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Abstract
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Chair: Charles T. Robbins
Co-Chair: Heiko Jansen

Grizzly bears (Ursus arctos horribilis) have evolved remarkable metabolic adaptations to
extended periods of low food availability including hyperphagia and massive fat accumulation
during the fall followed by months of fasting throughout hibernation. Seasonal fluctuations in
body mass are accompanied by changes in glucose and lipid metabolism, yet bears do not appear
to suffer from the harmful effects associated with obesity in humans, such as type 2 diabetes
mellitus (T2DM). To better define the metabolic transitions that occur annually in bears, we
performed intravenous insulin tolerance tests (ivITTs) in anesthetized grizzly bears and oral
glucose tolerance tests (0GTTSs) in unanesthetized animals during the hibernation
(January/February), active (May), and hyperphagic (September/October) seasons. To further
investigate this system, we derived an in vitro model in which stromal vascular fraction (SVF)
cells were isolated from subcutaneous fat biopsies during the three seasons. Cells were
differentiated into adipocytes and stimulated with insulin under standard culture conditions and

following chronic exposure to seasonal bear serum. Bears exhibited seasonal transitions in



insulin sensitivity shifting from a sensitive state in the active and hyperphagic seasons to an
insulin resistant state during hibernation. This change was accompanied by glucose intolerance
and hyperinsulinemia in hibernating bears although euglycemia was maintained throughout the
year. Adipocyte cultures mirrored the metabolic states observed in vivo only when exposed to
season-matched bear serum. Hibernation serum suppressed insulin-mediated glucose uptake in
all cells while hibernation cells exposed to active serum were highly insulin responsive. Active
and hyperphagic serum also elevated expression of insulin receptor (INSR) following insulin
administration in active cells with corresponding increases in glucose uptake. Protein kinase B
(AKT1) expression was suppressed in hibernation cells with season-matched serum, yet elevated
in active cells with hibernation serum at baseline (no insulin). Thus, both serum factors and cell
autonomous mechanisms play a role in seasonal insulin sensitivity. Results indicate the
importance of serum proteins in regulating glucose metabolism and greatly expand our
understanding of bear hibernation physiology. Furthermore, identification of mechanisms

responsible for metabolic changes may provide insight into human metabolic disorders.
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INTRODUCTION

Hibernation has evolved as an extraordinary adaptation to long periods of food scarcity.
Grizzly bears (Ursus arctos horribilis) hibernate for 5 to 7 months during which they do not eat,
drink, or urinate (Folk et al. 1972; Hellgren 1998; Nelson 1973). Bears represent one end of the
hibernation spectrum as shallow hibernators, in that they are responsive to external stimuli and
maintain a relatively high body temperature (33°C) compared to hibernating rodents (-1.9-5°C)
(Barnes 1989; Folk et al. 1972; Hissa et al. 1994). Nevertheless, bears undergo impressive
physiological transformations including a 75% reduction in metabolic rate throughout
hibernation and decreased cardiac output (Folk et al. 1972; Nelson and Robbins 2010; Tgien et
al. 2011). Thus, grizzly bears represent an extreme model of metabolic adaptation, experiencing
dramatic seasonal changes in body mass of over 50% in some cases within a single year
(Kingsley et al. 1983). The bear’s annual cycle consists of at least three distinct phases: 1) lean
mass gain during the summer active season, 2) fat accumulation during the fall hyperphagic
period, and 3) significant weight loss during hibernation (Hilderbrand et al. 1999; Nelson et al.
1983). Eighty-one percent of the fall mass gain is due to increased fat content facilitated by an
almost insatiable appetite (Hilderbrand et al. 1999) during which bears may eat 20,000 kcal or
more (Nelson et al. 1983) and gain up to 4 kg per day (Erlenbach et al. 2014). Similarly,
hibernation weight loss occurs only in adipose tissue (Nelson et al. 1975; Nelson et al. 1983).

Fat accumulation is therefore essential for survival during winter when food resources are
scarce, and lipolysis serves as the sole source of energy during hibernation (Carey et al. 2003;
Nelson et al. 1973). It is also important to ensure propagation of the species, as females with
higher body fat content produce more cubs, which are typically larger and more likely to survive

(Atkinson and Ramsay 1995; Belant et al. 2006; Robbins et al. 2012). This fitness advantage has



created selection for morbidly obese bears by human standards (Atkinson and Ramsay 1995;
Dahle et al. 2006; Derocher and Stirling 1996; Robbins et al. 2012). Surprisingly, these obese
bears appear healthy without any detectable circulatory, respiratory, or metabolic pathologies
(e.g. hyperglycemia and T2DM) seen in obese humans and other animals (Kamine et al. 2012a;
McCain et al. 2013; Nelson 1973; Nelson et al. 2003; Palumbo et al. 1983; Stenvinkel et al.
2012). Thus, investigating these seasonally programmed mechanisms of fat deposition and usage
could yield important insights into the physiology of how resource allocation patterns have been
optimized for life histories that include a hibernation phase.

The utilization of fat and sparing of glucose by bears during hibernation may have led to
selection for specific adaptations within the insulin-stimulated glucose uptake pathway. In
healthy individuals, insulin facilitates the uptake of glucose into cells by inducing a
conformational change in INSR and activating the glucose transporter, GLUT4, through the
actions of phosphatidylinositol 3-kinase (PI13K) and AKT (Hers et al. 2011; Lewis et al. 2002;
Pessin et al. 1999; Wilcox, 2005). Insulin thereby plays a significant role in maintaining normal
blood glucose levels. It also regulates carbohydrate, lipid, and protein metabolism and promotes
cell division and growth (Wilcox, 2005). The primary target tissues of insulin are skeletal
muscle, liver, and adipose tissue. Here, insulin inhibits lipolysis and glucose secretion by
prohibiting the processes of glycogenolysis and gluconeogenesis, and it stimulates glycogen
synthesis and lipogenesis, among other actions (Hers et al. 2011; Logie et al. 2007). Insulin is the
major regulator of adipose fat content due to 1) inhibition of hormone sensitive lipase causing
reduced hydrolysis of intracellular triglycerides, and 2) stimulation of lipoprotein lipase, which
mediates the hydrolysis of lipoprotein triglycerides to free fatty acids (FFASs) for intracellular

storage (Hajer et al. 2008; Lewis et al. 2002). Loss of insulin sensitivity and the resulting



derangement of glucose homeostasis are primary factors in the etiology of T2DM (Reaven 2004;
Wilcox 2005). This results in hyperglycemia, hyperinsulinemia, and the eventual death of
pancreatic beta cells if left untreated, along with a host of other pathologies including
hypertension and coronary artery disease (Malnick and Knobler 2006; Pi-Sunyer F.X. 2002;
Reaven 2004).

Evidence suggests that insulin resistance in humans is caused by problems in insulin
signaling via post-receptor mechanisms (Wheatcroft et al. 2003; Wilcox 2005). Receptor deficits
also may play a role in the development of T2DM because INSR expression and tyrosine kinase
activity are decreased in the adipocytes of obese humans (Olefsky 1976). However, restoration
of receptor kinase activity and expression does not fully restore insulin sensitivity, implicating
other factors in the development of insulin resistance (Freidenberg et al.1988; Virkamaki et al.
1999). For example, polymorphisms in insulin receptor substrate-1 (IRS-1) and in the p58
regulatory subunit of PI3K have also been associated with insulin resistance in humans
(Virkamaki et al. 1999). In obese rats and humans, insulin is less effective at phosphorylating
INSR and PI3K, and expression of these proteins is low in obese subjects compared to lean ones
(Goodyear et al. 1995; Kim et al. 2000). Dysfunction of AKT has also been implicated in
creating a diabetic state (Hers et al. 2011). Hyperactivation of AKT signaling in adipose tissue
caused by mutations in phosphatase and tensin homolog (PTEN) results in an obese yet insulin
sensitive phenotype (Pal et al. 2012). Mice with AKT2 mutations have impaired glucose uptake
in response to insulin, and a rare R274H mutation in AKT2 in humans results in T2DM and
severe hyperinsulinemia (Cho et al. 2001; George et al. 2004; Hers et al. 2011). However, Kim et
al. (2000) found PI3K activity to be much more impaired than that of AKT isoforms 1 and 2 in

obese rats. Another mechanism by which glucose uptake may be impaired in a diabetic state is



through the increased circulation of FFAs and inflammatory cytokines. Both cause serine
phosphorylation and uncoupling of IRS-1 leading to decreased activation of AKT and PI3K
(Hers et al. 2011; Le Marchand-Brustel et al. 2003). FFAs, through the concomitant
accumulation of the palmitate derivative ceramide, may also activate phosphatases that inhibit
the insulin signaling pathway by preventing insulin-stimulated phosphorylation of AKT (Chavez
et al. 2003; Schmitz-Peiffer et al. 1999; Ueki et al. 2004).

