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Abstract

Brown bears (Ursus arctos) prepare for winter by overeating and increasing adipose stores,

before hibernating for up to six months without eating, drinking, and with minimal movement.

In spring, the bears exit the den without any damage to organs or physiology. Recent clinical

research has shown that specific lipids and lipid profiles are of special interest for diseases

such as diabetes type 1 and 2. Furthermore, rodent experiments show that lipids such as

sulfatide protects rodents against diabetes. As free-ranging bears experience fat accumula-

tion and month-long physical inactivity without developing diabetes, they could possibly be

affected by similar protective measures. In this study, we investigated whether lipid profiles

of brown bears are related to protection against hibernation-induced damage. We sampled

plasma from 10 free-ranging Scandinavian brown bears during winter hibernation and

repeated sampling during active state in the summer period. With quantitative shotgun lipi-

domics and liquid chromatography-mass spectrometry, we profiled 314 lipid species from

26 lipid classes. A principal component analysis revealed that active and hibernation sam-

ples could be distinguished from each other based on their lipid profiles. Six lipid classes

were significantly altered when comparing plasma from active state and hibernation: Hexo-

sylceramide, phosphatidylglycerol, and lysophosphatidylglycerol were higher during hiber-

nation, while phosphatidylcholine ether, phosphatidylethanolamine ether, and

phosphatidylinositol were lower. Additionally, sulfatide species with shorter chain lengths

were lower, while longer chain length sulfatides were higher during hibernation. Lipids that

are altered in bears are described by others as relevant for and associated with diabetes,

which strengthens their position as potential effectors during hibernation. From this analysis,

a range of lipids are suggested as potential protectors of bear physiology, and of potential

importance in diabetes.
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Introduction

The brown bear (Ursus arctos) has previously been suggested as a model to study type 2 diabe-

tes (T2D), in part due to its dramatic weight gain before the month-long hibernation which is

physiologically in contrast to a “sedentary lifestyle” in humans. In spring, bears appear healthy

and show no signs of insulin resistance, atherosclerosis, heart failure, or other symptoms

observed in humans with long-term sedentary lifestyle [1–3]. In contrast to rodents housed in

animal facilities, free-ranging bears do not experience constant stress factors like noise and

light.

Lipidome analyses have been used to pair specific lipid profiles to certain diseases and pin-

point lipid species with specific functions [4–6], which could pave the way for lipidomics-

based diabetes prediction. Similar to proteins, lipids have important functional roles in cells

i.e. by direct interactions with proteins [7]. For example, the sphingolipid sulfatide which aids

in maintaining beta cell function and insulin secretion [8] is decreased in the islets of individu-

als with new-onset type 1 diabetes (T1D) [9]. Furthermore, in newly diagnosed patients with

type 1 diabetes, up to one third of the beta cells are inactive [10], which to some extent could

be comparable to the state of beta cell activity in hibernating bears. Free fatty acids also specifi-

cally target the G-protein coupled receptors named Free Fatty Acid Receptors to activate spe-

cific signaling pathways [11]. Several previous studies have analyzed plasma and serum from

patients with T1D to use lipid profiles and lipid species as markers of antibody-positive and

clinically symptomatic disease states [5, 12–14]. Similar studies have been performed to inves-

tigate individuals with prediabetes and T2D [15–17].

Specific lipid species can have specific functional roles both in normal physiology and in

animals that hibernate. Lipid classes such as cholesterol and fatty acids can regulate pathways

related to torpor, and cholesterol enrichment in the diet of chipmunks improved hibernation

parameters whereas saturated fatty acid enrichment worsened them [18]. One study found

that feeding of an omega 6-fatty acid-rich diet to alpine marmots increased the activity of myo-

cyte Sarcoendoplasmic Reticulum Calcium ATPase (SERCA) pumps and improved survival

through hibernation [19]. Given that bears gain weight and then hibernate without suffering

any major physiological deterioration, they could act as a model to detect and describe protec-

tive lipid markers and compare these to lipid markers of disease. The purpose of this study was

to investigate if bears have alterations in plasma lipid classes or lipid species that could explain

how their beta cells remain viable despite months of hibernation-induced inactivity, and

thereby avoid developing T1D, T2D, or other diseases.

