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The physiological decline that occurs In aging Is thought to
result, in part, from accumulation of oxidative damage gener-
ated by reactive oxygen species during normal metabolic pro-
cesses. Elevated levels of antloxldatlve enzymes In liver tissues
are present In the Ames dwarf, a growth hormone (GH)-deflclent
mouse that lives more than 1 year longer than wild-type mice
from the same line. In contrast, transgenic mice that overex-
press GH exhibit depressed hepatic levels of catalase and have
significantly shortened life spans. In this study, we evaluated
the In vitro effects of GH and Insulin-like growth factor 1 (IGF-1)
on antioxidative enzymes In mouse hepatocytes. Hepatocytes
were Isolated from wild-type mice following perfusion of livers
with a collagenase-based buffer. Dispersed cells were plated on
Matrlgel and treated with rat GH (0.1, 1.0, or 10 IJg/ml) or IGF-1
(0.5,5.0, or 50 nM) for 24 hr. Hepatocytes were recovered and
protein was extracted for Immunoblottlng and enzyme activity
assays of catalase (CAT), glutathione peroxidase (GPX), and
manganese superoxlde dismutase (MnSOD). A 41% and 27%
decrease In catalase activity was detected In cells treated with
GH, whereas IGF-1 reduced CAT activity levels to a greater ex-
tent than GH (P < 0.0001).The activity and protein levels of GPX
were also significantly depressed In cells treated with GH,
whereas activity alone was decreased In cells treated with IGF-1
(P < 0.04). GH significantly suppressed MnSOD levels by 40%
and 66%In 1.0 and 0.1 IJg/mlconcentrations, respectively. Simi-
larly, IGF-1 decreased MnSOD protein levels (5 nM; P < 0.05).
These results suggest that GH and IGF-1 may decrease the abil-
Ity of hepatocytes to counter oxidative stress. In addition, these
experiments provide an explanation for the differing antloxlda-
live defense capacity of GH-deflclent versus GH-over-
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expressing mice, and they suggest that GH Is directly Involved
in antioxidant regulation and the aging process.

[Exp Bioi Mad Vol. 227(2):94-104, 2002]
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Mechanisms that control the rate of aging and life
span are not well understood, It is known, how-
ever, that factors that promote the generation of

cellular reactive oxygen species (ROS) and/or impair anti-
oxidative processes contribute to oxidative damage. Oxida-
tive damage accumulates with aging and is likely respon-
sible for the progressive decline in physiological systems
that occurs in virtually all organisms. The identification of
physiological regulators of antioxidative processes is criti-
cal to the understanding of aging and aging processes.

We have shown that mice with hereditary dwarfism
(Ames dwarf) exhibit an upregulation of antioxidative de-
fense capacity (1, 2) and a significant extension of life span
compared with wild-type siblings (3). These mice are defi-
cient in growth hormone (GH), prolactin (PRL), and thyroid
stimulating hormone (TSH) due to a mutation in Prop-l, a
factor required for appropriate differentiation of the pitu-
itary gland during development (4,5). Phenotypically iden-
tical dwarf mice (Snell; also deficient in GH, PRL, and
TSH) also live longer than normal, wild-type siblings (6, 7).
In contrast, high plasma GH levels in mice are associated
with a depressed antioxidative defense capacity (2, 7) and a
life span one-half that of wild-type mice (8). Our evidence
in Ames dwarf mice along with reports in other species
(yeast, nematodes, and flies) support the hypothesis that the
GH/insulin-like growth factor (IGF)-l pathway is involved
in the regulation of aging. Therefore, the following studies
were performed to evaluate the role of GH and IGF-l on the
expression and activity of antioxidative enzymes and pro-
teins in vitro. The results of these studies suggest that, in-
deed, GH/IGF-I can exert direct effects on cells and can
alter expression of various antioxidative enzymes that may
contribute to the rate of aging and life span in mammals.



