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KEYWORDS Abstract  Gray mouse lemurs (Microcebus murinus) from Madagascar present an excellent model
Insulin signaling pathway: for studies of torpor regulation in a primate species. In the present study, we analyzed the response
PI3K/AKT; of the insulin signaling pathway as well as controls on carbohydrate sparing in six different tissues
mTOR: of torpid versus aroused gray mouse lemurs. We found that the relative level of phospho-insulin
GSK3: receptor substrate (IRS-1) was significantly increased in muscle, whereas the level of
Pyruvate dehydrogenase; phospho-insulin receptor (IR) was decreased in white adipose tissue (WAT) of torpid animals, both
Metabolic rate depression suggesting an inhibition of insulin/insulin-like growth factor-1 (IGF-1) signaling during torpor in

these tissues. By contrast, the level of phospho-IR was increased in the liver. Interestingly, muscle,




The regulation of the PI3K/AKT pathway during primate torpor
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activated but ERK/MEK tha
responses Su pp ressed KEYWORDS Abstract  Very few selected species of primates are known to be capable of entering torpor. This

Metabolic rate depression; exciting discovery means that the ability to enter a natural state of dormancy is an ancestral trait

Signal transduction; among primates and. in phylogenetic terms, is very close to the human lineage. To explore the
Mitogen activated protein regulatory mechanisms that underlie primate torpor, we analyzed signal transduction cascades to
Liver he t kid ne brown adi Ose We re Iitt e kinase discover those involved in coordinating tissue responses during torpor. The responses of

] ) yl p mitogen-activated protein kinase (MAPK) family members to primate torpor were compared in
six organs of control (aroused) versus torpid gray mouse lemurs, Microcebus murinus. The proteins

aﬁected examined include extracellular signal-regulated kinases (ERKs). c-jun NHj-terminal Kinases
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KEYWORDS Abstract  The gray mouse lemur (Microcebus murinus) is one of few primate species that is able to
Posttranslational enter daily torpor or prolonged hibernation in response to environmental stresses. With an emerg-
modification; ing significance to human health research, lemurs present an optimal model for exploring molecular
Histone H3; adaptations that regulate primate hypometabolism. A fundamental challenge is how to effectively
Ribosomal initiation factors; regulate energy expensive cellular processes (¢.g.. transcription and translation) during transitions
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cold body temperatures

KEYWORDS Abstract A variety of mammals employ torpor as an energy-saving strategy in environments of

= R Q Daily torpor; marginal or severe stress either on a daily basis during their inactive period or on a seasonal basis
O g a [ ! rese rvat n Id e ntlfy th e ke \/ Primate hypometabolism; during prolonged multi-day hibernation. Recently, a few Madagascar lemur species have been iden-
PPAR gamma coactivator: tified as the only primates that exhibit torpor: one of these is the gray mouse lemur (Microcebus

in each Org an th at need adj ustment ?:::cl:-‘onc BN murinus). To explore the regulatory mechanisms that underlie daily torpor in a primate, we ana-

lyzed the expression of 28 selected genes that represent crucial survival pathways known to be
involved in squirrel and bat hibernation. Array-based real-time PCR was used to compare gene

- Warm preservation may be Ieast injurious expression in control (aroused) versus torpid lemurs in five tissues including the liver, kidney.
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Heat shock proteins; cytoprotective mechanisms that protect macromolecules and promote extended viability. Among

Antioxidant capacity; these are antioxidant defenses that help to limit damage from reactive oxygen species and chaper-
Primate hypometabolism; ones that help to minimize protein misfolding or unfolding under stress conditions. To understand
Stress response the molecular mechanisms that act to protect cells during primate torpor, the present study charac-

terizes antioxidant and heat shock protein (HSP) responses in various organs of control (aroused)
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KEYWORDS Abstract  During food shortages, the gray mouse lemur (Microcebus murinus) of Madagascar expe-
E o o Primate torpor; riences daily torpor thereby reducing energy expenditures. The present study aimed to understand

I nte Stl n e antl OXI d an S Wer = Cytokines; the impacts of torpor on the immune system and antioxidant response in the gut of these animals.
Chemokines; This interaction may be of critical importance given the trade-off between the energetically costly
= Antioxidant enzymes; immune response and the need to defend against pathogen entry during hypometabolism. The pro-

u n C h an g ed I n to rpor Gut immunology tein levels of eytokines and antioxidants were measured in the small intestine (duodenum, jejunum,
and ileum) and large intestine of aroused and torpid lemurs. While there was a significant decrease

of some pro-inflammatory cytokines (IL-6 and TNF-2) in the duodenum and jejunum during tor-

por as compared to aroused animals, there was no change in anti-inflammatory cytokines. We
observed decreased levels of eytokines (IL-12p70 and M-CSF), and several chemokines (MCP-1
and MIP-2) but an increase in MIP-12 in the jejunum of the torpid animals. In addition, we
evaluated antioxidant response by examining the protein levels of antioxidant enzymes and total
antioxidant capacity provided by metabolites such as glutathione (and others). Our results indicated
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Metabolism

ABOLISM

The increase in ppargc expression may
function to increase lipid catabolism in
BAT, while shutting down pyruvate
oxidation in the liver.

Metabolism




APOPTOSIS

The pro-apoptotic genes, bax and
bcl2111, were significantly decreased in
kidney.

‘ Apoptosis

Genes associated with cell cycle
progression are modulated during lemur
torpor.

Apoptosis




Upregulation of hexokinase
may represent a
change in glycolytic flux.

