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ABSTRACT: Significant advances in understanding aging have
been achieved through studying model organisms with extended
healthy lifespans. Employing 1H NMR spectroscopy, we
characterized the plasma metabolic phenotype (metabotype) of
three long-lived murine models: 30% dietary restricted (DR),
insulin receptor substrate 1 null (Irs1−/−), and Ames dwarf
(Prop1df/df). A panel of metabolic differences were generated for
each model relative to their controls, and subsequently, the three
long-lived models were compared to one another. Concentrations
of mobile very low density lipoproteins, trimethylamine, and
choline were significantly decreased in the plasma of all three
models. Metabolites including glucose, choline, glycerophospho-
choline, and various lipids were significantly reduced, while
acetoacetate, D-3-hydroxybutyrate and trimethylamine-N-oxide levels were increased in DR compared to ad libitum fed controls.
Plasma lipids and glycerophosphocholine were also decreased in Irs1−/− mice compared to controls, as were methionine and citrate. In
contrast, high density lipoproteins and glycerophosphocholine were increased in Ames dwarf mice, as were methionine and citrate.
Pairwise comparisons indicated that differences existed between the metabotypes of the different long-lived mice models. Irs1−/− mice,
for example, had elevated glucose, acetate, acetone, and creatine but lower methionine relative to DR mice and Ames dwarfs. Our study
identified several potential candidate biomarkers directionally altered across all three models that may be predictive of longevity but also
identified differences in the metabolic signatures. This comparative approach suggests that the metabolic networks underlying lifespan
extension may not be exactly the same for each model of longevity and is consistent with multifactorial control of the aging process.
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■ INTRODUCTION
Life expectancy in humans is increasing rapidly,1,2 with an
estimated 30 years being added to average life expectancy in
developed countries since 1900.3 One unmistakable con-
sequence of living longer is that the probability of developing
diseases such as type 2 diabetes, osteoporosis, sarcopenia,
and various cancers and dementias increases significantly
with advancing age.2,4−6 Therefore, a significant proportion
of research into aging is engaged in identifying the
mechanisms underlying the aging process. Patent obstacles
exist in trying to understand what mechanisms underlie aging
in humans over their entire lifespan. Therefore, short-lived
model organisms such as yeast, the nematode worm
Caenorhabditis elegans, the fruitfly Drosophila melanogaster
and the mouse have proved invaluable to increasing our
knowledge of the aging process.5,7−9 Moreover, it is well
established that significant commonality exists in the age-
related pathologies suffered by both model organisms and
humans.5,10 Consequently, the challenge for researchers is to
identify the mechanisms underlying healthy lifespan in model

organisms to translate this knowledge into practical therapies
for humans.
It has been established for several decades that dietary

restriction (DR), a reduction in food intake without malnutrition,
extends mean and maximum lifespan in a range of animals (for
review, see ref 11). DR also improves age-related health in many
organisms, including humans.12,13 More recently, studies have
demonstrated that aging can be modulated through genetic
manipulation. For example, growth hormone (GH)/GH receptor-
deficient dwarf mice,14−17 various insulin/insulin-like growth factor
(IGF) signaling (IIS) pathway mutant mice18−22 and mammalian
target of rapamycin (TOR) signaling mutant mice23 are long-lived.
In addition, several long-lived mice are also protected against age-
related pathologies (for review, see ref 5). Pharmacological
interventions acting on these pathways, including rapamycin24,25

and metformin,26,27 have also been shown to extend lifespan in
mice.
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Comparative transcriptional profiling has proved invaluable in
demonstrating that significant transcriptional overlap and con-
servation exists between long-lived model organisms.23,28−31

However, this approach cannot specifically inform what is
happening at the post-transcriptional, post-translational or
metabolic level.32 Metabolic profiling has recently emerged as a
platform to complement functional genomics in interrogating and
profiling multiple biological processes in complex organisms. This
technology can capture the effects of multiple interactions on the
metabolic phenotypes (metabotypes) of individuals.33−35 Metabolic
profiling has been used widely in the search to identify disease
biomarkers (e.g., see refs 36, 37). For example, elevated plasma
levels of gut microbiota-derived metabolites of phosphatidylcholine,
including choline and trimethylamine-N-oxide, identified using
spectroscopic profiling were linked with cardiovascular disease
pathogenesis in mice and humans.38 Metabolic profiling has
recently also been applied to aging-related research (for review, see
ref 39). This technology has demonstrated that strain-specific
differences in metabolite signatures in yeast were predictive of
lifespan.40 In addition, it has been shown that while long-lived
dauer, IIS and translation-defective mutant C. elegans have distinct
metabolite profiles relative to control animals, they share a common
metabotype with one another.32 However, a combinatorial approach
in C. elegans using daf-2, daf-16 and the di- and tripeptide
transporter pept-1 strains revealed mutant-specific metabolic
signatures.41 Significant age-related changes have also been identified
in the rat brain42 by spectroscopic profiling, and short-lived mice
deficient for ERCC1 were shown to differ significantly in plasma
and urinary metabolites compared to control animals as they aged.43

