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SUMMARY

Understanding how metabolic reprogramming happens in cells will aid the prog-
ress in the treatment of a variety of metabolic disorders. Brown bears undergo
seasonal shifts in insulin sensitivity, including reversible insulin resistance in hiber-
nation. We performed RNA-sequencing on brown bear adipocytes and prote-
omics on serum to identify changes possibly responsible for reversible insulin
resistance. We observed dramatic transcriptional changes, which depended on
both the cell and serum season of origin. Despite large changes in adipocyte
gene expression, only changes in eight circulating proteins were identified as
related to the seasonal shifts in insulin sensitivity, including some that have not
previously been associated with glucose homeostasis. The identified serum pro-
teins may be sufficient for shifting hibernation adipocytes to an active-like state.

INTRODUCTION

The incidence of type 2 diabetes has been increasing and was estimated to be the 10th leading cause of

death worldwide in 2017 (Roth et al., 2018). The development of insulin resistance precedes metabolic syn-

drome and type 2 diabetes mellitus in humans (Czech, 2017). Intriguingly, hibernating bears exhibit insulin

resistance, though circulating insulin and glucose levels remain relatively stable year-round (Rigano et al.,

2017). During hibernation, tissues such as adipose and muscle no longer incorporate glucose from blood

nor store it in response to insulin (Palumbo et al., 1980; Rigano et al., 2017). Insulin sensitivity is restored

each spring (McCain et al., 2013; Palumbo et al., 1980; Rigano et al., 2017). The seasonal reversal of insulin

sensitivity has been proposed as a valuable biological model for the study of metabolic diseases (Frobert

et al., 2020; Martin, 2008). Our recent work demonstrated significant shifts in the expression of many genes

in the insulin signaling pathway between the non-hibernating and hibernating states in brown bear primary

tissue (Jansen et al., 2019). These changes in gene expression suggest that the seasonal regulation of tran-

scription may, at least partially, underlie annual changes in insulin signaling, although the precise mecha-

nisms remain unknown.

Cultured brown bear adipocytes retain many of the bears’ physiological properties based on when they

were harvested (Jansen et al., 2021; Rigano et al., 2017). For example, cell cultures derived from hiber-

nating or active season brown bears exhibited shifts in insulin sensitivity matching those seen in vivo

when grown in matching serum (Rigano et al., 2017). However, cells collected during either season

and grown in serum from the opposite season tended to recapitulate the glucose uptake response

seen in the active season (Rigano et al., 2017). Heat treatment of active season serum significantly atten-

uated the stimulatory effect on glucose uptake in hibernating bear adipocytes (Rigano et al., 2017). This

suggests that one or more proteins, which would be denatured by heat treatment, are responsible for

the effect of serum on cell culture phenotypes. The identification of the specific serum factors contrib-

uting to the switch between active and hibernation states is an important step in our understanding

of hibernation physiology and mechanisms that modulate insulin sensitivity. Cultured bear adipocytes

provide an opportunity to experimentally investigate cellular mechanisms and serum contributions un-

derlying the insulin-resistant state attained by bears each year. Because bears do not develop type 2 dia-

betes despite annual periods of massive adiposity, it is possible that unique cellular and/or serum factors

evolved in bears to prevent the disease.
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Given the changes in global gene expression observed between active season and hibernation in primary

tissue (Jansen et al., 2019) and in targeted genes in cultured adipocytes (Rigano et al., 2017), we hypoth-

esized that there would be substantial gene expression differences in cultured adipocytes depending

on when the primary adipose tissues were harvested. These differences in gene expression between hiber-

nation and active bear adipocytes may be driven by cellular state, serum components, or a combination of

the two. To disentangle large-scale seasonal changes that may be driven by extrinsic factors, we previously

fed captive brown bears glucose for a 10-day period during hibernation and collected preadipocytes and

serum before and after the feeding trial (Jansen et al., 2021). In the present study, we examined the roles of

season, cellular state, and serum proteins on adipocyte gene expression. Our goal was to reveal the under-

lying processes driving differences in gene expression as a function of the energetic state. By feeding the

bears the single macronutrient glucose during hibernation, we were able to minimize the influence of con-

founding factors, such as day-length, temperature, adiposity, and diet, when trying to isolate the serum

proteins responsible for changes in gene expression of adipocytes collected during hibernation.

The objectives of this study were to (1) analyze changes in gene expression of cultured adipocytes and iden-

tify biological processes underlying seasonality in cell culture; (2) determine the effects of seasonal serum

changes on adipocyte gene expression; and (3) determine if serum from bears fed during hibernation alters

gene expression, especially with respect to insulin signaling. We also compared circulating proteins that

are present seasonally and after feeding in hibernation to identify those potentially responsible for changes

in cellular function.

Our predictions were as follows: (1) unique gene families would be differentially expressed between cells

sampled during active and hibernating seasons; (2) serum would be a primary factor in determining sea-

sonal adipocyte gene expression; (3) gene expression in cells treated with serum collected after glucose

feeding during hibernation would cause gene expression to shift from the hibernation state to the active

state, particularly in the insulin signaling pathway; and (4) unique serum proteins would be identified

following feeding in hibernation that could be responsible for the observed reversal in cellular physiology.
RESULTS

Hibernation cells with hibernation serum differ from all other experimental groups

We collected adipose tissue during hibernation and active seasons from six bears (two female, four male)

between the ages of five and 13. Gluteal subcutaneous adipose tissue-derived mesenchymal stem cells

were then expanded and differentiated into adipocytes as previously described (Gehring et al., 2016). Cells

were differentiated using brown bear serum collected at the following times: active season (A), hibernation

season (H), or following a 10-day glucose feeding trial during hibernation (post-glucose (G); Figure 1A; see

STAR Methods). Cell-serum combinations resulted in the following six experimental groups for gene

expression analyses: active cells grown with active serum (denoted AA for Active cells with Active serum),

active cells grown with hibernation serum (AH), active cells grown with post-glucose serum (AG), hibernation

cells grown with active serum (HA), hibernation cells grown with hibernation serum (HH), and hibernation

cells grown with post-glucose serum (HG; Figure 1B).

Multidimensional scaling (MDS) revealed large differences in gene expression between HH and all other

experimental groups (Figure 1C). We initially measured changes in gene expression between AA and

HH, which most closely represents the natural state of the bears during active and hibernation seasons,

respectively. Out of the 15,489 genes that passed filtering, we found 6,118 differentially expressed (DE)

genes (3,002 downregulated and 3,116 upregulated) in HH compared with AA (false discovery rate

(FDR) < 0.05; Figure 2A and S1 and Data S1). The number of differentially expressed genes was similar

in magnitude to what we previously found in adipose tissue harvested from active and hibernating brown

bears (Jansen et al., 2019). Despite differences in sample type (cell culture versus bulk tissue), library prep-

aration, and analysis methods, 2,225 DE genes between HH and AA (36.4% of all DE genes) were shared with

DE genes previously identified between non-hibernating (active and hyperphagia) and hibernating bulk

adipose tissue (Jansen et al., 2019). Further, the majority of these shared DE genes (62.7%) showed consis-

tent directions of differential regulation in both experiments.

Gene Ontology (GO) analysis revealed 17 pathways that were significantly overrepresented (FDR <0.05)

among the genes differentially expressed in comparisons between HH and AA (Table S1 and Data S2),

including many that are associated with regulation of the cytoskeleton, chromatin, and cell cycle.
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Figure 1. Experimental design and high-level patterns of gene expression

(A) Sampling study design. Colored arrows indicate sampling times and yellow box in January (J) is the period in which

bears were fed glucose. Grey boxes represent the annual cycle with each box showing one month. Modified from Jansen

et al. (2019); photo creditMichael Saxton. Cell culture study design, background (plate) color illustrates the season inwhich

the serum was collected (active in red, hibernation in blue, or post-glucose in yellow), and the color of the points is the

season the cells were collected (active in red or hibernation in blue). The acronyms above the plates are used to identify the

experimental group: the first letter is the cell season (Active and Hibernation) and the following one or two letters are the

serum season (Active, Hibernation, and Post-Glucose). Cells from hibernation and active season were grown and

differentiated in vitro using serum from our three collection points (active, hibernation, and post-glucose feeding).

(B) Hierarchical clustering heatmap of the top 10,000 differentially expressed genes in adipocytes in culture. Rows are the

individual genes and columns are the samples.

(C) Multi-dimensional scaling plot of the top 10,000 genes shows a cell by the season interaction. HH clearly separates

from all other experimental groups along MDS axis 1.

