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Abstract
Myocardial ischaemia is associated with the generation of lipid peroxidation products such as
HNE (4-hydroxy-trans-2-nonenal); however, the processes that predispose the ischaemic heart to
toxicity by HNE and related species are not well understood. In the present study, we examined
HNE metabolism in isolated aerobic and ischaemic rat hearts. In aerobic hearts, the reagent
[3H]HNE was glutathiolated, oxidized to [3H]4-hydroxynonenoic acid, and reduced to [3H]1,4-
dihydroxynonene. In ischaemic hearts, [3H]4-hydroxynonenoic acid formation was inhibited and
higher levels of [3H]1,4-dihydroxynonene and [3H]GS-HNE (glutathione conjugate of HNE) were
generated. Metabolism of [3H]HNE to [3H]4-hydroxynonenoic acid was restored upon
reperfusion. Reperfused hearts were more efficient at metabolizing HNE than non-ischaemic
hearts. Ischaemia increased the myocardial levels of endogenous HNE and 1,4-dihydroxynonene,
but not 4-hydroxynonenoic acid. Isolated cardiac mitochondria metabolized [3H]HNE primarily to
[3H]4-hydroxynonenoic acid and minimally to [3H]1,4-dihydroxynonene and [3H]GS-HNE.
Moreover, [3H]4-hydroxynonenoic acid was extruded from mitochondria, whereas other [3H]HNE
metabolites were retained in the matrix. Mitochondria isolated from ischaemic hearts were found
to contain 2-fold higher levels of protein-bound HNE than the cytosol, as well as increased
[3H]GS-HNE and [3H]1,4-dihydroxynonene, but not [3H]4-hydroxynonenoic acid. Mitochondrial
HNE oxidation was inhibited at an NAD+/NADH ratio of 0.4 (equivalent to the ischaemic heart)
and restored at an NAD+/NADH ratio of 8.6 (equivalent to the reperfused heart). These results
suggest that HNE metabolism is inhibited during myocardial ischaemia owing to NAD+ depletion.
This decrease in mitochondrial metabolism of lipid peroxidation products and the inability of the
mitochondria to extrude HNE metabolites could contribute to myocardial ischaemia/reperfusion
injury.
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INTRODUCTION
Myocardial ischaemia/reperfusion is accompanied by an increase in oxygen-derived free
radicals [1,2]. These species are highly reactive. They stimulate, interrupt and modify many
signalling events and, if unquenched, they induce tissue dysfunction or cell death. A
causative role of ROS (reactive oxygen species) in myocardial ischaemia/reperfusion injury
is supported by evidence showing that antioxidant treatment [1,2] or overexpression of
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antioxidant enzymes such as Mn-SOD (superoxide dismutase) [3], catalase [4],
extracellular-SOD [5] or glutathione peroxidase [6] prevents ischaemia/reperfusion injury,
and that partial deficiency of Mn-SOD [7] or the complete absence of glutathione peroxidase
[8] or CuZn-SOD [9] renders the heart more sensitive to ischaemic injury. In addition, the
generation of RNS (reactive nitrogen species), such as peroxynitrite, has also been linked to
tissue injury associated with myocardial infarction [10]. Most free radicals are short-lived
and their ability to alter cell signalling or incite tissue injury is paradoxically limited by their
high reactivity. These radicals, however, generate a host of metastable secondary products
derived from oxidized lipids. The generation of lipid peroxidation products in the heart is
also associated with increased formation of RNS [11]. Products of lipid peroxidation
generated from ROS or RNS could propagate and amplify cell injury even beyond that
caused by free radicals themselves. In this role, products such as the α,β-unsaturated
aldehydes are likely to be the most significant because they are highly reactive [12] and
because they affect signal transduction [13], energy production [14], ion-channel function
[15] and cell-death pathways [16]. Moreover, unsaturated aldehydes generated from lipid
peroxidation form covalent adducts with proteins [12,17] and DNA [18], which could elicit
acute stress responses or induce sustained tissue dysfunction.

Several studies show that unsaturated aldehydes such as HNE (4-hydroxy-trans-2-nonenal)
are generated during myocardial ischaemia/reperfusion [19], and covalent adducts between
HNE and myocardial proteins have been detected in the ischaemic heart [20]. Products of
lipid peroxidation such as HNE are rapidly metabolized [21,22]; hence they are unlikely to
linger in healthy and well-energized tissue. However, it remains unclear how unsaturated
aldehydes, such as HNE, are cleared from the ischaemic heart. Our studies have shown that,
in the aerobic heart, HNE is readily conjugated to glutathione (GS–HNE) or oxidized to
HNA (4-hydroxynonenoic acid). In addition, HNE and its glutathione conjugate are both
reduced by AR (aldose reductase) [21]. The overall competence of these pathways could,
however, be significantly perturbed by ischaemia. Changes in tissue perfusion could prevent
extrusion and washout of lipid peroxidation products and their metabolites, and inhibition of
aerobic metabolism could affect the activity of the oxidoreductases involved in aldehyde
metabolism. In addition, aldehyde-metabolizing enzymes may be modified or inactivated by
ROS or their own substrates. As a result of these changes, HNE could accumulate in the
heart and cause changes in cell signalling or function. Accordingly, in the present study we
investigated how ischaemia affects HNE removal and show that ischaemia decreases the
ability of the heart to oxidize HNE. We suggest that these events are caused by inhibition of
mitochondrial oxidation of HNE via ALDH (aldehyde dehydrogenase) and that loss of
ALDH activity is due to the ischaemia-induced decrease in the NAD+/NADH ratio.

EXPERIMENTAL
Materials

HNE was synthesized as described previously [21]. Anti-(cytochrome c oxidase subunit I)
antibodies were purchased from Molecular Probes. Anti-ALDH2 antibodies were a gift from
Dr Henry Weiner (Department of Biochemistry, Purdue University, West Lafayette, IN,
U.S.A.). Polyclonal antibodies against recombinant human AR were raised and
characterized as described previously [23].