Materials and methods

Sampling of bears

Ten brown bears of 2–3 years of age were sampled in Dalarna, Sweden by a team from the

Scandinavian Brown Bear Research Project trained in the capture and handling of free-ranging

bears. The bears were sampled between 2012 and 2016 and includes seven female and three

male bears. Bears in the project were fitted with neck collars containing GPS and VHF trans-

mitters, which allowed researchers to locate the bears in the dens during their winter hiberna-

tion [20], and again in the summer [21] when bears were in their active state. Hibernating

bears were anaesthetized with a mixture of medetomidine, zolazepam, tiletamine, and keta-

mine, and then sampled and examined (S1 Table). At the summer encounter, bears were

anaesthetized by darting from a helicopter (with a mixture of medetomidine, zolazepam, and

tiletamine), and then sampled and examined; if necessary, ketamine was administered as well.

Exact sample dates can be found in the S1 Table; in general, the summer sampling was
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performed between 98 and 133 days after the first sample, with a mean of 114.7 days between

the two sampling events. Venous blood samples were collected into EDTA polypropylene

cryotubes, transferred to a field station and centrifuged within 1–2 hours at 2000 g for 7 min-

utes. Plasma supernatant was collected, frozen at -20˚C and kept on dry ice until reaching the

laboratory at Örebro University Hospital, Sweden within a maximum of 4 days, where samples

were transferred to -80˚C storage without breaking the cold chain. The study was approved by

the Swedish Ethical Committee on Animal Research (C286/12 and C3/16) and all procedures

were performed according to Swedish laws and regulations.

Lipidomics analysis

Lipid extraction for shotgun lipidomics analysis was performed as reported previously [22].

Lipid extraction was performed with spike of synthetic lipids (S2 Table) and 4 μL bear plasma.

The internal standards enabled us to detect 25 lipid classes in five categories. Crude lipid

extracts were subjected to FT MS and FT MS/MS analysis on an Orbitrap Fusion Tribrid mass

spectrometer (Thermo Fisher Scientific, USA) coupled to a TriVersa NanoMate (Advion Bio-

sciences, USA) which is a direct nanoelectrospray infusion robot; the mass spectrometer was

used with optimized settings. The FT MS system operated with Rm/z 200 = 500.000; AGC value

of 1×105; maximum injection time of 50 ms; three microscan and FT MS/MS settings with Rm/

z 200 = 15.000; AGC value of 2.5×104; maximum injection time of 66 ms; one microscan, while

the direct infusion settings were as described previously [22]. Lipid identification and valida-

tion was performed with LipidXplorer version 1.2.7 [23] and absolute quantification with

homemade software [22].

For sulfatide (SHexCer) extraction, 4 μL of bear plasma in 200 μL ammonium bicarbonate

was subjected to a 3-step extraction. Plasma samples were spiked with 10 μL of internal stan-

dard SHexCer 30:1;2 (25 pmol), mixed with 1000 μL chloroform/methanol (10:1, v/v), and

shaken at 2000 rpm for 10 minutes at 4˚C. The lower organic phase was discarded and an addi-

tional 1000 μL chloroform/methanol (10:1, v/v) was added, then shaken again as previously. In

the final extraction step the lower phase was discarded, 1000 ul chloroform/methanol (2:1, v/v)

added, and lastly shaken again as before. The lower phase was transferred to a new tube and

vacuum evaporated, then resuspended in 100 μL 6mM ammonium acetate in acetonitrile/

methanol (100:2, v/v). Analysis of SHexCer was performed on a (U)HPLC UltiMate 3000

RSLCnano System (Thermo Fisher Scientific) coupled to a Q-Exactive Quadrupole-Orbitrap

Mass Spectrometer; a 0.5x150 mm silica column was used (YMC-Pack Silica analytical column

with 3 μm particles). LipidXplorer version 1.2.7 was used to identify the SHexCer species and

LipidQ used for pmol calculation and determination of time ranges that corresponded to sulfa-

tide species peaks. LC-MS grade solvents were used to compose elution gradients; A: 6 mM

ammonium acetate in water; solvent B: 6 mM ammonium acetate in acetonitrile/methanol

(100:2, v/v). The gradient profile was: 0–0.1 min, 100–90% B; 0.1–0.5 min, 90% B (isocratic);

0.5–2 min, 90–20% B; 2–6 min, 20% B (isocratic); 6–6.2 min, 20–100% B; 6.2–10 min, 100% B

(isocratic). The transfer capillary temperature was 380˚C, the spray voltage was 3.8 kV, and FT

MS spectra in the negative ionization mode were acquired in the m/z range of 300–950 at the

mass resolution of Rm/z 200 = 35.000; AGC value of 2×105; maximum injection time of 128 ms;

three microscans. The measurements for the global shotgun lipidomics were calculated to

molar percentage values, from which downstream analyses were performed.

