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The discovery that in invertebrates, disruption of the insulin/insulin-like growth factor (IGF)-1 pathway extends life span
and increases resistance to oxidative injury led to the hypothesis that IGF-1 signaling may play a role in regulating
cellular reactive oxygen species production, oxidative stress resistance, and consequentially, organismal life span in
mammals. However, previous studies testing this hypothesis in rodent models of IGF-1 deficiency yielded controversial
results. The Lewis dwarf rat is a useful model of human growth hormone (GH)/IGF-1 deficiency as it mimics many of the
pathophysiological alterations present in human GH/IGF-1-deficient patients as well as elderly individuals. Peripubertal
treatment of Lewis dwarf rats with GH results in a significant extension of life span. The present study was designed to
test the role of the GH/IGF-1 axis in regulating cellular oxidative stress and oxidative stress resistance, utilizing primary
fibroblasts derived from control rats, Lewis dwarf rats and GH-replete dwarf rats. Measurements of cellular dihydroethid-
ium and C-H,DCFDA fluorescence showed that cellular O} and peroxide production were similar in each group. Fibro-
blasts from control and Lewis dwarf rats exhibited similar antioxidant capacities and comparable sensitivity to H,O,,
rotenone, high glucose, tunicamycin, thapsigargin, paraquat, and mitomycin, which cause apoptosis through increasing
oxidative stress, mitochondrial damage, ATP depletion, and/or by damaging DNA, lipids and proteins. Fibroblasts from
GH-replete rats exhibited significantly increased antioxidant capacities and superior resistance to H,O,, rotenone and
bacterial lipopolysaccharide—induced cell death compared with cells from Lewis dwarf rats, whereas their sensitivity to
the other stressors investigated was not statistically different. Thus, low circulating IGF-1 levels present in vivo in Lewis
dwarf rats do not elicit long-lasting alterations in cellular reactive oxygen species generation and oxidative stress resis-
tance, whereas life span—extending peripubertal GH treatment resulted in increased antioxidant capacity and increased
resistance to cellular injury caused by some, but not all, oxidative stressors.
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OMPARATIVE studies of short-lived and long-lived

mammalian species as well as studies on long-lived
mutant mice suggest that mammalian longevity is often as-
sociated with attenuated cellular production of reactive oxy-
gen species (ROS) and/or increased cellular resistance to
oxidative injury(1-12). These findings are in accord with
the predictions of the oxidative stress hypothesis of aging,
originally proposed by Harman (13), which posits that en-
dogenously generated ROS cause aging through oxidative
damage to macromolecules (DNA, proteins, and lipids).
Yet, the mechanisms that regulate cellular ROS production

and oxidative stress resistance in cells of longer living or-
ganisms are not well understood.

The discovery that disruption of the insulin/insulin growth
factor (IGF)-I pathway increases life span in Caenorhabditis
elegans and Drosophila melanogaster and significantly in-
creases the resistance of these invertebrates to oxidative injury
led to the hypothesis that IGF-1 signaling may have an evolu-
tionarily conserved role in regulating cellular ROS production,
oxidative stress resistance, and consequentially, organismal
life span. Previous studies testing this hypothesis in rodent
models of IGF-1 deficiency, however, yielded controversial
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results. There are mouse models in which disruption of
growth hormone (GH)/IGF-1 signaling is associated with
significant life span extension (eg, Ames (14) and Snell
dwarf mice (15,16), Ghrhr-deficient lit/lit mice (15), growth
hormone receptor knockout mice (17), and female mice het-
erozygous for the deletion of the IGF-1 receptor(18)). Yet,
other rodent models with compromised GH/IGF-1 signal-
ing do not exhibit a longevity phenotype (eg, male mice
heterozygous for the deletion of the IGF-1 receptor (18) and
a genetically GH/IGF-1—deficient strain of Lewis rats (19)).
The available data on redox homeostasis and oxidative
stress resistance at the cellular level in the aforementioned
rodent models of IGF-1 deficiency are also controversial. In
Ames dwarf mice, ROS production was reported to be at-
tenuated in liver mitochondria (20), whereas mitochondrial
ROS generation in the heart and vasculature is increased in
the same model (21). Ames dwarf mice were reported to be
resistant to mortality induced by treatment with the herbi-
cide paraquat (22), which elicits cellular oxidative stress
and pulmonary edema. Yet, even though the Ames dwarf
mice show increased resistance to diquat-induced mortality,
their livers sustained significantly greater diquat-induced
damage than those of normal littermates (22). Similarly,
GHR KO males are also more susceptible to paraquat toxic-
ity as compared with control mice (23). Previous studies also
suggest that the liver of the Ames dwarf also may be more
sensitive to acetaminophen-induced oxidative damage (5).

