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Abstract

Background—The aging process occurs at variable rates both among and within species and may
be related to the variability in oxygen consumption and free radical production impacting oxidative
stress. The current study was designed to test whether nonagenarians have a relatively low metabolic
rate and whether it is associated with low levels of oxidative stress relative to age.

Methods—Resting metabolic rate (RMR) and markers of oxidative stress to lipids, proteins, and
DNA were measured in three groups of individuals aged 20-34 (n = 47), 60-74 (n = 49), and >90
years (n =74).

Results—RMR, adjusted for fat-free mass, fat mass, and sex, was lower in both older groups when
compared to the young group (p <.0001). There were no significant differences in urinary
isoprostanes, serum protein carbonyls, or DNA fragmentation between groups, and RMR was not
related to any markers of oxidative stress.

Conclusions—This study confirms an age-related decline in RMR independent of changes in body
composition but surprisingly did not show an accumulation of oxidative damage with increasing age.
Our data challenge the theory that RMR is a significant determinant of oxidative stress and therefore
contributes to the aging process.

There are currently more than 300 theories attempting to explain the aging process (1).
However, there is still no agreement regarding the causes or mechanisms of biological aging.
Two complementary, closely related theories are the Rate of Living Theory and the Free
Radical/Oxidative Stress Hypothesis of Aging. Combined, these theories state that free radicals
produced during cellular metabolism react with biomolecules to produce oxidative damage,
which accumulates with age (2,3). There is support for both of these theories. For example,
free radical production and metabolic rate are inversely related to life span (4,5). However,
there is a discrepancy in the results between intra- and interspecies animal models (2,5-7). In
addition, it is now well known that free radicals have important roles in various physiological
functions (8). It appears that only when free radicals are in excess (excessive production and/
or insufficient removal), can they accumulate and cause damage to cells and tissue contributing
to disease and the aging process (8). However, it is unknown if there is a relationship between
resting metabolic rate (RMR) and oxidative stress in humans and whether these are related to
the aging process.
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Reactions with oxygen can produce a number of free radicals known as reactive oxygen species
(ROS) (9-12). ROS attack lipids, proteins, and DNA generating a number of products that
affect normal cell functioning (13-15). However, organisms have adapted a number of
mechanisms to protect from free radical production (10,16). The function of many proteins,
such as antioxidant enzymes, includes removing free radicals from cells and tissues (11).
Recently, uncoupling proteins (UCPs) have been shown to be activated in response to excessive
free radicals in the mitochondrial matrix (17). By inducing uncoupling, UCPs help to reduce
the release of electrons from the electron transport chain, thereby attenuating the production
and accumulation of free radicals (18). However, despite evolved defense systems, cross-
sectional studies demonstrate an accumulation of oxidative stress with age in both animals and
humans (19-21)

Early studies reported a direct relationship between metabolic rate and oxidative damage and
a negative relationship with both of these to maximum life span across species (22,23). In
contrast, Speakman and colleagues (7) reported a positive relationship between oxygen
consumption and maximum life span in mice, and Selman and colleagues (24) showed that
calorically restricted rats exhibited energy expenditures higher than predicted on the basis of
body weight. However, unlike in humans, it is notoriously difficult to measure metabolic rate
in rodents, and results do not differentiate RMR from thermogenesis and physical activity, all
components of total daily energy expenditure (TDEE) (26). Free radical production from the
electron transport chain is highest in the resting state (RMR) when the demand for energy is
low (27,28). Therefore, one would assume that free radical production and oxidative stress
would be related specifically to RMR rather than to TDEE. Unfortunately, there are very few
studies that have investigated the relationship between energy expenditure and oxidative stress
and none that have examined the relationship with RMR in humans and have looked at the
effect of age on this relationship (29).

