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Chronic stress alters hepatic metabolism
and thermodynamic respiratory efficiency
affecting epigenetics in C57BL/6 mice

Aleksandra Nikolic,1,2,4 Pia Fahlbusch,1,2,4 Nele-Kathrien Riffelmann,1 Natalie Wahlers,1 Sylvia Jacob,1

Sonja Hartwig,1,2 Ulrike Kettel,1 Martina Schiller,1 Matthias Dille,1 Hadi Al-Hasani,1,2,3 Jörg Kotzka,1,2,5

and Birgit Knebel1,2,5,6,*
SUMMARY

Chronic stress episodes increase metabolic disease risk even after recovery. We propose that persistent
stress detrimentally impacts hepatic metabolic reprogramming, particularly mitochondrial function. In
male C57BL/6 mice chronic variable stress (Cvs) reduced energy expenditure (EE) and body mass despite
increased energy intake versus controls. This coincidedwith decreased glucosemetabolism and increased
lipid b-oxidation, correlating with EE. After Cvs, mitochondrial function revealed increased thermody-
namic efficiency (ƞ-opt) of complex CI, positively correlating with blood glucose and NEFA and inversely
with EE. After Cvs recovery, the metabolic flexibility of hepatocytes was lost. Reduced CI-driving NAD+/
NADH ratio, and diminishedmethylation-related one-carbon cycle components hinted at epigenetic regu-
lation. Although initial DNAmethylation differences were minimal after Cvs, they diverged during the re-
covery phase. Here, the altered enrichment of mitochondrial DNA methylation and linked transcriptional
networks were observed. In conclusion, Cvs rapidly initiates the reprogramming of hepatic energy meta-
bolism, supported by lasting epigenetic modifications.

INTRODUCTION

The prevalence of metabolically related disorders including insulin resistance, glucose intolerance, obesity, dyslipidemia, and metabolically

associated fatty liver disease (MAFLD; former non-alcoholic fatty liver disease (NAFLD)) is increasing globally. While factors such as genetics,

overnutrition, and physical inactivity partially explain this trend, the stress of modern life may contribute to the overall risk. Studies have shown

that individuals with stress-related disorders are at higher risk of developing these disorders, even after a stress-free recovery period.1–5 This

suggests that stress has long-term effects on metabolism.

An established response to an altered environment is a change in epigenetics, specifically in 5-methylcytosine (metC) patterns, that can act

as a memory to maintain altered gene expression without changes in DNA sequence.6 This concept is well-established in early life metabolic

programming, nutrient disposition, and transgenerational transmission of metabolic risk.7–9 Research links epigenetics to metabolic syn-

drome through associations with relevant traits and metabolic stress in mice and men.10–14

Previous investigations on the epigenetics of chronic stress have mainly focused on neurological and neurophysiological aspects, but also

provideevidence that various chronicandacute stressexposuredirectly targetedmitochondria, especially in neurological tissues.15–17However,

limited information is available regarding the impact of stresson energymetabolism in the liver.18 The liver is highly dependent onmitochondria

functionality, particularly tomeet the energy requirements formaintaining hepaticmetabolism andalsowhole-body energy expenditure (EE).19

Acute stress response increases energy demands met by ATP and energy equivalents generated by mitochondrial oxidative phosphory-

lation. Key metabolic pathways as fatty acid oxidation (FAO), tricarboxylic acid cycle (TCA), or one-carbon cycle (OCM) are compartmental-

ized within mitochondria,20–22 also providing signaling metabolites and methylation donors for regulatory processes including DNA methyl-

ation.8,22 At least, impaired mitochondrial function is associated with metabolic disorders such as obesity, type 2 diabetes, and MAFLD.23–25

We have previously shown that chronic stress leads to hepatic insulin resistance and increased triglyceride levels after 3-month recovery.26

To this time, the liver further undergoes metabolic adaptations during stress recovery, resulting in altered blood glucose levels, glucose
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Figure 1. Systemic effects of a 15-day chronic stress intervention (Cvs)

(A) body weight, (B) fat mass, (C) lean mass, in control (Ctrl) and Cvs (n = 5–6/group).

