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Abstract
Naked mole-rats (NMRs) are the oldest-living rodent species. Living
underground in a thermally stable ecological niche, NMRs have
evolved certain exceptional traits, resulting in sustained health spans,
negligiblecognitivedecline,andapronouncedresistancetoage-related
disease. Uncovering insights into mechanisms underlying these
extraordinary traits involved in successful aging may conceivably
provide crucial clues to extend the human life span and health span.
Oneof themost fundamentalprocesses inside thecell is theproduction
of ATP, which is an essential fuel in driving all other energy-requiring
cellular activities. Not surprisingly, a prominent hallmark in age-related
diseases, such as neurodegeneration and cancer, is the impairment
and dysregulation of metabolic pathways. Using a two-dimensional
polyacrylamide gel electrophoresis proteomics approach, alterations in

expression and phosphorylation levels of metabolic proteins in the
brainsofNMRs,aged2–24 years,wereevaluatedinanage-dependent
manner.We identified 13 proteinswith altered levels and/or phosphor-
ylationstatesthatplaykeyrolesinvariousmetabolicpathwaysincluding
glycolysis, b-oxidation, the malate-aspartate shuttle, the Tricarboxylic
Acid Cycle (TCA) cycle, the electron transport chain, NADPH produc-
tion, as well as the production of glutamate. New insights into potential
pathways involved inmetabolic aspectsof successful aginghavebeen
obtained by the identification of key proteins through which the NMR
brainrespondsandadaptstotheagingprocessandhowtheNMRbrain
adapted to resist age-related degeneration.
Keywords: aging, health span, metabolism, naked mole-rats,
phosphoproteomics, proteomics.
J. Neurochem. (2015) 134, 538–550.

Most aging research focuses on investigating a few well-
characterized short-lived species including Caenorhabditis
elegans, Drosophila melanogaster, Rattus norvegicus, and
Mus musculus (Finch and Austad 2001). While models with
such short life spans provide the ability to perform exper-
iments rapidly, restraining biomedical research to very few
models of aging or longevity may limit novel discoveries and
scientific progression. Not surprisingly, there is a growing
call for new models that may better mimic human aging and
provide better translational predictability (Buffenstein et al.
2014). Since humans are a long-living species on the basis of
their body size (Hulbert et al. 2007), it is hypothesized that
species with naturally longer lives may yield better insights

into diseases that afflict humans later in life than do short-
lived models that commonly die before age-related diseases
manifest. Such species likely also have evolved mechanisms
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that allow for extended healthy life spans, in contrast to those
that do not, and as such provide more precise models for
human aging (Lewis et al. 2012). Unlike most other rodents
that live relatively short lives in absolute terms (as little as 2–
3 months in the wild; 2–5 years in captivity), naked mole-
rats (NMRs) live to exceedingly advanced ages (4–17 years
in the wild and up to 30+ years in captivity), unrivaled by
any other rodent species (Bobeck 1969; David and Jarvis
1985; Buffenstein 2008; Edrey et al. 2011). Perhaps even
more extraordinary, NMRs exhibit a prolonged health span,
seemingly resistant to age-related deterioration well into old
age (Buffenstein 2008; Edrey et al. 2011; Grimes et al.
2014). Insights into mechanisms facilitating sustained phys-
iology and metabolism in NMRs may have therapeutic
implications for human aging and age-associated diseases.
NMRs are naturally found in the arid and semi-arid regions

of the horn of Africa (Kenya, Ethiopia and Somalia). Here,
they lead an exclusive subterranean existence, living in
sealed burrows in large eusocial colonies of up to 300
individuals with a strict division of labor culminating in the
presence of only one breeding female and 2–4 breeding
males (Jarvis 1981). This extreme environment coupled with
their eusocial life style has led to the evolution of several
adaptive traits including tolerance of variable oxygen and
nutrient availability and concomitant metabolic effects
(Buffenstein and Yahav 1991a,b; Larson and Park 2009).
NMRs present a number of unique phenotypes that may

contribute to their unusually long lives. NMRs maintain a
low basal metabolic rate throughout their lives (O’Connor
et al. 2002). This is accompanied by low heart rates,
decreased cardiac output, and low fasting blood glucose
levels (Ables et al. 2014; Grimes et al. 2014). Nevertheless,
glucose tolerance tests reveal that a large dose of glucose will
cause a prolonged blood glucose elevation, indicative of
insulin insensitivity (Kramer and Buffenstein 2004). This
insensitivity is characteristic of induced-diabetic animal
models, yet healthy NMRs show no other signs of diabetic
pathology (Dumm et al. 1995; Tokuyama et al. 1995;
Kramer and Buffenstein 2004). Rather, animals appear to
be extremely sensitive to insulin administration. Unlike mice
treated in an identical manner, glucose levels in blood not
only precipitously drop following treatment with human
insulin but remain at these low levels for an extended period
(Dumm et al. 1995; Tokuyama et al. 1995; Kramer and
Buffenstein 2004). These findings suggest that in their
normal daily lives they are extremely sensitive to insulin
signaling. Novel and tightly regulated glucose management
may play a critical role in life span extension as it has been
shown that genetic control of insulin signaling through the
insulin/insulin-like growth factor signaling pathway may
significantly expand the life span of an organism (Guarente
and Kenyon 2000).
In this study, we explored not only the age-dependence of