Isolated perfused and ischaemic heart preparations
Animal studies were performed under protocols approved by the University of Louisville
Animal Care Use Committee. Sprague-Dawley rats (200–260 g) were administered heparin
(100 i.u./100 g), anaesthetized with sodium pentobarbital (60 mg/kg of body weight), and
their hearts were excised, cannulated and perfused in the Langendorff retrograde mode as
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described previously [21]. Hearts were perfused at a constant perfusion pressure of 80
mmHg with KH (Krebs-Henseleit) buffer comprising 118 mM NaCl, 25 mM NaHCO3, 4.7
mM KCl, 1.25 mM KH2PO4, 3 mM CaCl2, 1.25 mM MgCl2, 0.5 mM EDTA and 10 mM
glucose, and gassed with a 95% O2/5% CO2 gas mixture. The hearts were not paced. At the
end of the experimental protocol, the hearts were immediately snap-frozen in liquid nitrogen
and stored at −80 °C for biochemical analysis.

Isolation and subfractionation of rat heart mitochondria
Hearts were excised and rinsed in isolation buffer (pH 7.4), containing 220 mM mannitol, 70
mM sucrose and 5 mM Mops. The hearts were finely minced on ice with a razor blade and
homogenized in a Glass Col homogenizer. Samples were centrifuged at 500 g for 10 min,
and the supernatant was filtered through cheesecloth. The filtrate was centrifuged at 5000 g
for 10 min to sediment the mitochondria. The mitochondrial pellet was washed in respiration
buffer (pH 7.4) containing 120 mM KCl, 1 mM EGTA, 5 mM Mops and 5 mM KH2PO4,
centrifuged at 5000 g for 10 min, and then resuspended in 1 ml of the respiration buffer.
Cytosolic contamination of the mitochondrial fraction was 0.5% as measured by AR
expression and lactate dehydrogenase activity. For subfractionation, the mitochondrial pellet
was suspended and washed three times in equilibration buffer (pH 8.0), containing 20 mM
Tris/HCl, 0.4% Chaps, 1 mM EDTA and 5 mM DTT (dithiothreitol). The mitochondria
were centrifuged at 6000 g for 10 min and resuspended in 500 μl of the equilibration buffer
containing 1:100 mammalian protease inhibitor cocktail (Pierce Biotechnology).
Mitochondria were snap-frozen in liquid nitrogen and thawed three times. The mitochondria
were then sonicated for 15 s and centrifuged for 30 min at 13000 g. The supernatant fraction
was collected and designated the matrix fraction. To wash remaining matrix proteins from
the membrane fraction, 2 ml of the equilibration buffer was added to the pellet and the
mixture was sonicated for 15 s. This was repeated three times. After the final centrifugation
step, the membrane fraction was resuspended in 300 μl of PBS containing 1% (v/v) Triton
X-100.

Myocardial metabolism of HNE
For HNE metabolism, 50 nmol of [3H]HNE in 0.1 ml of oxygenated KH buffer was injected
through a side port of the cannulated rat heart. Rat hearts were subjected to 10 or 70 min
perfusion with KH buffer, 10 min perfusion followed by 30 min ischaemia (with [3H]HNE
injection immediately prior to ischaemia), 10 min perfusion followed by 30 min ischaemia
with 10 min reperfusion (with [3H]HNE injection either before ischaemia or immediately
before reperfusion), or 10 min perfusion followed by 30 min ischaemia and 30 min
reperfusion (with [3H]HNE injection after 30 min reperfusion). Perfusates were collected for
3, 6 and 10 min following HNE injection. At the end of each protocol, radioactivity in the
perfusates and tissue extracts was measured, and radiolabelled metabolites of HNE were
separated by HPLC and characterized by MS.

HPLC analysis and MS
The reagent [3H]HNE and its metabolites were synthesized as described previously [21].
Synthesized standards and metabolites of HNE were separated by reverse-phase HPLC as
described previously [24]. The glutathione conjugates (GS–HNE and GS–DHN; DHN is
1,4-dihydroxynonene) eluted with a tR (retention time) of approx. 23 min, whereas DHN,
HNA and HNE had a tR of 31, 36 and 43 min respectively. The purity and the chemical
identity of the glutathione conjugates were established by HPLC and ESI–MS (electrospray
ionization MS) as described previously [24]. The chemical identities of DHN and HNA
were established by GC/MS as described previously [25]. To measure endogenous levels of
HNE, DHN and HNA, D11-HNE and D11-HNE metabolites were prepared and used as
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internal standards as described for [3H]DHN and [3H]HNA [21]. No exogenous HNE was
added in these experiments.

Measurement of myocardial NAD+/NADH ratios
Myocardial nucleotide ratios in perfused, ischaemic and reperfused hearts were measured
using an NAD+/NADH quantification kit according to the manufacturer's instructions
(BioVision).

In vitro HNE oxidation assay
Nucleotide-dependent HNE oxidation was measured in cardiac homogenates by HPLC
using [3H]HNE as the substrate. Rat hearts were homogenized in 0.1 M potassium
phosphate buffer (pH 7.4), containing 1 mM DTT, 1 mM EDTA and 1% protease inhibitor
cocktail. The homogenate was sonicated on ice for 15 s and centrifuged at 14000 g for 15
min. The supernatant was then passed through a Sephadex G25 column equilibrated with
nitrogen-saturated 0.1 M potassium phosphate buffer (pH 7.4). HNE oxidation reactions
were carried out in 250 μl of potassium phosphate buffer containing 50 μg of myocardial
protein, 1.1 mM total NAD(H) and 100 μM [3H]HNE for 30 min at 37 °C. To determine the
dependence of HNE oxidation on aerobic- and ischaemia-representative nucleotide ratios,
the NAD+/NADH ratios were measured in perfused, ischaemic and reperfused hearts. The
[3H]HNE and [3H]HNA were separated by HPLC and their concentration was measured by
scintillation counting.

