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a b s t r a c t

Our previous studies have shown that the liver from Naked Mole Rats (NMRs), a long-lived rodent, has
increased proteasome activity and lower levels of protein ubiquitination compared to mice. This suggests
that protein quality control might play a role in assuring species longevity. To determine whether
enhanced proteostasis is a common mechanism in the evolution of other long-lived species, here we
evaluated the major players in protein quality control including autophagy, proteasome activity, and heat
shock proteins (HSPs), using skin fibroblasts from three phylogenetically-distinct pairs of short- and
long-lived mammals: rodents, marsupials, and bats. Our results indicate that in all cases, macro-
autophagy was significantly enhanced in the longer-lived species, both at basal level and after induction
by serum starvation. Similarly, basal levels of most HSPs were elevated in all the longer-lived species.
Proteasome activity was found to be increased in the long-lived rodent and marsupial but not in bats.
These observations suggest that long-lived species may have superior mechanisms to ensure protein
quality, and support the idea that protein homeostasis might play an important role in promoting
longevity.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Disruptions in proteostasis, a set of cellular mechanisms that
maintain the stability of the proteome [1], can result in an increased
burden of misfolded proteins, leading to toxic oligomers and the
accumulation of insoluble protein aggregates, thought to play a role
in many chronic diseases, including age-related neurodegenerative
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diseases such as Alzheimer's, Parkinson's, and Huntington's dis-
ease, among others [2].

The main players in proteostasis include the ubiquitin/protea-
some system, autophagy, and heat shock chaperones. The ubiq-
uitin/proteasome pathway is involved in the removal of short-lived
proteins that have been damaged and/or misfolded, while auto-
phagy is crucial for the degradation and recycling of long-lived
proteins, macromolecular aggregates, and damaged intracellular
organelles. Protein chaperones, in turn, promote protein quality
control by covering hydrophobic regions of proteins that are
exposed during the normal and dynamic process of unfolding/
refolding of proteins, thus assuring that proteins acquire a stable
folded conformational state and do not oligomerize and aggregate.
These mechanisms are known to decline with age, and this might
be at least partially responsible for the increased accumulation of
oxidatively and otherwise damaged proteins and aggregates with
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advancing age [3]. Dietary restriction (DR), the best characterized
manipulation that extends lifespan and healthspan in mice, has
been shown to increase the heat shock response and autophagy,
processes that would be predicted to reduce proteinmisfolding and
the accumulation of protein oligomers/aggregates.

Using a comparative biology approach, previous studies
including our own, have shown that proteins present in extracts
from the liver of a long-lived rodent and bats have better resistance
to urea-induced unfolding when compared to mice, a shorter-lived
species with similar body weight [4,5]. While our previous work
was done in vitrowith liver extracts, in this report we used cultured
skin fibroblasts to further evaluate whether an enhancement of
several proteostatic mechanisms (macroautophagy, proteasome
activity, and heat shock chaperones) is associated with longevity.
Therefore, in this work we are comparing 3 pairs of long- and short-
lived species: rodents [naked mole rats (NMRs; maximum lifespan
(mls) ~30 year) vs. mice (mls ~4y), marsupials (sugar glider, mls
~18y vs. laboratory opossum (mls ~5y), and bats (evening bat, mls
~6y vs. little brown bat, mls ~34y).

2. Materials and methods

2.1. Species

The species studied were chosen based on their 1) well estab-
lished longevity, 2) similar body body size, and 3) representation of
a broad phylogenetic coverage within mammals, to ensure gener-
ality of our conclusions. The 3 clades chosen are: Rodents: labo-
ratory mice [Mus musculus, 35gr and 4y], vs. Naked mole rats
(NMRs) [Heterocephalus glaber, 30 gr and ~30y]; Bats: evening bat
(EB) [Nycticeius humeralis,11gr and 6y] vs. little brown bat (LBB)
[Myotis lucifugus, 8gr and 34y]; and Marsupials: laboratory
opossum (opo) [Monodelphis domestica, 150 gr and 4,75y] vs. sugar
glider (SG) [Petaurus brevicaudus, 100gr and 18y] (Supplemental
Fig. 1).

