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Mercaptopropionylglycine (MPG) has a marked cardioprotective action in several model systems of
ischaemia-reoxygenation injury. Suggested mechanisms of action include scavenging of hydroxyl radical
and of hypochlorous acid and reacting with an oxidant formed by reaction of myoglobin with H,0,,
thereby slowing lipid peroxidation stimulated by myoglobin-H, O, mixtures. This oxidant seems not to be
singlet O, or hydroxyl radical. Studies in vitro show that scavenging of hypochlorous acid is a feasible
mechanism of cardioprotective action for MPG in vivo in ischaemia/reperfusion systems to which neut-
rophil-mediated injury contributes. However, the poor ability of MPG to inhibit lipid peroxidation
stimulated by myoglobin/H, O, mixtures and its ability to increase iron ion release from myoglobin in the
presence of a large excess of H,0, suggests that MPG is unlikely to protect the myocardium by interfering
with oxidants produced by the myoglobin-H, 0, system.
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INTRODUCTION

Reperfusion of myocardium after a period of hypoxia or ischaemia results in further
injury to the tissue and oxygen-derived species are thought to be involved in this
“reoxygenation injury”.'” Superoxide radicals (O; ) and H,0, are generated upon
reoxygenation: potential sources of these species'™ include xanthine oxidase (al-
though the role of this enzyme has been disputed*®), disrupted mitochondrial electron
transport chains and the activation of neutrophils in the reoxygenated tissue.® Ac-
tivated neutrophils produce not only O, and H,O,, but also the powerful oxidant
hypochlorous acid, HOCIL.®

It has been suggested that reoxygenation energy produced by O; and H,0, is due
to their conversion into highly-reactive hydroxyl radicals, +OH,'” a process that
requires catalytic transition metal ions. Iron ions are the most likely catalyst of such
reactions in vivo.” A possible source of iron ions in reoxygenation injury is myoglobin,?
since the haem ring of this protein breaks down to release iron ions upon exposure

*Present address: Department of General Pathology, University of Londrina, Londrina PR, Brazil

371

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by University of 1llinois Chicago on 11/06/11
For personal use only

372 A. PUPPO ET AL.

of the protein to a large excess of H,0,.° In addition, the first product of the reaction
of myoglobin with H,0, is a ferryl (Fe(IV)) species, whose formation is accompanied’
by production of an oxidant that can lead to stimulation of lipid peroxidation.'®" It
has been suggested that this oxidant is OH" and that formation of it contributes to
reoxygenation injury.'*'

A wide variety of pharmacological agents has been claimed to offer variable degrees
of protection against reoxygenation injury: they include Ca?* -blockers, antioxidants
(such as superoxide dismutase, catalase or dimethylsulphoxide) and inhibitors of
eicosanoid synthesis.'*"* For example, the thiol compound mercaptopropionylglycine
(MPG) is a powerful protector against the prolonged depression of contractile func-
tion (“stunning”) seen after brief ischaemia, followed by reoxygenation, in dog
heart."”” MPG has also been reported to decrease infarct size after longer periods of
ischaemia followed by reoxygenation.'®!

The actions of MPG seem unrelated to haemodynamic effects, and it has been
proposed that the protective action of MPG is due to free radical scavenging.'*"
Consistent with this view, MPG was found to be very effective in preventing the
trapping of radicals by the spin-trap PBN in a dog model of myocardial “‘stunning”."’
The ESR spectrum of the trapped radicals did not allow their identification. Studies
in vitro showed that MPG does not inhibit peroxidation stimulated by addition of iron
ions to liposomes or rat-liver microsomes.”” MPG was found to be only a weak
scavenger of O, and H,O,, but a very efficient scavenger of -OH." In the present
paper, we explore two other mechanisms that could account for the protective action
of MPG: scavenging of HOCI, and protection against myoglobin/H,0O,-dependent
lipid peroxidation.'*!*

MATERIALS AND METHODS

Reagents

Sodium hypochlorite (NaOCl) and elastase (pig pancreatic) were purchased from
BDH Chemicals Ltd. All other reagents, including MPG and arachidonic acid, were
from Sigma Chemical Corp. a,-Antiproteinase (human) was type A9024. Solutions of
MPG and ascorbic acid were made up fresh immediately before use. HOCI was
obtained when required by adjusting NaOCl to pH 6.2 with dil. H,SO,.'* Horse-heart
myoglobin was purified as described in.” Rat-liver microsomes were prepared by
differential pelleting and washing as described in.*® Lipid peroxidation was measured
by the thiobarbituric acid (TBA) test.”