To extract the characteristics of the sulfatide fatty acid chains in the data, we subtracted the

sphingoid backbone from the sum composition of SHexCer species with the assumption that

the sphingoid backbone corresponds to 18:1:2 (a sphingosine), the most commonly occurring

sphingoid backbone of sphingolipids [24, 25]. The SHexCer species were therefore annotated
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according to this defined assumption: As an example, SHexCer 34:1:2 with its sphingoid back-

bone (18:1:2) subtracted would thereby leave it with a carbon chain length of 16 and with zero

double bonds, thus becoming C16:0 sulfatide. SHexCer measurements were calculated to

pmol/μL values, from which the downstream analysis was performed.

Data analysis and statistics

Heatmaps and PCA plots were generated by using the ClustVis web tool [26] with molar per-

centages acquired from the shotgun lipidomics assay. This web tool is based on the Principal

Component Analysis which takes multivariate data and transforms it to show the variables

that affects sample variation the most. The web tool uses R and several R packages such as

ggplot2, pheatmap, and pcaMethods to analyze and visualize the data input.

Differences in lipid levels of summer active state and winter hibernation samples were com-

pared by multiple two-tailed paired t-testing in GraphPad Prism version 9.0.0, where the two-

stage step-up method of Benjamini, Krieger and Yekutieli was used to correct for multiple

comparisons, with a False Discovery Rate (FDR) of 1.0%. Data are shown as means ± standard

deviation (SD) in analyses using two-tailed t testing. A p-value of�0.05 was considered statis-

tically significant. All p-values presented in the main text and figures are corrected p-values.

No measurements or outliers measured from the 20 samples were excluded from the analysis.

Bar plots and boxplots were generated with GraphPad Prism version 9.0.0. The bubble plot

and supplementary figures for chain length and double bonds were generated with R version

4.1.2. All statistics and analyses were made from the global lipidomics molar percentages data,

except SHexCer results which were generated from pmol/μL data from the LC-MS assay.

Results

The characteristics of the ten bears sampled in the study is shown in S1 Table. An initial plot-

ting of all measured lipids as a Principal Component Analysis plot (Fig 1A) and heatmap

(Fig 1B) revealed that the 20 samples mainly clustered according to the sample collection time

of summer active state or winter hibernation i.e. all samples in the hibernation cluster had the

same levels of the same lipids (Fig 1B). Sex- and age differences did not affect the clustering

either, again highlighting the similarity of lipid profiles during each of the two sampling sea-

sons. In total, we detected an average of 291 lipid species in the summer active samples and

278 in winter hibernation samples (Fig 1C). 32 species were detected in summer active samples

only, 19 in winter hibernation samples only, and 263 species detected in both sample types.

Class-level analysis of the samples with shotgun lipidomics (Fig 1D, left panel) revealed that

total levels of three lipid classes were significantly higher during hibernation: hexosylceramide

(HexCer, p = 0.002), phosphatidylglycerol (PG, p< 0.001), and lysophosphatidylglycerol

(LPG, p = 0.005). We could only quantify PG in winter hibernation samples, as no PG was

present in any of the summer active state samples. Additionally, three classes in the glycero-

phospholipid category were significantly lower during hibernation: phosphatidylcholine ether

(PCO-, p = 0.002), phosphatidylethanolamine ether (PEO-, p< 0.001), and phosphatidylinosi-

tol (PI, p = 0.005). The remaining lipid classes were unaltered on class-level but had changes in

individual lipid species (S1 Fig). It was noted that the lysophosphatidylserine (LPS) measured

(Fig 2D, left panel) was only detected in hibernation samples, but that the variation was too

high be statistically significant. Since HexCer, PG, and LPG classes were higher in winter

hibernation samples, it is possible that these have protective roles during hibernation.

To evaluate substantial changes in all the measured lipid species, we stratified the log2FC

with the previously calculated p-values to create a bubble plot (Fig 1D, right panel). In this

plot, all lipid species were grouped into classes and arranged by their log2FC, and lipid species
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Fig 1. Initial analysis of the lipidomics data set. A. Principal Component Analysis. Red data points are samples from the summer active state (S), blue points from

winter hibernation (W). B. Heatmap of the 20 samples in the study. Summer active state (S), winter hibernation state (W). C. Total number of detected lipid species

in the summer active state (S), winter hibernation state (W), or both. Error bars shows SD. D. Heatmap and bubble plot of log2 fold changes (log2FC) for lipid species

in each respective class. In each class in the bubble plot, the lipid species with a significant log2FC are colored, whereas nonsignificant species remain gray (adjusted

p-value threshold of 0.05). Lipid species with a mean level of 0 in the summer active state is not shown in the plot since their log2FC could not be calculated. The

lower limit for log2FC in the heatmap is similarly set to -2.5, as the few species with an extraordinary high fold change would skew plotting of the remaining data.

