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Abstract
Restrictive dietary interventions exert significant beneficial physiological effects in terms of aging
and age-related disease in many species. Every other day feeding (EOD) has been utilized in aging
research and shown to mimic many of the positive outcomes consequent with dietary restriction.
This study employed long living Ames dwarf mice subjected to EOD feeding to examine the
adaptations of the oxidative phosphorylation and antioxidative defense systems to this feeding
regimen. Every other day feeding lowered liver glutathione (GSH) concentrations in dwarf and
wild type (WT) mice but altered GSH biosynthesis and degradation in WT mice only. The
activities of liver OXPHOS enzymes and corresponding proteins declined in WT mice fed EOD
while in dwarf animals, the levels were maintained or increased with this feeding regimen.
Antioxidative enzymes were differentially affected depending on the tissue, whether proliferative
or post-mitotic. Gene expression of components of liver methionine metabolism remained
elevated in dwarf mice when compared to WT mice as previously reported however, enzymes
responsible for recycling homocysteine to methionine were elevated in both genotypes in response
to EOD feeding. The data suggest that the differences in anabolic hormone levels likely affect the
sensitivity of long living and control mice to this dietary regimen, with dwarf mice exhibiting
fewer responses in comparison to WT mice. These results provide further evidence that dwarf
mice may be better protected against metabolic and environmental perturbations which may in
turn, contribute to their extended longevity.
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Introduction
Restrictive dietary interventions have been shown to alter life span in many species.
Rodents, in particular, have been examined using numerous dietary intervention protocols
that have varied the age of onset of the restrictive intervention, the length of time restrictive
intervention was applied, the level of restriction and the type of nutrient restriction using
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either a percent reduction in calories or every other day feeding (EOD). In many cases, these
variations have resulted in reduced age-related pathologies and life span extension (Ingram
and Reynolds, 1987; Weindruch and Walford, 1988; Weindruch et al., 1986; Goodrick et al.,
1990; Anson et al., 2003; Shimokawa et al., 2003; Caro et al., 2008; Pearson et al., 2008;
Tatsumi et al., 2008; Cleary et al., 2007; Zha et al., 2008; Masoro, 2009).

Every other day feeding is a treatment protocol that can be readily applied in a variety of
settings including studies in mice and humans. This type of feeding protocol has been shown
to increase longevity in mice despite modest changes in total food intake and body weight
(Ingram and Reynolds, 1987; Goodrick et al. 1990; Anson et al., 2003). In addition, EOD
has been shown to exert similar beneficial effects to standard dietary restriction (DR) in
which daily 20–40% decreases in food intake are imposed. The mechanisms underlying the
ability of DR and EOD feeding to extend health span and life span are still under debate and
include potential alterations in mitochondrial metabolism, glucose metabolism, stress
resistance, cancer incidence and immune function among others.

Ames dwarf mice are growth hormone (GH), prolactin and thyrotropin-deficient and live
more than 50% longer than their normal, WT siblings (Brown-Borg et al. 1996). Based on
the known functions of GH in particular, the Ames dwarf mouse differs significantly from
normal animals in a variety of important metabolic parameters including the plasma levels
of insulin-like growth factor-1 (IGF1), insulin and glucose levels resulting in increased life
time insulin sensitivity (Borg et al., 1995; reviewed in Bartke, 2011). Numerous aspects of
enhanced resistance to oxidative stress and other stressors have also been observed in dwarf
mice when compared to WT mice at young and old ages (Salmon et al., 2005; Bartke et al.,
2000; Bokov et al., 200; Brown-Borg, 2009). These in vivo and in vitro observations of
cellular stress resistance are clearly supported by data showing enhanced levels of
antioxidative enzymes, glutathione, detoxification enzymes, heat shock proteins, and metal
chelators among others (reviewed in Brown-Borg, 2007).

Restrictive dietary interventions have been also been shown to enhance resistance to
stressors in rodents and humans (Yu and Mattson, 2001; Duan et al., 2001; 2003; Berryman
et al., 2008; Weiss and Fontana, 2011; Lee and Longo, 2011). It is unclear how aspects of
metabolism involving antioxidative defense, glutathione, methionine or components of
mitochondrial oxidative phosphorylation (OXPHOS) are affected by a protocol of every
other day feeding. Therefore, we conducted this study to examine the effects of short-term
EOD on aspects of metabolism known to be involved in stress resistance, mitochondrial
function and ultimately, in life span extension. Our working hypothesis was that Ames mice
would exhibit differential responses to EOD feeding compared to WT mice.

Materials and Methods
Ames dwarf mice were bred and maintained at the University of North Dakota’s Center for
Biomedical Research under controlled conditions of photoperiod (12 h light:12 h dark) and
temperature (22 ± 1°C) with ad libitum access to food (8640 Teklad 22/5 rodent diet with
22.6% crude protein, 5.2% fat, Harlan Laboratories) and water (standard laboratory
conditions) until the feeding experiment started. The Ames dwarf (df/df) mice used in this
study were derived from a closed colony with a heterogeneous background (over 25 years).
Dwarf mice were generated by mating either homozygous (df/df) or heterozygous (df/+)
dwarf males with carrier females (df/+). All procedures involving animals were reviewed
and approved by the UND Institutional Animal Care and Use Committee.