Statistical analysis
Values are reported as means±S.E.M. An unpaired Student's t test was used to compare
groups. For multiple group analysis, one-way ANOVA analysis was performed. P<0.05 was
considered statistically significant.

RESULTS
Metabolism of exogenous HNE in the ischaemic heart

To examine how ischaemia affects HNE metabolism, we identified products of [3H]HNE
generated in perfused and ischaemic rat hearts. As described previously [21], the major HNE
metabolites generated in the perfused aerobic heart were the non-reduced and reduced
glutathione conjugates of HNE (GS–HNE and GS–DHN; which together account for 22% of
the metabolites recovered) and products of HNE oxidation (HNA; 39%) or reduction (DHN;
5%) (Figures 1A and 1D, and Table 1). Approx. 7% of the products remained unidentified,
and 27% of the unmetabolized HNE was recovered in the perfusate. A similar profile of
metabolites was observed in the ischaemic heart, although the relative distribution of the
metabolites was altered. As shown in Figure 1(A), ESI–MS of peak I obtained from non-
ischaemic hearts showed a strong peak at m/z 464 and another ion peak at m/z 446. These
were assigned to MH+ and [MH-18]+ ions of GS–HNE. The 466 peak was assigned to the
MH+ ion of GS–DHN. Peak I from ischaemic hearts, however, displayed only one
prominent ion with m/z 466, indicating that in the ischaemic heart GS–HNE is completely
reduced to GS–DHN (Figure 1B). Peak II displayed the tR on GC and an MS fragmentation
pattern identical with that of DHN (Figure 1B). Peak III co-eluted with HNA. These results
indicate that, in comparison with the aerobic heart, the ischaemic heart is less efficient in
oxidizing HNE to HNA (39% compared with 16%), but it generates more DHN (increased
from 5 to 25%) (Table 1). Similar changes (a decrease in HNA and an increase in DHN
formation) were also observed in perfusates collected from hearts just after ischaemia
(Figure 1C and Table 1). Collectively, these results suggest that ischaemia decreases the
oxidative metabolism of HNE to HNA, while increasing the reduction of HNE to DHN and
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of GS–HNE to GS–DHN. Ischaemia also increases glutathione-linked metabolism of HNE
in the whole heart.

To determine how reperfusion affects HNE metabolism, two series of experiments were
performed. In the first series, hearts were subjected to ischaemia for 30 min and then
injected with [3H]HNE at the beginning of reflow. In the second series, hearts were
subjected to 30 min of ischaemia, and HNE was injected after 30 min of reperfusion. When
the hearts were treated with HNE immediately upon reflow, the profile of HNE metabolites
in the perfusate was similar to that obtained from the ischaemic myocardium, i.e. HNA
formation was suppressed, DHN was increased and most of the glutathione conjugate of
HNE was in the reduced form (Table 1, reperfusion I). Although there was no difference in
the extent of glutathione conjugate formation, post-ischaemic hearts displayed diminished
HNE oxidation. When the hearts were treated with [3H]HNE 30 min after reflow, oxidation
of HNE was increased compared with non-reperfused hearts and reduction to DHN
remained elevated (Table 1, reperfusion II). Overall, owing to the recovery of oxidative
metabolism and the enhancement of reductive metabolism, the reperfused heart was more
efficient at metabolizing HNE than the aerobic heart. These changes did not appear to be
due to prolonged perfusion because 70 min of perfusion did not affect aerobic HNE
metabolism (results not shown). These results demonstrate that ischaemia increases
glutathione conjugation of HNE as well as the reduction of HNE and GS–HNE to DHN and
GS–DHN respectively; however, no increase in glutathione transferase activity in the
ischaemic heart was observed (results not shown). As reported previously [26,27], AR
activity in the ischaemic heart was increased, as shown by greater conversion of GS–HNE
into GS–DHN (Figure 1 and Table 1), but the increase in DHN formation was not prevented
by AR inhibitors (results not shown). Hence, it appears that, in contrast with increases in
other metabolic pathways, oxidation of HNE to HNA is suppressed by ischaemia, and the
capacity of the heart to oxidize HNE recovers progressively during reperfusion.

Cardiac metabolism of endogenous HNE
The results obtained so far indicated that HNE is metabolized to multiple products and that
the formation of HNA is inhibited and DHN is increased during ischaemia. To determine
whether the metabolism of endogenously generated HNE is similarly affected, we measured
the levels of endogenously generated HNE, HNA and DHN in hearts subjected to ischaemia
and reperfusion using D11 analogues of these metabolites as internal standards. Low levels
of HNE, HNA and DHN were detected in hearts perfused with aerobic buffer (Figure 2). In
hearts subjected to 30 min of ischaemia, however, the concentration of HNE and DHN
present in the heart increased 2–3-fold. No increase in HNA was observed (Figure 2E).
Upon reperfusion, myocardial levels of the metabolites returned to their baseline values.
Based on these observations, we conclude that ischaemia increases HNE formation in the
heart; however, even though an increase in HNE was accompanied by an increase in DHN
formation, HNA formation was not increased. These findings corroborate the observations
with [3H]HNE and support the notion that HNE accumulates in the ischaemic heart in part
due to lack of oxidation to HNA.

HNE oxidation in the perfused heart
Previous studies suggest that oxidation of HNE to HNA could be catalysed by ALDH
[21,22,25,28]. To delineate the role of this pathway, perfused hearts were treated with the
ALDH inhibitor benomyl [29] immediately prior to injecting [3H]HNE. In aerobic hearts,
treatment with benomyl inhibited HNA formation by 85% (Figure 3), suggesting that ALDH
is the major route of HNE oxidation in the heart. Moreover, inhibition of ALDH led to a
significant increase in DHN formation and slightly greater glutathione conjugation,
indicating that ischaemic changes in HNE metabolism could be mimicked in the aerobic
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heart by inhibiting ALDH. This possibility strengthens the view that differences in the
pattern of HNE metabolites generated in the aerobic and ischaemic hearts could be attributed
to inhibition of ALDH.

