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§Department of Bioengineering, University of California San Diego, La Jolla, California 92093, 
United States

Abstract

Arctic ground squirrels provide a unique model to investigate metabolic responses to hibernation 

in mammals. During winter months these rodents are exposed to severe hypothermia, prolonged 

fasting, and hypoxemia. In the light of their role in oxygen transport/off-loading and owing to the 

absence of nuclei and organelles (and thus de novo protein synthesis capacity), mature red blood 

cells have evolved metabolic programs to counteract physiological or pathological hypoxemia. 

However, red blood cell metabolism in hibernation has not yet been investigated. Here we 

employed targeted and untargeted metabolomics approaches to investigate erythrocyte metabolism 

during entrance to torpor to arousal, with a high resolution of the intermediate time points. We 

report that torpor and arousal promote metabolism through glycolysis and pentose phosphate 

pathway, respectively, consistent with previous models of oxygen-dependent metabolic modulation 

in mature erythrocytes. Erythrocytes from hibernating squirrels showed up to 100-fold lower levels 

of biomarkers of reperfusion injury, such as the pro-inflammatory dicarboxylate succinate. Altered 

tryptophan metabolism during torpor was here correlated to the accumulation of potentially 

neurotoxic catabolites kynurenine, quinolinate, and picolinate. Arousal was accompanied by 

alterations of sulfur metabolism, including sudden spikes in a metabolite putatively identified as 

thiorphan (level 1 confidence) —a potent inhibitor of several metalloproteases that play a crucial 
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role in nociception and inflammatory complication to reperfusion secondary to ischemia or 

hemorrhage. Preliminary studies in rats showed that intravenous injection of thiorphan prior to 

resuscitation mitigates metabolic and cytokine markers of reperfusion injury, etiological 

contributors to inflammatory complications after shock.

Graphical Abstract
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INTRODUCTION

Hibernation in ground squirrels is a paradigmatic example of evolutionary adaptations to 

extreme environments in mammals. In these hibernating small mammals, a typical 

circannual life cycle begins with reproduction in spring, followed by growth in summer and 

accumulation of fat stores during fall—a process that almost doubles the animal body weight

—prior to winter months, when hibernation ensues.1,2 While during spring and summer 

months hibernating ground squirrels are comparable to normal homeothermic mammals, 

during winter hibernation months they face prolonged fasting and hetero thermia, i.e., 

dramatic oscillations in body temperature from ~37 °C to ~0−4 °C or below. Indeed, during 

winter hibernation months, low body temperature torpor states are interrupted at regular 

intervals by sudden elevations in metabolic rates through bouts of arousal, accompanied by 

shivering and nonshivering thermogenesis.

Over the past two decades, discovery-mode omics investigations employing transcriptomics, 

proteomics, and metabolomics approaches have been exploited to study molecular 

adaptations to hibernation in the liver, heart, kidney, skeletal muscle, intestine, brown 

adipose tissue, and plasma from different small mammalian hibernators.2–15 In particular, 

extensive exploratory investigations have documented plasma metabolic adaptations in 

hibernating small mammals,2,16–18 including a comprehensive description of plasma 

metabolic phenotypes during entrance into and exit from torpor, as well as early/late and 

interbout arousal stages.19 This body of literature has contribute to formulate the hypothesis 

that interbout arousals, which consume over 70% of winter energy in hibernators,20 are 

necessary to replenish circulating levels of metabolic substrates (especially free fatty acids 

and amino acids) that are consumed by metabolism at low body temperature during torpor.
4,9,12 At the same time, arousal has been shown to promote the removal from the 

bloodstream of metabolic waste products that accumulate during torpor.4,9,12
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In arctic ground squirrels (Spermophilus parryii) oxygen consumption decreases by >90% 

during torpor (which results in decreased body temperature, heart and breathing rates), and 

increases profoundly during arousal to meet sudden metabolic demands for thermogenesis, 

mostly fueled by oxidation of fat stores accumulated during fall. RBCs—by far the most 

abundant host cell in the human body21,22—play a key role in oxygen transport and off-

loading. Though previous studies showed no significant changes in circulating erythrocyte 

counts, hematocrit, or total hemoglobin between summer stages or winter torpor/arousal 

cycles in 13-lined ground squirrels,23 it is worth noting that RBCs are endowed with 

metabolic signaling cascades that promote oxygen off-loading and tissue oxygenation as a 

result of systemic hypoxemia. However, none of these studies have addressed RBC 

metabolism in hibernating mammals. Indeed, RBCs represent a perfect model to investigate 

metabolism, in that they are devoid of de novo protein synthesis capacity (owing to the lack 

of nuclei and organelles), while they are characterized by a tight oxygen-dependent 

metabolic reprogramming. Oxygen dependent metabolic modulation in RBCs is mediated by 

the interactions of hemoglobin and band 3—the most abundant cytosolic and membrane 

proteins in mature RBCs, respectively. The N-terminal cytosolic domain of band 3 serves as 

a docking site for both deoxygenated hemoglobin and glycolytic enzymes 

(phosphofructokinase, aldolase, and glyceraldehyde 3 phosphate dehydrogenase, GAPDH).
24–26 Under low oxygen tensions, deoxygenated hemoglobin27 competes with glycolytic 

enzymes for the same docking site in the N-term of band 3. Deoxyhemoglobin binding to 

the N-term of band 3 promotes the release into the cytosol (and concomitant activation) of 

glycolytic enzymes.28–30 Through this mechanism, hypoxia promotes glycolysis in RBCs, 

which in turn acidifies the intracellular pH and generates high-energy phosphate compounds 