At five-six months of age, dwarf (male and female) and WT mice (male) were subjected to
an EOD feeding paradigm. At the beginning of the study, food was removed from the
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hopper late afternoon and returned approximately 24 hours later. This pattern of food
removal and return took place daily for six weeks. Water was available ad libitum
throughout the study. Two repetitions were conducted due to the amounts of tissue
necessary for the assays listed below. Seven to 11 mice/genotype/treatment were utilized in
each of the repetitions. Female dwarf mice do not exhibit estrus cyclicity and thus are sterile.
We have combined female and male dwarf mice in multiple studies and have found no
significant differences between genders on a large variety of parameters (Brown-Borg and
Rakoczy, 2003; Sharma et al., 2010a; 2011; Brown-Borg et al, 2011). No differences were
noted in these experiments, therefore the male and female dwarf data were combined. Body
weights were assessed weekly. After six weeks of EOD feeding, liver, heart, kidney, brain
and hind limb skeletal muscle tissues were collected from dwarf and WT mice (between
8:00 and 11:00 a.m. following a day when food was present), rapidly frozen and stored at
−80°C until analysis. Whole tissues were used to determine the levels of GSH metabolic
components and antioxidative enzymes. For measurement of OXPHOS activities and
proteins, mitochondria were isolated from liver and hind limb skeletal muscle using standard
techniques (Trounce et al., 1996; Brown-Borg et al., 2011). Ten to 50 μg of mitochondrial
protein were used in each assay depending on the enzyme examined. Protein concentrations
were determined using the Bradford assay (Bradford, 1976).

Glutathione (GSH) and oxidative metabolism
For these assays, tissue samples were homogenized on ice in buffer (20 mM MOPS, 300
mM sucrose, 0.1 mM EDTA at pH 7.2). The homogenate was centrifuged (30 minutes at
13000g) and the supernatant fraction used for analysis. The activities of GSH peroxidase
(GPX), GSH reductase (GR), γ-glutamyl transpeptidase (GGT) and GSH S-transferase
(GST) were determined as previously described (Brown-Borg et al., 1999; Brown-Borg and
Rakoczy, 2000; 2005). Antioxidative enzyme activities measured included catalase and
GPX (as described in publications above). The cellular oxidation state was determined by
measuring the ratio of a specific reduction/oxidation pair, GSH/glutathione disulfide
(GSSG) using procedures described previously (Brown-Borg and Rakoczy, 2005).

Protein expression was evaluated using standard immunoblotting procedures with
chemiluminescence and densitometry (Brown-Borg et al., 2005; 2011). Mouse glutamate-
cysteine ligase [GCL; heavy (catalytic) subunit; Neomarkers; Fremont, CA], human
erythrocyte catalase (Calbiochem, LaJolla, CA), GPX1 (Biogenesis, England) and SOD2
(Oxis International; Portland, OR) antibodies were used to detect protein levels within each
treatment group. The antibodies for OXPHOS proteins were obtained from Molecular
Probes (Eugene, OR): 39 kDa subunit of Complex I (NADH dehydrogenase), 70 kDa
subunit of Complex II (Succinate dehydrogenase), Core 2 subunit of Complex III (50 kDa;
Cytochrome bc1), 57 kDa mitochondrially-encoded subunit I of Complex IV (Cytochrome c
oxidase), 20 kDa nuclear-encoded subunit IV of Complex IV and α-subunit of Complex V
(55 kDa; ATP synthase). Ponceau-S staining of membranes was used to evaluate equal
loading of protein.

OXPHOS Protein Activities
The activities of the OXPHOS enzymes were evaluated in liver and hindlimb skeletal
muscle mitochondrial preparations. The activity of complex IV (cytochrome c oxidase,
COX) was measured following the oxidation of reduced cytochrome c at 550 nm as
previously described (Cooperstein and Lazorow, 1951; Brown-Borg et al., 2011). Complex I
+III (NADH-cytochrome c oxidoreductase) and complex II+III (succinate-cytochrome c
reductase) activities were evaluated utilizing linked assays (Kuznetsov et al., 1996; Brown-
Borg et al., 2011). For all enzyme assays, the appropriate controls and blanks were utilized.
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Gene Expression
Gene expression was evaluated in liver and skeletal muscle using standard RT-PCR
techniques (Brown-Borg et al., 2009; 2011). Total RNA was extracted from tissues and
equal amounts of RNA for the gene of interest and the reference gene, β2 microglobulin
(β2M; Lupberger et al., 2002) were utilized to perform one-step real-time quantitative PCR
using a QuantiTect SYBR Green RT-PCR kit (Qiagen). The gene specific forward and
reverse primers utilized are listed in Table 1. Gene expression was quantified using the
comparative CT (threshold cycle) method (Heid et al., 1996). The amount of target DNA
was normalized to the endogenous reference gene and compared relative to the control
group (WT mice fed group).

Statistical Analysis
In each experiment, differences between means was assessed utilizing Prism (Graphpad, San
Diego, CA). For activity assays, protein and gene expression data, two-way analyses of
variance (ANOVA) were employed and when appropriate, Bonferroni post-hoc testing was
used to determine differences among means. Data are reported as means ± SEM.

Results
Body and liver weights

Six weeks of EOD feeding reduced body weights of dwarf and wild type mice (Table 2)
with dwarf mice losing 1.7 grams of body weight on average and WT mice losing on
average 7.3 grams. Small but significantly lower liver weights were also observed in mice
subjected to EOD (Table 2).