Expression of major cellular antioxidant enzyme systems
was reported to be increased in the liver, whereas it tends to
decrease in the skeletal muscle and the vasculature of Ames
dwarf mice (20,21,24-30). Cross-sectional human studies
add to the controversies regarding the role of IGF-1 in regu-
lating redox homeostasis and cellular oxidative stress resis-
tance. Importantly, it is well documented that in human
patients, GH deficiency and low circulating levels of IGF-1
tend to decrease cancer morbidity and mortality, whereas
they significantly increase the risk for cardiovascular and
cerebrovascular diseases, the pathogenesis of which involve
increased oxidative stress (31-36).

Recently, studies utilizing primary cell cultures isolated
from mouse models of IGF-1 deficiency were designed to
test predictions of the oxidative stress hypothesis of aging
and elucidate the role of low IGF-1 levels in oxidative stress
resistance. Interestingly, these studies also yielded contro-
versial results. In culture, H,O,-treated primary hepatocytes
from Ames dwarf mice showed lower viability and a higher
rate of apoptosis when compared with peroxide-treated
wild-type cells (37). In contrast, fibroblasts derived from
longer lived Ames and Snell dwarf mice were reported to
exhibit increased cellular resistance to oxidative stressors
(38,39). On the basis of the reports on fibroblasts, it was
hypothesized that low IGF-1 levels in vivo may elicit long-
lasting changes in cellular pathways regulating cellular oxi-
dative stress resistance (1,38,39) that remain evident in
vitro.

The present study was designed to further test the role of
the GH/IGF-1 axis in regulating cellular oxidative stress
and oxidative stress resistance utilizing primary fibroblast
derived from Lewis dwarf rats. The Lewis dwarf rat is a use-
ful model of human GH/IGF-1 deficiency as these animals
have normal pituitary function except for a selective genetic
GH deficiency, and they mimic many of the pathophysio-
logical alterations present in human GH/IGF-1-deficient
patients as well as elderly individuals (including mild cog-
nitive impairment (40)). Importantly, GH/IGF-1 deficiency
in Lewis rats significantly increases the incidence and se-
verity of late-life strokes (19) similar to the effects of GH/
IGF-1 deficiency in elderly humans (41-43). It is significant
that short-term peripubertal treatment of GH deficient Lewis
dwarf rats with GH results in a significant (~14%) extension
of life span (19). Thus, we determined whether life span-
extending peripubertal GH replacement increases resistance
of primary fibroblasts from Lewis dwarf rats to various forms
of oxidative stress—induced cellular injury in vitro.