Lactate dehydrogenase was
upregulated which may allow for
the continued functioning of
glycolysis during low oxygen
conditions.




Protein chaperones

GADDA45, anintegral
component of the stress
Response, iypically involved in
arresting the celtycle.

The expression of two
chaperonesencoding proteins
were elevated in BAT, possibly
because of the physiological rol
that this tissue plays during
torpor.

Protein chaperones
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The increased fthl expression
suggests a key role for ferritin
in the torpid lemur for iron
storage as one mechanism for
protection from iron catalyzed
oxidativedamage.
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Antioxidant defense




AMPK IN PRIMATE TORPOR

30 IS often considered

. ellular energy

20 1 activity in the
De tqromote
15 - '

1.0 -

05 - nermogenesis,

ble that BAT

00 ain somelevel of
der Mwel Kb meromAT WA synthesis activity

Figure 1  Response of p-AMPKa (Thr172) to daily torpor in ehypometabo”c
various lemur tissues

3
3
:
:
(=]
s
-
:
:
o
©




REGULATION OF TRANSLATION IN

no change in

actors (e.g.p

creases inp
rred in muscle
suggesting
Liver  Muscle Kidney  Heart WAT ad translation

2
o
3
E.
g
%.
:
= 0
g

Figure 4  Response of p-elF4E (Ser209) to daily torpor in various
lemur tissues




REGULATION OF TRANSCRIPTION IN

o
o

2 acetylation
anscriptional
by opening
atinstructure
2 pinding of
Iptional

M
o

=
w

=
o

o
w

2
g
3
8
-]
g
£
:
g
g

rve evidence
Scriptional

Figure 6  Response of total acetyl-histone H3 to daily torpor in g y - the heart
various lemur tissues INg tOFpOI’

o
o

Liver Muscle Kidney Heart BAT




STRESS RESPONSE IN PRIMATE TORPOR

A Brown adipose tissue

n
o

ol
4]

Relative expression of HSP proteins

it
o

O

Relative expression of HSP proteins

—_
(4]
1

-
(e
1

N Control
1 Torpor

Liver
2.0 -

1.0 -

0.5

HSPB0 HSF70

HSP90a

HSPE0 HSPT0

HSP90a

ly higher
lemur

ases In protein
e expression




STRESS RESPONSE IN PRIMATE TORPOR

Minimal ché
primate torpor,
more important.



STRESS RESPONSE IN PRIMATE TORPOR

A Brown adipose tissue B White adipose tissue
'S 3.0 1 S 3.0 1
5 S *
— i = w0
2 é 25 % BN Control 2 Q 25
o 5 [ Torpor g s
S N 20 S N 20
o @ o @
cC = c -
T & 10 ST 15
°oB SR
&35 10 a3 10-
25 25
® 05 @ 05
© ©
o o

0.0 0.0

SOD1 Catalase SOD2 TRX1 SOD1 Catalase SOD2 TRX1 PRX2

A Also, minimé 3in expression,
although posttre

significantly chang Vity despite constant
protein expression.




INTESTINAL CYTOKINES IN PRIMATE

ammatory

B
unum,
: : vels of the
matory

i S were
] e Large Intestine u duced
ing
ssion ofhe
0sal immune

ponse during



INTESTINAL CHEMOKINES IN PRIMATE

une cells
ofinfection

=

Relative protein levels I»
Relative protein levels 0

ed levels of

rrrrr

Relative protein levels O
)
0p)
~—+
~—
=
D

Relative protein levels ()

ent ofWBCs
htestine



INTESTINAL ANTIO? IN PRIMATE

changes in

E Arousal
1 Torpor

Relative antioxidant levels

ations may
cantly change
ymeactivity



Adv Clin Chem. 2010;52:77-108.
Metabolic rate depression: the biochemistry of mammalian hibernation.

Storey KB, Storey JW.

Institute of Biochemiztry, Carleton University, Oftawa, Ontario, Canada. kenneth_storey@carlston.ca

Abstract

Dwuring winter hikernation, small mammals fall into long pericds of deep cold torpor where metabolic rate is suppressed
90% and core body temperature can fall to near 0 degrees . 3tudies with hibernatars illustrate the molecular regulatory
mechanisms that coardinate the suppression of metabolic functions during torpor, repriaritize energy use, and
preserveistabilize macromolecules to support long-term viability during cold torpor. This review explores mechanisms
including posttranslational modification of proteins, differential regulation of enzymes, global suppression of transcription and
translation including aro
transcription factors. The
relevantto issues in clini
and atraphy resistance. Storev KB

Qut cold: biochemical regulation of mammalian hibernation - a mini-review.

Ingtitute of Biochemiztry, Carleton University, Ottawa, Ont., Canada. kenneth_storevi@carlston.ca

Abstract
Hibernating mammals offer an intriguing example of natural torpor and illustrate the regulatary mechanisms that control
2 cell preservation strategies that support long-term viability in a hypometabolic state. These

jraving the hypothermic preservation of human organs for transplant, and guidelines that

ras an interventian strategy in human medicine. Recent advances in hikernation research
antribute to metabolic depression by orchestrating the global suppression of ATP-

ation including multiple forms of post-translational maodification of proteins/enzymes
Cwlation), mREMA starage mechanisms, and differential expression of microRMNA species.

¢ also contributed new advances in understanding the range of cell functions that are

LIT some critical preservation strategies that aid long-term viakility in a torpid state. These

erunes and the implementation of the unfolded protein response, and the enhancement of

s to control the actions of extracellular proteases in clofting and inflammation responses.
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