levels of brain proteins involved in energy metabolism, but

also their global phosphorylation status as a means of
gathering insights into the active proteome of NMRs during
their life and development. The brain, in particular, is an
essential organ on which to study, as cerebral insulin
signaling is crucial in maintaining energy and glucose
homeostasis, arguably key regulators of longevity and aging.
Dysregulation of these pathways is associated with neuro-
degenerative diseases and metabolic syndromes leading to
shortened life spans and diminished quality of life (Butter-
field et al. 2014).
By evaluating the NMR proteome and phosphoproteome,

the results obtained have yielded a number of insights into
the salubrious aging process of NMR with regard to glucose
utilization, proteostasis networks, signaling pathways, neu-
ronal plasticity, and neuronal structure. A large number of
brain proteins altered in aging have been identified, too many
to be efficiently presented and discussed in a single
manuscript. Accordingly, to facilitate the discussion of the
implications of altered protein expression and phosphoryla-
tion and how they relate to the unusually long and healthy
life spans of NMRs, we approached this effort by use of
functional class of identified proteins. Here, we present the
results related to metabolism.

Materials and methods

Materials

The chemicals used in these studies were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless otherwise noted. Criterion
precast polyacrylamide gels, ReadyStrip IPG strips (pH 3–10), TGS
and MOPS electrophoresis running buffers, 0.2 nm nitrocellulose
membrane, Precision Plus Protein All Blue Standards, Sypro Ruby
Protein Stain, urea, biolytes, mineral oil, dithiothreitol (DTT), and
iodoacetamide were obtained from Bio-Rad (Hercules, CA, USA).
Modified trypsin solution was purchased from Promega (Madison,
WI, USA). C18 ZipTips, and Re-Blot Plus Strong stripping solution
were purchased from Millipore (Billerica, MA, USA). Pro-Q
Diamond phosphoprotein stain, and anti-phosphoserine, anti-phosp-
hotyrosine, and anti-phosphothreonine antibodies raised in rabbits
were procured from Invitrogen (Grand Island, NY, USA). Amersham
ECL rabbit IgG horseradish peroxidase-linked secondary antibody,
ECL-Plus western blotting detection reagents and protein A/G beads
were obtained from GE Healthcare (Pittsburgh, PA, USA). Anti-
malate dehydrogenase (cytosolic) and anti-lactate dehydrogenase
antibodies were purchased from Santa Cruz Biotechnology (Dallas,
TX, USA). Anti-glucose-6-phosphate dehydrogenase antibody was
obtained from Cell Signaling Technology (Danvers, MA, USA).

Animals

The brains from NMRs used in this study, aged 2–24 years, were
obtained from the colonies maintained by Dr Rochelle Buffenstein
at the University of Texas Health Science Center, San Antonio.
These well-characterized colonies (Buffenstein 2005) were housed
in fabricated burrow systems with climate conditions that mimicked
their natural habitat (30°C and 30–50% relative humidity). Their
diet consisted of fresh fruits and vegetables, provided ad libitum,
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and supplemented with a high protein and vitamin enriched feed
(Pronutro, South Africa). NMRs were anesthetized with isofluorane
and then killed via cardiac exsanguination. Brains were immediately
harvested and flash frozen in liquid nitrogen. All animal procedures
were approved by the Institutional Animal Care and Use Committee
at the University of Texas Health Science Center at San Antonio,
TX. The experimental groups of animals consisted of both male and
female breeding and non-breeding adults. For the four age groups,
n = 5–9 individual brains.

Sample preparation

NMR brains were thawed and individual homogenates were
prepared using a Wheaton glass homogenizer (~ 40 passes) with
ice-cold isolation buffer [0.32 M sucrose, 2 mM EDTA, 2 mM
EGTA, 20 mM HEPES, 0.2 lg/mL phenylmethylsulfonyl fluoride,
4 lg/mL leupeptin, 4 lg/mL pepstatin, 5 lg/mL aprotinin and
10 lg/mL phosphatase inhibitor cocktail 2]. Homogenates were
vortexed on ice and sonicated for 10 s at 20% power with a Fisher
550 Sonic Dismembrator (Pittsburgh, PA, USA). Protein concen-
trations of the homogenates were determined by the Pierce
bicinchoninic acid method (Smith et al. 1985).