METHODS

Animals

In the present study, we used male Lewis rats that are hetero-
zygous or homozygous for the spontaneous autosomal reces-
sive dw-4 mutation, which causes a decrease in GH secretion
from the pituitary gland (44). Lewis dwarf (dw-4/dw-4) rats
have chronically low levels of GH and IGF-1 and make an ex-
cellent animal model of isolated GH/IGF-1 deficiency (44).
These rats have a spontaneous mutation that results in de-
creased GH secretion from the pituitary beginning around post
natal Day 26 (16,44.,45). Female heterozygous (dw-4/-) Lewis
rats were bred with male homozygous Lewis dwarf rats (dw-4/
dw-4) to generate heterozygous (dw-4/-) offspring with a nor-
mal phenotype (“control”) or homozygous rats (dw-4/dw-4)
with a dwarf phenotype (“dwarf”). Classification as control or
dwarf was based on their body weight as well as the serum
IGF-1 levels at 33 days of age. To assess IGF-1 levels, rats
were anesthetized with isofluorane, and serum was obtained
via tail bleed. Total IGF-1 levels in serum were determined as
previously described (40,45—47). Beginning on Day 35, dwarf
rats were divided into two experimental groups: (a) dwarf rats
given saline (n = 6) and (b) GH-replete dwarf rats with GH
administered beginning at 5 weeks of age and continued
throughout the experimental period of 30 days (termed “GH-
replete,” n = 6). Saline or GH (300 pg recombinant porcine
GH; Alpharma, Victoria, Australia) was injected subcutaneously
twice daily. The heterozygous rats were used as controls and
given saline injections twice daily from 5 weeks of age to the
end of the experimental period. At the end of the experimental
period, control and dwarf GH-replete rats had significantly
higher serum IGF-1 levels (control: 970 £ 96 ng/mL, dwarf:
464 + 51 ng/mL, and GH-replete: 849 £ 110 ng/mL; n = 6 in
each group) compared with the untreated dwarf rats (p < .05,
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each), indicating that twice daily administration of GH to the
dwarf rats normalized serum IGF-1. Both the control and GH-
replete rats expressed the typical phenotype of adequate GH
levels, indicated by comparable increases in body weight dur-
ing the experimental period, whereas untreated dwarf rats
gained significantly less weight than the control group (gain in
body mass; control: ~161 g, dwarf: ~86 g, and GH-replete:
~152 g). Rats had access to food and water ad libitum and were
housed in pairs in the specific pathogen—free barrier facility of
the University of Oklahoma Health Sciences Center. The rat
colony was evaluated periodically by serologic tests of sentinel
mice for viral antibodies and by examination for endoparasites
and fur mites; all such tests were negative during the course of
the studies reported. Animals were fed standard rodent chow
(PicoLab Rodent Diet 20 from Purina Mills, Richmond, IN,
containing 20% protein by mass and 24% protein by caloric
content) and were euthanized by decapitation. All studies were
approved by the Institutional Animal Care and Use Committee.

Isolation of Fibroblasts and Cell Culture Techniques

Primary fibroblast cell lines were established from rats after
the 30 day treatment period using the methods of Villegas and
colleagues with modifications (12,48). In brief, skin samples
were digested with collagenase (at 37°C and 5% CO, for 30
minutes), then washed twice with Minimum Essential Medium
(MEM) medium, and supplemented with 10% heat-inactivated
fetal bovine serum (Hyclone, HyClone Laboratories Inc.,
South Logan, Utah). Cells were plated into 100-mm dishes
with MEM media supplemented with 10% heat-inactivated fe-
tal bovine serum plus penicillin/streptomycin/fungizone (at
5% CO, and 3% O,, at 37°C). After 18 hours, the media was
changed to discard unattached cells. The fibroblasts were sub-
sequently cultured as described previously (12). Multiple cell
lines were established from each experimental group (n = 6 for
each group). One cell line per animal was used at the end of the
third passage for measurement of cellular ROS production and
antioxidant capacity and assessment of stress resistance. For
each experiment, three to six replicates per cell line were used,
the results of which were averaged.

Measurement of Cellular O and Peroxide Production

Steady-state cellular O production in cultured fibroblasts
was assessed by flow cytometry using the redox-
sensitive fluorescent dye dihydroethidium (DHE; 3 x 1076
mol/L, for 30 minutes) as previously reported (49,50). The data
are presented as geometric mean intensity of DHE fluores-
cence, normalized to the respective mean fluorescence intensi-
ties obtained in control fibroblasts.

To assess cellular peroxide levels, the cells were incu-
bated with the cell-permeant oxidative fluorescent indicator
dye5 (and 6)-chloromethyl-2',7'-dichlorodihydrofluorescein
diacetate-acetyl ester (C-H,DCFDA; Invitrogen, Carlsbad
CA, 10 umol/L, for 30 minutes, at 37°C) as we previously

reported (21). C-H,DCFDA fluorescence was assessed by
flow cytometry (49,50).