Insulin resistance is not unique to humans. Along with rising obesity rates, this
phenomenon has been extensively documented in companion animals such as cats and dogs
(German et al. 2009; German et al. 2010; Hoenig et al. 2006). Natural and reversible insulin
resistance has also been observed in yellow-bellied marmots (Marmota flaviventris), which
exhibited hyperinsulinemia and insulin resistance while obese in the fall after several weeks of
fasting but prior to the onset of hibernation. Interestingly, insulin responsiveness returned after
weight loss during hibernation (Florant et al. 1985). Thus, hibernating animals could serve as
excellent models for studying the factors involved in the loss and return of insulin sensitivity
(Martin 2008). Unlike marmots, both wild and captive American black bears (Ursus americanus)
and Japanese black bears (Ursus thibetanus japonicas) were insulin sensitive throughout the
active season yet became insulin resistant during hibernation (Kamine et al. 2012a; McCain et al.
2013; Palumbo et al. 1983). This metabolic transition occurred regardless of consistent food
availability in American black bears, implying endogenous regulation of seasonal changes
(McCain et al. 2013). Studies in marmots suggest that seasonal changes in metabolism may be
regulated by differential gene expression in white adipose tissue (Wilson et al. 1992). Adipose
from hibernating mammals may therefore represent a unique tool to understand insulin

regulation. In particular, the distinct hibernation physiology of bears suggests that they may



possess physiological abilities absent in non-hibernating mammals including humans. However,
numerous unanswered questions remain regarding the relationship between insulin, lipid
metabolism, and adipose function in grizzly bears.

The current study investigated the seasonal metabolic transitions that occur in captive
grizzly bears as well as the cellular mechanisms regulating these cycles. Because anesthetics can
potentially confound glucoregulatory results by causing hyperglycemia and hypoinsulinemia
(Kamine et al. 2012b), we sought to examine the seasonal variation in glucose homeostasis in
both anesthetized and unanesthetized grizzly bears. We also assessed changes in adipose
function and insulin sensitivity of fat tissue in order to investigate the underlying processes
responsible for seasonal transitions. We hypothesized that glucose homeostasis would vary
seasonally in bears as well as in bear adipose tissue. Specifically, active bears would be insulin
sensitive to support intracellular glucose storage and fatty acid synthesis while hibernating bears
would be insensitive to insulin to prevent hypoglycemia and promote lipolysis. In vitro results
were predicted to recapitulate responses observed during in vivo experiments. Furthermore, we
explored the possibility that seasonal changes in insulin sensitivity are mediated by a season-

specific serum factor(s) or alternatively by autonomous mechanisms within the adipocyte.



METHODS

Animals

Nine grizzly bears, ranging in age from 2 to 11 years, were used in this research. Data for
ivITTs were collected between January 2013 and October 2015 from 2 adult females (age 10 to
12 years), 2 adult males (age 11 to 13 years), and 2 juvenile males (age 3 to 5 years). For oGTTs,
3 adult females (age 9 to 11 years) were studied from October 2014 to May 2015. All in vitro
work was completed using samples from 4 bears (2 adult females, 2 adult males) collected over a
2 year period (ages 10 to 11 years). Animals were housed at the Washington State University
Bear Research, Education, and Conservation Center in Pullman, WA where they were
maintained according to ASM guidelines (Sikes et al. 2011) and the Bear Care and Colony
Health Standard Operating Procedures. All procedures were approved by the Washington State
University Institutional Animal Care and Use Committee (IACUC) (ASAF # 03802-017).
Throughout October, food availability was reduced, and feeding was discontinued by early
November. Bears were hibernated in their home dens with access to both indoor pens (3m x 3m
x 2.5m) and outdoor runs (3m x 3m x 5m). Thus, bears were exposed to natural temperature and

light conditions during hibernation and throughout the year.

IN VIVO EXPERIMENTS
Insulin Tolerance Test (ivITT)

We conducted ivITTs during each of the three seasonal metabolic phases: active (May),
hyperphagia (October), and hibernation (January). All bears were fasting prior to iviTT
procedures. In May and October bears were fasted overnight whereas hibernating bears were

naturally fasting. Bears were anesthetized with a combination of dexmedetomidine (Zoetis,



Florham Park, NJ, 6 pg/kg in May and October and 3.5 pg/ kg in January) and tiletamine
HCl/zolazepam HCI (Telazol; Zoetis, 2.5 mg/kg in May and October and 1.5 mg/kg in January)
administered intramuscularly in the shoulder region via pneumatic dart according to protocols
described in Ware et al. (2012). Serial blood samples were collected at 5 minute intervals from
the jugular vein using a peripheral venous catheter (14G, 14 cm; BD Angiocath). Blood glucose
was measured at baseline (time = 0) with the use of a standard commercial glucometer (Accu-
Chek Active, Roche Diagnostics, Indianapolis, IN). Immediately thereafter, insulin (0.015 U/kg;
Humalin- R, Eli Lilly, Indianapolis, IN) was administered intravenously, and blood glucose was
assessed every 5 minutes for a total of 40 minutes post injection. Serum was collected at baseline
and again at the glucose nadir and was stored at -80°C in order to verify glucometer readings.
Dextrose (50%) was administered intravenously if blood glucose levels fell below 40 mg/dl.
Blood glucose values collected after dextrose supplementation were not used in subsequent
analyses.

Glucose Tolerance Test (0GTT)

To facilitate the safe collection of blood samples in conscious animals without the use of
anesthetics, three adult female bears were trained to enter a crate and extend a hind leg where
blood was taken from a peripheral vein (Joyce-Zuniga et al. in press). These individuals were
used to perform oGTTs during the same seasonal time periods as those used for ivITTs (see
above) with the exception that hyperphagic sampling began in late September and extended into
October. Hibernation samplings extended from late January into early February. All animals
were fasted prior to testing as described above. Upon entering the crate bears were fed dextrose
(1 g/kg) and were subsequently given a non-caloric reward (Truvia® to saturation) if needed to

collect baseline blood samples. Blood was collected at baseline (0 min) and again at 15, 60, and



120 minutes post consumption. Following dextrose administration, blood samples were taken
while the bear received a honey reward. Blood collection took less than 5 minutes for each time
point. No more than 2 blood samples (baseline plus additional time point) were collected from
each bear in a single day to avoid influencing subsequent samples with honey intake. Sampling
was repeated on subsequent days until the entire 120 minute profile for each bear was obtained.
During hibernation, sampling took place over the span of approximately 4 weeks with a 2 week
honey/dextrose-free interval to avoid disrupting the bears’ normal hibernation physiology.
Blood glucose was measured immediately after sampling as described above, and the
remaining blood was placed into vacutainer tubes and centrifuged (1300 x g for 20 min at 4°C).
Serum was stored at -80°C for further analysis. A porcine/canine ELISA (ALPCO, Salem, NH)
was used to measure serum insulin concentrations according to instructions provided by the
manufacturer. Serum glucagon was quantified using a multi-species glucagon EIA according to

the manufacturer’s instructions (Phoenix Pharmaceuticals, Inc., Burlingame, CA).