(D) Multi-dimensional scaling plot of the serum proteins. Unlike the gene expression, hibernation and post-glucose serum

are more similar to each other than either is to active season serum.
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To further explore patterns of expression across treatments, we performed a weighted correlation network

analysis using WGCNA (Langfelder and Horvath, 2008). Using this approach, we identified a total of 55

modules of coexpressed genes (Figure S2). One of these modules was strongly correlated with sex of

the animal from which adipocytes were cultured (Module ‘‘offwhite2’’; R = 0.98, p = 8e-26; Figure S2C), indi-

cating a small number of genes with sex-biased expression in our dataset. Two modules showed correla-

tions with cell season (modules ‘‘green’’ and ‘‘darkred’’; R > 0.5 and p < 0.05; Figure S2C). Six modules were

moderately correlated with hibernation serum treatment (‘‘cyan,’’ ‘‘blue,’’ ‘‘brown,’’ ‘‘pink,’’ ‘‘black,’’ and

‘‘purple’’), five with active serum treatment (‘‘red,’’ ‘‘black,’’ ‘‘midnightblue,’’ ‘‘darkgrey,’’ and ‘‘blue’’),

and two with glucose serum treatment (‘‘lightcyan’’ and ‘‘darkturquoise’’; R > 0.5 and p < 0.05; Figure S2C).

There was considerable overlap between genes in modules correlated with hibernation cells and/or serum

and genes were found to be differentially expressed in HH samples compared with cells with active cells

and/or active or post-glucose serum (Figure S3). Only a small number of genes from the sex-correlated

module were found to be differentially expressed in any pairwise comparison (between two and four genes;

Figure S3), indicating the minimal impact of sex-biased expression in our inferences of differential
iScience --, 105084, --, 2022 3



Figure 2. Results of differential gene expression analyses

(A) Overall numbers of differentially expressed (DE) genes for key pairwise comparisons.

(B) Venn diagrams indicating the overlap in DE genes between HA vs HH, AA vs HH, and HG vs HH pairwise comparisons.

(C) Clustered gene expression heatmap showing log-transformed TPM normalized counts for the 4,081 DE genes shared

between all three focal comparisons shown in (B). Each column represents a sample, with colored boxes at the top

indicating treatment, and each row represents a DE gene.

(D) Comparison of Gene Ontology overrepresentation analysis on DE genes from the three pairwise comparisons

highlighted in (B). Presence of a dot indicates a significant overrepresentation of a term in the corresponding pairwise

comparison (FDR <0.05). See also Figure S1 and S3, and Data S1.
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expression. Modules correlated with stimulation by one or more serum types were enriched for multiple

GO terms related to metabolism (Figure S4).

Hibernation gene expression is determined by a combination of cell state and serum type

We found no differences in gene expression between cell types (active and hibernation) when treated with

active or post-glucose serum (i.e., no differentially expressed genes between AA and HA or AG and HG; Fig-

ure 2A and Data S1). However, when treated with hibernation serum, 4,935 genes were differentially ex-

pressed between active and hibernation cells (2,568 downregulated and 2,367 upregulated in HH

compared with AH). Moreover, differential gene expression in hibernation cells between hibernation and

active sera (HA vs HH) was starkly different from that observed when the same sera were applied to active

cells (i.e., AA vs AH; Figure 2). Comparison of HH with HA resulted in 6,517 differentially expressed genes

(3,155 genes downregulated and 3,362 genes upregulated in HH compared with HA; Figures 2A and S1).

The same comparison in active cells (AA vs AH) resulted in 2,372 differentially expressed genes (1,362 genes

downregulated and 1,010 upregulated in AH compared with AA). These reveal an important interaction be-

tween the season of origin of serum and that of the cells, with hibernation cells experiencingmore dramatic

shifts in gene expression between serum treatments (Figures 1C and 2A).

Investigation of cell senescence marker expression in bear adipocytes

Recently, it has been shown that chronic hyperinsulinemia stimulates pro-inflammatory senescent pheno-

types in human mature adipocytes (Li et al., 2021). Thus, we investigated the relative expression of a set of

candidate senescence-related genes and several genes involved in the senescence-associated secretory
4 iScience --, 105084, --, 2022
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phenotype (SASP) pathway (Figure S5). Many markers known to be up- or downregulated in senescent cells

showed up- or downregulation, respectively, in the HH and AH treatments compared with AA, AH, HA, or HG

treatments (Figure S5). Whereas several SASP genes were also upregulated in HH or AH treatments (consis-

tent with SASP activation), many others showed strong downregulation (Figure S5B).

Glucose feeding largely restored active season gene expression to hibernation adipocytes

Serum collected after ten days of feeding glucose to hibernating bears resulted in a hibernation cell gene

expression pattern that was most similar to that of the active season (Figure 1C). Comparing AG with AA,

only four genes were differentially expressed (CISH, SOCS2, MEST, and EGFL6, all upregulated in AG),

whereas comparing HG with HA revealed six differentially expressed genes (EGFL6, SEMA3A, COL14A1,

and MEST upregulated; SRGN and IGFBP2 downregulated in HG). The genes MEST, which encodes for

a mesoderm-specific transcript, and EGFL6, which encodes an epidermal growth factor, were upregulated

in both cell types when treated with post-glucose serum (Data S1). There were too few differentially ex-

pressed genes to analyze Gene Ontology enrichment.

Active and post-glucose sera resulted in similar transcriptional changes in hibernation adipocytes when

compared with HH (Figure 2B). As reported above, the comparison of HA with HH resulted in 6,517 genes

differentially expressed, and the comparison of HG with HH resulted in 5,465 genes differentially expressed

(2,694 genes downregulated and 2,771 upregulated in HH). Of these, 4,384 (80.2% of HG vs HH differentially

expressed genes) were also differentially expressed in the HA vs HH comparison (Figure 2B, bottom right),

suggesting a parallel effect of active and post-glucose serum on hibernation adipocyte gene expression.

Moreover, 5,317 genes were differentially expressed in both AA vs HH and HA vs HH comparisons (Figure 2B,

top right), and 4,081 genes were differentially expressed in HG vs HH, AA vs HH, and HA vs HH comparisons

(Figure 2B, left). These 4,081 genes display similar expression in HA, HG, and AA treatments (Figure 2C),

indicating that gene expression phenotypes of hibernation cells stimulated with either active season or

post-glucose serum are similar to those of active cells stimulated with active season serum.

Consistent with the high degree of overlap in differentially expressed genes, gene ontology overrepresen-

tation analysis of genes with differential expression in HG vs HH, AA vs HH, and/or HA vs HH comparisons

resulted in numerous terms with overrepresentation in two or more of these focal comparisons (Figure 2D).

Terms shared between all multiple comparisons included terms related to chromatin modification (DNA

packaging complex, condensed chromosome), response to oxygen levels, among others (Figure 2D). Of

these three focal comparisons, differentially expressed genes between HG and HH resulted in the largest

number of uniquely overrepresented terms (Figure 2D).

Post-glucose serum reverses insulin pathway gene expression in adipocytes

Multiple genes identified above as significantly differentially expressed between the AA and HH experi-

mental groups are involved in the insulin signaling pathway (Figure 3). Genes responsible for multiple up-

stream proteins in this pathway, including IRS1 and mTOR, as well as PIK3C2B and PIK3R2, which are

involved in the regulation of both subunits of PI3K, were upregulated in HH. Moreover, DEPTOR, which en-

codes an inhibitor of mTOR, was upregulated in HH. Conversely, two other genes in the mTOR complex

were downregulated (RICTOR and PRR5L), along with PDK1, which activates AKT2. TBC1D1, which is

required for translocation of GLUT4-containing vesicles to the plasma membrane, was downregulated in

HH. Moreover, NCS1, which inhibits GLUT4 translocation, was upregulated in HH (Figure 3B). When hiber-

nation cells were treated with active serum (HA) the expression of genes in the insulin signaling pathway was

not significantly different from AA.

Hibernation cells treated with post-glucose serum (HG) reverted almost completely to active season gene

expression patterns (Figure 1C). Four genes were differentially expressed between HG andAA (upregulated

in HG: MEST and SOCS2; downregulated in HG: SRGN and IGFBP2). Of note, IGFBP2 has been linked to

increased insulin sensitivity (Haywood et al., 2019). We then compared HG with HH to evaluate the similarity

of the shifts in insulin signaling genes to the AA vs HH comparison. When evaluating the HG to HH and AA to

HH differential expression analyses in the insulin signaling pathway, we see similar genes differentially ex-

pressed (Data S1). PRR5L, IRS1, TBC1D1, MTOR, RICTOR, DEPTOR, PDK1, PIK3C2B, and PIK3R2 all expe-

rienced similar expression changes, in both direction and magnitude, between the two comparisons.

