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FRONT MATTER: DISCOVERY

Ischemia/reperfusion injury resistance in hibernators
is more than an effect of reduced body temperature or winter season
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Hibernating mammals are resis-
tant to injury following cardiac
arrest. The basis of this protection has
been proposed to be due to their ability
to lower body temperature or metabolic
rate in a seasonally-dependent manner.
However, recent studies have shown that
neither reduced body temperature nor
hibernation season are components this
protection.

From hot to cold and back again, hiber-
nating mammals are capable of adapting
to environmental and physiological chal-
lenges. The mechanisms underlying this
flexibility, when fully understood, could
provide the foundation for human thera-
peutics for ischemia/ reperfusion injury
that occurs during cardiac arrest and hem-
orrhagic shock. Recently we found that
arctic ground squirrels (Urocitellus parryii)
resist organ damage and systemic inflam-
mation after global ischemia/reperfusion.!
This resistance was not dependent on the
animals’ ability to cool during insult or on
hibernation season.

The role that reduced body tempera-
ture plays in resistance to ischemia/reper-
fusion injury in ground squirrels is poorly
understood. In non-hibernating mam-
mals, damage from ischemia/reperfusion
is diminished when body temperature
is lowered by reducing metabolic rate,
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including the biochemical reactions that
form damaging reactive oxygen species
and promote inflammation. Therapeutic
hypothermia improves neuronal survival
in experimental models of ischemia/reper-
fusion and improves survival and neuro-
logical outcome following cardiac arrest.?
Evidence that the arctic ground squirrel
is protected from ischemia/reperfusion
without cooling includes studies showing
that the arctic ground squirrels’ brain is
protected from cardiac arrest even when
not hibernating and when brain tempera-
ture is maintained at 37 °C.? Importantly,
in prior isolated organ ischemia/reperfu-
sion experiments in other ground squirrel
species, the animals were allowed to cool
during ischemia and/or reperfusion mak-
ing it difficult to untangle innate protec-
tion from that conferred from the lowered
body temperature.

Like temperature, the hibernation
season may also enhance ischemia/reper-
fusion injury resistance by changing the
use of metabolic fuels or by preparing the
animals to enter a hypometabolic state.
As with temperature, the role that hiber-
nation season plays in protection from
ischemia/reperfusion injury in ground
squirrels remains a matter of debate. It
has been shown that seasonal hibernators
resist ischemia/reperfusion injury in liver,
heart, brain, and small intestine during
#¢ This protec-
tion has been proposed to be influenced

the hibernation season.

by a seasonal switch from carbohydrate
(summer) to lipid (winter) metabolism
resulting in an increase in ketone bodies,
a decrease in lactate formation, and activa-
tion of proteins that regulate fuel use such
as peroxisome proliferator-activated recep-
tors. Season has also been proposed to
alter antioxidant levels, decrease immune
function and decrease metabolic rate such
as occurs during torpor. Systematic study
of ischemia/reperfusion injury in ground
squirrels in both summer and winter
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seasons is lacking, so the seasonal role
remains unclear. Without knowing if sea-
son is necessary for ischemia/reperfusion
injury resistance, it is not possible to deter-
mine if seasonal changes in physiology are
part of the resistance mechanism.