In addition, the enhanced insulin sensitivity of rhesus monkeys
under DR was recently shown using a metabonomic approach to be
linked to an increased flux in the pentose phosphate pathway.44

In the present study, we employed a systems approach to
interrogate the biochemical and metabolic pathways, using 1H
NMR spectroscopy, in age-matched (16 weeks) male mice
exposed to environmental (DR) or genetic (insulin receptor
substrate 1 null, Irs1−/− null; Ames mice, Prop1df/df) interventions
known to extend healthy lifespan.11,20,22,45 DR mice were exposed
to 30% DR for 48 h, following a step-down DR protocol as
previously described.46 This level of DR has previously been
shown to extend lifespan in mice (for review, see ref 11), and in
addition, similar short-term periods of DR have been shown to
capture many of the transcriptional changes induced following
chronic DR.46,47 The metabotypes of long-lived mice relative to
their appropriate age-matched controls were characterized using
an untargeted global profiling approach to more fully explore the
metabolic signatures of long-lived mice. We then used pairwise
comparisons to extract shared and unique features of the three
long-lived mice metabotypes.

■ MATERIALS AND METHODS

Animal Handling

Male C57BL/6 mice for the DR experiment were purchased
at 4 weeks of age from a commercial breeder (Harlan
Laboratories, UK). The 30% DR cohort underwent a step-
down feeding regime as previously described, that is, daily food
intake was reduced to 90% of ad libitum (AL) fed mice at
14 wks of age, 80% at 15 wks, and maintained at 70% of ad libitum
(AL) fed mice intake from 16 wks of age, that is, 30% DR
relative to AL controls.46,48 The DR food intake was adjusted
according to the AL intake (per cage of 5 mice) measured over
the preceding week. The generation and genotyping of Irs1−/−

mice followed previously described protocols.49 Ames dwarf
mice were derived from a founder population purchased
commercially (The Jackson Laboratory, Bar Harbor, ME). Mice
were maintained in groups of 5 from weaning, and with the
exception of the DR cohort, had ad libitum access to chow
(2018 Teklad Global 18% Protein Rodent Diet, Harlan Teklad,
U.K.). All animals were maintained as previously de-
scribed,20,22,46 under pathogen-free conditions within individ-
ually ventilated cages (Techniplast, Italy). All procedures
followed local ethical and UK Home Office guidelines.

Plasma Collection

At 16 weeks of age and following an overnight fast, DR (exactly
48 h after the initiation of 30% DR), Irs1−/− and Ames mice
plus their appropriate age-matched controls were culled. Blood
plasma was collected as previously described46 and stored at
−80 °C pending analysis.

Sample Preparation

An aliquot of 200 μL of plasma from each mouse was pipetted
into 5 mm outer diameter nuclear magnetic resonance (NMR)
tubes. Samples were then diluted with 300 μL isotonic saline
solution (0.9% w/v), 3 mM sodium azide in water and
deuterium oxide (D2O; 20% v/v), which acted as a field
frequency lock for the NMR spectrometer.
1H NMR Spectroscopic Analysis of Plasma Samples
1H NMR spectra were recorded on a Bruker DRX-600
spectrometer (Bruker Biospin, Germany) operating at 600.13 MHz,
with a probe temperature of 300 K. Spectra were acquired from
all samples using the following standard one-dimensional
standard pulse sequence with saturation of the water peak:
Relaxation delay (RD) −90°-t1-90°-tm-90°-acquire free in-
duction decay (FID): where 90° represents the applied
90°radio frequency (rf) pulse, t1 is an interpulse delay set to
a fixed interval of 3 μs, RD was 2 s and tm (mixing time) was
150 ms. Water suppression was achieved through irradiation of
the water signal during RD and tm. Each plasma spectrum was
acquired using 8 dummy scans, 128 scans, 32k time domain
points with a spectral width of 12000 Hz. Standard 1H NMR
spectra yield information on both low and high molecular
weight molecules. Broadness of resonances from relatively high
concentration, high molecular weight molecules may obscure
signals from lower intensity low molecular weight molecules.
Therefore, two further 1H NMR experiments were also
performed on all plasma samples.
To attenuate broad signals from proteins and lipoproteins

