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ABSTRACT

A reduction in stress tolerance is a hallmark of the aging process, and the lowered functional
capacity observed in aged organisms is associated with an increased rate of oxidative stress and a
greater susceptibility of aged tissues to oxidative injury. In this report, we show that chronic
systemic administration of a superoxide dismutase (SOD)/catalase mimetic (EUK-189),
delivered over a 1 month period via osmotic pump, prevents heat stress-induced liver injury by
dramatically decreasing oxidative damage in aged animals. Widespread liver injury was present
in old but not young vehicle-treated rats in response to a 2 day heating protocol. However,
SOD/catalase mimetic treatment markedly decreased the hyperthermia-induced liver injury
associated in old animals. The reversal of damage with EUK-189 was associated with an
improvement in intracellular redox status and a striking reduction in hepatocellular lipid
peroxidation. EUK-189 treatment also blocked the activation of activator protein-1 (AP-1),
which is a redox-sensitive early response transcription factor involved in the regulation of
cellular stress responses. These results demonstrate that oxidative stress plays a unique role in
age-related hyperthermic injury and suggest that therapeutic strategies aimed at improving redox
potential, such as chronic SOD/catalase mimetic treatment, can prevent the oxidative-mediated
damage associated with environmental stress.
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physiological challenges (1-5). Although the mechanisms underlying age-related

alterations in stress tolerance are not well defined, many studies support the validity of the
oxidative stress hypothesis, which suggests that lowered functional capacity in aged organisms is
the result of an increased generation of reactive oxygen species (ROS) (6-8). Increased ROS
levels in vivo can cause damage to intracellular macromolecules such as DNA, proteins, and
lipids, which can translate into oxidative injury, impaired function, and even death at both the
cellular and organismal level (1, 3, 6, 9, 10). One clinically important manifestation of this age-

g I Yhere is considerable evidence that aging is associated with a reduced ability to cope with



associated loss of stress tolerance is the high incidence of heat-related deaths in older humans
reported during periodic heat waves in urban areas (11-14).

Recent studies investigating the impact of aging on stress tolerance using physiologically
relevant challenges such as environmental heating have indicated that the ability to generate
protective intracellular stress proteins is blunted in old compared with young animals (2, 15).
Consistent with this observation, repeated heat challenge produces extensive liver injury and
significant mortality rates in older rats, whereas young rats tolerate the stress very well (2). This
injury pattern in the old cohort is associated with increases in steady-state levels of ROS and
oxidative damage to hepatocellular macromolecules such as lipids, along with alterations in
intracellular redox status and aberrant activation of stress-response transcription factors (9).
Taken together, these data suggest that young animals can effectively cope with oxidative stress
in response to environmental challenge. In contrast, in old animals, a decline in redox potential,
along with exaggerated ROS generation, leads to extensive hepatocellular oxidative damage and
alterations in intracellular signal transduction. Factors such as these are likely to contribute to the
cellular dysfunction and reductions in stress tolerance that are hallmarks of aging.

Based on these observations, it is tenable to postulate that antioxidant treatment could ameliorate
or attenuate oxidative damage in the liver and improve stress tolerance of the aged organism.
Several low-molecular-weight molecules that mimic antioxidant enzyme functions have been
developed and characterized (16, 17). For instance, the salen-manganese complexes EUK-8 and
EUK-134 are synthetic compounds that exhibit both superoxide dismutase (SOD) and catalase
activities (18-20). These compounds, which can scavenge ROS, have shown efficacy in a variety
of pathological paradigms, including in vivo models for stroke (19) and several
neurodegenerative diseases (21-24). In addition, these salen-manganese complexes were found
to prolong survival and rescue oxidative pathologies in mice lacking manganese SOD (22) and
extend lifespan in the nematode C. elegans (25).