(D) Differences in food intake during Cvs intervention are shown per group (n = 6/group). Intermediate substrate levels of (E) glucose, (F) insulin, (G) glucagon,

(H) leptin, (I) lactate, (J) glutamate, (K) TAG, (L) NEFA in plasma after Cvs compared to Ctrl group.

(M) Plasma NEFA composition. Mean values of percentage distribution are shown, with the sum of measurements set to 100%. Asterisks indicate significant

changes in fatty acid content (p < 0.01).

(N) Indirect calorimetry with total energy expenditure (EE) and (O) respiratory exchange ratio (RER) Indirect calorimetry data are given over 48h or the combined

results of light and dark phases are reported individually. Bar graphs represent the meanG 95% CI (n = 4–6/group). Individual measurements are shown as dots.

Statistics: Mann-Whitney test or one-way ANOVAwith Tukey test for multiple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Ctrl: C57BL/6, Cvs:

C57BL/6 after stress intervention. The dashed lines in the RER plot (O) mark the thresholds for preferential carbohydrate oxidation (VCO2/VO2 = 1.0) or lipid

oxidation (VCO2/VO2 = 0.7).
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tolerance, hepatic triglycerides, lipogenesis, lipid uptake, and FAO.27 NAD+ levels are reduced directly after stress and SIRT activity longitu-

dinal after stress,27 indicating a potential influence of stress on epigenetic mechanisms of gene regulation.

Based on this background, the aim of our study was to investigate the immediate effects of chronic variable stress (Cvs) on the liver,

exploring molecular mechanisms and sustainable consequences on epigenetics. We assessed the acute effects of stress using indirect calo-

rimetry, blood tests, proteomicsand functional assays.Weexamined theeffectsof stressonmitochondrial complexes, focusingon their activity

and thermodynamic efficiency. Epigenetic and transcriptomic analyses were performed immediately after stress and after a recovery period.

Overall, our study provides insights into the immediate effects of chronic stress on the liver and elucidates the underlyingmolecular mech-

anisms. These findings contribute to our understanding of the long-term consequences of chronic stress on metabolism and highlight the

importance of mitochondrial function in maintaining energy homeostasis.

RESULTS

Chronic variable stress interferes with hepatic metabolism

Immediately after undergoing our stress protocol, stressed C57BL/6mice (Cvs) or untreated littermates (Ctrl) were tested for acutemetabolic

effects. Cvsmice exhibited a significant decrease in bodyweight (6.2%), fat mass (21%), and leanmass (8.1%) (Figures 1A–1C) compared to the

Ctrl mice, despite unchanged food intake (Figure 1D). Insulin resistance and dysfunctional gluconeogenesis was excluded (Figures S1A and

S1B). Of plasma parameters analyzed (Figures 1E–1K), solely non-esterified fatty acid (NEFA) levels were three times higher in Cvs mice

than in Ctrl mice (Figure 1L), with increased linoleic acid (cC18:2) (14.6%) and decreased arachidonic acid (cC20:4) (27.7%) levels after Cvs

compared to Ctrl (Figure 1M). Diurnal metabolic capacity was assessed by indirect calorimetry to distinguish between low (light) and high

(dark) activity levels. Total EE throughout the observation period was significantly lower after Cvs compared to Ctrl (Cvs: 6.7 mL/min/g075;

Ctrl: 7.3 mL/min/g075), especially during the dark phase (Ctrl: 8.0 mL/min/g075; Cvs: 7.3 mL/min/g075) (Figure 1N). Furthermore, correlation an-

alyses between plasma parameters and light and dark EE showed a significant relationship between dark EE and plasma NEFA (dark: R2 =

0.5491; p = 0.0354), especially cC18:2 (dark: R2 = 0.6574; p = 0.0146) after Cvs. The respiratory exchange ratio (RER) remained unchanged after

Cvs (Figure 1O). Diurnally, RER was higher in the dark phase (Ctrl: +7.7%; Cvs: +13%) in both groups compared to the light phase. In stressed

animals, RER was significantly decreased by 6.5% in the light phase (Ctrl: 0.91 mg/min; Cvs: 0.85 mg/min) compared with control mice (Fig-

ure 1O), supported by reducedNAD+ dependent cytosolic SIRT activity as ametabolic sensor for redox states (Figure S1C). NEFAs correlated

with RER, particularly light phase RER (light: R2 = 0.5083; p = 0.0471), and cC18:2 (light: R2 = 0.5136; p = 0.0455) after Cvs.