Significantly altered classes are marked with a single asterisk (p<0.05, paired t-test with correction for multiple testing). All classes in the bubble plot were calculated

from molar percentages acquired via shotgun metabolomics, except for SHexCer which was calculated from pmol/μL values acquired with a more sensitive LC-MS

approach. The red vertical lines in the bubble plot mark log2FC thresholds of 0.5 and -0.5. The class “FC” denotes free cholesterol, refer to the methods for

abbreviations for the other classes. n = 20 for all figures.

https://doi.org/10.1371/journal.pone.0291063.g001
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that differed significantly between hibernation and active state were colored. The log2FC of 51

of the 314 species could not be calculated due to a mean lipid level of 0 in either the active or

hibernation state, and these species are therefore not shown. Of these species, 233 were signifi-

cantly altered during hibernation with 113 species being lower and 120 higher. The total level

of each lipid class was determined by the sum of the levels for each lipid species within that

class, and therefore the difference between hibernation and active state levels were determined

by adding up all changes for all lipid species. For the significantly changed classes described

previously, nearly all species changed similarly, i.e. all PEO- species were lower during hiber-

nation and therefore the total level of PEO- was also lower. Contrary to this, classes such as

Fig 2. Species-level differences calculated as fold changes for the significantly altered classes. Shotgun lipidomics was used to measure differences in paired samples,

and log2 fold change (log2FC) was calculated for winter divided by summer (W/S). The box shows the median value and 25th and 75th percentiles, while whiskers show

the min and max values. All plots show mean molar percentage of lipids measured in plasma. Data are shown as means from a paired t-test, and error bars

indicate ± SD, n = 20. A. Hexosylceramide. B. lysophosphatidylglycerol. C. phosphatidylcholine ether. D. phosphatidylethanolamine ether. E. phosphatidylinositol.

*p< 0.05, **p< 0.01, ***p < 0.001, ****p< 0.0001. All p-values are corrected for multiple testing as described in the methods.

https://doi.org/10.1371/journal.pone.0291063.g002
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sphingomyelin (SM), phosphatidylcholine (PC), and cholesteryl ester (CE) had some lipid spe-

cies that were higher during hibernation and some that were lower, which in total resulted in

nonsignificant changes in the respective lipid class level.

After analyzing class-wide changes, we evaluated lipid changes at the species-level of the

lipid classes that were significantly altered. We calculated and visualized log2 fold changes for

all species; species with a mean value of 0 in either of the conditions could not yield a usable

log2FC and could therefore not be visualized. The lipid classes HexCer, LPG, and PG were

higher during hibernation. For HexCer, five species were higher during hibernation, and three

species were unchanged (Fig 2A, five species shown). For LPG, the two measured species were

higher during hibernation (Fig 2B, one species shown). For PG, all three measured species

were higher during hibernation as well (none could be visualized). The lipid classes PEO-,

PCO-, and PI were lower during hibernation, which could indicate a protective role in regard

to preventing diabetes during this inactive period. Of the 26 PCO- species measured, 16 species

were lower during hibernation, four were higher, and six were unchanged (Fig 2C, 21 species

shown). All species that were higher during hibernation had lower chain lengths as well. For

PEO-, all 11 measured PEO- species were lower during hibernation (Fig 2D, 9 species shown).

Of the 20 PI species measured, 13 species were higher during hibernation, four lower, and

three unchanged (Fig 2E, 14 species shown). Two of the three species with higher levels had a

chain length of 38 and either one or two double bonds, and the third had a chain length of 40

and six double bonds.

The LC-MS analysis of sulfatide by measurement of sulfatide (SHexCer, Fig 3) revealed that

of the eleven species measured, the levels of five lipid species were significantly lower, two sig-

nificantly higher, and four unaltered, when comparing samples from hibernation with samples

from active state. The sulfatides with the shortest chain lengths of 16 carbons (C16:0 and

C16:1) and one sulfatide with 18 carbons (C18:0) were lower during hibernation as shown by a

lower log2FC for W/S (C16:0 p< 0.001, C16:1 p = 0.012, C18:0 p = 0.012). Sulfatides C18:1

and C20:0 were unaltered (C18:1 p = 0.70, C20:0 p = 0.14), whereas C20:1 was higher during

hibernation (p = 0.012). Unsaturated sulfatides C22:1 and C24:1 were also unaltered during

hibernation, whereas C24:0 was lower and C24:2 higher (C22:1 p = 0.70, C24:1 p = 0.70, C24:0

p = 0.050, C24:2 p = 0.010). It should be noted that C16 and C24 sulfatides made up the largest

molar percentage of the samples relative to the other sulfatides measured (shown in S2 Fig

panel B).