Individuals achieving extreme old age (> 90 years) have been thought of as “models of
successful aging” (30). A few studies have documented that centenarians and nonagenarians
may be protected against oxidative stress (31-33). However, to our knowledge, no one has
examined both RMR and oxidative damage in the oldest old. Therefore, the purpose of this
study was to test whether “healthy” nonagenarians have relatively low metabolic rates
compared to old (60- to 74-year-old) and young (20- to 34-year-old) individuals and whether
such a low metabolic rate is associated with relatively low levels of oxidative damage.

METHODS

Participants included in this study represent a subset from an ongoing population-based study
called the Louisiana Healthy Aging Study (LHAS) initially funded by the Louisiana Board of
Regents through the Millennium Trust Health Excellence Fund and now by a Program Project
from the National Institute on Aging. The overall aim of the LHAS is to determine whether
characteristics of an individual’s metabolism predispose to long (or not so long) life with the
retention of physical and cognitive functionality that is associated with healthy aging. A total
number of 877 participants will be included in the main project, which is related to the genetics
of aging and longevity. After individuals are screened for the main project, eligibility is then
determined for other projects including the present study (metabolic rate and oxidative stress)
and studies of physical and cognitive functionality. Randomly selected individuals (from voter
registration lists and the Medicare Beneficiary Enrollment Data File from The Center of
Medicare and Medicaid Services) from a 40-mile area surrounding Baton Rouge, Louisiana,
were invited to participate in the study. After potential participant lists were randomly
generated, study staff attempted to obtain contact information. Potential participants were first
contacted by letter extending an invitation to participate in the study, which was then followed
up with a phone call. In many instances, potential participants were not able to be contacted,
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e.g., contact information was unattainable, individuals had moved, or there was no response
from letter or phone calls. Despite that, we have experienced an approximate 20% enrollment
rate for the overall study thus far, varying considerably by decade of age. Reasons given for
individuals not wanting to participate include not having time or not wanting to come to the
testing facility. For this specific study, individuals were excluded if they had been diagnosed
with diabetes or had elevated fasting blood sugar (> 125 mg/dL), thyroid disease, unstable
cardiovascular disease, or mental health problems requiring drug treatment. Nonagenarians
were excluded if they had a heart attack or stroke in the 3 months prior to testing; had severe
high blood pressure or blood vessel aneurysm; were taking certain medications used for
myasthenia gravis; or had uncontrolled asthma, an asthma-like condition, or emphysema/
chronic obstructive pulmonary disease (COPD). According to study design and the above
eligibility criteria, 170 individuals were available for data analysis. Data were collected in three
groups of individuals aged 20-34 (20M/27F), 60-74 (26M/23F), and >90 years (38M/36F).
The study was approved by the Institutional Review Board of the Pennington Biomedical
Research Center, and participants provided written informed consent.

Body Composition and RMR

Weight was measured in a gown (and without shoes and without jewelry and/or a watch), to
+0.1 kg with an electronic scale (Detecto, Webb City, MO) that was checked daily with
standard weights. Body composition was measured using dual-energy x-ray absorptiometry
(DXA) (QDA 4500A; Hologics, Bedford, MA), and fat-free mass (FFM) and fat mass (FM)
were calculated from weight and percent body fat. RMR was measured for 30 minutes
following a 12-hour overnight fast using a ventilated-hood Deltatrac 11 metabolic cart
(Sensormedics, Yorba Linda, CA). Participants were required to rest in a reclined position for
30 minutes before the start of the test, and the last 20 minutes of the 30-minute measure were
used to calculate energy expenditure. The cart was calibrated before each test using room air
and a known calibration gas concentration with 96% oxygen and 4% carbon dioxide.

Thyroxine and Triiodothyronine Concentrations

Fasting serum total thyroxine (T4) and total triiodothyronine (T3) levels were measured using
immunoassays (DPC 2000; Diagnostic Product Corporation, Los Angeles, CA).