IN VITRO EXPERIMENTS
Cell Culture

Bears were anesthetized using the protocol described above. Biopsy sites were shaved
and scrubbed with chlorhexidine and 70% ethanol. Punch biopsies (6mm; Miltex, York, PA)
were used to obtain samples of subcutaneous adipose tissue from gluteal depots. The collected
adipose tissue was then processed to isolate mesenchymal stem cells from the SVF. Cells were
plated or cryopreserved in liquid nitrogen using protocols described in Gehring et al. (in review).
We also collected jugular blood samples at the time of biopsy. Serum was stored at -80°C. For

all experimental cultures, cells were seeded at 1.0 x 10* cells/well (5.2 x 10° cells/cm?) in 24 well



culture plates. Cultures were maintained and differentiation to the adipogenic lineage induced
following culture protocols and medium formulas detailed in Gehring et al. (in review). All
mature adipocyte cultures were processed on day 11 post-differentiation for retrieval of MRNA
for gene expression assays or cell lysates from which glucose uptake could be quantified. All
experiments were performed in duplicate wells with cells obtained from the same individuals (N
=4).
Insulin Dose Response

To produce dose response curves, cells originating from the active season (May),
hyperphagia (September/October), and hibernation (January) were cultured according to the
protocols described above. Passage 0 to 2 cells were used because grizzly bear adipocytes
cultured to low passage numbers retain lipogenic characteristics similar to those of passage 0
cells plated directly from the animal without subculturing (Gehring et al. in review). Cells were
processed for the quantification of glucose uptake by colorimetric assay using a minor
modification of the procedures described by the manufacturer (BioVision Inc., Milpitas, CA).
Volumes for washes and incubations were scaled up by a factor of 6.67 to accommodate our
increased cell number. On day 10 post-differentiation, we removed medium and washed cells
once with 1x PBS. Cells were then incubated overnight at 37°C and 5% CO, in starve medium
(89% DMEM/F-12 containing GlutaMAX™ (Thermo Fisher Scientific Inc., Waltham, MA) and
1% 100X antibiotic/antimycotic (Sigma, St. Louis, MO) with final concentrations of 100
units/ml penicillin, 100 pg/ml streptomycin and 0.25 pg/ml amphotericin B). On the following
day, starve medium was removed and cells were washed twice with 1x PBS at room temperature.
Cells were then incubated in KRPH (20 mM HEPES, 5 mM KH,;PO,, 1 mM MgSO4, 1 mM

CaCl,, 136 mM NaCl, and 4.7 mM KClI, pH =7.4) with 2% bovine serum albumin (BSA; Sigma)



for 40 minutes. All incubations were performed at 37°C unless otherwise specified. Next,
duplicate wells were treated with insulin (0, 10, 100, 300, 500, 700, or 1000 nM) in KRPH
containing 2% BSA for 20 minutes. A 10mM 2-deoxyglucose (2-DG) solution was then added
and the cells were incubated for an additional 20 minutes. Following the incubation, wells were
washed twice with 1x PBS and scraped to lyse the cells. The cell lysates were stored at -80°C
until lyophilized. To lyophilize, 2.0 ml microcentrifuge tubes containing the samples were frozen
in ice blocks at -20°C in 600 ml Fast-Freeze flasks (Labconco, Kansas City, MO). Samples were
cooled to -80°C to prevent thawing and subsequently attached to a FreeZone Cascade Freeze
Dryer (Labconco) for approximately 96 hours. Lyophilized samples were stored at -20°C for up
to 2 weeks until analyzed by colorimetric assay. Samples were diluted 1:3, 1:5, 1:6, or 1:10 as
needed to place absorbance values into the detectable range of the assay’s standard curve. All
samples were assayed in duplicate.
Adipocyte Differentiation

To examine effects of differentiation on the isolated SVF, undifferentiated cells from the
active season and hibernation were expanded in preadipocyte medium (Gehring et al. in review)
and processed as described above upon reaching confluence. Control wells were incubated in
KRPH with 2% BSA while treated wells were incubated in 300 nM insulin. Cells were processed
for glucose uptake as described above with a minor modification where samples were only
diluted 1:1.2, 1:3, or 1:5. Replicate wells were also processed for mRNA as describe below in
order to measure expression of INSR and peroxisome proliferator-activated receptor gamma
(PPARG).

Real-Time Quantitative PCR

10



After the 20 minute insulin treatment, cells were stored in 300 pl of QIAzol (QIAGEN,
Venlo, Netherlands) at -80°C. Total RNA purification, reverse transcription, and real-time
quantitative PCR (RT gPCR) were performed according to protocols provided in Gehring et al.
(in review). Real time gPCR was performed using RPS18 as a reference gene to normalize
expression. Gene expression was assayed using canine TagMan probes (Thermo Fisher Scientific
Inc., Waltham, MA). Probe specificity was confirmed with comparisons of canine TagMan probe
sequences to the polar bear (Ursus maritimus) genome performed with a BLASTn search of the
National Center for Biotechnology Information database (Table 1) and by the appearance of
amplicons within 40 cycles.
Culture Temperature

Mature (differentiated) adipocytes derived from active and hibernation biopsies were
cultured according to the previously described protocols. However, on day 8 post differentiation,
cultures were transferred to a 34.7 °C incubator to mimic the body temperature of a hibernating
bear (Hissa et al. 1994; Jansen unpublished observations; Tgien et al. 2011). These cells were
processed for 2-DG uptake measurements with all incubations performed at 34.7 °C. Control
wells were incubated in KRPH with 2% BSA and treated wells incubated in 300 nM insulin.
Glucose uptake assays were performed as described using samples diluted 1:3, 1:5, 1:6, or 1:10.
Use of Bear Serum in Culture

Cells originating from the active season and hibernation were cultured according to
protocols described above. All experiments were performed using low passage cells (0 or 1). At
the time of differentiation, cells were divided into different serum treatment groups. Cells were
placed in differentiation medium containing either 10% FBS or 10% bear serum from one of the

three seasonal phases. Bear serum was filtered twice through 0.22 pum filters and once through a
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0.1 um filter prior to use in cell cultures. Each cell type (active or hibernation) was cultured with
each of the four types of serum. Maintenance medium was supplemented with the assigned
serum type for the remaining 8 days in culture prior to incubation in starve medium. Cells were
processed for glucose uptake quantification using procedures described above with slight
modifications due to the enlarged lipid droplets observed in cultures with hyperphagic and active
season serum, which made them prone to peeling. This tendency was not due to cell death as
evidenced by total RNA concentrations (see results). Thus, all cultures were transferred directly
from maintenance medium to starve medium and were washed once with 1x PBS prior to the 40
minute incubation in KRPH containing 2% BSA. Control wells were incubated in KRPH with
2% BSA whereas treatment wells were incubated in 300 nM insulin. Each cell type, serum, and
insulin dose combination was cultured in duplicate. Glucose uptake colorimetric assays were
performed as described above. Samples were assayed in duplicate at one of the following
dilutions: 1:3, 1:10, 1:15, or 1:20. Correction factors of 1.7 and 2.58 were applied to samples
assayed at 1:15 and 1:20 dilutions respectively due to nonlinearity. Replicates were also cultured
in order to measure gene expression. Cells were processed and RT q PCR run as described
above. Samples were assayed for expression of INSR, AKT1, PTEN, and PPARG using canine
TagMan probes. Probe specificity was confirmed as previously described (Table 1).
Preliminary Serum Purification

To explore the potential identity of serum factors responsible for season-dependent
effects on glucose uptake, active season serum from two adult bears (1 male, 1 female) was
treated to remove putative active constituents. All sera were first filtered through a 0.22 um
filter. Then, serum was either incubated for 30 minutes at 65°C to denature endogenous proteins

and re-filtered or charcoal-stripped in order to remove steroid and other non-protein molecules as
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follows. Activated charcoal suitable for cell culture (Sigma) was added to samples at
approximately 40mg/ml. The serum was vortexed and then incubated with agitation at 4°C for 3
hours. Following incubation, samples were centrifuged at 24,310 x g for 10 minutes. The
supernatant was collected and then filtered sequentially to remove all charcoal using 0.45, 0.22,
and 0.1 um filters. Hibernation cells, originating in the same bears from whom serum was
collected, were cultured according to the protocols outlined above. Upon reaching confluence,
cells were induced to differentiate with medium containing either FBS, active season serum,
heat-inactivated active season serum, or charcoal-stripped active season serum at a 10%
concentration. Cells were maintained in medium with the respective serum type for an additional
8 days post-differentiation. Cells were processed for insulin stimulated 2-DG uptake as described
above for serum swap cultures with samples assayed at a 1:10 or 1:20 dilution.

