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The evolutionary context of why caloric restriction (CR) activates
physiological mechanisms that slow the process of aging remains
unclear. The main goal of this analysis was to identify, using
metabolomics, the common pathways that are modulated across
multiple tissues (brown adipose tissue, liver, plasma, and brain) to
evaluate two alternative evolutionary models: the “disposable
soma” and “clean cupboards” ideas. Across the four tissues, we iden-
tified more than 10,000 different metabolic features. CR altered the
metabolome in a graded fashion. More restriction led to more
changes. Most changes, however, were tissue specific, and in some
cases, metabolites changed in opposite directions in different tis-
sues. Only 38 common metabolic features responded to restriction
in the same way across all four tissues. Fifty percent of the common
altered metabolites were carboxylic acids and derivatives, as well as
lipids and lipid-like molecules. The top five modulated canonical
pathways were L-carnitine biosynthesis, NAD (nicotinamide adenine
dinucleotide) biosynthesis from 2-amino-3-carboxymuconate semi-
aldehyde, S-methyl-5′-thioadenosine degradation II, NAD biosyn-
thesis II (from tryptophan), and transfer RNA (tRNA) charging.
Although some pathways were modulated in common across tis-
sues, none of these reflected somatic protection, and each tissue
invoked its own idiosyncratic modulation of pathways to cope with
the reduction in incoming energy. Consequently, this study provides
greater support for the clean cupboards hypothesis than the
disposable soma interpretation.
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Calorie restriction (CR) is the most robust and repeatable
approach for slowing the rate of aging, leading to extensions

of both health and life span (1, 2). First discovered over 100 y ago
(3), its impacts are conserved across a broad range of taxa from
yeast to nonhuman primates (4). Nevertheless, despite this long
history and decades of work, the molecular mechanisms that
underpin its effects remain unclear and disputed (5). For the past
10 y, our group has been exploring the impacts of graded levels
of CR on the phenotypic responses of mice. The details of this
project can be found on the Open Science Framework (https://
osf.io/9yath/). This body of work was motivated by analyses that
showed the impact of restriction on life span in rodents is linearly
related to the level of restriction, up to at least 65% restriction
(6, 7). Hence, we reasoned that whatever mechanisms underlie
the life span effect, they must also increase in a linear fashion
with the level of restriction over this range (8). A second aspect
of this design was the observation that mice under restriction are
generally given their food once per day. They then consume it
over a relatively short period, after which they starve until the
next ration of food is delivered. This is consequently a form of
“time-restricted feeding” (TRF), which has been shown to have

life span impacts independent of calorie intake. Indeed, it has
been suggested that the impact of CR may be mostly due to this
TRF effect. Consequently, we included in our experiments a
control group that had ad libitum (AL) access to food for only
12 h per day (8).
A major critique of studies of CR is that most designs involve

animals simply being given less food relative to their baseline
intake. This achieves the aim of restricting calories but also
means the animals receive less of all of the main macronutrients
(protein, fat, and carbohydrates). Studies in Drosophila have
suggested that the impact of CR may be due to restriction of
protein not calories (9). Similar conclusions were reached in
studies of mice (10). However, these conclusions are at odds with
several CR studies in rats and mice where the level of protein
was compensated in the diets so that as calories fell, the level of
protein intake did not, and the life span impact of CR in these
cases was not affected (11). In other words, CR without protein
restriction produced the same life span benefits. Acknowledging
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this debate, in our experiments with graded CR, we also included
a second series of diets where mice were exposed to a fixed level
of calories but increasing protein restriction to match that on the
CR diets. This allowed us to ascertain which of the responses to
CR might be caused by protein restriction alone.
Thus far, our work on these mice has detailed the phenotypic

responses to graded restriction in terms of the impacts on body
composition (12), circulating hormones, glucose homeostasis and
oxidative stress (13), body temperature and torpor (8), physical
activity and behavior (13–15), cellular senescence in the colon
(4), alterations in basal metabolic rate (16), gene expression
profiles by RNA-seq in the hypothalamus (17, 18), liver (19), and
white adipose tissue (20), and metabolomic responses in the liver
(21), plasma (22), brown adipose tissue (BAT) (23), and brain
(cerebellum) (24). This has led to an unprecedented overall
picture of the responses to graded levels of CR in a single group
of animals (Dataset S1).
Under restriction, animals experience an immediate imbal-

ance between their incoming energy supply and energy expen-
diture. They sense this via changes in peripheral hormone levels,
including leptin and insulin. Detected in the hypothalamus, these
changes set off a cascade of neuropeptide responses that coor-
dinate how the animals react. At the morphological level, this
includes withdrawing fat from the fat stores to fuel the energy
shortfall, growing the alimentary tract, and thereby increasing the
energy extracted from the ingested food. The animals also reduce
the sizes of their lean tissues, which reduces their energy demands
and brings their intake and expenditure back into line. Metabolic
responses (addressed in the current paper in detail) create further
energy savings and a reduction in body temperature, including in
the higher levels of restriction periods of time spent in torpor.
Total physical activity did not change, but the patterning of this
activity was radically altered. Mice under greater levels of re-
striction showed increasingly intense levels of activity in the run-up
to food delivery each day (food anticipation activity). Under-
standing this pattern of changes has inspired a hypothesis re-
garding the underlying evolutionary mechanism regarding the
CR effect (25).
Traditionally, to explain the evolutionary significance of the

