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L. Cavarrivt, M. VaLenTE AND M. P. RigoBeLLo. The Protective Action of Pyruvate on Recovery of Ischemic
Rat Heart. Comparison with other Oxidizable Substrates. Journal of Molecular and Cellular Cardiology (1990) 22,
143-154. The recovery of both contractile performance and metabolic response of rat heart following 1 h of
ischemia after equilibration with glucose + insulin (glucose-ischemia) or with pyruvate (pyruvate-ischemia),
was tested in normoxic reperfusion in the presence of glucose + insulin, pyruvate, lactate or acetate. In glucose-
ischemia only the reperfusion with pyruvate results in a complete recovery of the contractile force (left
ventricular pressure, LVP) (170%,) and good recovery of high energy phosphate compounds. Lower LVP and
tissue energy charge were found in glucose reperfusion and even less in lactate and acetate reperfusion.
Disappearance of the IMP accumulated during ischemia is evident only in the pyruvate reperfusion indicating a
higher metabolic recovery. On the contrary in pyruvate-ischemia all types of reperfusion tested were effective in
reactivating the contractile force (although acetate to a lesser extent); the contractile activity was accompanied
by a good recovery of phosphocreatine, ATP, energy charge and by the decrease of IMP. Large decreases of
adenine nucleotides and NADP and lower decreases of NAD are observed during ischemia/reperfusion in both
systems. '

Pyruvate-ischemia is quite similar to, if not worse than glucose-ischemia, for all the metabolic parameters
considered, but not worse for the possibility of recovery. Some specific effect of pyruvate should be exerted during
the ischemic phase.

The mechanism of pyruvate protection is discussed in relationship to: (i) the passible activation of pyruvate
dehydrogenase, (i) the activation of NADPH-dependent peroxide scavenging systems, (iii) the direct scaveng-

ing action of pyruvate on H,O3.

Kev Worbs: Pyridine nucleotides; GSH; Oxidative stress; Adenine nucleotides; Pyruvate; Heart perfusion.

Introduction

Several papers have reported the beneficial
effect of pyruvate alone or in the presence of
glucose on contractile performance and other
physiological parameters (Liedtke and Nellis,
1978; Mochizuki and Neely, 1980; Biinger et
al., 1986; Zweier and Jacobus, 1987; Camacho
et al., 1988) of normoxic perfused hearts (Lied-
tke and Nellis, 1978; Zweier and Jacobus,
1987), as well as in various kinds of ischemic or
anoxic. conditions in different animals (Lied-
tke and Nellis, 1978; Mochizuki and Neely,
1980; Biinger et al., 1986; Camacho et al.,
1988). Such an effect was correlated to several
parameters, i.e. the increase of ATP and phos-
phocreatine (PCr) (Mochizuki and Neely,
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1980; Biinger et al., 1986; Zweier and Jacobus,
1987) the lowering of the ischemic acidosis
(Liedtke and Nellis, 1978; Camacho et al.,
1988) and the stimulation of the tricarboxylic
acid cycle on reperfusion (Liedtke and Nellis,
1978).

However it has to be pointed out that in
some experimental conditions pyruvate failed
to protect myocardium from ischemic damage
(Hearse and Chain, 1972) and in some cases it

_even resulted in a higher incidence of arrhyth-

mias (Bricknell and Opie, 1978) without alter-
ing the ATP or PCr content.

The capability of pyruvate to stimulate
oxidative metabolism could be related to its
efficiency in reoxidizing cytosolic NADH; such
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an effect is inferred by Biinger et al. (1986) but
direct measurements are not available. It is
debated if this effect is dependent on lactate
dehydrogenase (LDH) since the latter is re-
ported to be inhibited by high pyruvate con-
centration (Kaplan and Goodfriend, 1964;
Peuhkurinen and Hassinen, 1982). Further-
more a modulation of tricarboxylic acid
(TCA) cycle has to be considered since during
ischemia an inhibition of the active complex of
pyruvate dehydrogenase could result by
means of the coupled stimulation of PDH
kinase and the inhibition of PDH phosphatase
accompanied by a decrease of NAD* /NADH
(Pettit et al., 1975; Vary and Randle, 1984).