(adenosine triphosphate, ATP, and 2,3-diphosphogly cerate, DPG). Intracellular levels of 

ATP and DPG further stabilize the tense deoxygenated state of hemoglobin and promote 

oxygen off-loading and tissue oxygenation in response to hypoxia. Under high oxygen 

tensions, hemoglobin is oxygenated and its binding to band 3 prevented, which results in 

glycolytic enzymes (inhibitory) binding to band 3 and shifting metabolism toward the 

pentose phosphate pathway (PPP) —which in turn generates reducing equivalents (e.g., 

NADPH) to counteract oxidative stress. Here we hypothesize that similar shifts from 

glycolysis to the PPP occur as a function of torpor and arousal-induced changes in oxygen 

availability or consumption.

Of note, oxygen-dependent metabolic modulation has been shown to influence system 

metabolism as a function of circadian rhythms in mammals,31,32 though no study to date has 

addressed RBC glycolytic/PPP metabolism during circannual hibernation during torpor and 

arousal. Similarly, purinergic signaling via the ectonucleotidase CD73, adenosine, adenosine 

receptors on RBCs, cyclic-AMP and AMPK/PKA has been shown to regulate the binding of 

key glycolytic enzymes to band 3 and thus the hypoxia-induced switch to glycolysis.33–35 

Strikingly, purinergic signaling has been suggested to participate in induction of torpor 

through a similar cascade in hibernating small mammals.36–39Despite significant 

advancements in the understanding of the underlying mechanisms of hibernation, the 

capacity of mammalian hibernators to withstand extreme conditions (e.g., hypothermia, 

reperfusion injury secondary to ischemia/hemorrhage) is still an unresolved mystery.16,39–41 

Oxygen-dependent metabolic modulation of RBCs has been described in human and mouse 
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RBCs in response to high-altitude hypoxia,42 ex vivo incubation under hypoxic/anaerobic 

conditions,43 and pathologic hypoxemia in vivo (e.g., following hemorrhagic shock,44 sickle 

cell disease,45 or sepsis46). Understanding whether peculiar adaptations exist in RBCs from 

hibernating mammals could inform on as of yet unappreciated rewiring of metabolic 

pathways—hitherto unexplored in other mammals—that may underlie arctic ground squirrel 

resilience to reperfusion upon ischemic/hemorrhagic shock.

In the light of the considerations above, here we performed an extensive (untargeted and 

targeted) state of the art metabolomics analysis of RBCs from arctic ground squirrels with a 

longitudinal sampling during torpor and arousal with high time resolution.

MATERIALS AND METHODS

Trapping

Arctic Ground Squirrels (AGS, Urocitellus parryii) were trapped early July in the northern 

Brooks Range, Alaska, 40 miles south of Toolik Field Station (68°38′ N, 149°38′ W) and 

were transported to Fairbanks, Alaska under permit by the Alaska Department of Fish and 

Game.

Animals and Ethics Statement

AGS of both sexes were utilized for experiments (full torpor bout sampling experiments: 

female n = 2, male n = 1). Body weights ranged from 431 to 674 g. All procedures were 

performed in accordance with University of Alaska Fairbanks Institutional Animal Care and 

Use Committee (IACUC).

Husbandry

AGS were housed at ambient temperature (Ta) between 16 and 18 °C at 16L:8D hour light/

dark cycle cages until August 15th, when they were moved to cold chambers with Ta of 2 °C 

at a 4L:20D hour light/dark cycle. Animals were fed approximately 47 g Mazuri Rodent 

chow (#5663) daily and provided water during the euthermic period. Animals were housed 

individually in 12′′ × 19′′ × 12′′ stainless steel wire mesh hanging cages over ammonia 

absorbing corn cob litter. Once animals exhibited robust hibernation behavior, food was 

withdrawn; animals were placed in polycarbonate cages (8.5′′ × 17′′ × 8.5′′) with 

shavings, cotton bedding, and gel hydration packets. Polycarbonate cages were placed on 

receivers linked to a data collection system for core body temperature recording (Data 

Sciences International, St. Paul, MN, USA).

Surgery

AGS were instrumented with chronic femoral arterial and venous cannulas (3 Fr cannula, 

Instech Laboratories Inc., Plymouth Meeting, PA, USA) and TA-F40 core body temperature 

transmitters (Data Sciences International, St. Paul, MN, USA) in July and August. Animals 

received 1 mg/kg, sc Buprenorphine SR (Zoopharm Pharmacy, Laramie, WY, USA) prior to 

surgery and 8.88 mg/kg, sc enrofloxacin (Norbrook Laboratories, Newry, BT3T6PU, Co. 

Down, Northern Ireland, UK) for 3 days postsurgery. Cannula patency was maintained with 
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a heparin/glycerol locking solution (1:1), and care was taken to remove the locking solution 

and flush with saline prior to readministering new locking solution.

Experimental Procedure

Experiments took place between late October and early December once animals exhibited 

multiday torpor bouts. Real time body temperature was recorded at increments of 10 min 

throughout the hibernation season.