To corroborate results of the glucose uptake colorimetric assay, glucose concentrations of
culture medium were also measured using the same glucometer used for blood glucose
measurements. We measured glucose in unused maintenance medium and in the same medium
48 hours after its addition to culture wells on day 10 post-differentiation. VValues were collected
from hibernation cells treated with FBS, active season serum, heat-inactivated active season
serum, and charcoal-stripped active season serum.

Statistical Analysis

For statistical tests on ivITT data, percent baseline values were used. Raw data from
oGTTs were analyzed. For iviTTs and oGTTs, effect of season and time post insulin or dextrose
administration was analyzed using two-way ANOVAs. Tukey’s multiple comparison tests were
run to compare blood glucose, insulin, or glucagon values at each time point between the three

seasons. A one-way ANOVA and Dunnett’s multiple comparisons tests were used to determine

13



seasonal differences in baseline insulin values. Baseline subtracted values were calculated for
insulin treated adipocytes for all glucose uptake measurements from cell cultures. Effect of cell
season and insulin dose were determined with a two-way ANOVA for insulin dose response
curves. Glucose uptake values from undifferentiated cells, cells cultured at 34.7°C, and serum
swap cultures were also analyzed using two-way ANOVAs and subsequent Sidak’s multiple
comparisons tests to determine effect of cell season and differentiation, temperature, or serum
type. A Kruskal-Wallis test and Dunn’s multiple comparisons were performed to compare
medium glucose concentrations in cultures treated with different forms of active season serum. A
two-way ANOVA was used to assess differences in total RNA between cultures grown under
different serum conditions.

For gene expression, fold changes were calculated in two ways: 1) under insulin
stimulation (300nM) with respect to expression in untreated cells (no insulin) to obtain a measure
of the cells response to insulin for each gene and 2) in the absence of insulin with respect to
expression in hibernation cells cultured with FBS, to obtain an estimate of the relative expression
at baseline between different serum types. For undifferentiated cells and differentiated cells
cultured with FBS, fold change was also calculated with respect to expression in undifferentiated
cells derived from hibernation (no insulin) to determine relative expression at baseline. Two-way
ANOVAs were used to analyze effect of cell season and either serum type or differentiation on
response to insulin or on baseline expression. Sidak’s or Tukey’s multiple comparisons tests
were used to examine differences between the cell season and serum treatment groups.
Differences with P < 0.05 were considered statistically significant. All data are presented as

mean + SEM.
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RESULTS
IN VIVO EXPERIMENTS
Insulin Tolerance Test (ivITT)

Hibernating bears exhibited a minimal response to insulin with blood glucose only falling
to 95 £ 5% of baseline at 40 minutes post injection (Figure 1). During May sampling, blood
glucose levels dropped to a low of 60 + 4% at 35 minutes, and rose slightly to 63 + 4% at 40
minutes post injection. There was a more pronounced decrease in blood glucose levels in
response to insulin administration during October ivITTs. During this season, blood glucose
levels fell to 47 £ 2% of baseline at 40 minutes post injection. This value likely underestimates
the reduction in blood glucose because measurements were terminated for three bears after 30
minutes due to severe hypoglycemia, at which time they were administered dextrose. There was
a significant effect of both time post insulin injection and season on glucose concentrations [two-
way ANOVA; time post insulin F(8,232) = 58.50, P < 0.0001; season F(2, 232) = 333.30, P <
0.0001]. There was also a significant interaction between time point and season when the sample
was collected [two-way ANOVA; F(16,232) = 9.98, P < 0.0001]. Significant differences existed
between January and May (P = 0.0020) as well as January and October (P = 0.0012) glucose
concentrations at 5 minutes post insulin administration and for all subsequent time points at the
P< 0.0001 level. There were several differences between blood glucose levels in May and
October at the 25 (P = 0.0065), 30 (P = 0.0037), and 40 (P = 0.0059) minute time points.
Glucose Tolerance Test (0GTT)

In unanesthetized bears following a 1g/kg oral dose of dextrose, blood glucose peaked at
15 minutes in May (117 = 5 mg/dL) and October (104 + 7 mg/dL) and declined throughout

subsequent sampling, reaching near baseline levels at 120 minutes (Figure 2). In contrast,
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glucose increased continuously over the entire 120 minute sampling period in January and
remained elevated at this time point compared to the other seasons (P < 0.0001). Due to a
delayed rise in blood glucose during hibernation, January values were significantly lower than
those in October and May at the 15 minute time point (P < 0.0001). Both time post dextrose
administration and season had a significant effect on blood glucose concentrations [two-way
ANOVA,; time post dextrose F(3,53) = 27.20, P < 0.0001; season F(2, 53) = 6.19, P = 0.0038].
There was also a significant interaction between these factors [two-way ANOVA; F(6,53) =
15.61, P < 0.0001]. We observed no significant difference between baseline glucose
concentrations in May (66 + 2 mg/dL), October (58 + 1 mg/dL), and January (60 £ 4 mg/dL).

Serum insulin also peaked 15 minutes after dextrose consumption in October (0.36 = 0.09
ng/ml) and May (0.26 = 0.05 ng/ml). Similar to glucose (Figure 2a), insulin concentrations
increased during hibernation reaching a high of 0.23 + 0.10 ng/ml at 60 minutes and remained
constant through 120 minutes (Figure 2b). Time post dextrose consumption had a significant
effect on serum insulin [two-way ANOVA; F(3,24) = 7.61, P = 0.0010], and there was a
significant interaction of time point and season on insulin concentration [two-way ANOVA;
F(6,24) = 2.75, P = 0.0352]. January insulin was significantly lower than October insulin at 15
minutes (P = 0.0337). Differences between January insulin and May and October concentrations
approached significance at the 120 minute time point (January vs. May, P = 0.0582; January vs.
October, P = 0.0518). The seasonal effect on baseline insulin approached significance [one-way
ANOVA; F(2,6) = 4.76, P = 0.0578]. January insulin was greater than October and May (P =
0.0392) values by factors of 1.65 and 2.64 respectively.

Unlike glucose and insulin, glucagon levels were unchanged following dextrose

administration. Overall, glucagon concentrations were significantly higher in January compared
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to May or October [two-way ANOVA; F(2,30) = 9.53, P = 0.0006]. May values (1.13 = 0.02
ng/ml) were consistently lower than those in October (1.35 + 0.02 ng/ml; P = 0.0061) and
January (1.45 £ 0.003 ng/ml; P = 0.0002) (Figure 2c). The ratio of glucagon to insulin was
lowest in January (10.03 + 0.99) and elevated in May (20.09 + 0.82) and October (15.59 + 1.59)

by factors of 2.0 and 1.55 respectively.

IN VITRO EXPERIMENTS
Insulin Dose Response

When differentiated adipocytes were treated with varying doses of insulin, there was a
significant main effect of season from which the cells were derived on 2-DG uptake [two-way
ANOVA; F(2,45) = 3.23, P = 0.0487] (Figure 3). At baseline, cells from the hyperphagic period
had the highest 2-DG uptake at 211.36 + 39.36 pmol per well. Uptake was 30.14 + 7.21 pmol
greater in hyperphagic cells than cells derived from hibernation. The most pronounced seasonal
differences existed at the 1000 nM insulin dose with hibernation cells having the highest baseline
subtracted 2-DG uptake at 243.34 + 82.26 pmol. At this dose, hibernation cells expressed a
significantly greater rate of uptake by 232.59 + 8.26 pmol compared to active season cells (P =
0.0029). Uptake was 129.51 + 9.00 pmol higher in hibernation cultures than in hyperphagic
(October) cells, although this did not reach statistical significance (Tukey post-hoc analysis, P =
0.1491).
Adipocyte Differentiation

We observed a significant effect of cell type (undifferentiated vs. differentiated) on 2-DG
uptake [two-way ANOVA; F(1,28) = 7.54, P = 0.0104] (Figure 4). Baseline-subtracted 2-DG

uptake was significantly lower in undifferentiated cells during both hibernation (11.09 £ 3.99
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pmol) and active season (9.01 + 3.13 pmol) compared to differentiated cells (hibernation, 99.15
+ 63.04 pmol; active, 114.60 + 31.18 pmol).

