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Abstract

Decreasing oxidative stress and increasing antioxidant defense has been hypothesized as one
mechanism by which caloric restriction (CR) increases longevity in animals. A total of 46
moderately overweight volunteers (BMI: 25-30 kg/m?), ages 20-42 yr were randomized to either
high glycemic (HG) or low glycemic (LG) dietary load CR regimen at either 10% (n=12) or 30%
(n=34) of basal caloric intake. All food was provided to participants for 6 mo. Overall, after
controlling for CR levels and dietary regimen for 6 mo, plasma glutathione peroxidase activity
increased (p=0.04) and plasma protein carbonyl levels decreased (p=0.02) and a non-significant
decrease in plasma 8-epi-prostaglandin F2a level was observed (p=0.09). No significant change
was observed in other plasma antioxidants such as superoxide dismutase and catalase. These
findings indicate that short term CR (10% or 30%) in moderately overweight subjects modulates
some but not all measures of antioxidant defense and oxidative stress.
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Introduction

The oxidative stress theory of aging postulates that shifts in the antioxidant/prooxidant
balance in response to oxidative stress lead to dysregulation of cellular function and aging.
In the context of this theory, oxidative stress and antioxidants can influence both the primary
“intrinsic” aging process and also several secondary age-associated pathological processes.
This hypothesis is supported by the calorie restriction (CR) paradigm, which has been
shown to increase medium and maximum lifespan in several animal species, to suppress
oxidative stress and to increase the antioxidant defense system (1, 2). For these effects of
CR, which is a highly regulated process, several cellular signaling proteins and energy—
sensing pathways such as IGF-1, TOR and sirtuins are recruited and probably through
modulation of oxidative stress and antioxidants counteract the age-associated pathologies,
reduces the rate of aging, and increases longevity in several animal models (3, 4). Therefore,
measures of oxidative stress and antioxidant status in the CR paradigm can be considered to
be useful biological markers to determine the effectiveness of CR in animals and humans.
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Measurement of lipid peroxidation has been used most frequently to support the
involvement of free radical reactions in aging and pathological conditions. Among the
several lipid peroxidation indices, isoprostanes, such as 8-epi-prostaglandin F2a (8-epi-
PGF2a), nonenzymatic peroxidation products of lipids are considered to be good, sensitive
markers of lipid peroxidation. These products, which circulate in plasma, are excreted in
urine and appear to be chemically stable (5, 6). Recent reports indicate that urinary excretion
of 8-epi-PGF2a is associated with oxidative stress and free radical production in vivo (7);
thus, it may serve as a noninvasive index of in vivo lipid peroxidation and changes in the
free radical status associated with CR (8).

CR also reduces the DNA oxidative damage associated with aging in animal models (9, 10).
8-Hydroxy-2'-deoxyguanosine (8-OHdG), a marker of oxidative DNA damage, has been
shown to increase with age in the kidney, heart, and brain of rats (11). We have found that
excretion of 8-OHdG is higher in 24-h urine of older human subjects compared to that of
younger subjects and is higher in elderly patients with rheumatoid arthritis (a condition
associated with oxidative stress) than in elderly controls (8).

Reactive oxygen intermediates are also damaging to proteins. Age-associated increases in
the level of protein carbonyls have been reported in the human brain as well as in flies (12,
13) and in human muscle (14). CR has also been shown to reduce oxidative damage to
proteins in the brain (15, 16) and in splenic lymphocytes and plasma (17).

Animal studies have demonstrated that CR significantly increases the activity of several
antioxidant enzymes including catalase, superoxide dismutase (SOD), glutathione S-
transferase, and glutathione peroxidase (GPx) (18-20). Thus, CR through up-regulation of
endogenous antioxidant enzymes and repair mechanisms may reduce oxidative stress and
damage to lipids, proteins, and DNA. Therefore, determination of changes in the in vivo
markers of oxidative stress and antioxidant defense system can help us to assess the
effectiveness of CR in humans. However, CR studies, even for the short term, are limited in
humans. The present study was designed to study the effects of CR on measures of oxidative
stress and antioxidant defense system in humans participating in the Comprehensive
Assessment of Long-term Effects of Reducing Intake of Energy (CALERIE), the first
human trial of CR conducted at Tufts University. We also examined the relationship
between body weight, fatness, and markers of oxidative stress.