Materials and Methods

Two experiments were performed to determine the role
of GH and IGF-I on the expression of antioxidative en-
zymes. For Experiment I, 6-month-old normal, wild-type
mice (C57BI/6J x C3H/J) mice were utilized for hepatocyte
cultures. In Experiment 2, hepatocytes were isolated from
6-month-old Ames dwarf, 4-month-old GH transgenic, and
corresponding groups of age-matched wild-type mice. All
mice were maintained at the University of North Dakota
vivarium facilities under controlled conditions of photope-
riod (12: 12-hr lightdark) and temperature (22° ± 1°C) with
ad libitum access to food (PMI International, St. Louis, MO;
Lab diet, ;::::23% crude protein/a 4.5% fat) and water. The
Ames dwarf mice used in these studies were derived from a
closed colony (over 20 years) on a heterogeneous back-
ground. Ames dwarf (df/df) mice were produced by mating
dwarf (df/df) or carrier (dfr) males to carrier (df/") females.
The GH transgenic and wild-type animals used in this study
were kindly provided by Dr. Andrzej Bartke (Carbondale,
Southern Illinois University) and were derived from a single
male founder (strain B6SJL) produced by microinjection of
the phosphoenolpyruvate carboxykinase (PEPCK) promoter
region (300 bp)/bGH hybrid gene into the male pronucleus
of single-cell embryos. The production and initial charac-
terization of the transgenic animals were described previ-
ously (9, 10). The Institutional Animal Care and Use Com-
mittee at the University of North Dakota approved all pro-
cedures utilizing animals. All chemicals were obtained from
Sigma (St. Louis, MO) unless otherwise noted.

Isolated hepatocyte cultures were prepared (utilizing
modified procedures of Berry and coworkers [II)) with
liver tissue isolated from 6-month-old male mice. Each ani-
mal was anesthetized with 2.5% tribromoethanol (i.p. 100
/Jol/IO g body wt). The portal vein was cannulated and the
liver was preperfused with warm (37°C) calcium-free
HEPES preperfusion buffer (pH 7.65; 160.8 mM NaCI, 3.15
mM KCI, 0.7 mM NazHP04-7HzO, 33 mM HEPES, and 0.5
M EDTAl500 ml buffer) for IS min followed by a -IS-min
perfusion with collagenase solution (0.03% collagenase
[Worthington, Lake Park, NJl, I% glucose, and t mM
csci, in preperfusion buffer [without EDTA)). Following
perfusion, livers were removed and the cells were trans-
ferred, washed (Wash Media; Life Technologies, Rockville,
MD), and cultured in serum-free HepatoStim Media (Bec-
ton Dickinson, Mountain View, CA). Trypan blue dye ex-
clusion was used to assess cell viability and integrity. He-
patocyte suspensions prepared in this manner maintain high
levels of integrity (12) and reflect the metabolic capabilities
of cells in vivo (11). Culture dishes (60 x IS mm) were
Coatedwith MatriGel (Becton Dickinson) for 30 min (37°C)
prior to the addition of cells. Hepatocytes from three to five
animals per line were pooled for each set of experiments.
Cells were resuspended in Attachment medium (Life Tech-
nologies) containing 1% pen/strep and 5% FBS (HyClone,

Logan, UT) and were seeded (2 x 106
) into dishes coated

with MatriGeI. Cells were allowed to attach for 2 hr, at
which time the medium was exchanged for serum-free
HepatoStim media containing 1% pen!strep and 2 mM glu-
tamine. The cells were then incubated overnight at 37°C and
5% COz. This time period allowed hepatocytes to recover
from the isolation procedures. Following this incubation,
fresh media was added, cells were allowed to equilibrate for
2 hr, and then the following hormone treatments were ad-
ministered to cells for 24 hr. The concentrations of GH (rat
GH-13; National Hormone and Pituitary Program [NHHP))
employed were 0.1, 1.0, and 10 ug/ml media. IGF-I (re-
combinant human IGF-I, Genentech, San Francisco, CA)
was used at concentrations of 0.5, 5.0, and 50 nM. An
antagonist to IGF-I (20 ug/ml, H1356, Bachem, King of
Prussia, PA) was added to one-half of the 5.0 nM IGF-I
plates to inhibit the actions of IGF-I (receptor blocker
[RB)). Prolactin (PRL; ovine; oPRL-21; NHHP; 10, 100,
and 1000 ng/m\) and luteinizing hormone (ovine; oLH-26;
NHHP; 0.25, 2.5, and 25 ng/m\) were also examined to test
hormone response specificity. Cells were washed with
HEPES buffer, and MatriSperse (Becton Dickinson) was
added to the plates to dissolve the MatriGel (4°C). Cell
samples were washed in ice-cold HEPES, pelleted via cen-
trifugation, and stored at -70°C until analyses were performed.