Another mechanism responsible for pyru-
vate protection has been proposed by
Camacho ¢t al. (1988) who demonstrated a
lower decrease of pH during ischemia together
with a limitation of the loss of adenosine
nucleotide  (AdN) derivatives in the
reperfusion.

We used the model of total ischemia in vitro
(no flow at 37°C) followed by normoxic reper-
fusion for its similarity to in zive conditions
where essentially no washout of metabolite
occurs from the ischemic zone as reported by
Jennings et al. (1981). The present study was
carried out to elucidate the parameters and
the phases of the ischemia—reperfusion in
which pyruvate exerts its maximum effect
compared to glucose + insulin, lactate or ace-
tate. The parameters considered, all primarily
involved in the recovery process, were: PCr,
ATP, ADP, AMP, IMP, pyridine nucleotides
(amount and redox state), glutathione (cont-
ent and redox state). Glutathione and LDH
effluxes were measured as markers of oxidative
stress and membrane damage. The aim of our
study was also to provide some insight for the
possible utilization of physiological substrates
in the reperfusion period as modulators of
heart metabolism and as agents which coun-
teract the oxidative stress, hence increasing
the possibility of recovery of ischemic hearts.

Materials and Methods
Reagenis

The enzymes and coenzymes were from Sigma
Chemical Co., (St. Louis, MO). Substrates
were from Boehringer GmbH, (Mannheim,
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W. Germany). The routine chemicals and
glucose were obtained from E. Merck AG
(Darmstadt, W. Germany). Insulin was from
Eli Lilly and Co. (Indianapolis).

Wistar albino rats (300 g) from the
department’s own stock were used. Hearts
excised from the rats anaesthetized with ether
and decapitated were perfused at 37°C by a
non-recirculating  Langendorff procedure
(Lagendorff, 1885) with a Krebs—Henseleit
medium composed of 115 mm NaCl, 25 mm
NaHCOj;, 4 mm KCI, 0.9 mm KH,PO,, 1.1
mM MgCl,, 1.5 mm CaCl,, at pH 7.4. The
substrates added were 5.5 mm glucose + 5 U/l
insulin, and all the other substrates were 5 mm.
The medium was kept at 37°C and saturated
with 95%, O, and 5%, CO,. Ventricular pres-
sure (LVP) was measured by introducing into
the left ventricular cavity a liquid-filled ball-
oon connected to a pressure transducer. Dur-
ing normoxic perfusion the coronary flow rate
was 12 ml/min, while in the ischemia the flow
was completely abolished. Hearts were main-
tained at 37°C during ischemia in a thermos-
tated chamber. On starting reperfusion, the
flow was increased to 12 ml/min in about 30 s.
The above conditions of perfusion and
ischemia were utilized to perform two experi-
mental models: glucose-ischemia and pyruvate-
tschemia. In  glucose-ischemia hearts were
equilibrated with glucose + insulin for 20 to
30 min, in order to obtain haemodynamic and
metabolic stabilization and then made
ischemic for 1 h: when reperfused only one
substrate was present and reperfusion started
30 min after the maximum of resting pressure
was reached, i.e. after 50 to 60 min of total
ischemia. Reperfusion was performed for 30
min. In the pyruvate-ischemia the only dif-
ference was the presence of pyruvate instead of
glucose + insulin during the equilibration
phase.

Fractions of the coronary effluent were ut-
ilized for the determination of the glutathione
and LDH efflux. At the end of the perfusion,
the hearts were quickly-frozen with aluminum
clamps pre-cooled with liquid N, and im-
mersed into liquid N. If not used immedi-
ately, frozen samples were maintained at
— 70°C. One weighed portion was homogeni-
zed with an Ultra Turrax in 5 ml of cold 125
mM NaCl medium, buffered at pH 7.4 with 15
msM HEPES and 15 mm Tris, containing 1 mm



Pyruvate in Ischemia and Reperfusion

EDTA + 5 mm EGTA, and used for the deter-
mination of tissue glutathione and protein; 2-
ml aliquots were centrifuged at 105000 g for
30 min and the supernatant was used for the
determination of the LDH activity.