CR impact on life span, researchers have turned to the dispos-
able soma hypothesis (DSH). According to the DSH, life span
extension comes about because of a reallocation of energy away
from reproduction toward somatic maintenance. It is assumed
that this reallocation extends survival until the period of caloric
deficit is over, and reproduction can resume, and thereby max-
imizes fitness. This idea was first put forward by Holliday (26)
and Masoro and Austad (27). Later, Shanley and Kirkwood (28)
examined the suggestion in a more quantitative manner and
showed that it could work, provided certain conditions held
(reproductive overhead or an adverse effect of famine on juve-
nile survival). In our hypothesis (25), we suggested that the only
goal of an animal under restriction is to conserve energy so that
its energy demands fall to meet its energy supply. An animal not
doing this will exhaust its reserves and rapidly die. This inter-
pretation suggests there is no long-term strategic goal vis-à-vis
reallocation of energy use between reproduction and survival.
Rather the longer-term life span benefits come about as an un-
intended by-product of the primary goal of making an energy
balance. This idea was called the “clean cupboards” hypothesis
(25) and is so named from an analogous situation of someone
locked in their home receiving daily food supplies that suddenly
become inadequate to meet demands. In that circumstance the
person would eat all the food in their kitchen cupboards. Coin-
cidental then to making an energy balance, they would get a nice
set of clean cupboards, but the point is this would just be an
epiphenomenon of making a balance. There was no strategic
goal to clean the cupboards. The clean cupboards are like the life
span impact of CR. One benefit of this model is that it also

allows us to understand why CR also has a range of detrimental
impacts, for example on ability to fight off parasitic infections
(29, 30) and impaired wound healing (31).
In the current paper, we bring together data from the previous

metabolomics work we have completed in mice under graded CR
(21–24) to perform an integrated multitissue evaluation of the
responses to CR. The main goal was to identify which pathways
are modulated in common across all the tissues, with a view to
potentially evaluate the disposable soma interpretation of CR,
versus the clean cupboards idea. Specifically, we predicted that if
the DSH idea were correct, we might expect a coordinated met-
abolic response across all four tissues to enhance tissue protection.
This could, for example, be based on reducing free-radical dam-
age, which has historically been a popular idea for why organisms
age and die (6, 32), but could involve any aging-related process. In
contrast, the clean cupboards idea also predicts some coordinated
responses centered on energy conservation but would also po-
tentially involve many idiosyncratic tissue-specific responses based
around conserving energy in any available pathway, and hence a
largely uncoordinated response across the individual tissues that
could in some cases be harmful, as long as they still saved energy.

Methods
The methodology with respect to metabolomics analysis has been published
previously for each tissue: liver (21), plasma (22), BAT (23), and brain
(cerebellum) (24).

Experimental Design. The principal characteristics of the study are described
below. Full details of the overall design and rationale have been reported
elsewhere (12). The 49 20-wk-old male mice were submitted a baseline pe-
riod of 14-d monitoring, prior to introducing the restricted or AL diets. The
mice were individually housed and randomly allocated to six treatment
groups: 12AL, 24AL, and 10%, 20%, 30%, and 40% CR. All mice (except for
the 24AL group) were exposed to the same 12-h feeding regime whereby
food was only available during the period of darkness, and any remaining
food was removed at lights on (06:30 h). The 24AL mice had food AL 24 h per
day. The animals were fed a high carbohydrate open-source diet (D12450B:
Research Diets) that contained 20% protein, 70% carbohydrate, and 10%
fat (by energy). The exact restriction was determined based on food intake
of each individual mouse over a 2-wk baseline period. Mice were fed CR (or
AL) diets for 12 wk, before being killed at 32 wk of age. The animals were
culled between 14:00 and 18:00 h by a CO2 overdose. All samples were
stored at –80 °C prior to analysis. Our dataset consisted of metabolomics
data from technical triplicates of individual tissue samples for all four tissues
across the six different feeding groups.

Animals. The C57BL/6J male mice were purchased from Charles River. All
procedures were reviewed and approved by the University of Aberdeen
Welfare and Ethical Review Board and under Home office project license (PPL
60/4366 held by J.R.S.), following ethical approval of the protocols by the local
ethical review committee. Additional information about the procedures and
measures conducted on these mice can be found in the first article of this
series (12).

Spectrophotometric and Chromatographic Techniques. BAT samples were an-
alyzed using hydrophilic interaction liquid chromatography to detect me-
tabolites in both positive and negative ionizationmodes. This was carried out
on a Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific) using a ZIC-
pHILIC (zwitterionic ion chromatography–hydrophilic interaction chroma-
tography) column. Brain samples were analyzed using hydrophilic interac-
tion liquid chromatography (HILIC), which was carried out on a Dionex
UltiMate 3000 RSLC system (Thermo Fisher Scientific) using a ZIC-pHILIC
column. For the mass spectrometry (MS) analysis, a Thermo Orbitrap Exac-
tive (Thermo Fisher Scientific) was operated in polarity switching mode. Liver
samples were analyzed with liquid chromatography–MS using an Orbitrap
Exactive mass spectrometer at the Glasgow Polyomics facility. The ZIC-pHILIC
platform detects mainly polar molecules, and nonpolar lipids can be iden-
tified in the wash-through. Plasma samples were analyzed with dual
chromatography–Fourier transform mass spectrometry using electrospray
ionization in the positive mode. To enhance metabolite detection, we used
dual chromatography, utilizing both anion exchange and reverse-phase
(C18) columns to separate samples. A switching valve allowed data to be
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collected alternately between the AE and C18 column. Also, a Thermo LTQ-
FT mass spectrometer (linear ion trap with a Fourier transform ion cyclotron
resonance MS detector) (Thermo Fisher) was set to collect data between 85
and 850 m/z (mass–charge ratio).

