Antioxidant and Lysosomotropic Properties
of Acute p-Propranolol Underlies Its
Cardioprotection of Postischemic Hearts
from Moderate Iron-Overloaded Rats
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The benefits of acute o-propranolol (o-Pro, non—f-adrenergic
receptor blocker) pretreatment against enhanced ischemia/
reperfusion (VR) injury of hearts from moderate iron-overloaded
rats were examined. Perfused hearts from iron-dextran—treated
rats (450 mg/kg/week for 3 weeks, intraperitoneal administra-
tion) exhibited normal control function, despite iron treatment
that elevated plasma iron and conjugated diene leveis by 8.1-
and 2.5-fold, respectively. However, these hearts were more
susceptible to 25 mins of global VR stress compared with
nonloaded hearts; the coronary flow rate, aortic output, cardiac
work, left ventricular systolic pressure, positive differential left
ventricular pressure (dP/dt), and left ventricular developed
pressure displayed 38%, 60%, 55%, 13%, 41%, and 15% lower
recoveries, respectively, and a 6.5-fold increase in left ventric-
ular end-diastolic pressure. Postischemic hearts from iron-
foaded rats also exhibited 5.6-, 3.48-, 2.43-, and 3.45-fold
increases in total effluent iron content, conjugated diene levels,
{actate dehydrogenase (LDH) activity, and lysosomal N-acetyl-p-
glucosaminidase (NAGA) activity, respectively, compared with
similarly stressed nonloaded hearts. A comparison of detection
time profiles during reperfusion suggests that most of the
oxidative injury (conjugated diene) in hearts from iron-loaded
rats occurred at later times of reperfusion (8.5-15 mins), and this
corresponded with heightened tissue iron and NAGA release. o-
Pro (2 pM infused for 30 mins) pretreatment before ischemia
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protected all parameters compared with the untreated iron-
loaded group; pressure indices improved 1.2- to 1.6-fold, flow
parameters improved 1.70- to 2.96-fold, cardiac work improved
2.87-fold, and end-diastolic pressure was reduced 56%. p-Pro
lowered total release of tissue iron, conjugated diene content,
LDH activity, and NAGA activity 4.59-, 2.55-, 3.04-, and 4.14-fold,
respectively, in the effluent of VR hearts from the iron-loaded
group. These findings suggest that the enhanced postischemic
dysfunction and tissue injury of hearts from iron-loaded rats
was caused by excessive iron-catalyzed free radical stress, and
that the membrane antioxidant properties of o-Pro and its
stabilization of sequestered lysosomal iron by o-Pro may
contribute to the cardioprotective actions of o-Pro. Exp Biol
Med 231:473-484, 2006
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p-propranolol; hemodynamic recovery; oxidative tissue injury

Introduction

An association between chronic iron overload and an
increased incidence of tissue injury has been reported both
clinically (1, 2) and in experimental animal models @3, 4).
Clinical hemochromatosis, a disease typified by excessive
iron deposits in tissues, has been linked to cirrhosis,
multiple endocrinopathies (i.e., diabetes mellitus, hypogo-
nadism, hypoparathyroidism, and hypothyroidism), and
cardiac failure. Cardiopulmonary bypass patients receiving
blood cardioplegia (5) and anemic patients receiving
multiple blood transfusions as part of their normal therapy
are often at risk of iron overload (6, 7). In fact, the primary
cause of death in transfused B-thalassemia patients is cardiac
disease (6, 8-10).

During chronic iron overload, iron accumulates in
various tissues, including the liver, kidney, and heart (3, 4).
In the heart, iron deposits have perinuclear distributions
within muscle fibers, and diffuse fibrosis may also occur,
with associated enlargement of heart cavities and wall
thinning (11). Intracellular iron is normally stored in ferritin,
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a protein whose synthesis is induced by iron influx (1). Iron
is subsequently sequestered in acidic (lysosomal or
prelysosomal) compartments as iron-loaded ferritin (12). If
the storage capacity of ferritin (~2000 iron atoms/mol
protein; Ref. 13) is surpassed, the tissue’s ability to safely
store iron is compromised, allowing release of hemosiderin
(partially degraded ferritin) and pathologic amounts of
redox-active low molecular weight (LMW) iron; LMW iron
can participate in the formation of reactive oxygen species
(ROS) capable of inducing oxidative tissue damage (1, 2).
LMW iron can catalytically transform (14) superoxide anion
(#0; ) and hydrogen peroxide (H,O,) to the more pro-
oxidant hydroxyl radical (¢OH), and lipid hydroperoxide
(LOOH) to the more pro-oxidant alkoxyl (LOe) and peroxyl
(LOOe) free radicals. These pro-oxidant species can initiate
and possibly propagate membrane lipid peroxidative injury.