Mitochondrial metabolism of HNE
Our previous studies show that there is little or no HNE-oxidizing activity in rat heart
cytosol [21,30]. To determine whether mitochondria are the main sites of HNE oxidation,
we examined HNE metabolism in isolated cardiac mitochondria. Intact mitochondria were
isolated to high yield from naïve rat hearts (see the Experimental section). These
mitochondria were intact and relatively free from cytosolic and myofibrillar components. To
establish an appropriate dose of HNE that could be tolerated by mitochondria, we examined
the effects of HNE on oxygen consumption. The standard P/O value of isolated
mitochondria was 2.91±0.25, with an RCR (respiratory control ratio) of 5.22±0.76.
Incubation with 10, 20 and 50 μM HNE decreased state 3 respiration. RCR values at 10, 20
and 50 μM HNE dropped to 4.92, 4.03 and 2.16 respectively, suggesting that respiratory
complexes were inhibited at >20 μM HNE (results not shown). Hence, 15 μM HNE was
used in all subsequent experiments.

For studying HNE metabolism, freshly isolated mitochondria were suspended in 1 ml of
respiration buffer at a protein concentration of 2.5 mg/ml and incubated with 15 μM
[3H]HNE for 30 min at 37 °C. At the end of the incubation, the mitochondria were separated
from the medium by centrifugation, and the radioactivity retained in the mitochondria, as
well as that in the medium, was measured. These experiments showed that 18±4% of the
radioactivity (c.p.m. recovered) was in the mitochondrial pellet, whereas 75±5% of the
radioactivity was in the incubation medium. HPLC separation of the metabolites retained
inside the mitochondria revealed five peaks (Figure 4A). The tR of GS–HNE (representing
45±2% of the metabolites retained inside the mitochondria) was identical with the tR of
HNE glutathione conjugates. ESI–MS analysis of this fraction showed a strong peak with an
MH+ m/z of 464 and a [MH-18]+ product ion at 446 (Figure 4A, inset i), consistent with
GS–HNE. No ions of m/z 466 or 480 were detected, indicating that GS–HNE was not
converted into GS–DHN or GS–HNA in the mitochondria. The second peak of the
mitochondrial extract, representing 22±2% of the radioactivity which was retained inside the
pellet, eluted at a tR identical with DHN. Only traces of radioactivity were detected at the tR
of HNA and HNE. A fifth HPLC peak in the mitochondrial extract, representing 31±2% of
the metabolites inside the pellet, eluted at a tR of 54 min. The chemical identity of this peak
remains unknown. Separation of radioactivity in the incubation medium by HPLC yielded
two major peaks. The tR of the first major peak, representing 89±3% of the radioactivity
recovered in the medium, was identical with HNA (Figure 4B). Fractions corresponding to
this peak were pooled, silylated and subjected to GC/MS. The chromatograph showed a
prominent peak with a tR of 9.5 min (Figure 4B, inset ii). The fragmentation pattern of this
ion (Figure 4B, inset iii) was identical with that of HNA. The other prominent HPLC peak
(peak IV) representing 6±2% of the radioactivity in the incubation medium had a tR similar
to HNE and was assigned to unmetabolized HNE. Taken together, these results suggest that
oxidation of HNE to HNA is the major route of HNE metabolism in cardiac mitochondria
and that HNA is actively extruded from the mitochondria, whereas other HNE metabolites,
i.e. GS–HNE and DHN, are retained in the matrix. To determine whether mitochondrial
HNA was generated by ALDH, isolated mitochondria were incubated with the ALDH
inhibitor, benomyl. After pre-incubating the mitochondria for 30 min at 37 °C with 20 μM
benomyl, 15 nmol of [3H]HNE were added to the medium. After 30 min, the mitochondria
were separated from the incubation medium, and the HNA generated in the medium was
determined by HPLC. As shown in Figure 4(D), benomyl inhibited HNA formation by
82±2%, with a concomitant increase in unmetabolized HNE (Figure 4D, inset v), suggesting
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that ALDH is the main enzyme catalysing HNE oxidation in mitochondria. Western blot
analysis of mitochondrial proteins confirmed the presence of ALDH2 in the mitochondrial
matrix (Figure 4C, inset iv); little to no AR was detected in the mitochondria (results not
shown). Measurement of the HNE metabolites in the pellets of control and benomyl-treated
mitochondria showed nearly identical levels of GS–HNE, DHN and other compounds
(Figures 4C and 4D).

These results suggest that, in contrast with the intact heart in which ALDH inhibition by
benomyl or ischaemia led to an increase in metabolism via other pathways, inhibition of
HNE oxidation in the mitochondria is not compensated by an increase in other metabolic
pathways, but instead results in a net decrease in HNE metabolism.

To examine mitochondrial HNE metabolism during ischaemia, we determined the
mitochondrial and cytosolic distribution of radiolabelled metabolites of [3H]HNE in
ischaemic hearts. For this, [3H]HNE was injected into the side port of the cannulated heart,
and the heart was subjected to 30 min of global ischaemia. After ischaemia, the hearts were
homogenized in the presence of 2 μM cyclosporin to prevent spurious MPT (mitochondrial
permeability transition) during homogenization. Mitochondrial and cytosolic fractions were
separated by centrifugation and the mitochondrial pellet was extensively washed to remove
any adherent radioactivity. Measurements of radioactivity in these samples showed 11±1%
retention in the mitochondrial pellet and 85±2% in the cytosol (Figure 5). Less than 2% of
the radioactivity was recovered in the mitochondrial pellet in hearts homogenized in the
absence of cyclosporin. HPLC separation of the radioactivity recovered from the cytosolic
fraction showed that 41±2% of the radioactivity eluted as glutathione conjugates, 31±2% as
DHN, 20±3% as HNA and 8±1% as peak V (Figure 5A, inset i). HPLC separation of the
radioactivity retained inside the mitochondria showed that the glutathione conjugates of
HNE accounted for 26±1% of the radioactivity recovered from the mitochondrial extract,
whereas 48±5% radioactivity was DHN, and 16±1% eluted as peak V (Figure 5B, inset ii);
10±2% of the radioactivity retained inside the mitochondria was bound to the proteins,
whereas only 3±1% of [3H]HNE recovered in the cytosol was protein-bound (Figure 5, inset
iii). No HNA was recovered in the mitochondrial pellet, indicating that, although
mitochondria are the major site of HNE oxidation, HNA is extruded from the mitochondria
into the cytosol, whereas other metabolites of HNE, such as GS–HNE and DHN, are
retained in the mitochondrial matrix.