MS Data Processing.
BAT. A total of 3,155m/z (mass-to-charge ratio) features were detected in the
negative ionization mode and 2,754 m/z features in the positive ionization
mode. Datasets were combined, and duplicates removed, which reduced the
total number of features to 5,860. After filtering, there were 2,876 m/z
features present.
Brain. We extracted m/z, retention times (RTs), and intensities for each
sample for 2,754 peaks in the positive ionization mode and 3,155 in the
negative ionization mode. After filtering, there were 3,259 m/z features
present.
Liver. A total of 6,550 features across all samples, including adducts, frag-
ments, and metabolites, were detected. We filtered these features to unique
metabolite chromatographic peaks, which included 505 identified and 381
unidentified metabolites. Among 886 metabolite features, 1.9% of the me-
tabolite intensities were unclassified due to either low metabolite concentra-
tion, poor ionization, machinery limitations, including detection sensitivity and
ion suppression or true lack of presence.
Plasma. A total of 8,043 m/z features were found in the overall profile, 27%
of which were detected in both the AE and C18 modes. The majority of the
m/z features were unique to the AE analysis. The C18 analysis added
1,622 m/z features that were not detected by the AE separation. The m/z
values were filtered based on their replication across individuals and signal-
to-noise ratio. Post filtering, a total of 2,954 m/z features were present, 1,702
from AE and 1,252 from C18.

Metabolite Identification. The package xMSannotator 1.3.1 was used to
identify metabolites from the Human Metabolome Database (HMDB), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and LipidMaps databases.
Unknown metabolites were identified using a clustering algorithm that uses
m/z values, retention times, intensities, and potential adducts, and xMSan-
notator provides a confidence score. Metabolites with a confidence score of
less than 2 were excluded from further analysis. Additionally, metabolites
with multiple matches were filtered based on the difference between their
theoretical and actual monoisotopic mass, and the metabolite ID with the
smallest difference was kept, and others were removed.

We identified and classified the metabolite features detected in the four
and three out of four tissues in the match-features analysis, using the ID from
either KEGG or HMDB (putative analysis). Here, we faced a common issue in
untargeted metabolomics—some features were not name identified by the
database, and therefore, they were removed from the analysis.

Metabolomic Preprocessing. Three steps were followed; first, metabolites
were normalized using a log2 transformation. Second, only metabolites with
a signal-to-noise ratio (SNRi = mean/sample SD) ≥ 15 were kept for analysis.
Third, metabolites that were missing from 15% or more of all samples were
removed. In the case of the BAT and liver missing values, we imputed using a
random forest regression approach using the missForest package for me-
tabolites that had peaks that were significant in at least one group. Fur-
thermore, in the liver, the raw peak intensities for each sample were
normalized by centering on the median for each metabolite in each sample
using the Metabolomics package, then log2 transformed.

Statistical Modeling of Differential Metabolite Expression. To detect signifi-
cantly differentially expressed (SDE) metabolites between treatment groups,
an empirical Bayes moderated linear model was fitted to each metabolite in
all tissues. The empirical Bayes approach shrinks the estimated sample var-
iances by borrowing information from across metabolites. Comparisons
across metabolite fold changes were made between each level of CR (10%,
20%, 30%, and 40%) and 24AL relative to 12AL. P values for each comparison
were adjusted using the Benjamini–Hochberg procedure using a false-
discovery rate (FDR) of 20%. The package Devium for the orthogonal par-
tial least-square discriminate analysis (O-PLS-DA) analysis was used to com-
plete the validation steps and retrieve metabolite loadings.

Analysis of Covariance. All the metabolite intensities were log2 transformed
prior to one-way ANCOVA analysis. Levene’s test and normality checks were
carried out, and the assumptions met. Regarding outliers, we used the
interquartile range rule and only removed extreme values in each metabo-
lite. A total of 38 metabolite-matches were present in all four matrices and
323 in three of four tissues. ANCOVA was used to evaluate the behavior of

all the detected features (identified and unidentified features) in the four or
three of four tissues (factor tissue [four or three levels] BAT, brain, liver, and
plasma), while controlling for type of dietary treatment (covariate [six levels]
24AL, 12AL, 10CR, 20CR, 30CR, and 40CR), as well as their interactions (die-
tary treatment*tissue). The analysis was checked using SPSS Statistics, version
26, software. Furthermore, to assess the biological pathways across tissues, a
regression equation analysis for the fit regression model was performed using
Minitab software, version 19.

Biological Pathway Analysis. To determine how multiple metabolites were
linked in biological pathways, whether in the single tissues or across them, we
performed two pathway analyses in the Ingenuity Pathway Analysis (IPA)
program. In the first analysis, we investigated which pathways were corre-
lated to the level of restriction; therefore, we entered unadjusted P values
and coefficients from each comparison (values across metabolite fold changes
of each level of CR [10%, 20%, 30%, and 40%] and 24AL relative to 12AL)
alongside IDs from either KEGG or HMDB. Furthermore, we used mummichog
software in this analysis (21–24).

To investigate similar pathways in all four tissues, we made a second
analysis using IPA. We entered unadjusted P values from the ANCOVA analysis
and slope value from each fit regression equation by match-group, alongside
the ID of the representative metabolite from either KEGG or HMDB. The core
analysis was only carried out with the metabolites that had a significant die-
tary treatment effect, a tissue effect, but no tissue by treatment interaction
(pattern 2), in an attempt to define pathways that may be associated with
common modulation of physiology across all four tissues following dietary
treatment (see Results for further details of the alternative patterns resulting
from ANCOVA analysis).

Results
CR Alters the Metabolome in a Graded Fashion. As the CR level
increased, the number of SDE metabolites relative to 12AL also
increased in all four tissues. The numbers of metabolites that
were increased relative to 12AL in each tissue was similar to the
numbers of metabolites that decreased (P ≤ 0.05) (Fig. 1). How-
ever, most detected metabolites (>85%) in most tissues were
unchanged relative to the restriction level. To determine pathways
that changed between the 12AL group and the CR levels in each
tissue, we performed pathway enrichment analyses in IPA. Fifty
pathways (3 in the liver, 7 in the brain, 14 in the BAT, and 26 in
the plasma) with multiple metabolites were significantly correlated
to the restriction level (Dataset S2). From this analysis, we noted
that these pathways are mainly associated with energy metabolism,
fatty acid pathways, changes across several amino acids, nucleotide
metabolism, a shift from glycolysis to lipolysis, and increased an-
tioxidant defense. Plasma and BAT were more responsive to CR
than the liver and brain since they had more significantly modu-
lated pathways with more metabolites within each pathway.
From the O-PLS-DA analysis, we were able to demonstrate

significant discrimination between feeding groups. We performed
the O-PLS-DA analysis of each tissue on all identified and un-
identified features (Fig. 2). The models indicated that dietary
treatment explained 40% (BAT) to 60% (plasma) of the features’
variance. Loadings from the O-PLS-DA model determined fea-
tures that contributed to the separation of groups (Fig. 2). We
showed that the metabolome of all four tissues changed signifi-
cantly in response to the graded CR treatment in a graded fashion
from the SDE and O-PLS-DA model analysis.