The second portion of the tissue was sub-
jected to alkaline extraction for the determin-
ation of adenine and pyridine nucleotides (by
means of this extraction reduced forms of
NAD(P) could also be recovered): the portion
was ground in a porcelain mortar immersed in
liquid N, and the powders underwent an
alkaline extraction essentially as described by
Stocchi et al. (1985). Modifications include the
treatment of the frozen powders with 4 ml of
0.5 M KOH and, after vigorous mixing, a
centrifugation at 15000 g for 3 min; the clear
supernatant neutralized with 1.4 ml of 0.1 M
KH,PO, was then placed on a CF 50 A
Amicon membrane and centrifuged at 2500 g
for 20 min in a refrigerated Sorvall centrifuge.
Aliquots of the neutralized filtrate were
quickly-frozen in liquid N> and rigorously
maintained at —70°C until used for the
HPLC determination. One aliquot of each
sample was utilized for PCr determination (as
ATP formed) after incubation for 10 min at
30°C in the presence of 5 U of creatine phos-
phokinase, 1.5 mm MgCl, and 1 mm ADP, at
pH 6.5 where the reverse reaction does not
occur. At the end of the incubation the sample
was filtered through a 0.22 ym Millipore filter
and quickly frozen. Adenine and pyridine
nucleotides were determined at 260 nm essen-
tially by following the HPLC procedure de-
scribed by Stocchi et al. (1985) after separ-
ation on a Perkin Elmer C-18 10 pm x 25 cm
% 4.6 mm i.d. column at I ml/min flow. The
gradient program used for the separation of
the various nucleotides was: 6 min in isocratic
condition with 0.1 m KPi pH 5.5 followed by a
5 min linear gradient to 1009, of 0.1 M KPi
pH 6.0 containing 109%, methanol; separation
was accomplished in about 30 min. Retention
times and peak areas were obtained by a
Perkin Elmer LC-100 laboratory computing
integrator. NADH and NADPH were flu-
orimetrically determined at 470 nm using an
excitation wavelength at 340 nm in a parallel
separation by means of a Shimadzu R.F. 530
fluorescence HPLC monitor. Samples were
defrosted immediately before the injection
since NADH and NADPH are prone to disap-
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pear also after brief intervals at 0°C at neutral
pH.

Protein content of the homogenate was de-
termined on the 15%, (w/v) TCA precipitated
protein by the biuret method (Gornall e/ al.,
1949). Glutathione was measured essentially
with the procedure of Tietze (1969) modified
for the determination of GSSG as described by
Xia ef al. (1985), in which GSH is enzymati-
cally trapped by methylglyoxal in the pre-
sence of glyoxalase I. LDH was determined at
25°C by following the NADH oxidation
sparked by 5 mm pyruvate on 5 ul of the
105000 g supernatant fraction of the homo-
genized tissue diluted to 2.5 ml with 0.05 m
KPi pH 7.4, or in 2.5 ml of the coronary
effluent fraction; when lactate (5 mm) was
used as the exogenous substrate 0.5 ml ali-
quots of coronary effluent were used in order
to avoid the reverse reaction.

All parameters reported in the various
tables are referred to the total heart. The
average weight of hearts used in our experi-
ments was 1.2 + 0.1 g. The weight remained
constant in controls but it varied in other
conditions: it decreased during ischemia down
to 0.8 g and it increased variously after reper-
fusion due to water retention. The highest
increases (up to 1.8 g) were observed when the
recoveries were the lowest.