Mechanism of the ischaemic decrease in HNE oxidation
Our results so far suggested that HNE is oxidized to HNA and that this process is inhibited
during ischaemia. To understand the mechanism of this inhibition, we studied the pyridine
nucleotide dependence of HNE metabolism in the mitochondria and determined whether
changes in pyridine nucleotides may be responsible for ischaemic inhibition of HNE
metabolism. Mitochondrial lysates were incubated with 15 μM [3H]HNE in the presence of
NAD+ or NADP+. After the incubation, proteins were precipitated and metabolites in the
supernatant were separated by HPLC. As shown in Figure 6(A), NAD+ supported oxidation
of HNE to HNA; however, no HNA was found in supernatants of mitochondrial lysates
incubated with NADP+ (Figure 6B). No additional metabolites were detected. These results
suggest that NAD+-mediated oxidation is the major route of HNE metabolism in cardiac
mitochondria.

To determine whether inhibition of HNE oxidation during ischaemia could be due to
changes in NAD+, we measured the NAD+/NADH ratio in perfused, ischaemic and
ischaemia/reperfused hearts. As shown in Figure 7(A), hearts subjected to 40 min of aerobic
perfusion had tissue NAD+/NADH ratios greater than 10; however, when the hearts were
subjected to 10 min of perfusion followed by 30 min of ischaemia, the NAD+/NADH ratio
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decreased to 0.38. Reperfusion of the ischaemic myocardium for 5 min resulted in a
significant rebound of the nucleotide ratio to 2.8, and 60 min of reperfusion caused the ratio
to increase further to 8.6. These observations indicate that ischaemia and reperfusion cause
dramatic changes in the redox state of NAD(H).

To determine whether changes in the NAD+/NADH ratio during ischaemia and reperfusion
could affect HNE metabolism, oxidation of HNE was measured in myocardial homogenates
in vitro by HPLC using [3H]HNE as a substrate and the NAD+/NADH ratio measured in the
perfused, ischaemic and reperfused myocardium. As shown in Figure 7(B), incubation of
myocardial protein with nucleotides comparable in ratio with that found in the ischaemic
heart resulted in a 52.3±0.7% decrease in HNE oxidation compared with HNE oxidation at
the nucleotide ratio measured in aerobic heart (=11.2). Using nucleotide ratios similar to
those in hearts subjected to 30 min of ischaemia followed by 5 min reperfusion caused a
27.7±0.6% decrease in HNE oxidation, and using nucleotide ratios measured 60 min after
reperfusion restored HNE oxidation to near control levels, showing only 9.2±1.7%
inhibition. The level of inhibition of oxidative HNE metabolism that we found in the whole
heart during ischaemia ex vivo was similar to that found in these in vitro measurements (in
both measurements, HNE oxidation was inhibited by ~50%), suggesting that NAD+ loss
during myocardial ischaemia is sufficient to cause a decrease in whole-heart HNE oxidation.
In addition to changes in pyridine nucleotides, modification, inactivation or degradation of
ALDH could be an additional reason for inhibition of HNE oxidation in the ischaemic heart.
To test whether changes in HNE metabolism are due to changes in mitochondrial ALDH2
protein, Western blot analysis was performed. The levels of ALDH2 protein in aerobic,
ischaemic and reperfused hearts were similar (Figure 7A, inset), indicating that the loss of
HNE oxidation in the ischaemic heart could not be due to degradation of ALDH2, and that
recovery of HNE oxidation upon reperfusion was not due to increased de novo synthesis of
the enzyme. To test whether the enzyme is inactivated during ischaemia, mitochondria were
isolated from the perfused and ischaemic heart, suspended in normoxic respiration buffer,
and tested for their ability to oxidize HNE to HNA. As shown in Figure 8, mitochondria
from perfused and ischaemic hearts showed similar abilities to oxidize HNE. These results
indicate that ALDH2 itself is not inactivated by ischaemia and that mitochondria isolated
under normoxic conditions from the ischaemic heart are just as efficient in oxidizing HNE to
HNA as those from aerobic hearts.

DISCUSSION
The results of the present study show that ischaemia profoundly affects myocardial
metabolism of HNE leading to a decrease in HNE oxidation and a corresponding increase in
reduction. Our results suggest that the inhibition of HNE oxidation during ischaemia could
be attributed in part to metabolic failure imposed by ischaemic changes in NAD+/NADH
ratios in the heart which prevent ALDH-catalysed HNE oxidation. We found that oxidation
via ALDH is the major route of mitochondrial HNE metabolism and that, when this pathway
fails during ischaemia, the mitochondria are unable to extrude glutathione conjugates and to
up-regulate compensatory pathways of reductive metabolism, leading to a greater
accumulation of HNE-modified protein in the mitochondria than in the cytosol. These
findings provide new insight into mechanisms that elevate the sensitivity of the ischaemic
heart to products of lipid peroxidation and those that render the mitochondria more
susceptible to oxidative stress during myocardial ischaemia and reperfusion injury.