Antioxidative Defense and EOD Feeding
The effect of EOD on the antioxidative defense capacity of dwarf and WT mice was
evaluated in several tissues. In the liver, GSH levels declined in Ames dwarf and WT mice
while oxidized GSH (GSSG) levels were unaffected by the EOD treatment (Table 3). These
differences resulted in GSH:GSSG ratios decreasing 25% in Ames mice and 46% in WT
mice following EOD. The enzyme responsible for the biosynthesis of GSH is glutamate
cysteine ligase, which is composed of catalytic and modifier subunits. No differences in
liver gene expression were observed for either subunit (data not shown). However, the
protein levels of GCL in wild type liver rose 45% following EOD feeding (p<0.05; Table 4).
Glutathione S-transferase utilizes GSH to detoxify endogenous and exogenous compounds.
In EOD fed WT mice, GST activity decreased (38%; Table 4). The enzyme activity of γ-
glutamyl transpeptidase, which degrades GSH, was increased in WT liver tissue from the
EOD group when compared to ad libitum fed mice (Table 4). Protein levels of GPX were
differentially affected by genotype following EOD resulting in a significant interaction
(Figure 1). The activity of liver GPX was maintained in EOD dwarf mice as compared to ad
libitum fed mice while in WT mice, GPX declined (18%; Figure 1). Liver catalase protein
decreased by half resulting in 20–30% decreases in activity levels following EOD in both
genotypes (Figure 1). The levels of SOD2 protein increased in both genotypes (75% dwarf;
>300% WT) that were fed EOD (Figure 1).

In the kidney, EOD feeding lowered GSH levels in dwarf mice. However, the statistical
comparison between genotype and feeding resulted in a significant interaction (Table 3).
While GSSG levels declined slightly in both genotypes fed EOD, the ratio of GSH:GSSG
did not change significantly. Protein levels of GCL in WT kidney tissues appeared to
decrease with EOD when compared to ad lib feeding but the interaction was significant
(Table 4). Every other day feeding did not affect GR activity in kidney tissue although WT
mice maintained higher overall levels (25–30%) compared to dwarf mice (data not shown).
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GST activity was higher in dwarf kidney tissues but declined in the EOD group compared to
ad lib fed group (Table 4). Kidney GGT activity was not affected by EOD but WT mice
exhibited greater GGT levels compared to dwarf mice (Table 4) as previously shown. GPX
protein levels were lower in WT mice compared to dwarf mice and EOD decreased them
further (38%) when compared to ad lib feeding (Figure 2). Following EOD, WT kidney
GPX activity increased 32% but a significant interaction was also observed (Figure 2).
Feeding EOD induced a decline in catalase protein levels that resulted in a significant
decrease in catalase activity in both genotypes fed EOD (Figure 2).

In hindlimb skeletal muscle, EOD feeding decreased the GSH:GSSG ratio in wild type mice
(Table 3), resulting from lower GSH levels when compared to animals that were fed ad
libitum. Protein levels of GCL were differentially affected by genotype and feeding
treatment decreasing markedly in WT mice fed EOD (Table 4). Feeding EOD increased
GST detoxification activity in WT mice only (Table 4). GGT activity was suppressed by
EOD feeding in both genotypes and higher in WT compared to dwarf mice (Table 4).
Protein levels of GPX detected in WT mice increased (120%) with this altered feeding
treatment (Figure 3) but not change in activity was observed. Conversely, although muscle
catalase protein was higher in dwarf mice and was not affected by treatment, the catalase
activity levels increased in both genotypes following EOD (Figure 3).

Heart muscle tissue was evaluated for the effects of EOD on antioxidative defense.
Glutathione levels decreased slightly in WT mice but did not change in Ames mice fed EOD
(Table 3). Overall, the GSH:GSSG ratio remained unchanged by treatment but the ratio
remained higher in WT mice. Protein levels of GCL, were higher in dwarf mice compared to
WT mice regardless of treatment (Table 4). Every other day feeding did not alter heart GR
activity but WT mice exhibited greater activity (15–39%) compared to dwarf mice (data not
shown). GST activity was differentially affected by genotype and feeding treatment leading
to an interaction and higher activity following EOD in WT mice (Table 4). Activity of GGT
in heart tissue increased in both genotypes fed EOD compared to ad lib feeding (Table 4).
Protein levels of GPX increased 49% in WT mice on EOD however activity was
differentially affected depending on genotype and feeding paradigm (Figure 4). Every other
day feeding induced an increase in catalase protein in both Ames and WT mouse heart tissue
whereas activity was decreased (Figure 4). Feeding EOD increased SOD2 protein levels in
WT mouse heart tissue by 130% (Figure 4).

Whole brains were also collected to evaluate the antioxidative and metabolic responses to
EOD in dwarf and WT mice. Brain GSH levels increased slightly in EOD fed dwarf mice
(Table 3). Brain GR activity decreased 31% in dwarf and 36% in WT mice following six
weeks of EOD (p=0.0064; data not shown). The activity of GST was stimulated by EOD
feeding (Table 4). Brain GGT enzyme activity was higher in WT mice compared to dwarf
mice (p=0.0062; Table 4) similar to that found in other tissues.

Oxidative Phosphorylation and EOD Feeding
Components of the OXPHOS system were examined in liver (proliferative) and skeletal
muscle (post-mitotic) mitochondria following six weeks of EOD feeding. The activity of
liver complex I+III decreased 44% in WT mice following EOD when compared to their ad
libitum fed counterparts while no differences were observed in dwarf mice (Table 5).
Complex II+III activity was also lower in the EOD-fed WT mice (29%) while the activity in
dwarf mice increased with this feeding treatment (57%). Similarly, the activities of complex
IV in dwarf mice increased (36%) with EOD while in WT mice activity decreased (Table 5).