Key Modulated Pathways in Common across Tissues. We found
multiple matches of m/z features from the dataset from each
tissue. Thirty-eight features were shared across all four tissues;
199 features were shared by liver, brain, and BAT; 109 features
shared by plasma, BAT, and brain; 10 features shared by plasma,
liver, and brain; and 5 features shared by plasma, liver, and BAT
(Fig. 3A). Of the 361 m/z features shared by three out of four
tissues, we were able to putatively assign IDs to 129 metabolites
(35.7% of the total features) (Dataset S3). From ANCOVA
analysis, we detected five patterns according to the P values from
the test of between-subjects effects (Dataset S3). Pattern 1 was a
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significant difference between tissues, but no significant diet or
diet by tissue interaction. Pattern 2 included significant effects of
both tissue and diet but no interaction. Pattern 3 included a
significant tissue effect, no overall diet impact, but a significant
diet by tissue interaction. Pattern 4 involved significant tissue,
diet, and interaction effects. Pattern five indicated no significant
effects of tissue, diet, or interaction. Based on the above analysis,
24 metabolites showed responses with patterns 2, 3, and 4 across
all four tissues. Of these 17 metabolites showed significant tissue
by diet interaction effects. That is, while the metabolites changed
in relation to the dietary treatment, the pattern of change was
significantly different between the different tissues. Only seven
metabolites (29%) showed a significant impact of dietary treat-
ment consistent across the four tissues (dietary effect with no
significant diet by tissue interaction: pattern 2). These were
L-proline, benzamidine, L-glutamine, urate, 5-methylthioadenosine,
sphinganine, and sphingosine.
When considering metabolites detected in three out of four

tissues, there were 30 metabolites showing pattern 2 in the BAT,
brain, and liver; 11 in the BAT, brain, and plasma; 5 in the brain,
liver, and plasma; but none in the BAT, liver, and plasma. Hence
in total, we identified 52 metabolites showing pattern 2 (diet
effect without a diet by tissue interaction) in either all four tis-
sues or three out of four tissues. As with metabolites found in all

four tissues, the majority (56%) of identified metabolites that were
responsive to dietary treatment did not respond in the same way
across tissues. That is, 37 metabolites in BAT, brain, and liver, 20
in BAT, brain, and plasma, 1 in brain, liver, and plasma, and 2
in BAT, liver, and plasma showed a significant diet by tissue
interaction.
Using the HMDB, KEGG, and PubChem databases (Figs. 3B

and 4 and Dataset S3), we identified 14 chemical classes of me-
tabolite that were responsive to diet. Carboxylic acids and deriv-
atives (amino acids were the main metabolites detected in this
category, 79.5%) and lipids and lipid-like molecules (fatty acid
esters were the majority molecules in this category, 27.0%) were
the two main categories identified that, together, consisted of over
50% of the metabolites that were responsive to CR level.
Based on our previous rationale, metabolites showing pattern

2 (significant level of restriction and tissue effects, but no in-
teraction) may be the most important metabolites associated with
CR’s life span effects, because they would show elevated activation
with increasing restriction in a consistent way across tissues. Pa-
rameters from regression models linking these 52 metabolites to
the level of restriction are presented in Dataset S4. L-Proline was
the only metabolite with a negative slope (b = −0.0512) in relation
to the CR level. That is, in all tissues, L-proline levels declined as
the level of restriction increased. The other six metabolites in all
four tissues showed a positive relationship, and hence increased
as the level of restriction increased in all tissues: benzamidine
(b = 0.0389), L-glutamine (b = 0.02776), urate (b = 0.0272),
5-methylthioadenosine (b = 0.0295), sphingosine (b = 0.0343), and
sphinganine (b = 0.0343). In the metabolites found in three of four
tissues, N-butyryl-L-homoserine lactone (b = −0.01763; in BAT,
brain, and liver), cyclo (L-leucyl-L-phenylalanyl);(3S,6S)-3-benzyl-
6-(2-methylpropyl)piperazine-2,5-dione (b = −0.0334; in BAT,
brain, and plasma), and deethylatrazine (b = −0.0275, in brain,
liver, and plasma) were the only metabolites that declined as the
level of restriction increased; the remainder showed positive
slopes.
These 52 metabolites were used for IPA pathway analysis. Of