Results
Glucose-tschemia

The in vitro Langendorff perfusion of rat hearts
can be considered a suitable model for the
study of heart metabolism due to its stability
when appropriate substrates are added to the
perfusion medium. Table 1 shows that the
total amount of AdN and PCr do not decrease
in comparison to the unperfused rat heart,
while the value of the tissue energy charge
shows a slight increase. The improvement is
surely due to the rapid freeze clamping of the
beating heart perfused in vitro. When ischemia
is induced in glucose + insulin perfused hearts
by stopping the flow, a sudden decline of the
developed pressure occurs and heart arrests in
a few minutes [Fig. 1(a)]. As can be seen in
the figure, after 20 to 30 min the resting
pressure increases to a maximum followed by
a slow decrease to a plateau after about 50 to
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TABLE 1. Effect of ischemia and reperfusion with various substrates on high energy phosphate compounds

in glucose equilibrated heart

Phospho-

creatine Total AdN IMP
Conditions (umol/heart) (umol/heart) (umol/heart) Charge
Glucose controls 3.70 £ 0.85 (5)  4.06 + 0.32 (5) n.d. 0.84 £+ 0.02 (5)
Unperfused controls 308+ 08 (3) 3.94+0.7(3) n.d. 0.77 + 0.04 (3)
Glucose-ischemia 0.18 +0.07 (5)  1.88 + 0.42 (5) 0.124 + 0.083 (6) 0.28 4+ 0.05 (5)
Glucose reperfused 0.87 £ 0.19 (5) 1.53 £ 0.18% (5) 0.02 £ 0.06 (4)  0.65 £ 0.06* (5)
Pyruvate reperfused 1.42 £ 0.34" (5) 1.48 £ 0.11* (5) n.d. 0.66 + 0.04* (5)
Lactate reperfused 0.35+0.21°(5) 1.10+0.18%™° (5) 0.02 +0.01 (5)  0.42 + 0.04*>* (5)
Acetate reperfused 0.94 +£0.31* (5)  1.05 £ 0.22%>° (5) 0.06 + 0.07 (5)  0.51 + 0.06%"* (5)

n.d., not detected.

Values reported as gmol/whole heart are the mean + s.n. Number of experiments in parentheses. ATP, ADP, AMP
and IMP are reported as %, of the corresponding total AdN content. Tissue energy charge (Charge) is defined as

{[ATP] + 1/2[ADP]}/[total AdN].

Statistical analysis of data was performed by “one way analysis of variance” (ANOVA). Values significant at
confidence level of 95%, are indicated: ® when referred versus ischemia; ® when versus glucose reperfused; © when versus

pyruvate reperfused.

60 min ischemia. In a previous work (Bindoli
et al., 1988b) we found that reperfusion with
glucose without insulin induces a sudden in-
crease of the resting pressure and a very poor
contractile recovery. This is associated to a
rapid and massive efflux of glutathione (main-
ly in its reduced form). As shown in Figure
1(b), inclusion of insulin, which is reported
(Maroko et al., 1972; Mochizuki and Neely,
1980) to improve the recovery of ischemic
hearts, induces a partial recovery of contract-
ility (average recovery 429, of the pressure
developed before ischemia). If pyruvate is
used on reperfusion instead of
glucose + insulin a more than complete recov-
ery of the contractile force is obtained. Lactate
or acctate are far less effective. The resump-
tion of contractility on reperfusion was ob-
served in 1009, of the experiments with pyru-
vate, in 759, of those with glucose + insulin
(three over four), in 40%, of those with lactate
and acetate (two over five). The metabolic
data reported in Table 1 are consistent with
the effect shown on LVP: PCr which is de-
pleted during ischemia is only partially re-
covered in lactate reperfusion, slightly more in
the glucose + insulin and acetate reperfusion,
while the highest increase is observed in
pyruvate-reperfused hearts. Higher tissue
energy charge are observed both in
glucose + insulin and pyruvate reperfusion

(0.62 and 0.67, respectively) compared to
lactate and acetate reperfusion (0.43 and 0.52,
respectively).  AdN  catabolism  during
ischemia is tested by the presence of IMP
(about 69, of the total AdN) together with
hypoxanthine (data not reported). On reper-
fusion a recovery of AAN metabolism is evi-
dent only with pyruvate, as tested by the

o
o

T
o

LVP (mm Hg)
2

0 20 40 60 80
Minutes
—_ (b)
o 1001
E
£
<
& % %
o 22
Glucose Lactate
Pyruvate Acetate

