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Objective: It is well established that disease states are associated with biochemical
changes (e.g., diabetes/glucose, cardiovascular disease/cholesterol), as are responses to
chemical agents (e.g., medications, toxins, xenobiotics). Recently, nontargeted methods
have been used to identify the small molecules (metabolites) in a biological sample to
uncover many of the biochemical changes associated with a disease state or chemical
response. Given that these experimental results may be influenced by the composition of
the cohort, in the present study we assessed the effects of age, sex and race on the relative
concentrations of small molecules (metabolites) in the blood of healthy adults.

Methods: Using gas- and liquid-chromatography in combination with mass spectrometry,
a nontargeted metabolomic analysis was performed on plasma collected from an age- and
sex-balanced cohort of 269 individuals. Results: Of the more than 300 unique compounds
that were detected, significant changes in the relative concentration of more than 100
metabolites were associated with age. Many fewer differences were associated with sex
and fewer still with race. Changes in protein, energy and lipid metabolism, as well as
oxidative stress, were observed with increasing age. Tricarboxylic acid intermediates,
creatine, essential and nonessential amino acids, urea, ornithine, polyamines and oxidative
stress markers (e.g., oxoproline, hippurate) increased with age. Compounds related to lipid
metabolism, including fatty acids, carnitine, B-hydroxybutyrate and cholesterol, were lower
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in the blood of younger individuals. By contrast, relative concentrations of
dehydroepiandrosterone-sulfate (a proposed antiaging androgen) were lowest in the
oldest age group. Certain xenobiotics (e.g., caffeine) were higher in older subjects, possibly
reflecting decreases in hepatic cytochrome P450 activity. Conclusions: Our nontargeted
analytical approach detected a large number of metabolites, including those that were
found to be statistically altered with age, sex or race. Age-associated changes were more
pronounced than those related to differences in sex or race in the population group we
studied. Age, sex and race can be confounding factors when comparing different groups in
clinical studies. Future studies to determine the influence of diet, lifestyle and medication

are also warranted.

With the recent advances in chromatographic
separation and detection technologies (e.g., mass
spectrometry), coupled with statistical analysis,
advanced mathematical modeling and high order
computation capability, it is possible to use a
nontargeted analytical approach to identify and
measure the relative concentration of a large
number of small molecules in a single biological
sample (metabolomics). These small molecules
include endogenous metabolites, peptides, xeno-
biotics, dietary constituents and agents of envi-
ronmental  exposure. The  metabolomics
approach has been applied to problems in dispa-
rate areas, such as pharmaceutical discovery and
development, natural products research, and dis-
ease diagnosis [1-9,101,102]. Thus, metabolomics is
an important emerging approach for biological
research, including marker discovery [10]. In the
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optimal case, the populations to be compared are
balanced for age, sex and race, and diet and life-
style factors are controlled. However, this may
not always be possible. For instance, the available
cohort may be small (e.g., amyotrophic lateral
sclerosis [ALS] and other rare diseases), or not
easily amenable to dietary and lifestyle controls
(e.g., Alzheimer’s disease, schizophrenia and
other mental disorders). To uncover potentially
confounding influences on interpretation of
metabolomic results, it is important to deter-
mine the effects of age, sex and race on human
plasma metabolites (i.e., plasma metabolome) in
a generally healthy population that has not been
subjected to lifestyle and dietary controls.

The goal of any metabolomic analysis is to
extract, identify and quantify all of the metabo-
lites in a biological sample. Thus, an unbiased
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metabolomics analysis is useful to monitor in a
nontargeted manner (i.e., globally) changes in
metabolic profiles related to age and/or sex, and
can be extended to detect dietary metabolites
and xenobiotics that are present in the blood. In
addition, this approach provides insight into the
influence of age and sex on the relative concen-
trations of observed biochemicals. Besides facili-
tating our understanding of how these factors
affect the small-molecule complement of human
plasma and/or other biological samples
(e.g., tissue, saliva, urine), such knowledge per-
mits an efficient, metabolomics-based measure-
ment process to be compared with more
traditional clinical measurement determinations.