the 52 metabolites, only 33 were successfully mapped (Dataset
S5). Our analysis of overlapping canonical pathways identified
114 pathways (Dataset S6). The most significantly altered path-
ways were L-carnitine biosynthesis (4/10 molecules, −logP = 5.49),
NAD (nicotinamide adenine dinucleotide) biosynthesis from
2-amino-3-carboxymuconate (3/10 molecules, −logP = 3.76),
semialdehyde, S-methyl-5′-this adenosine degradation II (2/4
molecules, −logP = 3.08), NAD biosynthesis II (from tryptophan)
(3/19 molecules, −logP = 2.88), and tRNA charging (4/43
molecules, −logP = 2.84). The L-carnitine biosynthesis pathway
showed only metabolites up-regulated and detected in BAT, brain,
and liver (γ-butyrobetaine, glycine, N6,N6-trimethyl-L-lysine, and
succinic acid). The pathways NAD biosynthesis from 2-amino-3-
carboxymuconate, NAD biosynthesis II (from tryptophan), and
tRNA charging pathway shared molecules (AMP detected in
BAT, brain, and liver, and L-glutamine that was detected in all
four tissues). These three pathways were related to tryptophan
metabolism, which may be connected with the cofactors’ biosyn-
thesis. L-Proline (down-regulated in all four tissues in relation to
CR level) and glycine (up-regulated in BAT, brain, and liver) were
only detected in the tRNA charging pathway. In the S-methyl-5′-
thioadenosine degradation II pathway, 5′-methylthioadenosine
and adenine were up-regulated. Besides, these two metabolites
are also linked in the spermine biosynthesis pathway, which, in
turn, also has connections with the biosynthesis of cofactors and
amino acid metabolism pathways (methionine metabolism).
To summarize our results, we show the NAD biosynthesis

from the 2-amino-3-carboxymuconate pathway in Fig. 5. It also
includes metabolites from other pathways that have been shown
to relate to biosynthesis and utilization of NAD.

Fig. 1. Numbers of significantly differentially expressed (SDE) metabolites
in response to graded CR in the liver, BAT, brain, and plasma relative to the
number of metabolites in mice exposed to the 12AL treatment. The top plot
shows the number of increased and the other plot the number of decreased
metabolites.
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Discussion
Why animals live longer on a restricted energy budget remains
unclear and disputed (1, 5, 25, 33, 34), even though there has
been much progress in understanding CR’s nutritional and mo-
lecular consequences in recent years (9, 35–37). Although re-
search on several model organisms have shown the importance
of mTOR (mechanistic target of rapamycin), insulin/IGF1-like
signaling, and sirtuins as nutrient-signaling pathways that po-
tentially mediate the effects of CR (35, 36), these studies do not
answer the central issue of why activation of such systems in
response to nutrient depletion might have evolved (25). Also, it
is relevant to ask, if organisms have the ability to activate these
longevity-related pathways, why are they not always switched on?
If these pathways were active, they could allow the animals to
live longer and healthier lives, decreasing the incidence of age-
related diseases (such as cardiovascular disease, neurodegener-
ative disorders, cancer, and diabetes, and reduced frailty) (34,
38). The classical answer to this conundrum is provided by the
DSH (26, 28). This suggests that the longevity assurance (or
somatic maintenance) pathways are energetically costly to keep
active. Hence, animals have to make a choice in how to use
available resources: for somatic protection, or for reproduction.
In normal circumstances, they spend some energy on reproduc-
tion ensuring survival of their genes, but at the cost of protecting
their soma, leading to senescence and death. When energy
supply is reduced, however, it is suggested they divert all the

lower overall resources into elevated somatic maintenance,
switching off reproduction, and thereby ensuring longer survival
until the food supply increases sufficiently to resume reproduc-
tion. However, there are several problems with this interpreta-
tion. For example, it struggles to explain why the life span
benefits increase as restriction increases and cannot explain why
some aspects of somatic protection are reduced under restric-
tion. These problems are resolved by a recent hypothesis (the
clean cupboards hypothesis), which suggests that under restric-
tion all animals are attempting to do is make an immediate en-
ergy balance and any life span effects are just an unintended by-
product. With this in mind, we studied the effects of CR on
metabolomic responses of four tissues, and evaluated how con-
sistent such responses were with the classical DSH theory (26,
28), or with the clean cupboards idea (25).
Across the four tissues, we identified more than 10,000 dif-

ferent metabolic features. Most of these were not responsive to
the CR treatment. Hence, while more metabolites were changed
as the restriction level increased, even at the 40% CR level, only
25% of metabolites were altered relative to the 12AL group.
Moreover, these changes included up- and down-regulated levels
in approximately equal measure. Using O-PLS-DA analysis, we
showed that for each tissue, it was possible to distinguish the
dietary groups. Hence, for each tissue, the individuals under any
particular level of restriction were reacting consistently to the
restriction. That is, the animals under 40% restriction were all

Fig. 2. Orthogonal partial least-square discriminate analysis (OPLS-DA) demonstrates the differentiation effect of each diet group (12-h ad libitum fed: 12AL;
24-h ad libitum fed: 24AL; 10–40% calorie-restricted: 10CR, 20CR, 30CR, 40CR) on the filtered and normalized metabolites extracted from each tissue. The
OPLS-DA plot showed significant separation among samples in the first two principal components (comp.1 and comp.2) based on the model quality pa-
rameters that are under each plot.
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broadly responding in the same way. The liver of one animal
under 40% restriction responded similarly to the liver of another
animal under 40% restriction. However, importantly, most of the
changes we observed were idiosyncratic to the particular tissue.
So, while the liver of animal 1 might be responding similarly to
the liver of animal 2, these livers responded very differently from
the brains in the same two animals. Moreover, the changes in-
cluded modulation of many tissue-specific pathways. Nevertheless,
most of these pathway changes were consistent with the animals
utilizing metabolites to fuel their energy metabolism. For example,
they included increased levels of TCA cycle intermediaries, in-
creased glycolysis, elevated β-oxidation of fatty acids, and amino
acid degradation. These changes are consistent with the clean
cupboards interpretation of the metabolic impacts of CR in that
the animals appeared to be utilizing metabolites to fuel their
metabolism but doing so differently in different tissues.
Only 52 metabolites showed significant changes in the liver,