Assessment of Cellular Resistance to Stressors

Cellular stress resistance was assessed in the following
manner: Cells were grown in 96-well plates and treated
with the following stressors—H,0, (10, 30, and 100
umol/L), rotenone (1-10 pmol/L), high glucose (30
mmol/L), tunicamycin (1 pg/mL), thapsigargin (1 pmol/L),
paraquat (50 pumol/L), bacterial lipopolysacharide (LPS; 10
ng/mL), and mitomycin (1 pg/mL) for 24 hours. The afore-
mentioned stressors are known to cause apoptosis through
increasing oxidative stress, mitochondrial damage, ATP
depletion, and/or by damaging DNA, lipids, and proteins
and are useful tools to assess cellular oxidative stress resis-
tance. High glucose induces mitochondrial oxidative stress
(12,51) and H,0,, the major form of ROS released from the
mitochondria in aged cells, increases the formation of
highly reactive hydroxyl radicals. Rotenone induces oxida-
tive stress by inhibiting complex I. The herbicide paraquat
increases redox cycling and formation of intracellular O .
Thapsigargin and tunicamycin cause endoplasmic reticu-
lum stress (tunicamycin abolishes N-linked glycosylation
of proteins and thus interferes with the assembly and trans-
port of glycoproteins from the endoplasmic reticulum to the
Golgi complex). LPS is an inflammatory stressor and causes
oxidative stress and apoptosis by activating toll-like recep-
tors. Mitomycin damages DNA and the mitochondria and
triggers apoptosis by activating both the intrinsic and extrin-
sic caspase cascades. In separate experiments, the cells
were grown in 96-well plates, then the medium was re-
moved and replaced by serum-free Dulbecco’s Modified
Eagle Medium supplemented with 2% bovine serum albu-
min, antibiotics, and fungizone for 24 hours according to
the protocol of Panici and colleagues (52), followed by ex-
posure to cytotoxic stressors (for 6-24 hours).

All incubations were at 37°C in a humidified incubator with
5% CO, in air. After the treatment period, the ratio of nonvia-
ble cells was determined by flow cytometry (Guava HT89)
using the Guava ViaCount Assay (Millipore, Billerica, MA)
according to the manufacturer’s protocol. The ViaCount As-
say distinguishes viable and nonviable cells based on differen-
tial permeabilities of two proprietary DNA-binding dyes,
including a nuclear dye, which stains only nucleated cells, and
a viability dye, which stains dying cells. In experiments using
the short-term treatment period (6 hours), the ratio of annexin
V—positive cells, a marker of early apoptosis, was determined
by flow cytometry using the Guava Nexin Assay (Millipore)
according to the manufacturer’s guidelines.

Cellular Antioxidant Capacity

To compare the capacity of cellular antioxidant systems
to counterbalance the deleterious effects of oxidative stress
in cultured fibroblasts, we assessed the Hydroxyl Radical
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Antioxidant Capacity (HORAC) and Oxygen Radical Ab-
sorbance Capacity (ORAC) using the OxiSelect HORAC
Activity Assay (Cell Biolabs Inc., San Diego, CA) and the
OxiSelect ORAC Activity Assay (Cell Biolabs Inc.) accord-
ing to the manufacturer’s guidelines. The HORAC Activity
Assay is based on the oxidation-mediated quenching of a
fluorescent probe by hydroxyl radicals produced by a hy-
droxyl radical initiator and Fenton reagent. The ORAC Ac-
tivity Assay is based on the oxidation of a fluorescent probe
by peroxyl radicals produced by a free radical initiator. An-
tioxidants present in cells delay the quenching of the fluo-
rescent probe until the antioxidant activity in the sample is
depleted. The antioxidant capacity of the cells was calcu-
lated on the basis of the area under the fluorescence decay
curve compared with an antioxidant standard curve ob-
tained with gallic acid (for HORAC) or the water-soluble
vitamin E analog Trolox (for ORAC), respectively. Sample
protein concentration was used for normalization purposes.

Data Analysis

Data were normalized to the respective control mean val-
ues and are expressed as means = SD. Statistical analyses of
data were performed by analysis of variance followed by
the Tukey’s post hoc test as appropriate.

RESULTS

Similar ROS Production in Fibroblasts From Control,
Dwarf, and GH-Replete Rats

In each fibroblast, cell line steady-state O, and peroxide
production were assessed by measuring cellular DHE and
C-H,DCFDA fluorescence intensity, respectively, by flow
cytometry. We found that O, (Figure 1A) and peroxide
(Figure 1B) production did not differ significantly between
fibroblasts from Lewis dwarf rats and cells isolated from
heterozygous controls. Peripubertal GH treatment did not
significantly influence either cellular production of O} or
peroxide levels (Figure 1A and B).