Altered protein abundance and functionality inmain pathways for glucose and lipidmetabolism after chronic variable stress

To investigate the immediate impact of the stress intervention on metabolic pathways, a label-free proteomic analysis was performed on the

hepatic 11,000xg protein fraction to assess the status quo of protein content in Cvs liver. In addition, enzyme activity assays of key pathways

related to glucose and lipid metabolism were conducted ex vivo on isolated hepatocytes. Proteomic analyses revealed 3222 differentially

abundant proteins. At 1.5-fold regulation 29 up-regulated and 91 down-regulated proteins were identified by Student’s t test (p < 0.05)

(Table S1). GO analysis revealed the up-regulation of catabolic processes and a down-regulation of anabolic processes immediately after

stress (Table S1).

The abundance of detected proteins involved in the glycolysis pathway was significantly reduced (p < 0.0001). Consistent with this, the

glucose-stimulated rate of glycolysis was 39% lower immediately after stress (Figure 2A). Proteins involved in ketone metabolism were en-

riched in Cvs (p < 0.05), but hepatic b-hydroxybutyrate concentrations immediately after Cvs were not altered (Figure 2B). Proteins involved

in gluconeogenesis were less abundant after stress (p < 0.0001). Although basal rates of hepatocyte gluconeogenesis were 2-fold higher, the

ability to achieve substrate-stimulated glucose secretion was reduced in the Cvs compared to the Ctrl group. The suppression of gluconeo-

genesis by insulin administration was also reduced in hepatocytes (Figure 2C). Interestingly, the hepatic glucose level, reflecting glucose ho-

meostasis in the liver, was unaltered immediately after stress (Figure 2D).

Regarding the immediate stress effects on lipid metabolism, Cvs decreased the abundance of DNL associated proteins (p < 0.0001), but

hepatocyte DNL activity was yet unaltered between the groups (Figure 2E). Cvs did not affect the abundance of proteins involved in triglyc-

eride synthesis/lipid droplet formation, and hepatic TG content (Figure 2F). In contrast, protein abundance of the mitochondrial b-oxidation

pathway was significantly increased (p < 0.0001), which was accompanied by a 6-fold increase in mitochondrial b-oxidation activity after Cvs in

hepatocytes (Figure 2G). After Cvs, proteins of the one carbon-metabolism (OCM), providing and recyclingmethyl donors, were decreased in
iScience 27, 109276, March 15, 2024 3



Figure 2. Cvs intervention impairs hepatic protein abundance and ex vivo activity of key metabolic pathways

Proteomic data and the respective ex vivo metabolic activities shown as bar graphs in primary hepatocytes from Ctrl and Cvs.

(A) Glycolysis, (B) ketone metabolism, (C) gluconeogenesis, (D) glucose level in liver tissue, (E) de novo lipogenesis (F) TG synthesis/lipid droplet formation and

hepatic TG content, (G) mitochondrial b-oxidation, and (H) protein abundance of one-carbon metabolism. Z score plots show the over- and underrepresentation

of proteins associated with the indicated signaling pathways from a label-free proteome analysis of the liver 11,000 xg fraction. Red represents up-regulation,

blue represents down-regulation, and white represents no change in protein abundance of the mean of each condition relative to the overall mean of the

experiment. The corresponding estimation plots show the mean values for each protein (dots) and the mean change in the pathway of the Cvs and Ctrl

group G95% CI. The left axis shows the mean Z score and the right axis shows the effect size (n = 5/group). Statistics: Mann-Whitney test or one-way