Enzymes measured included catalase, which catalyzes
the detoxification of HzOz by disproportionating the HzOz
to HzO and 0z' manganese superoxide dismutase
(MnSOD), which catalyzes the dismutation of two super-
oxide anion molecules to form HzOz and Oz in mitochon-
dria, and glutathione peroxidase (GPX), which performs
functions similar to catalase in mitochondria. Activity and
immunoblotting procedures are described below.

For enzyme assays, frozen hepatocyte samples were
homogenized on ice with a Teflon pestle in buffer (20 mM
MOPS, 300 mM sucrose, and 0.1 mM EDTA at pH 7.2).
The homogenate was centrifuged for 30 min at 13,OOOg and
the supernatant fraction was used for analysis of enzyme
activities. Protein concentration was determined using the
Bradford assay (13). The supernatant fractions were used to
determine catalase enzyme activity (EC 1.11.1.6) (14) at
240 nm spectrophotometrically (I, 2) and GPX activity (340
nm) (1, IS). Activity values are calculated with respect to
appropriate concurrently run blanks.

Human erythrocyte catalase antibody (Calbiochem, La
Jolla, CA) was used to detect catalase levels (16, 17) using
an ImmunStar chemiluminescence detection system (Bio-
Rad, Hercules, CA) as previously described (2). Catalase
was identified via comparison with molecular weight stan-
dards and purified human erythrocyte catalase (Sigma).
Similar procedures were employed to detect GPX and
MnSOD protein levels in these samples except that antibod-
ies to GPXI and MnSOD (kindly provided by Dr. Douglas
Wallace, Emory University, Atlanta, GA) (18, 19) and
SuperSignal West Pico substrate (chemiluminescence) were
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employed along with molecular weight markers. Differ-
ences in catalase, GPX, and MnSOD protein were deter-
mined densitometrically (Bio-Rad Imaging Densitometer
and Molecular Analyst software) following exposure of the
membrane to x-ray film.

In each experiment, differences between means were
assessed utilizing Prism (Graphpad, San Diego, CA). A
simple one-way analysis of variance (ANOVA) was used to
determine significant differences among means. When
needed, a Newman-Keuls post hoc test was used to test for
specific differences. For comparison of protein levels based
on densitometric analysis, students t tests were employed.
The accepted level of significance was P < 0.05.

Results

These experiments were conducted to evaluate the ef-
fect of both GH and IGF-1 on the activity and protein ex-
pression of enzymes involved in antioxidative processes. In
Experiment 1, the data presented are derived from hepato-
cytes of normal, wild-type animals and are representative of
a minimum of two experiments. The activity of the catalase
enzyme in mouse hepatocytes was suppressed 41% and
27% in the presence of GH at 1.0 and 10.0 I-1g/ml, respec-
tively (P < 0.002; Fig. 1). IGF-l, the major mediator of GH
action, also directly decreased the activity of catalase by
49%, 34%, and 50% at 0.5, 5.0, and 50 nM, respectively (P
< 0.002; Fig. 1). However, immunoblots of hepatocyte pro-
teins revealed significant increases in catalase protein (Fig.
2) following GH treatment (P < 0.02 - 0.1 I-1g/ml; P <
0.002-1.0 and 10 ug/ml). In agreement, 24 hr following
treatment, both 5 and 50 nM IGF-1 also increased the

amount of catalase protein in cultured mouse hepatocytes (P
< 0.0007; Fig. 2). The addition of an IGF-l receptor blocker
prevented the increase in catalase protein levels and main-
tained levels similar to that of the control.

