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Abstract

Hibernation in bears involves a suite of metabolical and physiological changes, including the onset of insulin resistance, that are
driven in part by sweeping changes in gene expression in multiple tissues. Feeding bears glucose during hibernation partially
restores active season physiological phenotypes, including partial resensitization to insulin, but the molecular mechanisms under-
lying this transition remain poorly understood. Here, we analyze tissue-level gene expression in adipose, liver, and muscle to
identify genes that respond to midhibernation glucose feeding and thus potentially drive postfeeding metabolical and physiologi-
cal shifts. We show that midhibernation feeding stimulates differential expression in all analyzed tissues of hibernating bears and
that a subset of these genes responds specifically by shifting expression toward levels typical of the active season. Inferences
of upstream regulatory molecules potentially driving these postfeeding responses implicate peroxisome proliferator-activated re-
ceptor gamma (PPARG) and other known regulators of insulin sensitivity, providing new insight into high-level regulatory mecha-

nisms involved in shifting metabolic phenotypes between hibernation and active states.
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INTRODUCTION

Hibernation in bears involves annual shifts in metabolism
and physiology that enable bears to survive food-scarce win-
ters (1-4). Notably, multiple tissues become insulin resistant
during hibernation, only to have insulin sensitivity restored
at the completion of the hibernation season (5-7). Recent
studies of gene expression (8), differential isoform usage (9,
10), and cell culture experiments (7, 11) have made progress
in identifying cellular and molecular mechanisms that drive
key features of hibernation. However, these studies have
relied primarily on broad comparisons between hibernating
and nonhibernating bears, and questions remain regarding
the mechanisms involved in the transitions into and out of
hibernation.

To begin to dissect the role that feeding plays in the physio-
logical transition between hibernation and the active season,
we recently tested whether the feeding of a single macronu-
trient, glucose, is sufficient to “reverse” hibernation pheno-
types. Glucose was chosen as the first macronutrient to
explore given its relevance to insulin sensitivity (12). In this
experiment, hibernating bears were fed glucose for a 10-day
period and resulting changes in metabolical and physiological
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parameters including blood serum content, metabolic rate,
body temperature, general activity, and insulin sensitivity
were quantified (12). Following feeding, many of the meas-
ured phenotypes were restored to roughly 50% of their typical
active season levels, suggesting that glucose consumption
plays an important role in, but is not the sole driver of, the
shift from hibernation active season physiology. Whether
feeding elicits changes in gene expression in hibernating
bears, and whether these changes shift toward active season
levels, was not explored.

In a follow-up study, a series of adipocyte cell culture experi-
ments were used to test whether blood serum from active sea-
son and glucose-fed hibernating bears stimulates changes in
gene expression in hibernating bears (11, 13). Serum from active
or fed bears was shown to elicit sweeping changes in gene
expression in adipocytes, including expression of many genes
involved in insulin signaling and other pathways previously
implicated in driving hibernation phenotypes. Most notably,
the expression profiles from hibernation adipocytes stimulated
with either active or glucose-fed serum were nearly indistin-
guishable from those of active season cells stimulated with
active season serum. Interestingly, levels of serum glucose and
insulin did not differ significantly between pre- and post-fed
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bears (12), suggesting that other circulating factors in the serum
are responsible for stimulating these shifts in gene expression.
Proteomic comparisons of serum types revealed a set of eight
proteins with differential abundance between hibernation and
both active and glucose-fed serums, which may play important
roles in stimulating changes in gene expression in adipocytes,
and potentially other cell and tissue types, between active and
hibernation seasons (13).

Together, these two studies indicate that feeding glucose
(referred to simply as “feeding” hereafter) plays a key role in
stimulating the physiological shift from hibernation to the
active season, yet a discrepancy remains between the near
complete reversal of gene expression at a cellular level and the
partial reversal of metabolical and physiological phenotypes
following midhibernation feeding. Here, we analyze tissue-
level differential expression following midhibernation feeding
in three key metabolic tissues—adipose, liver, and muscle—to
better understand the molecular mechanisms involved in the
physiological shift from hibernation to the active season and
to test the hypothesis that midhibernation feeding causes
genes that were previously differentially expressed (DE) dur-
ing hibernation compared with the active season (i.e., genes
with “hibernation-specific” expression) to shift back toward
active season-like levels of expression. Given that midhiberna-
tion feeding partially restores insulin sensitivity in bears, we
further hypothesize that the set of genes with reversed expres-
sion after feeding will include a disproportionate number of
genes involved in insulin signaling. To investigate higher-level
signaling controlling postfeeding expression, we also predict
networks of upstream regulatory molecules (e.g., transcription
factors) that likely 1) drive observed gene expression across
multiple tissues and 2) are involved in regulating the candi-
date serum proteins previously implicated in modulating
hibernation gene expression in adipocytes.

MATERIALS AND METHODS

Animal Care

Brown bears (Ursus arctos horribilis) used in this study
were housed at the Washington State University Bear
Research, Education, and Conservation Center (WSU Bear
Center) in accordance with the Bear Care and Colony Health
Standard Operating Procedures and under care protocols
approved by the Washington State Institutional Animal Care
and Use Committee (Protocols #6546, #6468). This study
involved 11 bears (7 females, 4 males) ranging from 3 to 15 yr
old at the time of sampling. See Refs. 7 and 8 for additional
information about bear care procedures.

Glucose Feeding and Tissue Collection

Tissues used in this study were collected during a prior
experiment described in detail in Ref. 12. In brief, six hiber-
nating bears (4 females, 2 males) were fed a glucose solution
(dextrose, Sigma-Aldrich, St. Louis, MO) at a daily volume
calculated to replace 100% of the estimated daily energy ex-
penditure of each animal (12). Although bears typically do
not eat or drink during hibernation in nature (1), bears in the
WSU Bear Center will readily accept a diluted honey and
water solution during hibernation as a result of year-round
positive-reinforcement training (14); for this experiment, the
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honey water solution was replaced with the glucose solution,
as described previously (12). This feeding trial was conducted
over the course of 10 consecutive days. Four bears (2 females,
2 males) were excluded from the feeding trial to serve as
unfed controls.