Here we report the use of a chemocentric and
nontargeted metabolomics analysis using data
collected in combination with liquid chromato-
graphy (LC)/mass spectrometry (MS) and gas
chromatography (GC)/MS instrumentation to
determine the number, identity and relative
concentrations of small molecules that are
present in plasma of a representative, healthy
cohort consisting of 269 subjects; Caucasian,
Hispanic and African—-American males and
females, aged 20-65 years. The implications of
our findings on age-, sex- and race-associated
changes in metabolism are discussed.

Materials & methods

Cohort

Metabolomic analysis was performed on
269 healthy subjects, 131 males and 138
females, ranging in age between 20 and 65 years.
The subjects were divided into three age groups:
20-35 years (24.5 + 3.3, mean + standard devia-
tion [SD]); 36-50 years (40.8+5.6); 51-65
years (55.6 +£3.7). The detailed demographic
description of the cohort is displayed in
Tables 1 & 2. Ethylenediaminetetraacetic  acid
(EDTA) plasma samples were collected by
Bioreclamation, Inc. (NY, USA) after informed

Table 1. Cohort description.

consent was obtained from the participants. All
Bioreclamation, Inc. human material is collected
from healthy donors who have been stringently
screened at US FDA licensed donor centers. All
subjects underwent a complete physical exam
that included hematocrit, total protein, alanine
aminotransferase (ALT) levels and urinalysis.
Exclusion criteria included abnormal results in
any of those tests. Subjects with a positive result
for HIV1, HIV2, hepatitis B surface antigen,
hepatitis C virus (HCV) or HIV-1 Ag were also
excluded. Qualified donors were selected after
receiving a complete physical exam and passing
all required viral marker tests by an FDA-
approved methodology. Following collection, all
plasma samples were tested again and found neg-
ative for hepatitis B surface antigen, HIV-1 and
-2, HCV, and HIV-1Ag by approved FDA
methods. Diet, medication and lifestyle (exer-
cise, tobacco and alcohol intake) were not
assessed in this analysis.

Sample preparation

Plasma samples (100 ul) were extracted using
an automated MicroLab STAR® system (Ham-
ilton Company, UT, USA). The samples were
extracted using a series of four solvent extrac-
tion steps: 400 ul tridecanoic acid (2.5 mg/ml)
in ethyl acetate:ethyl alcohol (1:1); 200 pl
methanol; 200 pl methanol:H,O (3:1); and
200 pl dichloromethane:methanol (1:1). Each
solvent extraction step was performed by shak-
ing for 2 min in the presence of glass beads
using a Geno/Grinder 2000 (Glen Mills, Inc.
NJ, USA). After each extraction the sample was
centrifuged and the supernatant removed using
the MicroLab STAR® robotics system, followed
by re-extraction of the pellet. The multiple
extract supernatants were pooled and then split
into two equal aliquots, one for LC/MS and
one for GC/MS. Aliquots were placed on a Tur-
boVap® (Zymark, Runcorn, UK) to remove the

Age (years) 20-35 36-50 51-65 All

Sex M F Total M F Total M F Total M F Total
Race

Caucasian 10 10 20 4 16 20 6 15 21 20 41 61
African— 29 24 53 19 27 46 21 15 36 69 66 135
American

Hispanic 9 8 17 13 12 25 20 11 31 42 31 73
All races 48 42 90 36 55 91 47 41 88 131 138 269

F: Female; M: Male.
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Table 2. Cohort body mass index.

BMI Underweight Normal weight
Summary by age (years)

20-35 3(3) 29 (32)
36-50 22 (24)
51-65 0 13 (15)
Summary by sex

Male 2 (1.5) 44 (36)
Female 1(0.7) 20 (14.5)
Summary by race

African—-American 1 38 (28)
Caucasian 1 11 (18)
Hispanic 1 15 (21)

Overweight Obese
27(30) 31 (34.4)
38 (42) 31(34)
48 (55) 27 (20)
53 (40) 32 (34)
60 (44) 57 (43)
55 (41) 41 (31)
24 (39) 25 (41)
34 (47) 23 (30)

BMI: Underweight <18.5; Normal weight = 19-25; Overweight = 25-29.9; Obese >30; (%).