BAT, brain, and plasma that were consistent across the tissues
where they were detected (i.e., showed no tissue by diet treatment
interaction). IPA mapped only 35 of these metabolites, pointing to
just five common pathways that were changed consistently among
tissues. In the first place, the pathway showing the most changes
was the L-carnitine biosynthesis, where γ-butyrobetaine, glycine,
N6,N6,N6-trimethyl-L-lysine, and succinic acid were all increased
significantly with respect to the level of restriction. Carnitine is
synthesized in vivo from L-lysine and L-methionine, mostly in liver,
kidney, and brain (39). Carnitines are involved in transport of fatty
acids across the mitochondrial membrane, facilitating β-oxidation,
and are critical for maintaining normal mitochondrial function
(40). It has been previously suggested that carnitine homeostasis is
compromised in several rodent models of metabolic dysregulation.
A high-fat diet exacerbated age-related carnitine loss, as levels fell
in multiple tissues (skeletal muscle, liver, and kidney), although
plasma concentrations were unchanged (41). In rats’ liver, carni-
tine concentrations increased under CR, probably mediated by
activation of PPARα and up-regulation of organic transporter
cation (42). Furthermore, β-oxidation of fatty acids is the primary

energy production mechanism under CR and carnitine is essential
for that process (40). Regarding the brain, carnitine and its rela-
tive esters (such as palmitoyl-L-carnitine and acetyl-carnitine) may
be redistributed to the brain during fasting; the brain may use
them for energy production or, possibly, for the delivery of acetyl
groups (43). In BAT, carnitine is a crucial compound for main-
taining the mitochondria’s shape in this tissue (44). This function
is linked closely to the fatty acid oxidation required for thermo-
genesis and the expression of uncoupling protein-1. There is evi-
dence that an excessive accumulation of lipid droplets in BAT in
carnitine-deficient mice has been caused by a decreased utilization
of long-chain fatty acids. Nevertheless, lipid droplets dramatically
decrease in size, and histopathological and ultramicroscopic fea-
tures are wholly recovered by L-carnitine treatment. Significant
increases were also observed in the body temperature and carni-
tine concentrations of these mice (44). We found that mice
showed a progressive decline in mean daily body temperature
under CR (8). The possible rise of carnitine levels in BAT might
be generated due to body temperature changes that we saw in our
mice. The linear relationship between average temperature and
the energy restriction level supports the idea that temperature
changes are an integral aspect of the life span effect. In short,
carnitine biosynthesis indicates elevated fatty acid oxidation since
it is essential for the transfer of long-chain fatty acids across the
inner mitochondrial membrane for subsequent β-oxidation. Bruss
et al. (45) observed that in mice, the increase of fatty acid oxi-
dation was almost entirely accounted for by the rise in the en-
dogenous fatty acid synthesis under CR. We have shown
previously that graded CR levels lead to reductions in body mass
and altered body composition related to the utilization of both
body fat and structural tissue (12). Hence, up-regulation of this
pathway shown here is consistent with the idea that animals pri-
oritize fat utilization in their metabolism. Alternatively, this up-
regulation of molecules in the carnitine biosynthesis pathway
could be a consequence of body temperature changes.
NAD biosynthesis from 2-amino-3-carboxymuconate semi-

aldehyde and NAD biosynthesis II (from tryptophan) were two
other pathways identified as significantly up-regulated in relation
to CR in a similar manner across all tissues. According to our
IPA results, quinolinic acid, L-glutamine, and adenosine mono-
phosphate (AMP) were up-regulated by CR in these pathways.
These molecules were up-regulated mainly in BAT, brain, and
liver. Of the three metabolites that IPA classified, only quinolinic
acid is a precursor for NAD. Glutamine and AMP are found in
the NAD pathway but are not specific to it. Quinolinic acid is in
the kynurenine pathway of tryptophan catabolism which, together
with the enzyme quinolinate phosphoribosyltransferase (QPRT),
catalyzes the formation of nicotinic acid mononucleotide (NMN)
from quinolinic acid and 5-phosphoribosyl-1-pyrophosphate, fu-
eling NAD synthesis (46). In isolation, changes in quinolinate
could either mean that CR-treated animals had increased activity
in this pathway generating NAD or that they were responding to
lowered levels of niacin in the diet by up-regulating the synthesis
of quinolinate from tryptophan. Previously, we performed tran-
scriptomic analyses of the hypothalamus (18), liver (19), and ep-
ididymal adipose tissue (20) of these mice. Hence we only had
simultaneous transcriptomic and metabolomics data for the liver.
The liver transcriptomics data showed that levels of QPRT were
down-regulated in relation to the level of restriction [F(1,41) =
3.984; P, 0.006]. This would suggest NAD levels in the liver were
likely not elevated due to de novo synthesis via quinolinic acid.
Given the interpretation that NAD synthesis was potentially ele-
vated, we manually searched the spectra for metabolites that
would match other components of the NAD synthesis pathway
(specifically NAD, nicotinic acid adenine dinucleotide [NAAD],
nicotinic acid mononucleotide [NAMN], and NAD+ phosphory-
lated [NADP]) but had failed to enter the list of significantly
modulated metabolites because they did not meet the very strict

Fig. 3. (A) Venn diagram of all detected metabolites in the four different
matrices using only two decimals. (B) Categories of metabolites in the sec-
ond, third, and fourth patterns. Fourteen classes according to the informa-
tion in the HMDB, KEGG, and PubChem were found.
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criteria of showing a linear increase (or decrease) with parallel
responses across all tissues (pattern 2). We found that NAD and
its oxidized form (NAD+) were present in the BAT and brain
samples, respectively, showing a significant difference between AL
and CR groups. Conversely, CR had no significant influence on
the reduced form (nicotinamide adenine dinucleotide + hydro-
gen, NADH) in the liver. Therefore, we can assume that CR
showed a graded effect on the NAD levels in BAT and CER;
however, the evidence for an effect in the liver was less certain.
Nonetheless, the up-regulation of nicotinamide phosphor-