Between 5 and 7 days before the feeding trial, all 11 bears
were anesthetized using a combination of tiletamine HCL/
zolazepam HCI (Telazol, Zoetis, Florham Park, NJ) and dex-
medetomidine (Zoetis) as described in Refs. 7 and 12.
During anesthesia, subcutaneous adipose biopsies were col-
lected from the gluteal region using a 6-mm biopsy punch
and immediately snap-frozen with liquid nitrogen (12).
Liver and skeletal muscle (gastrocnemius) biopsies were
collected using 14G tru-cut biopsy needles (Progressive
Medicinal International, Vista, CA) and snap-frozen with
liquid nitrogen. These samples comprise the “pre-experi-
ment hibernation” treatment. Following the completion of
the feeding trial, the 10 bears involved in the trial (6 fed, 4
not-fed; 1 bear was excluded from the trial entirely) were
fasted for 5-7 days, at which point they were again anesthe-
tized and adipose, muscle, and liver biopsies were collected
following the same sampling protocol as the pre-experi-
ment hibernation treatment, but sampling from a different
part of the tissue (liver and muscle) or opposite glute (adi-
pose) to minimize the impact of localized wound-healing
responses in our gene expression data. These samples col-
lected after the feeding trial comprise the “fed” and “not-
fed” treatments. All samples were stored at —80°C before
RNA extraction.

RNA Extraction, Library Preparation, and Sequencing

Frozen samples were placed into 600 pL QIAzol (Qiagen,
Redwood City, CA) and homogenized using a TissueLyser LT
(Qiagen). Following homogenization, 120 uL of chloroform
was added to each sample. Samples were vortexed for 15 s to
mix, centrifuged for 15 min at 4°C and 14,000 rpm, and incu-
bated at room temperature for 1 min. The resulting aqueous
phase was pipetted to a new tube and loaded into a QIAcube
(Qiagen) for extraction using an RNeasy Mini kit (adipose and
liver; Qiagen) or RNeasy Fibrous Tissue Mini Kit (muscle;
Qiagen). Extracted RNA yield was quantified with a Qubit 2.0
(Invitrogen, Carlsbad, CA) and RNA quality was assessed with
a BioAnalyzer 2100 [average RNA integrity number (RIN) =
6.94; Agilent Technologies, Santa Clara, CA]. Extracted RNA
was stored at —80°C. We note that several RNA extractions
were unsuccessful, and thus RNA-seq data were not generated
for these samples (Supplemental Table S1).

RNA-seq libraries were prepared using the TruSeq Stranded
Total RNA Prep Kit with Ribo-Zero Gold (Part #15031048
Rev. E, Illumina, San Diego, CA). Library concentration and
quality were assessed with a Qubit 2.0 and BioAnalyzer
2100, respectively. Samples were pooled at equimolar con-
centrations and sequenced on one lane of an Illumina
HiSeq 2500 (v4 reagents) with 100 base-pair (bp) paired-
end reads at the Washington State University Genomics Core
in Spokane, WA.

RNA-seq Data Processing and Quantification

Previously generated adipose RNA-seq data for hibernat-
ing and active brown bears (8) and from bear adipocyte cell
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culture experiments (13) were downloaded from NCBI
(BioProject PRINA413091) and processed alongside newly
generated data as described below.

Raw RNA-seq reads were trimmed using TrimGalore v0.4.2
[Krueger (15); run with Cutadapt v2.7], removing reads less than
50bp in length and with quality scores lower than 20, and
trimmed read quality was assessed using FastQC v0.11.9 (16).
Trimmed reads were mapped to the brown bear genome
[UrsArcl.0; NCBI: GCF_023065955.1; Armstrong et al. (17)] using
STAR v2.7.6a (18) in two-pass mode and outputting only uniquely
mapping reads with the flag —outFilterMultiMapNmax 1. Five
samples were mapped poorly (less than 3 million uniquely
mapped reads) and were therefore excluded from subsequent
analyses (Supplement Table S1). Gene-level expression counts
were quantified using featureCounts in the Subread package
v1.6.3 (19). Separately, transcript-level expression counts were
quantified using Kallisto v0.48.0 (20) and the brown bear tran-
scriptome (UrsArcl.0; NCBI: GCF_023065955.1).

Differential Gene-Level Expression Analysis

Raw gene-level expression counts for data generated in this
study and those generated by Jansen et al. (8) were imported
into R (21) and differential expression analyses were con-
ducted with DEseq2 v1.34.0 (22). For each tissue, pairwise
comparisons were conducted for 1) not-fed versus fed, 2) pre-
experiment hibernation versus fed, 3) pre-experiment hiberna-
tion versus not-fed, and 4) Jansen et al. (8) active season ver-
sus hibernation treatments (8). All pairwise comparison
analyses were controlled for sex. Independent hypothesis
weighting (IHW) was used to correct P values using baseMean
values from DEseq2 as the covariate (23), and differentially
expressed genes were defined as those with IHW-corrected P
values < 0.05. Significantly differentially expressed genes are
referred to hereafter as upregulated or downregulated if they
are higher or lower, respectively, in the second treatment of
each comparison compared with the first treatment; for exam-
ple, upregulated genes in the not-fed versus fed comparison
are more highly expressed in the fed treatment compared with
the not-fed treatment. Gene counts were normalized using the
variance-stabilizing transformation in DEseq2. Exploratory
PCA plotting of the top 5,000 highly expressed genes in each
tissue revealed one adipose sample (AFIN) and two liver sam-
ples (PLIN and CLIN) to be strong outliers; these samples were

removed from the dataset and differential expression analysis
was run again for adipose and liver. Final sample sizes for
each condition are listed in Table 1. Raw and normalized gene
counts are provided in Supplemental Table S2.

Gene-level expression counts generated from adipocyte
cell culture in a study by Saxton et al. (13) were also tested for
differential expression following the approach described
above; specifically, a pairwise comparison was conducted
between hibernation cell/postfeeding serum (“HG”) and
hibernation cell/hibernation serum (“HH”) treatments.

Significantly differentially expressed genes from different
comparisons and experiments were intersected to assess
overlap and plotted using the R packages ggplot2 v3.3.6 (24)
and ggvenn v0.1.9 (25). Genes with differential gene expres-
sion were characterized for enrichment of Gene Ontology
(GO) terms and KEGG pathways (26) using clusterProfiler
v4.2.2 (27)in R.