ANOVA with Tukey test for multiple comparisons, **p < 0.01, ***p < 0.001, ****p < 0.0001, Ctrl: C57BL/6, Cvs: C57BL/6 after stress intervention. Proteome

analysis (n = 5/group), activity assays in hepatocytes (n = 6/group). Dots in bar graphs represent individual measurements. TG: triglyceride, FA: fatty acid,

Pyr/Lac: pyruvate/lactate, eto: etoxomir.
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the methionine, folic acid, and trans-sulfur cycles and increased in the choline/betaine cycle compared to Ctrl (Figure 2H); but activities of

methyltransferases were unaltered (Figure S1D). Furthermore, a correlation between the b-oxidation rate and dark phase EE (dark: R2 =

0.5996; p = 0.0410) was observed, highlighting the immediate effect of the stress intervention on mitochondrial function.

Chronic variable stress interferes with mitochondrial function in liver

Cvs did not alter the mitochondrial DNA amount, membrane integrity based on cytochrome-c-oxidase activity, or mitochondrial content

determined by the commonly used validated biomarker citrate synthase activity28,29 (Figure S2A). The abundance of redox-regulating pro-

teins was decreased after Cvs (p < 0.0001), with enzyme analysis indicating unchanged redox balance in Cvs compared to Ctrl (Figure S2B).

However, the mitochondrial protein composition showed that the differential abundance of the electron transport chain (ETC) proteins re-

sulted in a significant increase in the components of complexes (C) I (p < 0.0001), CII (p = 0.0279), CIII (p < 0.0001), CIV (p = 0.0474) and

CV (p < 0.0001) after Cvs compared to Ctrl (Figure 3A). In addition, the mitochondrial electron flow capacity was functional in the uncoupled

state without substrate limitation. It was unaltered via CI and even increased via CII after Cvs compared to Ctrl. CIV activity also showed

enhanced function after Cvs compared to Ctrl when directly targeted by the electron donor TMPD (Figure 3B).

Therefore, further analysis of mitochondrial function focused on the coupling efficiency through either CI or CII of the (ETC) to ATP syn-

thase (CV) were performed. Respiration data were normalized by defined protein input and by the accepted mitochondrial content marker

citrate synthase activity.29–32 The combination of these two normalization strategies were used to avoid possible normalization-related mis-

interpretations. So, the Cvs effects presented are therefore independent of potential alterations in the total protein content of the enriched

fractions or the amount of mitochondria based on citrate synthase activity We measured basal OCR and the electron transport capacity with

complex-specific substrate limitation in enriched liver mitochondria, with the simultaneous inhibition of the respective other complex using

either malonate or rotenone in two different experimental setups (Figures 4A and 4B). CI-driven respiration was forced by pyruvate/malate

and concomitant inhibition of CII by malonate (Figure 4A). Detailed examination of CI-driven oxygen consumption (states 2, 3, 3u, 4o) and

calculated measures of oxidative phosphorylation, i.e., ACR and RCR (Figures S3A–S3E), revealed significantly increased OCR in state3u

by 21% in Cvs compared to Ctrl (Figure S3C), whereas CII-specific coupling was not affected by Cvs (Figures S3F–S3J).

For detailed bioenergetic evaluation we calculated thermodynamic coupling degrees, i.e., q-values, applying thresholds for maximum net

output current (ATP) at optimal efficiency (qf = 0.786), maximumnet output power (qr= 0.910), net economic output current (qfᵉᶜ= 0.953), and

net economic output power at optimal efficiency (qrᵉᶜ = 0.972).33 In enriched mitochondria with controlled substrate delivery maximal net

ATP output was achieved at optimal efficiency (> qf (=0.786)) in Ctrl animals, whereas the q-value was increased to a maximal net output