FIGURE 1. Behaviour of the left ventricular pressure
(LVP) in the glucose-ischemia model (a) and recovery on
reperfusion with different substrates (b). LVP recorded as
described in Materials and Methods is reported during
the equilibration and the ischemic phase. The recoveries
on reperfusion with the different substrates are reported as
bars where the standard deviation is also indicated and
represents the mean of at least three experiments for each
condition.
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disappearance of IMP. A loss of total AdN is
generally observed on reperfusion. This is less
evident with pyruvate or glucose + insulin,
and much more significant with lactate and
acetate. The AdN related parameters do not
account, however, for the much better perfor-
mance of the hearts reperfused with pyruvate
in which a more than complete LVP recovery
is obtained compared to the hearts reperfused
with glucose. In Table 2 the amount of glu-
tathione released in the reperfusion medium
and that retained in the tissue after reperfu-
sion are reported together with the released
LDH. Glutathione is continuously lost to the
perfusion medium. The rate of glutathione
release is about 2.5 nmoles/min. A large re-
lease of glutathione is observed in the first
minutes of the reperfusion after ischemia fol-
lowed by a drop to the basal release value.
The peak release on reperfusion was respec-
tively 16 and 18%, of the initial total glutath-
jone with pyruvate and glucose + insulin.

LDH is slowly released from perfused
hearts. Also in this case a peak release is
observed in the first minutes of reperfusion
after ischemia. With glucose + insulin and
pyruvate the release of LDH was 10 and 79%,.
Higher releases of both glutathione and LDH
were observed in lactate and acetate.

In general, pyruvate appears to be the most
efficient substrate followed by glucose, lactate
and acetate for all the considered metabolic
parameters although the differences, parti-
cularly relative to glucose, are only marginal.

The redox state of pyridine nucleotides
could also reflect the tissue metabolic state. As
shown in Table 3 the NAD*/NADH ratio,

- which is mainly shifted towards NAD™ in the
control, shifts towards NADH during
ischemia (where a ratio of 1.61 is found).
When hearts are reperfused some reoxidation
of NADH is observed, although the steady
state achieved is always significantly more
reduced than in the pre-ischemic situation.
For technical reasons (residual lactate dehy-
drogenase activity present in the samples con-
taining pyruvate) an exact determination of
the NAD* /NADH ratio in the pyruvate per-
fused heart cannot be obtained. A fraction of
the NAD pool is lost after the ischemic phase.
This is in the order of 25% in the
glucose + insulin, pyruvate and lactate reper-
fusion; it is significantly higher with acetate; in
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this latter situation the functional recovery is
also the least, and the residual NAD pool is
also more highly oxidized.

The behaviour of NADP has also been
considered. The NADP*/NADPH ratio
which is 0.68 in the control drops to very low
values on reperfusion after ischemia (except in
acetate reperfusion where a higher oxidation
state is observed). The variations in the redox
state are accompanied by a large loss (over
509%,) of the total NADP pool. A possible
explanation for these observation is that a
large fraction of the (more oxidized) cytosolic
pool is lost after ischemia and that the higher
reduction measured in reperfused heart repre-
sent the contribution of the mitochondrial
fraction. The highest NADP reduction is ob-
served in the reperfusion with pyruvate.

Pyruvate-ischemia

When 5 mm pyruvate is used as the only
substrate [Fig. 2(a)] the increment of the
resting pressure induced by ischemia still
occurs (it is even more pronounced than in the
glucose-ischemia, as shown by the maximum
of the resting pressure which is almost
doubled). On reperfusion with normoxic
media after pyruvate-ischemia [Fig. 2(b)] the
functional performance is significantly better
than after glucose-ischemia. Resumption of
contractility was obtained with all four subs-
trates (with the exception of only two cases in
the acetate group). Reperfusion with pyruvate
shows a more than complete recovery with a
mean of 120%, of the pressure developed dur-
ing the equilibration period. Essentially the
same result is obtained with glucose (125%),
while hearts tend to recover only partially
with lactate (40%) and the lowest recovery
(279%,) is observed with acetate.