Grouping the lipids by chain length (S3 Fig) revealed that levels of shorter length lipids

were higher during hibernation, and the longer lengths were lower for lipid classes diacylgly-

cerol (DAG), triacylglycerol (TAG), phosphatidic acid (PA), phosphatidic acid ether (PAO-),

and phosphatidylcholine ether (PCO-). SM followed a reverse trend, as the shorter lengths of

32 and 34 were lower and the longer chain lengths from 36–42 were higher during hiberna-

tion. For LPE, the middle chain lengths were higher during hibernation and the shortest and

longest chain lengths were simultaneously lower during hibernation. Chain lengths were

higher during hibernation for five out of six measured HexCer species. The lysophosphatidyl-

choline (LPC) class also had an increase in all chain lengths during hibernation. When group-

ing on the number of double bonds (dbs) instead (S4 Fig), Cer lipids with 0 and 1 dbs were

lower in hibernation while lipids with 2 and 3 dbs were higher. DAG followed a reverse trend

where lipids with 0, 1, or 2 dbs were higher during hibernation, and lipids with 3, 4, or 5 dbs

were lower during hibernation; PA, PAO- and TAG had similar changes. For PCO-, lipids

with 0, 4, 5, 6, and 7 dbs were lower during hibernation. All dbs of HexCer were higher in

hibernation, all dbs of PEO- and LPI were lower, and lipids with all dbs except dbs 6 were

lower for PE during hibernation.
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Discussion

Summary and main findings

This study used plasma samples from summer active state and winter hibernating brown bears

to examine differences in their lipidomic profiles and pinpoint class- or species-level changes

with implications for T1D and T2D. Other studies have previously performed metabolic [27–

Fig 3. Species-level differences calculated as fold changes for sulfatide. An optimized LC-MS approach was used to measure and

acquire SHexCer pmol/μL data. SHexCer species were then converted to sulfatide species by subtracting the sphingosine (18:1;2)

backbone, as described in the methods, and log2 fold changes (log2FC) calculated for W/S. The box shows the median value and

25th and 75th percentiles, while whiskers show the min and max values. All plots show mean molar percentage of lipids measured in

plasma. Data are shown as means from a paired t-test, and error bars indicate ± SD, n = 20. *p< 0.05, **p< 0.01, ***p < 0.001,

****p< 0.0001. All p-values are corrected for multiple testing as described in the methods.

https://doi.org/10.1371/journal.pone.0291063.g003
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29] and lipidomic-specific analyses [30] in hibernating bears but have measured a significantly

smaller set of lipid classes and species than presented here. Furthermore, bears have also been

studied to gain knowledge on other diseases, such as venous thromboembolism in humans

[31]. Our shotgun lipidomics analysis revealed that six lipid classes were significantly altered

in the two seasons: PG, LPG, and HexCer were higher during hibernation, whereas PCO-,

PEO-, and PI were lower. Furthermore, sulfatides measured with LC-MS were also altered, as

short chain length sulfatides were lower during hibernation, while long-chain sulfatides were

unaltered or higher.

Translational implications of lipids altered during hibernation

In our analysis, C16 sulfatides were lower during hibernation, while the three C24 sulfatides

were each altered differently; C24:0 was lower, C24:1 unaltered, and C24:2 higher during

hibernation. We have previously shown that fenofibrate injection into NOD mice, which

spontaneously develop T1D, specifically increased C24 sulfatides and other long-chain sphin-

golipids, and that these animals had lower T1D incidence when compared to control animals

[32]. Furthermore, injections of sulfatide C24:0 decreased T1D incidence in NOD mice [33].

C16 sulfatides regulate insulin activity and production, while C24 sulfatides are implicated in

suppression of immune activity [33, 34]. The higher level of C24 sulfatides during hibernation

could therefore indicate presence of a more anti-inflammatory environment in the bears.