Differential Isoform Usage Analysis

Raw transcript-level expression counts were imported
into R and analyzed for differential isoform usage using
the IsoformSwitchAnalyzeR package v1.16.0 (28). The
DEXseq method (29) within IsoformSwitchAnalyzeR was
used to identify differential isoform usage between treat-
ments, controlling for sex. Differential isoform usage was
assessed between active and hibernation season treat-
ments from a study by Jansen et al. (8), between pre-experiment
hibernation, fed, and not-fed samples generated in this study,
and between HH and HG adipocyte/serum treatments from
Saxton et al.’s study (13). Amino acid sequences for isoforms
involved in switches were exported from R and protein domains
were identified using pfam_scan.pl and the PFAM database ver-
sion (30). Consequences of differential isoform usage were char-
acterized using the analyzeSwitchConsequences tool within
IsoformSwitchAnalyzeR to assess whether the involved iso-
forms differ substantially in intron retention, nonsense-medi-
ated decay susceptibility, PFAM protein domains, open-reading
frame sequence similarity, transcription start site (TSS) or tran-
scription termination site (TTS), or length of the 3’ and/or 5’
untranslated region with default parameters. This analysis iden-
tifies changes in isoform usage that are most likely to have a
true biologically relevant impact on a downstream phenotype
while minimizing changes that are likely to be biologically

Table 1. Summary of pairwise differential expression analyses

Tissue Data Source Condition 1 Condition 2 No. of DE Genes

Adipose Tissue biopsy, this study Not fed (n = 4) Fed (n =5) 160 (117 up, 43 down)
Tissue biopsy, this study Pre-experiment hibernation (n = 9) Fed (n = 5) 1(1up, O down)
Tissue biopsy, this study Pre-experiment hibernation (n = 9) Not fed (n = 4) 0
Tissue biopsy, Jansen et al. (8) Active season (n = 5) Hibernation (n = 6) 3,815 (1,791 up, 2,024 down)
Adipocyte culture, Saxton et al. (13) Hibernation cells, hibernation Hibernation cells, post- 5,183 (2,604 up, 2,579 down)

serum (n = 6) feeding serum (n = 6)

Liver Tissue biopsy, this study Not fed (n = 3) Fed (n = 4) 213 (190 up, 23 down)
Tissue biopsy, this study Pre-experiment hibernation (n = 8) Fed (n = 4) 252 (201 up, 51 down)
Tissue biopsy, this study Pre-experiment hibernation (n = 8) Not fed (n = 3) 1(0 up, 1down)
Tissue biopsy, Jansen et al. (8) Active season (n = 5) Hibernation (n = 6) 2,743 (1,425 up, 1,318 down)

Muscle Tissue biopsy, this study Not fed (n = 3) Fed (n =5) 529 (264 up, 265 down)
Tissue biopsy, this study Pre-experiment hibernation (n =10) Fed (n = 5) 1,267 (589 up, 678 down)
Tissue biopsy, this study Pre-experiment hibernation (n =10)  Not fed (n = 3) 0

Tissue biopsy, Jansen et al. (8) Active season (n = 6)

Hibernation (n = 6) 602 (278 up, 324 down)

Results of pairwise comparisons of gene-level expression. “Data source” indicates the sample type and source study of data underlying
each pairwise comparison. Sample numbers are listed next to each condition.
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inconsequential [i.e., a very small change in untranslated region
(UTR) length or shift in TSS position; (28)]. Genes with differen-
tial isoform usage were characterized for enrichment of Gene
Ontology (GO) terms and KEGG pathways using clusterProfiler
v4.2.2 in R. The three samples identified as outliers in gene-level
expression analyses (described above) were excluded from all
isoform-level analyses.

Upstream Regulatory Molecule Inferences

To infer upstream regulatory molecules (i.e., transcription
factors) that are responsible for regulating observed changes
in gene expression after midhibernation feeding, we used
CHEAS3 [accessed March 2023; (31)] to perform transcription
factor enrichment analysis on sets of differentially expressed
genes. For each tissue, we ran CHEA3 on genes with reversed,
upregulated expression after feeding (i.e., genes that are
downregulated in hibernation compared with the active sea-
son, but subsequently upregulated after feeding) and sepa-
rately genes with reversed, downregulated expression after
feeding. All enrichment analyses with CHEA3 were conducted
in R using the CHEA3 REST API. For each analysis, the top 25
predicted transcription factors based on mean rank scores
were selected for subsequent characterization and analysis.
Overlap of predicted regulatory molecules between tissues
was assessed and plotted in R using ggvenn. Many predicted
regulatory molecules of DE genes are also known to regulate
other predicted regulatory molecules; we used the ggnetwork
package v0.5.10 (32) in R to plot networks of coregulatory
interactions between predicted regulatory molecules.

Separately, CHEA3 was also used to predict regulators of a
set of candidate proteins shown previously to be differen-
tially abundant in serum of hibernating versus fed or active
bears (13) and therefore inferred to be involved in regulating,
or potentially result from, differential gene regulation
between seasons and after midhibernation feeding. A net-
work of these proteins and their top inferred regulatory mol-
ecules was created using Cytoscape v3.9.1 (33).

RESULTS

Differential Expression and Isoform Usage following
Glucose Feeding

Muscle tissues showed the greatest gene expression
response to midhibernation feeding, with 529 significantly
differentially expressed (DE) genes detected between fed
and not-fed treatments; 213 and 160 DE genes were detected
in liver and adipose, respectively (Table 1; Supplemental
Table S3). In adipose and liver, the majority of DE genes
were upregulated following feeding (117 out of 160 in adi-
pose, 190 out of 213 in liver), whereas muscle exhibited simi-
lar numbers of up- and downregulated genes after feeding
(264 up, 265 down; Table 1; Supplemental Table S3). In all tis-
sues, the pre-experiment hibernation treatment did not dif-
fer substantially from the not-fed treatments, with a single
DE gene detected between these treatments in liver [Serine
peptidase inhibitor kazal type 1 (SPINK1); downregulated in
not-fed] and no DE genes in adipose or muscle (Table 1;
Supplemental Table S3).

Gene ontology (GO) overrepresentation analysis of genes
upregulated after feeding in adipose revealed enrichment of

a single term: collagen-containing extracellular matrix
(Supplemental Fig. S1). No GO terms were significantly
enriched in genes downregulated after feeding in adipose.
Genes upregulated in liver after feeding were enriched for
multiple GO terms and KEGG pathways relating to transmem-
brane transporter activity and metabolism, including peroxi-
some proliferator-activated receptor (PPAR) signaling, whereas
downregulated genes were enriched for GO terms related to
sulfur compound binding activity (Supplemental Fig. S1). In
muscle, terms related to metabolism and the extracellular ma-
trix were enriched among upregulated genes following feeding,
whereas multiple terms related to the regulation of translation
were enriched among downregulated genes (Supplemental Fig.
S1). Enriched KEGG pathways for genes upregulated after feed-
ing in muscle included diabetic cardiomyopathy, protein
digestion and absorption, and multiple metabolism pathways,
among others (Supplemental Fig. S1).