Two-dimensional polyacrylamide gel electrophoresis

Isoelectric focusing
Two-dimensional polyacrylamide gel electrophoresis experiments
were conducted as described previously (Sultana et al. 2007).
Briefly, 200 lg of each homogenate was shaken for 2 h at 22°C in
200 lL of rehydration buffer [8 M urea, 2.0% (w/v) CHAPS, 2 M
thiourea, 50 mM DTT, 0.2% biolytes, 0.01% bromophenol blue].
Samples were then sonicated for 10 s and dispensed into wells for
application to 11 cm pH 3-10 ReadyStrip IPG strips for isoelectric
separation of the proteins. Strips were actively rehydrated at 20°C
for 18 h at 50 V using a Bio-Rad Protean Isoelectric focusing (IEF)
Cell. Isoelectrical focusing continued at a constant temperature of
20°C beginning at 300 V for 2 h, 500 V for 2 h, 1000 V for 2 h,
8000 V for 8 h, and finishing at 8000 V for 10 h. IPG strips were
then immediately stored at �80°C.

SDS–PAGE
IEF strips were thawed and then equilibrated for 10 min in the dark
with 4 mL of equilibration buffer A [50 mM Tris–HCl, pH 6.8, 6 M
urea, 1% (w/v) sodium dodecyl sulfate (SDS), 30% v/v glycerol,
0.5% DTT]. Strips were then re-equilibrated for 10 min in the dark
with 4 mL of equilibration buffer B [50 mM Tris–HCl, pH 6.8, 6 M
urea, 1% (w/v) SDS, 30% v/v glycerol, 4.5% IA]. The IEF strips were
rinsed in a 1X dilution of TGS running buffer and placed into
Criterion precast polyacrylamide gels (8–16% Tris–HCl, linear
gradient), 1 IPG + 1 Well Comb, 11 cm. Precision Plus Protein All
Blue molecular weight marker was added and the wells were overlaid
with agarose gel. The gels were run at a constant voltage of 200 V for
approximately 65 min at 22°C in 1X Tris/Glycine/SDS running
buffer using a Criterion Cell vertical electrophoresis buffer tank.

SYPRO Ruby and Pro-Q Diamond staining

Gel staining to detect proteins and phosphoproteins was carried out
according to manufacturer’s directions and as previously described
(Triplett et al. 2015). In brief, gels were fixed, stained with Pro-Q

Diamond, scanned at 580 nm using a Bio-Rad ChemiDoc XRS+
imaging system (Bio-Rad), stained with Sypro Ruby, and then
scanned again at 450 nm. Gels were stored in deionized water at
4°C until extraction of the protein spots.

Image analysis

Expression proteomics
Spot intensities from SYPRO Ruby-stained 2D-gel images of NMR
samples were quantified by densitometry according to the total spot
density using PDQuest 2-D Analysis Software (Bio-Rad). Intensities
of individual spots were normalized to the total density of the
gel. Spot densities of the three older age groups (4–6 year-olds,
7–12 year-olds, and 15–24 year-olds) were independently com-
pared to the spot densities from the earliest age group (2–3 year-
olds) using a Student’s two-tailed t-test and a Mann–Whitney U
statistical test, both at 95% confidence (i.e., p < 0.05). Only spots
with a significant difference in both tests were considered for in-gel
trypsin digestion and subsequent identification.

Phosphoproteomics
Protein spots from Pro-Q Diamond-stained 2D-gel images of the
NMR samples were quantified and matched together in the same
manner as the SYPRO Ruby-stained gels. Next, the master gel from
the Sypro Ruby matching and Pro-Q Diamond matching were used
for a high match analysis. The PDQuest software provided
numerical data based on the intensity of each protein spot. The
phosphoprotein spot densities were then normalized to the Sypro
Ruby spot densities and the resultant normalized phosphoprotein
spot densities in the three older age groups were independently
compared to the earliest age group using a Student’s two-tailed t-test
and a Mann–Whitney U statistical test. Only spots that were
significant (p < 0.05) in both tests were considered for in-gel trypsin
digestion and subsequent identification.

In-gel trypsin digestion/peptide extraction

Significant spots were excised from 2D-gels and transferred to
individual Eppendorf microcentrifuge tubes for trypsin digestion as
described previously (Thongboonkerd et al. 2002). Briefly, gels
were washed with 0.1 M ammonium bicarbonate (NH4HCO3) for
15 min, followed by incubation with acetonitrile (ACN) for 15 min.
The solution was removed and gel plugs were allowed to dry under
a flow hood. Next, the gel plugs were incubated in 20 mM DTT in
0.1 M NH4HCO3 for 45 min at 56°C. The DTT/NH4HCO3 solution
was removed and 0.05 M IA in 0.1 M NH4HCO3 was added and
allowed to incubate at 22°C for 15 min. The IA solution was
removed and 150 lL of 0.05 M NH4HCO3 was added and
incubated for 15 min at 22°C. Next, 200 lL of ACN was added
and allowed to incubate for 15 min at 22°C. The solution was then
removed and the gel plugs were allowed to dry under a flow hood.
Then, 10 lL of modified trypsin solution in 0.05 M NH4HCO3 was
added and incubated with shaking overnight at 37°C. Salts and
contaminants were removed from the tryptic peptide solutions using
C18 ZipTips. Samples were stored at �80°C until MS/MS analysis.