Materials and Methods

Study Subjects

This study was performed as part of the CALERIE trial conducted at the Jean Mayer, USDA
Human Nutrition Research Center on Aging (HNRCA) at Tufts University with approval
from the Tufts Medical Center, Institutional Review Board. The details of the study protocol
and CR diets are described elsewhere (21, 22). Briefly, 46 overweight (BMI 25-29.9 kg/m?)
but otherwise healthy men and women aged 24-42 years were recruited from the greater
Boston area. Eligibility was determined by normal health history questionnaires, physical
and psychological examinations, and blood and urine tests (routine blood chemistry
including; lipid profile, blood sugar, complete blood counts, comprehensive metabolic
panel, kidney, liver and heart functions, potassium, calcium, uric acid, electrolytes, iron and
urine electrolytes and sugar). Exclusion criteria included high physical activity levels,
smoking, alcoholism, weight fluctuations (>15Ibs in the past year), inability to accurately
complete a dietary record ( 70%< estimated energy requirements <130%), anticipated life-
style changes (pregnancy, relocation), and any disease or medication known to affect mood,
appetite, or metabolism (diabetes, cancer, cardiovascular disease, hypertension, endocrine
disorders, psychiatric disorders, eating disorders). Subjects were also provided with daily
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multivitamin and calcium (500 mg/day) supplements and all subjects took the provided
supplements for the entire duration of the study. Each subject gave written informed consent
and was provided with a stipend.

Study Intervention

Subjects were asked to maintain their weight and to continue eating their usual diet for 7
weeks when baseline assessments were made of the usual energy requirements using the
doubly-labeled water method (22) and outcome variables were determined. Of the 46 study
subjects, 34 subjects were then randomized to 30% CR, and 12 subjects were randomized to
10% CR for 6 mo. Within each level of CR, subjects were also randomized to one of two
diets: a high glycemic load diet (HG), (N=17 and N=6 for 30% and 10% CR, respectively)
and low glycemic load diet (LG), (N=17 and N=6 for 30% and 10% CR, respectively). The
HG load diet consisted of 60% carbohydrate, 20% protein, and 20% fat, 15 g fiber/1,000
kcal, mean estimated daily glycemic index of 86, and glycemic load of 118 g/1,000 kcal.
The LG load diet consisted of 40% carbohydrate, 30% protein, 30% fat, 15 g fiber/1,000
kcal, mean estimated daily glycemic index of 52, and glycemic load of 45 g/1,000 kcals. The
glycemic index and glycemic load of the diets were determined using the International
Tables of Glycemic Index and Glycemic Load (23). Both diets and both levels of CR had
levels of macronutrients and micronutrients consistent with current dietary recommendations
for health.

During the 6-mo intervention period, all food was provided to the participants by the
Metabolic Research Unit of the HNRCA at Tufts University. Subjects were asked to
consume only this food, return any leftovers, and report additional foods eaten. To maximize
adherence to the study diet, regular behavioral group meetings and individual sessions with
a dietitian were held. From participants’ reports of leftover food and extra items, actual daily
nutrient intake during the intervention period was calculated (22).

Outcome Measurements

All outcome assessment staff members were blinded to participant randomization. Height (=
0.1 cm) was measured at baseline, and body weight (+ 50 g) was measured weekly at the
HNRCA. Blood and urine samples were collected at baseline and after a 6 mo period of
dietary intervention with provided food.

GPx enzyme activity (nmol/min/mL) was measured in EDTA plasma using the glutathione
peroxidase assay kit (Cayman Chemical, Ann Arbor, MI). Each sample was assayed in
triplicate in a 96-well plate. The absorbance was read once every minute at 340nm for five
minutes using an ELx808 microplate reader (Bio-Tek Instruments, Inc., Winooski, VT).