Liver protein levels of complexes I and III decreased (38% and 29%, respectively) in WT
mice matching the decrease in activity of complexes I+III (Figure 5). Similarly, complex II
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protein decreased in WT mice by 28% following six weeks of EOD feeding. As observed
with complex I, the protein levels in complex II matched that detected in activity level of
complex II+III for both genotypes. Ames dwarf mice appeared to exhibit higher levels of the
nuclear-encoded complex IV subunit protein compared to WT mice (Figure 5). Protein
levels of the α-subunit of complex V were decreased in dwarf and WT mice after EOD.

Gene expression of OXPHOS components was also evaluated in liver and skeletal muscle in
this study. In liver, mitochondrially-encoded ND1 gene expression tended to be higher
following EOD. The ND2 subunit decreased (81%) in EOD fed WT mice (Figure 5). These
data support the difference in both proteins and activities of complexes found in this study.
No difference in liver complex II mRNA was observed due to feeding treatment but dwarf
mice exhibited greater levels when compared to WT mice. Complex III gene expression was
elevated in dwarf mice following EOD compared to the ad lib fed group. Both treatment and
genotype differences were observed in complex IV-cox1a subunit expression (Figure 5) with
EOD feeding increasing in dwarf liver by 130%. Dwarf mice exhibited elevated levels of
complex V mRNA compared to WT mice (p=0.0127). Gene expression of PGC-1α was
markedly elevated (66%) in dwarf mice fed EOD compared to ad libitum fed dwarfs and
was also higher than WT mice fed ad libitum (Figure 5).

Mitochondria isolated from the hind limb skeletal muscles of dwarf and WT mice showed
several similarities with liver tissue in OXPHOS activities and protein. Every other day
feeding decreased complex I+III activities in WT (49%) compared to ad libitum fed mice
(Table 5). Complex II+III activity in muscle tissue of dwarf mice increased over 200%.
Muscle mitochondria from dwarf mice also exhibited elevated complex IV activity (40%)
while WT mouse muscle had 18% less activity with EOD resulting in a positive interaction
(Table 5). These activity levels were reflected in protein differences described below. Wild
type mice had elevated skeletal muscle complex I protein but the feeding treatment did not
affect levels of this protein (Figure 6). Protein levels of complex II were decreased 110% in
WT mice fed EOD. The differences in complexes III, IV-I and V protein levels were also
confounded (significant treatment X genotype interactions) but similar to complex II, levels
of each protein declined in WT mice fed EOD (Figure 6). Muscle complex I (ND1 subunit)
gene expression tended to be higher in dwarf mice (WT fed 1.0 ± 0.30; WT EOD 0.49 ±
0.29; dwarf fed 1.56 ± 0.80; dwarf EOD 2.59 ± 0.56; genotype p=0.06) but no effect of
EOD feeding was observed. Complex II mRNA was elevated in dwarf and WT muscle
tissue following EOD (WT fed 0.47 ± 0.18; WT EOD 1.67 ± 0.81; dwarf fed 0.58 ± 0.20;
dwarf EOD 1.51 ± 0.57; p=0.05) compared to ad libitum fed mice.

Methionine Metabolism and EOD Feeding
The methionine metabolic pathway is highly active in liver thus, gene expression was
evaluated in this proliferative tissue. Skeletal muscle mRNA was also examined as a post-
mitotic tissue in which the components of the MET pathway function at much lower levels.
Similar to previous reports from our laboratory, gene expression of Mat1a, Gnmt, Ahcy, Cbs
and Cth were significantly elevated in dwarf mice when compared to WT mice (Figure 7).
However, the expression of Ahcy, which metabolizes s-adenosylmethionine to
homocysteine, markedly increased in EOD fed dwarf mice but not in WT mice where the
levels remained low. In addition, transcription of the transsulfuration pathway enzyme, Cbs,
declined in EOD WT mice. Gene expression of Mtr and Mthfr, two enzymes that contribute
to the recycling of homocysteine to methionine, were increased in EOD animals compared
to ad libitum fed mice (Figure 7). In skeletal muscle tissue, Ames mice maintained higher
basal levels of the genes in the MET pathway, as is known for liver tissue. The mRNA
expression of Mat1a, Gnmt and Ahcy mRNA followed a similar pattern in response to EOD
with dwarf mice expressing decreased levels and WT mice increasing or maintaining
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expression of these genes (Figure 8). The mRNA for enzymes recycling MET (Mtr, Mthfr)
decreased with EOD as did Cbs in the transsulfuration pathway.

Discussion
The physiological effects of restrictive dietary interventions have been studied for more than
75 years. Those studies related to aging and age-related disease have reported primarily
beneficial effects of restricting food intake (either a daily reduction in calories or limiting
consumption every 24 hours) in terms of life span extension. Bartke and coworkers (2001)
showed that 30% dietary restriction imposed on long living Ames mice further extended
lifespan when compared to their ad libitum-fed dwarf counterparts (as well as both restricted
and ad libitum-fed WT control mice). However, a 40% DR protocol did not affect longevity
of these mice when the Prop-1 mutation was expressed on a C57Bl/6 background (Garcia et
al., 2008). In addition, Ames mice subjected to nine months of EOD feeding, exhibited
alterations in the expression of genes related to insulin and IGF1 signaling resulting in
enhanced insulin sensitivity (Masternak et al., 2005). This EOD experiment demonstrated
that both WT and dwarf mice responded to this feeding treatment although fewer changes
were observed in dwarf mice. Aside from insulin sensitivity, however, little is known about
the effects of EOD feeding on other key factors that contribute to health span and life span
such as stress defense and mitochondrial function in long living mice.