It was therefore of considerable interest to determine whether SOD/catalase mimetic treatment
would be therapeutically effective in a mammalian model of aging that involves exaggerated
oxidative injury in response to an acute physiological stress. Studies were conducted using EUK-
189, a recently developed and more lipophilic analog of the SOD/catalase mimetics EUK-8 and
EUK-134. This analog has the same catalytic activities as EUK-134 but is more effective as an
intracellular neuroprotective agent (22, 26). More recently, chronic continuous infusion with
EUK-189 and another analog was shown to attenuate age-related cognitive impairment, as well
as biochemical indicators of brain oxidative stress, in middle-aged mice (21). In the current
study, we investigated whether continuous, very low-dose infusion of a synthetic catalytic ROS
scavenger would be efficacious in preventing the age-associated hepatic injury generated in
response to a physiologically relevant environmental challenge. Young and old rats were
chronically administered EUK-189 and then exposed to a heat stress protocol. We hypothesized
that synthetic SOD/catalase mimetic treatment would enhance stress tolerance in aged animals
by reducing cellular oxidative stress and subsequent accrual of hepatic injury. Experiments
focused on the liver because it shows an age-dependent increase in steady-state levels of ROS (9,
27) and is a primary target of tissue injury with environmental challenges such as heat stress (2,
9, 28). This study is unique because it demonstrates for the first time that the substantial
oxidative-mediated injury associated with an acute challenge in old animals can be prevented
with a chronic treatment protocol that utilizes low-concentration delivery of a synthetic catalytic
scavenger of ROS. The results also provide a basis for developing effective therapies to reduce



ROS-mediated toxicity and increase resistance against oxidative-stress related diseases.
Furthermore, this work may have more general implications for the pathophysiology and therapy
related to the reduction in stress tolerance that accompanies aging.

METHODS
Experimental procedures

Experiments were performed in young (6- to 7-mo-old; 325-425 g) and old (23- to 25-month-old;
350-450 g) male Fischer 344 rats (National Institute on Aging), and all procedures conformed to
institutional animal care guidelines. Four weeks before testing, both young and old rats were
randomly placed into one of four different experimental groups (n=5-9 rats/group) and then
implanted with a mini-osmotic pump (Alza) for the chronic delivery of EUK-189. Rats were
anesthetized (methohexital sodium; 50 mg/kg ip), and the skin was shaved at the nape of the
neck. A 2.5 cm incision was made in the neck region, a pump was inserted into the subcutaneous
space, and the incision was then closed with sutures.

Pumps contained 240 pl of either EUK-189 (15 mM dissolved in distilled water) or vehicle
(distilled water only). Each pump released ~6 pl of solution (~45 ng EUK-189) per day over the
30 day period. At the end of an experiment, pumps were retrieved and the volume of solution
remaining in each pump was determined. The total volume of solution released (~190 ul/rat) was
similar between age groups and treatments. In drug-treated groups, this was equivalent to
average EUK-189 concentration of 0.38 mg/100 g body mass.

On the day of an experiment, each conscious and unrestrained rat was fitted with a thermistor
temperature probe inserted 6-7 cm into the colon. A baseline colonic temperature (T, of 37.0-
38.0°C was established over a 30-min control period and then rats were heated using an
established protocol (9, 29). An infrared lamp was positioned ~40 cm above the rats, which
permitted a constant heating rate (~0.06°C/min) to be attained. Heating was terminated when T,
reached 41°C but was then commenced at appropriate times to maintain T, at 41°C for 30 min.
Rats were subsequently subjected to a second heat stress protocol 24 h after the first stress.
Sham-heated controls were handled identically to experimental rats, except that ambient
temperature was maintained at ~24°C. Two hours after the second heating, rats were
administered an overdose of pentobarbital sodium (80 mg/kg ip). Livers were collected and
prepared for histology evaluations or frozen for subsequent assays. Cardiac blood samples were
also obtained for subsequent analysis.

