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ety of physiological processes (1). The average life-span of
individuals belonging to the same species depends on a host
of genetic and environmental influences and on complex
and poorly understood interactions among these factors
(2,3). Studies of aging in the human suggest that maximal
life-span may represent a relatively invariable genetically
determined species characteristic and that environmental
factors (e.g., improved sanitation, nutrition, and health care)
can increase the proportion of individuals reaching or
approaching the limit of longevity but cannot alter this limit
(2,3). Studies in laboratory populations of rats and mice
indicate that the life-spans of these animals can be extended
by reducing their daily food consumption, the so-called
caloric restriction effect (4,5). Caloric or dietary restriction
(CR) has been shown to modulate most aspects of free-
radical metabolism and thereby reduces overall oxidative
stress (6).

We recently reported (7) that genetically dwarf mice
(Ames dwarf, df/df) characterized by diminutive body size
and delayed puberty (owing to deficiencies in anterior
pituitary function) live much longer than normal animals
from the same strain when maintained under standard labo-
ratory conditions (ad libitum food and water) and, indeed,
can outlive their normal counterparts by more than 50%.
We suspect that GH deficiency is particularly relevant to
the extended survival of Ames dwarf mice because overex-
pression of GH in transgenic mice is associated with re-
duced life-span (PEPCK.bGH, 12 mo; [8,9]). Importantly,
GH overexpression is also associated with increased indi-
ces of free radical processes (10).

Thus, the increased longevity of Ames dwarf mice may
be linked to their reduced body size: the underlying endo-
crine defects, in particular GH deficiency; and potential
differences in free-radical indices and oxidative damage.
To investigate the role of plasma GH status in oxidative
metabolism, we evaluated the oxidative scavenging/detoxi-
fying capacity of tissues from mice exhibiting GH defi-
ciency and GH overexpression.

Factors affecting longevity are complex and poorly
understood. We have recently found that Ames dwarf
mice (df/df), which are deficient in growth hormone
(GH), prolactin, and thyroid-stimulating hormone, live
significantly longer than their normal siblings whereas
transgenic mice that overexpress GH exhibit reduced
life-spans and various indices of premature aging. The
production of reactive oxygen species increases with
aging and is associated with DNA damage to the
tissues. However, several cellular oxygen scavenging/
detoxifying systems exist that improve the anti-
oxidative defense capacity of cells. We evaluated the
activity of enzymes involved in this defense system in
liver, kidney, and heart tissue from dwarf, phosphoenol-
pyruvate carboxykinase–bovine GH transgenic, and
corresponding groups of normal mice. Liver glu-
tathione and ascorbate levels were lower (p < 0.0025)
in dwarf animals compared to normal and GH trans-
genic mice. By contrast, the level of catalase activity,
which detoxifies hydrogen peroxide, in dwarf liver and
kidney was significantly higher when compared to the
other groups. Animals deficient in GH (dwarf) live
longer and exhibit enzyme activities and levels that
may combat oxidative stress more efficiently than
normal mice and those overexpressing GH.

Key Words: Dwarf; delayed aging; antioxidative mecha-
nisms; hormones.

Introduction

Once the reproductive stage of life has ended, most
multicellular organisms exhibit a gradual decline in a vari-
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Results

The level of catalase activity (Fig. 1) in dwarf liver
and kidney was significantly higher (p ≤ 0.001) when
compared to the other groups. GH transgenic animals
had reduced levels of catalase activity in kidney tissue
(p ≤ 0.05) compared to corresponding normal animals
(Fig. 1). The level of catalase activity in heart tissue was
much lower than that detected in kidney in each group of
mice examined. However, no significant differences in
heart catalase activity were detected in dwarf, GH trans-
genic, and corresponding groups of normal animals (Fig. 1).