Several previous studies have reported that myocardial ischaemia/reperfusion elevates tissue
levels of aldehydes derived from lipid peroxidation [19,31] and results in the appearance of
proteins covalently adducted to these aldehydes [20]. To understand how ischaemia affects
metabolism of aldehydes that are generated during oxidative stress, we examined how the
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model lipid peroxidation product HNE is metabolized in the cytosol and in mitochondria in
the ischaemic and reperfused heart. In agreement with previous work [21,22,25], we found
that, in the aerobic heart, HNE is readily conjugated to glutathione, oxidized to HNA or
reduced to DHN. Oxidation to HNA appears to be quantitatively more important, because it
accounts for 40% of the total HNE consumed ([21] and Figure 1). In contrast, in the
ischaemic heart, the conversion of HNE into HNA was significantly inhibited (to 40% of its
pre-ischaemic value) and was reversible after prolonged reperfusion. Similar to exogenous
HNE, endogenous HNE generated during myocardial ischaemia was readily metabolized;
however, the relative abundance of endogenously generated free HNE and its metabolites
was distinctly different from the ischaemic hearts exposed to exogenous HNE. This could be
due to multiple reasons. Unlike HNE delivered exogenously to the heart (at relatively high
concentrations), the amount of HNE generated endogenously during myocardial ischaemia
may be relatively low and at or below the Km of aldehyde-metabolizing enzymes, resulting
in the accumulation of free, unmetabolized HNE and relatively low levels of metabolites.
Alternatively, the abundance and availability of aldehyde-metabolizing enzymes may differ
for HNE generated within the heart and that delivered exogenously as a bolus. Because of
such potential differences, we studied the metabolites generated from both exogenous and
endogenous HNE. Nonetheless, similar to exogenous HNE-treated ischaemic hearts, HNE
oxidation was found not to be a major pathway for the metabolism of HNE generated
endogenously during myocardial ischaemia/reperfusion. Based on these results, we suggest
that ischaemic inhibition of HNE oxidation may be due to inhibition of mitochondrial
ALDH. This is supported by our observation that the ALDH inhibitor benomyl inhibited
HNA formation in the perfused heart and in isolated mitochondria and that ALDH is
localized to the mitochondrial matrix (Figure 4). Taken together with our previous results
showing that there is little to no HNE oxidizing activity in myocardial cytosol [21], it
appears that mitochondria are the major sites of cardiac HNE oxidation, and it is this
oxidation, catalysed by ALDH, which is inhibited during ischaemia.

The observation that ischaemia inhibits ALDH is consistent with our measurements showing
that ischaemia decreases the NAD+/NADH ratio. Ischaemia for 30 min decreased the ratio
from 11.2 to 0.38 (Figure 7). These measurements are in close agreement with previous
work showing that the ratio decreases from 9.5 to 0.8 within 10 min of ischaemia [32]. The
ischaemic decline in the NAD+/NADH ratio is reflected in the dramatic increase in the
lactate/pyruvate ratio [33], indicating that, owing to lack of oxygen, the ischaemic heart is
unable to regenerate NAD+ from NADH. This decrease in NAD+ is likely to be further
exacerbated upon reperfusion, since reflow induces some mitochondria to undergo
permeability transition. This results in the release of NAD+ to the cytosol, where it is
degraded by glycohydrolase [34]. Indeed, our measurements indicate that reperfused
myocardium contains 42% less NAD+ than the pre-ischaemic tissue (results not shown).
Hence, although the NAD+/NADH ratio is restored upon reperfusion, the total amount of
NAD+ is less than in pre-ischaemic tissue. However, for HNE metabolism to recover, the
restoration of the NAD+/NADH ratio, rather than the absolute NAD+ concentration, appears
to be more important. We suggest that the ischaemic deficiency in HNE oxidation is a
reflection of severe anaerobic NAD+ depletion, which prevents HNE oxidation by ALDH.
This decrease in HNE oxidation in the ischaemic heart is likely to promote myocardial
accumulation and toxicity of HNE and related aldehydes generated by lipid peroxidation.

Although ischaemic deficits in HNE oxidation are likely to promote HNE accumulation both
in the cytosol and mitochondria, oxidative changes are likely to be more severe in
mitochondria. Cardiac mitochondria are rich in unsaturated fatty acids [35], and they contain
high levels of haem, non-haem iron and semiquinone, all of which can catalyse free-radical
formation [36]. Such radicals have been detected in the ischaemic heart, and mitochondria
are believed to be the major site of free-radical generation during ischaemia/reperfusion
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[37], making mitochondria more vulnerable to oxidative injury. The present study reveals
two additional sources of mitochondrial sensitivity to oxidative injury. First, in comparison
with the cytosol, mitochondria depend more upon oxidation to remove HNE. In isolated
mitochondria, approx. 70% of HNE was oxidized to HNA, whereas in the cytosol,
particularly during ischaemia, most of HNE metabolism appears to be linked to glutathione
conjugation or reduction to DHN. Moreover, even though inhibition of ALDH resulted in an
increase in HNE metabolism via other pathways in the cytosol, this was not the case with the
mitochondria. Thus during ischaemia, when unfavourable nucleotide ratios prevent
oxidation, mitochondria are unable to up-regulate other pathways of metabolism and
accumulate more HNE adducted proteins than the cytosol. Secondly, mitochondria were
unable to extrude glutathiolated or reduced HNE. We found that, when incubated with HNE,
mitochondria were unable to extrude GS–HNE, which was retained in the matrix. In
additional experiments, we have found that mitochondria are also unable to extrude oxidized
glutathione (B. G. Hill, A. Bhatnagar and S. Srivastava unpublished work). In most
eukaryotic cells, the efflux of oxidized glutathione and glutathione conjugates across the cell
membrane is mediated by several transporters including the multidrug resistant protein, P-
glycoprotein, GSSG transporter and RLIP76 [38–40]. Apparently, cardiac mitochondria lack
such transporters, and they are unable to remove these conjugates from their matrix.
Although GSSG can be reduced by mitochondrial glutathione reductase, the accumulation of
glutathione conjugates of xenobiotics or lipid peroxidation products in the mitochondria may
be, for many reasons, problematic. For instance, even though conjugation removes α,β
unsaturation, glutathione conjugates of 2-trans-butenal, 2-trans-hexenal and 2-trans,6-cis-
nonadienal induce DNA damage [41], and the glutathione conjugate of acrolein stimulates
radical formation [42] and causes nephrotoxicity [43]. Hence, glutathione conjugates
generated in the mitochondria could cause local, mitochondrial-specific injury. Moreover,
glutathiolation of unsaturated aldehydes is potentially reversible [12]; therefore spontaneous
reversal of glutathione conjugates could deliver free aldehydes back to the mitochondrial
matrix.