Several genes that encode for the PI3K p85 and p110 subunits were differentially expressed in one analysis

but not the other. For example, PIK3CA was downregulated in HH compared with HG, but not compared
iScience --, 105084, --, 2022 5



Figure 3. Patterns of differential gene and protein expression associated with the insulin-mediated glucose

uptake pathway

(A) The insulin-mediated glucose update pathway. Proteins represented in green are encoded by genes that are

upregulated in HH compared with AA, whereas proteins represented in purple are encoded by genes that are

downregulated in HH compared with AA. Bolded terms at the top of the figure indicate actual proteins observed in our

proteomic analysis, with * and y indicating upregulation and downregulation in HH, respectively.

(B) Boxplots showing gene expression counts per million (cpm) across experimental groups for a subset of key genes in

the insulin-mediated glucose uptake pathway that show differential expression between HH and AA treatments. See also

Figure S1 and Data S1.
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with AA. Both PIK3CB and PIK3R1 were upregulated in HH compared with AA, but were not differentially

expressed compared with HG.

Changes in circulating serum proteins between seasons

Serum in this and our previous studies (Jansen et al., 2021; Rigano et al., 2017) had a dramatic impact on

cellular phenotypes. To identify circulating proteins potentially underlying these phenotypes, we

compared protein composition and abundance among hibernation, active, and post-glucose sera (Fig-

ure 1D). Of the 227 proteins identified in bear serum, 99 were differentially expressed between active

and hibernation sera (39 downregulated and 60 upregulated in the active season compared with hiberna-

tion serum), 68 between active and post-glucose sera (25 downregulated and 43 upregulated in active

compared with post-glucose serum), and 21 between hibernation and post-glucose sera (ten downregu-

lated and 11 upregulated in hibernation compared with post-glucose serum; Data S3). Four proteins

(CEL, PLF4, STAT5A, and HRG) were differentially expressed in all three comparisons and 110 were not

differentially expressed in any comparison. Whereas post-glucose serum triggered gene expression pro-

files closely matching cells treated with active serum (Figure 1C), the proteome of post-glucose serum

much more closely matched that of hibernation serum (Figure 1D). There was a shared set of 55 proteins

differentially expressed when either post-glucose or hibernation sera were compared with active serum.

Todeterminewhich proteinsmay be responsible for the hibernation phenotype in adipocytes, we identified the

serum proteins that were differentially expressed in hibernation when compared with both active and post-

glucose sera.Of the 227 proteins identified in the serum,we foundonly 12 that were differentially expressedbe-

tween hibernation serum and active serum as well as between hibernation serum and post-glucose serum. Of

these 12 proteins, four were also differentially expressed between active and post-glucose sera. As the cell
6 iScience --, 105084, --, 2022
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phenotypewas similar when cells were treatedwith both active and post-glucose sera, those four proteins were

not considered likely agents for the shift in geneexpression in hibernation adipocytes. Thus, the remaining eight

proteins identifiedare likely tocontribute in importantways tohibernationgeneexpression inadipocytes. Those

proteins were: downregulated: IGF-1, IGFALS, C1S, C2, SOD3; upregulated: VTN, IGFBP2, and JCHAIN. The

eight proteins identified as key factors in driving adipocyte function were grouped into four discrete sets of pro-

tein interactions (Figure S6).
DISCUSSION

In this study, we showed that there are large seasonal changes in transcription in brown bear adipocytes

that depend on both circulating serum factors and intrinsic cellular characteristics. The unique transcrip-

tional profile of hibernation cells treated with hibernation serum supports the hypothesis that shifts in

gene transcription in hibernation require both cellular and serum-specific factors. Our proteomic results

further suggest that a small but important set of serum proteins may be involved in eliciting the seasonal

changes in gene expression of adipocytes.

Overall seasonal shifts in transcription in cultured adipocytes were similar in scale to what we previously docu-

mentedbetween hibernation and active seasons adipose tissue (Jansen et al., 2019).Moreover,manyDEgenes

identified in comparisons of AA and HH treatments were also identified as DE in this previous study. This is

notable, as it indicates that cell culture indeed recapitulates the core gene expression response observed in

tissue samples containingmultiple cell types and nervous innervation.However, discrepancies between cell cul-

ture and tissue-derived DE results do exist, and future studies that employ single-cell RNA-sequencing of ad-

ipose tissue would be invaluable for furthering our understanding of how tissue composition relates to

observed differences in gene expression between hibernation and active seasons.

Basedon the similarity between the effects of hibernation andglucose-fed serumonadipocyte gene expression,

we identified a set of eight serum proteins that may be responsible for driving seasonal transcriptional changes.

Three of those eight proteins identified are involved in immune responses (C1S, JCHAIN, and C2). C1S and C2

specifically are high-level regulators of the Complement and Coagulation Cascades pathway (Figure S7); candi-

dateproteinVTNalsoplaysa role in thispathway. Immuneresponse-relatedproteinshavebeenpreviously shown

to be differentially abundant in hibernating black and brown bear sera (Chow et al., 2013; Samal et al., 2021;We-

linder et al., 2016). Two of the three identified here (C1S [downregulated] and JCHAIN [upregulated]) are consis-

tent with findings in previous studies, whereas C2 was not in the sets of previously identified proteins. Inflamma-

tion causedbyactive immune responseshasbeen linked to insulin resistance (OsbornandOlefsky, 2012; Xuetal.,

2003), but this is largely thought to be caused by macrophages present in adipose tissue (Osborn and Olefsky,

2012; Weisberg et al., 2003). As macrophages are not present in cultured adipocytes, any immune-mediated ef-

fect on seasonal insulin resistance would be the result of processes endogenous to the adipocyte or from other

immune mediators present in serum (Ahn et al., 2018). Interestingly, a protein previously shown to be present at

extremely high levels in hibernation serum (SHBG - 45-fold greater in hibernation) (Welinder et al., 2016) was not

found tobeelevated inour hibernation samples.Onepotential explanation is that thebears involved in that study

wereofmuchyoungerages than thebearsanalyzedhere (Elmlingeretal., 2005;Gapstur et al., 2002).Wenote that

there may be additional serum proteins (i.e., signaling proteins with low overall abundance) that play important

roles in driving seasonal changes in cellular activity yet were not detected in our proteomic dataset.

We identified several potential sources of the seasonal and feeding-induced increase in insulin sensitivity of

brown bear adipocytes. For example, HH showed downregulation of genes specific to mTORC2 (e.g., RICTOR,

PRR5L), thereby potentially attenuating the positive feedback on AKT (Wu and Storey, 2021). Activation of AKT

leads to translocation of GLUT4 vesicles to the cell surface for insulin-mediated glucose uptake (Calera et al.,

1998). Although expression ofMTOR andDEPTOR, which encode other proteins in themTORC2 complex, was

also increased, RICTOR often plays a predominant role in mediating insulin’s effects in adipose and on whole-

body glucose homeostasis (Kumar et al., 2010). Other upstream regulators of insulin-mediated glucose uptake

were also differentially expressed in HH. IRS1, which encodes a protein that binds the insulin receptor when in-

sulin is present and triggers multiple downstream events, including the activation of PI3K, was upregulated in

HH. The gene encoding a key inhibitory protein, PTEN, which blocks insulin-mediated glucose uptake by con-

verting phosphatidyl-3,4,5-triphosphate to phosphatidyl-3,4-biphosphate, was downregulated. These com-

bined changes in several components of the insulin signaling pathway would lead to an increase in AKT2 acti-

vation. Yet, surprisingly, GLUT4 expression was unaffected. Thus, other secondary pathways that influence

GLUT4 translocation to the plasma membrane, such as NCS1 and PI4K could be involved. NCS1 and PI4K
iScience --, 105084, --, 2022 7
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suppress the movement of GLUT4 to the plasma membrane (Mora and Pessin, 2000). Indeed, both were ex-

pressed at significantly higher levels in HH. This elevation, along with reductions of CAV1, FLOT1, and

SH2B2 expression in HH compared with AA would potentiate the suppression of GLUT4 insertion into the

plasma membrane (Fecchi et al., 2006), thereby inhibiting glucose uptake. Whereas this process appears to

be necessary for the AKT-dependent movement of CAV and associated proteins to the plasma membrane,

thedownregulation ofCAV1 expressionwould prevent this translocation (Figure 3). Together, these results sug-

gest a multi-level regulation of glucose transport and insulin signaling during hibernation.