Fibroblasts From GH-Replete Lewis Dwarf Rats Are
Resistant to Multiple Forms of Oxidative Stress-Induced
Cellular Injury

To assess cellular stress resistance, cultured fibroblasts
were treated with a range of stressors—H,0O;, rotenone,
high glucose, thapsigargin, tunicamycin, paraquat, mitomy-
cin, and LPS. In untreated samples, the ratio of nonviable
cells was low (<5%). In fibroblast cultures from control
rats, treatment with H,O, or rotenone significantly de-
creased cell viability (Figure 2A and B, respectively). The
ratio of nonviable cells did not differ significantly between
fibroblast cultures from control and Lewis dwarf rats
(Figure 2A and B). In contrast, higher doses of H,O, and
rotenone elicited significantly less decline in cellular viability

A 2 1 —= Control
mmmm Dwarf
vzza GH-replete

Cellular DHE
fluorescence (AU)

—— Control
s Dwarf
vzza GH-replete

o)
N

Cellular C-H,DCFDA
fluorescence (AU)

0

Figure 1. Relative cellular O} (panel A) and peroxide (panel B) production
in primary fibroblasts derived from control rats, GH/IGF-1-deficient Lewis
dwarf rats, and GH-replete dwarf rats. Cellular O and peroxide levels were
assessed by flow cytometry using the redox-sensitive fluorescent dyes dihydro-
ethidium and C-H,DCFDA, respectively. Data are mean * SD (AU: arbitrary
units; n = 6 for each data point). The differences among the groups are not
significant.

in fibroblast cultures from GH-replete dwarf rats as com-
pared with Lewis dwarf cells (Figure 2A and B).
Treatment of fibroblasts from control rats with high glu-
cose significantly decreased cell viability (Figure 3A). The
effect of high glucose on cell viability was comparable in
fibroblasts cultures from Lewis dwarf rats and GH-replete
rats (Figure 3A). Thapsigargin also induced significant cell
death, the magnitude of which did not differ among the three
groups of cells (Figure 3B). LPS treatment elicited signifi-
cant increases in the ratio of nonviable cells in each group of
fibroblast cultures. Among the three groups, dwarf cells
were the most sensitive to LPS (Figure 3C), whereas LPS-
induced decline in cellular viability in fibroblast cultures
from GH-replete dwarf rats was significantly attenuated,
reaching the levels observed in control cells (Figure 3C).
Treatment with mitomycin (Figure 3D) and tunicamycin
(data not shown) also resulted in a significant decline in cel-
lular viability in each group of fibroblast cell lines. However,
the magnitude of cell death induced by these stimuli did not
differ significantly among the three groups. In separate ex-
periments, cells were incubated with serum-free DMEM for
24 hours, followed by exposure to the cytotoxic stressors.
We found that H,O, or rotenone elicited comparable
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Figure 2. H,0, (10, 30, and 100 pmol/L, panel A) and rotenone (10 umol/L,
panel B) -induced cell death in primary fibroblasts derived from control rats,
GH/IGF-1-deficient Lewis dwarf rats, and GH-replete dwarf rats. The ratio of
nonviable cells was assessed by flow cytometry using the Guava ViaCount As-
say (see “METHODS”). Data are mean = SD (n = 6 for each data point). The dif-
ferences among the control and Lewis dwarf groups are not significant. #p < .05
(GH-replete vs Lewis dwarf).

decreases in cell viability in serum-deprived fibroblast cul-
tures from control and Lewis dwarf rats (Figure 4A and B,
respectively), whereas H,O, and rotenone elicited signifi-
cantly less decline in cellular viability in serum-deprived fi-
broblast cultures from GH-replete dwarf rats as compared to
Lewis dwarf cells (Figure 4A and B). Short-term (6 hours)
incubation of fibroblasts with rotenone (1 wmol/L) also in-
creased the ratio of annexin V—positive cells (control: 17% *
6%, dwarf: 23% + 6%), whereas rotenone elicited signifi-
cantly less apoptosis in fibroblast cultures from GH-replete
dwarf rats as compared with Lewis dwarf cells (GH-replete:
12% £ 2%; p < .05 vs dwarf).

Cellular Antioxidant Capacity

There were no differences between HORAC (Figure 5A)
and ORAC (Figure 5B) in fibroblasts derived from control
rats and Lewis dwarf rats. Peribupertal GH treatment of
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Figure 3. High glucose (30 mmol/L, panel A), thapsigargin (1 pmol/L,
panel B), bacterial LPS (10 pg/mL, panel C), and mitomycin (1 pg/mL, Panel
D) -induced cell death in primary fibroblasts derived from control rats, GH/IGF-
1—deficient Lewis dwarf rats, and GH-replete dwarf rats. The ratio of nonviable
cells was assessed by flow cytometry using the Guava ViaCount Assay (see
“METHODS”). Data are mean + SD (n = 6 for each data point) *p < .05 (Lewis
dwarf vs control), #p < .05 (GH replete vs Lewis dwarf).