Samples of RBCs were acquired from animals at 12 progressive time points from entrance 

into torpor, throughout torpor and into full arousal from torpor. Time points were defined as 

follows: entrance into hibernation (core body temperature (Tb) 10−12 °C), progressive time 

points throughout the torpor bout (FB1−7, calculated as incremental 10% intervals of the 

previous torpor bout duration), late torpor (within 80−95% of the previous torpor bout 

duration), early arousal (2.4−2.5 °C), mid arousal (15−21 °C) and arousal (35−36 °C), 

representing both homeothermic and hetero thermic phases of hibernation through a torpor/

arousal cycle. Natural arousal was verified by monitoring real-time, exponential temperature 

increases in a nondisturbed animal. Natural arousal was additionally confirmed by visual 

observation of respiratory rate increase before any sampling took place.

RBC Acquisition

Blood was sampled via arterial line and immediately transferred to nonheparnized 

microhematocrit tubes (Kimble) and sealed with putty. Blood was centrifuged for 2 min at 4 

°C and RBCs were immediately placed on ice. Samples were stored at −80 °C until analysis.

Rat Model of Hemorrhage and Resuscitation

Under approved protocols at the University of California San Diego, Sprague−Dawley rats 

(Harlan Laboratories, Indian apolis, IN) weighing 200−250 g, were used, with a total of 3 

rats per group. The rats were implanted with a left jugular vein catheter and a right femoral 

artery catheter, and were subject to two different protocols. In both protocols, 50% of the 

rat’s blood volume was removed over 30 min through the arterial line and maintained in 

hypovolemia for the subsequent 30 min. In protocol 1, rats were treated with an intravenous 

infusion of thiorphan at 20uL/min to achieve either 1 or 10 μM final plasma concentration 

(based on the estimated blood volume as determined by 0.07 mL/g of body weight, as 

previously described47), prior to resuscitation to 60% of the extracted blood volume 

(approximately 30% of the original blood volume) with Hextend at 300uL/min through the 

venous line. In protocol 2, the thiorphan injection occurred after resuscitation. Each protocol 

ended with a 60 min recovery period, subsequent to the resuscitation with Hextend. Blood 

samples were collected through an arterial line and centrifuged according to the same 

procedure mentioned in the previous section. RBCs and plasma were separated and stored at 

−80 °C until analysis. Samples were taken at baseline (BL), at 5 and 30 min during shock 

(SH5 and SH30, respectively), after 5 and 60 min from the beginning of resuscitation (RS5 

and RS30, respectively), and immediately after thiorphan injection (TH1 and TH2, for 

protocols 1 and 2 respectively). A vehicle group was included as a control for the 

resuscitation treatment. Plasma samples were processed for metabolomics analyses to 

determine the levels of circulating markers of reperfusion injury succinate, fumarate, and 
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succinate/fumarate ratios, as well as the levels of circulating cytokines, as previously 

described.48

METABOLOMICS ANALYSES

Extraction

RBC samples were extracted at 1:10 dilution (20 μL in 180 μL) in ice-cold lysis/extraction 

buffer (methanol: acetonitrile: water 5:3:2 v/v). The mixture was agitated at 4 °C for 30 min 

and then centrifuged at 10 000g for 15 min at 4 °C. Protein pellets were discarded, while 

supernatants were stored at −80 °C prior to metabolomics analyses.

Metabolomics Analysis

Metabolomics analyses were performed as previously reported,49,50 with minor 

modifications. After sample randomization, 10 μL of extracts were injected into a Thermo 

Vanquish UHPLC system (San Jose, CA, USA) and resolved on a Kinetex C18 column (150 

× 2.1 mm, 1.7 μm, Phenomenex, Torrance, CA, USA) at 450 μL/min through a 5 min 

gradient from 5 to 95% organic solvent B (mobile phases: A = water, 0.1% formic acid; B = 

acetonitrile, 0.1% formic acid in positive ion mode or mobile phases: A = 18 mΩH2O, 1 mM 

ammonium acetate; B = acetonitrile, 1 mM ammonium acetate for negative ion mode). The 

UHPLC system was coupled online with a Q Exactive mass spectrometer (Thermo, Bremen, 

Germany) scanning in Full MS mode or performing data-dependent fragmentation (Top15 

ddMS2, for validation) at 70 000 resolution in the 60−900 m/z range, 4 kV spray voltage, 15 

sheath gas and 5 auxiliary gas, operated in negative and then positive ion mode (separate 

runs). Metabolite assignments were performed using Compound Discoverer (Thermo Fisher, 

Bremen, Germany) based on intact masses, transition fingerprints (which were used to 

annotate MS2 spectra and apply FISh scores), against the Chemspider, NIST, BioCyc, 

LipidMaps and KEGG databases as well as an in-house library of ~1000 standards (Sigma-

Aldrich, St. Louis, MO, USA; IROATech, Bolton, MA, USA). Absolute quantitation was 

performed against stable isotope-labeled internal standards, which have been previously 

listed and are extensively described. The thiorphan standard was obtained from Sigma-

Aldrich.