that may overlap signals from low molecular weight metabolites
in plasma samples, 1D spin echo spectra were acquired using
the Carr−Purcell−Meiboom−Gill sequence (CPMG50,51): RD-
90°-(τ-180°-τ)n -acquire FID. Here, t = 2nτ, where n = the
number of spin echoes and t = CPMG delay time. A spin−spin
relaxation delay of 64 ms was used for all samples and water
suppression irradiation was applied during the relaxation delay
(2 s) to achieve suppression of the water peak. All CPMG
spectra were acquired using 8 dummy scans, 128 scans, 32k
time domain points with a spectral width of 12000 Hz.
In order to further examine the effect of experimental

manipulation on high molecular weight metabolites, we also
analyzed high molecular weight molecules such as lipids and
proteins using a diffusion-edited pulse sequence. Peak
intensities were subsequently edited according to their
molecular diffusion coefficients. Consequently, plasma lipid
and protein moieties were less attenuated than those from small
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endogenous metabolites. 1D diffusion edited spectra were
acquired using a bipolar-pair-longitudinal-eddy-current pulse
sequence:52,53 RD-90°-G1-180°-G1-90°-G2-Δ-90°-G1-180°-
G1-90°-G2-te-90°-acquire FID. All spectra were acquired using
8 dummy scans, 256 scans, 16k time domain points with a
spectral width of 12000 Hz.
Prior to Fourier transformation, FIDs were multiplied by an

exponential function corresponding to a line broadening of
0.3 Hz for the standard 1D and CPMG experiments and 1.0 Hz
for the diffusion edited experiment. Exemplar 1H NMR spectra
generated from the three NMR experiments are presented in

Figure 1. All experiments were performed under randomized
sample order conditions.

Multivariate Data Analysis

The 1D 1H NMR plasma spectral data from the three long-
lived mouse model experiments were manually phased, baseline
corrected and referenced to the α-glucose anomeric doublet at
δ 5.23, using XWIN-NMR software (Version 3.5, Bruker
Biospin Ltd., UK). Spectral data were imported into Matlab
(Version 7.6, The MathWorks Inc., Natick, MA), with spectral
regions occupied by water (δ 4.45−5.15) and ethanol (δ 1.18
and 3.66) excluded (ethanol residues from antiseptic swabbing

Figure 1. Aliphatic region (δ1H 0.5−4.5) of exemplar 1H NMR plasma spectra. Acquired using (A) standard 1D pulse sequence with presaturation
suppression of the water peak, (B) the Carr−Purcell−Meiboom−Gill sequence to attenuate broad signals from proteins and lipoproteins that may
overlap signals from low molecular weight metabolites, also using presaturation and (C) a diffusion edited pulse sequence to analyze high molecular
weight molecules such as lipids and proteins. *Ethanol contaminant.
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contaminated some plasma samples during collection). Plasma
spectral data points were then aligned54 and subsequently
normalized with probabilistic quotient normalization55 to
reduce the effects of differential dilution or concentration on
the data analysis, using proprietary Matlab scripts. The resulting
data matrices were interpreted using principal component
analysis (PCA) to discern the presence of inherent similarities
in the spectral profiles56 and to identify outliers. Unsupervised
multivariate analysis was performed using the SIMCA-P+
(Version 12.5, Umetrics AB, Sweden) software package using
mean centered data with no further scaling. Further supervised
pattern recognition was then carried out on the normalized plasma
spectra using mean centered data, to characterize the differences in
metabotype in each long-lived aging model compared with their
age-matched wild type control. This was achieved using
orthogonal projections to latent structure discriminant analysis
(O-PLS-DA), a method based on projections to latent structure
(PLS) analysis.57 An in-built orthogonal filter, coded in-house in
Matlab,58 was used to perform data analysis without the
requirement of any reduction of the original 1H NMR spectral
resolution. Pairwise O-PLS-DA models were constructed to
systematically identify metabolites contributing to the differences
between the long-lived model, using the NMR spectroscopic data
as the X variables, and each experimental modification as the Y
variable, describing class ownership (long-lived model versus
control) of the animals. The statistical significance and validity of
the O-PLS-DA results were calculated using a permutation test
(number of permutations = 10000).59 Each pairwise O-PLS-DA

model was interpreted by means of statistically significant (p ≤
0.05) O-PLS coefficients. Resonance assignments were made with
reference to existing literature60 and statistical total correlation
spectroscopy (STOCSY), a spectroscopic correlation method coded
in Matlab.61