NanoLC-MS with data-dependent scan

Tryptic peptide solutions were reconstituted in 10 lL 5% ACN/
0.1% formic acid (FA). MS/MS analysis was performed by a
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nanoAcquity (Waters, Milford, MA, USA)-LTQ Orbitrap XL
(Thermo Scientific, San Jose, CA, USA) system using a data-
dependent scan mode. A capillary column packed in-house
(0.1 9 130 mm column packed with 3.6 lm, 200�A XB-C18) was
used. For separation, a gradient with 0.1% FA and ACN/0.1% FA at
200 nL/min was used. The MS spectra were obtained by the orbitrap
at 30 000 resolution. The MS/MS spectra of the six most intense
ions in MS scan were acquired by the orbitrap at 7500 resolution.
Using the Swiss-Prot database by SEQUEST (Proteome Discoverer
v1.4; Thermo Scientific), data files of each sample were interro-
gated. For protein identification, at least two high-confidence
peptide matches were used (false discovery rate < 1%). Proteins
that were matched with the same peptides were reported as one
protein group. Data from the MS/MS analysis were initially verified
by comparing the expected molecular weight and isoelectric point of
the identified protein to that of the extracted plug from the 2-D gel.

Immunoprecipitation and western blotting validations

Immunoprecipitation
Whole brain homogenates (250 lg) were suspended in 500 lL
immunoprecipitation (IP) buffer [0.05% NP-40, leupeptin 4 lg/mL,
pepstatin 4 lg/mL, aproprotin 5 lg/mL, phosphatase inhibitor
cocktail 10 lg/mL] in a phosphate buffer solution, pH 8 [8 M
NaCl, 0.2 M KCl, 1.44 M Na2HPO4, 0.24 M KH2PO4]. The
samples were then precleared by incubation with Protein A/G –
agarose beads for 1.5 h at 4°C and then incubated overnight with
anti-malate dehydrogenase antibody (1 : 50 dilution) at 4°C.
Samples were once again incubated with Protein A/G – agarose
beads for 1.5 h at 4°C and then washed 5 times with IP buffer. The
beads were preserved for a one-dimensional polyacrylamide gel
electrophoresis experiment.

One-dimensional polyacrylamide gel electrophoresis
Whole brain homogenized protein extracts (50 lg) or beads from IP
experiments were suspended in 4X sample loading buffer [0.5 M
Tris, pH 6.8, 40% glycerol, 8% SDS, 20% b-mercaptoethanol,
0.01% Bromophenol Blue] diluted to 1X with distilled water.
Samples were then heated at 95°C for 5 min, cooled on ice, and
loaded into a Criterion precast (4–12% Bis-Tris) polyacrylamide 18
well gel. Gels were placed in a Criterion Cell vertical electrophoresis
buffer tank filled with XT MOPS running buffer and run at 80 V for
15 min and then at 120 V for approximately 100 min.

1D-western blotting

1D-gels were transferred to nitrocellulose membranes
(0.2 nm) using a Trans-Blot Turbo Blotting System (Bio-
Rad). After the transfer, membranes were blocked with 3%
bovine serum albumin in Wash Blot [150 mM NaCl, 3 mM
NaH2PO4, 17 mM NaHPO4 and 0.04% (v/v) Tween 20] at
22°C for 1.5 h. The membrane was incubated with a primary
antibody (1 : 3000 dilution) in blocking solution with gentle
rocking for 2 h at 22°C. After washing the blots three times
for 5 min each, the blots were incubated with a horseradish
peroxidase (1 : 5000) secondary antibody in Wash Blot at
22°C with gentle rocking. The membranes were washed

three times in Wash Blot (10 min each) and developed
chemiluminescently using Clarity Western ECL substrate.
After developing in the dark for 5 min at 22°C, membranes
were scanned using Bio-Rad ChemiDoc XRS+ imaging
system and quantified using Image Lab software (Bio-Rad).
Blots were then stripped with Re-Blot Plus Strong solution
and washed three times with Wash Blot (5 min each). The
membranes were then blocked in 3% bovine serum albumin
for 1.5 h and incubated with an anti-tubulin antibody
(1 : 5000) or with anti-phosphoserine, anti-phosphothreo-
nine and anti-phosphotyrosine antibodies (1 : 6000) for 2 h.
The membranes were washed, incubated with a secondary
antibody, and developed as described above.