(>qr (=0.910)) in the stressed animals (Figure 4C). Ctrl mice reached the maximum net output thermodynamic coupling (<qr (=0.910)),

and Cvs mice approaced the net economic output (<qfᵉᶜ (=0.953)) for CII (Figure 4C). Correspondingly, thermodynamic efficiency of sub-

strate-to-energy conversion (ƞ-opt) related to thermodynamic coupling showed a significant 2-fold increase in Cvs mitochondria specific

to CI compared to the Ctrl, but remained unchanged for CII (Figure 4D). The ƞ-opt of CI correlated negatively with dark EE (dark: R2 =

0.6852; p < 0.01) and positively with plasma NEFA (R2 = 0.7978; p < 0.01) after Cvs in contrast to Ctrl. The cellular NAD+/NADH ratio linked

to CI activity was significantly 3-fold higher (p = 0.0079) compared to Ctrl (Figure 4E), while FAD+ tied to CII remained unchanged (Figure 4F).

Considering the hepaticmetabolicmemory after Cvs,27 the energetic phenotypewas assessed acutely after Cvs and in a separate group of

mice who received a three-month recovery phase by plottingmitochondrial OCR versus ECAR in primary hepatocytes (Figure 4I). Comparison

of hepatocytes from acuteCvs and acuteCtrl exhibit similar basal and uncoupled energy phenotypes, the latter defining the maximal

respiratory capacity, which allows obtaining a reference state of reduced mitochondrial membrane potential. However, after recovery, the

uncoupling of hepatocytes derived from recoveryCvs remains at basal energy states, while hepatocytes from the recoveryCtrl still show a shift

toward an energetic phenotype. These results indicate a long-term loss of metabolic flexibility in hepatocytes from Cvs animals.

The molecular action of stress interferes with gene regulation in two phases

Apart fromenergymetabolism,mitochondria are an importantmediator of signal transduction, genetic and epigenetic processes. To explore

the potential association between acute stress exposure and long-term metabolic effects, we performed an analysis of hepatic methylation

and transcription patterns at two time-points. First, we compared the patterns immediately after the stress phase between the acute control

group and the acute stress intervention group (direct comparison: acuteCtrl vs. acuteCvs). Second, we evaluated the individual progression in

a separate group of mice who received a three-month recovery period after the chronic stress intervention (longitudinal comparison:

acuteCtrl vs. recoveryCtrl and acuteCvs vs. recoveryCvs, respectively) (Figure 5). The methylation and transcriptional analyses revealed

that the variability after facing Cvs was reduced over time compared to the longitudinal progression of the unstressed littermates

(Figures 5A and 5B). There was no accumulation in specific genomic regions (Figure 5C). The genomic architecture of the mouse genome

differs from the human genome, but the gene regulatory promoter organization and epigenetic interference with transcription factor binding

sites is comparable to humans. Therefore, we further focused our analyses on the evaluation of genes with methylation in the core promoters

(%-3kb to TSS) (Figure 5D). This indicated an accumulation of differential methylation especially on mitochondrial DNA in the longitudinal

observation after Cvs (Figure 5D).

Effect of stress on the methylome

In detail, the correlation of all methylation datasets (acuteCtrl, acuteCvs, recoveryCtrl, or recoveryCvs) was high, indicating limited overall

stress impact (Table S2). Comparing the acute conditions, differences in enriched methylated fragments within acuteCtrl and acuteCvs
iScience 27, 109276, March 15, 2024 5



Figure 3. Mitochondrial proteome and electron flow assessment

(A) Heat maps resulting from Z score analyses and estimation plots of protein abundance for individual complex (C)I, II, III, IV, and V subunits of the electron

transport chain. Red indicates up-regulation, and blue indicates the down-regulation of proteins. White indicates no change.

