°C in 10 ml of collagenase solution. After filtration of disaggregated
material, cells were purified by sedimentation
in 4% albumin dissolved in phosphate incubation buffer containing: 125 mM NaCl, 2.6 mM
KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 10
mM Na2HPO4, 1 mM CaCl2 and 5.5 mM glucose (pH 7.4). Cells were finally suspended in
incubation buffer containing 2% albumin.
Counting the number of rod shaped and
rounded cells using light microscopy controlled the quality of the cell preparations.
The suspension used for experiments contained 60–70% of rod shaped cells in a medium containing 1 mM Ca++.
Experimental procedure. Incubation was
carried out in plastic Petri dishes. Cell suspension (0.6 ml) was mixed with 0.6 ml of incuba-
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tion buffer containing adenine compounds
and/or ribose where indicated. The total cellular protein content was 0.5–1 mg per Petri
dish. An inhibitor of adenosine deaminase —
erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA)
— was present in all incubations at 5 mM concentration. The incubations were carried out
at 37°C for 90 min followed by collection of the
cardiomyocyte suspension and separation/extraction according to the procedure described
by Geisbuhler et al. [17] with 1.6 ml
Eppendorf tubes containing 0.1 ml of 2 M
HClO4 covered by a layer of bromododecane
(0.35 ml). The myocyte suspension was placed
above the bromododecane stratum. This was
followed by immediate centrifugation (13 000
r.p.m., 4°C, 1 min) in an Eppendorf microfuge. Myocytes sedimented into the HClO4
layer, being simultaneously extracted while
the medium remained above the bromododecane. After centrifugation, the incubation medium and the bromododecane were removed, HClO4 was diluted with 0.2 ml of distilled water followed by mixing, centrifugation and neutralisation of the collected
supernatant with 3 M K3PO4. The pellet was
solubilised in 0.5 M NaOH and used to deter-
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by HPLC showed an absence of adenine or
adenosine (below 0.1%) but demonstrated
traces of 5¢-deoxy-5¢-methylthioadenosine
(MTA). The sources of chemicals for myocyte
isolation, incubation and HPLC were described previously [16, 19].
Statistics. The results are expressed as the
mean (±S.E.M.) for different myocyte preparations. Significance of the differences was estimated using one-way analysis of variance followed by Student-Newman-Keuls test with
P < 0.05 considered as a significant difference.
RESULTS

Table 1 shows the initial content of purine
nucleotides in isolated rat cardiomyocytes. No
changes of initial values were reported after
90 min of incubation with the exception of
NAD, where some decrease was shown
(Fig. 1). During incubation in the presence of
adenine derivatives, significant increases in
adenine nucleotide content were observed in
the presence of SAM with ribose, adenine
with ribose and in all adenosine incubations.
The nucleotide content after incubation with

Table 1. Initial adenine nucleotide, NAD, NADP and GTP concentrations in the isolated
cardiomyocytes.
Values represent the mean ±S.E.M., n = 10. TAN = total adenine nucleotides (ATP+ADP+AMP).
ATP

ADP

AMP

TAN

GTP

NAD

NADP

nmol/mg protein
Mean

22.1

4.0

0.70

26.8

0.62

3.80

0.11

S.E.M.

±1.4

±0.3

±0.08

±1.6

±0.04

±0.33

±0.02

mine protein content [18]. The nucleotide concentrations were evaluated in cell extracts using a previously described reversed-phase
HPLC method [19, 20] and are expressed in
nmol/mg of cell protein.
Reagents. SAM (para-toluenesulphonate
salt), adenine, adenosine, 5¢-deoxy-5¢-methylthioadenosine and ribose were from Sigma
(St. Louis, U.S.A.). Analysis of SAM for purity

MTA and ribose also showed a positive trend
but this difference did not reach statistical significance.
The GTP concentration was 0.62 ± 0.04
nmol/mg protein initially and did not change
significantly under various incubation conditions (Fig. 1B). The initial NAD content was
3.80 ± 0.33 nmol/mg protein and a slight decrease was observed during 90 min of incuba-
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tion (Fig. 1C) but the degree of this decrease
was not significantly different among the
groups.
DISCUSSION

Figure 1. Changes in (A) adenylate pool (ATP+
ADP+AMP), (B) GTP concentration and (C) NAD
concentration in rat cardiomyocytes incubated
for 90 min at 37°C in medium containing 125 mM
NaCl, 2.6 mM KCl, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 10 mM NaH2PO4, 1 mM CaCl2, 5.5 mM
glucose and 5 mM EHNA (pH 7.4).
The following compounds were present where indicated SAM, S-adenosyl-L-methionine (1.25 mM), ADE,
adenine (1.25 mM), MTA, 5¢-deoxy-5¢-methylthioadenosine (0.1 mM), adenosine, ADO (0.1 or 1.25 mM),
SAH, S-adenosylhomocysteine (1.25 mM), RIB, ribose
(1 mM). All values in (A), (B) and (C) represent the
mean ±S.E.M. of N given in (C). *P < 0.05 vs CONTR,
RIB, SAM, ADE, SAH+RIB.