Liver glutathione (GSH) concentrations (Fig. 2) were
lower (p ≤ 0.0025) in dwarf animals compared to normal
siblings and GH transgenic mice. Enzymes involved in the
generation and recycling of GSH were also evaluated.
Normal mice from each line exhibited higher liver glu-
tathione peroxidase (GPX) activity compared to both dwarf
and GH transgenic mice (p ≤ 0.001; Fig. 3). However, in
both kidney and heart tissue, GPX activities were lower in
the dwarf line compared to the transgenic line of mice
(p ≤ 0.002; Fig. 3). Glutathione reductase (GR) activity in
the heart was significantly elevated in dwarf mice com-
pared to normal animals, whereas the kidneys of mice from
the dwarf line exhibited higher GR when compared to the
transgenic line (p < 0.05; Fig. 4). No significant differences
in GR activity between dwarfs and transgenics and their
respective normal control animals were detected in the liver
(Fig. 4). The level of glucose-6-phosphate dehydrogenase
(G6PDH) activity tended to be higher in the hearts of longer-
living dwarf mice when compared to both normal animals
from the same line and animals from the transgenic line
(Fig. 5). Significant differences in this enzyme were not
detected in either liver or kidney tissues of any line.

The concentration of the antioxidant ascorbic acid in
liver tissues was significantly decreased in GH-deficient
mice compared to normal controls (Fig. 6). By comparison,
mice expressing the GH transgene had elevated (p ≤ 0.0003)
liver ascorbic acid concentrations. Dehydroascorbate
reductase activity (DHAAR) was elevated in heart tissue of
GH transgenic animals compared to normal animals from
the same strain but did not differ between dwarfs and nor-
mal animals (df strain), nor were differences observed in
liver and kidney tissues (Fig. 7).

Fig. 1. Catalase activity in liver, kidney, and heart tissues from
Ames dwarf (Dwf), GH transgenic (Tg), and corresponding
groups of normal mice (N [Dwf] and N [Tg], respectively). Bars
represent means ± SEM. *p ≤ 0.001; **p ≥ 0.05.

Fig. 2. Liver glutathione levels in dwarf (Dwf), GH transgenic
(Tg), and corresponding groups of normal mice (N [Dwf] and N
[Tg], respectively). Bars represent means ± SEM. *p ≤ 0.0025.
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Discussion

A progressive decline in physiological systems occurs
in all organisms. One explanation for this decline involves
oxidative stress and subsequent oxidative damage to DNA,
proteins, and lipids. Most important, relatively longer life
expectancy is associated with a lower accrual of oxidative
damage (11–13). Two major endogenous mechanisms
appear to be important in reducing the overall detrimental
effects of oxidants on cells and in the maintenance of
homeostasis. Antioxidants and enzymes are the key
defense systems that control the levels of reactive oxygen
species (ROS) that cause oxidative damage to lipids, pro-
teins, and DNA.

In this study, we evaluated the antioxidant defense
capacity of the main organs involved in the detoxifying
processes, liver and kidney, and heart tissues in animals
with different life-spans and associated GH status. We
found that the Ames dwarf mouse, which lives 50–65%
longer than normal counterparts, exhibits higher levels of
catalase (an enzyme that detoxifies H2O2) activity in both
liver and kidney tissue. In conjunction with higher catalase
activity, we have previously shown that hepatic levels of
inorganic peroxides (a measure of H2O2) are reduced in the
dwarf (14). Catalase’s activity and mRNA decrease with
age whereas its activity increases following CR (15–18).

Fig. 3. GPX activity in liver, kidney, and heart tissues from Ames
dwarf (Dwf), GH transgenic (Tg), and corresponding groups of
normal mice (N [Dwf] and N [Tg], respectively). Bars represent
means ± SEM. *p ± 0.002.

Fig. 4. Glutathione reductase (GR) activity in liver, kidney
and heart tissues from Ames dwarf (Dwf), GH transgenic (Tg)
and corresponding groups of normal mice (N [Dwf] and
N [Tg], respectively). Bars represent means ± SEM. *p ≤ 0.05;
**p < 0.001 – N (Dwf) compared to dwarf mice.
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When catalase and another detoxification enzyme, super-
oxide dismutase (SOD), are overexpressed in Drosophila
melanogaster, a significant extension of life-span is
observed (19). Our laboratory has preliminary evidence
suggesting that SOD activity is also higher in dwarf liver
tissues compared to normal age-matched control mice
(Brown-Borg, H. M., unpublished observations). The
increased activity of catalase in liver and kidney tissues of
dwarf mice may represent a defense system that has been
upregulated via the absence of GH thus resulting in an
extended life-span. Oxidative damage may be greater in
tissues that are vulnerable to oxidative stress owing to their

metabolic activity (i.e., generate more ROS). This may
explain the lack of differences in heart tissue catalase activ-
ity when compared to metabolically active tissues such as
liver and kidney. The antioxidative defense systems in these
tissues rely on repair processes to maintain efficient func-
tioning. GH may impair repair processes, or detoxification/
elimination processes leading to greater oxidative insults in
these tissues and decreased catalase activity. In addition,
GH may be involved in the upregulation of ROS-generat-
ing processes, again leading to increased oxidative stress in
certain tissues.