The lipid class PCO- is found to be altered in both T1D and T2D [13, 14, 35]. A cohort of

children who later developed T1D had decreased levels of total PCO- in cord-blood samples

obtained before their clinical debut [13]. Furthermore, PCO- decreases were observed in a

similar adolescent T1D study as well [36]. Specific PCO- species were also altered in the

peripheral blood mononuclear cells of children with T1D compared to non-diabetic children

[14]. In children with T1D, PCO- 36:5 were higher, and PCO- 38:4 and 38:5 lower. Further-

more, PCO- was associated with T2D in plasma from adults with T2D compared to healthy

adults [35]. In bears, the level of total PCO- was significantly lower during hibernation, as

were the levels of the mentioned PCO- species. As the relation between PCO- and diabetes is

unclear and indicates both a protective and damaging role, determining whether the PCO-

present in the bears has a functional role in protecting the bear during hibernation should be

investigated in future studies.

The lipid class LPG, which was higher in bears during hibernation, has been described by a

single study in relation to diabetes. An untargered metabolomics study on serum from healthy

controls and patients with T2D sampled six years after clinical diagnosis found that LPG pre-

dicted T2D in individuals with baseline HbA1c levels. In essence, these low-risk individuals

would normally be diagnosed as healthy based on their Hb1Ac in a clinical setting. Specifcally,

LPG 12:0 is suggested as a potent marker to diagnose such individuals at an early state [37].

The lipid class PI makes up 10–20% of all phospholipids and normally functions as cellular

messengers and regulators of cellular mechanisms. Downstream enzymes convert PI into PIP2

and PIP3 that have a range of functions, including insulin secretion for PIP2 [38], and the role

of PI is therefore in part examined by investigating PIP2, PIP3, and relevant enzymes. In beta

cells, PIP2 elevation decreased KATP-channel sensitivity and impaired glucose-stimulated insu-

lin secretion [39]. In adipocyte cultures, blocking PIP3 metabolism induced insulin resistance

[40], and PI was associated with T2D in a muscle biopsy analysis from patients with T2D [41].

Thus, it is possible that the lower PI in bears during hibernation is part of a mechanism that

induces insulin resistance in order to ration the sparse glucose stores. To investigate this fur-

ther, it would be relevant to measure the levels of PIP2, PIP3, and enzymes of PI biosynthesis

in bears.
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HexCer levels were also higher during hibernation. A 11 year long follow-up study of

healthy adults found a positive association between plasma HexCer and characteristics for obe-

sity and T2D such as body-mass index, HbA1c, and insulin resistance [42]. In a cohort for

metabolic syndrome, a condition which comprises obesity and insulin resistance, HexCer was

inverserly associated with metabolic syndrome markers [43]. The literature for the role of Hex-

Cer in diabetes is limited, and thus more information is needed in order to document whether

HexCer is a protective lipid in bear hibernation.

PG is reported to inhibit TLR-mediated inflammation in primary mouse keratinocytes and

RAW264.7 macrophages [44, 45], and lung surfactant which contains PC and PG inhibited

LPS-induced inflammation in macrophages [46]. Furthermore, total PG and PI, as well as PG

species 34:1, 34:2, 36:1, and 36:2, were associated with T2D in a human T2D cohort [35]. Pres-

ence of inflammation is especially relevant for diabetes as low-grade inflammation is a condi-

tion associated with T2D in patients [47], and white adipose tissue releases high levels of

proinflammatory cytokines [48], which could cause inflammation in bears with large adipose

stores prior to hibernation. Since PG levels in bears were higher during hibernation, this could

indicate that bears transition towards an anti-inflammatory state in order to protect from the

effects of hibernation i.e. sedentary lifestyle and adipose tissue accumulation.

Another lipid with relevance to inflammation is LPS, which was present in hibernating

state plasma but absent in active state plasma. LPS is a common component of cell walls of

Gram-negative bacteria, and its presence induces an acute inflammatory response with release

of proinflammatory cytokines [49]. Its presence in hibernation samples therefore indicates

that the hibernating bear is attacked by incoming bacteria. A previous proteomics-metabolo-

mics study detected an upregulation of antimicrobial defense proteins [50], which in theory

could be upregulated to protect against an increased risk of bacterial infection during hiberna-

tion. In contrast, the same study detected suppression of innate and acquired immune

defenses, which appears counterintuitive since antimicrobial defenses were upregulated. Fur-

ther studies into this would elucidate the interaction between these two protective systems.