ibosyltransferase and nicotinamide nucleotide transhydrogenase
(two genes related to the salvage pathway of NAD) detected in
the liver transcriptomic analysis (19) suggest that an increase in
the NAD levels in the liver might not come exclusively from the
de novo pathway. Moreover, we detected two NAD precursors,
niacinamide (NAM) and 1-methyl nicotinamide (meNAM), which
were not included in the IPA analysis but were up-regulated due
to restriction in all tissues. There were also unidentified BAT and
brain features with m/z ratios similar to NAAD, NADP, and
NAMN but were not specifically identified by xMSAannotator. No
compounds with a close m/z to NAAD and NADP were found in
liver and plasma, but plasma features were found with m/z like
NAMN. These results might support the idea that elevated NAD
was due to the reduced dietary niacin and high activity in the

tryptophan and/or nicotinamide pathways. Previous investigations
have linked the kynurenine pathway activation to aging and
treatments that slow aging, including CR (47, 48).
Importantly, an interplay exists between aging, nutritional chal-

lenge, and circadian metabolism. Sato et al. (49) observed higher
levels of multiple NAD metabolites in aged mice liver under CR
and that these mice maintained tighter circadian gene expression
over their life span. Furthermore, they observed that circadian
reprogramming of physiological homeostasis due to aging or CR
was tissue specific (49). Therefore, this provides support to clean
cupboard theory and further emphasizes the centrality of NAD to
energy generation and resource allocation. Mitchell et al. (50)
showed that chronic treatment with nicotinamide was associated
with health improvements and lower inflammation in the absence
of life span extension in high-fat diet-fed mice. Thus, based on the
available literature and our research data, whether these metabo-
lites would undermine or amplify the life span’s effect under CR
remained in question. However, the possible health effects related
to regulating the activity of many proteins related to energy me-
tabolism by boosting NAD in each tissue could explain our results
(48, 49). There is evidence that the synthesis of NAD by the
kynurenine pathway may be enhanced when the immune system
responds to challenges, indicating its prosurvival value. However,

Fig. 4. Pie graphs show the metabolite categories and their respective percent and number of metabolites by tissue group and pattern.
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Fig. 5. NAD biosynthesis from 2-amino-3-carboxymuconate semialdehyde pathway together with some metabolites from the other four canonical pathways.
The second pattern metabolites (except niacinamide of the fourth pattern) were colored based on the correlation coefficient. Brighter red means more up-
regulation, and blue, more colorful, more down-regulation. Metabolites shown in triangle symbols were detected in individual tissue, except NADPH, caught
in BAT and CER. One-way ANOVA P values are shown next to the symbol (P value with an asterisk indicates the BAT result), and red arrows means a positive
increase in the CR groups compared to AL. White metabolites indicate those not identified. Abbreviations: AMP, adenosine monophosphate; ATP, adenosine
triphosphate; CP, canonical pathways; CO2, carbon dioxide; H+, hydron; NAD, nicotinamide adenine dinucleotide; NAD+, nicotinamide adenine dinucleotide,
oxidized form; NADH, nicotinamide adenine dinucleotide, its reduced form; NADP, nicotinamide adenine dinucleotide phosphate; and NADPH, reduced
nicotinamide adenine dinucleotide phosphate.
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the precise nature of the benefits that the kynurenine pathway
confers on fitness is a matter of debate (46).
A fourth modulated pathway common to all four tissues was

tRNA charging. Transfer RNAs are best known for their role as
adaptors during the translation of the genetic code and essential
players in protein synthesis, linking the genetic code with the
amino acid sequence of proteins (51). Signaling pathways that
sense amino acid abundance are integral to tissue homeostasis
and cellular defense (48). Furthermore, the amino acid levels
regulate both protein synthesis and autophagic proteolysis (52).
Here, we observed that glycine and L-glutamine were up-regulated
across all the tissues, which could mean an increase in protein
synthesis and autophagy under CR. However, it could also mean a
possible adverse effect since a rise in amino acids may negatively
alter proteolysis. For example, increases in glutamine inhibited
proteolysis in the liver, possibly due to a lysosomotropic effect
caused by ammonia released from glutamine (53). This possible
negative effect emphasizes that CR might not only generate a
range of positive outcomes but also has negative consequences.
This dual effect is expected from the clean cupboards hypothesis
(25), but not the DSH.
Another molecule that was up-regulated in this pathway was

AMP. This molecule contributes to AMP-activated protein ki-
nase (AMPK) activation, an enzyme and key nutrient sensor with
the ability to regulate whole-body metabolism since it maximizes
ATP generation by promoting catabolic pathways inhibiting an-
abolic processes that consume ATP (54). During CR, AMPK
becomes activated in diverse tissues, including the heart, liver,
skeletal muscle, and hypothalamus (55, 56). Furthermore, AMPK
phosphorylates acetyl-CoA carboxylase to inhibit fatty acid syn-
thesis. This inhibition of fatty acid synthesis leads to the activation
of fatty acid β-oxidation (except in neurons that lack these en-
zymes) to conserve energy by preventing a futile cycle of fatty acid
synthesis and breakdown. Also, the inhibition of fatty acid syn-
thesis preserves nicotinamide adenine dinucleotide phosphate
levels and contributes to the increased levels of redox defenses
potentially associated with CR’s longevity benefits (55). However,
in some cases, CR has failed to activate AMPK (5). In mice under
a 35% CR, despite demonstrating the expected metabolic char-
acteristics (lower body weight, plasma leptin, and liver glycogen
content), neither heart, skeletal muscle, nor liver showed any ev-
idence of increased activity of either the α1- or α2-isoform of
AMPK (57). By contrast, in rats, a CR of 30% causes down-
regulation of AMPK, particularly in the liver (58). These oppo-
site results might reflect differences in the CR protocols, which
vary in CR’s duration and level.