The presence of a preexisting iron-overload condition
seems to amplify myocardial injury resulting from an
imposed oxidative stress, such as ischemia/reperfusion (I/R;
Ref. 15). Myocardial ischemia induces metabolic changes
that predispose the heart for oxidative injury during
reperfusion, and a key event may involve the relocalization
of sequestered (lysosomal) ferritin-iron to ectopic binding
sites, such as membrane phospholipids. Mobilization of
ferritin-iron requires its reduction to the catalytically active
ferrous state (Fe*"; Ref. 16); it has been shown that specific
metabolic processes (¢0,  and H,0O, generation, reduced
flavin mononucleotides, and cellular acidosis) associated
with the I/R heart can independently induce iron mobi-
lization (17-20). Once released, this more accessible and
enlarged (in the instance of the iron-overloaded tissue) pool
of redox-active LMW iron may then participate in the
formation of potent oxidants capable of inducing further
injury after reintroduction (reperfusion) of molecular oxy-
gen (21).

Because there is no physiologic mechanism for iron
excretion in humans (1), metal chelators are commonly used
to combat acute iron toxicity (blood cardioplegia during
cardiopulmonary bypass; Ref. 5) and chronic overload
caused by transfusion (22). The clinical use of the metal
chelator, deferoxamine (DFO; also known as trihydroxamic
acid), has been shown to significantly decrease morbidity
and mortality in compliant transfused patients (1, 7).
Experimentally, acute DFO has provided cardioprotection
to animal hearts subjected to reperfusion injury (15),
confirming a link between pro-oxidant tissue iron and
reperfusion injury in this stress model. However, there have
been concemns regarding its clinical use (1), including safety
issues (7). In view of the pro-oxidant nature of LMW iron,
the use of adjunct antioxidant therapy (vitamin C, B-
carotene, and vitamin E with or without selenium; Refs. 1,
2,7, 23, 24) along with DFO chelation has been considered,
and showed promise as protective treatments. In addition,
certain cardioactive agents also have antioxidant properties
independent of their primary pharmacologic action, and may
have potential as adjunct therapy during chelation of iron-

overloaded individuals. Using isolated biomembranes
exposed to exogenous free radicals, we reported (25, 26)
that propranolol (Pro) had significant membrane antioxidant
activity, which was unrelated to PB-adrenergic receptor
blockade, because both L-Pro and p-Pro (inactive isomer)
forms were equipotent. p-Pro also provided antioxidative
protection in vitro to oxidatively stressed adult canine
ventricular myocytes, cuitured bovine aortic endothelial
cells, and isolated perfused rat hearts (27-30). It has been
shown that lipophilic B-blockers such as Pro, can accumu-
late intracellularly in various cell types, approaching levels
which are 1000-fold higher than their incubation medium
concentration (31). This uptake process was shown to be
nonstereoselective, and inhibitable by nonspecific lysoso-
motropic (alkalinization) agents, such as methylamine and
NH,CI, suggesting the lysosomal compartmentalization of
Pro. Agents that induce lysosomal alkalinization (32) would
likely enhance the binding interaction between lysosomal
iron and ferritin, and attenuate the lysosomal release of
redox-active LMW iron during subsequent tissue oxidative
stress (I/R).

Although acute p-Pro treatment has been shown to
afford cardioprotection to severe I/R-stressed hearts from
non—iron-loaded rats (30), its impact on I/R hearts from
iron-overloaded animals has not been reported. In iron-
overloaded rodent models, defects in basal cardiac function
(depressed heart rate; positive differential left ventricular
pressure (+dP/dt); left ventricular systolic pressure (LVSP):
left ventricular developed pressure (LVDP); and increased
diastolic pressure and/or abnormal electrocardiographs)
have typically been observed (33-36) using relatively high
iron-loading doses (800-2500 mg Fe/kg/week) and/or after
prolonged iron exposure times (4—20 weeks). In the current
study, the severity of the in vivo iron-loading protocol (450
mg Fe-dextran/kg/week, administered intraperitoneally [ip)
for 3 weeks) was adjusted to avoid issues concerning the use
of functionally impaired rat hearts in subsequent I/R stress
experiments. Postischemic hearts from rats exposed to this
moderate iron-overloading regimen were shown to exhibit
significantly greater hemodynamic dysfunction and oxida-
tive tissue injury compared with equally stressed untreated
hearts. Comparisons of detection time courses for several
indices of injury implicate the potential involvement of
lysosomal iron in the cascade of injurious events during
reperfusion. In addition, we present evidence that acute p-
Pro pretreatment effectively reduced the additional reperfu-
sion injury experienced by these hearts, and that this
protection is likely the consequence of the agent’s
membrane antioxidant and lysosomotropic (influence on
sequestered iron) properties, rather than its B-receptor—
blocking actions.

Materials and Methods

Chemicals. All dry chemicals and solvents were
obtained either from Fisher Scientific (Pittsburgh, PA) or
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from Sigma Chemicals (St. Louis, MO). Lactate dehydro-
genase (LDH) assay kits were from Sigma Chemicals. All
buffers and assay solutions were prepared with deionized,
double distilled water, as previously described (37), and
levels of trace metals (atomic absorption spectroscopy;
Shimadzu AA-6200; Columbia, MO) were below the limits
of detection.