The antioxidative enzyme GPX was also evaluated fol-
lowing in vitro treatment with GH or IGF-l. The activity of
GPX was decreased 34%, 34%, and 18% by each concen-
tration of GH (0.1, 1.0, and 10 ug/ml, respectively; P <
0.002), a response similar to that observed in the activity of
catalase (Fig. 3). GH treatment resulted in an even greater
suppression (P < 0.05) in GPX protein levels: 50%, 50%,
and 46% in 0.1, 1.0, and 10 I-1g/ml GH, respectively (Fig. 4)
compared with nontreated control cell protein levels. In re-
sponse to IGF-l treatment, the GPX activity of mouse he-
patocytes also declined (P < 0.04) when compared with
control hepatocytes. Along with IGF-1, lower levels of GPX
activity were also maintained following the addition of a
receptor blocker (Fig. 3). Hepatocyte GPX protein levels
were only numerically lower following treatment with
IGF-1 (Fig. 4). Likewise, the addition of an IGF receptor
blocker did not significantly alter GPX protein levels, main-
taining levels similar to that of control hepatocytes.

Hepatocyte MnSOD protein levels were decreased sig-
nificantly by 0.1 and 1.0 ug/ml GH (66% and 40% respec-
tively; P < 0.01; Fig. 5). In addition, IGF-1 at 5.0 and 50 nM
concentrations depressed MnSOD protein (P < 0.05). A
similar suppressive effect of GH on MnSOD protein expres-
sion (44% decrease) was observed in hepatocytes isolated
directly from GH transgenic mice (P < 0.05; Fig. 6) com-
pared with wild-type mouse hepatocytes.

To determine whether the antioxidative enzymes were

Figure 1. Hepatocyte catalase actiVity (micromoles per minute per milligram of protein) in normal, wild-type mice treated with GH or IGF-1.
Values represent means ± SEM. An asterisk represents differences between treated and control, untreated hepatocytes. *P < 0.002.
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Figure 2. Catalase protein levels determined via immunoblotling (relative 0.0. units) in normal, wild-type mouse hepatocytes treated with
GH or IGF-1. Values represent means ± SEM. An asterisk represents differences between treated and control, untreated cells."p < 0.02;
••p < 0.002; •••p < 0.0007.

Figure3. Hepatocyte glutathione peroxidase activity (micromoles per minute per milligram of protein) in normal, wild-type mice treated with
GH or IGF-1. Values represent means ± SEM. An asterisk represents differences between treated and control, untreated hepatocytes."P <
0.04; ••P < 0.002, •••P < 0.0005.

specifically downregulated by GH and IGF-I, other protein
hormones were administered to hepatocytes in various con-
centrations. In contrast to GH and IGF-l, PRL, a structur-
ally similar hormone, and luteinizing hormone (LH), had no
significant effect on catalase activity or protein (data not
shown). Furthermore, PRL treatment did not significantly
alter hepatocyte GPX activity, although the 25 ng/ml con-
centration of LH decreased the activity of this enzyme in
cultured hepatocytes (data not shown) when compared with
control, nontreated cells. No major differences in the levels

of GPX protein were revealed by immunoblotting following
treatment of hepatocytes with PRL or LH (data not shown).

In Experiment 2, the effects of hormone treatment on
enzyme expression in GH-deficient Ames dwarf hepato-
cytes were evaluated. The enzyme activity levels in un-
treated (control) cells of catalase (440.2 ± 53.7 vs. 312.9 ±
23.6 umol/min/mg protein; P < 0.02) and GPX (372.1 ±
31.0 vs. 269.8 ± 15.3 umol/min/mg protein; P < 0.002)
were higher in normal, wild-type versus dwarf hepatocytes,
respectively. When dwarf hepatocytes were treated with
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Figure 4. Glutathione peroxidase protein levels determined via immunoblotting (relative 0.0. units) in normal, wild-type mouse hepatocytes
treated with GH or IGF-1. Values represent means ± SEM. An asterisk represents differences between treated and control, untreated cells.
'p < 0.05.