Translational implications of lipids not altered during hibernation

Some of the lipid classes that were not altered during hibernation are described as implicated

in diabetes. One of these is DAG which is known to induce insulin resistance associated with

T2D and obesity [51]. Intracellular DAG levels are regulated by diacylglycerol kinases (DGKs)

whose inhibition causes DAG accumulation and reduced insulin secretion, and DGKδ defi-

ciency is found in patients with T2D [52]. As DGKs are activated by glucose stimulation in

beta cells, the euglycemia reported in a previous bear study [29] could indicate that bears are

protected from diabetic complications by maintaining a healthy DAG metabolism despite

weight gain and hibernation. Similarly, TAG which was unaltered in the bears is also a marker

of T2D. Individuals with high TAG levels are up to 54% more likely to develop T2D [53],

whereas children that progress to T1D has decreased levels of triglycerides when compared to

serum from their clinical debut. A lipolysis study in bears found that that inhibitors of lipolysis

were upregulated in the adipose tissue during active state, which is thought to increase insulin

sensitivity and promote weight gain [54]. The lack of change in TAG or DAG levels could be a

marker of resilience towards developing diabetes or other complications during hibernation,

which should be investigated further.

Contrary to DAG and TAG, the LPC class is described as protective when elevated and dan-

gerous when decreased in relation to diabetes. Plasma LPC levels were decreased in high fat

diet-fed mice relative to non-obese controls, and in a small cohort of humans with obesity and

T2D [55]. Furthermore, stimulating streptozotocin-injected mice and obese db/db mice with
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LPC lowered blood glucose levels [56]. However, some studies have described the reverse i.e.

that LPC is protective at decreased levels. LPC is independently associated with diabetes [57],

and hepatic arylsulfatase A increased LPC and LPA in lipid rafts, which improved muscle insu-

lin sensitivity [58]. In a previous study we found that the ratio of pro- and anti-inflammatory

LPC lipids were altered in mice with T1D [32]: NOD mice given a fenofibrate-rich diet which

protected against spontaneous T1D also had a lower inflammatory LPC ratio (pro-inflamma-

tory LPC / anti-inflammatory LPC) compared to the control diet group. Thus, this LPC ratio

could in part serve as a risk marker for T1D development. For bears, this ratio remained simi-

lar during hibernation and the active period (S5 Fig). Since the bears had no change in LPC

levels nor ratio, the question remains whether the given level of LPC or certain LPC species

present in total has pro- or anti-inflammatory effects, and if these affect mechanisms during

hibernation that prevent disease formation.

Limitations and conclusion

This study has potential limitations. Bears are inevitably stressed by our approach in their dens

in winter and by helicopter darting in summer, which could have altered some plasma lipids.

The fact that we only have two samples instead of serial samples from each bear is also a limita-

tion, since we only get a brief observational window to detect any changes. Furthermore, as the

lipidomics analysis is highly sensitive, even minute sources on contamination would result in a

positive signal, such as lipids on the skin surface where blood is sampled from. Future studies

should take these factors into account both during sampling and subsequent analysis to

account for the consequences of the limitations, and determine lipid profiles in the autumn

season prior to hibernation to investigate why the bears can become temporarily obese without

developing metabolic syndrome.

With this study, we determined that the lipidome of brown bears was altered during hiber-

nation, manifested as changes in the total levels of PG, PI, PCO-, PEO-, HexCer, LPG, and sul-

fatides. Furthermore, lipid classes such as GM3 and DAG that are altered in patients with

diabetes were not altered in bears. These classes have different roles in disease promotion and

prevention, whose implication in hibernation should be elucidated further. From this data, we

propose that C24 sulfatides have the potential for further investigation, as they are significantly

altered in the bears and described in literature to protect against diabetes and other diseases.

Other lipid classes such as PI that were altered during hibernation are also relevant to study

further, as are lipids such as DAG and TAG that are altered in patients with diabetes but unal-

tered in bears. Combining lipidomics studies with animal- and bioassays would confirm the

causal relevance of lipid classes and species in mechanisms controlling the lack of disease dur-

ing hibernation, with the goal of applying these findings translationally.

Supporting information

S1 Table. Characteristics of sampled bears. Each bear has a unique WXXXX number fol-

lowed by its capture and sampling season (“S” for summer active state and “W” for winter

hibernation) and two numbers denoting the year; “W1303 S14” is thus a sampling of bear

W1303 in the summer of 2014.

(XLSX)

S2 Table. Internal standard mixture for shotgun lipidomics.

(XLSX)

S1 Fig. Measured molar percentages for all detected species.

(PDF)
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S2 Fig. Total levels of all detected classes, calculated by adding all species in a respective

class together. All values are in molar percentages, except sulfatide which is in pmol/μL. A.