In this study, we found reduced catalase activity in mice
with elevated plasma GH. Additional evidence supporting
the notion that GH is involved in modulating oxidative
metabolism stems from work by Rollo and coworkers (10),
showing that the levels of superoxide radical and lipid
peroxidation are elevated in rodents overexpressing GH.
Therefore, GH may downregulate catalase directly or aug-
ment ROS production, leading to an exhaustion of this
enzyme in animals with elevated plasma GH. The Ames
dwarf lacks GH, and thus catalase levels are elevated, lead-
ing to greater protection. Lower levels of nonenzymatic
antioxidants (glutathione and ascorbic acid) in liver tissues
from these mice suggest that catalase may play the major
role in the elimination of ROS or that utilization of these
antioxidants is greater in dwarf liver tissue compared to
normal animals.

GPX, which is also involved in the elimination of perox-
ides (20), is lower in dwarf liver compared to that of normal
animals and in kidney and heart of animals from the dwarf
line. The activity of GPX is coupled to GR, both of which
act to maintain reduced GSH levels (21) and thus are of
interest in models of aging. GR catalyzes the NADPH-
dependent reduction of GSSG, thus providing essential
GSH in vivo (22). This enzyme is higher in the hearts of
dwarf mice compared to normal animals. Since enzymatic

Fig. 5. Glucose-6-phosphate dehydrogenase (G6PDH) activity
in liver, kidney and heart tissues from Ames dwarf (Dwf), GH
transgenic (Tg) and corresponding groups of normal mice (N
[Dwf] and N [Tg], respectively). Bars represent means ± SEM.
*p = 0.06.

Fig. 6. Ascorbic acid (AA) concentrations in liver tissue from
Ames dwarf (Dwf), GH transgenic (Tg) and corresponding
groups of normal mice (N [Dwf] and N [Tg], respectively). Bars
represent means ± SEM. *p < 0.0025; **p < 0.0003.
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reactions involving G6PDH provide reducing equivalents
for reductive processes including the recycling of the anti-
oxidants, GSH and ascorbic acid (23), we also measured
the activity of this enzyme. A slight increase in G6PDH was
detected in dwarf heart but not the other tissues tested.
Enzyme activity differs across tissues depending on the
tissue function, metabolic activity, and amount of substrate
available in a specific tissue. Activity could be decreased
by negative feedback owing to surplus substrate or from
modifications resulting from oxidative damage (24).
Muscle tissue exhibits marked changes in antioxidant
enzyme activity in young vs old rodents (25); thus, heart
tissue collected from these mice may not show differences

at this specific age but changes may be detected over time.
Obviously, the balance between catalase and perhaps SOD
(or another enzyme or antioxidant) may be the key determi-
nant in the ability to combat oxidative stress and ultimately
extend life-span. These possibilities are currently under
study since these enzymes have been implicated in the aging
process (17,26).

The role of nonenzymatic antioxidative mechanisms in
this model of delayed aging may also be influenced by GH
status. GSH is oxidized to GSSG following the conversion
of hydrogen peroxide to water via GPX. GSH and ascorbic
acid concentrations are reduced in livers from the long-
lived GH-deficient dwarf. The relevance of ascorbic acid in
aging is controversial for two reasons. First, this vitamin is
generated in vivo in rodents but not in humans, because
ascorbate is provided by dietary supplementation. Second,
ascorbic acid can also act as a potent prooxidant in condi-
tions in which mineral status (iron storage disease; [27]) is
altered and may actually stimulate pathogenesis of these
types of diseases. Nevertheless, these antioxidants undergo
redox reactions and thus are constantly recycling; there-
fore, reduced levels of these products indicate that the dwarf
produces lower amounts of antioxidants, that these prod-
ucts are being rapidly recycled, or that utilization is greater.
The level of inorganic peroxides is lower in dwarf liver
compared to normal liver (14), suggesting that synthesis
may be responsible for the lower amounts of GSH and
ascorbic acid found. Lower production of ROS and less
oxidative damage leading to life extension is possible
because metabolism may be reduced in these mice
(Bartke, A., unpublished observations). In addition, core
body temperature is 1.5°C lower in dwarf mice when
compared to normal siblings (28). Also, GSH levels have
been found to be reduced in aging rodents (29–31) and
humans (32).