Immunohistochemistry and histology

Immunohistochemistry staining of liver tissue for the aldehyde lipid peroxidation product 4-
hydroxy-2-nonenal (4-HNE) was performed using an antibody specific for 4-HNE (Alexis) (9).
For histology evaluation, deparaffinized liver sections were stained with hematoxylin and eosin
and then analyzed microscopically for evidence of injury by a pathologist who was blinded as to
their origin. Liver injury was graded using a scale adapted from previous studies (2, 30).
Immunoreactive protein levels were graded using an intensity of color scale ranging from 0
(negative) to 4+ (strongly positive) (31).



Alanine aminotransferase assay

Blood samples were obtained using heparin-coated syringes and centrifuged for 10 min at 4°C.
Plasma samples were immediately measured for alanine aminotransferase (ALT) levels by The
University of Iowa Clinical Pathology Laboratory.

Lipid peroxidation products

Lipid peroxidation in liver samples was estimated by measuring 4-hydroxyalkenal (HAE) and
malondialdehyde (MDA) via a colorimetric assay (Oxis) (9). All standards and experimental
samples were assayed in triplicate. Total protein content was quantified using the Bradford assay
(Bio-Rad).

Hepatic redox potential

Hepatic redox potential in control and EUK-189-supplemented rats was assessed by measuring
the ratio of glutathione (GSH) to glutathione disulfide (GSSG) (Oxis) (9). To prevent auto-
oxidation of GSH in livers, tissues were kept in liquid nitrogen until they were homogenized in
ice-cold metaphosphoric acid. The homogenized samples were kept on ice before GSH and
GSSG assays were performed. The measurement is based on a colorimetric enzymatic reaction
of GSH with 5,5'-dithiobis-2-nitrobenzoic acid, which gives rise a yellow colored product that
can be measured at 412 nm (32). Standards and samples were run in triplicate for each assay,
with measurements repeated two times.

Preparation of nuclear extracts and electrophoretic mobility shift assay

Nuclear extracts from livers were prepared by a described previously protocol (33) with
modifications (2, 9) and the EMSA was performed using methods previously used by Zhang et
al. (9, 34). Oligonucleotides with the consensus AP-1 binding sequence (5'-
CGCTTGATGACTCAGCCGGAA-3') were radioactively end-labeled with y-P-ATP. The
radio-labeled probe was then combined with 5 pg of nuclear extract protein in the electrophoretic
mobility shift assay (EMSA) buffer and incubated at room temperature for 30 min before bound
and free oligonucleotides were separated on a 6% non-denaturing polyacrylamide gel. For
supershift assays, antibodies specific for AP-1 (c-Jun) were incubated with the nuclear extracts 2
h before performing the EMSA. The extent of AP-1 DNA binding activity was detected by
autoradiography.

Statistical analysis

Data are means = SE. ANOVA-Tukey’s multiple comparison test was used to determine the
statistical significance of the data at a level of P < 0.05.

RESULTS
Heating rates
The four experimental groups included the following: 1) vehicle-treated and sham-heated

(control group); 2) vehicle-treated and heat-stressed (V/H); 3) EUK-189-treated and heat-
stressed (E/H); and 4) EUK-189-treated and sham-heated (E/NH). T, before heating was similar



in the young and old groups on both day 1 and day 2 of testing (37-38°C). Experiments were
designed to minimize differences in heating rates between the two age groups and within an age
group between heating trials. This was achieved as demonstrated by the similar heating rates
obtained on both testing days for the two age groups (~0.06°C/min).

EUK-189 supplementation improves the GSH/GSSG ratio in old rats

GSH/GSSG ratios were measured for both control and EUK-189 supplemented young and old
rats before and after heat stress to evaluate liver redox potential. Old control rats had a lower
GSH/GSSG ratio than their young counterparts (P<0.005), indicative of a more oxidized hepatic
environment. Heat stress produced a decrease in the GSH/GSSG ratio from control levels in
vehicle-treated young rats (V/H group; P<0.02), but old heat-stressed rats showed no change
from control conditions. Chronic EUK-189 supplementation increased the GSH/GSSG ratio in
both young and old nonheated animals (E/NH) to a level similar to that of young control animals.
Moreover, EUK-189 supplementation preserved the redox potential of young and old heat-
stressed rats (E/H groups) by maintaining GSH/GSSG ratios at young control levels (Fig. 1).