■ RESULTS

Exemplar spectra acquired using standard 1D (A), CPMG (B)
and diffusion edited (C) 1H NMR experiments are shown in
Figure 1. Typical median 1H CPMG NMR plasma spectra
obtained from each mouse strain or treatment pair (long-lived
mouse model and control) are shown in Supplementary Figure S1,
Supporting Information.
To characterize the differences in the metabolic profile between

each pair, pairwise multivariate models were calculated for each
long-lived mouse mutant. The PCA scores plot from each long-
lived model showed clear differentiation of plasma profiles from
corresponding age-matched controls (see Supplementary Figure
S2, Supporting Information). Since the class information is not
used in the PCA model, these data demonstrate inherent
metabolic differences in circulating plasma metabolites between
long-lived and control mice. To identify the plasma metabolites
responsible for the differentiation between each pair, a supervised
O-PLS-DA model was then obtained for each individual model of
longevity. O-PLS-DA modeling indicated separation of each long-
lived model from its appropriate control in the first principal
component, shown in Figures 2A−F for DR, Irs1−/− and Ames
dwarf mice, respectively.

Figure 2. Results of pairwise supervised multivariate modeling performed on CPMG plasma spectroscopic data for each long-lived model vs respective
control: O-PLS-DA cross validated scores scatter plot showing the clustering of samples according to metabotype; corresponding O-PLS-DA loadings
coefficients plot back-projected with p-values, showing the plasma metabolites discriminating between metabotype (models computed using 1 predictive
component, 2 orthogonal components in X, 0 orthogonal components in Y, 7-fold cross-validation). (A) O-PLS-DA cross-validated scores of DR and AL
mice; (B) O-PLS-DA loadings of DR and AL mice (R2Y = 0.91, Q2Y = 0.85). (C) O-PLS-DA cross-validated scores of Irs1−/− and WT control mice; (D)
O-PLS-DA loadings of Irs1−/− and WT control mice (R2Y = 0.93, Q2Y = 0.86). (E) O-PLS-DA cross-validated scores of Ames dwarf and WT control mice;
(F) O-PLS-DA loadings of Ames dwarf and WT control mice (R2Y = 0.95, Q2Y = 0.84). Refer to Table 1 for assignments of discriminatory metabolites.
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The metabotype of DR mice exhibited a set of resonances
that differed significantly from AL controls in the levels of
several spectral resonances (Figure 2A−B). The plasma levels
of acetoacetate, D-3-hydroxybutyrate and trimethylamine-
N-oxide (TMAO) were all elevated (Table 1). Considerably
more plasma metabolites were significantly reduced in con-
centration DR mice relative to AL mice; residual signals from
mobile high density lipoprotein (HDL), low density lipoprotein
(LDL), very low density lipoprotein (VLDL), N-acetyl
glycoprotein fragments, glucose, glycine, choline, glycerophos-
phocholine and trimethylamine (TMA). In common with DR
mice, Irs1−/− mice had lower mobile plasma HDL, LDL, VLDL,
TMA, choline, and glycerophosphocholine (Figure 2C−D;
Table 1). However, Irs1−/− mice also had significantly lower
plasma methionine and citrate relative to WT controls, and
increased N-acetyl glycoprotein resonances and scyllo-inositol.
Ames dwarfs, unlike DR and Irs1−/− mice, had elevated HDL
and glycerophosphocholine relative to controls (Figure 2E−F;

Table 1). In contrast to Irs1−/− mice, Ames mice had
significantly higher plasma methionine, and citrate relative to
controls. In common with DR mice, Ames mice had
significantly decreased glucose levels and significantly elevated
D-3-hydroxybutyrate compared with WT controls. In terms of
metabolic commonality, only three sets of resonances;
triglycerides (mainly the more mobile VLDL), TMA and
choline, were significantly altered (decreased) across all three
long-lived mice (Table 1).
In order to compare metabolic profiles across long-lived

mice, we derived pairwise (O-PLS-DA) models comparing DR
mice to Irs1−/− mice (Figure 3A−B), DR mice to Ames dwarf
mice (Figure 3C−D) and Irs1−/− mice to Ames dwarf mice
(Figure 3E−F; results from unsupervised PCA are shown in
Supplementary Figure S3, Supporting Information). This
analysis showed significant metabolic differences in circulating
plasma of long-lived mice (Table 1). DR mice had significantly
lower plasma levels of alanine, acetate, creatine, glycerophos-