In contrast to GLUT4, the expression of GLUT1 was greatly suppressed in HH vs AA, an effect opposite to

that observed in vivo (Jansen et al., 2019). As GLUT1 is a constitutive glucose uptake transporter, it is

certainly plausible that glucose uptake would be suppressed in cultured cells even in the presence of insu-

lin when other members of the insulin pathway are suppressed, as described above. The suppression of

GLUT1 expression was completely reversed in HA cells but not HG cells, suggesting a cell-autonomous con-

trol of some glucose uptake pathways. In support of this,HK expression was also downregulated in HH cells

but not HG cells. This would be consistent with a general reduction in glycolysis previously reported (Jansen

et al., 2019) and aerobic respiration observed in vitro (Hogan et al., 2022).

Another important aspect of the insulin resistance observed in hibernating bears is the facilitation of lipol-

ysis. Although the exact mechanism in bears is not entirely known, it is clear that the inhibition of HSL-

induced lipolysis by insulin occurs through an AKT-independent mechanism via activation of phosphodi-

esterase-3B (PDE) inhibition of protein kinase A (Petersen and Shulman, 2018). It is therefore noteworthy

that PDE3B was greatly down-regulated in HH. By contrast, an important role for the mTORC2 component,

RICTOR, is the suppression of lipolysis via an AKT-dependent process (Kumar et al., 2010). We found that

RICTOR expression was reduced in HH, thus potentially relieving the inhibition by insulin on lipolysis

through mTORC2, consistent with insulin resistance. Taken together, these results together with only

slightly elevated circulating levels of insulin (Rigano et al., 2017) indicate that insulin’s ability to inhibit lipol-

ysis is lost in HH adipocytes and together support their insulin-resistant state.

Expression of several components of the mTORC1 complex (e.g., mTOR and RAPTOR) were increased in

HH. As mTORC1 is critically involved in protein synthesis, this supports the hypothesis that the lack of pro-

tein degradation in hibernation is owing to increased protein anabolism to offset catabolism (Fedorov

et al., 2009, 2014). Transcriptomic analysis of brown bear skeletal muscle also revealed significant shifts

in the PI3K-AKT pathway, though those results differed in critical ways from what was observed here (Mu-

gahid et al., 2019). Whereas IRS1 was also upregulated in hibernation in muscle, there was a reduction in

DEPTOR translation (Mugahid et al., 2019), which is the reverse of what is occurring in adipocytes.

DEPTOR acts as an inhibitor of mTOR activity, so the increase in hibernation in adipocytes could contribute

to downstream reduction in glucose uptake, whereas the increase in muscle suggests a possible difference

in seasonal insulin response by tissues. Measuring glucose response in bear muscle is a critical next step in

understanding the precise location(s) of the seasonal changes in insulin sensitivity.

In support of findings from Blumenthal et al. (2011) in black bears, we found a dramatic suppression of circu-

lating IGF-1 protein concentrations in hibernating brown bear serum. Changes in circulating IGF concen-

trations could be directly responsible for many changes in insulin response (Clemmons, 2018) and other

pathways. Reduction in serum IGF-1 is positively correlated with the incidence of diabetes in humans (Tep-

pala and Shankar, 2010). Our proteomic data showed this protein to be the most significantly downregu-

lated protein in hibernation that was not also differentially expressed between active and post-glucose sera

(logFC = 1.477, FDR = 0.002 in active compared with hibernation serum). Of the eight proteins identified as

differentially expressed in both active and post-glucose serum compared with hibernation, but not differ-

entially expressed between active and post-glucose serum, three (downregulated in hibernation: IGF-1

and IGFALS; upregulated in hibernation: IGFBP-2) are directly involved in IGF function. The increase in

IGFBP-2 also confirms findings by Blumenthal et al. (2011) in black bears. Blumenthal et al. (2011) did

not evaluate IGFALS, but Welinder et al. (2016) documented reduced circulating IGFALS in hibernating

brown bears. Together, these studies further support an important role in circulating IGF-1, IGFALS, and

IGFBP-2 in maintaining cellular seasonality.

Most circulating IGF in humans is bound to IGFBP-3 and IGFALS, which stabilizes circulating IGF (Baxter, 1994).

The formation of this IGF/IGFBP-3/IGFALS ternary complex functionally limits the bioavailability of IGF, as this
8 iScience --, 105084, --, 2022
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complex is not able to pass through the capillary endothelium like free IGF or binary complexes (Boisclair et al.,

2001). As a result of its impact on bioavailability, reductions in circulating IGFALS have been shown to improve

glucose metabolism (Lai et al., 2014). We found significant reductions in circulating IGFALS (Figure 3) during hi-

bernation (logFC = 0.719, FDR = 0.0002 in active compared with hibernation serum), yet we and others (Kamine

et al., 2012; McCain et al., 2013; Palumbo et al., 1983; Rigano et al., 2017) have confirmed that hibernating bears

are insulin-resistant. Moreover, increased IGFBP-2 has been associated with improved insulin sensitivity and a

reversal of insulin resistance (Hedbacker et al., 2010; Wittenbecher et al., 2019). We found that expression of

the IGFBP2 gene in cultured adipocytes was downregulated in HH compared with AA, but circulating IGFBP-2

was upregulated in hibernation. The effect of this counterintuitive decrease in circulating IGFALS and increase

in IGFBP-2 combined with increased adipocyte expression after feeding may explain the restoration of insulin

sensitivity. In addition, effects on insulin sensitivity may have been offset by the larger overall decrease in circu-

lating IGF-1. Although the precise mechanisms remain to be elucidated it is likely that downstream players are

likely also to be important (see above, e.g.,NCS1). Another protein, adiponectin (ADIPOQ), is also significantly

reduced in hibernation (Riganoet al., 2017) and serumcollected in the present study (Data S3). ADIPOQ interacts

with IRS1 via APPL1 (Mao et al., 2006) and thus can impact many insulin-related downstream pathways indepen-

dently of insulin (Figure 3).

Bear renal function is greatly suppressed in hibernation (Stenvinkel et al., 2013). Thus, factors such as circulating

metabolites may be involved in the metabolic effects of serum on cellular function. Circulating urea and trime-

thylamineN-oxide (TMAO) arewell recognized asmarkers of human chronic kidney disease. However, urea con-

centrations are reduced or unaffected in hibernating bears, likely owing to urease activity of the gutmicrobiome

(Ahlquist et al., 1984; Barboza et al., 1997; Nelson et al., 1980) and TMAO is reduced in hibernating bears (Ebert

et al., 2020). Thus, reduced kidney function per se is unlikely to be directly causal to the changes in insulin sensi-

tivity andmetabolism. However, other metabolites cannot be ruled out, and, to our knowledge, a complete sea-

sonal metabolomics comparison of bear blood has not been performed.

Here, we focused primarily on changes in gene expression and protein abundance related to insulin

signaling. However, other interesting patterns of differential gene expression related to adipocyte function

likely exist in our dataset and warrant separate in-depth investigation in the future. For example, obesity

and chronic hyperinsulinemia stimulate pro-inflammatory senescent phenotypes in human mature adipo-

cytes (Li et al., 2021). Investigation of a set of candidate senescence-related genes revealed patterns of

expression consistent with adipocyte senescence in treatments stimulated with hibernation serum,

providing preliminary evidence that cell senescence phenotypes may be a feature of bear adipose tissue

during hibernation. Given that cell senescence in humans is implicated in the development of many dis-

eases and metabolic conditions (Burton and Faragher, 2018; Minamino et al., 2009), additional study of

the magnitude, role, and consequences of adipocyte senescence in hibernating bears is warranted and

may reveal new insight into treatment or prevention of related diseases in humans.

Environmental cues, such as ambient temperature, trigger a cascade of physiological responses that lead toden

emergence and increasing basal metabolic rate (Evans et al., 2016). Whereas this may be the case for many or-

gans, our results suggest that shifts in serum proteins after feeding (i.e., consumption of glucose) may play an

important role in returning brown bear adipose tissue to active season physiology upon den exit in spring.

The transcriptional response in adipocytes to glucose feeding suggests that whereas metabolism and heart

rate increase before den emergence, food consumption likely acts as a proximate cue necessary for the transi-

tioning of adipose from a lipolytic/insulin-resistant state to one of insulin sensitivity (Jansen et al., 2021). This hy-

pothesis is consistent with observations that bears do not restore full active season physiology immediately after

exiting their dens and rely initially on the catabolism of fat for energy (Nelson et al., 1983). To address these gaps

would require collecting adipose samples and serum from bears at intervals after feeding began to determine

when the full active season phenotype of adipose is restored. Interestingly, recent findings in bears suggest that

serum glucose concentrations are the highest near the end of hibernation (Jansen et al., 2021) potentially

providing the extra fuel source necessary before full-fledged feeding.