Figure 5. Manganese superoxide dismutase protein levels determined via immunoblotting (relative 0.0. units) in normal, wild-type mouse
hepatocytes treated with GH or IGF-1. Values represent means ± SEM. N asterisk represents differences between treated and control,
untreated cells."P < 0.05; ••P < 0.01; ••• P < 0.001.

GH, no significant changes in catalase activity were ob-
served (Fig. 7). Although the levels of catalase protein in
dwarf control hepatocytes tended to be higher following GH
treatment, only the 1.0 ....g/ml concentration was significant
(Fig. 8). Administration of IGF-I (5.0 nM) slightly de-
creased catalase activity in dwarf cells (14%; P < O.O~; Fig.
7) and tended to decrease catalase protein levels (Fig. 8),
although not significantly. The IGF receptor blocker re-
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turned catalase protein levels to that of the control. In con-
trast, GH decreased catalase activity in normal, wild-type
hepatocytes from the dwarf line (data not shown) similar to
that observed in experiments presented in Figure I. Overall,
catalase activity tended to be lower in hepatocytes from
dwarf mice when compared with normal, wild-type cells
cultured and treated at the same time. With the exception of
10 ....g/ml GH and 0.5 nM IGF-l (concentrations that were



Figure 6. Liver manganese superoxide protein levels determined
via immunoblotting (relative 0.0. units) in GH transgenic versus wild·
type mouse hepatocytes. Values represent means ± SEM. An as-
terisk represents differences between transgenic and Wild-type mice.
'P < 0.05.

not significantly different from respective controls), the per-
cent decrease in catalase activity (compared with control,
nontreated cells) was less in dwarf growth factor-treated
hepatocytes compared with wild-type growth factor-treated
hepatocytes.

GPX activity, on the other hand, was increased 67%,
82%, and 47% in dwarfhepatocytes treated with GH at each
concentration tested (0.1, 1.0, and 10 ug/ml respectively; P
< 0.0001; Fig. 9) compared with control, untreated dwarf
cells. Corresponding levels of GPX protein, however, did
not differ significantly following the addition of GH (data
not shown). Conversely, neither IGF-l nor the receptor
blocker significantly altered GPX activity (Fig. 9) or GPX
protein levels of dwarf hepatocytes (data not shown).

Discussion

The results of these experiments strongly suggest that
GH and/or IGF-l exert direct effects on components of the
antioxidative defense system in mice. Our previous studies
have shown that mice deficient in both GH and IGF-l
(Ames dwarf) (20) exhibit heightened antioxidative de-
fenses (1, 2) and less oxidative damage to proteins and DNA
When compared with wild-type mice (21). These mice are
extremely long-lived, living 49%-64% longer than male
and female wild-type siblings, respectively (3). There is also
behavioral evidence demonstrating that aging is delayed
significantly; learning, memory, and locomotor activities
remain intact compared with age-matched wild-type con-
trols that exhibit the normal age-related decline in these
functions (22).

For these studies, there were several reasons for choos-
ing isolated hepatocytes to test the effects of GH and IGF-l
on antioxidative capacity. The liver is the major targ,et organ

of GH and is, metabolically, a very active tissue. In addi-
tion, previous characterization of these enzymes was per-
formed in intact livers of each of the mice described in the
current experiments. Primary hepatocyte culture is a useful
model for studying cellular physiology and biochemistry, as
these cells retain a variety of normal functions, reflecting
the metabolic capabilities of cells in vivo (11) and they
maintain a high level of cellular integrity (12). The culture
procedures and 24-hr time period utilized in these experi-
ments allowed hepatocytes to recover from the isolation
procedures, including possible restoration of hormone re-
ceptors, restoration of normal intracellular ions and gluta-
thione levels, repair of DNA damaged during isolation, re-
moval of proteolytic enzymes, and removal of damaged
hepatocytes. .