Data Analysis

Hibernation state differences in metabolite abundances were determined via time-series 

ANOVA followed by FDR correction for multiple comparisons (MetaboAnalyst 3.0; http://

www.metaboanalyst.ca).51 Partial least-squares-discriminant analysis (PLS-DA) and 

pathway analyses were performed with MetaboAnalyst 3.0 using merged data from the 

negative and positive ion mode runs (results for each metabolite from one mode only, e.g., 

glucose data is from negative ion mode).52Hierarchical clustering analyses and plots were 

obtained with MetaboAnalyst 3.0,51 GENE E (Broad Institute, MA, USA), Excel 

(Microsoft, Redmond, CA, USA), and GraphPad Prism5.0 (Prism, La Jolla, CA, USA).
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RESULTS

RBCs Undergoes Significant Metabolic Changes during Torpor and Arousal

Untargeted metabolomics analyses were performed on RBCs from arctic ground squirrels 

during entrance into torpor (Ent), through incremental bouts of torpor (FB1−7, calculated as 

incremental percentages of the length of torpor bouts at previous cycles), late torpor (LT) 

and early, middle and full arousal (EA, MA and AR, respectively, Figure 1A). A total of 

3927 compounds or chemical formulas were tentatively identified on the basis of intact and 

fragment mass, against the KEGG, Chemspider, NIST and HMDB databases (Table S1) and 

analyses through partial least-squares-discriminant analysis (PLS-DA, Figure 1B), 

Manhattan plots (Figure 1C) and hierarchical clustering analysis (avectorial version is 

provided in Figure S1, while Figure 1D shows the top 500 significant metabolites by 

repeated measures ANOVA). PLSDA clearly showed an impact of torpor (PC1, explaining 

14.3% of the total variance) and arousal (PC2, 9.4%, Figure 1B). Volcano plots were 

graphed at each time point in comparison to the Ent stage, with the goal to highlight 

compounds progressively accumulating or depleting significantly in RBCs during 

progression through torpor and arousal stages (Figure S2). Of note, significant depletion of 

>20 compounds was only achieved past the FB7 and LT time points, while significant 

increases of >50 compounds was observed in RBCs at much earlier stages (FB4, Figure S2).

To validate untargeted metabolomics data, manual spectral annotation was performed 

against an in-house standard library for 176 metabolites (for which additional information 

about chromatographic retention times was available) and absolute quantification 

determined against stable isotope-labeled internal standards for 25 compounds (Table S2). 

Hierarchical clustering analyses (Figure S3; detailed version of the top ~70 metabolites by 

repeated measures ANOVA in Figure S4A). and PLS-DA (Figure S4B) were performed on 

data from semitargeted analyses. Results confirmed progressive changes in metabolites of 

glycolysis and the PPP (Figure 2), purine and carboxylic acids (Figure S5), fatty acids 

(Figure S6) during torpor and arousal, though most of these changes in central carbon and 

nitrogen metabolism were reversed by arousal (see for example the circular distribution of 

samples in the PLS-DA in Figure S4B), as detailed in the next paragraphs.

Energy and Signaling: From Glycolysis to the PPP, Purine Signaling, Carboxylates and 
Fatty Acid Sequestration

Though devoid of mitochondria, mammalian RBCs have been reported to respond to 

hypoxia by shifting glucose oxidation away from the PPP and upregulating glycolysis, a 

pathway that generates lactate and ATP along with 2,3-DPG via the Rapoport−Luebering 

shunt. All three compounds contribute to oxygen off-loading by (i) promoting the Bohr 

effect by acidifying the intracellular pH or (ii) directly stabilizing the tense deoxygenated 

state of hemoglobin, thus promoting a right shift in the oxygen binding curve of 

hemoglobin. Here we report that, consistently, torpor-induced hypoxemia is accompanied by 

alterations in glycolysis, though decreases in all glycolytic intermediates (including DPG) 

except for pyruvate and lactate were noted during torpor (Figure 2). Of note, increases in 

hexose and triose phosphates and normalization in the erythrocytic levels of lactate were 

noted following full arousal. Consistent with the model, torpor (low oxygen stage) decreased 
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while arousal (high oxygen stage) increased the levels of PPP intermediates and byproducts, 

with the notable exception of ribose diphosphate, which increased progressively and 

plateaued at LT (Figure 2).

Purine homeostasis (beyond ATP) and purinergic signaling are intertwined to the oxygen-

dependent metabolic modulation of RBCs.33−35 Increases in adenosine and purine oxidation 

products (allantoin and allantoate) were noted progressively during torpor and maxed out at 

LT, right before being normalized by arousal (Figure S5). Purine salvage in mature 

erythrocytes is incomplete or—as recent tracing data suggest—only minimally active under 

hypoxic conditions.52 Simultaneous decreases in RBC aspartate and fumarate during torpor 

are thus consistent with limited activity of salvage reactions. On the other hand, 

mitochondria-devoid RBCs are still characterized by cytosolic isoforms of Krebs cycle 

enzymes, isoforms that participate in the homeostasis of reducing equivalents—as noted by 

tracing experiments with stable isotope-labeled citrate.54–55At the same time, RBC levels of 

tri and dicarboxylates mirror plasma concentrations in animal models of hemorrhagic shock 

and resuscitation.44 While citrate levels plateaued at LT, suggesting scavenging by RBCs 

during torpor stages, downstream metabolites alpha ketoglutarate (aKG), succinate, fumarate 

and malate all increased immediately after arousal (Figure S5). Differently from 

observations in rats suffering from hemorrhagic hypoxemia,44 RBC levels of succinate in 

arctic ground squirrels never raised above 8 μM and were normalized immediately after MA 

(Figure S5). In addition, it is worth noting that 2hydroxyglutarate (2HG) —a marker of 

hypoxia—progressively decreased during torpor, though aKG/2HG ratios only flipped upon 

reoxygenation following arousal (Figure S5). Citrate metabolism by cytosolic ATP-citrate 

lyase results in the generation of acetyl-CoA and oxaloacetate in the mature erythrocyte. In 

this view, it is worth noting that pantothenate, a CoA precursor, followed overlapping trends 

with citrate (Figure S6).