Classes detected by shotgun lipidomics. Glycerophospholipids (GPL) sphingolipids (SL), lyso-

glycerophospholipids (LGPL), glycerolipids (GL), sterols (ST). Refer to the methods section

for lipid class abbreviations. B. Sulfatide. Refer to the methods section for info on sulfatide

measurements.

(PDF)

S3 Fig. Lipid species grouped by classes and number of carbons in its fatty acid chain

(length, x axes). The y axes are shown in molar percentages (lipid quantities). The bars show

the mean value in each of the two conditions “S” (summer active state) and “W” (winter hiber-

nation).

(PDF)

S4 Fig. Lipid species grouped by classes and number of double bonds (db, x axes). The y

axes are shown in molar percentages (lipid quantities). The bars show the mean value in each

of the two conditions “S” (summer active state) and “W” (winter hibernation).

(PDF)

S5 Fig. Ratio of pro- and anti-inflammatory LPC lipids in samples. Pro-inflammatory lipids

are classified as lipids with 0 or 1 double bonds, whereas anti-inflammatory lipids have 2–6

double bonds. A lower ratio indicates higher levels of anti-inflammatory LPCs and thus a

lower proportion of inflammation. The ratio was calculated separately for each bear sample,

and all samples were then pooled together in the two conditions. “S” is summer active state

samples, “W” winter hibernation samples. A paired t test showed that no significant difference

existed between the groups (p = 0.46).

(PDF)

S1 Dataset. Shotgun lipidomics dataset, LC-MS dataset, and test statistics.

(CSV)
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4. Al-Sari N, Schmidt S, Suvitaival T, Kim M, Trošt K, Ranjan AG, et al. Changes in the lipidome in type 1

diabetes following low carbohydrate diet: Post-hoc analysis of a randomized crossover trial. Endocrinol-

ogy, Diabetes & Metabolism. 2021; 4(2):e00213. https://doi.org/10.1002/edm2.213 PMID: 33855215

5. Overgaard AJ, Weir JM, Jayawardana K, Mortensen HB, Pociot F, Meikle PJ. Plasma lipid species at

type 1 diabetes onset predict residual beta-cell function after 6 months. Metabolomics. 2018; 14

(12):158. https://doi.org/10.1007/s11306-018-1456-3 PMID: 30830451

6. Rhee EP, Cheng S, Larson MG, Walford GA, Lewis GD, McCabe E, et al. Lipid profiling identifies a tria-

cylglycerol signature of insulin resistance and improves diabetes prediction in humans. J Clin Invest.

2011 Apr 1; 121(4):1402–11. https://doi.org/10.1172/JCI44442 PMID: 21403394

7. Sych T, Levental KR, Sezgin E. Lipid-Protein Interactions in Plasma Membrane Organization and Func-

tion. Annu Rev Biophys. 2022 May 9; 51:135–56. https://doi.org/10.1146/annurev-biophys-090721-

072718 PMID: 34982570

8. Buschard K, Hoy M, Bokvist K, Olsen HL, Madsbad S, Fredman P, et al. Sulfatide Controls Insulin

Secretion by Modulation of ATP-sensitive K+-Channel Activity and Ca2+-Dependent Exocytosis in Rat

Pancreatic -Cells. Diabetes. 2002 Aug 1; 51(8):2514–21.

9. Holm LJ, Krogvold L, Hasselby JP, Kaur S, Claessens LA, Russell MA, et al. Abnormal islet sphingolipid

metabolism in type 1 diabetes. Diabetologia. 2018 Jul; 61(7):1650–61. https://doi.org/10.1007/s00125-

018-4614-2 PMID: 29671030

10. Krogvold L, Wiberg A, Edwin B, Buanes T, Jahnsen FL, Hanssen KF, et al. Insulitis and characterisation

of infiltrating T cells in surgical pancreatic tail resections from patients at onset of type 1 diabetes. Diabe-

tologia. 2016 Mar 1; 59(3):492–501. https://doi.org/10.1007/s00125-015-3820-4 PMID: 26602422

11. Secor JD, Fligor SC, Tsikis ST, Yu LJ, Puder M. Free Fatty Acid Receptors as Mediators and Therapeu-

tic Targets in Liver Disease. Front Physiol. 2021 Apr 7; 12:656441. https://doi.org/10.3389/fphys.2021.

656441 PMID: 33897464

12. Lamichhane S, Ahonen L, Sparholt Dyrlund T, Dickens AM, Siljander H, Hyöty H, et al. Cord-Blood Lipi-
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