There were no significant differences on INSR or PPARG expression in response to
insulin treatment across cell season or between undifferentiated or differentiated cultures.
However, baseline (no insulin) expression of INSR [two-way ANOVA; F(1,28) =7.74,P =
0.0096] and PPARG [two-way ANOVA; F(1,28) = 73.87, P < 0.0001] varied significantly with
cell type, with differentiated cells having higher expression than undifferentiated cells (Figure 5).
Expression of PPARG was 18.39 times higher in differentiated cells than in undifferentiated cells
for active season cultures. There was a 13.19 fold difference in hibernation cells.

Culture Temperature

To more closely mimic the body temperature of hibernating and active bears, we
measured 2-DG uptake at 37°C and 34.7°C (Figure 4). In active season cells, 2-DG uptake was
similar between mature adipocytes cultured at 37°C (114 + 31.18 pmol) and 34.7°C (109.82
32.60 pmol). Uptake was higher in hibernation cells cultured at 37°C (99.15 + 63.04 pmol)
compared to those grown at 34.7°C (-8.33 + 36.21 pmol). However, due to high variability
between individual bears, this difference did not reach statistical significance.

Use of Bear Serum in Culture

Differentiated cells obtained during the active and hibernation seasons were treated with
insulin (300nM) in the presence of bear serum obtained at different times of the year (active,
hyperphagic, and hibernation) (Figure 4). The results revealed a significant effect of serum type
on glucose uptake [two-way ANOVA; F(3,55) = 9.91, P <0.0001]. There was also a significant
interaction between serum type and season during which the cells were obtained [two-way

ANOVA; F(3,55) = 7.76, P = 0.0002]. For cells cultured with bear serum, adipocytes grown in
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hyperphagic and active season serum had higher 2-DG uptake than those cultured in FBS for
cells from both seasons. Active cells with hyperphagic serum and active serum had 229.82 +
13.12 pmol and 307.83 + 13.36 pmol higher 2-DG uptake respectively than active cells in FBS
(Table 2). Uptake in hibernation cells with hyperphagic serum was 438.57 + 22.46 pmol greater
than cells of the same season cultured in FBS. Hibernation cells in active serum had 901.62 +
21.95 pmol higher 2-DG uptake than hibernation cells in FBS. For active and hibernation
cultures, cells matched with serum from the same season had significantly different uptake
between seasons (P = 0.0464). There were also significant seasonal differences between cells
grown in serum from the opposite season (P = 0.0005) (Figure 4). To determine if differences in
2-DG uptake were the result of variation in live cell concentrations, total RNA was compared
between seasons and serum type. There were no significant differences in amount of RNA.
Gene expression of INSR, PTEN, and AKT1 was measured in active and hibernation cell
cultures grown with all serum types. For INSR, there was a significant effect of serum type on
response to insulin [two-way ANOVA,; F(3,56) = 3.37, P = 0.0248]. There was also a significant
interaction between cell season and serum type [two-way ANOVA; F(3,56) = 7.65, P = 0.0002].
For active season cells, the INSR response to insulin was greater following active and
hyperphagic serum exposure compared to FBS and hibernation serum treatment (active vs.
hibernation, P = 0.0131; active vs. FBS, P = 0.0278; hyperphagic vs. hibernation, P = 0.0022;
hyperphagic vs. FBS, P = 0.0052) (Figure 6a). Active cells cultured with hyperphagic serum also
had significantly greater INSR response than hibernation cells with active serum or FBS at the P
< 0.05 level. We found no differences in insulin response among hibernation cells cultured in
different sera. The response of PTEN to insulin did not differ significantly between cell seasons

or sera. Expression of AKTL1 in response to insulin was significantly influenced by cell season
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[two-way ANOVA; F(1,56) = 4.14, P = 0.0467]. There was also a significant interaction
between cell season and serum type on the response of AKT1 to insulin [two-way ANOVA;
F(3,56) = 8.17, P = 0.0001]. Within the active season, cells grown in hyperphagic serum had
significantly greater AKT1 response compared to cells exposed to hibernation serum (P =
0.0066). Hibernation cells cultured in hibernation serum exhibited a significantly higher AKT1
response compared to active cells with hibernation serum (P = 0.0002) and FBS (P = 0.0206). No
differences were found for any serum exposure within hibernating cells (Figure 6b).

Baseline expression of INSR, PTEN, and AKT1 relative to hibernation cells cultured in
FBS was significantly influenced by serum type [two-way ANOVA,; INSR F(3,55) =9.39, P <
0.0001; PTEN F(3,55) = 6.00, P = 0.0013; AKT1 F(3,56) =5.20, P = 0.0031] . There was also a
significant effect of cell season on AKT1 expression [two-way ANOVA,; F(1,56) =8.70, P =
0.0046] as well as a significant interaction between cell season and serum type [two-way
ANOVA; F(3,56) = 4.41, P = 0.0075] (Figure 7). INSR expression for active season cells
cultured with bear serum was significantly lower than in FBS cultures (active vs. FBS, P =
0.0021; hyperphagic vs. FBS, P = 0.0006; hibernation vs. FBS, P = 0.0228) (Figure 7a). For
PTEN, all hibernation cells cultured in bear serum exhibited significantly lower baseline
expression compared to FBS (active vs. FBS, P = 0.0319; hyperphagic vs. FBS, P = 0.0209;
hibernation vs. FBS, P = 0.0366) (Figure 7b). Active season cells cultured with bear serum
generally expressed lower levels of PTEN compared to FBS, but these differences did not reach
statistical significance. Baseline expression of AKT1 was high in active season adipocytes grown
with FBS compared to active cells cultured with active and hyperphagic serum (FBS vs. active, P
=0.0248; FBS vs. hyperphagic, P = 0.0063). All hibernation cells grown in bear serum also had

significantly lower AKT1 expression at baseline than active season FBS cultures (FBS vs. active,
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P =0.0328; FBS vs. hyperphagic, P = 0.0231; FBS vs. hibernation, P = 0.0008) (Figure 7c). In
the absence of insulin stimulation, active cells grown in hibernation serum also had high levels of
AKT1 expression compared to active season cultures with hyperphagic serum (P = 0.0381) and
hibernation cells matched with hibernation serum (P = 0.0054).

Preliminary Serum Purification

Heat inactivation and charcoal stripping were used to determine if the active substances
in bear serum responsible for effects on glucose uptake were protein or non-protein. When
compared to hibernation cells cultured in untreated active serum, 2-DG uptake (baseline
subtracted) was reduced >50% in cells treated with heat-inactivated active serum whereas
charcoal stripped serum only resulted in an approximate 21% reduction. Similarly, 2-DG uptake
was approximately 38% less in FBS cultures compared to cells grown in active serum, although
this did not attain statistical significance.