Lipid Damage Measured by Urinary Isoprostanes

Urinary isoprostanes are derived from the free radical oxidation of arachidonic acid, and its
concentration in urine has been accepted as a marker of oxidative stress as previously described
(34). Briefly, urine samples were collected the morning of the test day and prepared by adding
10 ng of [180,]15-Fy-1soP-M to 3 mL of water, then 0.25 mL of urine and sufficient 1 N HCI
to acidify the sample to a pH=3. High-performance liquid chromatography (HPLC) was carried
out on a 30-mL sample using a Surveyor MS Pump from ThermoFinnigan (San Jose, CA) with
a mobile phase consisting of solvent A (5 mM ammonium acetate with 0.1% acetic acid) and
solvent B (acetonitrile/methanol, 95:5). F,-IsoP-M was chromatographed on a Magic C18AQ,
3 um 100 A column (Michrom BioResources, Auburn, CA). Mass spectrometry was performed
using a ThermoFinnigan TSQ Quantum triple quadrupole mass spectrometer (San Jose, CA)
equipped with standard electrospray ionization. The inter-assay coefficient of variation was
13%, while the day-to-day coefficient of variation was 5%.

Protein Damage Measured by Protein Carbonyls

ROS react with proteins to produce cross-links and carbonyl derivatives (16). The carbonyl
content in proteins was determined using a modified 2,4-dinitrophenylhydrazine (DNPH) assay
according to the method of Mates and colleagues (35). Briefly, serum was treated with acidified
DNPH. Proteins were then precipitated by trichloric acid and centrifuged. The pellet was

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2009 June 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Frisard et al.

Page 4

dissolved in guanidine hydrochloride, and any insoluble material was removed by additional
centrifugation. The carbonyl content was calculated from peak absorbance at 355-390 nm,
using an absorption coefficient £ of 22,000 M~ cm™1 (Beckman, Brea, CA). Results were
expressed as nanomoles per milligram of protein. Total protein concentration was determined
by the method of Bradford (36). The intra- and inter-assay coefficients of variation were 4.7%
and 8.5%, respectively.

DNA Damage Measured by Single Cell Gel Electrophoresis (Comet Assay)

Single cell gel electrophoresis is a sensitive method to examine DNA damage and repair at
individual cell level. Modification of the method with the use of repair enzymes, such as those
used to repair damage produced by ROS, have proved useful in assessing oxidative damage to
DNA. DNA fragmentation was measured by single cell gel electrophoresis as described by
Deutsch and colleagues (38). Whole blood cells were washed with phosphate-buffered saline
and dimethyl sulfoxide and centrifuged. The blood pellet was suspended in low-melting-point
agarose and spread onto two commercially available slides (Trevigen, Gaithersburg, MD), and
the slides were treated as per the manufacturer’s instructions. Two slides were prepared for
each blood sample, one for performing the standard Comet assay for detecting single-stranded
breaks and abasic sites in DNA, and one for measuring oxidized DNA bases such as 8-
deoxyguanine revealed by the Fpg (Escherichia coli formamidopyrimidine-DNA glycosylase)
FLARE (Fragment Length Analysis using Repair Enzymes) assay. The Fpg enzyme solution
was added to the agarose on the slide for the FLARE assay and placed at 37°C for 55 minutes.
The slide for the Comet assay was placed in a drawer at room temperature during this time.
All slides were then immersed in alkaline buffer, washed, and subjected to electrophoresis for
10 minutes at 17 volts. The slides were then fixed, stained with SYBR green dye (Trevigen),
and viewed under an ultraviolet microscope (Nikon Microphot FXA, Hamamatsu high
resolution, 512 lines, Image | AT software, FITC 3 filter). The extent of DNA damage was
determined by calculating the comet tail moment, which is the integrated density in the comet
tail multiplied by the distance from the center of the nucleus to the center of mass of the tail
of 25 cells using freely available software (Herbert M Geller;
http://www2.umdnj.edu/~geller/lab/comet.htm). Because the rapidly changing intensities of
individual cells are difficult to control, a large variance within each experiment is unavoidable
(39). Therefore, anormalizing and variance-stabilizing logarithmic transformation was applied
to the calculated tail moments.