Statistical analysis

Initial statistical analyses of PDQuest data were performed
conservatively using both a two-tailed Student’s t-test and
the Mann–Whitney U statistical test, comparing each age
group independently to the earliest age group. A protein spot
was considered statistically significant if p < 0.05 for both
tests. A one-way ANOVA with post hoc Bonferroni t-test was
used in determining significance (p < 0.05) between age
groups for PDQuest data and western blot analysis. Fold-
change values of protein spots were calculated by dividing
the average, normalized spot intensities of the gels of the
older age group by the average, normalized spot intensities of
the gels of the younger age group in the comparison. Spot
extraction and MS/MS analysis was conducted only for spots
with a 40% fold change or greater in normalized spot density.
Identifications of proteins acquired with the SEQUEST
search algorithm were considered to be statistically signif-
icant if p < 0.01. All data are presented as mean�SEM.

Results

To evaluate age-related protein changes in the brain, the
NMR were divided into four age groups: 2–3 year-olds (age
group 1; young), 4–6 year-olds (age group 2; intermediate),
7–12 year-olds (age group 3; old) and 15–24 year-olds (age
group 4; oldest). The average protein spot intensities from
each age cohort were compared to determine significant
differentially expressed and phosphorylated proteins. Fig-
ure 1(a)–(d) shows representative examples obtained from
SYPRO Ruby-stained 2-D gel images of the isolated proteins
from these four age groups with significant differentially
expressed proteins labeled. Figure 2(a)–(d) shows character-
istic 2-D gels of the isolated protein spots stained with Pro-Q
Diamond showing significantly altered phosphorylation
states identified in each age group. PDQuest and MS/MS
analyses of all the significant proteins found 13 metabolic
proteins whose expression and/or phosphorylation states
were significantly altered in NMR brains with age. These
results are summarized in Table 1. Other information
provided in the table includes: the PDQuest spot number,
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the SwissProt accession number, percentage of the protein
sequence covered by matching peptides, the number of
peptide sequences identified by the MS/MS analyses, the
confidence score of the protein, the expected molecular
weight and isoelectric point of the identified protein, the age
groups compared with the corresponding p-values, and fold-
change levels of expression and phosphorylation obtained
from the PDQuest analyses. Two or more peptide sequences
were used in the identification of all proteins; and the
identified protein spots were visually compared against the
expected molecular weights and isoelectric points to further
ensure correct protein identification. Further details of the
MS/MS analyses, including the amino acid sequence of the

identified peptides are listed in Table S1. The 13 metabolic
proteins found to have differential expression and/or phos-
phorylation states in one or more age groups were as follows:
pyruvate kinase, pyruvate kinase M (PKM); glucose-6-
phosphate 1 dehydrogenase; glucose-6-phosphate isomerase
(GPI); malate dehydrogenase (both cytosolic and mitochon-
drial); L-lactate dehydrogenase B chain; cytosolic acyl-CoA
thioester hydrolase; fructose-bisphosphate aldolase (ALDO);
alpha enolase; cytosolic isocitrate dehydrogenase; aspartate
aminotransferase; and ATP synthase subunit alpha (isoform
2).
To validate the identification of these proteins, IP and

western blot validation experiments were undertaken. Fig-

(a) (b)

(c) (d)

Fig. 1 Representative Sypro Ruby-stained

2-D gel images of isolated proteins from the
brains of naked mole-rats (NMRs), aged 2–
3 years (a), 4–6 years (b), 7–12 years (c),
and 15–24 years (d). Proteins whose

expression was statistically significantly
altered in the particular age group are
labeled in the images (p < 0.05).

(a) (b)

(c) (d)
Fig. 2 Representative Pro-Q Diamond-
stained 2-D gel images of isolated proteins
from the brains of naked mole-rats (NMRs),

aged 2–3 years (a), 4–6 years (b), 7–
12 years (c), and 15–24 years (d).
Proteins with statistically significantly
altered phosphorylation states in the

particular age group are labeled in the
images (p < 0.05).
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ure 3(a)–(d) shows the western blot images using tubulin as a
loading control verifying the age-related changes in expres-
sion of lactate dehydrogenase (LDH) and glucose-6-phos-
phate dehydrogenase (G6PD) with corresponding bar graph
representations of the data. The results of the western blot
analyses of the expression of LDH confirmed a significant
increase in the oldest age group as compared to the
intermediate age group (p = 0.0003) and to the old age
group (p = 0.0003). In addition, the western blot analysis
also showed a statistically significant increase (p = 0.024) in
the oldest age group as compared to the youngest age group.
Western blot analysis of G6PD confirmed a significant
increase in the level of G6PD in the brains of the oldest age
group as compared to the intermediate (p = 0.0103) and old
age group (p = 0.014). Figure 4 shows the images from the
IP experiments after probing with anti-phosphoserine, anti-
phosphothreonine and anti-phosphotyrosine antibodies in
which the immunoprecipitated protein, cytosolic malate
dehydrogenase 1 (MDH1), was used as the loading control.
The findings from this analysis confirmed a significant
decrease in the phosphorylation of MDH1 in the NMR brain
for the old age group (p = 0.044) and in the oldest age group
(p = 0.03), both as compared to the youngest age group.