There was a significant effect of serum type on glucose usage, estimated from glucose
concentrations of culture medium after a 48 hour incubation [Kruskal-Wallis test, P = 0.0008].
Glucose usage was significantly greater in hibernation cells grown with untreated active season
serum (P = 0.0005) and charcoal-stripped active serum (P = 0.0217) compared to those grown in
FBS (Figure 8) by 131.50 + 9.01 mg/dL and 108.25 + 8.60 mg/dL respectively. Active serum
cultures utilized 81.13 £ 10.09 mg/dL more glucose than cells grown in heat-inactivated serum
although this difference did not reach statistical significance. Regression analysis revealed a
strong positive relationship between glucose uptake and estimated glucose usage measured in

culture medium for cells treated with insulin (R? = 0.992) and for untreated cells (R? = 0.983).
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DISCUSSION

Both whole animal and cell culture results revealed a naturally reversible state of insulin
sensitivity characterized by resistance during hibernation and enhanced insulin responsiveness
during the active season. Insulin sensitivity and glucose metabolism were altered under different
culture and treatment conditions. Results from cultures exposed to bear serum suggest that serum
factors play a central role in the seasonal metabolic changes observed, and preliminary serum
purification experiments point to the importance of serum protein(s) in regulating glucose
metabolism in adipocytes. Serum also affected expression of genes directly involved in the
insulin signaling pathway including INSR and AKT1.

Bears were most responsive to insulin administration during the hyperphagic and active
seasons while hibernating bears displayed a muted response to insulin. These findings
corroborate results from black bears, which indicate delayed glucose absorption following
insulin administration during hibernation (Palumbo et al. 1983). These results were supported by
our findings from the oGTTs performed in unanesthetized bears. Blood glucose and insulin
peaked at 15 minutes during May and October after which glucose disappeared from the blood
quickly over the 120 minute time span. In contrast, during hibernation, glucose concentrations
rose continuously throughout the sampling period, and insulin increased slowly over the two
hour time span. This is likely due to inefficient gut absorption of glucose since insulin peaked at
30 minutes for all seasons during intravenous GTTs in anesthetized Japanese black bears
(Kamine et al. 2012a). However, a rise in glucose concentrations despite elevated serum insulin
in the unanesthetized bears supports a general state of peripheral insulin resistance leading to an

absence of glucose clearance from the blood.
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Together, results of ivITTs and oGTTs indicate that bears exhibit insulin resistance and
impaired glucose metabolism during hibernation and regain sensitivity in the spring. They
remain insulin sensitive, perhaps even more so, during the hyperphagic period when glucose
storage and fat accumulation are at a maximum (Hilderbrand et al. 1999; Kingsley et al. 1983;
Nelson et al. 1983). The transition between fatty acid and carbohydrate metabolism has been
extensively studied in ground squirrels revealing severely depressed lipogenesis during
hibernation (Tashima et al. 1970). Seasonal changes in lipogenic and lipolytic enzyme
expression and activity have also been observed in the white adipose tissue of hibernating
rodents revealing higher levels of lipolytic enzymes during hibernation (Bauer et al. 2001; Carey
et al. 2003; Martin 2008; Mostafa et al. 1993; Wang et al. 1997; Wilson et al. 1992). In bears,
insulin resistance during hibernation could inhibit the anti-lipolytic effects of insulin and
facilitate lipolysis. This state would also prevent insulin from clearing glucose from the blood to
maintain euglycemia seen in the unanesthetized hibernating bears.

Glucose and insulin curves in bears during the active and hyperphagic seasons generally
followed trends observed in lean humans while hibernation profiles resembled those seen in
individuals suffering from T2DM or with impaired glucose metabolism (Eriksson et al. 1989;
Mari et al. 2001; Vaag et al. 1992). However, glucose levels increased more slowly and started at
a lower baseline concentration in hibernating bears than in diabetic humans. Insulin also peaked
and declined more rapidly in active bears than lean humans. Basal levels of glucose did not differ
significantly between seasons, but insulin was found at higher concentrations (approximately
2.5-fold) during hibernation than in the active season which is comparable to the
hyperinsulinemia seen in diabetic humans (approximately 2-fold) (Mari et al. 2001; Shanik et al.

2008). This contrasts with previous research in black bears, which found the highest serum
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insulin concentrations in the fall (Kamine et al 2012a; Nelson et al. 1973; Palumbo et al. 1983)
and in ground squirrels where insulin reached a maximum in August just prior to hibernation
(Boswell et al. 1994; Tokuyama et al. 1991). However, our insulin measurements were obtained
during different times of the year than those from Japanese black bears, which did not include a
mid-hibernation (January and February) sample (Kamine et al. 2012a). VVarying seasonal effects
of different drug combinations could also have affected serum insulin in previous studies
(Kamine et al. 2012b). Indeed, a recent study, using a large sample size of captive and wild
bears, also found the highest insulin concentrations during hibernation, which is consistent with
an insulin resistant state (McCain et al. 2013) and our current findings.

The hyperinsulinemia observed during hibernation may play an important role in the
development of the insulin resistant state (Shanik et al. 2008). For example, transgenic mice
expressing extra copies of the human insulin gene displayed reduced glucose clearance during
ITTs along with a prolonged elevation in postprandial blood glucose (Marban and Roth 1996).
One possible mechanism for this has been revealed in human lymphocytes and obese insulin
resistant mice where chronic elevated insulin levels resulted in a reduced number of insulin
receptors (Gavin et al. 1974). Although our results of INSR expression do not support this, the
reduction in AKT1 in hibernation cells cultured with hibernation serum (no insulin) compared to
active cells suggest a possible downstream influence.

Insulin insensitivity in hibernating bears may also be driven by the high levels of
glucagon. Glucagon is a counterregulatory hormone that stimulates lipolysis and hepatic glucose
production while blocking insulin’s metabolic actions. Increased protein degradation and amino
acid reutilization in hibernating bears (Barboza et al. 1997) could drive the high levels of

glucagon observed (Pipeleers et al. 1985; Rocha et al. 1972). The absolute level of glucagon as
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well as the ratio of circulating glucagon to insulin are very important for maintaining normal
blood glucose in healthy individuals, and both are elevated with T2DM (Bratusch-Marrain 1983;
Jiang and Zhang 2003; Unger 1978). In contrast, we found that the glucagon to insulin ratio in
bears was lower during hibernation compared to the active and hyperphagic seasons by factors of
2 and 1.5 respectively due in part to the increased insulin secretion in hibernating bears. In bears,
high levels of circulating glucagon and insulin together may facilitate maintenance of normal
blood glucose during fasting and contribute to the observed insulin resistant state. Peripheral
insulin resistance combined with possible enhanced glucagon sensitivity in hibernating bears
could stimulate lipolysis in subcutaneous adipose tissue leading the release of glycerol, an
important substrate for gluconeogenesis. Glucagon also stimulates glycogenolysis and
gluconeogenesis in the liver (Exton and Park 1968; Stevenson et al. 1987) potentially accounting
for the euglycemia observed in hibernating bears. Glucagon-stimulated FFA and glucose release
could provide a significant fuel source for muscle and brain tissue throughout the winter fast
(Figure 9).

The metabolic transitions that occur in grizzly bears throughout the year may be
modulated by neural and/or gastrointestinal mechanisms responding to food availability. Indeed,
we found evidence suggesting that the insulin resistance characteristic of hibernating bears may
be reversible with prolonged feeding. Repeated dextrose administration over the span of several
weeks during hibernation caused blood glucose in the unanesthetized bears to decline after 60
minutes, rather than remain elevated. When feeding was discontinued and bears were fasted for
approximately two weeks, the response to oral dextrose administration again resembled that
observed in an insulin resistant state (i.e., blood glucose rose continuously; Rigano unpublished

observations). This observation is not entirely surprising given that captive bears will continue to
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eat (although with a greatly reduce appetite) during the winter (Hill 2013; McCain et al. 2013),
unlike marmots which will not eat throughout winter even when presented with food (Florant et
al. 2010). Male bears on Kodiak Island have also been reported to forgo denning during winter
months likely due to a prolonged period of food availability during the year (Van Daele et al.
1990). These bears appeared to be in state of “walking hibernation” described by Nelson et al.
(1983) in which they were active yet exhibited suppressed metabolic activity and decreased food
intake. These seasonally-specific metabolic changes are further supported by observations that
fasted bears in the active season do not develop the fat-based metabolism found in hibernating
bears and catabolize lean mass for energy similarly to humans and nonhibernating mammals in a
fasted state (Nelson et al. 1975).