BMI: Body mass index = weight (kg)/Height (m?).
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solvent, frozen and dried under vacuum over-
night. Samples were maintained at 4°C
throughout the extraction process. For LC/MS
analysis extract aliquots were reconstituted in
10% methanol and 0.1% formic acid. For
GC/MS analysis, aliquots were derivatized
using equal parts bistrimethyl-silyl-triflouroa-
cetamide and  solvent  mixture  ace-
tonitrile:dichloromethane:cyclohexane (5:4:1)
with 5% triethylamine at 60°C for 1 h.

LC/MS & GC/MS analysis

LC/MS was carried out using a Surveyor High
performance liquid chromatography (HPLC)
(ThermoElectron Corporation, CA, USA) with
an electrospray ionization [11] source coupled to
an LTQ MS (ThermoElectron Corporation).
The mobile phase consisted of 0.1% formic acid
in H,O (solvent A) and 0.1% formic acid in
methanol (solvent B). The extract was loaded
onto a 100 x 2.1 mm, 3 um particle, Aquasil
column (ThermoElectron Corporation) via an
CTC autosampler (LeapTechnologies, NC,
USA) and gradient eluted (0% B, 4 min; 0-50%
B, 2 min; 50-80% B, 5 min; 80-100% B,
1 min; maintain 100% B, 2 min) directly into
the mass spectrometer at a flow rate of
200 pl/min. The LTQ took full scan mass spec-
tra (99-1500 m/z) while alternating polarity to
monitor both negative and positive ions.

The derivatized samples for GC/MS were ana-
lyzed on a Thermo-Finnigan Trace DSQ fast-
scanning single-quadrupole MS (ThermoElectron
Corporation) operated at unit mass resolving
power. The GC column was 20 m x 0.18 mm,
initial oven temperature was 60° C ramped to
340°C, and helium was the carrier gas. GC/MS
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was operated using electron impact ionization
with a 50-750 atomic mass unit (amu) scan range
and was tuned and calibrated daily for mass
resolution and mass accuracy.

Compound identification

Compounds were identified by automated com-
parison to Metabolon’s reference library entries
using Metabolon’s proprietary software devel-
oped for creating library entries from known
chemical entities and then automatically fitting
those spectra to experimentally derived spectra
(see Figure 1). Peaks that elute from either the LC
or GC method are compared with the library at a
particular retention time and its associated spec-
tra for that compound. Internal standards are
primarily used in both the GC and LC methods
to calibrate retention times of compounds across
all of the samples in the study and for quality
control of each instrument run. Identification of
known chemical entities was based on compari-
son with Metabolon’s library entries of purified
external standards. Each entry that is automati-
cally identified by the software is visually
inspected with VPhil™ (103 to confirm the
acceptance of that compound in the study. Pep-
tides were identified using standard tandem mass
spectrometry sequencing technique [12].

Data normalization

Raw area counts for each compound in each
sample were normalized to correct for variation
resulting from instrument inter-day tuning dif-
ferences. Raw area counts for a compound were
divided by the median value, setting the medians
equal for each day’s run. Missing values were
assumed to result from areas being below the

385



RESEARCH ARTICLE - Lawton, Berger, Mitchell et al.

386

Figure 1. Compound identification.
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limits of detection. Missing values for a given
compound were imputed with the observed
minimum after the normalization step. Quanti-
tative values were derived from integrated raw

Pharmacogenomics (2008) 9(4)

detector counts of the mass spectrometers.
Importantly, while peak area comparisons
between samples represent relative amounts of
each ion detected, different compounds and ions
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have different ionization potentials. To preserve
all of the variation, yet allow compounds of
widely different raw peak areas to be compared
directly on a similar graphical scale, the normal-
ized intensities were scaled by their median
values for each compound.