Table 1. O-PLS-DA Pairwise Comparisons of Long-Lived Mouse Modelsa

DR vs AL
(R2Y = 0.91,
Q2Y = 0.85)b

Irs1−/− vs WT
(R2Y = 0.93,
Q2Y = 0.86)b

Ames vs WT
(R2Y = 0.95,
Q2Y = 0.84)b

DR vs Irs1−/−

(R2Y = 0.99,
Q2Y = 0.98)b

DR vs Ames
(R2Y = 0.95,
Q2Y = 0.90)b

Irs1−/− vs Ames
(R2Y = 0.99,
Q2Y = 0.86)b

1 0.84 (m) HDL _ _ + _ _
2 0.88 (m) Lipid (mainly VLDL) _ _ _
3 1.26 (m) Lipid (mainly LDL) _ _ _ _
4 0.93 (t), 1.00 (d) Isoleucine _ + +
5 0.96 (t) Leucine _
6 0.98 (d), 1.03 (d) Valine _ + +
7 1.06 (d) Unassigned Metabolite

(U1)
_ _ +

8 1.32 (d), 4.11 (q) Lactate _ _
9 1.35 (s) 2-hydroxyisobutyrate + _ _
10 1.42 (d) Unassigned Metabolite

(U2)
_ _ _

11 1.47 (d) Alanine _ _
12 1.91 (s) Acetate _ _ +
13 2.03 (s) N-acetyl glycoprotein

(NAG) associated resonances
_ _

14 2.06 (s) N-acetyl glycoprotein
(NAG) associated resonances

_ + + _ + +

15 2.08 (s), 2.10 (s) N-acetyl
glycoprotein (NAG)
associated resonances

_ _ +

16 2.13 (s), 2.64 (t) Methionine _ + + _ _
17 2.22 (s) Acetone _ + +
18 2.27 (s) Acetoacetate + + +
19 2.31 (d), 2.38 (d) D-3-

hydroxybutyrate
+ + +

20 2.36 (s) Pyruvate _ _ +
21 2.52 (d), (d) 2.68 Citrate _ + + + +
22 2.89 (s) Trimethylamine _ _ _
23 3.03 (s), 3.93 (s) Creatine _ _ +
24 3.19 (s) Choline _ _ _ _ _
25 3.22 (s), 4.30 (m)

Glycerophosphocholine
_ _ + _ _ _

26 3.26 (s) Trimethylamine-N-
Oxide (TMAO)

+ + +

27 3.35 (s) Scyllo-inositol + _ _ _
28 (t) 3.40 − (dd) 3.90 α- and β-

glucose
_ _ _ + +

29 3.56 (s) Glycine _ _
aMetabolites statistically (P < 0.05) different in peak intensity are listed by order of chemical shift. + indicates an increase in plasma concentration
and − denotes a decrease in plasma concentration in the first named mice relative to the second named mice. DR, dietary restriction; AL, ad libitum
control, WT, wild type control. bGoodness of fit (R2Y) and goodness of prediction (Q2Y) statistics are shown for each pairwise model.
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phocholine and scyllo-inositol compared to the other long-lived
mice, but elevated citrate and TMAO. Plasma levels of acetate,
acetone, creatine and glucose were elevated, but methionine
was significantly reduced in Irs1−/− mice compared to DR and
Ames mice. Ames mice were characterized by elevated mobile
lipoproteins, 2-hydroxyisobutyrate, methionine, choline, glyc-
erophosphocholine and scyllo-inositol compared to DR and
Irs1−/− mice. However, Ames mice also had significantly lower
isoleucine, valine, acetone, acetoacetate, citrate and glucose
levels compared to the other 2 models (Table 1). Plasma
lipoprotein differences appeared to dominate the metabolic
signatures of the three mouse models even in the CPMG
spectral data used for multivariate modeling, which only
contained attenuated signals from the higher molecular weight
species. Therefore, in addition, we analyzed diffusion edited
spectral data acquired from all plasma samples, to specifically
assess the differences in high molecular weight metabolites
(Figures 4 and 5). These results were mostly in agreement with
the differences in lipid profiles observed with CPMG spectral
data (direction); however, the significance of these lipoprotein
differences in some cases did not match what we observed in
CPMG data. The fact that the significance of the lipoprotein
contribution to the differential profile was greater in the CPMG
than in the diffusion edited spectra would indicate that the
differences are mainly due to the more mobile lipid species
since the diffusion edited pulse sequence selects against the
more mobile species.