Although there are no agreed upon reference values for the comet assay, we performed a
reliability assay by measuring DNA damage in duplicate samples from 20 individuals twice
as well as separate samples collected from the same participants on consecutive days. The inter-
and intra-class correlation coefficients were 0.95 and 0.95, respectively, and the inter- and
intra-assay coefficients of variation were 0.2% and 3.7%, respectively. We also compared DNA
damage in whole blood (whole nucleated cells) and isolated lymphocytes in 20 samples. Bland—
Altman analysis revealed no significant differences in DNA fragmentation using isolated
lymphocytes or whole blood. The coefficient of variation was 2.9%.

Statistical Analysis

Data in the text, Table 1, and Figure 2 are provided as means + standard error of the mean.
Data analyses were performed using SAS version 8.2 (SAS Institute, Cary, NC). A total of 170
participants were included in the analysis. However, isoprostane data were available in only
74 participants, whereas protein carbonyl data were available in 119 individuals. Multiple
regression analysis was used to adjust RMR for FFM, FM, and sex. Residual values represent
the difference between the measured and predicted values (see RMR section). Analysis of
variance was used to assess differences between groups. Linear regression models were used
to assess associations between RMR and markers of oxidative stress. Multiple regression
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analysis was also used to determine which factors best predicted indices of oxidative damage.
Finally, analysis of covariance was used to test whether current or past history of smoking or
the presence of cancer influenced the relationship between RMR and markers of oxidative
stress.

Body Composition

RMR

Participant characteristics by age and sex are displayed in Table 1. The three groups will be
referred to as young (20-34 years), aged (60—74 years), and nonagenarians (>90 years). Three
of the young individuals were current smokers, and four had a history of smoking. Two of the
aged individuals were current smokers, and seven had a history of smoking. None of the
nonagenarians were currently smoking, but 13 had a history of smoking. Three of the
nonagenarians had been diagnosed with prostate cancer, two with breast cancer, one with
ovarian cancer, and seven had been treated for skin cancer. Analysis of covariance revealed
that neither smoking status nor the presence or history of cancer influenced relationships
between the study variables. Nonagenarians weighed less than the young and aged groups (p
<.001), resulting in lower body mass index (p < .003). There were also differences in percent
body fat between the young and aged groups (p < .0002) and between the young group and the
nonagenarians (p = .02). As expected, nonagenarians had significantly less FFM (p <.0001)
than the two younger groups. However, the aged group had more FM than the young group

(p =.02).

Absolute resting metabolic values are also displayed in Table 1. As expected, absolute RMR
was significantly different between the three groups (p < .0001). RMR was related to FFM
(Figure 1) and sex. After adjustment for FFM, FM, and sex, RMR was lower in the aged group
and the nonagenarians than in the young group (p < .0001). There was, however, no difference
in RMR between the aged group and the nonagenarians. RMR was related to total serum T3
concentrations (r=0.31, p <.0001), and T3 was significantly lower in the aged group and in
the nonagenarians (p < .0001) compared to the young group. Serum total T4 concentrations
were significantly different among all three age groups.

Markers of Oxidative Stress

Values for markers of oxidative stress to lipids, proteins, and DNA are displayed in Figure 2.
There were no significant differences between men and women in any markers of oxidative
stress. Unexpectedly, there were no differences in urinary isoprostane concentrations (p = .2),
serum protein carbonyl concentrations (p = .3), or spontaneous DNA damage (comet) (p = .3)
among the three age groups. There was a trend for increased DNA damage measured by the
FLARE assay in the aged participants compared to either nonagenarians or young individuals
(both, p =.1). Contrary to our hypothesis, there were no relationships between absolute or
adjusted RMR and any of the markers of oxidative stress. In addition, multiple regression
analysis revealed that RMR, adjusted for FFM, FM, and sex, was not a determinant of the
variation in urinary isoprostanes, serum protein carbonyls, or DNA fragmentation.