Statistical analyses

Metabolomic analysis was conducted on six
populations representing three age groups and
both sexes. To achieve less than a 10% Type Il
error with a Type | error of 0.05 (90% power),
the sample size for each population was esti-
mated to be 45 individuals, based on a power
curve constructed using the total noise in the
analytical systems at the time the work was ini-
tiated. In advance of analyzing the results the
subjects were divided into three age groups
(20-35, 36-50 and 51-65 years) with approxi-
mately equal numbers of subjects in each of the
three categories.

Statistical analysis of the data was performed
using JMP (SAS, [201]), a commercial software
package, and ‘R’ [202], which is a freely available
open-source, software package. For each com-
pound an ANOVA was performed on the full
factorial design with sex, race and age as factors.
A log transform was applied to the observed rela-
tive concentrations for each compound because,
in general, the variance increased as a function of
a compound’s average response. Two analyses
were performed (sex and race as factors): one with
age as a categorical variable (with the three groups
as described earlier), and one analysis with age as
a continuous variable and no interaction terms
(analysis of covariance [ANCOVA]).

Results

The various metabolites examined for compara-
tive analysis in the cohort were selected by match-
ing their analytical signatures against that of
Metabolon’s in-house database of thousands of
compounds. Our library matching software com-
pares the retention time and mass spectral charac-
teristics of components detected in test samples
with the reference library entries (Figure 1). Over
300 compounds were detected in the plasma
samples and visually confirmed with our software
curation program VPhil™ [103]. Approximately
60% of the compounds were identified using
LC/MS and 40% by GC/MS. For compounds
that were detected by both platforms (approxi-
mately 10-15%), the data from the platform giv-
ing the better spectral match to authentic
compound standards were selected for analysis.

www.futuremedicine.com

We were able to identify endogenous com-
pounds, for example amino acids, carbohydrates,
fatty acids, dietary compounds and xenobiotics,
vitamins and a variety of nutritional and other
supplements. We focused our analysis on those
uniquely identified compounds that match our
library of authentic chemical standards; com-
pounds detected but without an associated chem-
ical standard were not further analyzed. Of these
standard compounds over 100 were significantly
altered with age, sex or race.

In order to be included in the statistical anal-
ysis, a compound must have a response for at
least two thirds of the samples overall. In cases
where a response was not detected, it was
assumed that the value was missing because the
compound was below the limit of detection. In
those cases with a missing value, a value was
imputed with the minimum response for that
compound. False discovery rates (FDRS) were
computed to adjust for multiple comparisons [13].
The FDRs were computed using the g-value
method [14]. Compounds with p<0.05,
g < 0.15 were deemed significant.

Metabolites where the levels showed statisti-
cally significant differences according to age are
presented in Table 3. To identify age-specific bio-
chemical changes, the influences of sex and race
were also evaluated. The number of age-
associated metabolite changes were the most sig-
nificant, and some of these age changes were
affected by sex but none by race. In addition,
increases and decreases in metabolites that were
associated specifically with sex or race but not
with age were observed and are described below.

Changes associated with age

To assess changes in metabolite levels as a func-
tion of age, the subjects were divided into three
age groups: ages 20-35, 36-50 and 51-65 years.
Metabolites that show statistically significant
increases or decreases, (p < 0.05, g < 0.15) both
in a significance test (p-value) and in a measure
of false discovery rate (g-value), in relative levels
according to either the model using age as a cat-
egorical variable or the model using age as a
continuous variable are presented in Table 3.
Based on their biochemical relevance, eight
compounds (denoted by #) were included that
met a more relaxed criteria of statistical signifi-
cance that allowed slightly higher p-values but
met the g-value criterion in at least one of the
statistical models. The plasma levels of most of
the compounds were higher in the oldest age
group compared with the youngest.
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The plasma levels of both essential and non-
essential amino acids as well as several
polyamines were higher in the 51-65 age group
(Table 3). The change in the levels of serine,
alanine, glutamine, glycine, glutamate, histidine,
isoleucine, valine, leucine and lysine was most
pronounced in the oldest age group. In addition,
the relative concentrations of hippurate,
p-cresolsulfate, 3-methylhistine and ornithine
were also higher in the 51-65 years age group.