Animal Assurance. All animal experiments were
guided by the principles for the care and use of laboratory
animals, as recommended by the US Department of Health
and Human Services and approved by The George
Washington University Animal Care and Use Committee.

iron Treatment In Vivo. Male Sprague-Dawley rats
(300400 g) were maintained on a commercially available
(Harlan Teklad, Madison, WI) nutritionally balanced diet
(containing 42 ppm iron) and were given free access to
deionized, distilled water. We used previously described
iron-dextran loading procedures (15, 16) that have not been
associated with gross changes in animal body weight, eating
habits, or behavior. Anesthetized (2-5% isoflurane, inhala-
tion anesthesia chamber; EZ Anesthesia, Palmer, PA) rats
received two ip injections of iron dextran solution (100 mg/
ml; Sigma Chemicals) per week, resulting in 450 mg iron/
kg/week for up to 3 weeks. Iron loading (in tissue and
plasma) was verified by atomic absorption spectroscopy.
Controls received equal injection volumes of 10% sodium
dextran. Animals were given free access to deionized water
and received normal diet. During the fourth week,
anesthetized rats were sacrificed for the postischemia
studies, and blood samples were collecied for subsequent
use in iron and conjugated diene determinations.

Global VR Model and Drug Treatment. The
isolated perfused working rat heart and global /R models
were described previously (37, 38). Hearts (nonpaced) from
anesthetized rats were cannulated by the aorta (afterload =
80 mm Hg) to a working heart perfusion system within 60
secs of excision, and were subsequently converted to
working mode perfusion by cannulating the left pulmonary
vein. Hearts were then exposed to 45 mins of non-
recirculating stabilization (preischemic control) with phys-
jologic Krebs-Henseleit buffer (KHB; gassed with 95%
0,:5% CO,, pH 7.4; 37°C) containing 1.25 mM CaCl, and
10.0 mM glucose; baseline functional/hemodynamic param-
eters and biochemical (effluent LDH, N-acetyl-B-glucosa-
minidase [NAGA], iron, and conjugated dienes)
measurements were taken at the end of this period. In
parallel studies, 2 uM p-Pro (in 0.9% saline) was infused
0.5 ml/min for 30 mins, yielding 30 nmol final) via a side
arm connected to the aortic perfusion line after an initial 15-
min stabilization period. The influence of in vivo treatment
with iron-dextran on the susceptibility of hearts to /R stress
in vitro, was assessed in hearts subjected to 25 mins of
global no-flow ischemia followed by 30 mins of reperfusion
(0- to 15-min interval in Langendorff mode and 15- to 30-
min interval in working mode) under preischemic con-

ditions; the measurements were repeated for estimates of
postischemic injury.

Heart Function/Hemodynamics. Coronary flow
rate, aortic output, and various pressure indices (Statham Gb
transducer for LVSP, left ventricular end-diastolic pressure
[LVEDP], LVDP, and +dP/dt) were monitored during
perfusion (37). Percent recovery of each parameter and
cardiac pressure-volume work was determined from the
ratio of the value measured at the end of reperfusion to that
obtained during the preischemic control period.

Iron Determinations. During the last 5 mins of
control perfusion and the initial 15 mins of Langendorff
reperfusion, coronary effluent samples were collected
sequentially for total iron determination (2 ml straight) by
flame emission atomic absorption spectroscopy. Reperfu-
sion time courses were constructed after normalizing values
to their preischemic control levels, and area integration of
time courses was used to determine total effluent iron
content during reperfusion. Plasma iron content was
assessed by atomic absorption using acidified diluted
samples (1:10 in trace-metal grade 0.5 N HNO,). Each
sample value was an average of four separate readings per
sample. .

Conjugated Diene Determinations. During the
last 5 mins of control perfusion and the initial 15 mins of
Langendorff reperfusion, coronary effluent samples (1 ml)
were collected sequentially for conjugated diene determi-
nations. After chloroform:methanol (C:M) extraction, dry-
ing under N, gas, and reconstitution into 1 ml cyclohexane,
extracts were read by UV spectroscopy (Beckman DU-8:;
Somerset, NJ) at 233 nm. Reperfusion time courses were
constructed after normalizing values to their preischemic
control levels, and area integration of time courses was used
to determine total effluent conjugated diene levels during
reperfusion. Plasma conjugated diene levels were assessed
after C:M extraction/cyclohexane reconstitution of 0.5 ml
plasma.

NAGA and LDH Determinations. During the last
5 mins of control perfusion and the initial 15 mins of
Langendorff reperfusion, coronary effluent samples (50 pl)
were collected sequentially for NAGA activity (lysosomal
acid hydrolase) determination by a spectrocolorimetric (410
nm) assay (39) and for LDH activity (a tissue injury marker)
using spectrophotometric (340 nm) assay kits (Sigma
Chemicals; Ref. 37). Reperfusion time courses were
constructed after normalizing values to their preischemic
control levels, and area integration of time courses was used
to determine total effluent NAGA and LDH activities during
reperfusion.

Effect of Pro on Lysosomal Stability /in
Vitro. The direct dose-dependent effects of p,.-Pro on
lysosomal stability during exogenous free radical exposure
(#O;" and eOH generating system) was assessed in vitro
using enriched (~20-fold) lysosomal preparations obtained
by differential centrifugation (20,000 g pellet; Ref. 39).
Typical latency of the enriched preparations was 85%.
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Figure 1. Effects of chronic iron overload on rat plasma iron (A) and
conjugated diene (B) content. Animals received biweekly ip injections
totaling 450 mg iron-dextran/kg/week (or sodium dextran as control)
during 3 weeks, and blood samples were collected at sacrifice for use
in iron (atomic absorption) and conjugated diene (UV spectroscopy)
determinations. Values are means + SE of five or six rats. *P < 0.05
versus control.