(B) Electron flowmeasured in the 11.000xg fraction at uncoupled state of the mitochondrial membrane. The oxygen consumption rate (OCR) in relation to citrate

synthase activity (CS) is shown. Data were normalized to total protein content and citrate synthase activity. Injection strategies: CI: stimulation with pyruvate and

malate after the malonate inhibition of CII; CII: stimulation with succinate after the rotenone inhibition of CI; CIV: stimulation by TMPD/ascorbate after Antimycin

A inhibition of CIII. Ctrl: C57BL/6, Cvs: C57BL/6 after stress intervention. Data are expressed asmeanG 95%CI (n = 6/group). Individual measurements are shown

as dots. Statistics: Mann-Whitney test or one-way ANOVA with Tukey test for multiple comparisons, *p < 0.05.
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indicated that enriched fragments showed 98.2% (99.1% if within primary promoters) overrepresentation of methylation in acuteCvs. 170 sig-

nificant chromosomal frames showed overrepresented methylation in acuteCvs, including 5 promoter regions of known genes, i.e., Trav23 or

Cdc14b. In addition, 4 chromosomal frames showed overrepresented methylation in acuteCtrl compared to acuteCvs, including the mt-Nd6

promoter region (<1kb) of with an edgR-fold change of 0.4–0.57 (edgRp-value 2.69E�07 – 4.28E�16). GO analyses revealed no significant en-

riched pathway from these findings (Table S2). In the longitudinal observation of Ctrl, 99.7% (99.3% if within primary promoters), of fragments

showedmethylation overrepresentation. Here, 9 chromosomal regions weremoremethylated in acuteCtrl than in recoveryCtrl, including pro-

moters of serpinf-1 and various unknowngenes. Vice versa, 796 significant frames including frames covering promoters of 50 annotated genes
6 iScience 27, 109276, March 15, 2024



Figure 4. Mitochondrial complex I efficiency is increased after CVS

Mitochondrial coupling efficiency, thermodynamic coupling and thermodynamic efficiency of oxidative phosphorylation specific for ETC complex CI and CII were

studied in mitochondria-enriched fractions (11,000xg fractions). Experiments were performed specifically for CI- and CII-driven mitochondrial coupling by the

measurement of the oxygen consumption rate (OCR).

(A) Complex I-specific OCR (CI stimulation: pyruvate and malate, simultaneous CII inhibition: malonate). CII-specific OCR (CII stimulation: succinate,

simultaneous CI inhibition: rotenone).

(B) Mitochondrial respiration determined at basal and at the serial injection of ADP, oligomycin, FCCP, and Antimycin A. Data points represent the mean of n =

5–6 animals/group shown as mean G 95% CI. Detailed data interpretations are given in Figure S4.

(C) Thermodynamic coupling q-values, and (D) thermodynamic efficiency (ƞ-opt) of oxidative phosphorylation calculated for CI- and CII-specific respiration.

Dotted lines: maximal coupling values of thermodynamic thresholds corresponding to maximal net output flow (ATP) at optimal efficiency (qf = 0.786),

maximal net output power (qr = 0.910), economic net output flow (qfᵉᶜ = 0.953), and economic net output power at optimal efficiency (qrᵉᶜ = 0.972). Data

points represent the mean of n = 5 animals/group shown as mean G 95% CI.
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Figure 4. Continued

(E) NAD+/NADH ratio, (F) FAD+ abundance. Data points represent the mean of n = 4–6 animals/group shown as mean G 95% CI.

(G) Mitochondrial energy phenotype immediately after Cvs (acute) and after 3-month recovery (recovery) compared to age-matched controls in primary

hepatocytes culture at basal and uncoupled conditions. Energetic phenotype was assessed by plotting OCR vs. ECAR (n = 6/group). All OCR values were

normalized by citrate synthase activity to adjust for mitochondrial content. Ctrl: C57BL/6, Cvs: C57BL/6 after stress intervention. Individual measurements are

shown as dots. Statistics: Mann-Whitney test or one-way ANOVA with Tukey test for multiple comparisons, *p < 0.05, **p < 0.01.
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showed overreresented methylation in recoveryCtrl. These included Trav23 and eight mitochondrial-coded genes, i.e.,: mt-Tt, mt-Ts, mt-Tw,

mt-Atp6, mt-Nd5, mt-Nd3, mt-Nd6, and mt-Rn2 (Table S2). Focusing on core promoter methylated genes, GO analyses did not reach FDR

significance (Table S2). In contrast, in the longitudinal comparison of Cvs animals 90% of all enriched fragments showed methylation over-