Discussion

Numerous alterations of metabolism are evident in a number
of age-related diseases such as Alzheimer’s, Huntington’s
and Parkinson’s diseases, cancer, atherosclerosis, and type 2
diabetes mellitus, to name but a few (Berg et al. 2002; Kahn

2003; Hsu and Sabatini 2008; Cai et al. 2012; Butterfield
et al. 2014). Many of these metabolic diseases directly
impact upon brain function, for the brain is an organ with a
high rate of metabolism, consuming up to 20% of total
glucose and 30% of inspired oxygen to maintain neuronal
resting potentials, propagate action potentials, release neuro-
transmitters, and other energy-requiring processes (Madsen
et al. 1999). With age, energy metabolism in the brain
undergoes a gradual decline and the efficacy of these
essential brain functions correspondingly diminishes, thereby
contributing to age-related cognitive deficits (Petit-Tabou�e
et al. 1998; Poon et al. 2006; Navarro and Boveris 2007;
Swerdlow 2007). Therefore, examining the age-related
changes in metabolic proteins in the brains of the NMR
and understanding the mechanisms that contribute to the
resistance of senescence-related diseases in NMRs conceiv-
ably may provide crucial clues to metabolic mechanisms that
promote successful aging and increased health span.
Levels of pyruvate kinase (PK) were increased in the old

NMR age group as compared to the youngest age group,
whereas normally in rodents, this ATP generating enzyme
decreases with age (Chainy and Kanungo 1978). Further-
more, the expression of a specific isoform of PK, PKM, was
higher in the intermediate age group relative to the youngest
NMR group studied, and the phosphorylation state was
decreased in both the intermediate and oldest age group in
relation to the youngest. Moreover, dephosphorylation of
PKM has been shown to increase activity of PKM (Anas-
tasiou et al. 2012). Increased PKM activity reportedly
promotes anti-tumor activity by inhibiting tumor cell growth

(a)

(b)

(c) (d)
Fig. 3 Western blot and corresponding bar
graph representations from the validation
experiments of the changes in the

expression of lactate dehydrogenase (a
and c) and glucose-6-phosphate
dehydrogenase (b and d) in the brains of

naked mole-rats (NMRs) (n = 4 for each
age group, *p < 0.05, ***p < 0.001).
Immunoreactivity with specific antibodies

was detected by chemiluminescence.
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(Stetak et al. 2007; Anastasiou et al. 2012). Therefore, it is
conceivable that the decreased phosphorylation state of PKM
likely increases PKM activity in older NMRs and may
contribute to their cancer resistance. Furthermore, the
increased expression of PK in the old age cohort as well as
the decreased phosphorylation of PKM in the oldest group,
are mechanisms that conceivably contribute to sustaining the
required energy demand during old age to maintain efficient
cellular functioning.
Cytosolic acyl-CoA thioester hydrolase, also known as

brain acyl-CoA hydrolase (BACH), catalyzes the cleavage of
acyl-CoA producing a fatty acid and coenzyme A (CoA-SH),
thereby modulating many cellular processes. Activity of
BACH is higher in the brain than in any other organ, and
acyl-CoA, fatty acids and CoA-SH are involved in cellular
signaling, b-oxidation, inflammation, ion fluxes, protein and
vesicle trafficking, allosteric regulation of enzymes, gene
expression, lipid synthesis, and energy metabolism and
regulation (Hunt and Alexson 2002; Yamada et al. 2002;
Yamada 2005). BACH’s role in regulating lipid metabolism
may be a crucial factor affecting the aging rate by providing
cell and membrane stability (Hulbert et al. 2007). The brain
is rich in lipid content, and BACH is reportedly essential in
the prevention of neurotoxicity by the dysregulation of
neuronal fatty acid metabolism (Ellis et al. 2013). Analysis
of BACH levels showed a significant increase from young to
old NMR, which then significantly decreased in brains of the
oldest age group. Normally, in rodents such as rats, BACH
levels as well as metabolism of acyl-CoA declines with age
to a steady level (Smith and Sun 1981). In contrast, in the
NMR, levels of BACH increase with age, peaking in the old
age group. In addition, it is noteworthy that although BACH
levels drop in the elderly NMR population, the level is still

higher than the BACH levels of the youngest cohort.
Therefore, it is conceivable that these increased levels of
BACH promote increased cellular integrity and regulation of
b-oxidation that provides the membrane stability and energy
regulation necessary for a healthy cellular environment.
Glucose-6-phosphate isomerase (a.k.a. neuroleukin; auto-