The unique transcriptomic signature of HH cells suggests that gene expression requires both cellular and

serum constituents. However, our findings suggest that the transition to an active phenotype may rely

largely on changes in the serum proteome. Prior work showed that heat inactivation of serum largely elim-

inated the serum effect of insulin on adipocytes indicating that serum proteins were responsible for this

shift (Rigano et al., 2017); however, the specific proteins were not identified in that study. The current
iScience --, 105084, --, 2022 9
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findings identifying eight serum proteins that are uniquely expressed provide a starting point in the eluci-

dation of their unique actions. Together with this information, we can begin to explore the applications of

proteins identified in bears to human pathologies, including muscle wasting and osteoporosis (Donahue

et al., 2006; Fuster et al., 2007; Harlow et al., 2001; Hershey et al., 2008; Lin et al., 2012; Lohuis et al.,

2007), kidney disease (Stenvinkel et al., 2013), and metabolic syndrome (Berg von Linde et al., 2015; Martin,

2008; Rigano et al., 2017; Wu et al., 2013).

Limitations of the study

It is possible that metabolites and/or additional serum proteins that were not detected in this study could

play an important role in the regulation of hibernation phenotypes. Moreover, the direct impact of the

candidate proteins on downstream gene expression has not yet been explicitly tested or verified. It is

also possible that these serum proteins play important roles in regulating gene expression in other key

metabolic tissues such as liver, but these roles have yet to be explored.
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Döller, P.C. (2005). Reference intervals for
testosterone, androstenedione and SHBG levels
in healthy females and males from birth until old
age. Clin. Lab. 51, 625–632.

Evans, A.L., Singh, N.J., Friebe, A., Arnemo, J.M.,
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M. (2020). Generating high quality libraries for
DIA MS with empirically corrected peptide
predictions. Nat. Commun. 11, 1548. https://doi.
org/10.1038/s41467-020-15346-1.

Sharma, V., Eckels, J., Schilling, B., Ludwig, C.,
Jaffe, J.D., MacCoss, M.J., and MacLean, B.
(2018). Panorama public: a public repository for
quantitative data sets processed in skyline. Mol.
Cell. Proteomics 17, 1239–1244. https://doi.org/
10.1074/mcp.RA117.000543.

Smyth, G.K. (2004). Linear models and empirical
Bayes methods for assessing differential
expression in microarray experiments. Stat. Appl.
Genet. Mol. Biol. 3. https://doi.org/10.2202/
1544-6115.1027.

Stenvinkel, P., Jani, A.H., and Johnson, R.J. (2013).
Hibernating bears (Ursidae): metabolic magicians
of definite interest for the nephrologist. Kidney
Int. 83, 207–212. https://doi.org/10.1038/ki.2012.
396.

Taylor, G.A., Kirk, H., Coombe, L., Jackman, S.D.,
Chu, J., Tse, K., Cheng, D., Chuah, E., Pandoh, P.,
Carlsen, R., et al. (2018). The genome of the north
American Brown bear or grizzly: Ursus arctos ssp.
Genes 9, E598. https://doi.org/10.3390/
genes9120598.
Teppala, S., and Shankar, A. (2010). Association
between serum IGF-1 and diabetes among U.S.
adults. Diabetes Care 33, 2257–2259. https://doi.
org/10.2337/dc10-0770.

Ting, Y.S., Egertson, J.D., Bollinger, J.G., Searle,
B.C., Payne, S.H., Noble, W.S., and MacCoss,
M.J. (2017). PECAN: library-free peptide
detection for data-independent acquisition
tandem mass spectrometry data. Nat. Methods
14, 903–908. https://doi.org/10.1038/nmeth.
4390.

Ting, Y.S., Egertson, J.D., Payne, S.H., Kim, S.,
MacLean, B., Käll, L., Aebersold, R., Smith, R.D.,
Noble, W.S., and MacCoss, M.J. (2015). Peptide-
centric proteome analysis: an alternative strategy
for the analysis of tandem mass spectrometry
data. Mol. Cell. Proteomics 14, 2301–2307.
https://doi.org/10.1074/mcp.O114.047035.

UniProt, C. (2019). UniProt: a worldwide hub of
protein knowledge. Nucleic Acids Res. 47, D506–
D515. https://doi.org/10.1093/nar/gky1049.

Weisberg, S.P., McCann, D., Desai, M.,
Rosenbaum, M., Leibel, R.L., and Ferrante, A.W.
(2003). Obesity is associated with macrophage
accumulation in adipose tissue. J. Clin. Invest.
112, 1796–1808. https://doi.org/10.1172/
jci200319246.

Welinder, K.G., Hansen, R., Overgaard, M.T.,
Brohus, M., Sønderkær, M., von Bergen, M.,
Rolle-Kampczyk, U., Otto, W., Lindahl, T.L.,
Arinell, K., et al. (2016). Biochemical foundations
of Health and energy conservation in hibernating
free-ranging subadult Brown bear Ursus arctos.
J. Biol. Chem. 291, 22509–22523. https://doi.org/
10.1074/jbc.M116.742916.

Wickham, H., Chang, W., Henry, L., Pedersen,
T.L., Takahashi, K., Wilke, C., Woo, K., Yutani, H.,
and Dunnington, D. (2016). ggplot2: Create
Elegant Data Visualisations Using the Grammar
of Graphics. R package version 2.

Wittenbecher, C., Ouni, M., Kuxhaus, O., Jähnert,
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

PPS surfactant Expedeon Inc, San Diego, CA Cat# 21011

human ApoA1 protein Millipore, Burlington, MA Cat# ALP10

PBS Fisher Scientific, Waltham, MS Cat# AAJ60465AP

ammonium bicarbonate Fisher Scientific, Waltham, MS Cat# A643-50

DL-Dithiothreitol (DTT) Sigma, St Louis, MO Cat# D0632

Iodoacetamide (IAA) Sigma, St Louis, MO Cat# I1149

trypsin protease MS grade Fisher Scientific, Waltham, MS Cat# PI90057

formic acid Fisher Scientific, Waltham, MS Cat# A117-50

Acetonitrile Fisher Scientific, Waltham, MS Cat# A998-4

Peptide Retention Time Calibrant (PRTC) mixture Thermo Cat# 88321

Kasil1 Potassium Silicate Solution PQ Corporation, Valley Forge, PA N/A

Reprosil-Pur C18 Dr. Maisch, Ammerbuch, Germany Cat# r13.aq

Glucose (dextrose) Sigma-Aldrich, St. Louis, MO DX0145-5

tiletamine HCL and zolazepam HCL (Telazol) MWI Veterinary Supply, Inc., Boise, ID 009068

maropitant citrate (Cerenia) Zoetis Services LLC, Parsippany, NJ 10001555

Liberase TM Roche, Pleasanton, CA 5401119001

Cryopreservation medium Zen-Bio, Durhan, NC FM-1-100

Trypsin Zen-Bio, Durhan, NC TRP-100

Brown bear blood serum (active season) This study N/A

Brown bear blood serum (hibernation season) This study N/A

Brown bear blood serum (hibernation season,

post-glucose feeding)

This study N/A

Qiazol Qiagen, Redwood City, CA 79306

DMEM/F-12 with GlutaMax Thermo Fisher Scientific, Wlatham, MA 10565-018

Insulin Sigma-Aldrich, St. Louis, MO I-9278

3,30,5-Triiodo-L-thyronine Sigma-Aldrich, St. Louis, MO T-2877

Indomethacin Sigma-Aldrich, St. Louis, MO I-7378

Dexamethasone Sigma-Aldrich, St. Louis, MO D-1756

IBMX Sigma-Aldrich, St. Louis, MO I-5879

Rosiglitazone Sigma-Aldrich, St. Louis, MO R-2408

Critical commercial assays

TruSeq Stranded Total RNA prep

kit with Ribo-zero gold beads

Illumina, Inc., San Diego, CA part #20020598

Vital Stain Slide Nexcelom Bioscience, Lawrence, MA CHT4-SD100-002

ViaStain-AOPI staining solution Nexcelom Bioscience, Lawrence, MA CS2-0106

Qiagen Rneasy micro kit Qiagen, Redwood City, CA 74004

Deposited data

Raw RNA-seq data This study NCBI BioProject: PRJNA578991

Raw and analyzed proteomic data This study ProteomeXchange: PXD023555

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Brown bear adipocytes (active season) This study N/A

Brown bear adipocytes (hibernation season) This study N/A

Experimental models: Organisms/strains

Brown bears (Ursus arctos) N/A N/A

Software and algorithms

Proteowizard Chambers et al., (2012) version 3.0.18110, https://proteowizard.

sourceforge.io/

EncyclopeDIA Pino et al. (2020a); Searle et al. (2018);

Ting et al. (2017); Ting et al. (2015)

version 0.9.5, https://bitbucket.org/searleb/

encyclopedia/downloads/

Prosit Gessulat et al., (2019) https://github.com/kusterlab/prosit

Percolator Kall et al., (2007) version 3.01, https://github.com/percolator/

percolator/releases

Skyline MacLean et al., (2010), Pino et al., (2020b) daily version 20.1.1.146, https://skyline.ms/

project/home/software/Skyline/begin.view

Panorama Sharma et al., (2018) https://panoramaweb.org/home/

project-begin.view?

