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Muscle loss, osteoporosis, and vascular disease are common

in subjects with reduced renal function. Despite intensive

research of the underlying risk factors and mechanisms

driving these phenotypes, we still lack effective treatment

strategies for this underserved patient group. Thus, new

approaches are needed to identify effective treatments.

We believe that nephrologists could learn much from

biomimicry; i.e., studies of nature’s models to solve

complicated physiological problems and then imitate these

fascinating solutions to develop novel interventions. The

hibernating bear (Ursidae) should be of specific interest to

the nephrologist as they ingest no food or water for months,

remaining anuric and immobile, only to awaken with low

blood urea nitrogen levels, healthy lean body mass, strong

bones, and without evidence for thrombotic complications.

Identifying the mechanisms by which bears prevent the

development of azotemia, sarcopenia, osteoporosis, and

atherosclerosis despite being inactive and anuric could lead

to novel interventions for both prevention and treatment of

patients with chronic kidney disease.
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Imagine being consulted for a 200-kg individual who has
been immobilized for 5 months without food and water, all
the time being anuric. After carefully collecting a blood
sample, you are surprised to see that despite the subject
having a 70% reduction in glomerular filtration rate (GFR)
the blood urea nitrogen level is in the low normal range, and
electrolytes are completely normal. If the creature would fit
into the DEXA scanner, you would be surprised to find that it
also has normal bone mineral density. As you begin the
examination, the beast suddenly awakens and stands up,
towering over you, obstreperous and aggressive, with strong
muscles, bones, and teeth. If you have time to think while you
rapidly exit from the den, you might ask yourself what the
bear—a true ‘metabolic marvel’1—can teach nephrologists.

Throughout the evolution of life, nature has gone through
a process of trial and error to aid the survival of organisms,
even under extraordinary circumstances; i.e., nature has
learned what really works. ‘Biomimicry’ is the science that
takes inspiration from unique designs and processes in nature
to solve human problems.2 We believe that by studying
ingenious solutions created by nature nephrologists can learn
much. Also, it seems more logical to instead of studying
artifical disease models created by man in mice and rat
identify animals that already learned to avoid disease during
evolution. Bears figure prominently in the mythology of most
native American tribes in which the bear is considered not
only symbols of strength and wisdom but also a ‘medicine’
with impressive magical powers. Thus, the bear has a major
role in many of native Americans religious ceremonies. Here,
we review the remarkable ability of bears (the American black
bear, Ursus americanos; the brown bear, Ursus arctos; and the
grizzly bear, Ursus arctos horribilis) to protect themselves
from renal failure, muscle wasting, vascular disease, and
osteoporosis during hibernation despite prolonged inactivity
and anuria (Figure 1). Studies of bear physiology and
metabolism may provide new therapeutic directions for the
treatment of human renal disease and its complications
(Table 1).

SURVIVAL AND HIBERNATION IN BEARS

Black and brown bears, similar to many mammals, undergo
hibernation during the winter as a means to protect against
periods of food shortage. Whereas true hibernators, such as
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the hedgehog or ground squirrel, tend to be small mammals
(o7–8 kg) that reduce their metabolic rate by 490% of the
basal metabolism at a body temperature near 0 1C,3,4 bears
undergo only mild hypothermic hibernation (or dormancy),
reduce their metabolism only by 20–50%, and arouse easily if
awaked.

To prepare for this long period of caloric deprivation,
bears become hyperphagic during autumn to build up their
fat reserves. Their caloric intake increases significantly to
15–20,000 kcal/day, which is more than twice their summer
intake. They also become hyperinsulinemic and develop
characteristics of insulin resistance.5 Subsequently, the bears
retreat into their winter dens, where they remain for B5–7
months. During this time, they are physically inactive and
sleep with slightly depressed body temperatures (30–35 1C).
Bears maintain this body temperature by undergoing
periodic muscular shivering,6 and do not appear to use
brown fat–mediated nonshivering thermogenesis.7 As part of
a reduction of their metabolic rate, they become bradycardic,
with a heart rate of 8–10 b.p.m. compared with a rate of
40 b.p.m while being active. Their basal metabolic rate
decreases by 40%, and their oxygen consumption B50% of
normal.8 Importantly, throughout the hibernation period

they do not move, eat, drink, urinate, or defecate. Survival
during this period is provided almost entirely from their fat
stores, which are metabolized to water to keep the animal
hydrated.