Methods

Measurements of elastase and a,-antiproteinase were carried out as in". Degradation
of myoglobin by excess H,0, was calculated by the Whitburn equations as explained
in.’ The ferrozine assay for non-haem iron was carried out as in.*' All other details
of methods are given in Table and Figure legends.
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RESULTS

Actions of Ascorbate and M PG on the Myoglobin System

As expected,”'*"* incubation of purified horse-heart metymyoglobin with a 3-fold
molar excess of H,0, caused spectral changes characteristic of Fe(IV)-myoglobin
(ferryl myoglobin) formation as shown in Figure 1A. Ferryl myoglobin has been
reported to oxidize ascorbic acid."'*>** In agreement with this, addition of 1 mM
ascorbate to the reaction mixture caused a loss of ferryl myoglobin and the appear-
ance of myoglobin (IIT) (Figure 1A). As expected,” we found that this reduction was
followed by a further reduction of myoglobin(IIT) to myoglobin(IT), which combined
with O, to form oxymyoglobin (Figure 1B). These two successive reactions were
evidenced by the time-course at 580 nm (an absorption peak for both myoglobin (IV)
and oxymyoglobin), which showed a rapid decrease during the first 6-8 min and then
a slow increase. It was further confirmed by the time course at 630nm [4,,, of
myoglobin(I11)), which increased in the period 0-8 min and then decreased slowly
(data not shown). Use of the Whitburn equations™'° showed that no haem breakdown
was taking place under these reaction conditions.

Mixtures of metmyoglobin and H, 0O, caused peroxidation of arachidonic acid or
of rat liver microsomes at pH 7.4, as measured by the thiobarbituric acid test. Table
I shows some representative data for microsomes and Table II for arachidonic acid.
Peroxidation was greatest when the lipid was present in the reaction mixture before
H,0, was added to the myoglobin: it was much less when the lipid was added 5
minutes after myoglobin and H,0, had been allowed to react (Table II). Ferryl
myoglobin formation was complete well within 3 minutes (data not shown), and was
stable in the reaction mixture for at least 10 minutes. Peroxidation of lipid by
myoglobin-H, 0, was not inhibited by scavengers of singlet O, (histidine) or of -OH
(histidine, phenylalanine, mannitol, formate).

Ascorbate has previously been shown to inhibit metmyoglobin/H,0,-induced
peroxidation of erythrocyte membranes.” Peroxidation of microsomes (Table I) or of
arachidonic acid (Table II) in our system was also almost completely inhibited by
ascorbic acid. By contrast, ascorbic acid rapidly accelerated peroxidation if myog-
lobin was replaced by Fe** ions (Table ) as would be expected.” Whereas ascorbate
protected efficiently against peroxidation (¥, Tables I and II), MPG had no effect on
the rate of myoglobin/H,O,-dependent peroxidation of arachidonic acid. With mi-
crosomes it had only a small inhibitory action until concentrations greater than
200 uM were added. MPG had no inhibitory action on peroxidation in the presence
of Fe'* ions or of Fe’* and ascorbic acid (Table I).

When MPG was added to the myoglobin-H, O, system, the spectral changes were
complex. Myoglobin (IV) disappeared, being probably reduced to myoglobin (III) as
evidenced by a decrease in absorbance in the 500-600 nm region and an increase in
the 610-650 nm range. In Figure 1C, scans were recorded at 0, 3, 6,9 and 12 min after
addition of MPG. Then a change in the isosbestic point appears (Figure 1D), and
finally, another reaction characterized by an increase in absorbance in the 520-590 nm
region and around 615nm (Figure 1E). The final spectrum obtained (at 48 min) has
some similarities with that of porphyrin, suggesting an alteration of the haem struc-
ture.