Catalase (CAT) enzyme activity (nmol/min/mL) was measured in EDTA plasma using the
Cayman Chemical catalase assay Kit. Each sample was assayed in duplicate in a 96-well
plate and the absorbance was read at 540nm using an ELx808 microplate reader (Bio-Tek
Instruments).

Plasma concentration of 8-epi-PGF2a. (pg/mL) was measured in heparinized plasma samples
using the Cayman Chemical EIA kit. Samples were purified using 8-lsoprostane affinity
column (Cayman Chemical). Purified samples were assayed in duplicate in a coated 96-well
plate. The absorbance was read at 412nm using a Spectra Max 340 microplate reader (Bio-
Tek Instruments).

SOD activity (U/mL) was measured in heparinized plasma using the Cayman Chemical
SOD assay kit. Each sample was assayed in duplicate in a 96-well plate and the absorbance
was read at 450nm using an ELx808 microplate reader (Bio-Tek Instruments).
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Protein carbonyl concentration (nmol/mL) was measured in EDTA plasma using the
Cayman Chemical assay kit. The samples were derivatized with 2,4-dinitrophenylhydrazine.
The derivatized carbonyl solution was assayed in duplicate in a 96-well plate and the
absorbance was read at 370nm using a Spectra Max 340 microplate reader (Molecular
Devices, Sunnyvale, CA).

Urinary 8-hydroxy-2'-deoxyguanosine (8-OHdG) concentration (ng/mL) was measured
using the DNA Damage ELISA Kit (Stessgen, Victoria, BC, Canada). Samples were
assayed in duplicate in a coated 96 well plate. The absorbance was read at 450nm using an
ELx808 microplate reader. Urinary 8-OHdG was normalized with urinary creatinine levels
measured using an Olympus AU400e Chemistry Immuno Analyzer (Olympus America Inc.,
Melville, NJ) and expressed as 8-OHdG ng/mg creatinine.

Statistical Analysis

Results

Statistical analyses were performed using SAS version 8. A mixed model, repeated
measures analysis of variance was used to examine changes in the seven markers of
oxidative stress/defense over the 6 mo period with time (baseline or 6 mo), degree of CR
(10% or 30%), and their interactions with glycemic load (high or low) as covariates. Over
the 6 mo period, changes in the oxidative markers for the entire study group as well as
differences between groups were assessed. Furthermore, the relationships between changes
in the oxidative markers and changes in BMI, percent fat, and fat mass were assessed while
controlling for time, level of energy restriction, and glycemic load

Change in body weight and BMI

Compliance of subjects with dietary regimens at the 6 month time point was good. The 30%
CR group complied as prescribed, and those assigned to 10% CR group, restricted their diet
by 20% on average (please see reference (22)). As reported elsewhere (21) CR decreased the
body weight, however, there was no significant difference between the HG and LG diets or
between 10% and 30% CR regimens in changes of body weight over time (21, 22). There
was also no correlation between oxidative stress parameters and changes in body weight,
BMI, and fat mass.

Glutathione Peroxidase

Catalase

Overall, there was a significant (p=0.04) increase of 5.39nmol/min/mL in plasma
glutathione peroxidase activity (Table 1 and Figure 1A) over the 6 month study period (95%
Cl: 0.25, 10.54). There was a non-significant trend towards an increase in enzyme activity in
the 30% restricted group (9.86 nmol/min/mL, 95% CI: 4.08, 15.64) as compared to the 10%
restricted group (0.93 nmol/min/mL, 95% CI: —5.81, 7.67; p=0.09) (Figure 1A). No
significant effect of HG and LG diets was observed (p=0.52).