Metabolic parameters regarding the model
of the pyruvate-ischemia and reperfusion are
reported in Table 4. During ischemia after
equilibration with pyruvate the PCr and AdN
levels decrease to a level comparable to that
observed in glucose-ischemia, the loss of AdN
is even higher (cf. Table I) and IMP accumu-
lates. Upon reperfusion however a general
improvement is observed: the PCr level in-
creases again in all cases over the correspond-
ing values in the glucose-ischemia model. The
effect is particularly evident with glucose and
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FIGURE 2. Behaviour of the left ventricular pressure
(LVP) in the pyruvate-ischemia model (a) and recovery
on reperfusion with different substrates (b). The con-
ditions are as described in Figure 1.

pyruvate. The energy charge on reperfusion
after pyruvate-ischemia is significantly higher
than after glucose-ischemia. The general im-
provement of the recovery after pyruvate-
ischemia is also documented by the disap-
pearance of the IMP on reperfusion (except in
the case of acetate). Parameters referring to
the cellular glutathione redox state and to
glutathione and LDH effluxes of the corre-
sponding groups are reported in Table 5.
Glutathione, 83%, of which is in the reduced
form in the control, does not decrease during
ischemia; it generally becomes slightly more
oxidized on reperfusion. As for the glucose-
ischemia some glutathione is lost to the perfu-
sion medium in the control with pyruvate at a
rate of less than 2 nmoles/min. A peak release
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is always observed on reperfusion. However
such a peak is smaller after pyruvate-ischemia
than after glucose-ischemia. As expected a
decrease of total tissue glutathione is observed
after reperfusion. However such a loss is not
observed in reperfusion with pyruvate: this
may be due to a resynthesis or to a release of
GSH from the mixed disulfide pool. On reper-
fusion after pyruvate-ischemia, the release of
LDH is similar to that observed in reperfusion
following glucose-ischemia, although gener-
ally less pronounced.

The pyridine nucleotide content and redox
state relative to the condition of pyruvate-
ischemia are reported in Table 6. They com-
pare rather closely to those shown in Table 3
for the glucose-ischemia. It is clear from the
result of Figures 1 and 2 that pyruvate pro-
tects significantly the functional performance
of perfused hearts against the ischemic
damage. The best protection is obtained when
the hearts are perfused with pyruvate prior to
the onset of the ischemic conditions, although
pyruvate also exerts a clear effect when used in
the reperfusion of a glucose-ischemic heart.
Rather surprisingly, only marginal effects of
pyruvate could be observed on a series of
biochemical parameters, except for PCr. The
content of PCr was generally higher in the
conditions when the functional recovery was
more complete.

It is remarkable that an apparently com-
plete functional recovery is obtained on reper-
fusion after pyruvate-ischemia, in spite of the
large loss of cellular adenine and pyridine
nucleotides.

TABLE 4. Effect of ischemia and reperfusion with various substrates on high energy phosphate compounds

in pyruvate equilibrated heart

Phospho-

creatine Total AdN IMP
Conditions (umol/heart) (umol/heart) (umol/heart) Charge
Pyruvate controls 5.49 + 0.74 (4)  3.68 £ 0.62 (4) n.d. 0.89 + 0.04 (4)
Pyruvate-ischemia 0.15+0.11 (5) 1.16 £ 0.10 (5) 1049 + 0.31 (5) 0.28 £0.03 (5)
Glucose reperfused 3.39 +0.44* (4) 1.24 £0.15 (4) n.d. 0.73 + 0.04* (4)
Pyruvate reperfused 3.64 + 0.65* (4) 1.53 £0.24 (4) n.d. 0.77 + 0.04* (4)
Lactate reperfused 2.10 + 0.88*%° (4)1.25 £ 0.10 (4) 0.01 +£0.01 (3)  0.65 % 0.10%° (4)

Acetate reperfused

0.63 + 0.36™>* (7)0.60 + 0.27*>¢ (7) 0.12 £ 0.08 (7)

0.50 + 0.08> (7)

n.d., not detected.
Conditions as in Table 1.
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Discussion