Hepatic tissue from non—iron-loaded rats was the source of
lysosomes because of difficulties in obtaining reasonable
yields of enriched material from cardiac tissue, and to avoid
concemns related to the fragility of lysosomes prepared from
iron-loaded rat tissue. After 10 mins of preincubation (37°C)
of lysosomes (200 pg protein/ml) with or without Pro (20,
50, and 100 pM), an exogenous free radical-generating
system (25 pM FeCl; chelated with 250 uM ADP + 83 pM
dihydroxyfumaric acid; 37°C; Ref. 40) was introduced;
NAGA activity in the incubation medium was assessed after
the 30-min exposure period in the presence or absence of

Triton X-100 (total NAGA activity) to obtain values for
percent free NAGA activity (means * SE of three
preparations).

Statistical Approaches. Analysis of variance
(ANOVA) was used for comparison of several means and
the Tukey test was used for all paired mean comparisons.
Significance was considered at P < 0.05.

Results

The moderate iron-loading regimen (450 mg Fe-
dextran/kg/week for 3 weeks, ip) resulted in an 8.1-fold
increase in plasma iron content and a 2.5-fold elevation in
conjugated diene levels (Fig. 1A and B), indicating that
these animals were experiencing oxidative stress in vivo.
However, this did not translate into significant changes in
any of the basal (preischemic) hemodynamic parameters
monitored in perfused working hearts from the iron-tréated
group compared with the untreated group (Table 1). By
contrast, hearts from the iron-loaded group proved to be
much more susceptible than from the untreated group to
functional/hemodynamic injury if I/R stress was imposed.
Hearts from the iron-treated group displayed substantially
lower recoveries of coronary flow rate (38% lower); aortic
output (61% lower); cardiac work (55% lower); LVSP (13%
lower); LVDP (15% lower; not shown); and dP/dt (41%
lower); and showed increased LVEDP (6.5-fold), compared
with the equally stressed untreated group (Fig. 2).

Acute pretreatment of hearts from iron-loaded rats with
2 pM p-Pro dramatically improved postischemic recovery of
each of these parameters: coronary flow rate was 1.7-fold
higher; aortic output was 2.96-fold higher; cardiac work was
2.87-fold higher; LVSP was 18.6% higher; LVDP was 55%
higher (data not shown); dP/dt was 60% higher; and
LVEDP was 59% lower than I/R hearts from iron-loaded
rats (Fig. 2). p-Pro pretreatment of I/R hearts from non—iron-
loaded animals only provided significant (P < 0.05)
protection with respect to LVEDP (36% lower) compared
with control. Although recovery of pressure indices were
improved with acute p-Pro pretreatment of the iron-loaded
group, the greatest protective effects occurred with respect
to the myocardial flow parameters (coronary flow rate and

Table 1. Fe-Dextran Treatment /n Vivo Did Not Alter Hemodynamic Parameters of Perfused
Preischemic Rat Hearts?

Preischemic perfusion indices Na-dextran Fe-dextran
Cardiac work (kg-m/g dry wt/min) 0.426 * 0.004 0.404 + 0.01
Cardiac output (mi/min) 59.7 + 3.7 56.7 x 2.2
Coronary flow rate (ml/min) 17.7 + 1.8 181 + 15
LVSP (mm Hg) 1136 * 3.8 1134 £ 16
LVEDP (mm Hg) 423 * 0.28 4.05 *+ 0.35
LVDP (mm Hg) 109.0 + 3.6 110.0 + 3.0
Left ventricular dP/dt (mm Hg/sec) 5982 + 126 5813 + 1.8

4 Rats received 450 mg Fe-dextran/kg/week (or Na-dextran) by ip injection for up to 3 weeks before isolated working heart perfusion. All values
are means * SE of five or six hearts; no significant differences were detected between groups.
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Figure 2. Effects of acute o-Pro pretreatment on postischemic recoveries of (A) coronary flow rate; (B) aortic output; (C) cardiac pressure-
volume work; (D) LVSP; (E) dP/dt; and (F) end-diastolic pressure (EDP) of hearts from Fe-dextran- or Na-Dextran (control)—oaded rats. After 3
weeks of the loading regimen, isolated perfused working rat hearts were exposed to 30 mins of 2 uM p-Pro pretreatment before 25 mins of
normothermic global ischemia and 30 mins of reperfusion. Values for each parameter at the end of reperfusion were compared with those
recorded during the preischemic period to obtain recovery values. Values are means + SE of five or six hearts. *P < 0.05; +P < 0.02; #P <
0.01, versus iron alone.
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Table 2. Fe-Dextran Treatment /n Vivo Did Not Alter Oxidative and Tissue Injury Indices of
Preischemic Rat Hearts?®

Preischemic indices (effluent) Na-Dextran Fe-Dextran
Conjugated dienes (Rel. Abs. Unit/ml/g) 0.129 = 0.010 0.122 + 0.028
Releaseq .iron (ug/ml/g) 0.084 = 0.030 0.099 * 0.028
LDH activity (UN/g) 1.106 + 0.320 2.010 = 0.800
NAGA activity (Rel. Abs. Unit/ml/g) 0.098 *= 0.012 0.082 * 0.022

2 Rats received 450 mg Ee-dextran/kg/week (or Na-dextran) by ip injection for up to 3 weeks before isolated working heart perfusion. Effluent
samples taken during preischemic perfusion were used to assess the parameters. All values are means * SE of five or six hearts; no significant
differences were detected between groups. Rel. Abs. Units, relative absolute units.

aortic output), and this was also reflected in the substantial
improvement of postischemic cardiac pressure-volume work
(functional recovery index).