Mitochondrial injury is a pivotal event in the evolution of ischaemic injury from reversible
dysfunction to irreversible cell death [44]. Mitochondrial swelling is an early event in
ischaemic injury [45] and mitochondria are the major source of ROS production during
reperfusion [46]. Mitochondria are also dominant integrators, checkpoints and amplifiers of
cell-death pathways [47]. In hearts subjected to ischaemia/reperfusion, predominantly
mitochondrial proteins undergo HNE modification [48], indicating that cardiac mitochondria
are likely to be highly vulnerable to HNE generated during ischaemia/reperfusion. This is
consistent with our observation that mitochondria isolated from ischaemic hearts contained
2-fold higher levels of protein-bound radioactivity than the ischaemic heart cytosol. Given in
vitro data showing that exposure to HNE induces mitochondrial injury [14,49] and inhibits
mitochondrial respiration [50], we speculate that accumulation of HNE in the ischaemic
heart mitochondria, due to a decrease in ALDH-mediated oxidation and the inability of the
mitochondria to extrude HNE metabolites, may be a significant factor in mitochondrial
injury during myocardial ischaemia/reperfusion.

In summary, these studies on HNE metabolism provide new concepts regarding the
metabolism of lipid peroxidation products in the ischaemic heart. Reductive metabolism of
reactive aldehydes and conjugation to glutathione are the primary metabolic pathways that
are active in the cytosol in the ischaemic heart; the contribution of these pathways to
aldehyde detoxification in the cytosol is increased during ischaemia. In contrast,
mitochondria rely primarily on oxidative metabolism for the inactivation of cytotoxic
aldehydes generated during oxidative stress, and this pathway is inhibited during ischaemia.
The redox state of mitochondria appears to be the primary modulator of the metabolism of
aldehydes, such as HNE, during ischaemia; the decline in the NAD+/NADH ratio during
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ischaemia results in inhibition of ALDH and decreases mitochondrial HNE metabolism.
Furthermore, mitochondria are unable to extrude glutathione-conjugated aldehydes and
products of reduction. Collectively, this could leave myocardial mitochondria particularly
vulnerable to oxidative damage during episodes of ischaemia/reperfusion.
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Fig 1.
HPLC separation of HNE metabolites generated in the heart after a bolus injection of
[3H]HNE. In each experiment, isolated adult rat hearts were equilibrated with aerobic buffer
for 10 min and then 50 nmol of [3H]HNE in 0.1 ml of KH buffer was injected into the side
port of the aortic cannula. The hearts were perfused with aerobic KH buffer (A), were
subjected to 30 min of ischaemia (B), or were subjected to 30 min of ischaemia followed by
10 min of reperfusion (C). Peaks were assigned to GS–HNE/GS–DHN (peak I), DHN (peak
II) and HNA (peak III), and unmetabolized HNE (peak IV). The identity of peak V is
unknown. Inset (i) shows the ESI/mass spectrum of peak I. Ions with m/z 464 and 446 were
assigned to MH+ and [MH-18]+ ions of GS–HNE. The peak with m/z 466.3 corresponds to
the MH+ ion of GS–DHN. Inset (ii) shows the GC/mass spectrum of HPLC peak III after
derivatization with BSTFA [bis-(trimethylsilyl)trifluoroacetamide]. The ion with a tR of 9.55
min, corresponding to the tR of HNA, displayed a fragmentation pattern (inset iii) similar to
HNA. ESI–MS analysis of peak I from ischaemic heart tissue (B, inset iv) showed only a
single peak with m/z 466.3 corresponding to GS–DHN. GC/MS analysis of peak II from the
ischaemic heart showed an ion with a tR of 8.08 min (inset v) and a fragmentation pattern
(inset vi) similar to reagent DHN. ESI–MS analysis of peak I obtained from perfusates
obtained within the first 3 min of reperfusion showed a single ion (m/z=466.2)
corresponding to GS–DHN (C, inset vii). Profiles are representative of 4–8 rats per group
(see Table 1).
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Fig 2.
Isolated rat hearts were perfused ex vivo for 40 min with aerobic buffer or were subjected to
30 min of ischaemia alone or were made ischaemic for 30 min followed by 5 min of
reperfusion. After completion of the protocol, hearts were removed, homogenized in the
presence of D11-HNE, D11-DHN and D11-HNA. The samples were derivatized with PFBHA
[O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine] and BSTFA. (Ai) shows the gas
chromatogram of HNE and D11-HNE in chemical ionization mode. (Aii) shows the
separation of D11-DHN and D11-HNA in electron-impact ionization mode. DHN and HNA
co-eluted with their D11 analogues (results not shown). To determine the relative metabolite
levels, the abundance of the major ions was quantified by single ion monitoring. For
quantification, ions in which C5H11/C5D11 fragments were intact [M-HF for HNE (m/
z=403) and D11-HNE (m/z=414); M-CH3 for DHN (m/z=287) and D11-DHN (m/z=298);
and M-CH3 for HNA (m/z=301) and D11-HNA (m/z=312)] were used. (B–D) show
representative spectra illustrating the abundance of selected ions for quantification of HNE,
DHN and HNA in hearts subjected to perfusion alone (P in B), ischaemia (I in C) or
reperfusion after ischaemia (IR in D). (E) Group data showing myocardial abundance of
HNA, DHN and HNE in perfused hearts and hearts subjected to ischaemia/reperfusion.