Significant changes in carbohydrate, lipid and
energy metabolism were observed with increasing
age (Table 3). Elevated levels of myo-inositol and
lactate and lower levels of mannose were meas-
ured in the oldest age group. The relative concen-
trations of a number of fatty acids,
B-hydroxybutyrate, and cholesterol, showed sig-
nificant increases with age. As shown
previously [15],  dehydroepiandrosterone-sulfate
(DHEA-S), was dramatically lower (>50%
decrease) in older individuals (Table 3, Figure 2).
Citric acid cycle intermediates also increased in
older age groups with the largest increases
observed in the levels of isocitrate, a-ketoglutar-
ate, and malate. Smaller, but significant, increases
in cis-aconitate and succinate were also observed.

Concentrations of several compounds associ-
ated with nucleotide metabolism increased as indi-
viduals aged (Table 3). High levels of allantoin,
xanthine and hypoxanthine were measured in
older relative to younger individuals. Inosine, urate
and uridine were also higher in older subjects.

Significant differences in several cofactors and
vitamins were determined (Table 3). a-tocophe-
rol, pantothenate and nicotinamide were higher
in older subjects. The amount of nicotinamide
measured in the oldest age group was twice that
of the youngest age group.

Several peptides (y-glutamyltyrosine,
y-Glutamylleucine, SHAXQXNNR, HXGXA,
HWESASXXR; X being either isoleucine or leu-
cine, which have the same mass and cannot be dis-
tinguished with the present method), also
increased with age (Table 3). The most pronounced
increases were observed with HXGXA and HWE-
SASXXR, which were over twofold higher in the
oldest as compared with the youngest age group.

Interestingly, the levels of a number of xeno-
biotics varied significantly according to age. Coti-
nine, an indicator of exposure to cigarette smoke,
was highest in the 36-50 years age group. A large
increase in iminodiacetate, a xenobiotic inter-
mediate common to both aerobic and anaerobic
metabolism of nitrilotriacetate (NTA), was
measured in the oldest group. Caffeine and

Pharmacogenomics (2008) 9(4)

paraxanthine, the primary metabolite of caffeine,
were highest in the oldest age group compared
with the younger age groups. However, the ratio
of paraxanthine to caffeine (P/C) was lower in the
oldest age group (0.69 vs 1.14 in youngest group).

Influence of sex & race on age-associated
changes in metabolites

The data was further analyzed to examine the
influence of sex and race on age-associated
changes in small molecules. A significant inter-
action (p<0.05, g<0.15) was observed
between age and sex for several named com-
pounds (Table 3). Urea was the most significant
compound (p=0.0001, q=0.0177); the
increases in the level of urea with age were more
pronounced in females than in males. The other
age-associated compounds where significant sex
interactions were observed include: o-toco-
pherol, L-kynurenine, and glycerol-3-phosphate.
The increase in a-tocopherol was more pro-
nounced in females while the changes in
L-kynurenine (increase with increased age) and
glycerol-3-phosphate (decrease with increased
age) were more pronounced in males. There
were no significant interactions for named com-
pounds between age and race, and there were no
significant three-way interactions observed for
age, race and sex.

Effect of sex

Fewer changes specifically associated with sex
were observed in plasma levels of metabolites.
These changes were not influenced by age or race.
A total of 27 metabolites were higher in males
than in females, while eight were elevated in
females compared with males (Table 4). Ortho-
phosphate, a-tocopherol, creatine and bio-
chemicals associated with lipid metabolism
(nonanedioate, myristate, palmitoleate, glycerol,
B-hydroxybutyrate) were higher in females. Con-
sistent with previous findings creatinine was
higher in males than in females [i6], as was
DHEA-S [15]. Generally, amino acid metabolism,
energy metabolism and nucleotide metabolism
were elevated in males relative to females. No sig-
nificant differences in the levels of xenobiotics
were observed.