2.2. Cell culture

Skin fibroblasts from long- and short-lived species were ob-
tained from the Comparative Biology of Aging Core in the San
Antonio Nathan Shock Center. Briefly, cells were prepared by
enzymatic digestion of skin from young animals, and cultured in
low-glucose Dulbecco's Modified Eagle's Medium (DMEM) and 10%
Cosmic Calf Serum (Hyclone Laboratories, Logan, UT, USA) in a 37 �C
incubator with a gas phase of 21% O2, 5% CO2, with the exception of
NMR and mouse fibroblasts, which were cultured at 35 �C [6]. In all
experiments, cells were used between passage 4 and 8. For NMR
fibroblast cultures, we used Biocoat collagen I-coated tissue culture
dishes (Advance Biometrix, San Diego, CA).

2.3. Protein degradation flux and macroautophagy

Degradation of long lived proteins was measured by radioiso-
topic pulse-chase labeling as described by Massey et al., 2008 [7].
Briefly, cells were incubated for 48 h in DMEM containing 2 mCi/ml
3H-valine (PerkineElmer, MA, USA). Two wells were harvested to
determine total radioactivity incorporated into protein at the zero
time point and the remaining wells received the chase medium:
DMEM containing 2.8 mM cold valine in the presence or absence of
serum (serum free), 10 mM 3-methyladenine (3-MA) for inhibition
of macroautophagy and 20 mM/100 mM ammonium chloride/leu-
peptin (AC/L) for lysosomal inhibition. Cells were then chased for 4,
8, 12, or 24 h. Proteolysis was measured as the amount of acid
precipitable radioactivity transformed into acid soluble radioac-
tivity during the chase period. Macroautophagy was calculated as
the percentage of lysosome-mediated protein degradation sensi-
tive to 3-MA inhibition.

2.4. Western blot analysis

Briefly, total cell lysates were prepared in RIPA buffer supple-
mented with protease and protein phosphatase inhibitors (Cal-
biochem, La Jolla, CA) and subjected to SDS-PAGE followed by
transferring to PVDF membranes (Millipore, Billerica, MA, USA).
Membranes were incubated with antibodies specific for: S6,
phospho S6 (P-S6), LC3, heat shock chaperones: 90, 70, 40, and 27
(Cell Signaling Technology, Inc Danvers, MA), Actin (MP Bio-
medicals, Solon, OH), 20S proteasome subunit [8]. The intensity of
the bands was quantified by densitometry using Imagelab software
(Bio-rad, Hercules, CA).

2.5. Heat shock response

A heat shock response was induced in fibroblasts by incubation
at 41 �C for 1hr in 5% CO2/95% air [9]. Then cells were quickly
transferred to a 35 �C (mouse and NMR fibroblasts) or 37 �C (bats
and marsupials) incubator (5% CO2/95% air) and allowed experi-
mental groups to recover for 2, 4, 6,or 24 h. The control group (0
time) was not exposed to heat shock. Fibroblasts were harvested
using RIPA buffer supplemented with protease inhibitors (Calbio-
chem, Billerica, MA) and 30 mg of proteinwere subjected towestern
blot analysis. Hsp90, Hsp70, Hsp40, and Hsp27 were measured by
Western blot analysis using specific antibodies for each of these
proteins. The level of each protein was calculated by quantification
of each band relative to the loading control actin, with attention to
quantification of images where signals were not saturated.

2.6. 20S proteasome activity assay

Fibroblasts were homogenized in homogenization buffer
(50 mM Tris-CL, pH 8.0; 1 mM EDTA; 0.5 mM DTT) and protein
concentrations were measured by BCA assay. For each sample,
100 mg total proteinwas assayed in triplicate in 96-well plates using
a 20S proteasome fluorometric (AMC) assay kit as per instructions
from the vendor (Calbiochem, Billerica, MA). In brief, the release of
free AMC from the fluorogenic peptide Suc-Leu-Leu-Val-Tyr-AMC
was measured over time at 37 �C using a microplate fluorescence
spectrophotometer. 20S activity was calculated by the slope of free
AMC release over time after ~10 min period of normalization. 20S
proteasome specific activity was calculated by normalizing 20S
activity to the quantity of 20S proteasome as measured byWestern
blot; data were expressed as AMC release per second per mg of
protein. A proteasome inhibitor, Lactacystin, was used to verify
proteasome-driven proteolysis.