EUK-189 supplementation protects old rats from heat-induced liver injury

Liver morphology was normal in young and old control rats, although some old controls showed
evidence of mild alterations in hepatocyte morphology. After heat stress, mild-to-moderate levels
of hepatocyte vacuolization were present in the young V/H group. However, old V/H rats
exhibited extensive and severe liver damage, characterized by hepatocyte vacuolization and
necrosis, sinusoidal congestion, and monocyte infiltration (grade 3+ injury). In sharp contrast,
this heat-induced liver damage was prevented by EUK-189 treatment as demonstrated by the
mild levels of hepatocyte vacuolization (grade 1+ injury) present in heat-stressed old rats that
had received chronic EUK-189 treatment (E/H group). In comparison, young rats in both the E/H
and E/NH groups exhibited slightly attenuated levels of liver injury. Representative
photomicrographs for liver sections from all animals in the V/H, E/H and E/NH groups are
presented in Fig. 2, top panels.

EUK-189 supplementation prevents hepatic ALT release

Plasma ALT, which is a systemic marker for hepatocellular damage, was measured in all groups
to further assess the impact of heat stress on hepatocellular injury and the protective ability of
chronic EUK-189 administration. In the young animals, there were no significant changes in
plasma ALT with heat stress or EUK-189 treatment compared with control levels (Fig. 2, bottom
panel). However, V/H old animals exhibited a fourfold increase in plasma ALT levels, which is
consistent with the severe hepatocellular damage noted in these same animals. Conversely, heat-
stressed old rats that received chronic EUK-189 (E/H) treatment had ALT levels that were
similar to those in old nonheated control rats.

EUK-189 supplementation prevents heat-induced hepatic lipid peroxidation

The lipid peroxidation markers MDA and HAE were assessed to evaluate the effects of EUK-
189 supplementation on heat-induced hepatic oxidative damage. MDA and HAE were
unchanged from control values for all three treatments in the young group (Fig. 3). However,
there was an age-associated increase in both MDA and HAE in the nonheated control condition.



With heat stress, MDA levels increased over twofold in old vehicle-treated animals (V/H group)
compared with their old control counterparts. Heat-stressed old rats that were chronically treated
with EUK-189 (E/H group) also had MDA and HAE levels that were significantly lower than the
vehicle-treated animals (V/H group) and similar to those obtained in nonheated animals that
received EUK-189 supplementation (E/NH group).

To further assess the protective effect of SOD/catalase mimetic treatment on stress-induced
hepatic oxidative damage in the old cohort, the presence of the lipid peroxidation product 4-HNE
was examined in the liver using immunohistochemical techniques. Very low levels of 4-HNE
were present in hepatocytes of old nonheated control rats (Fig. 4A). However, there was a
substantial increase in 4-HNE immunostaining in vehicle-treated old rats after heating (V/H
group; Fig. 4B). Consistent with the MDA and HAE results, liver 4-HNE immunostaining levels
in the old heat-stressed group that received chronic EUK-189 treatment (E/H group; Fig. 4C)
were similar to the low levels present in age-matched controls.

EUK-189 supplementation normalizes DNA binding activity of AP-1

DNA binding activity of the redox-sensitive transcription factor AP-1 was determined in hepatic
nuclear extracts from young and old rats to evaluate the effects of heat stress and EUK-189
treatment on intracellular signal regulation. Representative gel shift results from one old rat in
each group are presented in the Fig. 5, top panel, while Fig. 5, lower panel presents the averaged
densitometry values of AP-1 bands from all old rats within each group. Old rats in the V/H group
had a twofold increase in relative AP-1 DNA binding activity compared with control levels (Fig.
5, lanes 1 and 2). However, the corresponding old heat-stressed group that had received chronic
EUK-189 treatment instead of vehicle showed significantly lower AP-1 DNA binding activity
(Fig. 5, lane 3), with values approximating those in old control animals. Supershift experiments
were simultaneously performed to verify that the bands shown in the EMSA represented the AP-
1 complex. A decrease in intensity in the band representing the normal AP-1 complex was
simultaneously accompanied by a new band that migrated higher than the normal AP-1 binding
complex, representing the supershifted AP-1 complex using anti-c-Jun antibody (Fig. 5, lane 5).
The pattern of DNA binding activity in the young treatment groups was similar to that observed
in the old treatment groups (data not shown).