DISCUSSION

To our knowledge, the Louisiana Healthy Aging Study is the first study to examine the
relationship between RMR and oxidative stress in humans. The results from this study support
previous research that RMR declines with age even after adjustment is made for differences
in body weight, body composition, and sex. However, this study does not provide evidence for
an accumulation in oxidative stress with age, nor does it support the theory that energy

J Gerontol A Biol Sci Med Sci. Author manuscript; available in PMC 2009 June 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Frisard et al.

Page 6

metabolism is directly involved in the aging process through the production of free radicals
and accumulation of oxidative damage to lipids, proteins, and DNA.

There is still considerable controversy over whether oxidative damage increases with age.
Although a number of studies have been conducted in animals, studies in humans are too scarce
to conclude whether an accumulation of oxidative damage also occurs with aging. In addition,
the accumulation of oxidative stress seems to be dependent on the choice of markers of
oxidative stress as well as the type of tissue studied. Both factors make it difficult to come to
a conclusion on the effect of age on oxidative stress. For example, oxidative damage to DNA
and proteins was increased in skeletal muscle of older patients and was decreased in blood cells
after calorie restriction (21,25,40). In contrast, data regarding lipid peroxidation are more
confusing. Studies using malondialdehyde (MDA) as a marker of lipid peroxidation have
indicated an increase in lipid peroxidation as a result of increasing age (41,42). However, data
from the Framingham Study actually observed a decrease in isoprostanes, a more reliable
marker of lipid peroxidation, in individuals ranging from 33 to 88 years old (43).

In the current study, there were no differences in any markers of oxidative stress among the
three groups. Such results directly contradict the well accepted theory that oxidative stress
increases with age. There was a trend for the aged individuals to have more DNA damage than
either of the other groups; this trend supports the idea that nonagenarians may be protected
from oxidative damage to DNA. In healthy individuals, the accumulation of oxidative stress
may be small and may require larger studies to observe age-related differences. In addition,
one of the requirements of the study was that individuals had to be able to come to the testing
facility to be tested. Participants with diabetes were also excluded. Therefore, it is possible that
the study design selected healthier older participants and that this may mask or dilute any
differences between groups or relationships that otherwise would have been detected.
Furthermore, it is recognized that the accumulation of oxidative stress is greater in postmitotic
tissues (such as skeletal muscle and brain) than in other cell types with faster turnover rates
(such as blood), which may partially account for the fact that there were no differences detected
between groups with regard to protein carbonyls in serum (20). However, a recent study in rats
reported that 8-OhdG significantly increased with age in peripheral lymphocytes as well as in
heart, skeletal muscle, brain, liver, and intestine (44). The current study used the Comet assay
in whole blood, a generally accepted method to assess DNA fragmentation in humans, but did
not reveal any differences between groups. Our validation studies of the assay provide a strong
reliability of the test and also show that using only lymphocytes or all nucleated cells in blood
did not change the outcome.

There is still disagreement as to whether RMR declines with age independent of changes in
body weight and body composition and whether such a decrease contributes to the aging
process and determination of life span. Recent studies in a group of mice demonstrated that
those in the upper quartile of metabolic intensity had 17% greater resting oxygen consumption
and lived 36% longer than animals in the lower quartile (7). However, the measurement of
RMR in animals, especially rodents, is notoriously difficult when compared to measurement
in humans in whom strict cooperation can be obtained during the procedure. Therefore, it may
not be possible to apply conclusions from rodent studies to humans when it comes to aging
and energy metabolism. In humans, earlier observations of a decline in RMR with age were
later supported by reports of lower RMR in older individuals when compared to younger
individuals even after adjusting for FFM (45-48). Others have reported that the decline in RMR
may be due to the decline in cell mass only. The decline in physical activity with age has also
been implicated as a potential cause for the reduction in RMR with age, even if there is no clear
relationship between RMR and maximal oxygen consumption, an index of the level of physical
activity (49,50).
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In the current study, RMR was lower in each of the older groups compared to the young group,
and this situation persisted after adjustment for body weight and composition. The relationship
between RMR and total T3 serum concentrations suggests that one of the determinants of the
variability in RMR may be the activity of the thyroid axis. Possible other reasons for this decline
in RMR with aging include lower sympathetic nervous system (SNS) activity, lower sensitivity
to the activity of the SNS, smaller organ size, or lower overall energy intake. Although neither
were measured in the present study, previous studies have indicated that SNS activity is related
to energy expenditure and that the decline in RMR in older men may be directly due to a decline
in energy intake (49-52).