Overall, there appeared to be an 8.64 nmol/min/mL increase in catalase activity over the 6
mo CR period. However, this did not reach to statistical significance (95% CI: —3.97, 21.24,
p=0.17). This may be due in part to the random hemolysis of red blood cells, which contain
high levels of catalase. There was no statistically significant difference in the change in
catalase activity between the 10% and 30 % restricted groups (p=0.28) or between HG and
LG groups (p=0.27).
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There was a non-significant decrease (p=0.09) in plasma 8-epi-PGF2a. isoprostane levels
(22.88 pg/mL; 95% CI: —48.44, 2.69,) over the 6 mo period (Table 1 and Figure 1B).
However, there was no statistically significant difference in the level of change between the
10% and 30% CR groups (p=0.83), or between HG and LG groups (p=0.82).

SOD: an overall increase of 0.06 U/mL in plasma SOD activity over the 6 mo period.
However, this increase in plasma SOD activity did not reach statistical significance (95%
Cl: —0.12, 0.24; p=0.49) (Table 1). There was also no significant difference in the degree of
change in SOD activity between the 10% and 30% CR groups (p=0.38), or between HG and
LG groups (p=0.96).

Protein Carbonyl

There was a significant (p=0.02) decrease in plasma protein carbonyl levels (3.98 nmol/mL
95% CI: —7.54, —0.43) over the 6 mo period (Table 1 and Figure 1C). The difference in the
degree of decrease between the 10% and 30% CR groups did not reach statistical
significance (p=0.51, Figure 1C), or between HG and LG groups (p=0.50).

8-Hydroxydeoxyguanosine

The overall decrease of 52.50 ng/mg creatinine in 8-OHdG (Table 1) over the 6 mo CR
period was not statistically significant (95% CI: —166.71, 61.71; p=0.33). There was no
statistically significant difference in the degree of change in 8-OHdG between the 10% and
30% restricted groups (p=0.07), or between HG and LG groups (p=0.13).

Over the 6 mo period, neither the change in BMI, percent fat, or fat mass was found to be
associated with the change in any of the six markers of oxidative stress/defense.

Discussion

According to the free radical theory of aging, the cumulative damage from reactive oxygen
species (ROS) and loss of protective systems to withstand the oxidative challenge
intrinsically governs aging and longevity (24). The results of the present study showed that a
CR regimen significantly altered two of the markers of oxidative stress in humans, which is
consistent with the results previously reported for animal models. Since decrease of
oxidative stress and increase of antioxidant defense systems associated with CR have been
suggested to be one of the plausible mechanisms by which CR increases lifespan in
laboratory animals, the results obtained here in humans are suggestive of some beneficial
effects.

Previous data on the effect of CR on oxidative stress parameters in humans has been limited
to an observational study of an Okinawan population and a few limited short-term studies
mixing exercise and diet interventions (25-30). Since determination of human lifespan
prolongation by CR is not practical, measurement of changes in the associated markers such
as oxidative stress and endogenous antioxidant defense systems would provide useful
predictive indices on the efficacy of short-term CR on age-associated chronic diseases and
probably lifespan in humans. In the current study, we investigated the efficacy of 6-mo of
CR at 30% and 10% restriction on the loss of body weight and on several associated
biomarkers including oxidative stress and antioxidants indices. Six-months of CR in this
study significantly reduced body weight (with no difference between HG and LG diets, or
between 10% and 30% CR) and several other metabolic markers (21, 22, 31). This was
partly due to the fact that the 10% CR group over-restricted themselves and the 30% CR
group under restricted themselves (21).

J Nutr Health Aging. Author manuscript; available in PMC 2011 December 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

MEYDANI et al.