Normally perfused hearts from iron-loaded rats did not
exhibit significant changes in preischemic markers of
oxidative stress and tissue injury compared with untreated
rats (Table 2), but the enhanced hemodynamic/functional
depression displayed by I/R-stressed hearts from the treated
group was associated with substantially higher levels of
these end points. Figure 3 compares total postischemic
production of key markers of oxidative stress and tissue
injury detected in the effluent of the different I/R-stressed
heart groups. The iron-loaded group exhibited significantly
higher total postischemic LDH activity (2.4-fold); conju-
gated diene levels (3.5-fold); iron release (5.6-fold); and
lysosomal NAGA activity (3.45-fold) compared with the
unloaded group. Pretreatment of I/R hearts from iron-loaded
rats with 2 uM p-Pro afforded significant protection, as
shown by the dramatic decreases in the levels of each
parameter (67%, 61%, 78%, and 76% lower for LDH,
conjugated dienes, iron, and NAGA, respectively). p-Pro
did not provide significant additional protection to I/R hearts
from non-iron-loaded rats. The reperfusion time-course
profiles (Fig. 4A-D) reveal the maximal detection times for
these indices, and implicate a potential sequence of
damaging events in this model. Loss of plasmalemmal
(sarcolemmal) integrity seems to be an early event in the I/
R-stressed iron-loaded heart model, as suggested by the
relatively massive early release (peak at 3-5 mins) of LDH
(cytosolic enzyme) from the reperfused heart tissue. By
contrast, most, but not all, of the postischemic conjugated
diene formation and iron release occurred during later times
(7-15 mins) of reperfusion. Interestingly, the postischemic
NAGA release profile bore a striking resemblance to that
observed for conjugated diene and iron, with most of the
release occurring during the later reperfusion period (7-15
mins). This suggests that redox-active iron derived from
destabilized lysosomes may have contributed to oxidative
tissue injury during the later stage(s) of reperfusion. Acute
p-Pro substantially lowered the iron treatment—induced
increases in markers of oxidative and tissue injury during
the early (06 mins) and later (7-15 mins) phases of
reperfusion (Fig. 4A-D).

The direct effect of Pro on lysosomal stability during 30
mins exposure to exogenous free radical stress was assessed
in vitro using rat hepatic tissue lysosomal preparations.
Exposure to the free radical-generating system caused a’
substantial loss of lysosomal latency (61 * 3.0% free
NAGA) compared with control preparations (18.1 =
0.89%). p,L-Pro dose-dependently (20, 50, and 100 uM)
preserved lysosomal integrity during oxidative stress, as
shown by significant (P < 0.02) declines in free NAGA
released from drug-pretreated preparations (46 * 1.6%,
393 £ 14%, and 31 * 1.6% free NAGA, respectively)
compared with the free radical-stressed untreated prepara-
tion.

Discussion

Unlike our iron-overload study (41), which caused
basal rat heart dysfunction, the moderate regimen used here
did not alter hemodynamic parameters (Table 1), or cause
overt changes in markers of oxidative stress and tissue
injury (Table 2) during normal heart perfusion. The
moderate regimen did induce oxidative stress in vivo, as
suggested by the 8.1-fold rise in plasma iron and the 2.5-
fold increase in plasma conjugated diene content (Fig. 1).
Thus, this moderate procedure did not achieve the severity
threshold of oxidative stress in vivo, which culminated in
irreversible basal dysfunction during normal heart perfusion.

Hearts from moderately iron-overloaded rats were
predisposed to I/R stress. This was evidenced by the poor
recoveries of postischemic myocardial flow parameters,
cardiac work, dP/dt, and end-diastolic pressure (Fig. 2). The
further decrease in dP/dt suggests that the velocity of left
ventricular contraction was severely compromised by iron
overload, and the large increase in end-diastolic pressure is
indicative of ventricular stiffening (poor relaxation). Our
findings are similar to those of van der Kraaij er al. (15),
who reported enhanced reperfusion dysfunction and tissue
injury to iron-overloaded rat hearts in the absence of basal
cardiac dysfunction. By contrast, Pucheu e al. (42) failed to
observe additional postischemic functional injury in their
iron-overloaded rat model. Differences in iron-loading
protocols (~200 mg Fe-dextran/kg/week for 5 weeks vs.
450 mg/kg/week for 3 weeks in the present study), heart
perfusion methodologies (constant flow vs. working heart in
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Figure 3. Effects of acute o-Pro pretreatment on total postischemic production of effluent: {A) LDH activity; (B) conjugated diene levels; (C) iron
content; and (D) lysosomal NAGA activity of hearts from Fe-dextran- or Na-dextran (control)-oaded rats. After 3 weeks of the loading regimen,
isolated perfused working rat hearts were exposed to 30 mins of 2 pM p-Pro pretreatment before 25 mins of normothermic global ischemia and

30 mins of reperfusion. Effluent samples were collected sequentially

during reperfusion for the respective analytical assays, and were

normalized to preischemic leveis. Total levels were determined by area integration of time courses. Values are means + SE of five or six hearts.