Investigation into specific endogenous factors affecting seasonal states of insulin
responsiveness indicate that adipocytes provide a viable in vitro system to examine this in bears,
but only when cultured with serum from the matching season. Hibernation cells grown in FBS
and treated with supraphysiological doses of insulin (> 500 nM) displayed the greatest response
in glucose uptake compared to hyperphagic or active season cells. This exaggerated response to
insulin is discordant with the insulin resistance exhibited in hibernating bears in vivo. Thus, the
hibernation physiology of adipocytes also appears to be reversible under conditions of intense
lipogenic stimulation. Temperature had no significant effect on cellular response to insulin
suggesting a minimal role of decreased body temperature on inducing hibernation physiology in
bear adipocytes. This is supported by the observation that metabolic suppression in black bears
was also independent of temperature changes (Taien et al. 2011). Thus, endogenous serum
factors appear to be extremely important in the regulation of seasonal transitions in insulin

sensitivity.
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Active season serum had the most striking effect on glucose uptake in vitro. In
hibernation derived adipocyte cultures, there was an approximate 1000-fold difference in glucose
uptake in response to insulin between serum matched and serum opposite groups. Hibernation
cells cultured with active season serum had the highest glucose uptake values of any cell season
and serum combination. Hibernation serum caused a reduction in glucose uptake compared to
active serum in cells originating from the active season, although the decrease was less
pronounced. The effects of serum factors from hibernating animals have been demonstrated in
ground squirrels where hibernation was induced in active animals by the serial transfusion of
serum from hibernating individuals (Dawe and Spurrier 1969; Spurrier et al. 1976). Summer
serum also inhibited hibernation in the fall when ground squirrels would typically begin fasting
(Spurrier et al. 1976). Serum from hibernating black bears and polar bears at different times of
the year had a similar effect causing the onset of hibernation in ground squirrels (Bruce et al.
1990; Ruitt et al. 1987), while November polar bear serum induced hyperphagia (Bruce et al.
1990). However, other studies were not able to replicate this effect with intraspecies transfusions
in ground squirrels or with European brown bear (Ursus arctos arctos) serum in Djungarian
hamsters (Phodopus sungorus) and rats (Karjalainen et al. 1994; Wang et al. 1988).

Here, we have demonstrated the pronounced effect of grizzly bear serum on glucose
metabolism in fat cells. Serum from the active and hyperphagic seasons caused increased glucose
uptake in response to insulin in both active and hibernation cells suggesting these sera possibly
contain increased levels of insulin sensitizing agents compared to serum from hibernating bears.
The response to insulin was slightly reduced in charcoal-stripped serum cultures compared to
untreated active serum cultures suggesting steroids such as thyroxine or glucocorticoids may be

involved in the initiation of the insulin response. Elevated levels of FFAs found in hibernation
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serum (Ahlquist et al. 1984; Hellgren et al. 1993; Nelson et. al. 1973) are commonly associated
with insulin resistance (Delarue and Magnan 2007; Shulman 2004; Wilcox 2005). FFAs inhibit
glucose uptake by preventing glucose transport or phosphorylation activity (Roden et al. 1996).

However, adipocytes cultured with heat-inactivated serum had dramatically lower
glucose uptake in response to insulin than cultures grown in untreated active season serum
indicating that these changes are being driven by serum protein. Bruce et al. (1990) also found
that hibernation was triggered by a factor in the albumin fraction of polar bear serum. The
adipocyte produced hormone leptin has been found to vary seasonally in bears with lower levels
during hibernation compared to the active season and spiking prior to the onset of hibernation
(Gardi et al. 2011; Gehring et al. in prep; Hissa et al. 1998; Tsubota et al. 2008). Leptin
production is positively correlated with adiposity (Havel et al. 1996), and prolonged exposure to
leptin decreases insulin stimulated glucose uptake and lipogenesis (Harris 2014; Muller et al.
1997). Thus, the rise in leptin in the fall may promote insulin resistance in hibernating bears.
Apolipoprotein A-1V (apoA-1V) has a significant role in regulating glucose homeostasis and is
downregulated during hibernation (Chow et al. 2013; Morgenstern et al. unpublished
observations). ApoA-1V knockout mice exhibited impaired glucose tolerance (Wang et al. 2012)
consistent with the metabolic state observed in unanesthetized hibernating grizzly bears and
adipocytes when cultured with serum from hibernating bears. Recently insulin growth factor
binding protein-2 (IGFBP-2) and enzymes involved in the production of reactive oxygen species
(ROS) were also found to be elevated in bear serum during hibernation (Blumenthal et al. 2011;
Morgenstern et al. unpublished observations). The balance between these peptides may be vital
to maintaining the euglycemia observed in insulin resistant bears during hibernation since

IGFBP-2 has been shown to prevent insulin resistance and glucose intolerance (Hedbacker et al.
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2010; Wheatcroft et al. 2007) while ROS have been implicated in the development of insulin
insensitivity (Bashan et al. 2009).

Serum treatments did not account for all of the variation in adipocyte glucose
metabolism. There were seasonal differences in insulin response of glucose uptake and AKT1
expression in cells treated with the same type of bear serum. Active cells treated with hibernation
serum maintained some sensitivity to insulin while hibernation cells cultured with matched
seasonal serum were unresponsive to insulin treatment based on glucose uptake results. Active
season serum in hibernation cells caused a prominent spike in glucose uptake compared to active
cells with active serum. This indicates that cells derived from active and hibernating bears are
inherently different and respond differently to the same serum and treatment conditions. Thus,
glucose metabolism and insulin response are likely regulated by a combination of cell
autonomous and serum factors.

Hibernation evolved multiple times across a wide variety of mammalian species while the
insulin signaling pathway has been highly conserved. Thus, the regulation of this process is
likely controlled by differential gene expression as opposed to novel proteins (Martin 2008;
Srene et al. 1992). Measures of PPARG and INSR expression in undifferentiated compared to
differentiated cells support conserved glucose uptake and lipogenic pathways in grizzly bears
and point to the importance of these genes in stimulating adipocyte differentiation. However,
lower expression of INSR and PTEN in cells cultured with bear serum compared to FBS
suggests bears operate at much lower levels of circulating insulin and higher levels of sensitivity
than other species (Lee et al. 2003; Shanik et al. 2008). The large response of INSR to insulin
stimulation in active cultures grown with active and hyperphagic serum is consistent with the

glucose uptake results indicating high sensitivity of these cells to insulin. However, hibernation
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cells grown in active season serum did not exhibit a proportional increase in INSR following
insulin stimulation even though they had the greatest change in glucose uptake. There were also
no seasonal differences in baseline INSR expression. Thus, the regulation of insulin sensitivity is
likely occurring via a post receptor mechanism.

AKT1 expression did vary with respect to cell season and serum although fold changes
were relatively small compared to those observed in expression of other lipogenic enzymes
following insulin stimulation in mouse 3T3-L1 cells (O’Brien and Granner 1991; Wang and Sul
1998; Weiner et al. 1991). The AKTL1 response to insulin in active season cells was greatest in
cells treated with active and hyperphagic serum. These cells also displayed the highest levels of
glucose uptake indicating that AKT1 is likely an important factor involved in mediating this
response to insulin in bear adipocytes. However, the greatest increase in AKT1 took place in
hibernation cells treated with hibernation serum which exhibited minimal changes in glucose
uptake following insulin treatment. Thus, the relationship between changes in AKT1 and the
observed adipocyte insulin response is unclear.