3. Results

3.1. Enhanced macroautophagy in fibroblasts from long-lived
species

Because autophagy plays a central role in proteostasis [10], we
measured autophagy under both basal conditions and induced by
serum deprivation, by monitoring the degradation of radioactively-
labeled long-lived proteins (autophagy flux; Fig. 1A), as described
by Massey et al., 2008. Macroautophagy was measured in the
presence of 3-methyladenine (3-MA) as described by Wang et al.
(2008) [11]. Dose response curves reveal similar species sensitivity
to this inhibitor (data not shown).

Our analysis showed that macroautophagy is enhanced in fi-
broblasts from all long-lived species. Specifically, fibroblasts from



Fig. 1. Long-lived species have enhanced macroautophagy compared to short lived species. Protein degradation was determined by pulse and chase. Fig. 1A shows total rate of
proteolysis in presence of 3-MA (macroautophagy measurement) and AC/L [Chaperone Mediated Autophagy (CMA) measurement]. Non-lysosomal degradation was measured as
the residual value in presence of all inhibitors. Macroautophagy was determined by the percentage of lysosomal degradation and by the ratio of LC3II to LC3I conversion (LC3II/LC3I)
in absence and presence of AC/L (Fig. 1BeD respectively). Representative gels for LC3II/LC3I per each especies are shown. The experiments were done both under basal (serum) and
serum-free conditions in short-lived species (open bars) and long-lived species (solid bars). The data represent the mean ± SEM of triplicate measurements obtained from 3
different animal donors of each species and analyzed by the non-parametric test of ANOVA. The asterisk (*) denotes a statistically significant difference between species at the
p < 0.05, and pound (#) denotes a statistically significant difference between serum and serum free conditions at p < 0.01.
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both NMR and SG have a significantly higher rate of macro-
autophagy under both basal and serum-starved conditions,
compared to the respective short-lived counterparts (Fig. 1B, left
and right panels). Fibroblasts from long-lived bats (LBB), showed a
significant increase in macroautophagy only under serum starva-
tion conditions (~15%), but no statistically significant increase at
basal conditions (p ¼ 0.078; Fig. 1B, middle panel).
We confirmed these results by measuring the conversion of free
LC3I to the lipidated membrane-bound LC3II form (ratio of LC3II/
LC3I) in the absence or in the presence and presence of AC/L [12]. In
response to serum starvation, fibroblasts from each of the three
long-lived species (NMRs, LBB, and SG) showed significantly
increased LC3II/LC3I ratios compared to fibroblasts from short-lived
species (induction of 50%, 40%, and 2-fold respectively; Fig. 1C).



H. Pride et al. / Biochemical and Biophysical Research Communications 457 (2015) 669e675672
LC3-II levels were most prominent after AC/L treatment, as indi-
cated by the strong LC3-II band on the Western blot (Fig. 1D). The
mTOR pathway is a major negative regulator of macroautophagy
[13], therefore the differences in the activation of mTOR signaling in
response to serum starvation was determined by measuring the
decrease in the phosphorylated form of ribosomal protein S6. Our
data showed that mTOR inhibitionwas greater in long-lived species
(NMR, LBB, SG), showing a further decline in S6 phosphorylation
(~20, 20, and 25% respectively) under serum starvation, compared
to short-lived species (Mouse, EB, Opp) (Supplemental Fig. S3).

3.2. The heat shock protein (HSP) response is elevated in fibroblasts
from long-lived NMRs and marsupials but not bats

We measured the levels of some of the major heat shock pro-
teins, to establish whether there is a difference in the level of
chaperones in species with disparate longevity. Considering the
highly conserved nature of heat shock proteins [14], the levels of
the major protein chaperones were measured by Western blot
analysis. Under our experimental conditions, Fig. 2 shows that the
basal levels of all chaperones measured were significantly elevated
in fibroblasts from long-lived species compared to fibroblasts from
their respective short-lived counterparts, although in the case of
bats, the long-lived LBB only showed significantly higher levels of
Hsp40 and Hsp27 (Fig. 2, middle panel). However under heat shock
conditions, all chaperones measured were elevated in fibroblasts
from NMRs and SG, compared to fibroblasts from their respective
short-lived counterparts (mice and Opo), (Fig. 3A and C). However,
in the longer-lived specie of bats, there were no statistical differ-
ences in the induction of any of the chaperones when comparing
fibroblasts from short and long-lived bats (Fig. 3B).