In addition to gene-level differential expression, changes
in the expression levels individual isoforms of a given gene
can impact downstream phenotypes by modifying the
resulting gene product (34-36). Notably, changes in isoform
usage (i.e., the relative expression levels of two or more iso-
forms of a gene) can occur with or without a change to over-
all gene-level abundance. Differential isoform usage (DIU)
was previously documented between active, hyperphagia,
and hibernation seasons in adipose, liver, and muscle tissue
of brown bears, and may play a role in changes to insulin sig-
naling and other aspects of hibernation physiology (9, 10). In
the present study, analyses of DIU between fed and non-fed
treatments detected 80 genes with changes in isoform usage
in muscle tissue, 64 of which were predicted to result in a
biologically significant functional consequence (i.e., a
change in intron retention, nonsense mediated decay sus-
ceptibility, protein domains, TSS, TTS, and/or length of the
3’ or 5 UTR between isoforms that change in usage; Table 2,
Supplemental Table S4). The other two tissues showed a rela-
tively muted response, with 20 (18 consequential) and 13 (10
consequential) genes with DIU detected in adipose and liver,
respectively (Table 2; Supplemental Table S4). Genes with
DIU after feeding were not significantly enriched for any GO
terms or KEGG pathways in any tissues. In muscle, 10 genes
with DIU were also found to be DE after feeding in gene-level
expression analyses above; no genes with DIU in adipose or
liver were also found to be DE after feeding.

Midhibernation Feeding Partially Reverses Hibernation-
Specific Gene Expression

To assess whether feeding during hibernation shifts tis-
sue-level gene expression toward active-season levels, we
reanalyzed active season and hibernation RNA-seq data
from study by Jansen et al. (8) and compared it to patterns of
differential expression between fed and not-fed treatments
(Fig. 1). For adipose and liver, the majority of differentially
expressed genes after feeding are also differentially expressed
between active and hibernation seasons (56% and 69%,
respectively; Fig. 1, A and B). Muscle shared the largest num-
ber of DE genes with the active versus hibernation compari-
son (213 genes; Fig. 1C); muscle was also the only tissue that
exhibited a greater number of DE genes unique to fed versus
not-fed comparisons (316 genes; Fig. 1C) than were shared
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Table 2. Summary of differential isoform usage analyses

No. of Genes with DIU

Tissue Data source Condition 1 Condition 2 All Of Consequence

Adipose  Tissue biopsy, this study Not fed (n = 4) Fed (n =5) 20 18
Tissue biopsy, this study Pre-experiment hibernation (n = 9) Fed (n = 5) 9 6
Tissue biopsy, this study Pre-experiment hibernation (n = 9) Not fed (n = 4) 7 6
Tissue biopsy, Jansen et al. (8) Active season (n = 5) Hibernation (n = 6) 219 184
Adipocyte culture, Saxton et al. (13) Hibernation cells, hibernation serum Hibernation cells, 136 14

(n=26) postfeeding serum (n = 6)

Liver Tissue biopsy, this study Not fed (n = 3) Fed (n = 4) 13 10
Tissue biopsy, this study Pre-experiment hibernation (n = 8) Fed (n = 4) 8 4
Tissue biopsy, this study Pre-experiment hibernation (n = 8) Not fed (n = 3) 5 4
Tissue biopsy, Jansen et al. (8) Active season (n = 5) Hibernation (n = 6) 30 25

Muscle Tissue biopsy, this study Not fed (n = 3) Fed (n = 5) 80 64
Tissue biopsy, this study Pre-experiment hibernation (n = 10) Fed (n = 5) 14 1
Tissue biopsy, this study Pre-experiment hibernation (n = 10) Not fed (n = 3) 8 7
Tissue biopsy, Jansen et al. (8) Active season (n = 6) Hibernation (n = 6) 65 44

Results of pairwise comparisons of gene-level expression. “Data source” indicates the sample type and source study of data underlying
each pairwise comparison. “Of consequence” indicates the number of genes with differential isoform usage (DIU) in which the involved
isoforms differ in intron retention, nonsense-mediated decay susceptibility, presence of protein domains, the transcription start site
and/or transcription termination site location, or the length of the 3’ and/or 5’ untranslated region.

between both comparisons. In all three tissues, the majority of
DE genes shared between fed versus not-fed and active versus
hibernation comparisons showed “reversed” directions of
expression (Fig. 1, D-F); for example, genes downregulated
during hibernation were subsequently upregulated following

midhibernation feeding, and vice versa. Specifically, 84 out of
89 (94%) shared DE genes in adipose showed reversed expres-
sion after feeding, whereas 144 out of 146 (99%) were reversed
in liver (Fig. 1, D and E). All 213 shared DE genes in muscle
showed reversed expression after feeding (Fig. 1F). All genes

A Adipose B Liver C Muscle
Not Fed vs. Fed  Active vs. Hib. Not Fed vs. Fed  Active vs. Hib. Not Fed vs. Fed  Active vs. Hib.
D E F
)] N . P
8 % \\\o : \\\ S|
% % 24 o\\\ ® b \\"
o o P . By = 27 et
T B TN g
cQ o 1 s e, 09 \
=£ 1 8 ik A 2
E 0 “Reversed” . o B e - - 0 “Reversed” ~f
o et ® o A by
fo¥ = o 'N
e L -1 pi e 5 . e o
@0 2 ° L . | AN
T o 4 v, % -2 S
O o e, N %
3 g ‘ “Reversed” ® ] “Reversed” “Reversed” N
-4 -2 0 2 -2.5 0.0 25 5.0 -2 0 2 4
Active vs. Hibernation Log2FC Active vs. Hibernation Log2FC Active vs. Hibernation Log2FC
Decreased In Increased In
Hibernation Hibernation

Figure 1. Reversal of hibernation-specific gene expression following feeding. Venn diagrams indicate overlapping differentially expressed (DE; deter-
mined using DEseq2; IHW P value < 0.05) genes after midhibernation feeding (left) and between active and hibernation seasons (right) in adipose (4),
liver (B), and muscle tissue (C). The number of replicates (n) per treatment is provided in Table 1. Dot plots of log2-fold change values for overlapping DE
genes in adipose (D), liver (E), and muscle (F). Positive values on the x-axis indicate increased expression during hibernation relative to the active season,
whereas positive values on the y-axis indicate increased expression following feeding. The top-left and bottom-right quadrants correspond to genes
with “reversed” expression following feeding (i.e., downregulation during hibernation and subsequent upregulation after feeding).
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with “reversed” expression after feeding are provided in
Supplemental Table S5.

To characterize the function of genes with reversed
expression after feeding, we conducted GO term and KEGG
pathway overrepresentation analysis for each tissue using
the set of DE genes between active and hibernation seasons
in that tissue as the background. Genes with reversed and
upregulated expression in post-fed adipose were enriched
for four redundant terms related to extracellular organelles
and vesicles (Supplemental Fig. S2). These same four terms
were also enriched in reversed and post-fed upregulated
genes in liver (Supplemental Fig. S2), in addition to multiple
metabolism related terms, among others. No GO terms were
enriched in reversed and downregulated genes in either adi-
pose or liver. In muscle, reversed and upregulated genes
were enriched for involvement in the mitochondrion,
whereas reversed and downregulated genes were enriched
for multiple terms relating to gene expression, the ribosome,
and translation (Supplemental Fig. S2).