In contrast to the GH-deficient dwarfs, the animals that
express a GH transgene and exhibit significantly reduced
life-spans have lower catalase activity in liver and kidney
and higher liver ascorbic acid levels. Other evidence is
available suggesting that animals overexpressing GH and
living reduced life-spans, compared to normal controls,
exhibit signs of premature aging including reduced replica-
tive potential of cells in vitro (33), as well as indications
of premature central nervous system aging including
reduced catecholamine turnover (8), increased astrogliosis
(34), and impaired memory and learning (35). In addition,
reduced life-span has been reported in patients with
acromegaly and pituitary gigantism (both exhibit supra-
physiological levels of GH; [36,37]).

We believe that GH deficiency may be pertinent to the
extended life-span of Ames dwarf mice because over-
expression of GH in transgenic mice is associated with
reduced life-span, and other animal models (Snell dwarf) of
GH insufficiency also appear to live longer. Extension of
life-span in Ames dwarf and Snell dwarf mice (Dr. K.

Fig. 7. Dehydroascorbate reductase (DHAAR) activity in liver,
kidney and heart tissues from Ames dwarf (Dwf), GH transgenic
(Tg) and corresponding groups of normal mice (N [Dwf] and
N [Tg], respectively). Bars represent means ± SEM. *p < 0.05.
AA, ascorbic acid.
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Flurkey, personal communication, Bar Harbor, ME), which
are homozygous for unrelated mutations on different chro-
mosomes (38,39), strongly suggests that this effect is not
due to unknown pleiotropic effects of the mutated DW and
DF genes, but to phenotypic characteristics common to the
two mutants. In addition, preliminary evidence suggests
that transgenic animals expressing a GH antagonist outlive
their normal counterparts (J. J. Kopchick and W. Y. Chen,
personal communication).

Additional observations suggest that GH may play a role
in longevity of different species. Small breeds of dogs and
horses live longer than larger breeds (40), and shorter
people may live longer than taller people from the same
population (41). Some of these differences have been linked
to lower insulin-like growth factor-1 ([IGF-1], the main
mediator of GH action on growth) in smaller breeds of
animals (48-50). Reduced body size of Ames dwarfs
reflects deficiencies of GH and thyroid hormones, which
have well-documented effects on growth (plasma IGF-1
levels are below the detectability limit of radioimmunoas-
say (45). A report by Ooka and coworkers (46) suggests
that hypothyroidism induced by neonatal injection of
thyroxine extends life-span by 4 mo in male rats and 2 mo
in females, a modest increase in comparison to the Ames
dwarf. To our knowledge, no information is available
associating prolactin deficiency with life extension. There
is, however, a growing body of evidence suggesting that
GH plays a role in the aging process. This report, along
with others (10,47), links GH and oxidative metabolism
with aging and suggests that GH may be involved in lon-
gevity assurance.

The role of GH in aging processes is not without contro-
versy (for a recent review see ref. 48). Our data on rodents
as well as data by other investigators suggest that GH status
is associated with longevity and possibly antioxidative
mechanisms. However, in humans, the physiological symp-
toms of GH deficiency (muscle atrophy, increased adipos-
ity, reduced cardiac function [49,50]) that occur in
elderly individuals can be reversed by GH administration
(increased lean body mass, reduced adiposity, improved
general well-being [49]). Although these results are inter-
esting, the studies in aging patients have been conducted on
a short-term basis, and therefore it will be necessary to
examine long-term, well-controlled studies to determine
whether GH replacement is beneficial. Signs of premature
aging are not detected in rodent models of GH deficiency
as they are in GH deficient humans (Werner’s syndrome
[51]) nor is there an increase in mortality as noted in
hypopituitary patients. Bates and coworkers (52) suggest
that the observed increase in mortality in hypopituitary
patients is primarily owing to pituitary tumors and the
effects of treatment. As mentioned previously, GH-defi-
cient rodents enjoy a healthy, extended life-span in com-
parison to normal control animals and those overexpressing
this hormone. In addition, the effects of GH on aging may

be related to biphasic dose-response relationships, body
size, cell division, and metabolism (48). Therefore, some
evidence exists supporting both accelerated and deceler-
ated aging in association with GH. It is obvious that much
more research is necessary to reconcile the differences.