■ DISCUSSION

Systematic differences were seen between all three long-lived
mouse models and their respective controls, as evidenced from
the 1H NMR plasma spectroscopic profiles and subsequent
multivariate modeling of the spectral data. However, a
consequent three-way comparison indicated that while some
overlap existed in the metabolic signatures of these mice, clear
differences existed between metabotypes of these long-lived
models. These findings are somewhat in contrast to the
transcriptomic commonality observed both within and between
long-lived species.23,28−31,62 Commonality in the metabolic
signature across different long-lived C. elegans has been
reported,32 although a second study, again using 1H NMR,
reported a clear separation in the metabolic profiles across
different long-lived worm mutants.41

Plasma spectroscopic data from DR and ad libitum (AL)
controls indicated a metabolic switch toward gluconeogenesis
and energy conservation in DR mice, as previously reported
(e.g., ref 46). The level of plasma glucose was significantly
reduced by DR, whereas acetoacetate and D-3-hydroxybutyrate
were increased, consistent with a greater requirement for
ketone body utilization. As with DR mice, Irs1−/− mice, which
like DR mice remain lean throughout their life,20 had a
significantly reduced plasma lipid profile. For this comparative
study we focused on analysis of CPMG spectral data rather
than standard 1D 1H NMR spectroscopic data, in order to
characterize the differences in signals from low molecular

Figure 3. Results of pairwise supervised multivariate modeling performed on CPMG plasma spectroscopic data for each long-lived model vs long-
lived model (models computed using 1 predictive component, 2 orthogonal components in X, 0 orthogonal components in Y, 7-fold cross-
validation). (A) O-PLS-DA cross-validated scores of DR and Irs1−/− mice; (B) O-PLS-DA loadings of DR and Irs1−/− mice (R2Y = 0.99, Q2Y = 0.98).
(C) O-PLS-DA cross-validated scores of DR and Ames dwarf mice; (D) O-PLS-DA loadings of DR and Ames dwarf mice (R2Y = 0.95, Q2Y = 0.90).
(E) O-PLS-DA cross-validated scores of Irs1−/− and Ames dwarf mice; (F) O-PLS-DA loadings of Irs1−/− and Ames dwarf (R2Y = 0.99, Q2Y = 0.86).
Refer to Table 1 for assignments of discriminatory metabolites.
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weight metabolites that may be overlapped by broad signals
from proteins and lipoproteins. Thus, the differences in plasma
lipid profile that we observed between mice models can be
attributed to residual signals from mobile lipoproteins. This is
also evidenced by the apparent disproportional lipid methyl and
methylene signals in the CPMG spectral data (Figure 2D and
Figure 3D), which is caused by differential transverse relaxation
(T2) times from mobile lipid species. For this reason we
conducted analysis of diffusion edited spectral data acquired
from the same plasma samples, which revealed the same
differences in lipid profile as the CPMG spectral data (Figures 4
and 5), confirming the differences between lipid species
between the long-lived mice models and matched controls.
Consistent with our findings, differences in plasma lipid profiles
were also reported in a caloric restriction study in dogs,63

supporting a common characteristic of long-lived models.
Plasma glucose levels were elevated in Irs1−/− mice, but ketone
bodies were unaltered, in agreement with the well reported
metabolic phenotype of these mice.20,64,65 The tricarboxylic
acid (TCA) intermediate citrate, which may also play a role in
amino acid and fatty acid metabolism,66 was decreased in
Irs1−/− mice, but elevated in Ames mice, relative to controls.
Elevated plasma citrate levels inhibit phosphofructokinase, a
regulatory enzyme in glycolysis, and glycolytic inhibitors such
as 2-deoxyglucose have been put forward as viable DR
mimetics.67 While mitochondrial function has not been
examined in Irs1−/− mice, it is well established that Ames
mice have enhanced mitochondrial function and efficiency
compared to controls.68 Scyllo-inositol, a stereoisomer of the
carbohydrate inositol, was also significantly elevated in the
plasma of Irs1−/− mice. Interestingly, supplementation with

scyllo-inositol has been shown to attenuate disease pathology
and cognitive deficits in mouse models of Alzheimer disease.69