Trim Galore Krueger (2014) version 0.6.5

HISAT2 Kim et al., (2019) version 2.1.0

Picard Tools https://broadinstitute.github.io/picard/ version 2.23.6

SAMtools Li et al., (2009) version 1.10

Stringtie Kovaka et al., (2019) version 2.0.5

EdgeR McCarthy et al., (2012) version 3.28.1

ggplot2 Wickham et al., (2016) version 3.3.6

Eulerr Larsson (2021) version 6.1.1

Pheatmap Kolde (2012) version 1.0.12

WGCNA Langfelder and Horvath (2008) version 1.71

WebGestaltR Liao et al., (2019) version 0.4.4

Rrvgo Sayols (2020) version 1.6.0

BLASTx Altschul et al., (1997) version 2.2.26

Swiss-Prot Database UniProt (2019) access date: 06/09/2018

Pathview Luo et al., (2017) access date: 07/11/2022

Other

Q-Exactive HF Mass Spectrometer Waters, Milford, MA Cat# 186000782

MCX columns Waters, Milford, MA Cat# 186000782

PicoFrit column New Objective, Littleton, MA Cat# PF360-75-10-N-5

Waters nanoACQUITY UPLC System Waters, Milford, MA Cat# 176816000

fused silica 150 mm Molex, Wellington, CT Cat# 1068150024

Agilent Bioanalyzer 2100 Agilent Technologies, Santa Clara, CA N/A

Qubit 2.0 Invotrogen, Waltham, Massachusetts Cat # Q32866

HiSeq 2500 Illumina, Inc., San Diego, CA N/A

K2-Cellometer Nexcelom Bioscience, Lawrence, MA K2-SK-150

Qiacube Qiagen, Redwood City, CA 9001202
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Joanna L. Kelley (joanna.l.kelley@wsu.edu).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d Raw RNA-seq data are publicly available at the National Center for Biotechnology Information (NCBI

BioProject: PRJNA578991). Summaries of genes, GO terms, and proteins can be found in Data S1, S2,

and S3. The Skyline documents and raw files for DIA library generation and DIA sample analysis are avail-

able at Panorama Public (Sharma et al., 2018) (ProteomeXchange: PXD023555. Access URL: https://

panoramaweb.org/grizzlybear.url).

d All original code is included as a supplementary file with this publication, and is further available on Gi-

thub at https://github.com/blairperry/brownbear-adipose-cellculture-bwp.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The bears used in this study were housed at theWashington State University Bear Research, Education, and

Conservation Center. All procedures were approved by the Washington State University Institutional An-

imal Care and Use Committee (IACUC) under protocol number ASAF 6546. The bears were fed a pelleted,

high-fat diet specifically formulated to meet the macronutrient needs of brown bears (Robbins et al., 2022)

and allowed to graze on highly palatable, abundant and nutritious white clover (Trifolium repens gigan-

teum) and grasses (e.g., Poa pratensis, Phleum pratense, and Bromus gracilis) in a 0.56-ha exercise yard

(Rode et al., 2001). The bears were fed twice daily during the active season, from mid-March to mid-

October. Beginning in mid-October the amount of food is reduced and all feeding is ended in early

November as the bears begin to hibernate. Throughout the year water is available ad libitum. Bears

were housed in pairs in dens that included an indoor room measuring 3m x 3m x 2.5m with access to an

outdoor run that is 3m x 3m x 5m. During the active season there is daily access to a 0.56 acre outdoor enclo-

sure where the bears were able to forage on grasses and forbs. The bears hibernated in their dens in pairs

with access to the outdoor run. Straw was provided as a bedding in hibernation and the housing was kept at

natural temperature and light conditions throughout the year. Further detail about animal care is discussed

in Rigano et al. (2017).

Thirteen total bears were included in this study over multiple years of sample collection. The hibernation

and active cell and blood serum samples were collected from six bears (four males, two females ranging in

age from five to 13). Active serum and cells were collected from the same six bears, but hibernation serum

samples from two bears (two 5-year-old males) was omitted from downstream experiments owing to detri-

mental effects of that serum in cell culture, which lead to congealing of the media. Post-glucose serum was

combined in equal ratios from seven different bears owing to the small volume of collected blood samples.

For the purposes of this paper, all serum used was collected from bears that were anesthetized at the time

of collection (details below). The difference in bears between the post-glucose and other sera also

informed our decision to combine sera by treatment, hopefully limiting impacts from the individual ani-

mals. We note that none of the female bears used in this study gave birth or were nursing cubs during

the period of sample collection.

We collected hibernation samples in early January and active season samples in late May and early June

(Figure 1A). This sampling is designed to collect data from the two extremes of bear physiology, with hi-

bernation occurring from November through March and active season from late March to late August. Hy-

perphagia, from late August to the beginning of November is when bears are accumulating fat to survive

hibernation. This period was not included in this study as our primary interest was in seasonal shifts be-

tween active season and hibernation. To collect serum and subcutaneous gluteal adipose tissue the bears

were anesthetized using a combination of tiletamine HCl and zolazepam HCl (3.25 mg/kg active season,
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1.25 mg/kg hibernation; Telazol, Phizer Animal Health, New York, NY) and dexmedetomidine HCl

(0.008 mg/kg active season, 0.003 mg/kg hibernation). Famotidine (0.6 mg/kg) was injected intravenously

before reversing the effects of the dexmedetomidine. Atipamezole HCl was used as an antagonist to the

dexmedetomidine and was administered half intravenously and half intramuscular (0.002 mg/kg). In the

active season sampling period, bears were administered 1 mg/kg maropitant citrate (Cerenia, Zoetis Ser-

vices LLC, Parsippany, NJ) as an antiemetic the day before drugging.

While the bears were anesthetized, a small patch of the gluteal region was shaved and 6mmpunch biopsies

(Miltex, York, PA, #33-36) were used to collect white adipose tissue. The skin was removed using sterile in-

struments to prevent contamination and the adipose was transferred to a 15mL conical tube containing

5mL of 1X HBSS with 1 percent penicillin-streptomycin-amphotericin B (PSA). Adipose samples were all be-

tween 0.1 and 0.5 grams. Isolation of pluripotent mesenchymal stem cells largely followed the protocol es-

tablished by Gehring et al. (2016). The only area of our protocol that differed from Gehring et al. (2016) was

in the replacement of collagenase type 1 used in their study with Liberase TM (0.47 Wu/mL; Roche, Pleas-

anton, CA). Cells were digested for 45 min in HBSS containing Liberase TM at 37�C. The solution was then

poured through a 0.22 micron filter. We added 5mL of pre-adipocyte medium to the tube to rinse out re-

maining cells and poured this through the filter as well. The pre-adipocyte medium neutralized the Liberase

TM, stopping the digestion. The cells were then centrifuged for five minutes at 500g to pellet the stromal

vascular fraction (SVF). The fat cake was removed and the infranatant was plated for expansion. The SVF

pellet was incubated with red blood cell lysis buffer for ten minutes before being re-suspended in pre-

adipocyte media and plated for expansion. Upon reaching 80-90% confluence the cells were trypsinized

(0.25% trypsin/2.21mmol EDTA), and incubated for five minutes at 37�C. We then neutralized the trypsin

using pre-adipocyte medium, collected the cells in 15mL tubes and viability and number of cells was deter-

mined with a Cellometer K2 (Nexcelom Bioscience, Lawrence, MA). Cryopreservation medium (Zen-bio,

Durham, NC) was then added at 1mL/1000 cells before placing cells in liquid nitrogen. At this point the cells

were considered passage one.

We collected blood concurrently with the tissue collection via the jugular vein into 10 mL Monoject blood

collection tubes (Coviden, Dublin, Ireland). Whole blood was transported to the lab and spun at 4�C and

1300g for 20 min to separate serum from red blood cells and buffy coat. Serum was removed using a trans-

fer pipette and filtered through a 0.22 micron sterile filter. The filtered serum was then aliquoted into 1mL

aliquots and frozen at �80�C.