3.3. Increased proteasome (20S) activity in fibroblasts from long-
lived NMRs and marsupials but not bats

Increasing activity of the proteasome would be predicted to
enhance protein homeostasis, and since we and others have pre-
viously shown that liver extracts fromNMRs have increased activity
of the proteasome compared to mice [4,6], we measured the 20S
proteasome chymotrypsin-like activity in fibroblasts from the
species under study by fluorescent-labeled substrate cleavage and
normalized to protein levels of the 20S proteasome in serum and
serum-free conditions [8]. While the 20S protein content was
similar between these species (Fig. 4 top panel), proteasome spe-
cific activity under basal conditions was greater in NMR and SG
fibroblasts (40 and 30% respectively, Fig. 4A), compared to their
shorter-lived counterparts. Furthermore, induction under serum
Fig. 2. Basal heat shock response is enhanced in long-lived species. The basal levels of chape
total homogenates from skin fibroblasts of short-lived species (open bars) and long-lived sp
short lived species (open bars, value of 1) and they are the mean ± SEM from 3 different a
asterisk (*) denotes a statistically significant difference between short and long-lived speci
free conditions was much more robust in longer-lived rodents and
marsupials (Fig. 4B). For example, when compared to basal state
(stripped bar; value¼ 1), NMRs had an 8-fold higher induction than
mouse (~2-fold) fibroblasts, and SG had a 1.5-fold higher induction
than Opo (~25%) fibroblasts (Fig. 4B, solid bars). Therefore using this
20S activity assay, NMRs and SG had increased 20S activity under
both basal and serum-free conditions. In contrast, we found no
difference in 20S proteasome activity between short- and long-
lived bat fibroblasts at either basal or induced conditions (Fig. 4A
and B).

4. Discussion

A direct correlation between a loss of proteostasis network and
aging has been observed in diverse model systems. Moreover,
either genetic or pharmacological enhancement of the proteostasis
network reportedly extends lifespan and delays age-related disease
in Caenorhabditis elegans (20). Also, several studies suggest that
cells from long-lived species are more resistant to a variety of
stressors than cells from short-lived species [15,16]. However, there
is little information on the cellular or molecular mechanisms that
give rise to increased resistance to stress, or whether these two
observations are mechanistically related. By removing damaged
proteins and clearing damaged organelles such as mitochondria,
endoplasmic reticulum and peroxisomes [17], autophagy plays a
major role in maintenance of the cellular proteome, and it has been
shown to be activated by DR. Recently Wang and Miller showed
that fibroblasts from several long-lived mutant mouse strains have
increased activity of the autophagy pathway [18]. These data,
coupled with evidence of sustained physiological function
(healthspan) during aging in long-lived species [19], suggest that
proteostasis in long-lived vertebrates may be superior to that of
short-lived species within the same phylogenetic group.

In this studywe used skin fibroblasts in culture and comparative
biology approaches to question whether enhanced proteostasis
may be a common mechanism in the evolution of long-lived spe-
cies. We focused upon species pairs from three evolutionarily
distant clades that were approximately the same size. Overall, our
results indicate that in all three clades (rodents, bats, and marsu-
pials), the long-lived species had improved proteostasis. For
example, we found that fibroblasts from NMRs have higher activity
of all three pathways studied (autophagy, chaperone levels and 20S
proteasome activity), both under control and under stress induced
conditions (i.e., serum starvation or heat shock). This data not only
support previous results including our own, where proteins ob-
tained from the liver of NMRs have been shown to have higher
proteasome activity and a proteome that is more resistant to urea-
rones (Hsp90, Hsp70, Hsp40, and Hsp27) were determined by western blot analysis in
ecies (solid bars) of rodents, bats and marsupials. The data is expressed relative to the
nimal donors of each species and analyzed by the non-parametric test of ANOVA. The
es at p < 0.05.