On awakening in the spring, bears return to near-normal
function within minutes. Similarly, if bears are awoken in the
midst of hibernation, they are capable of rapid responses with
high mobility and endurance.1 In contrast, prolonged bed
rest in humans will cause profound loss of muscle strength,9

hypercalcemia associated with bone loss, and high risk of
thromboembolic complications (Table 1). Thus, hibernating
bears provide unique opportunities for advancing human
medicine, especially in the context of preventing uremia, a
syndrome in which wasting, inflammation, osteoporosis, and
cardiovascular disease are highly prevalent, interrelated,10

and herald poor prognosis.

MARKED REDUCTION IN GFR YET MINIMAL AZOTEMIA
DURING HIBERNATION

In 1971, Brown et al.11 demonstrated that hibernating bears
decrease their GFR by about 70% and become anuric because
of the complete reabsorption of the kidney filtrate and the
urinary bladder (the latter which absorbs about 100 ml every
24 h).12 In another study of the Romanian brown bear, it was
reported that glomeruli are partially sclerosed in early
spring.13 Despite the fact that GFR is depressed in
hibernating bears, blood urea nitrogen does not rise but
rather remains constant or decreases during hibernation,
reaching levels of B5–10 mg/dl.5,14 The reason why azotemia
does not develop in hibernating bears is because of both
decreased urea generation and because the urea that is
generated is rapidly recycled into protein.15 The decrease in
urea production is due to the fact that urea is in essence a
product of protein metabolism, and during hibernation the
bear is primarily metabolizing fat. Some urea is always
produced during normal cell metabolism, but in the bear it is
recycled back into protein. The mechanism(s) are not
completely clear, but has been postulated to result from the
passage of urea into the intestine, where it is hydrolyzed by
urease-expressing gut bacteria to release ammonia.8,12,16

Although some of the ammonia may be used by the gut
bacteria for their own growth,17 other ammonia is absorbed
where it can react with glycerol released during the lipolysis
of fat to make amino acids. It has been postulated that in

Figure 1 | This black bear (Ursus americanus) depicted in the
Alaskan wilderness (Redoubt Bay) is a true metabolic magician
that, despite prolonged immobilization and anuria during 5–6
months of hibernation, has developed unique mechanisms to
heal wounds and prevent muscle wasting, bone loss, and
atherosclerosis. Comparative physiology studies (i.e., biomimicry) of
hibernating bears could lead to novel treatment strategies for
patients with chronic kidney disease.

Table 1 | Studies of bear physiology and metabolism may provide novel therapeutics for the treatment of disorders observed
in patients with chronic kidney disease, muscle wasting, chronic bed sores, osteoporosis, and thromboembolic complications

Effects of 6 months of bed rest Human Hibernating bears

Circulation Heart failure
Blood clots

No heart failure
No blood clots

Muscle Dramatic reduction in muscle mass E10–15% reduction in muscle mass
Bone Severe disuse osteoporosis

Hypercalcemia
No osteoporosis
Normocalcemia

Metabolism Carbohydrate, protein, and fat breakdown Primarily fat breakdown
Skin Bed sores No bed sores

Courtesy of Ole Frobert, Scandinavian Brown Bear Research Project.

r e v i e w P Stenvinkel et al.: Hibernating bears

208 Kidney International (2013) 83, 207–212



hibernating bears a reduction in metabolic activity of the gut
flora is an integral part of the adaptation to metabolic
stability.18 Nelson19 showed that urea is recycled and
resynthesized into skeletal muscle and other body proteins
in hibernating bears, thereby preserving lean body mass.
Thus, waste products of plasma nitrogen are lower in brown
bears during winter sleep compared with before hiberna-
tion.20 A novel mechanism by which urea cycling is regulated
may be via the activation of the mammalian mitochondrial
sirtuin (nicotinamide adenine dinucleotide-dependent
protein deacetylases). Nakagawa et al.21 reported that SIRT5
regulates the urea cycle via deacetylation of carbamoyl
phosphate synthetase 1, which is a rate-limiting step in the
urea cycle and has a pivotal role in ammonia detoxification.
Thus, as SIRT5-deficient mice have 30% lower carbamoyl
phosphate synthetase 1 activity and showed hyperammone-
mia during fasting,21 studies should test whether sirtuin
activity is upregulated by dietary shifts, such as increased
intake of Vaccinum berries (i.e., blueberry, lingonberry, etc.)
before hibernation. It has been speculated that sirtuins have
an important role in the transcriptional control of important
metabolic pathways in hibernators.22