*P < 0.05; **P < 0.01; *#P < 0.001, versus all groups.

our study), and durations of global ischemia (15 mins vs. 25
mins in our study), may partly explain the dissimilar results.
Indeed, the importance of ischemic duration was shown in
another report by this group (43), which revealed a direct
association between duration and the progressive rise in
cytosolic iron content (30 mins > 20 mins > 10 mins of
ischemia) in non-iron-loaded (control) rat hearts. In this
instance, increasing the ischemic duration may cause
progressively greater postischemic iron release, higher
iron-mediated free radical production, and enhanced

dysfunction. In this light, we previously demonstrated: (i)
a direct relationship between in vivo iron loading doses and
elevations in iron-catalyzed production of lipid peroxidation
(LPO)-derived LOe radicals from 30-min I/R rat hearts (44);
and (i) direct correlations of rising LOe production with
lower functional recovery (r =—0.83 to —0.87; Ref. 30), and
with increasing cardiac iron release (r = 0.87; Ref. 44) after
longer (15-60 mins) ischemic episodes in control hearts.
Thus, differences in experimental conditions can influence
the impact of endogenous iron on cardiac tolerance to I/R
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Figure 4. Effects of acute o-Pro pretreatment on postischemic
detection times of (A) LDH activity; (B) conjugated dienes; (C) iron;
and (D) lysosomal NAGA activity in effluent from hearts of Fe-
dextran— or Na-dextran (control}-loaded rats. The same conditions
as in the legend for Figure 3 were used. Values are means = SE of
five or six hearts. *P < 0.05; #P < 0.02, versus untreated.

stress, possibly by altering the availability of redox-active
iron during reperfusion.

Intracellular redistribution and mobilization of LMW
iron after prolonged global ischemia (> 20 mins in rat) may
partially dictate the severity of reperfusion injury (43, 45).
Some investigators proposed that endogenously produced
0, (18) or H,0; (19) may mobilize iron from intracellular
proteins such as ferritin or myoglobin, respectively.
However, this may not explain the rise in cardiac cytosolic
iron content during ischemia (43), because ROS generation
would largely take place during early reperfusion (38, 44).
Alternatively, the redistribution of stored iron during
ischemia may involve tissue accumulation of reducing
equivalents and acidification (43, 44), which occur because
of a shift from aerobic to anaerobic metabolism. Funk e al.

(17) showed that reduced flavin mononucleotides provoked
iron release from ferritin at neutral pH, and acidification
further amplified release. We reported (44) that control rat
hearts exposed to acidotic (pH 6.4) preconditioning
exhibited substantial iron release (13-fold > nonprecondi-
tioned) into coronary effluent, which was comparable tg that
seen (11.4-fold higher) with ischemic preconditioning. The
total amount of iron (1.21 * 0.13 pg/ml/g [+ SE]; n=3)
released by acidotic preconditioning (per 20-min perfusion)
was remarkably similar to that of 25-min I/R control hearts
(Fig. 3), implicating an involvement of acidosis in I/R-
induced iron release. Preconditioning before severe IR
decreased LOe production nearly 75% versus nonprecondi-
tioned (44); thus, decreasing the availability of LMW iron
before prolonged ischemia may reduce reperfusion injury.
Acidosis may impact the severely ischemic heart in-
ways unrelated to iron status (protons compete with calcium
to impair contractility, inhibit calcium channels, decrease
glycolytic flux by inhibiting phospho-fructokinase; Ref. 46;
or inhibit citrate synthase activity; Ref. 47). However, some
literature suggests that acidosis without ischemia may not be
damaging (48), or cause imreversible loss of mechanical
function or metabolic viability (47). Conversely, acidosis
mobilizes cardiac iron (44), and this may underlie much of
the enhanced irreversible oxidative injury and mechanical
dysfunction observed in iron-loaded I/R rat hearts.
Because lysosomes are principal cellular storage sites
for iron and contain several hydrolytic enzymes (22), their
stability during I/R and their contribution toward the
development of irreversible injury has been widely studied.
The reported duration of ischemia necessary for detection of
instability (based on lysosomal enzyme release) has varied
from 30 mins (49) to more than 3 hrs (50). However,
because a rise in cytosolic iron content may occur as early as
after 20 mins of ischemia (43), an initial iron mobilization
from partially destabilized lysosomes may precede more
severe lysosomal disruption that permits leakage of hydro-
lytic enzymes after 30 mins (49). Preexisting iron overload
in vivo may amplify or accelerate this series of events in I/R
hearts (51). In our study (Fig. 3), I/R-stressed iron-loaded
hearts exhibited substantially greater release of lysosomal
NAGA activity into effluent versus control hearts, and this
was associated with elevations in total effluent LDH
activity, conjugated diene levels, and iron content. The
detection time course data (Fig. 4) suggest that plasmalem-
mal (sarcolemmal) integrity was lost early during reperfu-
sion, as evidenced by the release of LDH (3-5 mins), which
is consistent with observations for control I/R rat hearts
(52). Although the time course of LDH had monophasic
characteristics, conjugated diene, iron, and NAGA released
into the effluent all displayed multiphasic profiles. In
agreement with others (43, 45), significant (P < 0.02)
losses of tissue iron (2.2-fold > preischemic levels) from
control hearts occurred within the first minute of reperfu-
sion, and was even more dramatic (5.2-fold higher) in the
iron-loaded group. This initial loss may be a consequence of
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tissue washout, but its release at the onset of reperfusion
may coincide with an early production (by 20 secs) of 05",
which we (53) have shown occurred in I/R-stressed control
rat hearts. In contrast with control hearts (43, 45), iron-
Joaded hearts exhibited a more distinct peak of iron release
at 3-5 mins of reperfusion, and displayed a progressive rise
in effluent iron between 7 and 15 mins. Our detection (38)
of e¢OH spin adducts by electron spin resonance (ESR)
spectroscopy at 3 mins (peak) of reperfusion in I/R-stressed
control hearts might explain the subsequent (>3 mins)
oxidative injury, plasmalemmal hyperpermeability, and
lysosomal instability observed in the iron-loaded I/R heart.
Use of free-radical detection methodology and/or ROS-
specific antioxidants in the iron-loaded I/R rat heart model
would be needed to confirm these contentions.