We were interested in the tissue specific metabolic adaptions in antioxidative defense
capacity and mitochondrial OXPHOS that occur in response to EOD feeding. Tissues from
Ames dwarf mice have been shown to maintain higher levels of GSH compared to WT mice
thus, our initial experiments focused on GSH metabolism and the enzymes that counter
ROS. Cellular GSH is the most abundant of the redox pairs and is an excellent indicator of
cellular redox state (Droge, 2002; Jones, 2002; Schafer and Buettner, 2001). Proteins
involved in the maintenance of GSH levels include GCL and GGT, of which the liver and
kidneys serve as the primary tissues responsible for de novo synthesis and degradation,
respectively (Anderson and Meister, 1980). Importantly, changes in liver GSH metabolism
alone have been shown to have widespread impact on the redox state of extrahepatic tissues
(Anderson et al., 1980).

In the current study, WT mice appeared to be more sensitive metabolically to EOD feeding,
while many parameters were unchanged in dwarf mice. Wild type animals responded to a
reduction in the liver GSH redox ratio with an increase in GCL protein, a finding that is in
agreement with previous reports of DR in normal mice (Pearson et al., 2008; Rebrin et al.,
2011). The activities of GSH-related and antioxidative enzymes were also altered in liver
tissue of WT mice in response to this feeding paradigm. Lower levels of GST and GPX
mirrored the decline in GSH, while GGT increased perhaps to increase amino acid
components (glutamine, glycine, cysteine) for de novo synthesis. It has been shown that
aspects of GSH metabolism are modified by hormone status, also. For example, GH
administration to GH-deficient mice increases GGT activity (Brown-Borg et al., 2005). This
anabolic hormone is also altered by changes in nutrient intake. Serum GH increases during
fasting and chronic DR, both of which are known to exert many metabolic changes (Thissen
et al., 1994a; Buyse et al., 2000). Moreover, IGF1, downstream of GH, is regulated by
nutrients and IGF1 plasma levels decrease in long term DR (Thissen et al., 1994a). In
addition, DR increases the clearance and degradation of circulating IGF1. It has been
demonstrated that GH and amino acids work together to regulate the production of liver
IGF1 directly and exert indirect effects by regulating IGF binding protein 1 production
(Thissen et al., 1994b). Furthermore, liver GH receptor expression is dependent on the level
(severity) of nutritional insult therefore, taken together the evidence suggests that the lack of
responsiveness to EOD feeding in Ames mice may be in part due directly to their GH and
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IGF1 deficiencies. Others have shown that both circulating GH and IGF1 levels rise with
intermittent feeding, likely to stimulate amino acid uptake and attenuate nitrogen loss
(Anson et al., 2003; 2005; Nir et al., 1983; Ekmay et al., 2010; Snyder et al., 1988; Kupfer et
al., 1993). Dwarf mice may exhibit fewer changes in response to EOD feeding possibly due
to their inability to alter plasma GH concentrations when faced with the absence of nutrients.

The expression of GSH-related and antioxidative genes (Gclc, Gclm, catalase, SOD2, GST
and GPX) is controlled by Nrf2. Dwarf mice exhibit elevated Nrf2 levels in comparison to
WT mice (Sharma et al., 2010b; Leiser and Miller, 2010; Sun et al., 2011) resulting in
enhanced antioxidative enzyme activities (Brown-Borg and Rakoczy, 2000; Brown-Borg et
al., 2001; 2003). When challenged with a stressor (kainic acid), dwarf mice do not need
additional hippocampal Nrf2 support to maintain their antioxidative enzyme system (Sharma
et al., 2010b). In agreement, Sun and colleagues (2011) reported that diquat increased dwarf
Nrf2 levels and downstream Nrf2 responsive genes. Growth hormone administration (in
vitro and in vivo) and overexpression have been shown to down regulate antioxidative
enzymes (Brown-Borg et al., 1999; 2002; 2003; Brown-Borg and Rakoczy, 2000). Thus, if
EOD feeding increased plasma GH as predicted, then the down regulation of these defense
mechanisms in WT mice is projected. Therefore, it appears that dwarf tissues are less
responsive to this diet manipulation and able to maintain their antioxidative defense system
during this environmental challenge, in part, because they lack circulating GH. Liver GSH
metabolism was strongly up regulated in a previous study utilizing EOD feeding in mice
(Pearson et al., 2008) and other reports demonstrate that DR increases liver GST activity
(Chen et al., 1994; Kim et al., 1996) with no effect on the liver GSH redox pair (Rebrin et
al., 2003). The differences observed in WT mice in our study may reflect strain specificity
and treatment length differences compared to other studies. Recent reports confirm that the
background strain of a mouse affects its response to DR and EOD feeding in terms of
lifespan extension and short-term effects on GSH metabolism (Liao et al., 2010; Rebrin et
al., 2011; Garcia et al., 2008).

In this study, it appears that the decline in liver GSH in WT mice had a widespread impact
on GSH levels and antioxidative defense in other tissues as suggested by Anderson and
coworkers (1980). Similar to liver, a role for elevated GH in the WT kidney is suggested by
the decline in protein levels of catalase, SOD2 and GPX following EOD feeding. In the
heart, antioxidative enzyme activities decreased in WT mice. In contrast, the defense
enzyme response to intermittent feeding was dampened in dwarf heart muscle. Some reports
evaluating heart tissue have shown that EOD restored GSH redox ratios in old mice to levels
observed in young mice in addition to reductions in ROS generation and oxidative damage
(long term DR; Castello et al., 2010; Rebrin et al., 2003; Gredilla et al., 2001). Our results
suggest that short-term EOD feeding exerts a greater effect on ROS defense in WT when
compared to Ames mice.