Lewis dwarf rats resulted in a significant increase in cellular
ORAC (Figure 5B). Compared with control rats, HORAC
was also increased in fibroblasts derived from GH-replete
rats; however, the difference between HORAC in Lewis
dwarf cells and cells from GH-replete dwarf rats did not
reach statistical significance as (Figure 5A).

DiscussIoN

Postnatal GH and IGF-1 levels are low but increase to
higher concentrations immediately before puberty and then
progressively decline with increasing age (53-56). Late-
life changes in the endocrine milieu, including the age-
related decline of the GH/IGF-1 axis, have led to the
formulation of a number of neuroendocrine theories of ag-
ing, which attempt to explain peripheral aging on the basis
of endocrine dysregulation (57). These theories implicate
low IGF-1 levels during aging in development of multiple
age-related pathological alterations (neurocognitive de-
cline, heart disease, atherosclerosis, and sarcopenia). These
theories are in contrast to the hypothesis that low IGF-1
levels induce evolutionarily conserved mechanisms to ex-
tend life span, attenuate oxidative stress, increase oxidative
stress resistance, and prevent diseases of aging. However, if
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Figure 4. H,O, (100 pmol/L, panel A), rotenone (1 umol/L, panel B), paraquat (50 umol/L, panel C), thapsigargin (1 umol/L, panel D), and bacterial LPS (10
png/mL, panel E) -induced cell death in serum-deprived primary fibroblasts derived from control rats, GH/IGF-1-deficient Lewis dwarf rats, and GH-replete dwarf
rats. Cells were maintained in serum-free DMEM medium supplemented with 2% bovine serum albumin for 24 hour prior to exposure to oxidative stressors (see
“METHODS”). The ratio of nonviable cells was assessed by flow cytometry using the Guava ViaCount Assay (see “METHODS”). Data are mean = SD (n = 6 for each

data point) *p < .05 (Lewis dwarf vs control), #p < .05 (GH replete vs Lewis dwarf).

absence of IGF-1 resulted in a reduced cellular ROS pro-
duction and an increase in cellular oxidative stress resis-
tance, one would expect that these effects would be manifest
throughout the life span. Clearly, this is not the case. There
is solid evidence that cellular ROS production significantly
increases, whereas oxidative stress resistance declines with
advancing age (58), despite the substantial decreases in
IGF-1 levels (11). In recent years, significant advances
have been made toward the reconciliation of the aforemen-

tioned two contradictory theories on the role of IGF-1 in
the aging process. Recent studies by the Sonntag, Bartke,
and Miller laboratories (19,52) have provided strong evi-
dence that in rodents, levels of GH/IGF-1 during a critical
developmental time window play a key role in determining
life span and/or development of age-related diseases later
in life. Yet, the role of GH/IGF-1 levels early in life on
cellular redox homeostasis and stress resistance remains
less understood.
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Figure 5. Hydroxyl Radical Antioxidant Capacity (HORAC, panel A) and
Oxygen Radical Absorbance Capacity (ORAC, panel B) in primary fibroblasts
derived from control rats, GH/IGF-1-deficient Lewis dwarf rats, and GH-
replete dwarf rats. Data are mean £+ SD (n = 6 for each data point). GAE and TE:
gallic acid equivalent and trolox equivalent, respectively, normalized to milli-
grams protein in sample. *p < .05 (Lewis dwarf vs control), #p < .05 (GH re-
plete vs Lewis dwarf).

This is the first study to characterize the role of GH/
IGF-1 during a critical developmental time window on cel-
Iular ROS production, antioxidant capacity, and oxidative
stress response signatures using cultured fibroblasts derived
from Lewis dwarf rats as a model. Interestingly, in the pres-
ent study, low circulating IGF-1 levels present in vivo in
Lewis dwarf rats do not elicit long-lasting alterations in basal
cellular ROS generation in cultured fibroblasts (Figure 1).
Our findings are in accordance with the conclusions of
recent studies showing that cellular and mitochondrial
ROS production as well as basal levels of lipid peroxidation
do not differ between primary skin-derived fibroblasts from
the long-lived Snell dwarf mutant mouse and cells derived
from wild-type mice (1) (of note, Snell-derived fibroblasts
exhibit lower levels of lipid peroxidation after exposure to
organic peroxides). Rotenone treatment also results in com-
parable increases in mitochondrial ROS production in fibro-
blasts derived from IGF-1 deficient and control animals (1),
suggesting that low in vivo IGF-1 levels per se do not render
cells resistant to oxidative stress associated with complex I