The essential amino acid methionine was also significantly
reduced in Irs1−/− mice relative to controls. Methionine
restriction has previously been reported to increase lifespan
in rodents,70,71 to reduce serum insulin, IGF-1 and glucose
levels,70,72 increase stress resistance and delay several age-
related pathologies.70 However, in contrast, Ames mice had
increased plasma methionine relative to controls, and an
enhanced methionine flux to transsulfuration has been
associated with the improved oxidative stress resistance in
Ames mice.73,74 Although the exact causative role of oxidative
stress in lifespan determination is ambiguous,75,76 it will be
interesting to determine whether Irs1−/− mice have an altered
stress response to oxidative insult. The branched amino acids
isoleucine and valine were also decreased in Ames mice,
perhaps suggestive of reduced muscle turnover. As with DR
mice, the ketone body D-3-hydroxybutyrate was increased in
Ames mice, while glucose levels were significantly decreased as
previously reported.77 Mobile plasma VLDL was also reduced
in Ames mice, whereas HDL was increased relative to controls.
Plasma HDL was decreased in DR and Irs1−/− mice, and
significantly elevated in Ames mice relative to the other two
models. HDLs have a key role in cardioprotection,78 and the
lower HDL in DR mice may be specific to the early life DR
regime applied here, as more chronic DR increases plasma
HDLs.78,79 2-Hydroxyisobutyrate (2-HIBA), which is produced
following degradation of dietary proteins by gut microbes,80

was increased in Ames dwarfs relative to WT controls.
Interestingly, 2-HIBA can be metabolized to D-3-hydroxybuty-
rate (also elevated in Ames dwarfs), via a cobalamin-dependent

Figure 4. Results of pairwise supervised multivariate modeling performed on Diffusion Edited plasma spectroscopic data for each long-lived model vs
respective control. (A) O-PLS-DA cross-validated scores of DR and AL mice; (B) O-PLS-DA loadings of DR and AL mice (R2 = 0.88, Q2 = 0.85).
(C) O-PLS-DA cross-validated scores of Irs1−/− and WT control mice; (D) O-PLS-DA loadings of Irs1−/− and WT control mice (R2 = 0.86, Q2 =
−0.51). (E) O-PLS-DA cross-validated scores of Ames dwarf and WT control mice; (F) O-PLS-DA loadings of Ames dwarf and WT control mice
(R2 = 0.87, Q2 = 0.75). Lipoproteins discriminating between models are labeled in Table 1.

Journal of Proteome Research Article

dx.doi.org/10.1021/pr2010154 | J. Proteome Res. 2012, 11, 2224−22352230



mutase reaction.81 As changes in gut microbiota have been
linked to age-related disease,97,98 it would be fascinating to use
this approach to determine whether long-lived mice have some
commonality in their gut microbiota. A recent study by Wang
et al.38 showed that plasma TMAO levels in germ free mice
were dependent upon the microbiota. To further probe the role
of the gut microbiota it would be expedient to conduct
metabolic profiling analysis on urine, which is known to report
on several classes of microbial metabolites. Other strategies to
investigate the role of the microbiota in long-lived mice models
would include high-throughput sequencing of the fecal
microbiome or metabolic profiling of fecal water.
In terms of metabolic commonality, three metabolites

choline, TMA and mobile lipids (mainly VLDL) were
significantly altered (decreased) in all three long-lived mice
relative to their appropriate controls. The essential nutrient
choline has a wide range of cellular effects (for review, see refs
82, 83). It acts as a lipotrophic agent, and so low choline levels
may be important in long-lived mice that are already
significantly leaner than controls.20,48,84 Choline is also involved
in synthesizing the phospholipids, sphingomyelin and phos-
phatidylcholine, which are precursors for diacylglycerols and
ceramides. Both diacylglycerols and ceramides have been
suggested as key mediators of insulin resistance and lipotoxicity.85

Ceramides can also induce inflammation and block both
insulin action and glucose uptake through inhibiting Akt.85

Therefore, low plasma levels of choline may result in low
levels of these secondary metabolites, which appear to have
negative consequences for several parameters associated with
health. Interestingly, mice null for phosphatidylethanolamine