Every other day feeding and dietary restriction have been shown to decrease markers of
oxidative damage (Castello et al., 2010; Yu and Mattson, 1999; Bruce-Keller et al., 1999;
Sohal and Weindruch, 1996; Merry, 2004; Marzetti et al., 2009). There are numerous
examples of studies in which DNA, protein and lipid (peroxidation) oxidative damage were
reduced following both EOD and DR (Caro et al., 2008; Merry, 2002; 2004; Barja, 2004;
Heilbronn et al., 2006; Castello et al., 2005; Chiarpotto et al., 2006; Gredilla and Barja,
2005). These studies among many others conclude that these dietary manipulations reduce
cumulative oxidative damage by altering ROS production and protective mechanisms
(antioxidative enzymes, repair pathways). These protective pathways respond to the
environment to allow the organism to adapt. In the Ames dwarf mouse, we have previously
shown that the generation of liver ROS is lower and many of the protective mechanisms are
up regulated. It may be that these mice have minimized ROS production and/or maximized

Brown-Borg and Rakoczy Page 8

Exp Gerontol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



their defense mechanisms such that an additional perturbation such as EOD feeding has less
of an effect on these pathways when compared to WT mice.

Metabolites of methionine feed directly into the GSH pathway. Components of this essential
amino acid pathway have been evaluated extensively in the Ames mouse and differ
substantially between genotypes (Uthus and Brown-Borg, 2003, 2006; Brown-Borg et al.,
2005). The EOD treatment may have altered the amount of substrate transferred or passing
through to transsulfuration and that being recycled back to MET as an effect of feeding was
observed in both genotypes in the MET recycling enzymes. These changes in turn, affect
GSH levels and further MET metabolism. The basal MET enzyme levels in Ames mice are
indicative of a heightened oxidative defense system. An overall decrease in oxidative
defense capacity is predicted in WT mice fed EOD based on the decrease in transsulfuration,
GPX and catalase and knowing that fasting and intermittent feeding increase GH secretion
that in turn, suppresses antioxidative activities.

Growth hormone also regulates components of the MET pathway, in particular GNMT
activity, and thus plays a role in the control of tissue SAM and SAH concentrations (Cook
and Wagner, 1984; Wagner et al., 1985; Ogawa et al., 1997; Luka et al., 2009; Aida et al.,
1997; Uthus and Brown-Borg, 2003; Brown-Borg et al., 2005). Sustained increases in
transsulfuration activities in Ames mice over those in WT mice with and without EOD
feeding suggest that the GH-deficient dwarf system is very responsive to additional changes
in MET by maintaining high rates of catabolism. It is unclear why the levels of GSH
declined in dwarf mice on EOD with the concurrent increase in transsulfuration, unless they
have different requirements for GSH in the presence of an overall heightened antioxidative
defense system.

Components of the OXPHOS system were evaluated in mitochondria in response to this
feeding intervention. OXPHOS enzymes decreased in WT mice fed EOD. Dwarf mice were
differentially affected exhibiting no change due to feeding treatment or an increase in
complex activities. The activities of complex enzymes I through IV are closely related as
complex I serves as the master regulator of the electron transport chain (ETC) and thus
greatly affects the activities of the downstream complexes (Capaldi et al., 1988). In EOD fed
WT mice, the decrease in complex I was replicated in the downstream ETC activities.
Although, complex V is not coupled to the activity of the other complexes, it was also
decreased by EOD feeding. The overall down regulation of OXPHOS in WT mice may
reflect the energy-restricted state induced by the EOD regimen. Our previous work has
shown that old Ames mice maintain higher complex activities compared to old WT mice
suggesting better preservation of mitochondrial function with age. This finding holds true
for dwarf mice subjected to EOD feeding supporting the protection of mitochondrial
function during a metabolic stress such as energy restriction. Others have also observed
significant reductions in liver OXPHOS proteins with EOD feeding in mice (Caro et al.,
2008). A recent report found that intermittent feeding in rats decreased kidney complex I
activity but increased complex IV activities in liver, kidney and heart (Singh et al., 2012).
These investigators suggested that the differential response in activities was dependent upon
whether the tissue was post-mitotic or proliferative. Feuers (1998) found that DR increased
complex IV activity (muscle) and in agreement, brain complex IV increased in response to
long-term EOD feeding (Olgun et al., 2002). We found that in proliferative tissue (liver),
Ames mice maintained or increased OXPHOS activities while in post-mitotic tissue (skeletal
muscle), electron flow through I+III decreased slightly but activities of downstream
enzymes increased with EOD feeding. In contrast, complex enzyme proteins and activities
declined in WT mice fed EOD in both mitotic and post-mitotic tissues perhaps leading to
increased ROS production. Our report differs from others that showed no change (1 month
DR) or increased OXPHOS expression (9 months DR; Estey et al., 2012; Sreekumar et al.,
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2002; Baker et al., 2006). Importantly, our study suggests that muscle mitochondria from
dwarf mice are better protected against a metabolic stress in the form of EOD feeding, when
compared to WT mice. This protection may contribute to overall aging and lifespan
differences observed within these genotypes.