Values are means±S.E.M. (n=four to six rats per group). *P<0.05 compared with hearts
perfused with the aerobic buffer alone. P, perfused; I, ischaemia; IR, reperfusion after
ischaemia.
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Fig 3.
Following 10 min of KH buffer perfusion without or with the ALDH inhibitor, benomyl (20
μM), a bolus of [3H]HNE (50 nmol in 0.1 ml KH buffer) was injected into the aorta. The
coronary perfusate was collected for 3 min and tritiated metabolites recovered in the
perfusate were resolved by HPLC. Results are shown as the percentage of total HNE
metabolites recovered in the perfusate. Values are means±S.E.M. (n=six rats per group).
*P<0.05 compared with hearts perfused without benomyl.
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Fig 4.
Isolated rat heart mitochondria were incubated with 15 μM [3H]HNE in 1.0 ml of
respiration buffer for 30 min at 37 °C. Mitochondrial pellets (A and C) and the incubation
medium (B and D) were separated by centrifugation, and radioactivity retained inside the
mitochondrial pellet and extruded in the incubation medium was resolved by HPLC. Peak
identification, as indicated, was based on the tR of GS–HNE (I), DHN (II), HNA (III) and
HNE (IV). Inset (i) is the ESI/mass spectrum of the HPLC peak eluting at the tR identical
with GS–HNE. The ions with m/z 464 and 446 were assigned to MH+ and [MH-18]+ ions of
GS–HNE. The chemical identity of the major HPLC peak in (B) was established by GC/MS
after derivatization with BSTFA. The metabolite eluted as a strong peak at 9.52 min (inset
ii), similar to HNA. The fragmentation pattern (inset iii) of this peak was identical with
HNA. To probe the role of ALDH in HNE oxidation, mitochondria were incubated with the
ALDH inhibitor, benomyl (20 μM), for 30 min at 37 °C. The mitochondria were then
incubated with 15 μM [3H]HNE, and metabolites in the pellet (C) and in the medium (D)
were separated by HPLC. Expression, as shown by Western blotting (10 μg of protein/well),
of ALDH2 in whole mitochondria (WM), the mitochondrial matrix (Mat) and the
mitochondrial membrane (Mem) fractions of the rat heart, is shown in inset (iv).
Cytochrome c oxidase subunit 1 (COX IV-1) was used as a mitochondrial membrane
marker. The percentage change in HNE metabolite distribution in control and benomyl-
treated mitochondria is shown in inset (v). Values are means±S.E.M. (n=four to six
individual experiments). *P<0.05 compared with the control.
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Fig 5.
Isolated rat hearts were equilibrated with aerobic buffer for 10 min, and 50 nmol of
[3H]HNE in 0.1 ml of KH buffer was injected into the side port of the aortic cannula,
followed by 30 min of ischaemia. After the ischaemic protocol, the mitochondria were
isolated as described in the Experimental section in the presence of 2 μM cyclosporin A.
Peaks were assigned to GS-HNE/GS-DHN (peak I), DHN (peak II), HNA (peak III) and
unmetabolized HNE (peak IV). The identity of peak V is unknown. HNE metabolites from
the cytosol (A, inset i) and mitochondria (B, inset ii) were quantified and are shown as the
percentage of total recovered HNE metabolites. Inset (iii) shows the protein-bound
[3H]HNE in cytosolic and mitochondrial fractions. Values represent the means±S.E.M.
(n=four rat hearts).
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Fig 6.
HPLC profiles obtained from mitochondrial lysates incubated with [3H]HNE in the presence
of the indicated pyridine nucleotides. Isolated rat heart mitochondria were solubilized in
respiration buffer, containing 1% Nonidet P40, and 2 mg of mitochondrial protein was
incubated with 15 μM [3H]HNE in the presence of (A) 1.0 mM NAD+ or (B) 2 mM NADP+

for 30 min at 37 °C. Protein was then precipitated with trichloroacetic acid and metabolites
in the supernatant were separated by HPLC and quantified by scintillation counting.
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Fig 7.
(A) Hearts were subjected to aerobic perfusion for 40 min, global ischaemia for 30 min, or
global ischaemia for 30 min followed by 5 or 60 min reperfusion, and their NAD+ and
NADH contents were measured. Mean values of the ratio are shown below the histograms.
The inset shows Western blots from perfused (P), ischaemic (I) and reperfused (I/R) heart
lysates developed using an anti-ALDH2 antibody. Values are means±S.E.M. (n=three
individual rat hearts). *P<0.05 compared with the 40 min perfusion control (40′P); #P<0.05
compared with the 30 min ischaemia sample (30′I). (B) Myocardial lysates were incubated
with the indicated ratio of NAD+/NADH and [3H]HNE. The [3H]HNA generated was
separated by HPLC and quantified by scintillation counting. Values are means±S.E.M.
(n=three hearts per group). *P<0.01 compared with 11.2 NAD+/NADH ratio; #P<0.01
compared with 0.4 NAD+/NADH ratio.
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Fig 8.
HPLC profiles of mitochondria isolated from (A) perfused and (B) ischaemic hearts. After
isolation, mitochondria were resuspended in aerobic respiration buffer (2.5 mg/ml) and
exposed to 15 mM [3H]HNE for 30 min at 37 °C. After incubation, mitochondria were
sedimented by centrifugation, and metabolites in the supernatant were separated by HPLC
and quantified by scintillation counting. Inset (i) shows HNA/HNE ratios (means±S.E.M.)
of perfused and ischaemic rat hearts (n=3).
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