The suppressive effects of in vitro GH and IGF-l on the
activity of the catalase and GPX enzymes are striking. This
effect was not limited to one strain of mice, but also was
observed in wild-type mice from the Ames dwarf line. In
agreement, in vivo evidence shows that mice with lifelong
elevated plasma GH (due to transgene expression), have
suppressed levels of catalase activity, protein, and mRNA in
liver, kidney, and heart tissues (2, 23). Furthermore, high
plasma GH is associated with increased levels of ROS and
increased oxidative damage to tissues (21, 24). Reduced
activity of antioxidative enzymes may be responsible for
some of the pathologies associated with disorders of GH
excess such as acromegaly.

In stark contrast to animals overexpressing GH, in the
absence of plasma GH and IGF-l, catalase activity is sig-
nificantly higher in several tissues of dwarf mice, including
the liver (l, 2). In addition, GH receptor knockout mice also
exhibit altered antioxidative defenses and long life (7, 25).
However, one report has shown that short-term in vivo GH
treatment elevates catalase activity in rats (26). In our study,
protein levels of catalase were increased in the presence of
GH and high concentrations of IGF-l in two different
strains of mice. The observed increase in catalase protein
may reflect an adaptive response of the cells to the apparent
depressed activity of the enzyme in the presence of GH. The
loss of activity may reflect protein instability due to poten-
tial actions of GH on degradation enzymes or perhaps ac-
tivity is not strongly dependent on amounts of enzyme.
However, GH and IGF-l are known to stimulate general
protein synthesis, which may result in an increase in cata-
lase protein levels. Analysis of catalase gene expression will
be evaluated in future experiments. Additionally, an overall
increase in metabolism associated with GH treatment could
increase the production of free radicals, potentially over-
whelm the system, and/or alter activity of other enzymes
such that the system is not able to appropriately counter the
oxidative attack.

GPX plays a major role in the elimination of hydrogen
peroxide (H20 2) in mitochondria, serving a function similar
to catalase. The activity and protein level of GPX declined
following treatment with GH and IGF-l, suggesting that
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Figure 7. Hepatocyte catalase activity (micromoles per minute per milligram of protein) levels in Ames dwarf mice treated with GH or IGF-1.
Values represent means ± SEM. An asterisk represents differences between treated and control, untreated cells."p < 0.05.

Figure 8. Catalase protein levels determined via immunoblotling (relative 0.0. units) in Ames dwarf hepatocytes treated with GH or IGF-1.
Values represent means ± SEM. An asterisk represents differences between treated and control, untreated cells."p < 0.05.

GPX may also be hormonally regulated. In contrast to cata-
lase, however, GPX protein was not elevated, rather, it was
depressed, indicating potential differential regulatory path-
ways between GPX and catalase or possibly differences in
protein stability. The antibody employed to detect GPX is
specific for GPX1, the primary selenium-dependent, gluta-
thione-utilizing peroxidase in the liver (18, 19). The liver is
highly dependent upon GPXl for mitochondrial antioxidant
defense (18, 19, 27). Therefore, the reduction in both activ-
ity and protein levels of this critical detoxification enzyme
may be key in the overall antioxidant status in GH-deficient
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and GH-overexpressed states. Also, within the mitochon-
dria, MnSOD is responsible for the dismutation of super-
oxide anion into HzOz and Oz. Both GH and IGF-I altered
MnSOD in a manner similar to catalase and GPX. We have
previously shown that both MnSOD and catalase are also
downregulated in transgenic mice that overexpress GH
(Ref. 2 and H. Brown-Borg, unpublished data).