In the mature erythrocyte, despite an incomplete fatty acid synthesis and absent fatty acid 

oxidation, sequestration of free fatty acids through conjugation to carnitines may contribute 

to maintenance of fatty acid reservoirs.56 In this view, RBC levels of carnitine-conjugated 

fatty acids increased progressively during torpor and declined upon arousal, while free fatty 

acids followed the exact opposite trend, with a sudden spike at MA and immediate decline at 

full AR (Figure S6).

Progressive accumulation of RBC creatinine and depletion of spermine during torpor (both 

normalized by arousal) are consistent with ongoing proteolysis and activation of the urea 

cycle in other tissues than RBCs, and inactivation of polyamine synthesis within the mature 

RBC during torpor.

RBC Levels of Sulfur Metabolites Were Significantly Impacted by Torpor and Arousal

In light of results suggesting an impairment of glycolysis/PPP homeostasis, we thus focused 

on redox homeostasis, starting from glutathione metabolism. While increases in the total 

glutathione pool (both reduced, GSH, and oxidized, GSSG) were noted during FB4-FB7, 

significant alterations of dehydroascorbate/ascorbate ratios were observed (increases during 

torpor normalized by arousal, Figure S7). Similarly, glutathione oxidation and turnover 

products (glutathionylcys-teine and 5-oxoproline) increased transiently during torpor and 
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decreased upon full-arousal (Figure S7). Glutathione pre cursors cysteine and glutamate (and 

its precursor proline) remained constant during torpor and increased significantly at MA and 

full AR (Figure S7), suggesting alterations of one carbon metabolism at these stages. 

Analyses of metabolites at the cross-roads between one-carbon and sulfur metabolism, 

including glycine, threonine, S-adenosylmethionine, and taurine showed transient increases 

during torpor to EA, rapidly reversed by MA and full AR (Figure 3). Of note, serine and 

choline followed trends overlapping those observed for cysteine (Figure 3). On the other 

hand, methionine (and its oxidation product, methionine-sulfoxide) decreased progressively 

during torpor and were normalized by MA and full AR (Figure 3). Consistent with the 

observed alterations in redox homeostasis, torpor induced significant progressive increases 

in the levels of indole, indoxyl, picolinic acid, quinolinic acid and kynurenine−tryptophan 

oxidation catabolites whose levels inversely correlated to tryptophan concentrations (Figure 

S8). Consumption of RBC tryptophan and normalization of tryptophan oxidation catabolites 

was quickly observed upon full AR (Figure S9).

In light of these results and of similar findings about torpor/arousal-induced oscillations in 

plasma levels of sulfur metabolites,19 we performed an enrichment of untargeted 

metabolomics data for sulfur-containing metabolites (Figure 4A and vectorial version in 

Figure S9; full list in the second spreadsheet of Table S1). Results indicate a widespread 

dysregulation of sulfur metabolism, with torpor inducing decreases in thiomorpholine 

carboxylate (Figure 4B, as validated by high resolution accurate intact mass, Figure 4C, and 

full annotation of high-resolution tandem mass fragmentation, Figure 4D) —a lanthionine 

ketimine catabolite (Figure 4E). Similarly, progressive increases in sulfur containing 

metabolites identified as thiorphan and pentahomomethionine were observed during torpor 

with sudden spikes and normalization at the MA and full AR stages (Figure 5). Accurate 

intact mass, extracted ion chromatograms and fully annotated fragmentation spectra are 

reported for both compounds in Figure 5. Of note, these compounds were the top and second 

metabolites by fold-change and −log(p-value) in volcano plots comparing MA to Ent 

measurements (Figure 5). Since thiorphan is not—to the best of the authors’ knowledge—a 

naturally occurring compound, (intact and fragment) mass analyses, as well retention times 

under two different chromatographic conditions were confirmed against a pure synthetic 

standard (Figure 6).