Contrary to our hypothesis, RMR was not a significant determinant of urinary isoprostane
concentrations, serum protein carbonyl concentrations, or DNA fragmentation. Loft and
colleagues (29) found a positive relationship between 24-hour oxygen consumption and urinary
excretion of 8-oxodG in women. However, free radical production does not necessarily
increase in direct proportion to total oxygen consumption because electron leak is not constant
across tissues. In addition, free radical production is highest in the resting state when adenosine
triphosphate (ATP) demand is low (53). Therefore, one would expect a direct relationship
between markers of oxidative stress and RMR rather than total energy expenditure, which is
the sum of RMR, the thermic effect of food, and the energy needed to sustain physical activity
as observed by Loft and colleagues (29). These discrepancies indicate that a number of factors,
not just energy expenditure, contribute to the production of free radicals.

While our data in a large cohort covering the ages from 21 to 98 years do not directly support
the Rate of Living/oxidative stress hypothesis, they do not refute it. Although there was no
relationship between RMR and markers of oxidative stress, nonagenarians had significantly
lower RMR with no significant differences in oxidative stress. Could the lower RMR in
nonagenarians be an adaptive response in an effort to attenuate the age-related accumulation
of oxidative stress? This question could not be answered by the present study design.
Furthermore, our cross-sectional study design lends itself to limitations because it is impossible
to know who from the younger individuals will live beyond 90 years. Because we did not
directly measure free radical production, antioxidant concentrations, or antioxidant intake, it
is impossible to determine if older individuals produce more free radicals but also have an
enhanced capacity to defend against them. In addition, we did not control for the presence of
some diseases of aging or medication usage (hypertension and dyslipidemia). Recent data
indicate that many disease states are associated with oxidative stress and that the medications
used to treat these conditions can also influence oxidative stress; these factors may have
affected the current results (54,55). In short, prospective studies of the role of metabolic rate
as a determinant of the level of oxidative stress later in life, or even better of mortality, are
needed to answer the relevance of the “Rate of Living Theory” of aging. Such studies would
indicate whether individuals with a lower metabolic rate throughout life have less oxidative
damage and therefore live longer.

The current study supports previous findings of an age-related decline in RMR that cannot be
fully explained by changes in FFM or FM. Organ size and tissue size/metabolism
determinations may warrant further research to investigate precise mechanisms underlying the
age-related decline in RMR. Interestingly, nonagenarians may be protected from the age-
related increase in oxidative damage to DNA, but the reduced RMR could not be directly
implicated in the mechanism of oxidative stress because no relationship was found between
metabolic rate and oxidative damage.
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Figure 1.
Relationship between resting metabolic rate (RMR) and fat-free mass (FFM). There was a
significant effect of age (p <.001) on the relationships between RMR and FFM.
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Figure 2.

Markers of oxidative stress in the three different age groups. DNA fragmentation, n = 170;
protein carbonyls, n = 119; urinary isoprostanes, n = 74. There were no significant differences
in isoprostanes, protein carbonyls, or DNA fragmentation by the Comet or Fragment Length
Analysis using Repair Enzymes (FLARE) assay between the three age groups.
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