Reactive oxygen species generation is known to be tissue- and substrate-specific and altered
by respiratory rate (Tahara et al., 2009; Chen et al., 2008). Inhibition of complex I or III
activity leads to enhanced ROS release from mitochondria. In contrast, increasing the
respiratory rate by promotion of OXPHOS decreases ROS generation. Although not
measured in this study, it is predicted that mitochondrial ROS release would be higher in
WT mice compared to dwarf mice based on the evidence that OXPHOS enzymes decline
with EOD feeding in these wild type animals. In a previous study, we observed higher H2O2
production in liver mitochondria of wild type mice in comparison to age-matched dwarf
mice (Brown-Borg et al., 2001).

Many reports demonstrate that DR and EOD feeding contribute to healthy aging by
enhancing antioxidative defense, reducing ROS generation and increasing cellular resistance
to stress and disease (Feuers, 1998; Liang et al., 2003; Mattson et al., 2004; Martin et al.,
2006; Berryman et al., 2008; Kalaany and Sabatini, 2009). We did not observe this
enhancement in WT mice in our study potentially due to the short period of intervention and
that EOD in comparison to daily DR does not systematically reduce caloric intake. Some
studies have shown that with EOD feeding, total food intake is not significantly reduced
(Anson et al., 2003; Hipkiss, 2007; Cerqueira et al., 2010) indicating that EOD feeding is
not truly calorie restriction but the periodic absence of food that may induce metabolic
changes similar to DR. Traditional DR involves reducing the amount of food intake daily so
that mice eat their allotted amount of food all at once. The remaining time each day is spent
in an energy-restricted state. These periods of energy-restriction are similar to the alternate
day feeding paradigm where animals eat ad libitum one day and spend the next 24 hours in
an energy-restricted state (no food; Mootha et al., 2003).

Ames mice exhibit elevated liver PGC1-α levels in comparison to WT mice (ad libitum
feeding conditions; reviewed in Corton and Brown-Borg, 2005; Amador-Noguez et al.,
2004; Bartke et al., 2008; Brown-Borg and Bartke, 2012). In the current study, PGC-1α
mRNA increased in EOD dwarf mice while no response was observed in WT mice. This
increased energy-responsive gene expression may represent an additional short-term
adaptation to reduced nutrient availability and explain in part, the maintenance or increases
in ETC activities in dwarf mice. It is unclear why a similar increase was not observed in WT
mice although we suspect that the GH responsiveness is at least partially involved. Tsuchiya
and coworkers (2004) suggested that DR and disrupted growth factor signaling exert
different but overlapping or additive effects on longevity via hepatic gene regulation. Their
results differ somewhat from our study in dwarf mice fed EOD as we evaluated activity and
protein and the Tsuchiya study examined mRNA expression under DR conditions. Several
labs have shown that both short- and long-term DR and other changes in diet can induce
PGC-1α and increase mitochondrial biogenesis and mitochondrial efficiency (Lopez-Lluch
et al., 2006; Zhu et al., 2004; Corton and Brown-Borg, 2005; Muoio and Koves, 2007; Dunn
et al., 1997; Kari et al., 1999; Breese et al., 1991; Ruggeri et al., 1989; Sell, 2003; Varady et
al., 2007; Thissen et al., 1994; Wan et al., 2003). In contrast, Caro and coworkers (2008)
reported decreased PGC-1α protein levels and mitochondrial oxidative stress in mouse liver
using an EOD feeding paradigm. However, the strain of mice (C57Bl/6), the age at which
EOD feeding started (eight weeks of age), the conditions of tissue collection as well as the
measure of this protein was different (protein versus mRNA) compared to our study. Growth
hormone receptor knock out (GHRKO) mice are long living and also exhibit undetectable
plasma IGF1 levels due to the targeted disruption of the GH receptor. These animals do not
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respond to 30% DR or EOD feeding with extended mean or maximum lifespans or changes
in insulin sensitivity (Bonkowski et al., 2006; Arum et al., 2009). Taken together, the
evidence suggests that an intact GH signaling system is the key to respond to dietary
restriction or EOD feeding of any type.

Overall, the decline in OXPHOS enzymes in WT mice subjected to EOD feeding may be
due to increased ROS production during electron transport (Chen et al., 2007; Tahara et al.,
2009). This in turn, reflects an energy-restricted state and suggests a greater overall need for
mechanisms to counter ROS. Dwarf mice, on the other hand, adapt differently to the
potential energy restriction with elevations in OXPHOS activities, potentially lowering ROS
generation resulting in fewer effects on antioxidative enzymes and amino acid metabolism.
These responses are indicative of the greater overall defense mechanisms in dwarf mice and
the enhanced ability to adapt or cope with metabolic perturbations.