When metmyoglobin is incubated with a large molar excess of H,0,, haem de-
gradation takes place’ and iron ion release can be detected by the ferrozine method
(Table III). As expected,” ascorbate prevented this iron release. By contrast, MPG at
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FIGURE 1. Spectral changes on incubating metmyoglobin with H,O,: the effects of ascorbate and
MPG. Reaction mixtures contained, in a total volume of 1 ml, the following reagents at the final concentra-
tions stated: 25 mM KH,PO,-KOH buffer pH 7.4, 25 uM metmyoglobin, 75 uM H,0, and, where indicat-
ed, I mM ascorbate or | mM MPG at 37°C. A Spectra represent myoglobin (IV) [a] and then the mixture
immediately (b), 3 minutes (c) and 6 minutes (d) after addition of ascorbate. |B Spectra at 6 min (a), 12 min
(b), 18 min (c), 24 min (d) and 30 min (¢) after ascorbate addition. 1C Spectra were recorded immediately
(a) and 3 min (b), 6 min (c). 9 min (d) and 12 min (e) after addition of MPG. 1D Spectra recorded at 0 min
(a), 6min (b), 12min (c), 18 min (d) and 24 min (e) after addition of MPG 1E Spectra recorded at 30 min
(a), 36 min (b), 42min (c) and 48 min (d) after addition of MPG.
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FIGURE 1. (continued). Spectral changes on incubating metmyoglobin with H,O,: the effects of ascor-
bate and MPG. Reaction mixtures contained, in a total volume of 1 ml, the following reagents at the final
concentrations stated: 25mM KH,PO,;-KOH buffer pH 7.4, 25uM metmyoglobin, 75 M H,0, and,
where indicated. 1 mM ascorbate or | mM MPG at 37°C. |A Spectra represent myoglobin (I1V) (a] and
then the mixture immediately (b), 3 minutes (c) and 6 minutes (d) after addition of ascorbate. |B Spectra
at 6min (a), 12min (b), 18min (c), 24 min (d) and 30 min (e) after ascorbate addition. 1C Spectra were
recorded immediately (a) and 3min (b)., 6min (c). 9 min (d) and 12min (e) after addition of MPG.
ID Spectra recorded at Q min (a), 6 min (b), 12min (c), 18 min (d) and 24 min (e) after addition of MPG
1E Spectra recorded at 30 min (a), 36 min (b), 42min (c) and 48 min (d) after addition of MPG.

low concentrations (< 200 uM) had no effect, whereas high concentrations of MPG
actually reproducibly enhanced iron release (Table I1I).

Scavenging of Hypochlorous Acid

One of the important targets attacked by HOCI in vivo is «, -antiproteinase, the major
circulating inhibitor of proteolytic enzymes such as elastase.® a, -Antiproteinase is very
rapidly inactivated by HOCI, losing its elastase-inhibitory capacity.®'** Thus a good
test for physiologically-relevant scavenging of HOC1 by a compound is to see whether
that compound, as the concentrations that are achieved in vivo, can protect o, -anti-
proteinase against inactivation by HOCL'**%* HOCI was used directly in these
experiments rather than being generated by the myeloperoxidase/H,0,/Cl~ system,
because thiols have complex effects on the activity of peroxidase enzymes.”®*

Table I'V (second line) shows that «, -antiproteinase inhibited elastase: a concentra-
tion sufficient just to inhibit completely was used. Treatment of the «, -antiproteinase
with 60 M HOCI almost completely abolished its elastase-inhibitory activity (Table
IV, third line). MPG, tested at concentrations up to 120 uM, had no effect on the
activity of elastase itself, or on the ability of «, -antiproteinase to inhibit elastase (data
not shown). However, MPG was able to protect «, -antiproteinase against inactiva-
tion by HOCI (Table IV). Thus 120 uM MPG protected completely.
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TABLE I

Peroxidation of rat liver microsomes by myoglobin-H, O, . Reaction mixtures contained, in a final volume
of 1.0ml, 0.5ml of phosphate/saline buffer (SmM Na, HPO,-NaH,PO,, 0.15M NaCl, pH 7.4), 0.35mg of
microsomal protein, 25 uM metmyoglobin and 75uM H,0, and were incubated for Smin at 37°C.
Peroxidation was started by adding metmyoglobin + H,Q,, except in the starred experiment below, when
microsomes were added Smin after mixing the other reagents, followed by a further 5min incubation. In
each case, the values were obtained against a blank containing all the reagents except H,0,. Peroxidation
was measured by the TBA test.” Compounds were added to give the final concentrations stated in the
reaction mixture.