The ability of bears to recycle urea is related to a specific
adaptation that occurs during hibernation. Interestingly, urea
recycling is not completely tied to the fall in temperature
associated with hibernation, as it can occur shortly before the
temperature decreases,23 and can extend for 7–10 days
following arousal.15 It is tied closely to a period when the
bear obtains its entire energy from fat. Indeed, Nelson12

showed that during the summer bears will respond
appropriately to fasting or dehydration with a rise in blood
urea nitrogen. In a metabolic study with 125I-labeled serum
albumin and 14C-labeled leucine in four male black bears,
Lundberg et al.24 showed that more leucine was incorporated
in plasma proteins during hibernation than in the active
state. In another study, Lohuis et al.25 used 14C-phenylalanine
as a tracer to demonstrate that the bear maintains perfect
protein balance during hibernation, although both protein
synthesis and protein breakdown were lower than during
summer. In contrast, during summer, bears are unable to
reduce the net production of urea during starvation and,
therefore, cannot preserve lean body mass.12 This unique
ability of bears to recycle urea during hibernation is not
present in other hibernating mammals, such as the
Columbian ground squirrel26 or the hedgehog.27

The ability to prevent azotemia is a special and
unparalleled feature of hibernating bears. One can also delay
uremia in humans by administering diets low in protein and
which are supplemented with essential amino acids.28

However, as these diets block urea production rather than
stimulate recycling, further studies of the mechanisms by
which bears prevent the development of azotemia despite
being anuric could provide new insights into the
management of uremia. It would be of interest to test
whether drugs that activate sirtuins may be of therapeutic
value and reduce urea levels in humans.

UNPARALLELED ABILITY TO PRESERVE MUSCLE MASS
DURING HIBERNATION

Skeletal muscle atrophy (sarcopenia) occurs in human
muscles with inactivity, especially in the elderly. Treatment
of sarcopenia in chronic debilitating conditions is notor-
iously difficult, as studies suggest that it may require either
stimulating mitochondrial growth or blocking of the
ubiquitin-dependent proteolytic system,29 for which
effective therapies are not yet available. It is noteworthy
that bears appear to be protected from developing
sarcopenia, as they lose only about 10–15% of their muscle
protein content and overall force-generating capacity during
hibernation.30 Tinker et al.31 documented the extent of
protein loss and alteration of muscle-fiber characteristics in
black bears during hibernation and found that muscle-fiber
number and cross-sectional area were unchanged, suggesting
only limited muscle atrophy. In another study, Hershey
et al.32 collected muscle samples during the summer and
winter in captive brown bears and measured protein
concentration, fiber-type composition, fiber cross-sectional
area, and twitch characteristics. As minimal skeletal muscle
atrophy occured between seasons, bears have developed a
unique physiological strategy to maintain muscle tonus
during months of inactivity.

The most important reason why bears have achieved this
magical trick is probably the synthesis of new amino acids
from urea nitrogen that help preserve lean body mass.19,33

However, other mechanisms may also be operative. It has
been hypothesized that isometric muscle contractions in
response to shivering during the winter may help retain
muscle strength by rhythmic stimulation.33 Others have
reported that during hibernation the bear develops
hypothalamic hypothyroidism34 and increased testosterone
production.35 These hormonal adaptations create a balance
of anabolism and catabolism that prevents muscle wasting
during the hibernating period in which both starvation and
immobilization occur. As activators of sirtuins, such as
resveratrol, were recently shown to ameliorate metabolic
disorders and muscle wasting in diabetic rats,36 the
hypothesis that sirtuins are expressed in bears before
hibernation could also be considered. Additional proposed
mechanisms include alterations in the growth hormone and
insulin-like growth factor axis37 and inhibition of skeletal
muscle catabolism by blocking the renal–CNS–skeletal muscle
sympathetic nerve axis.38

Two novel observations have helped to further elucidate
this fascinating metabolic adaption in bears. Fuster et al.39

demonstrated that hibernating bears produce a powerful
proteolytic inhibitor that blocks muscle wasting associated
with immobilization. If this factor could be identified, it
could serve as a treatment strategy for conditions in which
protein energy wasting is a common feature. Second, T�ien
et al.6 unexpectedly demonstrated that metabolic depression
is achieved primarily via metabolic inhibition, whereas the
decrease in body temperature has only a minor role. Thus, it
could be speculated that in bears hibernation requires
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increased expression of hibernation-specific genes to
maintain cell function, such as gluconeogenesis,
cytoprotection, and lipid metabolism, and downregulation
of processes of energy production and consumption while
maintaining cellular homeostasis.40,41