inhibition. It is important to note that our recent studies
demonstrate that vascular and/or cardiac tissues freshly iso-
lated from GH/IGF-1 deficient dwarf rats (59) and Ames
dwarf mice (21) exhibit an increased, rather than a de-
creased, O, and H,O, production. Moreover, treatment of
cultured endothelial cells and cardiomyocytes with IGF-1
results in a significant attenuation of mitochondrial ROS
production in both cell types (21). Collectively, these find-
ings argue against the concept, based on the oxidative stress
hypothesis of aging, that in mammalian cells, low IGF-1
levels alone exert prosurvival effects by attenuating cellular
ROS production.

Interestingly, we find that primary fibroblasts derived
from GH/IGF-1-deficient Lewis rats are not generally re-
sistant to multiple forms of oxidative stress-induced cellular
injury (Figures 2—4). These findings are in contrast with the
conclusions of earlier studies demonstrating that fibroblasts
derived from long-lived Ames and Snell dwarf mice exhibit
increased cellular resistance to H,O, and some other oxida-
tive stressors (ultraviolet light, paraquat) (38,39,52). Inter-
estingly, previous studies from the Brown-Borg laboratory
demonstrated that primary hepatocytes from Ames dwarf
mice exhibit increased sensitivity to H,O,-induced apopto-
sis compared with cells of wild-type mice (37). At present,
the factors responsible for the discrepancy between the
aforementioned findings are unknown. One possibility is
that technical differences in the stress methodology used in
these studies may partially explain the observed discrepan-
cies. Importantly, the methods of the detection of loss in
cellular viability differ between our study and important
previous reports (2,3,7,38). Specifically, we used flow cy-
tometry to assay cell viability, whereas in earlier studies,
survival was measured by a plate reader using a test based
on reductive cleavage of a tetrazolium dye (2,3,7,38). An-
other technical difference of potential importance is that we
exposed the fibroblasts to stress for a 24-hour period, which
is longer than the short-term time period (6 hours) used in
many previous studies (4). We chose to study cell viability
at the 24 hour timepoint because oxidative stress—induced
apoptosis is fully manifest as reflected by the time course of
H,0;-induced caspase 3 activity in various fibroblast strains
(60). Although using a 6-hour time period of stress expo-
sure in Lewis dwarf rat fibroblasts we observed stress re-
sponse signatures similar to that obtained using a 24-hour
stress exposure, further studies are warranted to contrast the
time course of oxidative stress—induced apoptosis in various
cell lines derived from different animal models of IGF-1
deficiency. Because many of the stress assays used previ-
ously in the Miller laboratory (3-5,7,8,38) included 18-24
hours of culture in medium without serum prior to exposure
to stress, we also tested this protocol in our experiments as
well. Because we found that low-serum preincubation did
not alter the differences between Lewis dwarf and control
fibroblasts in stress resistance (Figure 4), we believe that the
discrepancy in fibroblast stress resistance between our work
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and previous studies represents a variation between the ani-
mal models of GH/IGF-1 deficiency used rather than differ-
ences in the assay methodology.

It is significant that short-term replacement of GH has
major effects on cellular oxidative stress resistance that per-
sists in cell culture. Specifically, we found that peripubertal
GH treatment in Lewis dwarf rats increases cellular resis-
tance to diverse oxidative stressors (including H,O,, rote-
none, paraquat, and LPS; Figures 2A and B and 3C).
Because the same treatment was shown to extend life span
in Lewis dwarf rats (19), it is tempting to speculate that
peripubertal GH treatment of Lewis dwarf rats during a
critical developmental time window also results in long-
lasting increases in cellular oxidative stress resistance,
which contributes to the extension of life span in these ani-
mals. Recent important data from the Miller laboratory (52)
are also consistent with the concept that patterns of cellular
stress resistance can be influenced by GH and/or IGF-1 sig-
nals in the first two months of life in Ames dwarf mice.
However, in contrast to our findings in the Lewis dwarf rat,
GH treatment of Ames dwarf mice during early postnatal
development decreased, rather than increased, resistance of
skin-derived fibroblasts to cadmium and paraquat (but not
to rotenone) (52), producing a set of cellular traits normally
seen in fibroblasts derived from wild-type control mice. Our
current data and previous results from the Miller laboratory
(3,4,38) showing that rodent fibroblasts retain their unique
oxidative stress resistance signatures in culture through
many rounds of mitosis are consistent with the presence of
epigenetic control mechanisms induced in vivo by neuro-
hormonal factors and maintained in extended culture. This
concept is further supported by the finding that the stress
resistance signatures fundamentally differ between cells
taken from newborn Snell dwarf mice and cells derived
from ~3-month-old Snell dwarf mice in which postnatal
changes in circulating hormone levels are manifest (52).