Comparisons of differential isoform usage after feeding and
between active versus hibernation found no overlap in genes
within adipose or liver. In muscle, three genes were found be
DIU in both comparisons: zinc finger CCCH-type containing 11A
(ZC3H11A), LIM domain binding 3 (LDB3), and plastin 3 (PLS3)
(Supplemental Fig. S3 and Supplemental Table S4). Of these
three, only LDB3 showed a “reversed” pattern of isoform usage
between comparisons: isoform XM_044386246.2 decreases in
isoform usage during hibernation but increased following feed-
ing (Supplemental Fig. S3).

Shared Postfeeding Responses in Cell Culture and
Tissue-Level Gene Expression

Serum collected following midhibernation feeding has
been shown to stimulate changes in gene expression in cul-
tured hibernating bear adipocytes, shifting expression to
resemble patterns observed during the active season (13). To
assess the degree to which changes in expression in adipocyte
cell culture reflect changes in complex tissue, we reanalyzed
RNA-seq data from cell culture experiments and compared it
with differential expression and isoform usage in post-fed adi-
pose tissue. We focused on the pairwise comparison between
two cell culture treatments: hibernation cells stimulated with
blood serum collected during hibernation (treatment HH;
analogous to not-fed, hibernation adipose tissue) and hiber-
nation cells stimulated with blood serum collected after the
feeding trial (treatment HG; analogous to post-fed adipose tis-
sue). A considerably larger gene expression response was
observed in cell culture comparisons compared with post-fed
tissue comparisons, with 5,183 significantly DE genes detected
in cell culture compared with the 160 DE genes detected in
post-fed adipose tissue (Supplemental Fig. S4). A total of 70
DE genes were detected in both cell culture and tissue-level
comparisons, of which 48 (~69%) shared the same direction
of differential regulation in the analogous postfeeding treat-
ments (Supplemental Fig. S4). Of these 48 genes, 34 overlap
with the set of genes found to be “reversed” after feeding in
the analyses described in the previous section. DE genes
shared between cell culture and tissue responses were not
enriched for any GO terms or KEGG pathways. Analysis of iso-
form switching between cell culture conditions identified 136
genes with an isoform switch, 114 of which are of consequence
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(Supplemental Table S4). However, none of these genes are
shared with the 13 genes found to have an isoform switch in
adipose tissue after feeding.

No Insulin Signaling Genes Exhibit Reversed Expression
after Feeding

A small number of genes involved in insulin signaling
were found to be differentially expressed after feeding
(Supplemental Fig. S5). A single gene involved in insulin sig-
naling, ATPase H + transporting VO subunit el (ATP6VOEI),
was upregulated in adipose after feeding. Two genes, Sorbin
and SH3 domain containing 1 (SORBSI) and eukaryotic trans-
lation initiation factor 4E binding protein 2 (EIF4EBP2),
were upregulated in liver after feeding (Supplemental Fig.
S5). Two additional genes, Insulin degrading enzyme (IDE)
and ATPase H + transporting V1 subunit D (ATP6VID), were
upregulated after feeding in muscle (Supplemental Fig. S5).
All five of these genes exhibited weak upregulation (all log,
fold-changes < 1; Supplemental Fig. S5), and none show
“reversed” expression (i.e., none were downregulated during
hibernation before upregulation after feeding, and vice
versa). A single insulin-related gene, glycogen synthase Kki-
nase 3 beta (GSK3B), exhibited a change in isoform usage af-
ter feeding (adipose tissue; Supplemental Fig. S6).

Upstream Regulators of Postfeeding Differential Gene
Expression

To identify higher-level regulatory molecules that may
play a role in regulating observed changes in expression after
feeding, we used CHEAS3 to identify putative regulator mole-
cules known to regulate genes with “reversed” gene expres-
sion after feeding (Supplemental Table S6). Many of the
identified upstream regulatory molecules targeting DE genes
also are known to play roles in regulating one another; core-
gulatory networks of the top 25 predicted regulatory mole-
cules for reversed up- and downregulated genes in each
tissue are shown in Fig. 2 and Supplemental Fig. S7.

Two putative regulatory molecules were predicted to regu-
late reversed, upregulated genes in both adipose and liver
[CCAAT enhancer binding protein alpha (CEBPA) and andro-
gen receptor (AR); Fig. 2], whereas one regulator, SIX homeo-
box 5 (SIX5), was inferred to regulate reversed, downregulated
genes in these two tissues (Supplemental Fig. S7). Two addi-
tional putative regulatory molecules were predicted to regu-
late reversed, upregulated genes in adipose and muscle [T-
box transcription factor 18 (TBX18) and paired related homeo-
box 1 (PRRX1); Fig. 2]. A single regulatory molecule, peroxi-
some proliferator-activated receptor gamma (PPARG), was
predicted to regulate reversed, upregulated genes in all three
tissues (Fig. 2). PPARG was predicted to target 31 (46%), 20
(15%), and 40 (37%) reversed, upregulated genes in adipose,
liver, and muscle, respectively (Supplemental Table S6). Of
these genes, six were upregulated in two tissues following
feeding, whereas a single PPARG-regulated gene, acyl-CoA
synthetase family member 2 (ACSF2), was upregulated in all
three tissues (Supplemental Table S6). The PPARG gene itself
was found to be downregulated in adipose and upregulated in
liver during hibernation (Supplemental Table S3), consistent
with previous findings by Jansen et al. (8), however it did not
exhibit reversed expression in any tissue following feeding. A
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A Overlap of predicted regulators B

Muscle

Adipose

Figure 2. Predicted upstream regulatory molecules of genes with reversed, upregulated expression after midhibernation feeding. A: overlap of the top 25
CHEA3-predicted regulators of genes with reversed, upregulated expression following feeding in adipose, liver, and muscle. Coregulatory networks of pre-
dicted upstream regulators of reversed, upregulated genes in adipose (B), liver (C), and muscle (D). Edges represent known interactions between two regu-
lators. Blue arrows indicate directional interactions that are supported by chromatin immunoprecipitation followed by sequencing (ChIP-seq) data in CHEA3
databases. PPARG, the only regulator predicted in all three tissues, is highlighted in red. PPARG, peroxisome proliferator-activated receptor gamma.

coactivator of PPARG, PPARG coactivator 1 alpha (PPARGCIA
or PGCI1A), showed reversed, upregulated expression follow-
ing feeding in liver tissue (Supplemental Table S5).