Intravenous Administration of Thiorphan to Hemorrhaged Rats Prior to Resuscitation 
Prevents Reperfusion Injury and Increases in Plasma Cytokine Levels

Expanding on the putative identification of thiorphan as a potential metabolite increasing in 

the RBCs of hibernating squirrels prior to arousal, we tested whether pharmacological 

administration of thiorphan prior to, or after, resuscitation would mitigate reperfusion injury 

in hemorrhaged rats. As a result, intravenous administration of thiorphan (both at a dose of 1 

and 10 μM—consistent with the levels measured in squirrel RBCs) prior to resuscitation (but 

not after it) was sufficient to significantly prevent succinate conversion to fumarate (a 

marker of the reperfusion injury, Figure 7), while other markers of cardiac output, blood gas 

and metabolic function remained unaltered (Figure S10). Postischemic succinate metabolism 

to fumarate had been previously linked to the HIF-dependent increase in the levels of plasma 

cytokines.57 Of note, thiorphan administration prior to resuscitation prevented the 
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accumulation of several pro inflammatory cytokines (Figure 7) that have previously been 

linked to trauma-related inflammatory complications such as acute lung injury.58,59

DISCUSSION

Recent advancements in the field of omics technologies have revealed the metabolic 

complexity of RBCs, an apparently simple cell that compensates for the lack of nuclei and 

organelles with metabolic signaling cascades which impact oxygen transport and off-loading 

capacity.61–63 Such signaling cascades involve high-energy phosphate compounds (ATP and 

DPG) and their capacity to stabilize the tense, deoxygenated state of hemoglobin to promote 

oxygen off-loading in response to systemic hypoxemia secondary to physiological (e.g., high 

altitude42), pathological (e.g., hemorrhagic shock,44 sickle cell45 disease or sepsis46) or 

iatrogenic (e.g., anaerobic storage43) hypoxia. This oxygen-dependent metabolic modulation 

in RBCs results in increased glycolytic fluxes in response to low oxygen tensions and 

activation of the PPP to counteract oxidative stress arising in response to high oxygen 

tensions.64 Indeed, high oxygen tensions fuel the generation of reactive oxygen species via 

Fenton and Haber−Weiss chemistry in iron rich RBCs.65 Oxidative stress can promote a 

partial blockade of glycolysis and a switch of metabolic flux into the PPP through two main 

mechanisms: (i) the sequestration of glycolytic enzymes to the N-term of band 3 (a region 

occupied by deoxygenated hemoglobin under hypoxia)30,66 and (ii) the oxidation of 

functional thiols in the active site of rate limiting glycolytic enzymes including GAPDH (at 

cysteines 152 and 156, and histidine 179).67,68 Ongoing glycolysis generates increases in 

intracellular and circulating lactate,69 a signaling and metabolic mediator in the whole 

organism, including muscles, liver, brain and cancer cells.70,71 Consistent with this model, 

hibernating arctic ground squirrel RBCs are characterized by increases in glycolytic 

byproducts pyruvate and lactate during torpor, while sudden increases in PPP (as gleaned by 

the levels of ribose phosphate and isobaric isomers) are observed during arousal. Of note, 

this coincided with a sudden spike in the metabolism of glutathione precursors (cysteine, 

glutamate), increased turnover of oxidation products (glutathionyl-cysteine, 5-oxoproline 

and dehydroascorbate—consistent with classic literature72) at the time of arousal. Furthering 

our analysis of redox biology and sulfur metabolism beyond glutathione, we noted a 

significant impact of torpor on one-carbon metabolism (with glycine/threonine accumulating 

during torpor and serine/choline during arousal) —a pathway generating amino acid 

precursors to the tripeptide glutathione. Of note, one-carbon and sulfur metabolism are 

intertwined by methionine catabolism, ongoing during torpor in the face of reduced 

methionine and protein oxidation (e.g., lower levels of methionine sulfoxide and 

thiomorpholine carboxylate), and normalized to Ent levels upon full arousal.

Torpor and arousal also impacted metabolism of amino acid beyond the aforementioned 

pathways, consistent with previous studies on plasma and liver in hibernators.2,9,15,18,19 Of 

note, RBC levels of other aromatic amino acids (phenylalanine including tyrosine and 

tryptophan) were consumed during torpor and were normalized during arousal. Catabolism 

of tryptophan (an essential amino acid that during prolonged starvation may derive from 

proteolysis) was observed during torpor, with the levels of indoxyl, indole, kynurenine, 

picolinic acid and quinolic acid increasing in RBCs during torpor, prior to being normalized 

by arousal. Of note, tryptophan oxidation products kynurenine, quinolinate, and picolinate 
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have been associated with inflammatory responses,73 neurotoxicity,74 and 

neuroinflammation.75 Indeed, alterations in RBC levels of tryptophan metabolites have been 

reported in conditions associated with neurocognitive impairment, such as in Down 

syndrome.76 While serotonin—a tryptophan metabolite involved in entrance into 

hibernation77—did not change significantly in our study, altered RBC levels of tryptophan 

catabolites warrant further mechanistic investigation.

Arousal resulted in the accumulation of metabolites previously associated with oxidative 

injury secondary to reperfusion after ischemia79–81 or hemorrhage,50 among which 

carboxylic acid alpha-ketoglutarate, succinate, fumarate, and malate. Of note, the levels of 

these metabolites were up to 100 fold lower than those measured in plasma and RBCs from 

hemorrhaged rats, pigs, macaques82,83 and trauma patients, suggestive that the generation of 

these potentially harmful metabolites, though not completely ablated, is substantially 

decreased in the hibernator arctic ground squirrel—consistent with previous studies.16 These 

metabolites have been previously associated with purine salvage79–81 (partially active in the 

mature erythrocyte under hypoxia52—see allantoin in the present study) in response to 

reperfusion injury, when they mediate pro-inflammatory responses driving some of the most 

critical sequelae to trauma and hemorrhage (e.g., acute lung injury).57,84 Though devoid of 

mitochondria, RBCs can uptake, sequester, and metabolize some of these pro inflammatory 

di/tricarboxylates under hypoxic conditions.85 Similarly, RBCs can store (via carintine 

conjugation) and release fatty acids (through active phospholipases and noncanonical redox 

sensitive lipases such as peroxiredoxin6), a phenomenon that contributes to RBC membrane 

lipid composition and thus fluidity and deformability.56 While some free and carnitine-

conjugated fatty acids increased progressively during torpor—a marker of ongoing lipolysis 

and fatty acid sequestration inside the RBCs—sudden spikes in polyunsaturated fatty acids 

and bile acids were noted during middle arousal. Of note, increases in conjugated bile-acids 

in RBCs has been noted in inflammatory conditions linked to neurocognitive impairment 