In our recent study, we challenged arc-
tic ground squirrels with cardiac arrest or
hemorrhagic shock. We removed hypo-
thermic effects by maintaining the ani-
mals’ body temperature at 37.0 + 0.5 °C
during and after ischemia/reperfusion.
Even under these conditions, the arctic
ground squirrels showed no markers of
organ damage, systemic inflammation,
or loss of acid/base balance as indicated
by a negative base excess. Season also
proved to be unimportant in this species’
resistance to ischemia/reperfusion injury.
Blood chemistries and histopathology
showed cardiac arrest and hemorrhagic
shock—induced ischemia/reperfusion did
not result in organ damage in the active
(summer) or hibernation season. In com-
parison, rats, an ischemia/reperfusion
injury-prone species, displayed indications
of liver and kidney damage. Rats also
had a systemic inflammatory response
after ischemia/reperfusion as shown by
significant increases in plasma cytokine
levels while arctic ground squirrels had
no such increases. One possible reason for
the lack of ischemia/reperfusion injury in
the arctic ground squirrel may be meta-
bolic stability during insult. Base excess
comprises the metabolic component of
acidosis. During and after ischemia/reper-
fusion, arctic ground squirrels were able
to maintain a positive base excess whereas
the base excess in rats became negative.
Maintenance of acid/base balance in arc-
tic ground squirrels may be due, in part, to
the arctic ground squirrels ability to use
non-glucose energy sources such as free
fatty acids or ketone bodies. Although low-
ered body temperature would be expected
to enhance injury resistance observed
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tion (photograph courtesy of Kim Turnball).

Figure 1. Ischemia/reperfusion injury resistance in arctic ground squirrels is not dependent on low
body temperature or hibernation season but is due to metabolic stability defined as acid/base bal-
ance and the ability to switch between glucose and lipid energy sources to avoid lactate accumula-

in arctic ground squirrel, lowering body
temperature was not necessary for arctic
ground squirrels to tolerate cardiac arrest
or hemorrhagic shock better than rat.
Additionally, we found that the winter
season was not necessary for arctic ground
squirrels to resist ischemia/reperfusion
injury. Arctic ground squirrels challenged
with hemorrhagic shock showed no evi-
dence of injury when they were tested in
winter or summer. Importantly, we found
that summer and winter arctic ground
squirrels differed in their metabolic pro-
files, however these seasonal changes in
metabolism were not necessary for isch-
emia/reperfusion injury resistance.” The
metabolic fingerprints of summer or win-
ter arctic ground squirrels were not altered
in a statistically significant manner after
shock-induced

reperfusion, whereas the metabolic fin-

hemorrhagic ischemia/
gerprint of rat was altered by ischemia/
reperfusion. Taken together, the ability for
arctic ground squirrels to withstand isch-
emia/reperfusion insults appears to be due
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to an innate ability to stabilize metabolism
under extreme physiological challenges.
How arctic ground squirrels achieve meta-
bolic stability has yet to be determined.
They may enjoy metabolic flexibility; i.e.,
the ability to switch from carbohydrate to
fatty fuels in both summer and winter sea-
sons, shunt blood to vital organs, benefit
from enhanced pH buffering capacity, or
have the ability to decrease metabolic rate
when blood flow is decreased, regardless
of hibernation season. Why or if other
species of ground squirrel resist ischemia/
reperfusion injury better during the winter
vs. summer season requires further study.

Ischemia/reperfusion injury and sub-
sequent systemic inflammation and organ
failure pose serious concerns in human
medicine. Species such as the arctic ground
squirrel may hold clues into possible inter-
ventions to ameliorate damage from isch-
emia/reperfusion. To date, researchers
have explored several of the mechanisms
that may contribute to the ability of these
animals to tolerate ischemia/reperfusion,
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including metabolic intermediates, anti-
oxidants, hypothermia, immune system
alterations, and the ability of the small
intestine to withstand ischemia/reperfu-
sion. Multiple protective mechanisms may
contribute to the ability to rewarm from
the torpid state without incurring tissue
damage. Nonetheless, there is no consen-
sus on what role these factors play in the
documented ability of these animals to
tolerate ischemia/reperfusion. More likely
than not, there is a network of redun-
dant systems insuring that these animals
survive and thrive despite multiple itera-
tions of suppressed blood flow followed by
rapid return of normal circulation over the
course of a hibernation season or during
a more human-like event such as cardiac
arrest or hemorrhagic shock. Importantly,
in arctic ground squirrels, these mecha-
nisms do not depend on decreased body
temperature or the winter season.
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