Upstream Regulators of Key Serum Proteins

Previously, eight proteins were identified with differential
abundance in serum of hibernating bears compared with
active and post-fed bears that may play a role in regulating,
and/or result from, seasonal patterns of gene expression in
bears (13). To better understand the regulation of these pro-
teins, as well as their relationship to differentially expressed
genes, we used CHEA3 to predict upstream regulatory mole-
cules of these proteins (Supplemental Table S7). Upstream
regulators of these candidate proteins form two distinct sub-
networks of cointeracting regulators (Fig. 3). Members of
“Subnetwork 1” interact with one another and collectively
regulate all eight candidate proteins (Fig. 3). Members of
“Subnetwork 2” only regulate four candidate proteins
(Superoxide Dismutase 3 (SOD3), Complement Cls (C1S),
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Insulin Like Growth Factor Binding Protein 2 (IGFBP2), and
Insulin Like Growth Factor 1 (IGF1); Fig. 3). No coregulatory
interactions exist between members of these two subnetworks.
Two upstream regulators in Subnetwork 1, One Cut Homeobox
1 (ONECUT1) and Forkhead Box A2 (FOXA2), were predicted to
regulate seven out of eight candidate proteins (all proteins
except SOD3; Fig. 3). Based on coexpression data available in
CHEA3 [based on human gene expression data available in the
GTEx database; GTeX Consortium (37)], these two molecules
are enriched for regulatory activity in the pancreas (Fig. 3).
ONECUT1 and FOXA2 further regulate, or are regulated by,
multiple other upstream regulators identified by CHEA3
(Prospero Homeobox 1 (PROX1), Hepatocyte Nuclear Factor 4
Alpha (HNF4A), Hematopoietically Expressed Homeobox
(HHEX), Homeobox A2 (HOXA2), MLX Interacting Protein Like
(MLXIPL), and Hepatocyte Nuclear Factor 1-Alpha (HNF1A),
many of which are enriched for regulatory activity in the liver
according to CHEAS3 (Fig. 3). Four upstream regulators enriched
for activity in adipose tissue were also identified and inferred to
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Figure 3. Predicted upstream regulators of candidate serum proteins previously implicated in hibernation signaling. Regulatory molecules are indicated
with oval nodes, whereas candidate proteins are shown with rectangles. Edges represent known interactions between two regulators or a regulator and
candidate protein. Arrows indicate directional interactions supported by ChIP-seq data in CHEA3 databases. Regulator nodes are colored based on
enrichment for tissue-specific activity in CHEA3 databases (based on GTEx human gene expression data). Letters in parentheses indicate regulatory
molecules that were also inferred to regulated reversed, upregulated genes (A= adipose, L = liver, M = muscle). Two discrete subnetworks of cointer-
acting regulatory molecules are indicated with blue (Subnetwork 1) and red (Subnetwork 2) edges.

regulate candidate proteins Complement 2 (C2), IGF1, IGFBP2,
and C1S (Fig. 3). The remaining upstream regulators are associ-
ated with activity in blood or other body tissues (Fig. 3).
Fourteen of the top upstream regulators for the candidate pro-
teins were also inferred to regulate postfeeding expression of
genes in one or more tissues (Fig. 3). This includes T-Box
Transcription Factor 18 (TBX18), which was inferred to regulate
reversed, upregulated genes after feeding in both muscle and
adipose tissue (Figs. 2 and 3). AE Binding Protein 1 (AEBP1),
a predicted regulator of candidate proteins IGFBP2, C1S,
and SOD3 (Fig. 3), is also a predicted regulator of reversed,
upregulated genes in adipose tissue after feeding (Fig. 2B).
Interestingly, the gene encoding AEBP1 exhibits reversed
and upregulated expression after feeding only in muscle
(Supplemental Table S5).

DISCUSSION

Glucose feeding during hibernation has been shown to
partially reverse insulin resistance and other characteristics
of hibernation physiology in brown bears (12). In addition, it
was recently shown that stimulating adipocytes from hiber-
nating bears with serum collected from recently fed bears
shifts adipocyte gene expression to resemble that of active,
nonhibernating adipocytes (13). In this study, we analyzed
the impact of midhibernation feeding on tissue-level gene
expression patterns in adipose, liver, and muscle tissue, and
complemented these prior studies by providing new insight
into tissue-level signaling activity involved in hibernation
and the transition from a hibernating to active season physi-
ological state.
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Overall Patterns of Postfeeding Gene Expression and
Isoform Usage

We observed differential gene expression in all three tis-
sues when comparing samples from fed to not-fed bears,
indicating that feeding bears glucose during hibernation
stimulates changes in gene regulation across multiple tis-
sues. Despite exhibiting the largest change in gene expres-
sion between active and hibernation seasons [Table 1; (8)],
adipose tissue showed the most muted response to feeding
compared with liver and muscle. Furthermore, upregulated
genes in adipose after feeding were only enriched for a single
GO term relating to collagen and the extracellular matrix,
potentially indicative of a lingering wound-healing response
to the biopsy collected before the feeding trial. Consistent
with previous findings supporting increased metabolism af-
ter midhibernation feeding (8), upregulated genes after feed-
ing in liver and muscle were enriched for multiple GO terms
related to metabolism. Upregulated genes in liver were also
enriched for involvement in the PPAR signaling KEGG path-
way; we discuss additional evidence for increased PPAR sig-
naling activity following feeding below. In addition to
metabolism, post-fed upregulated genes were enriched for
protein digestion and absorption in muscle, whereas post-
fed downregulated genes in muscle were enriched for GO
terms and KEGG pathways related to translation. Previously,
increased protein synthesis in muscle has been suggested as
a means for preventing disuse atrophy in hibernating bears
(8, 38); our findings suggest that feeding stimulates the rever-
sal of, or at least decreases in, this elevated level of protein
synthesis in muscle tissues. We note that the total number of
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RNA-seq reads per sample is relatively low in this study,
which may result in genes with high variance between sam-
ples and/or fine-scale shifts in expression after feeding going
undetected in these differential expression analyses. It is
also possible that a small number of false positives are pres-
ent; we therefore focus our interpretation and discussion
below on the “reversed” genes that were selected based on 1)
being significantly differentially expressed both in inde-
pendent comparisons of not-fed versus fed samples and
active versus hibernation samples and 2) showing opposing
directions of expression in these comparisons (i.e., a gene
that decreases expression during hibernation is subse-
quently upregulated, or reversed, after feeding), as we expect
that few false positives would meet these criteria and are
therefore less likely to influence these findings.