crine motility factor) is a pleiotropic protein performing
different functions inside the cell and in the extracellular
space. In the cytoplasm, GPI catalyzes the second step in
glycolysis, regulates gp78-dependent mitochondrial fission
and mitophagy (Fu et al. 2013; Shankar et al. 2013), and is
reported to protect against ER stress and apoptosis by
regulation of ER calcium release (Fu et al. 2011). Outside
the cell, GPI acts as a neurotropic factor for spinal and
sensory neurons, contributing to maintenance of neuronal
integrity (Haga et al. 2000). A decrease in phosphorylation
of GPI has been reported to lead to an increase in activity
(Yanagawa et al. 2005). Hence, the increased levels of GPI
relative to the earliest age group and the decreased
phosphorylation levels in the oldest age cohort as compared
to the intermediate, demonstrate a potential neuroprotective
mechanism that may contribute to the NMR’s sustained life
span and health span.
Two additional glycolytic enzymes were identified as

being significantly altered in the NMR brain: fructose-
bisphosphate ALDO and alpha enolase (ENO1). ALDO is a
pleiotropic protein that not only catalyzes a key reaction in
glycolysis but is also involved in endocytosis, assembly and
regulation of vacuolar H+-ATPase proton pump, mRNA
stability, regulation of glucose transport, and assembly of the
actin cytoskeleton (Kao et al. 1999; Lundmark and Carlsson
2004; Canete-Soler et al. 2005; Lu et al. 2007). In this study,
the phosphorylation state of ALDO was decreased in the

Fig. 4 Western blot and corresponding bar
graph representation from immunochemis-
try experiments of the validation of the

significant decrease in the phosphorylation
of cytosolic malate dehydrogenase in the
brains of naked mole-rats (NMRs) (n = 4 for
each age group, *p < 0.05). Immunoreacti-

vity of anti-MDH1 antibody was detected by
chemiluminescence.
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oldest age group as compared to the youngest. Considering
the aforementioned roles of ALDO, it is tempting to
speculate that an increase in ALDO activity via a decreased
phosphorylation state may contribute to salubrious longevity
in the NMR; yet, the functional effects of ALDO phosphor-
ylation have yet to be elucidated. However, as ALDOC was
previously reported to have an increase in phosphorylation of
4.1-fold in the hippocampus of Alzheimer’s disease (AD)
brain (Di Domenico et al. 2011) and NMR brains have very
high levels of both beta amyloid (Edrey et al. 2013) and
phosphorylated tau (Orr et al. 2014) (pathological hallmarks
of AD), elevated ALDO phosphorylation in AD may be
pathological and the decrease with age in the phosphoryla-
tion level of this protein in NMR brains may reflect a
potential mechanism used by NMRs in an attempt to better
cope with these potentially toxic proteins.
ENO1 is a pleiotropic glycolytic enzyme that also acts as a

neurotrophic factor, a hypoxic stress protein, a transcription
factor in tumor formation andmetastasis, a plasminogenbinding
protein in human diseases, an activator of plasminogen, and
others (Butterfield and Lange 2009; Sedoris et al. 2010;
Yamada et al. 2014). Previously, we have shown ENO1 to be
oxidativelymodified anddifferentially expressed in several age-
related neurodegenerative disorders (Castegna et al. 2002;
Perluigi et al. 2005a,b; Poon et al. 2005). Furthermore, ENO1
was shown to have an increased phosphorylation by 2.5-fold in
the AD brain (Di Domenico et al. 2011). Conversely, in this
study, the phosphorylation of ENO1was shown to be decreased
by 68% in the oldest NMR age group relative to the youngest
age group. Therefore, we speculate that decreased phosphory-
lation of ENO1 may be a contributing factor to increased life
span and health span in the NMR.
Lactate dehydrogenase B chain (LDHB) is one of five

LDH isoforms that catalyze the interconversion between
pyruvate and lactate. LDHB activity preferentially favors the
oxidation of lactate to pyruvate, generating energy (New-
ington et al. 2013). Moreover, levels of LDH are reportedly
increased in senescent human fibroblasts (Zwerschke et al.
2003), and high amounts of lactate in brain, as a consequence
of decreased LDHB, have been suggested to be an aging
hallmark (Ross et al. 2010). Therefore, given that NMRs live
in a hypoxic environment in the wild, the increase in LDHB
levels in the oldest NMR cohort as compared to both the
intermediate and old cohorts conceivably may be a neuro-
protective mechanism to increase energy output.
Malate dehydrogenase 2 (MDH2) is a mitochondrial TCA

enzyme that catalyzes the conversion of oxaloacetate to
malate producing NADH. When compared with the youngest
NMR, MDH2 levels were significantly increased in the
oldest age group with a decrease in phosphorylation state.
Phosphorylation of MDH has been reported to decrease its
activity (Minard and McAlister-Henn 1994), suggesting that
aged NMR brains may be effectively regulating the high
levels of MDH2 through inhibitory phosphorylation and