Demonstration that S-adenosyl-L-methionine (SAM) is capable of increasing the adenine nucleotide content in cardiac myocytes is
the most interesting observation of this study.
This increase in the adenylate pool was observed only if ribose was additionally present
in the incubation medium, suggesting that adenine is an intermediate of this process and
that it involves the adenine phosphoribosyltransferase reaction.
Nucleotide synthesis from SAM was demonstrated earlier but was adequately studied
only in human erythrocytes [12, 21]. These
studies provided evidence that the mechanism of increase in the adenylate pool in the
presence of SAM is independent of adenosine
kinase activity but as intact adenine phosphoribosyltransferase pathway is obligatory.
This, in turn, suggested that adenine has to be
as intermediate of this process. In the present
study with rat cardiomyocytes, a similar pathway of SAM conversion to adenine nucleotides can be proposed. This conclusion is supported by the observation that the effect of
SAM was totally dependent on the additional
presence of ribose, which is the precursor of
PRPP, a co-substrate of the adenine phosphoribosyltransferase reaction. However, the
mechanism of SAM conversion to adenine
cannot be established with certainty according to present or earlier studies. Contamination of SAM preparation by adenine can be excluded because of the reagent purity control
with HPLC. Slight contamination of SAM by
5¢-deoxy-5¢-methylthioadenosine (MTA), which
is a potential source of adenine via the MTA
phosphorylase reaction [22], is unlikely to be
the cause of the increase in ATP observed for
two reasons. At first, the experiment with
MTA demonstrated a less significant effect on
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the adenylate pool at concentrations far exceeding the MTA content during incubation
with SAM. Secondly, some experiments were
performed with a batch of SAM reagent almost free from MTA but as increase in the
ATP and nucleotide pool was still observed. A
conversion of SAM to the adenine during the
incubation must thus be an obligatory step
but the details of this process remains to be resolved.
Considering the possible mechanisms of this
conversion, both non-enzymatic and enzymatic processes have to be taken into account.
SAM is an unstable compound that can generate MTA and adenine at 37°C [23, 24] but also
may be involved in extracellular enzymatic reactions [25]. However, extracellular transmethylations that release S-adenosylhomocysteine (SAH) from SAM can be excluded because extracellular SAH did not exert any effect on the adenylate pool (Fig. 1). This also
confirms that SAH cannot be transported
across the cardiac cell membrane even after
prolonged incubation, as in this study, since
inward transport of SAH would lead to an elevation of the nucleotide pool following the
breakdown of SAH to adenosine in the SAH
hydrolase pathway [16].
In contrast to SAH, transmembrane SAM
transport has been demonstrated in human
erythrocytes [26]. An active specific inward
transport of SAM was also demonstrated in
lower organisms [27]. The possibility that
SAM could be transported into the cell as an
intact molecule in mammals is suggested by
its strong cytoprotective and anticancer effects in the liver [28–31] which depend on
methyl group donor function of SAM. Interestingly, an improved protection of the nucleotide pool against ethanol toxic effect was
found to be associated with SAM treatment in
hepatocytes [32]. Intracellular uptake is an essential step of any further conversion of SAM
within the cell, including reactions leading to
the release of intracellular SAH, MTA or adenine which then could be used for adenylate
synthesis.
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The influence of adenine on the adenylate
pool was similar to the effect of SAM, both
with regard to the magnitude of the nucleotide pool elevation and dependence of this effect on the additional presence of ribose. This
provides further support that both processes
must involve some similar steps. This is surprising considering how much faster adenosine could be incorporated into the cardiomyocyte nucleotide pool than adenine, even in
the presence of ribose [8, 9]. A possible explanation, although not very likely at our low 0.1
mM concentration, is substrate inhibition of
adenosine kinase [10, 33]. It is also possible
that nucleotide synthesis from both nucleoside and base precursor is feedback inhibited
when the nucleotide pool reaches a certain
level. It was the aim of this study to establish
the long-term effect of nucleotide precursors
on the nucleotide pool in cardiac cells rather
than measuring initial rates of incorporation.
This was the reason why we chose to incubate
cells for a prolonged time at relatively high nucleotide precursor concentrations. Establishing exact time courses and exact concentration dependences of nucleotide pool
changes following incubation with different
nucleotide substrates would be an important
extension of this research.
There was a slight decrease in NAD content
after 90 min of incubation, which is probably a
consequence of some loss in cell membrane integrity or a shift into NADH following acid extraction that could be detected as adenine
diphosphoribose (ADPR). In fact, some increase in ADPR was observed following incubation (data not shown). However, there were
no significant differences in NAD concentration change or ADPR accumulation under any
of the incubation conditions. The adenine
compounds used here thus selectively affected
the adenylate pool.
This study demonstrated that SAM could be
a substrate of cardiomyocyte adenylate pool
synthesis. The effect of SAM was dependent
on the presence of ribose, suggesting the formation of adenine as an intermediate metabo-
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lite but identification of the detailed pathway
of SAM conversion to adenine and then to nucleotides requires further studies. Whatever
is the mechanism, SAM and ribose administration appears to be a possible treatment to
restore the adenine nucleotide pool in the
heart after ischemia during cardiac surgery or
in the course of ischemic heart disease. A decreased nucleotide pool under such conditions
is an important problem widely discussed
[34]. It is important that SAM is used widely
clinically not only as hepatic drug [35, 36] but
also in the treatment of psychological and
neurological disorders [37] without any apparent deleterious effects. SAM could be superior
to adenine since there is some risk of kidney
stones associated with the administration of
adenine [38, 39]. Evaluation of the cardioprotective properties of SAM administered together with ribose is certainly worthwhile further investigation.
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