Few reports outside of our current study have evaluated
the effects of GH/IGF-l on antioxidative enzymes in hepa-
tocytes. The administration of IGF-l to a rat model of liver
cirrhosis improved liver function and reduced oxidative



Figure 9. Hepatocyte glutathione peroxidase activity (micromoles per minute per milligram of protein) in Ames dwarf mice treated with GH or
IGF-1. Values represent means ± SEM. An asterisk represents differences between treated and control, untreated hepatocytes.••P < 0.0001.

liver damage and fibrosis by preventing the reduction in
antioxidative enzymes (catalase, SOD, and GPX) that nor-
mally accompanies this condition (28). Although the posi-
tive changes in liver function may be due to direct effects of
IGF-l on antioxidative enzymes, the authors suggested that
in this experimental paradigm, the observed changes in en-
zyme activities may reflect a general effect of the hormone
in promoting protein synthesis in damaged liver cells. The
hepatocytes in our system originated from healthy mice, and
changes in enzyme activities were specific for GH and/or
IGF-l.

Multiple reports demonstrate potential modulation of
antioxidative enzymes (levels, activity, or both) by hor-
mones (reviewed in Ref. 29), including but not limited to
GH, PRL, TSH, insulin, estrogen, and glucocorticoids. Al-
terations in antioxidant enzymes in response to hormone
may be tissue specific and dose dependent. For example,
several genes involved in oxidative metabolism are upregu-
lated by thyroid hormone (30), and hyperthyroidism results
in marked increases in SOD, catalase, and GPX compared
with controls (31). In contrast, no adverse reactions medi-
ated by ROS are found in hypothyroid rats, and hypothy-
roidism in rats does not alter lipid peroxidation (32). PRL,
a hormone with some structural and functional similarities
to GH, has been shown to stimulate expression of both
CuZn-SOO and MnSOO mRNA in rats (33). In addition,
levels of both GH and PRL are positively correlated with
increased sao activity, whereas follicle stimulating hor-
mone is associated with increased catalase activity in mam-
mary tissue (34, 35).

High concentrations of insulin, which can bind to IGF
type I receptors, suppress MnSOO and catalase activity in
rat brainstem (36). Conversely, low-dose insulin stimulates
MnSOO and has no effect on catalase, regardless of dose,

(37), in brown adipose tissue. Other reports present evi-
dence of a strong negative correlation between serum insu-
lin levels and catalase activity showing that insulin de-
creases the rate of liver catalase synthesis without affecting
degradation (38). Indeed, hyperinsulinemia is strongly as-
sociated with the development of significant age-related dis-
eases (39-41) and enhanced mortality (42). Our study,
along with others, indicates that hormones modulate anti-
oxidative defense and therefore, hypo- or hyperhormone
states can influence overall antioxidative status. Further-
more, peroxisomal enzymes may be regulated differentially
in humans and rodents (43), therefore, the direct implica-
tions of reduced enzyme activity remain to be determined.

The observation that catalase activity was not altered by
GH treatment of hepatocytes from dwarf mice was Unex-
pected. We hypothesized that cells from GH-deficient mice
would respond to in vitro GH treatment and reduce catalase
activity. However, dwarf mice lack GH throughout life,
which may preclude the hepatocyte from expressing GH
receptors. Therefore, the overall numbers of GH receptors
may differ tremendously between dwarf and normal cells.
The short-term nature of the hepatocyte culture and envi-
ronment may not have allowed appropriate time for upregu-
lation of receptors in dwarf cells, thus prolonging the time
necessary for a cellular response equivalent to a normal
hepatocyte. Conversely, the activity of GPX was consis-
tently elevated in GH-treated dwarf hepatocytes. As shown
in wild-type hepatocytes, catalase and GPX may be differ-
entially regulated by GH or IGF-I. Exogenous GH admin-
istration to Ames dwarf mice has been shown to increase
body weight, increase plasma IGF-l, and modulate basal
LH secretions, thereby increasing circulating testosterone
levels and enhancing steroidogenic capacity of the testes
(20). In addition, the altered responses in the dwarf may
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result from culture conditions that may have "normalized"
the environment for the dwarf cells in that the levels of
growth factors, insulin, glucose, etc. were different than
those they are exposed to in vivo. Unfortunately, the for-
mulation of the serum-free media used for these studies is
proprietary knowledge (HepatoStim Media; Becton Dickin-
son). However, we were assured that GH and IGF-l are not
key components of this media (Becton-Dickinson represen-
tative, personal communication), but it is possible that key
factors of serum are required to maintain appropriate re-
sponse to some factors in vitro. Moreover, the lack of GH
and IGF-l throughout life in Ames dwarf mice has obvious
effects on development---clearly observed are those effects
on growth, body size, and sexual maturation. In calorie-
restricted rodents, plasma IGF-l concentrations are also sig-
nificantly reduced, resulting in a similar phenotype. The
reduced GH signaling in these animals may have significant
metabolic effects that we are just now beginning to examine
and understand.