Effect of race

Few statistically significant increases or decreases
in metabolite levels were observed among
African—Americans, Hispanics and Caucasians.
A total of six compounds had differences of
greater than 40% in relative concentration

future science sroup
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Figure 2. Dehydroepiandrosterone-sulfate levels decrease

with increasing age.
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Age-associated changes in DHEA-S levels. Whisker plot showing relationship of
DHEA-S levels to age. The top and bottom of the dark box represent the 75th
and 25th percentile; 50% of the data points lie within the boxed region. The
bars (‘whiskers’) represent the entire spread of the data points for each
compound and group, excluding outliers, which are indicated with white
squares. The mean value is represented by the gray arrow and the median value
is represented by the white arrow. Intensity represents the normalized peak area
from LC/MS analysis. As shown DHEA-S levels decline with age.

DHEA-S: Dehydroepiandrosterone-sulfate.

between African—Americans and Caucasians.
Three of these significant differences are dietary
metabolites (caffeine and its metabolites,

fsg
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paraxanthine and theobromine), which were
much lower in African—Americans. The other
three compounds (hydroxyproline, glycocheno-
deoxycholate/glycodeoxycholate and glycho-
late) are endogenously synthesized and were
much higher in African—Americans. No statisti-
cally significant differences in the relative con-
centrations of identified metabolites were
observed between Hispanics and Caucasians or
between Hispanics and African—Americans,
although differences were detected in observed
compounds that did not have an associated
chemical standard.

Influence of body mass index on
metabolite levels

When BMI was treated as a continuous variable,
there was a significant association between the
relative concentrations of a number of metabo-
lites and an increase in BMI (Tables3 & 4). In
some cases, an increase in BMI had a significant
affect on metabolites across two or more of the
main categories of age, sex and race. Higher BMI
was associated with increases in creatine,
L-kynurenine and urea in all three categories.
Higher amounts of a-ketoglutarate, succinate
and xanthine were measured with higher BMI in
the age and sex categories only. The xenobiotic
paraxanthine increased in age and race with
increasing BMI. Other effects of BMI on
metabolites were observed in only one category.
In the oldest group, a higher BMI was associated
with higher relative concentrations of valine,
mannose and choline.

Discussion

By using sophisticated analytical methodology
and data curation techniques, we have identi-
fied significant increases or decreases in a
number of metabolites in human plasma that
occur with age, sex or race. The most striking of
these differences were associated with age.
Although these changes are of considerable
interest, and, in many cases, are consistent with
theories of aging and published literature
(e.g., oxidative stress markers increased with
age, consistent with the free-radical theory of
aging), the biological significance of several of
these observations is difficult to discern and
remains speculative.

It should be underscored that changes in
plasma levels of any metabolite reflect alterations
in both anabolic and catabolic processes in the
individual. For example, an increase in the con-
centration of essential amino acids and
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Table 4. Sex-associated changes in plasma metabolites.

Pathway
Amino acid metabolism

Energy metabolism

Lipid metabolism

Nucleotide metabolism

Cofactors & vitamins

Name Mean female = Mean male p-value g-value
Methionine 0.94 1.07 0.0001 0.0010
Tryptophan 0.94 1.05 <0.0001 0.0005
Phenylalanine™ 0.97 1.04 0.0128 0.0390
Glutamate 0.85 1.06 0.0212 0.0553
Oxoproline 0.96 1.06 0.0271 0.0677
Creatinine™ 0.86 1.10 <0.0001 <0.0001
Creatine 1.10 0.90 0.0047 0.0180
p-Hydroxyphenyllactate 0.80 0.94 0.0175 0.0484
4-Methyl-2-oxopentanoate  0.87 1.15 <0.0001 <0.0001
Indolelactate 0.90 1.04 0.0111 0.0366
Indoxylsulfate* 0.90 1.06 0.0717 0.1253
Phenyllactate* 0.94 1.07 0.0908 0.1485
Hippurate* 0.95 1.14 0.0734 0.1270
Kynurenine™$ 0.99 1.06 0.0641 0.1153
Citrate 0.98 1.18 0.0106 0.0360
cis-Aconitate 0.98 1.22 0.0029 0.0137
Isocitrate 0.90 1.10 0.0137 0.0400
a-ketoglutarate™ 0.76 1.02 0.0113 0.0366
Malate 0.95 1.16 0.0020 0.0108
Orthophosphate 1.02 0.93 0.0007 0.0057
Nonanedioate 1.07 0.95 0.0026 0.0130
Myristate 1.10 0.99 0.0537 0.1084
Palmitoleate 1.13 0.79 0.0015 0.0102
Glycerol” 1.13 0.96 0.0016 0.0102
Glycocholate 0.71 0.98 0.0304 0.0749
Dehydroepiandrosterone- 0.73 1.17 <0.0001 0.0002
sulfate