Addition to reaction mixture Extent of peroxidation
ASJZ
None 0.166
None (omit myoglobin or H,0,) 0.000
*None (microsomes added to reaction mixture 0.071

S min after mixing other reagents)
MPG 50 uM 0.168
100 uM 0.123
200 uM 0.094
500 uM 0.082
750 uM 0.079
1 mM 0.085
Ascorbate (1 mM) 0.016
Histidine (10 mM) 0.140
Sodium formate (20 mM) 0.144
Mannitol (20 mM) 0.125
Fe'* (100 uM), omit myoglobin 0.029
Ascorbic acid (1 mM), omit Mb 0.013
Fe'* (100 uM) + ascorbic acid (I mM), omit Mb 0.226
Fe'* (100 uM) + MPG (I mM), omit Mb 0.031
Fe'* + ascorbic acid + MPG (I mM), omit Mb 0.220
DISCUSSION

MPG is a powerful cardioprotective agent in several ischaemia/reoxygenation model
systems.”””"” How does it act? Its reactions with O; and H,O, are slow and unlikely
to account for its ability to protect against reoxygenation injury.'* MPG is a powerful
scavenger of +OH, but +OH reacts equally fast with most biological molecules.”® In
the present paper, we have investigated two other potential cardio-protective mechan-
isms. Firstly, MPG, at concentrations that are achieved in vivo," is an extremely
powerful scavenger of HOCI (Table IV), an agent known to do severe damage to the
myocardium.*' It is interesting to note that two other cardioprotective agents, di-
methylthiourea™ and N-acetylcysteine™, have also been shown to be powerful scaven-
gers of HOCL.*?* In the myocardial stunning model used by Bolli et al.,'* neutrophils
do not contribute to the tissue injury” because of the brief ischaemic period and so the
protective action of MPG cannot be due to scavenging of HOCI derived from
neutrophils. By contrast, these cells make substantial contributions to injury after
longer periods of ischaemia, and the ability of MPG to protect against such dam-
age'®'” could well be mediated by removal of HOCI. Our data therefore show that
HOCI scavenging is a feasible mechanism of protection by MPG in vivo in situations
involving prolonged ischaemia associated with necrosis,

A second protective mechanism, proposed by Mitsos er al.,"? is the ability of MPG
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TABLE II
Peroxidation of arachidonic acid by myoglobin-H,0,. Reaction mixtures contained, in a final volume of
I ml, 50mM NaH,PO,-NaOH buffer pH 7.3, 100 uM diethylenetriaminepentaacetic acid to bind any
released iron ions, 0.4 mM arachidonic acid, 0.5mM H,0, and 50 uM myoglobin. They were incubated at
30°C for 10 minutes. Peroxidation was measured by the TBA test.> MPG and other compounds were
added to give the final concentrations stated.

Reagent added Final concentration Extent of peroxidation
to reaction mixture (mM) A,
None - 0455
None (omit H,0,) - 0.044
None' - 0.279
Ascorbate 1.0 0.142
MPG 0.05 0.423
0.1 0.424
0.2 0.446
0.5 0.519
0.75 0.547
1.0 0.550
Histidine 1.0 0.455
5.0 0.455
Phenylalanine 10.0 0.465
Mannitol 20.0 0.453
Sodium formate 20.0 0.444

*Arachidonic acid added to the reaction mixture 5min after mixing the other reagents, followed by
10 min incubation.