The molecular and genetic basis of hibernation physiology
in mammals has recently been studied using large-scale
genomic approaches. Fedorov et al.42 found that hibernating
American black bears demonstrate a balanced proportion of
upregulated and downregulated genes that are differentially
expressed in the liver. During hibernation, there is an
induction of genes involved in fatty acid b-oxidation and
carbohydrate synthesis and depression of genes involved in
lipid biosynthesis, carbohydrate catabolism, cellular
respiration, and detoxification pathways. A recent study of
Japanese black bears (Ursus thibetanus japonicus) showed that
the modulation of gene expression is not static but
changes throughout the hibernation period.43 The stimuli
for the induction and depression of key gene expression
during hibernation are not known. It would be of much
interest to link phenotypic plasticity in hibernating bears and
changes in the gene-specific epigenome.22 In plants,
remarkable effects of seasons on the epigenome have been
demonstrated.44,45

IMPAIRED WOUND HEALING IN UREMIA: DOES BEAR SERUM
HOLD A SECRET FOR FUTURE TREATMENT?

Impaired would healing is an important clinical problem in
chronic kidney disease patients, especially those that have
diabetes and/or are malnourished.46 Certain solutes that are
retained in uremia, such as p-cresol and indoxyl sulfate, have
been found to decrease endothelial cell proliferation and
impair wound repair in vitro.47 The American black bear, on
the other hand, appears to be able to completely resolve
cutaneous cuts and punctures incurred during or before
hibernation despite being anuric.48 The ability to heal
wounds is a survival advantage in hibernating species in
which decreased peripheral blood flow during hypothermia
and immobilization may impede delivery of oxygen and
nutrients to the wound site. Iaizzo et al.48 have speculated
that elevated levels of delta-opioid receptor antagonist and
the major bile acid ursudeoxycholic acid (UDCA) observed
during hibernation contribute to the amazing wound healing
capacity of American black bears. The fact that hibernating
bears secrete markedly higher concentrations of UDCA in
their bile than non-hibernating bears is interesting since this
remarkable molecule has been proposed as a remedy for
many human diseases. Further studies of the underlying
mechanisms involved in wound repair could lead to novel
treatment approaches to improve wound healing and prevent
bed sores in malnourished and diabetic uremic patients.

WHY ARE HIBERNATING BEARS PROTECTED FROM
VASCULAR DISEASE AND THROMBOEMBOLISM?

Despite repeated yearly episodes of immobilization, insulin
resistance, and reduced renal function with anuria, bears

show no evidence of deterioration in either heart or vascular
function. Nelson et al.49 evaluated cardiac function in six
grizzly bears and showed that intrinsic cardiac muscle
adaptations during hibernation maintain cardiac function in
bradycardic hibernating bears, in contrast to the effects of
chronic bradycardia in nonhibernating species. Hibernating
brown bears show signs of inflammation, such as elevated
levels of haptoglobin and b2-macroglobulin (but not C-
reactive protein),50 as well as hyperlipidemia,51 during
hibernation. As atherosclerosis is associated with
hyperlipidemia and inflammation, one might anticipate
that bears would be at an increased risk for atherosclerotic
complications. However, a recent study showed that despite
high levels of plasma lipids (cholesterol E425 mg/dl), no
atherosclerosis, fatty streaks, foam cell infiltration, or
inflammation was observed in arteries of brown bears.51

The reason(s) why bears are resistant to atherosclerosis
despite multiple risk factors during hibernation, such as
obesity, dyslipidemia, immobilization, kidney dysfunction,
and slow circulatory flow, deserve further study. It could be
hypothesized that the observed season variation of acute-
phase reactants is associated with hibernating-specific
mechanisms rather than with an acute-phase response. One
such protein that increases during hibernation is a2-macro-
globulin, which is a protease inhibitor involved in the
regulation of coagulation that increases clotting time.52

Could this be one of the reasons bears do not develop
thromboembolic complications despite their prolonged
repeated immobilization? Another possible explanation for
the lack of thrombosis during hibernation is that platelet
function is relatively depressed in bears compared with
humans.53 Clearly, more studies are needed to better
understand this interesting paradox.