After glucose-ischemia reperfusion with pyru-
vate is the only condition in which a clear
functional recovery is obtained. Accordingly
higher ATP, PCr and energy charge value are
observed in these conditions (see Table 1).
Pyruvate appears far more efficient than the
other substrates on the contractile recovery
[see Fig. 1(b)]. The possibility that an AdN
salvage pathway could be stimulated by pyru-
vate on reperfusion is consistent with the data
on IMP (Table 1) which disappears from the
pyruvate reperfused hearts, while, to a differ-
ent extent, it is still present in all the other
groups. The lower amounts of glutathione and
lactate dehydrogenase release shown in Table
2 on reperfusion with pyruvate, compared to
glucose and also to lactate and acetate, may
be indicative of an effective prevention by
pyruvate of some tissue damage sparked by
the oxidative stress in the reperfusion. Similar
findings on pyruvate preventing reperfusion
failure and in increasing the phosphorylation
potential in guinea-pig heart have recently
been reported by Biinger ef al. (1989).

In the second model (pyruvate-ischemia)
functional recovery is also generally improved
although the behavior of the resting pressure
shows a paradoxical increase during the
ischemia [cf. Fig. 2(a) and Fig. 1(a)]. Also the
metabolic parameters analyzed in this study
do not account for the protection afforded by
pyruvate during the ischemia. On reperfusion,
pyruvate shows about the same efficiency as
glucose and, in both cases, the recovery is
more than complete. In contrast with glucose-
ischemia, a recovery of PCr is evident with all
the reperfusion media (except acetate) after
pyruvate-ischemia. The loss of AdN is higher
in pyruvate-ischemia, but no further loss
occurs during reperfusion (on the contrary a
slight increase is found). The recovery of AN
metabolism is supported by the absence of
IMP. The inhibition of the key enzyme invol-
ved in the salvage pathway, ie.
hypoxanthine-guanine phosphoribosyl trans-
ferase, in cultured anoxic rat heart cell is
relieved by pyruvate (Ravid el al., 1984) and
this effect is attributed to cytosolic NADH
oxidation. The lower efficacy of lactate in the
recovery of the ischemic hearts could be re-
lated to the lack of further metabolism due to
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the high concentration of NADH. This blocks
both LDH and pyruvate dehydrogenase and
is particularly evident in glucose-ischemic re-
perfused hearts where the NAD'/NADH
ratio remains very low also after 30 min of
reperfusion.

The recovery in acetate reperfused hearts is
impaired in both models of ischemia since
acetate activation through an ATP-dependent
thiokinase (which produces AMP and PP;) is
probably impaired in these ischemic hearts,
both due to the very low concentration of ATP
after 1 h of ischemia and to the low availa-
bility of CoA-SH which is also decreased by
the accumulation of acyl-CoA (Vary ef al.,
1981). Moreover, the increased production of
AMP due to acetate activation increases the
AdN catabolism as tested by the highest value
of IMP found in the acetate reperfusion ex-
periments. Acetate fails to prevent membrane
damage as shown by the high release of glu-
tathione and LDH (Tables 2 and 5) and
effectively it completely fails to reduce
NADP*.

The prevailing effect of pyruvate on reper-
fusion, shared both in glucose and pyruvate
equilibrated ischemic hearts, is probably de-
pendent on the combined effect of pyruvate on
NADP™ reduction and on the stimulation of
the tricarboxylate pathway, as indicated by
the higher phosphorylating capacity of
pyruvate-reperfused hearts parallel to the in-
crease of the purine nucleotide salvage path-
way tested by IMP disappearance. The
amount of AdN recovered on reoxygenation of
anaerobic myocytes is also reported to occur
primarily at the expense of IMP, which 1is
produced during anaerobiosis (Altschuld et
al., 1987).