Fig. 3. The heat shock response is enhanced in long-lived rodents and marsupials, but not in long-lived bats. The heat shock response was determined by measuring protein
chaperone levels (Hsp90, Hsp70, Hsp40, and Hsp27) over 24 h after heat shock treatment (41 �C for 1 h; panels A, B, and C) by western blot analysis in total homogenates from skin
fibroblasts of short-lived species (open bars) and long-lived species (solid bars) of rodents, bats and marsupials (representative gels are shown). The data is expressed relative to the
basal levels of the short-lived species (striped bars) and they are the mean ± SEM from 3 different animal donors of each species and analyzed by the non-parametric test of ANOVA.
The asterisk (*) denotes a statistically significant difference between short and long-lived species at p < 0.05.
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induced unfolding [4], but also the recently published study where
higher levels of chaperones have been observed in the liver of
NMRs [20]. Considering that NMRs are extremely resilient to a
variety of stressors and they are considered a model of successful
aging [19], the available data strongly suggest that an improved
proteostasis network may be necessary for the maintenance of
longer health and life in NMRs.

Autophagy (induced by serum deprivation) was a common
mechanism that was enhanced in all three long-lived species,
suggesting that autophagy may be linked to longevity, which is in
accordance with previous studies [21,22]. Macroautophagy is the
major pathway for the degradation of proteins and subcellular or-
ganelles; its activity has been shown to decrease with age in mouse
liver, and this is correlated with an increase in the levels of
damaged proteins [11]. Our macroautophagy data obtained by flux
measurement was corroborated by the measurements of the LC3II/
LC3I ratio and inhibition of the mTOR pathway. However, we did
not find significant differences in another marker for autophagy,
P62 degradation, among any of the species studied (Supplemental
Fig. S4). Our data agreed with recent data published by Zhao
et al., 2014 [23], where hepatic stellate cells form NMR have higher
autophagy compared to mouse cells.

We also found that the heat shock chaperones are increased in
all long-lived species, although the response to heat shock (HSR) is
enhanced in two of the three long-lived species studied, NMRs and
SG, but not in long-lived bats (Fig. 3). While HSPs are extremely
well conserved across species [14], it is theoretically possible that
some of the antibodies may recognize the proteins from some
species better than the others. However, this is unlikely to be true
for all of them, because when we analyzed the sequence of the
epitopes tested (antibodies) we observed between 99 and 100%
homology over that region. The increased levels of heat shock
chaperones in both basal and induced states for long-lived rodents
and marsupials suggest that proteins from long-lived species are
better protected from unfolding and thus they are likely to be less
prone to aggregation. Although previous data have shown that
compared to mouse, the proteome of two bat species [Myotis
velifer (mls~12 y) and Tadarida brasiliensis (msl~ 12y)] showed
better resistance to urea-induced unfolding, suggesting that these
species may have a better chaperone response [5], this might be



Fig. 4. Long-lived rodents and marsupials, but not bats, have enhanced proteasome activity compared to short-lived species. Proteasome activity was measured at both basal
(serum; Panel A) and serum free conditions (Panel B) in total homogenates from skin fibroblasts of short-lived (open bars) and long-lived species (solid bars) of rodents, bats and
marsupials. The specific activity was calculated by normalizing 20S activity to the quantity of 20S (shown at the top of the figure) and expressed relative to the short lived control
(basal state) of each species (value of 1). The data are the mean ± SEM from quadruplicate assays from 3 different animal donors from each species, and were analyzed by the non-
parametric test of ANOVA. The asterisk (*) denotes a statistically significant difference between short and long-lived species at p < 0.05.
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true only when comparing bats and mice, but not when comparing
short- and long-lived bats. Of course, it is possible that differences
might exist if additional species of bats are studied. However, this is
unlikely since EBs are among the shortest-lived of bat species
whereas LBBs are among the longest-lived. It is also possible that
flying batsmight need a different temperature to induce the HSR, or
that heat shock might not the best insult to induce a HSR in bats. In
this sense, it may be possible that a better chaperone response can
be induced using other insults, e.g. urea treatment, oxidative
damage or others. In fact it is known that HSPs have different de-
grees of inducibility, kinetics, and tissue expression depending on
the species and each species’ natural environment or ecology. For
example, bats are naturally subjected to a wide range of tempera-
tures (very high when they are flying, and very low when they are
hibernating) [24]. This may be an important consideration in this
study.