PRESERVATION OF BONE MASS DURING HIBERNATION

Osteoporosis with bone loss and increased fracture risk are
common features of the uremic phenotype and have been
linked with vascular calcification and increased mortality.54,55

The causes of uremic bone disease are multifactorial and
include hyperparathyroidism, vitamin-D insufficiency,
prolonged corticosteroid treatment, renal failure–associated
hypogonadism, and, in many patients, immobilization.
Immobilization for periods between 7 and 27 weeks results
in up to 40% cortical bone loss in humans.56 Moreover, Beller
et al.57 demonstrated regional differences in bone loss in
women during prolonged bed rest, with incomplete recovery
of this loss even 1 year after bed rest. In addition, other
hibernating animals, such as bats58 and golden hamsters,59

develop some bone loss. In contrast, McGee-Lawrence et al.60

reported no difference in bone volume fraction and tissue
mineral density between hibernating and active bears. As
physical inactivity and reduction in mechanical load leads to
loss of bone mass in nonhibernating species, it is surprising
that inactive and anuric denning bears show no loss in bone
mass and strength and maintain normal calcium levels.61,62

Studies have shown that hibernating bears have evolved the
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unique ability to preserve calcium homeostasis completely
during hibernation by preventing both cortical63 and
trabecular60 bone loss.

Although the mechanism(s) that maintain balanced bone
remodeling during hibernation remain unknown, bears have
likely evolved physiological processes to recycle calcium,
prevent hypercalcemia, and maintain bone integrity. As bears
appear to excrete minimal amounts of waste products during
their anuric hibernation period, calcium released from bone
is likely recycled back into the skeleton.64 It has been
proposed that, in analogy with the situation in uremia, the
skeleton of hibernating bears is adynamic.65 However,
lactation and pregnancy (which both may occur during
hibernation) require active bone formation, and Seger
et al.66 recently demonstrated that the skeleton of a
hibernating bear is neither in a high-turnover state nor in
an adynamic state.

Among several proposed mechanisms by which bone loss
is prevented during hibernation, the effects of black bear
parathyroid hormone (bPTH) has attracted interest, which
positively correlates to bone formation markers during
hibernation, increases survival signals in osteoclastic cells,
and stimulates osteoblastic activity.63,67 A rise in bPTH
during hibernation has been proposed to conserve calcium
by increasing renal tubular calcium reabsorption.67 The
potential of bPTH as a novel treatment strategy in
osteoporotic conditions was recently tested in a model of
dystrophin-deficient mice.68 Recombinant bPTH was found
to have a greater anabolic effect and increased bone volume
fraction to a greater degree than human PTH. Thus, further
studies should be conducted to test whether this intriguing
bear peptide could be used for the treatment of human
osteoporotic conditions.68

To obtain insights about the molecular mechanisms that
prevent bone loss during hibernation, Fedorov et al.69

recently conducted a large-scale screening of transcriptional
changes in trabecular bone in nonhibernating and
hibernating winter bears. They found that apoptosis genes
were downregulated during hibernation, whereas the
expression of anabolic genes was increased.69 Changes in
vitamin-D metabolism might be another mechanism to
preserve bone mass in hibernating bears. Vestergaard et al.62

demonstrated marked changes in vitamin-D3/D2 ratio
between hibernating and summer-active Swedish brown
bears. Moreover, 25(OH) vitamin-D levels are significantly
higher in hibernating bears,62 and despite anuria 1,25(OH)2

vitamin-D is produced in bear kidneys.66 This contrasts with
humans in whom there is a close correlation between renal
function and vitamin-D levels.70 Other mechanisms by which
hibernating bears may prevent bone loss include a role for
lower serotonin levels and altered neuroendocrine control of
bone remodeling.60,66 Seger et al.,66 for example, recently
demonstrated that hibernation in bears represents a unique
model in which suppression of sympathetic activity prevents
bone loss by influencing the inhibitory effects of leptin on
bone formation via central hypothalamic effects.71

SUMMARY

Hibernating bears have developed unique mechanisms to
protect their muscle, vessels, and skeleton during prolonged
immobilization. Bears have also developed fascinating and
ingenious ways to avoid the negative consequences of a low
GFR while not excreting waste products during hibernation,
when the metabolic rate is low. Collaboration between
zoologists and nephrologists and engagement of comparative
physiology studies (i.e., biomimicry) could result in im-
proved treatment strategies for patients with chronic kidney
disease and/or immobilization. A coordinated approach for
studies of the many metabolic tricks performed by hibernat-
ing bears by relevant institutes and funding agencies (such as
NIH) is warranted.
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