Page 6

We found that 6-mo CR significantly increased GPx activity and decreased protein carbonyl
levels in plasma. Evidence suggests that CR attenuates oxidative stress through activation of
NRF2/ARE pathway, inducing a variety of antioxidant proteins like GPx (32). In addition,
CR can induce the expression of eNOS and nitric oxide production (33), which in turn up-
regulates GPx (34). Protein carbonylation in animals has been shown to increase with age,
and CR has been demonstrated to decrease this marker of protein oxidation in mice (15).
Dandona et al. (35) reported that four wk of CR in nine obese subjects resulted in a
significant decrease in plasma protein carbonyl levels. However, in a randomized clinical
trial testing the effect of 6-mo CR on biomarkers of longevity conducted at the Pennington
Biomedical Research Center (CALERIE, funded by National Institute on Aging), Heilbronn
et al. (36) reported that the level of plasma protein carbonyl did not change over the 6-mo
with 25% or more CR. While it could be argued that their study (36) did not alter the
macronutrient composition of the diet and that the increase in protein carbonyls in the
current study might have due to a compensatory increase in plasma GPx activity in response
to oxidative stress induced by the high glycemic index. However, it must be noted that there
was no significant difference in the decrease in protein carbonyls between the two glycemic
load diets suggesting that the observed decrease may not be due to compensatory factors.
Further, this increase in antioxidant activity was only observed with GPx, and not with SOD
and catalase in both the CR and diet groups.

Another biomarker of oxidative stress that we tested was plasma 8-epi-PGF2a, which has
been regarded as a specific and sensitive marker of lipid peroxidation (37, 38). While there
was no statistically significant effect of CR on this biomarker, a trend of decrease in this
marker was noted.

In a recent study, Heilbronn et al. (36) reported that 25% and higher CR in overweight
subjects was effective in reducing oxidative DNA damage in lymphocytes as measured by
comet assay in fresh samples. While this type of measurement may indicate the effect of CR
on a specific cell type, it may not reflect CR effects on whole body status of oxidative DNA
damage. The whole body DNA oxidative products measured in urine may better represent
DNA damage products originating from several different tissues with differential sensitivity
and adaptability to CR and oxidative stress. Therefore, measuring urinary excretion of the
DNA-repair product B0OHAG has been suggested as a good biomarker of in vivo oxidative
DNA damage to whole body cell DNA in humans (39). However, we found that this
biomarker of oxidative DNA damage was not affected by either level of CR or glycemic
load. Due to study design, the number of subjects in 10% CR was smaller than in 30% CR,
and it is possible that we might not have observed level of CR effects on biomarkers of
oxidative stress. Further studies with larger subject numbers are needed to establish levels of
CR on these biomarkers. While CR in this study resulted in a significant decrease in body
weight, BMI, and other indices of metabolic syndrome (22, 31), the absence of a strong
effect on markers of oxidative stress/antioxidant defense may be attributed to the short
period of CR for which the study measurements were obtained and the limited number of
subjects in the 10% CR group. However, in concurrence with previous findings (36), our
results suggest that CR in humans modulates some of the biomarkers of oxidative stress and
antioxidant defense, which may be regarded as surrogate markers of aging. It is important to
note that while changes in oxidative stress/antioxidants might be associated with CR, several
energy sensing and nutrient sensing signaling pathways including IGF-1, TOR and sirtuins
are believed to converge together with CR regimen leading to extension of lifespan (4, 40,
41). However, role and impact of these energy/nutrient-sensing signaling pathways need to
be further elucidated in human CR.
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Figure 1.

Overall change in plasma GPX activity (A), 8-epi-PGF2a (B) and protein carbonyl (C) from
baseline after controlling for caloric restriction levels and dietary glycemic loads. Open bars:
10% CR,; solid bars: 30% CR. Repeated measures, ANOVA. Data are Means + SE
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Table 1

Overall changes in antioxidants and oxidative markers (Baseline — 6 Months)

Antioxidant and Oxidative Markers

Mean Difference

n  Unadjusted Adjusted® p-valueb
Glutathione Peroxidase (nmol/min/mL) 42 7.52 5.39 0.04
SOD (U/mL) 42 0.10 0.06 0.49
Catalase (nmol/min/mL) 40 5.75 8.64 0.17
8-1soprostane (pg/mL) 42 -23.91 —22.88 0.09
Protein Carbonyl (nmol/mL) 42 —4.61 -3.98 0.02
8-Hydroxydeoxyguanosine (ng/mg creatinine) 38 -1.92 -52.50 0.33

aMeans adjusted for degree of restriction and glycemic load;

bSignificance of change over the 6 month period.
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