L-Proline was the only molecule that was down-regulated in
the tRNA charging pathway in all four tissues. The depletion of
amino acids (essential, nonessential, or conditionally essential)
has been associated with an increase in the concentration of
uncharged tRNA species activating GCN2 (general amino acid
control nonderepressible 2). In mammals, GCN2 can be rapidly
activated in the brain and liver upon ingestion of a meal lacking
essential amino acids. However, GCN2 can also be triggered by
the nondietary depletion of amino acids (for example, arginine).
Furthermore, GCN2 has a connection with eIF2α (eukaryotic
initiation factor 2α) kinase and the master growth-regulating ki-
nase mTOR (mechanistic target of rapamycin), two key mediators
of energy expenditure, among many other functions (48, 52).
Recently, a mammalian cell analysis discovered that mitochondrial
NADPH is essential to enable proline biosynthesis and that pro-
line level deficiency triggered a strong response in the GCN2–
eIF2α–activating transcription factor 4 pathway, which senses
depletion of amino acids and the uncharged tRNAs (59). Hence,
the reduced proline levels observed here may be connected to the
activation of these transduction mechanisms involved in sensing
intracellular amino acids. However, this could also mean a re-
sponse to control the energy expenditure under CR. Another

possible explanation for this reduction of L-proline in this pathway
could be based on halofuginone’s results (HF; a CR mimetic drug)
(60). This prolyl-tRNA synthetase inhibitor activates the amino
acid starvation response by mimicking proline deprivation.
Treatment with HF was linked to suppression of a subset of TNF-
α–stimulated responses, mirroring HF’s suppression of proin-
flammatory functions in mature TH17 (CD4+ T helper 17)
memory cells and its suppression of TGF-β–stimulated fibrotic
tissue remodeling. Hence, CR-mediated reductions in inflamma-
tion might be partly linked to this L-proline reduction (60). In
previous work, we found that circulating TNF-α was reduced
with CR (61), and transcriptomic analysis indicated that the
transcription factor NF-κB was inhibited at all CR levels, reflect-
ing a reduced state of inflammation (18).
Finally, we only found a single degradation pathway, S-methyl-

5′-thioadenosine degradation II, in the top five canonical pathways.
In this pathway, the thioether nucleoside, 5′-methylthioadenosine,
was significant. This molecule is a product of transpropylamine reac-
tions that lead to spermidine and spermine synthesis. These polyamines
are ubiquitous in mammalian cells (62). 5′-Methylthioadenosine
was up-regulated in the four tissues analyzed, potentially reflecting
increased spermidine and spermine levels in tissue. Spermidine
homeostasis involves nutritional uptake, intestinal synthesis by gut
microbiota, endogenous biosynthesis, degradation, and active
transporter systems between compartments. Spermidine supple-
mentation and CR both result in histone hypo-acetylation with
chromatin silencing either by sirtuin-mediated activation of his-
tone deacetylases (CR) or by inhibition of the histone acyl trans-
ferase (spermidine) (63). In addition, in many mammalian tissues,
5′-methylthioadenosine phosphorylase (MTAP) is the main enzyme
that divides 5′-methylthioadenosine into 5-methylthioribose-1-
phosphate and adenine. Adenine was another metabolite that we
detected up-regulated by CR. Adenine in this pathway is con-
verted to adenosine and after into AMP. This process creates a
path for the metabolic salvaging of the purine portion of ATP
used for the synthesis of S-adenosylmethionine, which is recycled
for use in 5′-methylthioadenosine synthesis (64). Once again, these
changes are consistent with CR modulating pathways to improve
metabolic efficiency.

Limitations. As with any metabolomic analysis, there were some
limitations to our study. One of these limitations we faced was
the poor overlap of the m/z feature among tissues; this can
probably be attributed to using different analytical platforms and
integrating datasets of multiomics that measure fundamentally
different biomolecules. Besides, nowadays, by untargeted metab-
olomics, it is only possible to putatively identify a subset of the
totalm/z values detected, which can introduce bias into metabolite
and pathway analysis (65). Despite the limitations, we were able to
analyze 6.4% (361 metabolites features) of the metabolites de-
tected in four or three tissues grouping them according to a rep-
resentative m/z value. Moreover, our metabolic set enrichment
analysis was limited by the metabolic coverage used to create the
pathways and likely represented only a fraction of the total met-
abolic pathways altered by CR. Even when we identified com-
pounds, they were not always incorporated into the IPA program’s
pathways because the compounds were not in their knowledge
database.
With respect to the actual experimental work, another limi-

tation was the short duration of the imposed restriction. Short-
term interventions may not fully capture the changes that un-
derpin the lifelong impacts of CR on life span. Thus, it remains
unclear whether long-term CR exposure would alter the cross-
tissue metabolome the same way. It is possible that the short-term
changes we detected here provide more support for the clean
cupboards hypothesis, but that longer term, the changes might be
more consistent with the DSH. A final limitation of this work was
that it was based on a single strain of inbred mice (C57BL/6J)
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known to be a positive responder to CR. Mouse strains do vary in
their responses to CR (66), and hence it is currently unclear
whether the responses we detected strain-specific or more generally
applicable.

Conclusion
Individual mice, and the tissues within those mice, responded
consistently to the imposition of CR. However, there were very
few consistent metabolic responses across all tissues. The overall
impression was that each tissue invoked its own idiosyncratic
modulation of pathways to cope with the reduced flow of in-
coming energy. In one tissue, it might be elevated β-oxidation of
fatty acids, in another amino acid degradation, and in another
glycolysis—different responses with a common goal of fueling
metabolism. Nevertheless, a small number of pathways did show
consistent changes in all tissues. These included L-carnitine and
NAD biosynthesis and tRNA charging. There was no strong
evidence to support the idea from the DSH that resources were
being diverted away from reproduction toward somatic

maintenance since no consistent pathways linked to somatic
maintenance appeared to be up-regulated. In contrast, the pat-
tern of response was much more consistent with the mice up-
regulating metabolic pathways that allowed them to cope with
reduced energy intake—the clean cupboards hypothesis.

Data Availability. Previously published data (21–24) were used for
this work.
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