Our findings suggest that at least two pools of redox-
active iron were available to participate in the oxidative
toxicity mechanism during I/R. The smaller iron pool may
have a cytosolic distribution (at or near macromolecular or
biomembrane sites) during ischemia (43), because it is
released early (within 1 min) during reperfusion, and
preceded the earliest peak detection (after 3 mins) of
lysosomal disruption and plasmalemmal injury. This
cytosolic pool may have originated from the ferritin-iron
complex of mildly destabilized lysosomes (before substan-
tial hydrolytic enzyme leakage) during the ischemic
episode, but the metabolic events (tissue acidosis, free
radicals, and reducing equivalents; Ref. 44) that elicited iron
mobilization remain unresolved. ESR and spin trapping
enabled our detection of endogenous free radicals in the in
vivo regionally ischemic canine heart (LOe and alkyl [Le]
radicals; Ref. 54) and buffer-perfused global ischemic rat
heart (¢OH and Le radicals; Ref. 55) models in the absence
of reperfusion. Qur observations (55) of free-radical
production during the first 25 mins of global rat heart
ischemia, and its absence thereafter, led us to conclude that
tissue oxygen levels were sufficient to support this
production only during short-to-moderate durations of
ischemia. This study does not refute the notion that most
endogenous free-radical production occurs during reperfu-
sion, but presents the possibility that low-level production
may take place during early stages of ischemia. In this light,
we propose a mechanism of lysosomal iron mobilization
during ischemia that involves a combined tissue acidosis—
ROS interaction. In support of this proposal are reports that:
(i) cardiac acidosis does occur rapidly (onset within 5 secs)
and is progressive during ischemia (tissue pH fell 0.66, 1.04,
and 1.41 U at 15, 30, and 60 mins; Ref. 56); (ii) anoxia in
the absence of cardiac acidosis induces accumulation of
reducing equivalents, but not a rise in cytosolic iron content
(16); and (iii) in vitro, acidified (pH 6.0) incubation medium
enhanced the rate and magnitude of rat liver lysosomal
membrane LPO (substantial within 10 mins) during
exogenous oxy-radical exposure, and this preceded notable
increases (>15 mins) in free NAGA release (40). The
acidosis-ROS mechanism does not minimize the contribu-

tion of ischemia-induced accumulation of reducing equiv-
alents, but highlights the possibility that lysosomal iron
mobilization may occur in its absence (16).

The larger second wave of iron release (3-5 mins and
8.5-15 mins) is much more exaggerated in iron-loaded I/R
hearts compared with control hearts (43, 45), and may
originate from iron-loaded lysosomes that become severely
destabilized because of oxidative stress at later times of
reperfusion. The transient nature of eOH spin adduct
detection (0.5-7 mins) in I/R control rat hearts (38) led to
our conjecture that the progressive elevations observed
thereafter (>7 mins) for conjugated-diene content, iron, and
NAGA release may be caused by propagation of the cardiac
membrane LPO chain reaction (30). Indeed, the biphasic
time courses for LOOH formation in control I/R rat hearts
(57) and for iron-catalyzed LOe production (44) from iron-
treated I/R rat hearts (maximums: 3-6 mins and 8.5-12.5
mins reperfusion for 3 in vivo iron doses) were very similar
to the detection profiles of the second wave of liberated iron,
NAGA, and conjugated dienes. The biphasic LOe detection
pattern may reflect a time lag in the occurrence of oxidative
injury to different anatomic regions of the I/R heart;
however, similar biphasic patterns of LOe production were
reported for anoxia/reoxygenated cardiocytes and endothe-
lial cells (30), thus, supporting an interplay between the
second wave of tissue (lysosomal) iron release and
development of oxidative injury during later times of
reperfusion.