Feeding Reverses Hibernation-Specific Expression for a
Subset of Genes

A key hypothesis in this study is that feeding “reverses”
gene expression toward levels observed during the active
state. To test this, we compared DE genes after feeding with
DE genes observed between active and hibernation states
using data from Jansen et al.’s study (8). In support of this hy-
pothesis, nearly all genes found to be DE in both comparisons
exhibited patterns of postfeeding gene-level expression con-
sistent with a shift toward active season expression levels
(i.e., gene expression was “reversed” after feeding). This sup-
ports the idea that feeding initiates a cascade of molecular,
metabolical, and physiological changes that contribute to the
transition of bears from a hibernating to active state. As pre-
vious studies have demonstrated that feeding results in par-
tial reversal of several physiological aspects of hibernation,
most notably increased insulin sensitivity (12), it is likely that
this set of genes with reversed expression after feeding plays
important roles in shifting cellular activity and metabolism
as tissues respond to the reintroduction of external nutrition,
as explored further below. We note that given the experimen-
tal differences between this study and study by Jansen et al.
(8), we chose to define “reversed” genes as those with signifi-
cant differential expression in opposite directions (i.e., down-
regulated in hibernation and upregulated after feeding) and
did not assess or make conclusions about the degree of rever-
sal of these genes (i.e., how closely a given gene returned to
active season expression after feeding). In the future, experi-
ments that investigate the effect of other macronutrients (i.e.,
fat or protein) and/or a complex diet will enable us to better
understand the quantitative nature of expression reversal at
a gene-by-gene level. Indeed, it is likely that the feeding of
other nutrients, whether in isolation or in combination, stim-
ulates differential expression and potentially the “reversal” of
additional genes, and/or impacts the expression of genes
identified herein to respond to glucose, in ways that we can-
not detect in the current study.

Shared Cell- and Tissue-Level Gene Expression
Responses to Midhibernation Feeding

To assess the degree to which adipocyte cell culture recapit-
ulates tissue-level responses to feeding, we compared tissue-
level gene expression for adipose to previously published cell
culture RNA-seq data (13). Comparisons between hibernation
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cells stimulated with hibernation blood serum and hibernation
cells stimulated with postfeeding blood serum detected a
much greater number of DE genes than in adipose tissue post-
feeding, the vast majority of which were not shared between
cell- and tissue-level analyses. However, 34 out of 84 “reversed”
genes in adipose were also DE in cell culture comparisons,
indicating that despite the overall discrepancy between
cell- and tissue-level analyses, an important core gene
expression response to feeding/post-fed serum is indeed
shared. Differences between DE responses detected in
cell- and tissue-level analyses could be driven by several
factors, including added noise in the tissue-level dataset
from the inclusion of multiple cell types and the more
complex environment of biological signals present in tis-
sue compared with cell culture. These findings further
argue for the incorporation of using single-cell resolution
gene expression data in future studies so that we can
simultaneously dissect cell-type specific patterns of expres-
sion in vivo and compare with expression patterns observed
in vitro.

Differential Expression and Isoform Usage of Insulin
Signaling Genes following Feeding

Many genes involved in insulin signaling and related meta-
bolic pathways are differentially regulated during hibernation,
when bears are insulin resistant (5, 7). Differential regulation of
genes involved in insulin signaling was therefore proposed to
play an important role in controlling insulin sensitivity during
hibernation. Given that midhibernation feeding partially
restored insulin sensitivity in hibernating bears (12), we
hypothesized that insulin-related genes would be enriched for
“reversed” gene expression following feeding. However, no in-
sulin-related genes showed reversed expression after feeding in
any tissue. Although not reversed, several insulin-related candi-
date genes did exhibit differential expression after feeding. Of
note, insulin-degrading enzyme (IDE) was upregulated in mus-
cle following feeding (Supplemental Fig. S5). IDE plays an im-
portant role in regulating circulating insulin levels by degrading
insulin, and increased expression of IDE has been associated
with improved insulin sensitivity in mice (39-41). Upregulation
of IDE in muscle following feeding therefore may be an impor-
tant step in returning to an insulin-sensitive state. A single insu-
lin-related gene, GSK3B, exhibited changes in isoform usage in
adipose tissue after feeding (Supplemental Fig. S6). The iso-
forms involved in this change in isoform usage exhibit different
transcription termination sites and different length 3’ untrans-
lated regions (UTRs). Previously, levels of phosphorylated
GSK3B were shown to decrease during hibernation in adipose
tissue, potentially playing a role in decreased insulin sensitivity
(7). It is unclear whether this change in isoform usage relates to
differential phosphorylation and/or downstream activity of
GSK3B during hibernation.

Upstream Regulators of Genes with Reversed
Expression Implicate PPARG as a Key Regulator of
Shifts from Hibernation to Active Season Physiology

As we continue to dissect the molecular mechanisms of
hibernation physiology in bears in different tissues and cell
types, inferences of how these complex changes are con-
trolled at a higher level and ultimately orchestrated across
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the entire body become increasingly valuable. In addition to
revealing mechanisms regulating changes in gene expres-
sion, these inferences can also identify and implicate regula-
tory molecules that may not exhibit changes in gene-level
regulation while having increased or decreased activity due
to changes in phosphorylation, interactions with other pro-
teins, or various other processes that are not detectable with
RNA-sequencing alone. This experiment provides the oppor-
tunity to identify potential upstream regulatory molecules
controlling a relatively small, yet likely critically important,
set of differentially expressed genes involved in shifting
hibernation physiology.

Predictions of upstream regulatory molecules identified
multiple interacting transcription factors likely controlling
the postfeeding up- and downregulation of reversed genes in
adipose, liver, and muscle (Fig. 2, Supplemental Fig. S7).
Although most of these regulators were predicted to target
upregulated genes in a single tissue, five regulators were
shared across two or more tissues. A single regulatory mole-
cule, PPARG, was predicted to target upregulated genes in all
three tissues (Fig. 2). PPARG is a transcription factor that
forms a heterodimer with retinoid X receptor (RXRs) and,
once activate via ligand binding, regulates many genes
involved in adipocyte differentiation and maintenance (42).
Notably, PPARG activation improves insulin sensitivity in
patients with type II diabetes (42), and the activation of
PPARG in adipose tissue alone may be sufficient to improve
whole body insulin sensitivity (43). This suggests that post-
feeding activation of PPARG may play a central role in body-
wide shifts in metabolism and physiology, including the par-
tial restoration of insulin sensitivity observed after midhi-
bernation feeding (12). In each tissue, PPARG is coregulated
by multiple other predicted regulatory molecules which may
indicate tissue-specific nuances in PPARG action. Two key
coregulators of PPARG, CCAAT enhancer binding protein
alpha (CEBPA) and androgen receptor (AR), are predicted
regulatory molecules for reversed, upregulated genes in both
adipose and liver. CEBPA and PPARG cooperatively regulate
numerous genes and processes in adipocytes, including in-
sulin sensitivity (44, 45), whereas AR can impact insulin
secretion in response to circulating hormone levels (46).