The high response of AKT1 expression in cells which exhibit an insulin resistant
phenotype conflicts with studies indicating suppressed AKT activity in humans with T2DM
(Carvalho et al. 2000; Smith 2002). Decreased activation of AKT has also been documented in
hibernating mammals (Eddy and Storey 2003; Hoehn et al. 2004; Lee et al. 2002). Although
activation of AKT was upregulated in adipose tissue of marmots during the summer, expression
of AKT did not change seasonally (Hoehn et al. 2004). Insulin has also been shown to increase
efficiency of mMRNA translation resulting in elevated protein levels without an increase in total
mRNA (O’Brien and Granner 1991). Thus, expression levels measured in the current study may

not mirror seasonal activity of AKT in grizzly bear adipocytes. Changes in AKT1 expression
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may also reflect variation in other signaling pathways mediated by AKT1. At baseline (no
insulin), AKT1 expression was greatest in active season cells grown with hibernation serum and
FBS and lowest in hibernation cells with hibernation serum. This cell-specific discrepancy
between adipocytes exposed to the same serum type may be the result of seasonal upregulation
of other signaling events mediated by AKT1 such as immune response or cell proliferation
(Brazil et al. 2004; Datta et al. 1997; Kandel et al. 2002; Okkenhaug and VVanhaesebroeck 2003;
Weichhart and Sdemann 2008). Thus, high AKT1 expression in active cells could indicate that
these cells are primed for enhanced protein synthesis, survival, and proliferation.

Further work is needed to identify the serum factors involved in seasonal transitions in
insulin sensitivity and determine the mechanisms by which insulin signaling is regulated in
grizzly bears. Examining protein activity may be more important than gene expression in
understanding these mechanisms. The downstream target GLUT4 might be a more appropriate
indicator of insulin sensitivity than AKT because both protein and mRNA levels are depressed in
fat cells from subjects with impaired insulin signaling (Carlson et al. 2003; Smith 2002).
Differences in insulin sensitizing agents such as PPARG between bear serum cultures may also
provide mechanistic insight into metabolic regulation during hibernation since activation of
pyruvate dehydrogenase kinase isoenzyme 4 (PDK4) via PPARG was proposed as an important
means of switching to fatty acid oxidation in hibernating ground squirrels (Buck et al. 2002).

The results presented here identify several physiological and adipocyte-specific seasonal
changes in metabolism of grizzly bears. Specifically, transitions in insulin sensitivity and glucose
tolerance facilitate a switch from a carbohydrate metabolism and lipogenesis to a lipolytic
metabolism during hibernation. Hibernation physiology may be in part reversible with high

glucose levels and lipogenic stimulation. The most important regulator of insulin sensitivity in

31



grizzly bears is a seasonally specific serum protein, but there are also autonomous differences
between hibernation and active season derived adipocytes. Our research provides a strong
foundation for understanding seasonal cycles in grizzly bear glucose metabolism and extends our
understanding of bear hibernation physiology. The identification of a serum factor responsible
for this regulation and the mechanisms by which it operates may lead to advances in our

understanding of human metabolic disorders.
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Table 1. Gene names, expected values (indicating background noise), and predicted U. maritimus
homology for canine probes used to characterize cellular response to differentiation, serum
exposure, or insulin treatment. Homology and expected values were determined using a BLASTn

search of the National Center for Biotechnology Information database

Gene TagMan Probe Interrogated U. maritimus E Identity
ID RefSeq RefSeq Value (%)

AKT1 Cf02694335 mH XM 548000.2 XM 008706093.1 6e™° 93

INSR  Cf02647625 ml XM 5421082  XM_008705466.1 3e™ 96
PPARG Cf02625640 m1 NM_001024632.2 XM _008697869.1 6e™ 96
PTEN  Cf02628582_ml1 NM_001003192.1 XM_008689584.1 2e® 99

RPS18  Cf02624915 g1 NM_001048082.1 XM 008693439.1 1le™ 95
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Table 2. 2-Deoxyglucose uptake (pmol/well £ SEM) with baseline values subtracted for active
(May) and hibernation (January) cells cultured in the different serum types: FBS, hyperphagic
(HYP, September/October), active, and hibernation serum. Values represent averages for 4 bears.

*P < 0.05, ***P = 0.0005 vs. active cells.

Cell Season
Serum Type Active Hibernation
FBS 114.60 + 31.18 99.15 + 63.04
HYP 344.42 +109.12 537.72 + 215.13

Serum Match ~ 422.43 + 123.54 -23.43 + 88.28*

Serum Opposite  279.43 + 108.61 1000.78 + 283.61***
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Figure 1. Blood glucose profiles given as percent of baseline after IV insulin administration
(0.015 U/Kkg). All values represent averages from 6 bears over the 2 year sampling period. A two-
way ANOVA indicated a significant effect of time post insulin and season as well as their
interaction at the P < 0.0001 level. Glucose values that are significantly different from one
another are denoted by different letters based on results of Tukey’s multiple comparisons tests (P

<0.05).
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Figure 2. a— Blood glucose (mg/dL), b — serum insulin (ng/ml), and ¢ — serum glucagon
concentrations (ng/ml) for each season following oral dextrose administration (1g/kg) in 3 bears.
Effect of season and time post-dextrose were assessed with two-way ANOVAs. Different letters
within a time point are significantly different based on results of Tukey’s multiple comparisons

tests (P < 0.05). T P = 0.0582, 0.0518 vs. May and September/October.
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Figure 3. 2-Deoxyglucose uptake (pmol/well) with baseline (no insulin) values subtracted in
response to graded insulin treatments in cells from each of the three seasonal phases: active
season (May), hyperphagia (September/October), and hibernation (January). Values represent

averages from 4 bears. A two-way ANOVA revealed a significant effect of season on glucose

uptake (P = 0.0487).
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Figure 4. 2-Deoxyglucose uptake values (pmol/well) following insulin treatment (300 nM) with
baseline (no insulin) values subtracted in undifferentiated and differentiated cells from the active
season (May) and hibernation (January) cultured in FBS at 37°C, FBS at 34.7°C, and bear serum
from the active season and hibernation. Values represent averages from 4 bears. Two-way
ANOVAs and Sidak’s multiple comparisons tests were run to determine differences between
undifferentiated and differentiated cells, differentiated cells cultured at 37°C and 34.7°C, and
differentiated cells cultured with active and hibernation bear serum. *P < 0.05, ***P = 0.0005 vs.

active cells.
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Figure 5. a — Relative expression of insulin receptor (INSR) and b — peroxisome proliferator-
activated receptor gamma (PPARG) in active (May) and hibernation (January) undifferentiated
and differentiated cells at baseline (no insulin). Gene expression is given as fold change
calculated with respect to undifferentiated cells from hibernation and averaged for 4 bears. There
was a significant difference between undifferentiated and differentiated cells for both INSR and

PPARG based on results of a two-way ANOVA (INSR, P =0.0096; PPARG, P < 0.0001).
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Figure 6. a — Insulin receptor (INSR) and b — protein kinase B (AKT1) expression in response to
insulin stimulation (300nM) reported as fold change over baseline expression (no insulin) in
cultures of matching season and serum type for both active season (May) and hibernation cells
(January) cultured with all serum types: active, hibernation, hyperphagic (September/October),
and FBS. Values represent averages from 4 bears. *P < 0.01, **P < 0.005, ***P < 0.0005 vs. the

hibernation serum treatment group within season unless otherwise specified.
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Figure 7. a— Baseline insulin receptor (INSR), b —phosphatase and tensin homolog (PTEN), and
¢ — protein kinase B (AKT1) expression given as fold change calculated with respect to
hibernation cells cultured in FBS for both active season (May) and hibernation (January) cells
cultured with all serum types: active, hibernation, hyperphagic (September/October), and FBS.

Values represent averages from 4 bears. *P < 0.05, **P < 0.005 vs. FBS within season unless

otherwise specified.
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Figure 8. Glucose usage (mg/dL) measured in culture medium for hibernation cells (January)
cultured in active season (May) serum (ACTIVE), heat-inactivated active serum (HEAT),

charcoal-stripped active serum (CHARCOAL), and FBS. Values represent averages from 2

bears. *P < 0.05, ***P = 0.0005 vs. FBS.
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Figure 9. Proposed actions of glucagon and insulin in the hibernating grizzly bear.
Heterogeneous tissue insulin sensitivity may be a mechanism for glucose sparing in hibernating
animals while glucagon may promote release of glucose from the liver to maintain euglycemia
through the processes of glycogenolysis and gluconeogenesis. Insulin resistance and glucagon

sensitivity of peripheral adipose tissue may facilitate a lipolytic metabolism.
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