Basic amine-containing compounds, such as Pro, raise
lysosomal pH and should diminish the availability of
lysosomal iron during I/R-stress of iron-loaded hearts. The
ethanolamine side chain of Pro, which contains an amino
moiety, confers the lysosomotropic properties of Pro. In cell
models, the lysosomotropic effect of Pro was seen at low
concentrations (10~ to 10~° M) compared with methyl-
amine or NH,Cl (1072 M), and depended on the cell’s
uptake mechanism and ability to accumulate Pro within
lysosomes (31). We showed lysosomal accumulation of
fluorescently tagged Pro and an associated pH elevation
(alkalinization) in cultured aortic endothelial cells (58).
Cramb (31) showed that cells lacking lysosomes (red blood
cells and platelets) do not take up significant levels of Pro,
whereas endothelial cells accumulate Pro more rapidly than
adult cardiocytes. These finding are significant when
considering: (i) histologic evidence that iron-dextran load-
ing in rats showed myocardial iron enrichment primarily
within endothelial cell vesicles and vascular pericytes (16);
and (ii) our x-ray microanalyses showing that the amount of
iron lost from vascular endothelium during acidotic or
ischemic preconditioning of control rat hearts was far
greater than that seen for tissue myocytes (44). These
vascular-enriched iron sites may amplify I/R injury. and
may explain why p-Pro, which preferentially target these
sites, affords significant protection.

The cardioprotective efficacy of p-Pro is partly depend-
ent on pretreatment duration before oxidative stress. Adult



482 KRAMER ET AL

cardiocytes pretreated for 10 mins with 2 pM Pro were not
protected against anoxia/reoxygenation injury (29), yet were
protected after a 2-hr preincubation. By contrast, maximal
antioxidant protection to oxidatively stressed endothelial
cells was provided by 30 mins of b-Pro preincubation (58).
This differential response suggested that the protective
effect of Pro required active cellular uptake (endocytosis)
and that this process was superior in endothelial cells versus
cardiocytes. We found (30) that control rat hearts pretreated
for 30 mins with 2 pM p-Pro were substantially protected
against reperfusion injury after 40 mins of ischemia. Given
the similar pre-exposure times needed for cardiac and
endothelial cell protection, we concluded that Pro’s efficacy
related to its preferential accumulation within lysosomes of
the vascular endothelium (58).

In the current study, 30-min pretreatment with 2 pM p-
Pro significantly reduced reperfusion injury of 25-min
ischemic iron-loaded rat hearts. It improved recovery of
pressure indices, flow parameters, and cardiac work (Fig. 2),
and caused dramatic reductions in effluent levels of
reperfusion injury markers (Figs. 3 and 4). p-Pro afforded
only minor protection to control I/R hearts, except for a
significant (P < 0.05) decline in end-diastolic pressure.
These data may reflect our use of less-severe global
ischemia (25 mins) in the current study compared with
our previous work (40 mins; Ref. 30), and the expected
differences in the level of redox-active iron participation (40
mins > 25 mins ischemia) in the I/R injury process of both
heart groups (44).

The widely recognized membrane antioxidant property
of D-Pro undoubtedly contributed to its cardioprotective
effects. Pro exhibits relatively potent antioxidant properties
unrelated to B-receptor blockade (L-Pro and p-Pro forms are
equipotent) as long as its naphthoxyl linkage is maintained
(25). p-Pro is ineffective as a primary free radical (eOH,
¢0,") scavenger (26), and its antioxidant action may
resemble the membrane LPO-chain-breaking mechanism
of vitamin E (30). p-Pro (ECsp = 6.7 pM) interrupted Le
radical formation during LPO in an ESR-2-methyl-2-
nitrosopropane spin-trapping study using exogenous free
radical-stressed ventricular sarcolemma (26). Preincubation
with p-Pro was required to achieve this effect, indicating a
drug-biomembrane interaction was essential. Because p-Pro
interrupts LPO at a stage preceding LOe formation, this may
explain its inhibitory effect on I/R rat heart LOe generation
(30).

In the current study, the antioxidant effect of Pro was
observed with respect to in vitro lysosomal stability.
Lysosomes exposed to exogenous free radicals displayed a
substantial loss of latency (3.3-fold rise in free NAGA)
versus controls. Pretreatment with 20—100 uM Pro improved
lysosomal integrity (25%—49% lower free NAGA) during
oxidative stress versus the untreated free radical-stressed
group. This data reinforced our view that Pro’s protection of
iron-loaded I/R hearts may relate to both its lysosomal

membrane-stabilizing influence (antioxidant) and to its
impact on lysosomal iron release (lysosomotropic action).

In summary, moderate iron overload caused no basal
cardiac dysfunction, but did have detrimental consequences
to I/R hearts. Reperfusion time course data implicate the
participation of at least two pools of redox-active iron in the
injury process, the cytosolic iron pool liberated at the onset
of reperfusion, and the larger second wave of iron release at
later times of reperfusion, which is more exaggerated in the
iron-loaded heart versus the control heart, and may originate
from severely destabilized lysosomes. p-Pro significantly
reduced reperfusion injury to iron-loaded I/R rat hearts, and
its membrane-stabilizing antioxidant and lysosomotropic
properties may underlie its cardioprotection, independent of
B-receptor blockade.
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