to react with the oxidizing species produced by exposure of myoglobin to H,0O, and
so to inhibit lipid peroxidation stimulated by this species (Tables I and II). The nature
of the oxidant produced when myoglobin reacts with H,0, is uncertain. In order for
it to stimulate peroxidation of microsomes and fatty acids, it must presumably leave
the haem pocket. The oxidant has been suggested to be -OH," but this is unlikely to
be the case since it does not degrade the sugar deoxyribose,” which is destroyed by
OH at a fast rate (rate constant 3.1 x 10°M~'s~'%) and peroxidation induced by
it is not prevented by -OH scavengers such as histidine or mannitol (Table II).
MPG did not inhibit peroxidation stimulated by *“free”” iron salts (15; Table I). As

TABLE 11
Iron ion release from myoglobin by H,O,. Effects of ascorbic acid and MPG. Reaction mixtures conlained,
in a final volume of 1.0ml, 50 uM metmyoglobin and 750 uM H,0, in 25 mM KH,PO,-KOH buffer pH
7.4 and were incubated for 1 hour at 37°C. Reactions were started by adding H,0,. After incubation, an
aliquot of the mixture was sampled for the ferrozine assay.?' Results shown are the mean of 3 separate
assays which differed by less than + 5%. All concentrations quoted are the final concentrations in the
reaction mixtures.

Addition to reaction mixture Iron ions released
None 9.3
Ascorbic acid (1 mM) 0.0
MPG 100 uM 9.5
200 uM 92
500 uM 78
| mM 8.1
1.5mM 11.9
2 mM 139
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TABLE IV

Inactivation of a,-antiproteinase by hypochlorous acid: effect of mercaptopropionylglycine (MPG). a;-
Antiproteinase (0.2 mg/ml), HOCI (60 uM) and MPG (if any) were incubated in a final volume of 1.0ml
in phosphate-buffered saline pH 7.4 (full details in'®) at 37°C for 30 minutes. Then 2ml of phosphate-
buffered saline and 0.05 ml of elastase were added, followed by further incubation at 37° C for 20 min. This
allows any a, -antiproteinase still active to inhibit elastase. (Any HOC! remaining is diluted out to the point
at which it cannot affect elastase itself). The remaining elastase activity was then measured by adding
elastase substrate,'® which is hydrolysed by elastase to give an increase in A,,,. Concentrations of scaven-
gers added were those present in the first (1.0 ml) reaction mixture; scavengers and a, -antiproteinase were
mixed together before adding HOCL. Control experiments showed that none of the substances tested
themselves affected elastase activity or interfered with the ability of a,-antiproteinase to inhibit elastase.
Results are the means of duplicate experiments that agreed to within 8%.

Additional to first reaction mixture Elastase activity in final
reaction mixture A,o/sec”’

Buffer only 6.38 x 10~}

&, -antiproteinase 0
a,-antiproteinase + HOCI 6.07 x 103

o, AP + HOCI + 24 uM MPG 3.88 x 1073

a,AP + HOCI + 48 uM MPG ) 1.98 x 107?

o, AP + HOCI + 72 yM MPG 1.48 x 10°?

o, AP + HOCl + 90 uM MPG 9.1 x 10°*

o, AP + HOCI + 120uM MPG 0

previously reported,” ascorbic acid reacts with ferryl myoglobin and protects against
peroxidation induced by myoglobin-H, O, mixtures, a report confirmed in this study
using a different lipid substrate (microsomes in Table I). However, physiologically-
achievable MPG concentrations (100-200 uM range '*) had no effect (arachidonic
acid) or only a partial inhibitory effect (microsomes) against peroxidation, casting
doubt on whether this can be an important protective effect in vivo.

The reaction of MPG with ferryl myoglobin is not simple. One-electron oxidation
of MPG may result in formation of reactive sulphur-containing radicals that might
attack and damage myoglobin,”* thus accounting for the complex spectral changes
observed (Figure 1). It is interesting to note that MPG, unlike ascorbate (23; Table
III) was not able to protect against the haem destruction resulting from exposure of
myoglobin to a large excess of H,0,:° indeed, it reproducibly stimulated iron ion
release (Table II1). It thus seems unlikely that prevention of myoglobin-dependent
oxidative membrane damage could be a major mechanism of action of MPG in vivo.
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