Carnitine 0.93 1.01 0.0340 0.0774
B-hydroxybutyrate* 1.40 1.06 0.0542 0.1084
Hypoxanthine 0.62 0.97 0.0134 0.0400
Xanthine™ 0.71 0.95 0.0035 0.0154
Uridine 0.94 1.08 0.0044 0.0172
Urate™ 0.95 1.04 <0.0001 <0.0001
Biliverdin™$§ 0.91 121 0.0005 0.0043
a-Tocopherol+8 1.04 0.94 0.0930 0.1494

*Affected by Body mass index.
*Indicates statistical trend, g < 0.15.
SIndicates significant age*sex interaction.
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3-methylhistidine may occur in response to a
high protein diet or may be owing to an acute
increase in protein breakdown. By contrast, the
steady state levels of these metabolites
(i.e., sustained change in concentration) may be
related to adaptive responses in a number of
other functions, such as a change in expression
and function of a specific transport protein or a

Pharmacogenomics (2008) 9(4)

decrease in the oxidative capacity of catabolic
reactions, such as the citric acid cycle. Therefore,
the data obtained in steady state conditions
should be interpreted with some caution, since
they represent the integrated response of a
number of complex functions. In addition, while
all subjects met healthy inclusion criterion for
the study, diet and lifestyle factors (e.g., tobacco

future science sroup
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and alcohol consumption, exercise) were not
controlled in this study. Taking this into
account, we discuss our observations in a con-
servative manner and with the intention to pro-
vide interpretation of the statistically significant
biochemical alterations.

There was a significant, age-associated increase
in both essential and nonessential amino acid
concentration in the plasma. Further analyses
show a small, but significant, effect of sex on the
levels of some amino acids. Previous data from
humans have shown both a decrease [17-19], and
an increase [20] in the levels of amino acids in the
plasma of the elderly, as compared with younger
age population. The observed differences in
amino acid levels among the various studies could
be the consequence of the study design, the size
and composition of the study cohort (e.g., age
range, ethnicity, lifestyle factors, BMI) or con-
founding variables, such as the presence of vari-
ous disorders associated with aging, such as
dementia or arthritis, or owing to diversity in
medication and nutrient intake.

An increased concentration of essential amino
acids in the plasma could result from an increase
in the rate of whole-body protein breakdown.
However, this is considered unlikely since the
data from several studies show that the rate of
protein breakdown in the skeletal muscle is either
unchanged or slightly decreased in the elderly [21).

Another possible contributor to higher plasma
amino acids could be resistance to insulin action
in the older age groups. Insulin resistance,
related to a decreased amino acid transport
across the cell membrane, could contribute to
the observed increase in the concentration of
amino acids in the plasma. This suggestion is
supported by the increased prevalence of over-
weight and obese individuals in the older age
groups and by the observed association between
BMI and amino acids in the present study. How-
ever, glucose levels were unchanged across the
age groups in the present cohort.