METHOD DETAILS

Feeding trial

Seven bears (five female, two male ranging from four to 15 years old) were fed glucose (dextrose, Sigma-

Aldrich, St. Louis, MO) at 1 g/kg daily to match approximately 50 percent of their minimum hibernation en-

ergy requirements for ten days. This energy requirement was calculated using the equation y = 4.8x1.09

(Robbins et al., 2012). This glucose concentration was fed to the bears for ten days from early to mid-

January. In the two days following the final glucose feeding the bears were anesthetized and serum was

collected once again, following the protocol described above. Serum collection was conducted over

two days due to the time constraints required for sampling from each bear.

Cell culture

Cell culture techniques followed the protocol established by Gehring et al. (2016). In brief, we plated the

passage one cells in 24-well plates, at an initial density of approximately 20,000 cells per well. All cells used

in this experiment were passage one or two. We then applied a preadipocyte medium consisting of low-

glucose DMEM, PSA, and 10% FBS to each well and kept the plates at 37�C in an incubator with five percent

CO2 for 24 h. The following day a 0.5mL medium change occurred using the same medium. Following this

initial medium change, medium changes occurred every 48 h to replenish nutrients until the cells were

approximately 90 percent confluent. We then removed the preadipocyte medium and replaced it with dif-

ferentiation medium consisting of DMEM, PSA, insulin, T3, indomethacin, dexamethasone, IBMX, rosigli-

tazone, and bear serum. After 48 h in the differentiation medium, maintenance medium containing DMEM,

PSA, bear serum, insulin, T3, and rosiglitazone was applied to the cells. Maintenance medium was changed

every 48 h. Bear sera used were collected from bears in active or hibernation season, or after glucose

feeding in hibernation. Serum from multiple individuals within each season was combined at equal ratios

prior to in vitro application to cells. This was done to reduce variability from individual bears’ serum. Two
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bears’ serum was removed from the hibernation serum combination as they were causing the combined

serum to congeal. This left four bears in the hibernation serum mixture, two female and two male ranging

from 11 to 13 years old.

RNA extraction

After six days in maintenance medium the cells were harvested for RNA sequencing. Maintenance medium

was removed and replaced with 600mL Qiazol (Qiagen, Redwood City, CA). The cells were scraped from the

bottom of the well and, using a pipette, were removed from the well along with the Qiazol and placed into

2mL tubes. We added 120mL chloroform to each tube, and then vortexed the tubes for 15 s. This was fol-

lowed by a one minute incubation at room temperature before the tubes were centrifuged at 4�C and

20,800g for 15 min. 350mL of the aqueous phase was extracted and loaded into a new 2mL tube which

was loaded into a Qiacube (Qiagen) with all the reagents for the Qiagen RNeasy mini kits (Qiagen) and

extraction proceeded following manufacturer’s recommended protocols, other than an increase in elution

volume to 30mL.

Library preparation and sequencing

RNA libraries were prepared using Illumina TruSeq Stranded Total RNA prep kit with Ribo-zero gold beads

(Illumina, Inc., San Diego, CA, part #20020598) to remove ribosomal RNA and followed manufacturer pro-

tocols. Barcodes were added to identify unique samples, with one barcode per sample. All samples were

amplified for ten rounds, rather than the recommended 15 to reduce PCR bias, and were evaluated using an

E-Gel (Invitrogen, Carlsbad, CA). To determine library quality andmolarity all samples were assessed on an

Agilent Biolanalyzer 2100 (Agilent Technologies, Santa Clara, CA) as well as a Qubit 2.0 (Invitrogen). The

findings from the Bioanalyzer were used to pool all libraries in equimolar concentrations for sequencing.

The pooled samples were sequenced on three lanes of an Illumina HiSeq 2500 with v4 reagents (paired

end, 100 basepair reads) at the Washington State University Genomics Core in Spokane, WA.

Read mapping

Paired-end, 100 basepair (bp) raw reads were assessed with FastQC (version 0.11.8) to determine read

quality (Andrews, 2010). 12 bp were removed from the 5’ end of every read with Trim Galore! ((Krueger,

2014); version 0.6.5, run with Cutadapt version 2.7) and paired reads greater than 50 bp in length and

with quality scores greater than 20 were kept in the analysis. The trimmed reads were mapped to the brown

bear reference genome (NCBI: GCA_003584765.1(Taylor et al., 2018)) using HISAT2 ((Kim et al., 2019);

version 2.1.0). Once mapped, the reads were processed with Picard Tools ((Picard toolkit, 2019); version

2.23.6) to fix mate information where needed, then converted from a SAM to a BAM file format and sorted

by genomic position for downstream analysis using SAMtools ((Li et al., 2009); version 1.10). Alignment

summary metrics including percent mapping in pairs were collected with Picard Tools.

Data from the three separate HiSeq 2500 lanes were merged by sample using Picard Tools and the final

merged library size was evaluated (Figure S8). The mapped reads were assembled into transcripts with

Stringtie ((Kovaka et al., 2019); version 2.0.5) using the –eB flag to prepare for downstream analysis. The

prepDE.py python script provided with Stringtie was run on the output to extract a gene count matrix.

As we had used library preparation methods that removed rRNA, we then removed all known ribosomal

RNA transcripts. Any genes that were not expressed above 0.5 counts per million in at least three samples

were also removed from the analysis.

Protein concentration, lysis and digestion

There were 28 bear serum samples which characterize three conditions: 11 samples were serum from active

bears, 10 samples were serum from hibernating bears and seven samples were serum from bears fed during

hibernation with glucose (reversal; Table S2).

BCA assay (Pierce) was used to analyze serum concentration of all samples. Each bear serum sample was

diluted to 7.5 ug/ul final concentration with PBS. 0.1% of PPS surfactant (Expedeon Inc, San Diego, CA) in

50 mM ammonium bicarbonate was added to 50 ug of each diluted bear serum. 200 ng of human ApoA1

protein (Millipore, Burlington, MA) was added to each individual sample as a protein process control. Sam-

ples were briefly vortexed, reduced with dithiothreitol (DTT), alkylated with iodoacetamide (IAA),

quenched with DTT, and digested with trypsin at a 1:50 enzyme to substrate ratio for 16 hours at 37�C.
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PPS was cleaved with the addition of 200 mM HCl. Samples were cleaned with MCX columns (Waters, Mil-

ford, MA) and resuspended in 0.1% formic acid. A heavy labeled Peptide Retention Time Calibrant (PRTC)

mixture (Thermo, cat # 88321) was added to each sample.
Liquid chromatography and mass spectrometry

One mg of each sample with 50 femtomole of PRTC was loaded onto a 30 cm fused silica picofrit (New

Objective, Littleton, MA) 75 mm column and 4 cm 150 mm fused silica Kasil1 (PQ Corporation, Valley Forge,

PA) frit trap loaded with 3 mm Reprosil-Pur C18 (Dr. Maisch, Ammerbuch, Germany) reverse-phase resin

analyzed with a Waters nanoACQUITY UPLC system coupled to a Thermo Q-Exactive HF mass spectrom-

eter. The PRTC mixture is used to assess quality of the column before and during analysis. Four of these

quality control runs are analyzed prior to any sample analysis and then after every six sample runs another

quality control run is analyzed.

For the quality control (QC) analysis, buffer A was 0.1% formic acid in water and buffer B was 0.1% formic

acid in acetonitrile. The 45-min QC gradient consisted of a 2 to 35% B in 30 min, 35 to 60% B in 10 min, 60 to

95% B in 5 min, followed by a wash of 5 and 15 min of column equilibration. A cycle of one 60,000 resolution

full-scan mass spectrum (400-800 m/z) followed by a data-independent MS/MS spectra on loop count of 17

data-independent MS/MS spectra using an inclusion list at 30,000 resolution, AGC target of 1e6, 55 s

maximum injection time, 27% NCE with a 2 m/z isolation window. As the peptides were eluted from the

column, they entered the mass spectrometer via an electrospray ionization interface with a 3 kV spray

voltage.

In each mass spectrometry run, the sample was loaded onto the trapping column and washed with a

mixture of 98% buffer A (water in 0.1% formic acid) and 2% buffer B (acetonitrile in 0.1% formic acid). After

trapping, the sample was loaded onto the analytical column and separated over a 90-min linear gradient

from 2%-35% buffer B, followed by a 20-min gradient of 65%-95% buffer B and a final 10-min equilibration

with 2% buffer B.