Similarly, the proteasome activity data also showed that this
mechanism was enhanced in long-lived rodents and marsupials,
but not in bats. Previous data have shown that bats did not have
higher 20S proteasome activity when they were compared to mice
[5], and our data agrees with this notion. Currently we don't know
why heat shock proteins and proteasome activity do not correlate
with longevity in bats, but this may be related to a unique char-
acteristic of flying species, or it might be an experimental difference
because the animals used were wild caught, and therefore they
may need different experimental conditions to asses these mech-
anisms. It is well-known that in mice, for example, wild animals
have very different stress resistance, compared to laboratory-bred
counterparts, and may be even when dealing with cells in culture
derived from these wild caught animals, so it is possible that with
wild caught bats, different stressors (including different tempera-
tures or times) might be needed to properly measure the HSR.
Similarly, it is possible that measurement of the 26S proteasome
activity might be needed in addition to the 20S proteasome.

In summary, our data show that macroautophagy, both basal
and induced by serum deprivation, correlates tightly with species
longevity in three different clades. Collectively, enhanced proteo-
stasis may be an important mechanism in the evolution of long-
lived species, suggesting that they may adapt better to stressful
environments by having a higher protein turnover and thereby
maintaining better cellular homeostasis. It would be ideal to do
these experiments with fresh tissue; however, at difference with
common laboratory species such as mice, fresh tissue is hard to
obtain when dealing with unusual species. Nevertheless, this data
represents a first attempt to identify molecular mechanisms that
seem important for species longevity.

Future studies comparing a broader range of both long and
short-lived species is needed to determine whether enhanced
proteostasis is a mechanism common in the evolution of many
long-lived species.

Conflict of interest

There is no conflict of interest.

Acknowledgments

Financial support was provided by Ellison Medical foundation
(V.I.P), American Federation for Aging Research (V.I.P), Comparative
Biology of Aging Core in the San Antonio Nathan Shock Center, and
funds from The Linus Pauling Institute, and Biochemistry and
Biophysics Dept., Oregon State University.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.01.046.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.01.046.

References

[1] W.E. Balch, R.I. Morimoto, A. Dillin, et al., Adapting proteostasis for disease
intervention, Science 319 (5865) (2008) 916e919.

[2] T. Gidalevitz, E.A. Kikis, R.I. Morimoto, A cellular perspective on conforma-
tional disease: the role of genetic background and proteostasis networks, Curr.
Opin. Struct. Biol. 20 (1) (2010) 23e32.

[3] R.I. Morimoto, A.M. Cuervo, Proteostasis and the aging proteome in health and
disease, J. Gerontol. A Biol. Sci. Med. Sci. 69 (Suppl. 1) (2014) S33eS38.

[4] V.I. Perez, R. Buffenstein, V. Masamsetti, et al., Protein stability and resis-
tance to oxidative stress are determinants of longevity in the longest-living
rodent, the naked mole-rat, Proc. Natl. Acad. Sci. U. S. A. 106 (9) (2009)
3059e3064.

http://dx.doi.org/10.1016/j.bbrc.2015.01.046
http://dx.doi.org/10.1016/j.bbrc.2015.01.046
http://dx.doi.org/10.1016/j.bbrc.2015.01.046
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref1
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref2
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref3
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref4
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref4


H. Pride et al. / Biochemical and Biophysical Research Communications 457 (2015) 669e675 675
[5] A.B. Salmon, S. Leonard, V. Masamsetti, et al., The long lifespan of two bat
species is correlated with resistance to protein oxidation and enhanced pro-
tein homeostasis, FASEB J. 23 (7) (2009) 2317e2326.

[6] S. Liang, J. Mele, Y. Wu, et al., Resistance to experimental tumorigenesis in
cells of a long-lived mammal, the naked mole-rat (Heterocephalus glaber),
Aging Cell 9 (4) (2010) 626e635.

[7] A.C. Massey, A. Follenzi, R. Kiffin, et al., Early cellular changes after blockage of
chaperone-mediated autophagy, Autophagy 4 (4) (2008) 442e456.

[8] A.L. Bulteau, L.I. Szweda, B. Friguet, Age-dependent declines in protea-
some activity in the heart, Arch. Biochem. Biophys. 397 (2) (2002)
298e304.

[9] D. Kim, H. Ouyang, G.C. Li, Heat shock protein hsp70 accelerates the recovery
of heat-shocked mammalian cells through its modulation of heat shock
transcription factor HSF1, Proc. Natl. Acad. Sci. U. S. A. 92 (6) (1995)
2126e2130.