It is also possible that the elevation of amino
acids in the plasma with increased age is associ-
ated with a decreased rate of transamination and
subsequent oxidation of their carbon skeletons
in the citric acid cycle. In this regard, we noted
an especially prominent increase in the levels of
aconitate, isocitrate and malate in the blood dur-
ing aging. These compounds are intermediates
of reactions of the citric acid cycle. Since the car-
bon skeletons of amino acids generally end up in
the citric acid cycle, there could be a metabolic
link between the levels of these intermediates

www.futuremedicine.com

and the levels of amino acids observed in this
study. This idea is further supported by the
observed increases in alanine, serine, glutamate
and glutamine and the increased level of urea in
the plasma in older subjects. The catabolism of
these amino acids would be expected to increase
the levels of citric acid cycle anions, which, if not
oxidized, could result in the accumulation of
these intermediates in the blood.

The rise in urea and the urea cycle intermediate
ornithine (3.1-fold) in the blood could reflect
either an increase in hepatic ureagenesis or a
decrease in the rate of clearance of the urea by the
kidney [221. The source of the citric acid cycle
intermediates is not indicated by our measure-
ments but we assume that it reflects the break-
down of mitochondria in the aging muscle and
liver, resulting in the release of citric acid cycle ani-
ons. These observations are consistent with the
reported changes in mitochondrial function with
aging [23.24]. An analysis of gene expression pro-
files in the skeletal muscle of 30-month-old mice,
as compared with 5-month-old animals, indicates
that genes that control mitochondrial biogenesis
or that are involved in energy generating processes
such as glycolysis, the citric acid cycle, cholesterol
synthesis and glycogen metabolism are markedly
downregulated in older mice [24].

With age there was also a significant increase
in the concentration of degradation products of
purine metabolism. These include allantoin
(1.8-fold), xanthine (2.2-fold), hypoxanthine
(3.3-fold) and inosine (1.3-fold); the pyrimi-
dine, uridine was also increased (1.3-fold). This
may reflect an increased cellular nucleic acid
turnover in older humans owing to inflamma-
tion caused by diseases of aging, such as arthritis,
or by cellular necrosis. Surprisingly, the older
population did not demonstrate an elevation in
the levels of uric acid in the blood but did show
increases in hypoxanthine and xanthine, the
immediate precursors of uric acid, and allantoin,
the immediate breakdown product of urate.

The change in plasma concentrations of pep-
tides could be the result of subclinical inflamma-
tion in the older individuals. The identified
peptides, HWESASXXR and SHAXQXNNR,
have identity (9/9) to fragments of complement
C; and C,, respectively. Complement C; and
C,, the most and second most abundant comple-
ment proteins in human serum, are an affecta-
tion of both the innate and the acquired immune
systems [25]. Increased levels of both C3 and C4
are linked to acute inflammatory disease and
tissue inflammation [2s].
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We did not observe many significant differ-
ences in metabolite levels related to race. One
reason for this may be because information on
race was self-volunteered and did not account for
family history. The results should be viewed as a
preliminary  metabolomic  comparison  of
race-related differences.

Future perspective

The current study underscores the power of
metabolomics to present a broad picture of the
biochemical profile of a population and changes in
that profile with age, sex and race. The major
strength of the approach used here is the large
number of metabolites that can be identified and
quantified in a single plasma sample. This permits
the identification of specific interactions of
metabolic pathways that occur with age in males
and females or as the result of other biological
perturbations being investigated. As the global

metabolomic techniques are refined to identify
more compounds shown to change with age, sex or
race but are hither-to unidentified, the predictive
power of this technology will greatly increase.
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Executive summary

males and females, aged 20-65 years was performed.

All subjects met an inclusion criteria for ‘healthy’.

Over 300 compounds were detected in 100 pl of human plasma for each subject.

Nearly 100 compounds were found to be statistically altered with age and we attempted to interpret many of these

biochemical alterations.

Age-related changes were more pronounced than sex or race in this nontargeted metabolomic analysis.

The results contained in this study suggest that a metabolomic age index could be developed through the quantitation of a

biochemical subset.

Further studies are needed to better address the ‘biochemical profile’ of an adult population taking into account additional

information, such as lifestyle, diet and medication.

* A nontargeted metabolomic analysis of a healthy cohort consisting of 269 subjects; Caucasian, Hispanic and African—American
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