For data-independent acquisition (DIA) proteomics with on-column gas-phase fractionation, a pooled

sample for each serum state (active, hibernation, and reversal; comprised of serum frommultiple individual

bears mixed at equal ratios for each serum state) was analyzed with six DIA LC-MS/MS runs collectively

covering 400-1000 m/z (Searle et al., 2020). Each DIA run acquired comprehensive MS/MS data on all pre-

cursors in a 100 m/z range. Precursor MS spectra consisted of a wide spectrum (400-1600 m/z at 60,000 res-

olution) and a narrower spectrum matching the 100 m/z range (390-510, 490-610, etc at 60,000 resolution,

AGC target 3e6, maximum injection time of 100 ms) acquired every 25 MS/MS scans. The MS/MS scans

used an overlapping 4m/z wide isolation window, at 30,000 resolution, AGC target 1e6, maximum injection

time of 55 ms and 27% NCE acquired every 25 MS/MS scans.

For DIA quantitative acquisition of individual samples, comprehensive MS/MS data on all precursors be-

tween 400 and 1000 m/z was acquired with a 25 3 24 m/z isolation width. Precursor MS scan resolution

was 30,000, AGC target 3e6, maximum injection time 100 ms and 27% NCE. The MS/MS scan resolution

was 30,000, AGC target 1e6, maximum injection time 55 ms and 27% NCE using an "overlapping window"

multiplexing approach in which alternating cycles of MS/MS scans are offset by 12 m/z relative to one

another.
QUANTIFICATION AND STATISTICAL ANALYSIS

Differential gene expression analysis

Large scale patterns in gene expression were visualized using multi-dimensional scaling (MDS) plots (Fig-

ure 1D). The gene counts were normalized across samples by library size using the EdgeR package in R

((McCarthy et al., 2012); version 3.28.1). After normalization the top 10,000 genes were used to visualize pat-

terns in expression across cell type and serum type with a multidimensional scaling plot. For differential

gene expression analysis, a design matrix was established which treated individual bears as blocking fac-

tors for a repeated measures experiment in which the treatment was the cell season by serum season inter-

action. The biological coefficient of variation was visualized (Figure S9). A GLM quasi-likelihood F test was

used to compare each experimental group for genewise statistical differences with a Benjamini-Hochberg

adjustment for multiple comparisons at an alpha level of 0.05.
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The number of differentially expressed genes in key comparisons were visualized using ggplot2 v3.3.6

(Wickham et al., 2016) in R. Overlap between pairwise comparison results were assessed and plotted using

eulerr v6.1.1 (Larsson, 2021) in R. Heatmaps of gene expression were generated using pheatmap v1.0.12

(Kolde, 2012) in R.

Weighted correlation network analysis (WGCNA)

To identify genes showing co-expression across treatments, we conducted WGCNA analysis in R using

WGCNA v1.71 (Langfelder and Horvath, 2008). We determined a soft thresholding power of 8 (Figure S2A)

using pickSoftThreshold, and used the blockwiseModules function to generate a signed network and co-

expressed gene modules using parameters networkType = ’’signed,’’ TOMType = ‘‘signed,’’ minModule-

Size = 30, reassignThreshold = 0, mergeCutHeight = 0.25, and maxBlockSize = 14000 (Figure S2B). Module

eigengenes were then determined with moduleEigengenes and correlated with the following set of binary-

coded trait data from the experiment: sex (male = 1, female = 0), hibernation cells (hibernation cells = 1,

active cells = 0), active cells (active cells = 1, hibernation cells = 0), hibernation serum (hibernation serum =

1, other serum = 0), active serum (active serum = 1, other serum = 0), and post-glucose serum (post-glucose

serum= 1, other serum= 0) (Figure S2C). Modules that were found to be correlated with one ormore exper-

imental traits (R > 0.5; p-value < 0.05) were analyzed for overrepresentation of gene ontology terms as

described below.

Gene ontology overrepresentation analysis

To evaluate functional biological changes between experimental groups we examined Gene Ontology

(GO) using WebgestaltR v0.4.4 (Liao et al., 2019) and rrvgo v1.6.0 (Sayols, 2020). We first annotated genes

in our reference genome using BLASTx (Altschul et al., 1997) with our search limited to the human Swiss-

Prot database (critical E-value: 0.00001; access date 6/9/2018; (UniProt, 2019)). Bear genes were assigned

a human ID based on the top BLAST hit, determined by the highest scoring segment pair. Sets of DE genes

from pairwise analyses and genes belonging to WGCNAmodules found to be correlated with one or more

experimental trait were then investigated for overrepresentation of GO terms using the overrepresentation

method in WebgestaltR the non-redundant versions of the Biological Process, Cellular Component, and

Molecular Function GO term databases. A list of all genes used as input for pairwise comparisons and

WGCNA analyses were used as the background for all GO analyses. Terms with FDR <0.05 were considered

significantly overrepresented. To enable comparisons of significant GO terms between analyses (i.e.,

Figures 2D and S4), we used rrvgo to group GO terms frommultiple analyses into higher-level parent terms

using a similarity threshold of 0.6, and pheatmap in R to plot parent terms found to characterize one or

more significant term in a set of analyses.

Investigation of gene expression for candidate gene sets

As a preliminary look at the expression of key genes related to senescence phenotypes in adipocytes, we

curated a list of candidate genes defined in (Li et al., 2021); see Figure 5B in cited study). Normalized gene

expression counts and pairwise comparison results (described below) were then filtered based on this set

of candidate genes in R. A clustered heatmap of candidate gene expression was generated using pheat-

map, and differential expression results for candidate genes were plotted using ggplot2 (Figure S5).

To investigate downstream gene expression related to several candidate proteins (described below), log2-

fold-change values for genes involved in the ‘‘Complement and Coagulation Cascades’’ KEGG pathway

(hsa04610) with significant differential expression between AA and HH were exported from R and visualized

using the online implementation of Pathview (Luo et al., 2017).

Proteomics data analysis

Thermo RAW files were converted to mzML format using Proteowizard (Chambers et al., 2012) (version

3.0.18110) using vendor peak picking and demultiplexing (Amodei et al., 2019; Egertson et al., 2013,

2015). Chromatogram spectral libraries were created using default settings (10 ppm tolerances, trypsin

digestion, HCD b- and y-ions) of EncyclopeDIA (Pino et al., 2020a; Searle et al., 2018; Ting et al., 2015,

2017) (version 0.9.5) using a Prosit (Gessulat et al., 2019) predicted spectra library based on the longest iso-

form present in the bear reference genome annotation (NCBI: GCF_ 003584765.1; (Taylor et al., 2018)). Pro-

sit library settings were 1 missed cleavage, 33%NCE, charge states of 2 and 3, m/z range of 396.4 to 1002.7,

and a default charge state of 3. Quantitative spectral libraries were created by mapping spectral to the
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chromatogram spectral library using EncyclopeDIA requiring a minimum of 3 quantitative ions and filtering

peptides at a 1% FDR using Percolator (Kall et al., 2007) (version 3.01). The quantitative spectral library was

imported into Skyline (MacLean et al., 2010; Pino et al., 2020b) (daily version 20.1.1.146) with the bear

FASTA as the background proteome to map peptides to proteins. A csv file of peptide level total area frag-

ments (TAFs) for each replicate was exported from Skyline.
Proteomic statistical analysis

Data preprocessing prior to the statistical analysis included the transformation of the data to the log2 scale,

visual inspection of data adherence to parametric assumptions, and removal of the extreme values on the

low end of the distribution. These extreme values were treated as missing data for downstream imputation.

Globally, median location normalization was applied to the data such that sample abundances share a

common center value.

Estimation of missingness associated with MCAR/MAR was performed using group-means imputation to

replace the missing values with the group mean of all known abundances of the feature. The underestima-

tion of the variance which leads to biased estimates was minimized by limiting the imputation to a single

value per feature group.

Surrogate Variable Analysis (SVA) was performed to capture the heterogeneity across the data set caused

by unknown confounding effects (Leek and Storey, 2007). Using the ‘‘sva’’ module available through the

R/Bioconductor framework, 4 SVs were estimated using default settings. All of the SVs were included as

covariates in the downstream linear model to adjust for effects of unwanted variability.

To infer the protein groups, a bipartite graph of peptide-protein interactions was constructed to generate

protein groupings through the parsimony reduction of the graph. Peptide abundances at the nodes were

summed to estimate the protein-level abundance. Error rates of the quantitation were not estimated.

Protein group abundance was modelled using a linear model with hibernation state as factor and surrogate

variables as numerical covariates. Empirical Bayes method as part of the LIMMA package was used to es-

timate the parameters in R (Smyth, 2004). Between group comparison was performed using the empirical

Bayes moderated t-statistics test from the LIMMA package which is available through the R/Bioconductor

framework (Smyth, 2004). The probability value associated with the test statistic was corrected for multiple

testing using the Benjamini-Hochberg procedure controlling the false discovery rate (FDR). Differentially

abundant protein groups were determined using FDR <0.05.
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