The efficacy of pyruvate as an anaplerotic
substrate at a concentration higher than
physiological has been already reported
(Peuhkurinen and Hassinen, 1982; Sundqvist
et al., 1987), and its effectiveness in raising the
tricarboxylate intermediates (particularly ma-
late and citrate) can increase the steady state
level of NADPH production in the cytosol
through the malic enzyme (Hiltunen and
Davis, 1981) or the isocitrate dehydrogenase
activity (Pfeifer et al., 1986). Both the latter
enzymes are reported to be present at high
concentration in the myocardial tissue
(Andrés et al., 1980). On the contrary the
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glucose-6-phosphate dehydrogenase activity is
very low (Andrés et al., 1980) and as a conse-
quence glucose results in a less efficient recov-
ery after the ischemic insult. Via the produc-
tion of NADPH (which is necessary for the
reduction of glutathione oxidized by the ac-
tion of the glutathione peroxidase) pyruvate
might contribute to the removal of active
oxygen species arising from the activity of
xanthine oxidase which is formed during re-
perfusion (Bindoli et al., 1988a, b), or by
autoxidation of the flavoproteins kept reduced
during ischemia by the high NAD cellular
redox state (a sort of reductive stress) (Jones,
1985).

However, it is to be pointed out that a large
loss of NADP occurs during
ischemia/reperfusion in both models, which
does not appear to affect the functional perfor-
mance of the Theartss. The low
NADP*/NADPH ratio during reperfusion is
largely due to a decrease of NADP*'. As
already pointed out (see Results) this could
indicate the loss of cytosolic NADP.

The general effect of pyruvate as a protect-
ing ‘agent shown in the model of pyruvate-
ischemia must consider some special effects
exerted in the onset of the ischemic phase. In
the pyruvate-ischemia the tissue is clearly
more protected against reperfusion damage,
but no difference in the status of the consi-
dered metabolic parameters has been shown.
The first minutes of reperfusion are generally
considered the more dramatic moment for the
onset of tissue injury and this has been linked
to the oxygen insult, since it is in this early
phase that oxygen could give rise to the
damaging active oxygen species (Woodward
and Zakaria, 1985; Arroyo el al., 1987; Hearse
and Tosaki, 1987; Zweier ef al., 1987; Mann-
ing, 1988; Zweier, 1988).

Accumulation of H,O, in ischemia is re-
ported by Vandeplassche and Borgers (1988)
and its involvement in the ischemic tissue
damage is suggested by Myers e/ al. (1985).
Several indirect evidences, reviewed by
Manning (1988), strongly support the invol-
vement of hydrogen peroxide in the ischemic
damage since pre-treatment with agents that
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prevent H,O, formation or the production of
its toxic intermediates (e.g. Fe ion chelators)
exert a positive effect on the recovery of
ischemic hearts. In this context an alternative
mechanism by which pyruvate could exert its
protective effect could be related to its ability
to promote peroxide breakdown. As reported
by Varma and Morris (1988) and references
therein, H,O; is decomposed in the presence
of pyruvate. In the conditions of our experi-
ments 50%, decomposition of 0.4 mm H,O0,
occurs in 2 min with 5 mm pyruvate and
pyruvate also promotes the breakdown of
organic hydroperoxides (not shown). In this
way pyruvate could exert a direct scavenging
activity towards hydrogen peroxide or other
peroxide during both the ischemic and the
reperfusion phase. In this case when oxygen is
readmitted to the cellular compartment pyru-
vate could help tissue to be more protected
against the oxidative injury resulting in a
more rapid recovery. This is consistent with
the limited peak loss of glutathione and LDH
observed on reperfusion after pyruvate-
ischemia (cf. Tables 5 and 2).

Another possibility is that pyruvate may
activate pyruvate dehydrogenase (by inhibit-
ing its phosphorylation) as reported by
Randle et al. (1977), increasing the pyruvate
dehydrogenase flux as suggested Biinger et al.
(1989).

Our data support the possibility of utilizing
pyruvate in reperfusion both as a protecting
agent against the oxidative stress (through the
NADPH sustained reduction of glutathione
and hence activation of GSH-dependent cel-
lular protecting systems or as a direct scaven-
ger of H,O,) and as a modulator of oxidative
metabolism (through an efficient stimulation
both of the oxidative metabolism and of the
AdN salvage pathways).
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