N-methyltransferase, a key enzyme in the synthesis of choline,
are resistant to the body mass and insulin resistant effects of
diet induced obesity.86 Choline can also act as a methyl group
source and plays a key role in acetylcholine synthesis.82,83 Thus
an alternative explanation of the lower plasma choline levels of
long-lived mice may be enhanced neurotransmitter biosyn-
thesis, with all three models demonstrating preserved neuro-
logical function during aging.20,87−89 Recently elevated plasma
levels of both choline and TMA were shown to both be risk
factors for cardiovascular disease in humans.38 This same study
demonstrated that dietary supplementation of phosphidylcho-
line metabolites, including choline, induced atherosclerosis in
mice.38 The presence of cardiovascular disease, and its role in
mortality, is assumed to negligible in long-lived mouse models.
However, both Ames dwarfs90 and DR mice91 have reduced
cardiac cell size and decreased extracellular collagen compared
to control animals. DR also decreases atherosclerosis
significantly in apolipoprotein E-deficient mice.92

In our comparison of metabolite profiles between long-lived
mice, it was apparent that several metabolites differed on a
relative scale between the long-lived mice. One caveat of this
comparative approach is that genetic strain may play a
confounding role, with DR and Irs1−/− mice maintained on a
C57BL/6 background and Ames mice maintained on a mixed
genetic background. Nonetheless, elevated plasma glucose
levels were observed in Irs1−/− mice compared to DR and
Ames mice, perhaps unsurprisingly. This is completely in
accord with their well-described metabolic phenotype.20,65

Ames mice had significantly lower plasma glucose levels than
mice under 30% DR. It has previously been reported that DR

Figure 5. Results of pairwise supervised multivariate modeling performed on Diffusion Edited plasma spectroscopic data for each long-lived model vs
long-lived model. (A) O-PLS-DA cross-validated scores of DR and Irs1−/− mice; (B) O-PLS-DA loadings of DR and Irs1−/− mice (R2 = 0.89, Q2 =
0.42). (C) O-PLS-DA cross-validated scores of DR and Ames dwarf mice; (D) O-PLS-DA loadings of DR and Ames dwarf mice (R2 = 0.96, Q2 =
0.89). (E) O-PLS-DA cross-validated scores of Irs1−/− and Ames dwarf mice; (F) O-PLS-DA loadings of Irs1−/− and Ames dwarf (R2 = 0.93, Q2 =
0.86). Lipoproteins discriminating between models are labeled in Table 1.
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does not additionally reduce plasma glucose levels in Ames
dwarf mice.93 Plasma methionine levels were higher in DR and
Ames mice compared to Irs1−/− mice and highest in Ames
dwarfs. As discussed above, altered methionine metabolism is
implicated in the enhanced oxidative stress response in these
animals.73 It is possible that this altered metabolism is GH-
dependent, as GH treatment in Ames mice abolished this
effect94 and Irs1−/− mice, despite being dwarf, have normal
somatotrophic function.20 Our comparative approach also
suggests that DR and Irs1−/− mice may be more dependent
on utilizing ketone bodies as an energy source than Ames mice.
Creatine, which acts to shuttle high energy phosphate between
mitochondria and the sites of utilization, for example,
myofibers,95 was lowest in DR mice, and lower in Ames dwarfs
than Irs1−/− mice. Urinary creatine levels were elevated in two
rat models (Zucker obese and Goto-kakizaki) of type 2
diabetes.96 Plasma creatine is a marker of lean muscle mass, and
higher levels may also indicate increased physical activity
levels.80 However, it is currently unknown whether relative
differences exist in lean muscle mass and locomotor activity
between long-lived mice strains. As mentioned earlier,
glycolytic inhibition has been suggested as a means to develop
DR mimetics.67 Interestingly, citrate was significantly elevated
in DR mice compared to the other two mouse models and also
elevated in Irs1−/− mice compared to Ames dwarfs.

■ CONCLUSIONS

This study is the first to use metabotyping to compare plasma
metabolite levels both within and between long-lived mouse
models. We show that commonality exists across long-lived DR,
Irs1−/− and Ames mice, particularly in metabolites associated
with phosphatidylcholine metabolism. This commonality may
suggest that these metabolites could be used as appropriate
biomarkers for longevity and second that there is some
conservation in the metabolic processes underlying increased
healthy lifespan, as seen in C. elegans.32 However, what is also
evident from this novel approach is that distinct metabolic
signatures are associated with specific long-lived mice, as in
C. elegans.41 We suggest that metabonomic technology can
provide further insights into the “functional genotype”41 of an
individual organism and will allow repeated measures of the
same individual across its lifespan. In addition, this technology
will enable researchers to examine complex metabolic pathways
occurring in a tissue-specific manner of long-lived mice.
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