Midhibernation feeding of glucose was previously shown to
result in a partial reduction of circulating fatty acids in brown
bears (12). Fatty acids and PPARG are functionally intercon-
nected in that some unsaturated fatty acids can bind to and
activate PPARG, whereas PPARG is also capable of regulating
fatty acid synthesis (47, 48). Links between fatty acids and
PPARG function, along with the fact that we did not observe
the reversed expression of insulin signaling genes after feed-
ing, provide further support for an important role of fatty
acids in the restoration of insulin sensitivity and modulation
of metabolic processes following feeding that warrants further
investigation in future studies. Furthermore, PGCIA, which
was reversed and upregulated in liver after feeding, is permis-
sive to PPARG activity, fatty acid metabolism, gluconeogene-
sis, and circadian rhythms (47-49). PGCIA may therefore
represent another key node in the transition to the active sea-
son. The large number of reversed, upregulated genes in liver
after feeding (Fig. 1B) is consistent with increased activity of
PGCIA serving to elevate transcriptional activity at a broad,
tissue-level scale (47-49).
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Collectively, our findings implicate PPARG as a potential
high-level regulator of shifts in insulin sensitivity and gen-
eral metabolism in adipose, liver, and muscle tissues of
hibernating bears, and suggests that increased regulatory ac-
tivity of PPARG may play a particularly important role in
shifting from a hibernation to an active season physiological
state. We note, however, that experimental interrogation of
PPARG is needed to functionally test these hypotheses, and
such experiments should be prioritized in future studies of
bear hibernation physiology.

Upstream Regulators of Candidate Serum Proteins Are
Known Regulators of Insulin Sensitivity

Treating hibernating bear adipocytes with serum collected
from either the active season or following midhibernation
feeding induces changes in gene transcription to resemble that
of active season adipocytes (13). Proteomic analysis of serum
identified a set of candidate proteins that differ in abundance
between hibernation versus active season or post-fed serum,
and therefore may play a role in, or perhaps result from,
changes in gene activity resulting from serum stimulation (13).
However, none of these candidate proteins is known to act as
transcription factors, and therefore their precise relevance to
hibernation physiology and underlying gene expression
remains somewhat unclear. To investigate potential connec-
tions between these proteins and differentially expressed
genes, we identified known regulators of these proteins using
CHEA3 and compared results with regulators inferred to target
genes with reversed expression after feeding. The top predicted
regulators form two distinct coregulatory networks, with one
comprising interacting regulatory molecules known to be
active in liver and pancreas (“Subnetwork 1,” Fig. 3) and the
other comprising molecules enriched for activity primarily in
blood vessels and adipose tissue (“Subnetwork 2,” Fig. 3).

Nearly all regulatory molecules in Subnetwork 1 have been
previously implicated in the modulation of insulin sensitivity,
often in studies of insulin resistance and/or type II diabetes.
Two regulators in Subnetwork 1, ONECUT1 and FOXA2, were
predicted to target seven out of the eight candidate proteins
(Fig. 3). Both of these regulators are active in the pancreas,
and FOXA2 has been shown to modulate insulin signaling
and insulin sensitivity (50-52). ONECUT1 was also predicted
to be a regulator of reversed, upregulated genes in the liver
(Fig. 2C). Within Subnetwork 1, ONECUT1 and FOXA?2 interact
with multiple regulators of candidate proteins that are known
to be enriched for involvement in lipid metabolism and/or in-
sulin secretion, including HNF4A, HNF1A, NR1H2, PROX1,
HHEX, and Acyl-CoA Synthetase Long Chain Family Member
3 (ACSL3) (53-58). Others, including MLXIPL and CAMP
Responsive Element Binding Protein 3 Like 3 (CREB3L3),
have been associated with changes in insulin sensitivity in
multiple studies (59, 60). Six of the regulators in Subnetwork 1
were independently predicted to also regulate reversed gene
expression exclusively in liver tissue (HNF4A, MLXIPL,
CREB3L2, NR1H4, AT-Rich Interaction Domain 3C (ARID3C),
and ONECUTY; Figs. 2 and 3).

Regulators in Subnetwork 2 were predicted to target only
four candidate proteins: SOD3, C1S, IGFBP2, and IGF1 (Fig. 3).
Regulators in this subnetwork exhibit a number of canonical
functions, many of which are involved in development and
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cell differentiation (61-64). The functional relevance of this
subnetwork of regulators is therefore less clear. However, one
regulator in Subnetwork 2, EBF Transcription Factor 1 (EBF1),
is known to play roles in adipogenesis and insulin signaling
(65). EBF1 was enriched for activity in adipose tissue and was
also a predicted regulator of reversed genes in muscle and adi-
pose tissues (Figs. 2 and 3).

The involvement of numerous molecules with established
associations to the regulation of insulin signaling and insulin
sensitivity suggests that Subnetwork 1 is likely the most func-
tionally relevant set of molecules involved in regulating both
candidate proteins and genes with reversed expression.
Regulators within Subnetwork 2 may play important but
unclear roles in postfeeding shifts in physiology, but could also
represent regulators of these molecules in other tissues, cell
types, or contexts not relevant to the current study. Collectively,
these findings provide valuable context for the involvement of
these candidate serum proteins in hibernation and may suggest
that these proteins represent important intermediate molecules
in signaling cascades controlled by higher-level regulatory ac-
tivity. Armed with this additional context and candidate regula-
tors of these serum proteins, subsequent experimental studies
that test the hypothesized roles of these regulatory molecules
will provide a better understanding of the relevance of these
candidate proteins in controlling metabolical and physiological
shifts between hibernating and active states.

Conclusions

Here, we demonstrate that feeding glucose to hibernating
bears initiates the partial reversal of hibernation-specific gene
expression in adipose, liver, and muscle tissue, and implicate
a number of higher-level regulatory molecules, most notably
PPARG, as likely drivers of this reversal and postfeeding
increases in insulin sensitivity. It is worth noting that the
number of genes with reversed expression after feeding repre-
sents a relatively small portion of the total genes with differ-
ential expression between active and hibernation seasons. As
has been suggested in previous studies (12), this provides fur-
ther support that feeding alone is not sufficient to return
hibernating bears to an active physiological state but instead
represents a critical element of a more complex process by
which bears emerge from hibernation. Moving forward, simi-
lar experiments that feed other key nutrients, such as fat or
protein, or a nutritionally complex meal that is representative
of the natural diet of emerging bears, will enable us to further
dissect the role of feeding on the physiological transition
between hibernation and an active state and the importance
of particular nutrients in driving specific aspects of these
physiological and metabolical shifts.
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