[10] R.I. Morimoto, A.M. Cuervo, Protein homeostasis and aging: taking care of
proteins from the cradle to the grave, J. Gerontol. A Biol. Sci. Med. Sci. 64 (2)
(2009) 167e170.

[11] Y. Wang, R. Singh, A.C. Massey, et al., Loss of macroautophagy promotes or
prevents fibroblast apoptosis depending on the death stimulus, J. Biol. Chem.
283 (8) (2008) 4766e4777.

[12] D.J. Klionsky, F.C. Abdalla, H. Abeliovich, et al., Guidelines for the use and
interpretation of assays for monitoring autophagy, Autophagy 8 (4) (2012)
445e544.

[13] M.L. Toth, T. Sigmond, E. Borsos, et al., Longevity pathways converge on
autophagy genes to regulate life span in Caenorhabditis elegans, Autophagy 4
(3) (2008) 330e338.

[14] H.R. Brignull, J.F. Morley, S.M. Garcia, et al., Modeling polyglutamine patho-
genesis in C elegans, Methods Enzymol. 412 (2006) 256e282.
[15] P. Kapahi, M.E. Boulton, T.B. Kirkwood, Positive correlation between
mammalian life span and cellular resistance to stress, Free Radical Biol. Med.
26 (5e6) (1999) 495e500.

[16] J.M. Harper, M. Wang, A.T. Galecki, et al., Fibroblasts from long-lived bird
species are resistant to multiple forms of stress, J. Exp. Biol. 214 (Pt 11) (2011)
1902e1910.

[17] T. Vellai, K. Takacs-Vellai, M. Sass, et al., The regulation of aging: does auto-
phagy underlie longevity? Trends Cell Biol. 19 (10) (2009) 487e494.

[18] M. Wang, R.A. Miller, Fibroblasts from long-lived mutant mice exhibit
increased autophagy and lower TOR activity after nutrient deprivation or
oxidative stress, Aging Cell 11 (4) (2012) 668e674.

[19] R. Buffenstein, Negligible senescence in the longest living rodent, the naked
mole-rat: insights from a successfully aging species, J. Comp. Physiol. B 178 (4)
(2008) 439e445.

[20] K.A. Rodriguez, P.A. Osmulski, A. Pierce, et al., A cytosolic protein factor from
the naked mole-rat activates proteasomes of other species and protects these
from inhibition, Biochim. Biophys. Acta 1842 (11) (2014) 2060e2072.

[21] F. Madeo, N. Tavernarakis, G. Kroemer, Can autophagy promote longevity?
Nat. Cell Biol. 12 (9) (2010) 842e846.

[22] D.C. Rubinsztein, G. Marino, G. Kroemer, Autophagy and aging, Cell 146 (5)
(2011) 682e695.

[23] S. Zhao, L. Lin, G. Kan, et al., High autophagy in the naked mole rat may play a
significant role in maintaining good health, Cell. Physiol. Biochem. 33 (2)
(2014) 321e332.

[24] M.E. Feder, G.E. Hofmann, Heat-shock proteins, molecular chaperones, and the
stress response: evolutionary and ecological physiology, Annu Rev. Physiol. 61
(1999) 243e282.

http://refhub.elsevier.com/S0006-291X(15)00068-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref5
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref6
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref7
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref8
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref9
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref10
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref11
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref12
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref13
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref14
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref15
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref16
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref17
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref18
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref19
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref20
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref21
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref22
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref23
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref24
http://refhub.elsevier.com/S0006-291X(15)00068-6/sref24

	Long-lived species have improved proteostasis compared to phylogenetically-related shorter-lived species
	1. Introduction
	2. Materials and methods
	2.1. Species
	2.2. Cell culture
	2.3. Protein degradation flux and macroautophagy
	2.4. Western blot analysis
	2.5. Heat shock response
	2.6. 20S proteasome activity assay

	3. Results
	3.1. Enhanced macroautophagy in fibroblasts from long-lived species
	3.2. The heat shock protein (HSP) response is elevated in fibroblasts from long-lived NMRs and marsupials but not bats
	3.3. Increased proteasome (20S) activity in fibroblasts from long-lived NMRs and marsupials but not bats

	4. Discussion
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	Transparency document
	References