(e.g., Down syndrome76) and may underlie a linkage between reperfusion damage to the 

liver and the microbiome—responsible for the deconjugation (of taurine) in higher 

mammals.86

Notably, sulfur-containing methionine metabolites SAM and taurine followed trends 

comparable to tryptophan catabolites, with progressive increases observed during torpor and 

sudden depletions at arousal. These trends are consistent with what was observed in the 

plasma of another small mammal hibernator, 13-lined ground squirrels, where this cascade 

was associated with the potential generation of hydrogen sulfide right before arousal. 

Generation of hydrogen sulfide could indeed contribute to the innate protection to 

reperfusion injury observed in these hibernators, since H2S would inhibit complex IV and 

thus prevent mitochondrial uncoupling and generation of reactive oxygen species during 

arousal.19 Treatment of nonhibernating mammals like mice with H2S induces a hibernation-

like state,87 though these findings have not yet been recapitulated in the intensive care 

setting.88–91 Supported by the most extensive untargeted metabolomics analysis of a 

biological matrix in hibernating mammals to date, we identified an impact of torpor and 

arousal on the levels of ~3925 sulfur-containing molecules tentatively identified on the basis 

of accurate intact mass and fragmentation fingerprints against bioinformatics compound 

libraries. For example, minor progressive increases in pentahomomethionine were noted 

Gehrke et al. Page 11

J Proteome Res. Author manuscript; available in PMC 2020 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during torpor, followed by a sudden spike during middle arousal followed by normalization 

after full arousal. Of note, this metabolite may derive from catabolism of glucosinolate 

reservoirs that the squirrel accumulates in late fall with its diet. Pentahomomethionine is a 

sulfur-containing precursor to antioxidant glucosinolates, whose synthesis lies at the cross 

roads of tryptophan, tyrosine and sulfur metabolism—three of the main pathways 

significantly impacted by arousal in this study.92 Further validation against a commercially 

available standard (retention time, intact mass, and fragmentation profiles) was performed 

for a feature putatively identified as thiorphan, the most significant metabolite 

(log2MAvsEnt Fold Change: 9.3; Adjusted −log(p-value)MavsEnt: 2.3 × 10−11). 

Identification of thiorphan (level 1 of confidence93) was puzzling at first, since to the best of 

the authors’ knowledge thiorphan is not a naturally occurring compound. However, 

thiorphan, also known as 3-mercapto-2-benzylpropanoylgly cine, could be theoretically 

explained as a product of proteolytic cleavage of oxidized tyrosines cross-linked with the 

cysteinyl-glycine moiety of glutathione. Alternatively, thiorphan synthesis could be 

explained by condensation of the cysteinyl-glycine (also naturally occurring dipeptide) with 

phenyl-acetate—a byproduct of phenylalanine catabolism and a substrate for E. coli and 

bacterial metabolism in the gut.94 Though caution is advised and further studies will be 

necessary to validate this observation in plasma and other organs from hibernating arctic 

ground squirrels and other hibernators, it is interesting to note that thiorphan is a potent 

inhibitor of several metalloproteases and peptidases that are central to reperfusion injury-

mediated damage. Indeed, intravenous injection of thiorphan in healthy mice is sufficient to 

induce increases in body temperature and metabolic rate through inhibition of 

enkephalinases95 (consistent with its levels peaking during middle arousal in our study). 

Also, thiorphan inhibits proteolysis mediated by bacterial thermolysin in response to 

temperature increases.96 Thiorphan is an inhibitor of matrix metalloproteases (MMPs), 

including MMP7 (matrilysin),97 which plays a critical role in mediating systemic 

inflammatory responses through the generation of chemokines derived from digestion of 

extracellular matrix components (e.g., collagen) and subsequent neutrophil activation 

mediated by the mesenteric lymph following hemorrhagic shock and resuscitation.98 By 

inhibiting digestion of extracellular matrix components, thiorphan may play a protective role 

in lung and gut leak promoting neutrophil infiltration and microbiome translocation, 

respectively, following ischemic/hemorrhagic injury and reperfusion.99,100 Finally, by 

inhibiting enkephalinases, thiorphan has a strong analgesic activity by disrupting nociceptive 

signaling.101 Of note, endogenous opioids mediate analgesia to immobilization in vertebrate 

animals and inhibition of enkephalinases by thiorphan is a positive regulator of analgesic 

responses.102 Preliminarily, we adopted a rodent model of hemorrhagic shock where 

thiorphan was injected prior to or after resuscitation. The hemorrhage in this model is 

sufficiently severe to induce general ischemia without provoking cardiovascular collapse. As 

a result, thiorphan injection (at concentrations consistent to those determined in squirrel 