The factors responsible for the differential oxidative
stress response signatures in Lewis dwarf rats and mouse
models of GH/IGF-1 deficiency are unknown. It should be
noted that the endocrine defects in the aforementioned ani-
mal models are not identical. Ames and Snell dwarf mice
exhibit chronic GH/IGF-1 deficiency and other complex en-
docrine defects (including low thyroid-stimulating hormone
and prolactin levels) throughout early development, which
may modulate cellular stress resistance. In contrast, Lewis
dwarf rats have a specific GH/IGF-1 deficiency that appears
around 4 weeks of age. Although when compared with
Ames dwarf mice, GH receptor knockout mice (which lack
a functional GH receptor) are similar in many respects in-
cluding undetectable circulating IGF-1 levels and their cel-
lular stress resistance signatures (3), GHR KO mice differ
from Ames mice in their decreased antioxidative enzyme
expression and functionality (23,61,62). It is possible that
the cellular changes induced by alterations in GH/IGF-1
levels depend on the onset/duration of GH/IGF-1 deficiency

(eg, the effects of perinatal, peripubertal, or adult-onset
hormone deficiencies are likely different). For example,
short-term GH treatment of GH/IGF-1-deficient dwarf
animals with GH delays the appearance of cognitive de-
cline and development of intracerebral hemorrhage (19).
Thus, our data are consistent with the hypothesis that the
effects of blood levels of GH/IGF-1 are unique to specific
cell types, species, and the age at which the hormonal
changes occur.

The GH/IGF-1-sensitive molecular mechanisms in-
volved in regulation of cellular stress resistance may include
antioxidant enzymes, low molecular weight antioxidants,
the plasma membrane antioxidant redox system, heat shock
proteins, cellular repair factors (including DNA repair path-
ways and factors involved in protein homeostasis), Phase II
detoxification proteins, and regulators of apoptosis. In the
present study, we determined whether in the Lewis dwarf
rats peripubertal alterations in GH/IGF-1 levels elicit
changes in cellular antioxidant capacities that persist in cul-
ture. Interestingly, we found that antioxidant capacity was
not decreased in Lewis dwarf fibroblasts, whereas peripu-
bertal GH treatment increased cellular antioxidant capacity
in fibroblasts of Lewis dwarf rats (Figure 5SA and B).
Further studies are warranted to elucidate the role of higher
basal levels of free radical detoxification systems in oxida-
tive stress response signatures in GH-treated Lewis dwarf
rats. Because expression of antioxidant genes regulated by
the transcription factor NF-E2-related factor 2 (Nrf2), a key
regulator of the adaptive antioxidant defense response, is
decreased in the vasculature of adult Lewis dwarf rats (59),
future studies should also investigate the regulation of this
pathway by peripubertal changes in the somatotropic axis at
the cellular level. In that regard, it is interesting that expres-
sion of Nrf2 and Nrf2 target genes was reported to increase
in parenchymal tissues of Snell dwarf mice (1), which may
explain the differential stress response signatures observed
in cells of Snell dwarf mice and Lewis dwarf rats. In addi-
tion to the role of antioxidant enzymes and low molecular
weight antioxidants, other cellular mechanisms that may be
involved in regulation of cellular stress resistance by the so-
matotropic axis include heat shock proteins (63), cellular
repair factors (including DNA repair pathways and factors
involved in protein homeostasis), and regulators of apopto-
sis (eg, Bcl2). Further studies are warranted to determine
how these cellular mechanisms are altered in the Lewis
dwarf rat and whether peripubertal changes in GH/IGF-1
levels in this model elicit epigenetic changes in the regula-
tion of the aforementioned pathways that would affect life
span and healthspan in these animals.
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