DISCUSSION

The objective of this study was to determine whether chronic systemic treatment with low levels
of a synthetic SOD/catalase mimetic would improve the ability of old animals to tolerate a
relevant physiological challenge such as environmental heat stress. We hypothesized that
antioxidant treatment would enhance stress tolerance in aged animals by reducing cellular
oxidative stress and subsequent accrual of hepatic injury. Our data demonstrated for the first time
that chronic low dose SOD/catalase mimetic supplementation can significantly improve hepatic
redox potential (GSH/GSSG ratio) in old animals. Cellular redox potential is believed to be an
important factor in governing the fate of cells (35). An oxidative cellular environment will lead
to cellular alterations that include apoptosis and necrosis. Recent experiments from our
laboratory suggest that old organisms have decreased redox potential with aging that is
associated with the loss of stress tolerance (9). Results from the current study reinforce these
observations and provide a potential therapeutic approach for aged organisms to preserve
intracellular redox potential and increase antioxidant capacity.



Furthermore, our results indicate that pretreatment of old rats with the synthetic catalytic ROS
scavenger EUK-189 for 1 month prevents oxidative stress and produces protection against the
pathophysiological manifestations of heat stress in the liver. The findings from this novel in vivo
stress protocol suggest a strong causal relationship between exaggerated oxidative stress in old
animals and the marked cellular injury and reduced tolerance to stress with aging. Importantly,
these results provide strong support for the postulate that oxidative stress plays a critical role in
triggering hepatic damage with heat stress and that older organisms are especially susceptible to
this type of injury.

Oxidative damage has long been thought to play a key role in many pathophysiological
manifestations of aging, and numerous studies have reported increases in the oxidation of
intracellular macromolecules in various organs (1, 6, 8, 9, 36). These findings have led to the
postulate that an older organism does not have sufficient antioxidant defense mechanisms to
adequately cope with age-related increases in oxidative stress. To address this possibility, recent
investigations have used synthetic antioxidant enzyme mimetics in a variety of animal models
and demonstrated that these molecules can alleviate the oxidative damage associated with several
disease states (e.g., stroke, neurological pathologies) (21, 22, 24, 26, 37).

Synthetic salen-manganese complexes exhibit both SOD and catalase activities, thereby
catalytically eliminating both superoxide and hydrogen peroxide inside cells. These low-
molecular weight complexes are advantageous because of their potentially enhanced stability and
bioavailability compared with exogenously administered antioxidant enzymes (16). In addition,
the EUK-189 compound used in the present set of experiments is more lipophilic than earlier
generations of salen-manganese complexes, thus improving intracellular and intra-organellar
delivery. We have previously demonstrated that an acute heat stress protocol manifests dramatic
liver injury, elevates steady state levels of ROS, and increases lipid peroxidation in old rodents
(9). Therefore, in the current study, instead of addressing potential therapeutic properties of an
antioxidant mimetic in dealing with an existing pathological condition, we used EUK-189 as a
systemic treatment to prevent the oxidative-mediated cell injury and systemic dysfunction that
accompanies an environmental challenge in highly susceptible older animals. A novel approach
was used in which systemic delivery of a SOD/catalase mimetic over a 1 month period in young
and old rats was accomplished using an implanted mini-osmotic pump.