RBCs) prior to resuscitation was sufficient to prevent succinate conversion to fumarate, a 

metabolic marker of reperfusion injury.78,79,103 Since this metabolic phenomenon had been 

linked to inflammatory complications mediated by plasma cytokine levels,57 we noted that 1 

μM levels of circulating thiorphan was sufficient to prevent increases in plasma pro-

inflammatory cytokines upon resuscitation. However, thiorphan did not improve other 

measurements of cardiac function, blood gas levels and metabolism or ion homeostasis, but 
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prevented mortality that is usually observed in rats with lactate levels ~15 mM. Future 

interventional studies could be designed to test whether thiorphan administration could 

recapitulate the resistance to reperfusion injury observed in the hibernator investigated in 

this study.

CONCLUSION

Here we report the first comprehensive metabolic profiling of RBCs from arctic ground 

squirrels with a highly time-resolved progression from entrance into torpor to arousal during 

hibernation. The rationale behind this study is based on the appreciation that (i) hibernation 

corresponds to a prolonged period of systemic hypoxemia and hypothermia, and (ii) RBC 

metabolism responds to physiological and pathological hypoxemia in a way that promotes 

glycolysis to generate ATP/DPG and thus oxygen off-loading. Consistent with the 

hypothesis of ongoing oxygen-dependent metabolic modulation in RBCs from hibernating 

arctic ground squirrels, increased glycolysis was noted until late torpor, while early arousal 

corresponded to a sudden accumulation of PPP byproducts. Results confirm and expand on 

previous evidence in plasma about a key role for torpor and arousal in modulating amino 

acid metabolism. In this view, we report for the first time that torpor and arousal impact 

amino acid catabolites of tryptophan and sulfur-containing compounds with well establish 

neurologic/inflammatory function. Through a combination of targeted and untargeted 

metabolomics approaches we quantified a series of biomarkers of ischemic/hemorrhagic 

hypoxia (including carboxylic acids such as succinate) and correlated these measurements to 

alterations in sulfur metabolism. As a result, we report for the first time the putative 

identification of thiorphan in RBCs from hibernating squirrels, a chemical with potent 

inhibitory activity toward a series of metalloproteases/metallopeptidases that are well 

established mediators of inflammatory sequelae to reperfusion injury and nociception. 

Preliminarily, we show that intravenous injection of thiorphan in hemorrhaged rats is 

sufficient to mitigate the reperfusion injury driven by resuscitation, as gleaned by 

measurements of metabolic markers of reperfusion injury (e.g., succinate levels and 

fumarate/succinate ratios) and circulating levels of pro inflammatory cytokines. Further 

studies will be necessary to further validate this finding in other tissues and biofluids from 

arctic ground squirrels and other hibernators.
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Figure 1. 
Untargeted metabolomics of RBCs from arctic ground squirrels during torpor and arousal. 

An overview of the workflow is provided in A. A total of 3927 compounds were tentatively 

identified on the basis of intact and fragment mass, against the KEGG, Chemspider, NIST, 

and HMDB databases. Statistical analyses of untargeted metabolomics data in the form of 

partial least-squares-discriminant analysis (PLS-DA), Manhattan plots and hierarchical 

clustering analysis for the top 500 significant metabolites are shown in B, C, and D. A 

complete list of named metabolites is provided in the form of a table and figure in Table S1 

and Figure S1.
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Figure 2. 
An overview of glucose metabolism in RBCs from arctic ground squirrels during torpor and 

arousal. Box and whisker plots are shown. Color codes are used for the different phases, 

consistent with the legend.
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Figure 3. 
An overview of one-carbon metabolism in RBCs from arctic ground squirrels during torpor 

and arousal. Box and whisker plots are shown. Color codes are used for the different phases, 

consistent with the legend.
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Figure 4. 
Heat maps of sulfur-containing metabolites from untargeted metabolomics of RBCs from 

arctic ground squirrels during torpor and arousal (A). In B, C, and D, box and whisker plots, 

intact and fragment mass are provided for thiomorpholine carboxylate. In E, an overview of 

the pathways that can generate this metabolite in response to oxidative stress.
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Figure 5. 
Increase in sulfur containing metabolites during arousal in RBCs from arctic ground 

squirrels. From (A−C) and (D−F), box and whisker plots, intact and fragment mass are 

provided for thiorphan and pentahomomethionine. Fragmentation spectra in C and F are 

annotated with chemical formulas and structures as matched against the ChemSpider library.
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Figure 6. 
Chromatographic runs for thiorphan standard (triplicate) and biological sample (middle 

arousal, MA, sample no. 233) in positive (top) and negative ion modes. Retention time 

changes between polarities result from different ion pairing agents in mobile phases across 

modalities. Calibration curve for thiorphan (bottom, from 5 to 500 pmol injected) and spike 

in addition of thiorphan (standard) into low thiorphan-containing late torpor samples (right-

hand panel) are shown.
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Figure 7. 
Thiorphan injection (10 μM) prior to resuscitation in hemorrhaged rats prevents both 

reperfusion injury-like increases in fumarate/succinate ratios and the accumulation of 

plasma cytokines.
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