Both GH and IGF-l specifically suppressed antioxidant
enzyme activities, whereas other protein hormones tested
(PRL and LH) had little if any effect. It is possible that the
downregulation of antioxidative enzymes in hepatocytes
from IGF-l directly represents an in vitro artifact. It is
known that very few IGF-l receptors are expressed on liver
cells in vivo (44) as the liver is thought to respond directly
to insulin. However, in vitro hepatocytes do maintain the
ability to respond to GH (45).

Possible mechanisms of GH/IGF-l actions on antioxi-
dative enzymes include modulating regulatory pathways
(synthesis, degradation, and enzyme kinetics); reducing the
generation of ROS, thereby reducing the need for antioxi-
dative enzymes; impairing repair pathways, resulting in
more oxidative stress/damage; or generally decreasing
metabolic activity of cultured hepatocytes. In some tissues,
it has been shown that the activity of catalase is directly
proportional to substrate levels (46). In brown fat tissue,
insulin treatment did not change catalase activity, suggest-
ing that H20 2 levels were maintained by other mechanisms.
In adipocytes, insulin stimulates intracellular H20 2 produc-
tion (47) and may serve as an intracellular signaling mol-
ecule. The incidence of hyperinsulinemia (and increased
insulin resistance) increases with aging, whereas catalase
synthesis decreases with aging (48). Such changes are as-
sociated with an increase in age-related disease. If this is
true in hepatocytes, GH may be reducing overall H20 2 pro-
duction. This seems unlikely as GH generally upregulates
metabolic activity and thus, H20 2 generation. Furthermore,
there are reports showing that GH transgenic mice have
elevated superoxide radicals, increased lipid peroxidation
(24), and oxidative protein damage (21) when compared
with normal, wild-type mice.

In the context of aging, this data strongly supports ob-
servations correlating life span with levels of GH and Gill
IGF-l signaling. GH-deficient mice exhibit heightened an-
tioxidant defenses, less oxidative damage, and they live
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longer than wild-type siblings (1-3, 6). In sharp contrast,
mice with a GH transgene express high levels of GH, they
have reduced antioxidant capacity, and they experience
more oxidative damage than wild-type littermates (2, 8, 21,
23). In fact, it is well recognized that individuals (within a
species) with disrupted GilllGF/insulin signaling live
longer than wild-type individuals. This concept is sustained
in species ranging from mice (Ames [Prop-] mutant; Ref. 3]
and Snell [Pit-] mutant; Ref. 6] dwarfs, and GH receptor
knockout dwarf [25, 49]) to flies (insulin receptor mutant
[50] and insulin receptor substrate [chico] mutant [51]) to
nematodes (daf-2 [52] and age-l mutants [53]; both com-
ponents of insulin/IGF pathway) to yeast (PKA and Sch9
[54]; both involved in nutrient utilization/Akt/PKB). Inter-
estingly, a human correlate of the Ames dwarf residing on
the Island of Krk exhibit mutations in the Prop-I gene and
live significantly longer than normal individuals within this
same population (55). Therefore, the control of metabolic
activity by the GH/IGF/insulin signaling pathway may be a
universal regulator of aging across species. Finally, al-
though aging is associated with an overall decline in anti-
oxidative enzyme activities and a striking increase in H20 2

production, based on the results of the current study, the
decline in GH that occurs with aging may provide a mecha-
nism that prevents further suppression of antioxidant
protection.
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