One novel aspect of this study is the demonstration that chronic systemic administration of a
synthetic SOD/catalase mimetic protects against stress-induced hepatic damage in aged animals.
Specifically, heat stress produced widespread liver damage in old animals, including
hepatocellular vacuolization, necrosis, and inflammation, as well as elevated serum ALT levels.
These deleterious responses to heating were completely prevented in age-matched animals that
were chronically treated with the SOD/catalase mimetic. Heating-induced injury in the old group
was also associated with a increase in oxidative damage to lipids, while EUK-189 treatment
produced a dramatic reduction in lipid peroxidation to control levels, suggesting that ROS play a
key role in the age-related hepatic damage manifested with heat stress and that EUK-189 is
protective via an antioxidant mechanism.

AP-1 is a stress-response transcription factor that is sensitive to intracellular redox balance and
oxidative stress in numerous cell types (38, 39). We have previously shown that there is an age-
related alteration in DNA binding activity of AP-1 during a time course of recovery from heat
stress that is associated with hepatic injury (9). In the current study, we demonstrated that



SOD/catalase mimetic supplementation abolished the activation of AP-1 in response to acute
heat stress in both young and old animals. This suppression of AP-1 activation was mirrored by
protection from hepatic injury and elimination of oxidative damage in old animals. Since AP-1 is
an early-response transcriptional factor that can up-regulate many downstream stress response
genes, including those of potentially injurious agents such as cytokines, our observation strongly
suggests that a connection exists between redox regulation of signal transduction pathways and
oxidative stress-mediated tissue injury. Moreover, these results imply that AP-1 activation may
be important in determining the onset and extent of heat stress-induced hepatic injury.

In conclusion, this study demonstrates that long-term synthetic SOD/catalase mimetic
administration protects against acute stress-induced hepatic injury in aged animals through
mechanisms involving the elimination of oxidative damage to macromolecules and the
modulation of signal transduction pathways. These results also implicate a role for intracellular
redox modulation in the reduced tolerance to physiological stress that accompanies aging.
Overall, these results demonstrate that oxidative stress is involved in age-related hyperthermic
injury and suggest that the oxidative-mediated injury associated with environmental stress can be
prevented with a chronic treatment protocol that utilizes SOD/catalase mimetics.
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Figure 1. EUK-189 supplementation improves in vivo redox status in old rats. Liver samples were obtained from
young () and old (O) rats in euthermic control conditions and 2 h after a heat stress protocol. GSH and GSSG
concentrations in livers were measured using a colorimetric assay. In control conditions, a stronger oxidative environment
was present in liver of old (n=5) vs. young (n=5) controls. After heat stress in young V/H rats (n=9), there was an increase
in oxidative stress in liver as indicated by a decline in GSH/GSSG ratio from control levels, while ratio for old V/H rats
(n=9) remained unchanged compared with old controls. Increase in oxidation status was relieved by EUK-189
supplementation in both young and old rats as indicated by increase in GSH/GSSG ratios for E/H (n=6/age group) and
E/NH groups (n=6/age group). *P < 0.005 vs. old control; 'P < 0.03 vs. old control and old V//H; #P < 0.02 vs. young V/H.






Figure 2. EUK-189 supplementation protects old rats from heat-induced liver injury. Representative
photomicrographs of hematoxylin and eosin stained liver sections obtained under euthermic control conditions and 2 h
after a heating protocol in old rats (top panels). Tissue morphology was normal in old control rats (A), while old vehicle-
treated heat stressed rats (V/H group; C and D) exhibited extensive and severe liver damage, characterized by monocyte
infiltration (C), sinusoidal congestion, and hepatocyte vacuolization (D). In contrast, EUK-189-treated heat stressed rats
(E/H group) had normal hepatic morphology (B) that was similar to control condition. Magnification: x100. EUK-189
supplementation also prevents hepatic ALT release. Plasma samples were obtained from young and old rats in control
conditions and at 2 h after a heating protocol. VVehicle-treated old rats that were heat stressed (V/H group; n=9) had a 4-fold
increase in ALT levels from the control (n=5) condition, while heat-stressed old rats that received EUK-189
supplementation (E/H group) (n=6) had reductions in plasma ALT levels back to control values. *P < 0.05 vs. old control;
P < 0.05 vs. young V/H.