In summary, EOD feeding had less impact on antioxidative and OXPHOS enzymes of GH-
deficient mice compared to WT animals. The differential response of the dwarf mouse
reflects the lack of GH and it’s complex metabolic interactions with defense mechanisms
and mitochondrial function. Dwarf mice live significantly longer and maintain lower redox
ratios yet higher antioxidative defense capacities and lower oxidative damage accumulation
to DNA and proteins (Brown-Borg et al., 2001; 2005; Romanick et al., 2004; Brown-Borg,
2009; Bokov et al., 2009; Choksi et al., 2007; Sanz, 2002). In the current study, dwarf mice
were less sensitive to the lack of nutrients and energy restriction imposed by short term EOD
feeding compared to WT mice. This study provides further evidence of the widespread
protection from environmental and metabolic challenges that GH-deficiency invokes that
may assist in health and lifespan extension in mammals.
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Highlights

• Liver glutathione declines in long-living Ames dwarf and wild type mice but
glutathione biosynthesis and degradation are altered in wild type animals only in
response to every other day feeding

• Ames mice maintain or increase liver OXPHOS components while wild type
mice respond to EOD feeding with declines in OXPHOS

• Selective antioxidative enzymes are not up regulated with EOD feeding in wild
type mice

• Ames dwarf mice appear to be less sensitive to the metabolic challenge of EOD
feeding compared to wild type mice, findings at least partially explained by the
lack of anabolic hormone stimulation

Brown-Borg and Rakoczy Page 18

Exp Gerontol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Liver protein and activity levels of glutathione peroxidase (GPX), catalase and superoxide
dismutase levels in dwarf and wild type mice following six weeks of every other day feeding
(EOD) or ad libitum feeding (FED). N=7–11 mice/genotype/treatment. *p<0.05, **p<0.01.
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Figure 2.
Kidney protein and activity levels of glutathione peroxidase (GPX), catalase and superoxide
dismutase levels in dwarf and wild type mice following six weeks of every other day feeding
(EOD) or ad libitum feeding (FED). N=7–11 mice/genotype/treatment. *p<0.05, **p<0.01,
***p<0.001.
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Figure 3.
Hindlimb skeletal muscle protein and activity levels of glutathione peroxidase (GPX),
catalase and superoxide dismutase levels in dwarf and wild type mice following six weeks
of every other day feeding (EOD) or ad libitum feeding (FED). N=7–11 mice/genotype/
treatment. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4.
Heart protein and activity levels of glutathione peroxidase (GPX), catalase and superoxide
dismutase levels in dwarf and wild type mice following six weeks of every other day feeding
(EOD) or ad libitum feeding (FED). N=7–11 mice/genotype/treatment. *p<0.05,
***p<0.001.
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Figure 5.
Liver oxidative phosphorylation gene expression (relative expression) and protein (relative
O.D. units) levels of OXPHOS complexes and PGC-1α in dwarf and WT mice following six
weeks of every other day feeding (EOD) or ad libitum feeding (FED). N=7–11 mice/
genotype/treatment. *p<0.05, **p<0.01, ***p<0.001.
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Figure 6.
Skeletal muscle oxidative phosphorylation proteins (relative O.D. units) in dwarf and WT
mice following six weeks of every other day feeding (EOD) or ad libitum feeding (FED).
N=7–11 mice/genotype/treatment. *p<0.05, **p<0.01, ***p<0.001.
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Figure 7.
Gene expression (relative expression) of methionine metabolic enzymes in liver tissue from
dwarf and WT mice following six weeks of every other day feeding (EOD) or ad libitum
feeding (FED). N=7–11 mice/genotype/treatment. *p<0.05, **p<0.01.
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Figure 8.
Gene expression (relative expression) of methionine metabolic enzymes in skeletal muscle
tissue from dwarf and WT mice following six weeks of every other day feeding (EOD) or ad
libitum feeding (FED). N=7–11 mice/genotype/treatment. *p<0.05, **p<0.01.
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Table 1

Primer sets (5′-3′) used for real time PCR analysis of gene expression.

Gene of Interest Forward Primer Reverse Primer

Complex I (ND1) mitochondrially-encoded caggatgagcctcaaactcc

Complex I (ND2) agggatcccactgcacatag

Complex II (SDHC) nuclear-encoded acaaatggtctcttcctatggca cccctccactcaaggctattc

Complex III (cytb) nuclear-encoded acgtccttccatgaggacaa gaggtgaacgattgctaggg

Complex IV (cox1a) mitochondrially-encoded cttttatcctcccaggatttgg gctaaatactttgacaccgg

Complex IV (cox5a) nuclear-encoded ctttaaatgaattgggaatctccac gcccatcgaagggagtttaca

Complex V (atp6) aattacaggcttccgacacaaac tggaattagtgaaattggagttcct

Peroxisome proliferator-activated receptor γ coactivator 1 alpha caatgaatgcagcggtctta gtgtgaggagggtcatcgtt

Adenine nucleotide transporter 1 acttcgccttcaaagacaagtaca gcgccagaactgcttatgg

Methionine adenosyltransferase 1a (Mat1a) ctgaggcgctctggtgtc tcctgcatgtactgaactgttacc

Glycine N-methyltransferase (GNMT) gctggacgtagcctgtgg cacgctcatcacgctgaa

S-adenosylhomocysteine hydrolase (Ahcy) ctgttggggttcacttcctg acattcagcttgcccaggt

Cystathionine β-synthase (CBS) cgcacaggaaggactgcta agccttcacagccacagc

Cystathionase (Cth) gagtctggctgagcttcca cgagggtagctctgtccttc

5-methyltetrahydrofolate-homocysteine methyltransferase (Mtr) gcagatgtggccagaaaag gccacaaacctcttgactcc

5,10-methylenetetrahydrofolate reductase (Mthfr) agcttgaagccacctggactgtat agactagcgttgctgggtttcaga

Glutamylcysteine ligase catalytic subunit (gclc) ggaggcgatgttcttgagac cagagggtcggatggttg

Glutamylcysteine ligase modifier subunit (gclm) gactcacaatgacccgaaaga gatgctttcttgaagagcttcct

β2-microglobulin aagtatactcacgccaccca aagaccagtccttgctgaag
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