To date, calorie-restricted rodents have been used to
explore mechanisms of delayed aging. The dwarf mouse
and the calorie-restricted rodent model share many
characteristics including reduced body weights, lower
plasma glucose and insulin, increased plasma corti-
costerone concentrations, lower body temperatures, and
possibly suppressed ROS production (28,53–56). Our data
suggest that tissues from dwarf mice have an increased
ability to scavenge free radicals (increased catalase and
depressed H2O2) and thus may be less vulnerable to oxi-
dative damage. Therefore, the dwarf mutant may represent
a unique example of a “gerontogene” in mammalian spe-
cies and hence provide an important genetic model in which
to study oxidative mechanisms, hormones, and delayed
aging.

Materials and Methods

Ames dwarf, GH transgenic, and corresponding groups
of age-matched normal littermate mice were maintained at
the Southern Illinois University vivarium facilities under
controlled conditions of photoperiod (12 h light:12 h dark)
and temperature (22 ± 1°C) with ad libitum access to food
and water. All procedures involving animals were reviewed
and approved by the Southern Illinois School of Medicine
Institutional Animal Care and Use Committee. The GH
transgenic animals used in these studies were derived from
a single male founder produced by microinjection of the
phosphoenol pyruvate carboxykinase promoter region
(300 bp)/bGH hybrid gene into the male pronucleus of
single-cell embryos. The production and initial character-
ization of transgenic animals were described previously
(57,58).

Liver, kidney, and heart tissues were collected, rapidly
frozen, and maintained at –80°C until analysis. For enzyme
assays, frozen tissues were weighed, minced, and homog-
enized on ice with a teflon pestle in homogenizing buffer
(20 mM MOPS, 300 mM sucrose, and 0.1 mM EDTA, pH
7.2). The homogenate was centrifuged for 30 min at 16,250g
and the supernatant fraction used for analysis of various
enzyme activities. Protein concentration was determined
using the Bradford assay (59).

For measurement of ascorbic acid or glutathione, frozen
tissues were weighed, minced, and homogenized in either
0.5 mL ice cold 0.3% metaphosphoric acid ([MPA], with
0.1 mM EDTA and 1 mM thiourea to stabilize ascorbic
acid) or 4 vol (w/v) of 1% picric acid, respectively. Acid
homogenates were centrifuged at 16,250g rpm for 30 min
and supernatant fractions were analyzed for ascorbate or
glutathione and glutathione disulfide.



Antioxidative Mechanisms and Plasma GH Levels/Brown-Borg et al.Vol. 11, No. 1 47

Measurement of Ascorbic Acid

For each sample, the supernatant fraction was added to
10% MPA (containing 0.1 mM EDTA and 1 mM thiourea
as described previously) in triplicate. Concentration of ascor-
bic acid was measured by high performance liquid chroma-
tography with electrochemical detection (ECD) (60).

Measurement of Glutathione and Glutathione Disulfide

Supernatant fractions in picric acid were assayed for
total glutathione (GSH) and glutathione disulfide (GSSG)
by the standard recycling method (61), and glutathione
content was determined using a standard curve generated
from known concentrations of glutathione. One-half of each
sample was used for GSSG determination and the other half
for GSH. Samples for GSSG determination were incubated
at room temperature with 4-vinyl pyridine for 1 h, which
allows for measurement of only GSSG without interfer-
ence by GSH. The GSSG (as GSHx2) was then subtracted
from the total GSH to determine the actual level of GSH.

Measurement of Enzyme Activities

The supernatant fractions homogenized in buffer were
used to determine a variety of enzyme activities, including
catalase ([62]; EC 1.11.1.6), G6PDH ([23]; EC 1.1.1.49),
GR ([22] EC 1.6.4.2), and glutathione peroxidase ([20] EC
1.11.1.9). All activities were measured spectrophotometri-
cally at varying wavelengths.

Differences between means were assessed utilizing
Prism (GraphPad Software, San Diego, CA). A one-way
analysis of variance (ANOVA) or a multiple ANOVA was
used to determine significant differences among means.
When needed, a Student Newman Keuls post hoc test was
used to test for specific differences. The accepted level of
significance for Fobs was p < 0.05.
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