thereby maintain a physiologic level of activity. Malate
dehydrogenase in the cytosol (MDH1) is a metabolic protein
of the malate-aspartate shuttle that is necessary in the
transference of reducing equivalents of NADH into the
mitochondria for the use by complex I of the electron
transport chain. MDH1 levels were greater in the old age
group with a decrease in phosphorylation in the two oldest
age groups, all as compared to the youngest cohort. An
increased level of this key enzyme would result in increased
mitochondrial ATP synthesis. Consequently, the elevated
levels of MDH1 and MDH2, along with their decreased
phosphorylation states in brains from the oldest group of
NMR are consistent with an increase in energy metabolism
that may contribute to NMR health and longevity. Congru-
ous with our results, MDH1 is reportedly decreased in aged
human fibroblasts (Lee et al. 2012); and, in MDH1 knock-
down cells, sirtuin 1 deacetylase, a regulator of cellular
senescence, is decreased, suggesting that MDH1 plays a role
in the regulation of senescence (Lee et al. 2012) and could
contribute to increased life span of these rodents.
Aspartate aminotransferase is another malate-aspartate

shuttle enzyme that also plays a key role in the biosynthesis
of purines, pyrimidines, amino acids, and their derivatives
(Wrenger et al. 2012), as well as the reversible transamina-
tion of a-ketoglutarate (a-KG) to glutamate. These steps are
essential for the production of DNA and RNA, increased
synthesis of ATP, and the formation of the major excitatory
neurotransmitter, glutamate. The precise role of the altered
phosphorylation state is unclear, but it was increased in the
brain of the oldest NMR group relative to the youngest age
group; and this increase may be consistent with the need for
elevation of glutamate in extended aging and increased
neuroplasticity (Segovia et al. 2001; Mattson 2008).
Cytoplasmic isocitrate dehydrogenase (IDH1) catalyzes

the oxidative decarboxylation of isocitrate that produces
a-KG generating NADPH to aid in defense against reactive
oxygen species (Bleeker et al. 2010). In aged cells, IDH
activity is reported to be markedly decreased (Samokhvalov
et al. 2004). In contrast, in the brain of NMR, the
phosphorylation state of IDH1 was significantly decreased
in the oldest age group, relative to the youngest age group,
and a decreased phosphorylation state has been shown to
increase the activity of the enzyme (LaPorte 1993). This is
consistent with the notion that decreased phosphorylation of
IDH1 contributes to the increased life span of NMRs.
Glucose-6-phosphate 1 dehydrogenase (G6PD) shunts

glucose-6-phosphate from the glycolytic pathway to the
pentose phosphate pathway, also producing NADPH as well
as pentose phosphates for fatty acid and nucleic acid
synthesis. G6PD levels were higher in the oldest age group
as compared to both the intermediate and old age groups.
Therefore, the up-regulation of G6PD may promote a
reduced cellular state to encourage a neuroprotective envi-
ronment.
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ATP synthase subunit alpha (ATP5A1) is among the
catalytic subunits of complex V of the electron transport
chain. With age, ATP production declines. However, in the
oldest NMR cohort, ATP5A1 (isoform 2) was found to have
decreased inhibitory phosphorylation relative to both the
young and intermediate age groups. Phosphorylation of
ATP5A1 has been reported to decrease activity as a
consequence of decreased binding affinity to ATP (Alzamora
et al. 2010). Therefore, our results are consistent with the
notion that as NMRs age, ATP production is increased,
fueling key cellular processes.
Because this study involved both male and female and

both breeding and non-breeding animals, a potential caveat
for these results may be the contribution of breeding status,
which could possibly introduce sample variation because of

hormonal differences (Margulis et al. 1995). Future studies,
with many more animals, will be necessary to estimate the
contribution of breeding status to the results obtained.
Furthermore, it is tempting to speculate that the significant
differences found between the youngest cohort and the other
ages may represent an immature brain in its final steps of
development. Studies dedicated to understanding and char-
acterizing NMR brain development are needed to clarify this
potential caveat common among this and many prior NMR
studies.
In summary, this study has identified significant alterations

in protein levels and phosphorylation states of key metabolic
proteins. The metabolic pathways in which these proteins are
involved are illustrated in Fig. 5. Furthermore, many of these
proteins are pleiotropic, having many other interesting

Fig. 5 Summary schematic diagram of expression proteomics and
phosphoproteomics profiles of metabolic protein changes in the brain

of the naked mole-rat (NMR) as a function of age. Proteins with altered

levels and/or phosphorylation states are highlighted in red. See
Discussion section for more details.
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functions that may contribute to the exceptional longevity
and disease resistance of the NMR. The results obtained
using proteomics and phosphoproteomics have revealed
important potential mechanisms for increased life span and
increased health span of NMRs. An improved understanding
of mechanisms that facilitate extended life span and health
span in the NMR may conceivably afford insights into the
prevention of age-related diseases in humans, potentially
leading to therapies that may slow the onset and progression
of the aging process.
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