representation after recovery. Within primary promoters, methylation dropped to 84% after recovery. There were 82 chromosomal regions

with more methylation in acuteCvs. When targeting promoter regions, these were mainly uncharacterized genes. 593 chromosomal frames

showed overrepresented methylation in recoveryCvs. Focusing on promoter methylation, further these included 16 mitochondrial-coded

genes, i.e., mt-Atp6, mt-Co1, mt-Nd1, mt-Nd2, mt-Nd4, mt-Nd5, mt-Nd6, mt-Rnr2, mt-Th, mt-Tl1, mt-Tp, mt-Tr, mt-Ts1, mt-Tt, mt-Tv, and

mt-Tw. Notably, only three frames covered identical mitochondrial regions in Ctrl and Cvs, all others were specific to either longitudinal anal-

ysis. Of all conditions analyzed a significant enrichment of pathways, was solely observed for genes methylated in primary promoters in the

longitudinal Cvs analyses. Here, various aspects of mitochondrial ATP synthesis related to electron transport were significantly enriched

(enrichment p value 3.71E�09, FDR 9.74E�06) (Table S2).

Effect of stress on the transcriptome

Directly after Cvs, gene expression analysis identified 859 differentially regulated functionally annotatedmolecules, with 553 up in Ctrl and 305

up in Cvs (Figure 4B, Table S3). The molecules were associated with lipid metabolic pathways, such as cholesterol biosynthesis and reduced

triacylglycerol biosynthesis (Table S3). Enrichment in central hepatic signaling pathways related to nuclear receptor RXR function or hetero-

dimerization, type 2 diabetesmellitus, and hepatic fibrosis-related signalingwas observed (Table S3). Pathways related tomitochondrial func-

tion and redox systems, including NRF2-mediated oxidative stress response, sirtuin signaling, glutathione-mediated detoxification, mito-

chondrial L-carnitine shuttle or NAD+ signaling pathway were also differentially enriched (Table S3). In the longitudinal analyses of Ctrl

animals, 1401 genes showed differential abundance with 716 up in acuteCtrl, and 738 in recoveryCtrl (Table S3). Here, various signaling path-

ways including PPARa/RXRa activation, mTOR, PI3K/AKT, or glucocorticoid signaling were affected. Metabolic pathways including choles-

terol-, and triacylglycerol biosynthesis, apoptosis, inflammatory signaling, as well as DNAmethylation or transcriptional repression signaling,

showed differential abundance. About mitochondrial function, sirtuin, EIF2 and NAD+-signaling, and oxidative phosphorylation, showed dif-

ferential abundance in the longitudinal observation of Ctrl (Table S3). In the longitudinal analyses of Cvs, consistent with the reduced tran-

scriptional variability after Cvs, 210 genes are less abundant in acuteCvs, and 710 were more abundant in recoveryCvs. Enrichment of gluco-

corticoid receptor signalingmolecules was higher in the longitudinal Cvs than in longitudinal Ctrl observation and affects differentmolecules.

Furthermore, metabolic pathways such as cholesterol biosynthesis, and pathways regulated by various nuclear receptor complexes and gly-

colysisi related transcripts were differentially regulated (Table S3). Regarding mitochondrial function the differential regulation of transcripts

annotated to mitochondrial dysfunction, oxidative phosphorylation, NAD+-signaling, sirtuin signaling, or NRF2-mediated oxidative stress

response predicted differential activity. Interestingly, no enrichment in lipid biosynthetic pathways was detected in the longitudinal observa-

tion after previous Cvs. Of note, transcription differences were specific to either longitudinal analysis.

So, the longitudinal observation indicated that mitochondrial DNAmethylation showed different patterns depending on whether animals

were exposed to acute stress (Figure 6A). From themethylation and transcription data, it can be inferred that Cvs had a longitudinal effect on

mt-DNA methylation and on transcriptional regulation (Figure 6B).

DISCUSSION

Chronic stress is associated with the development of diabetes, metabolic disorders, and fatty liver disease, affecting energy metabolism and

mitochondrial function. In previous studies in our Cvs mouse model, we found that chronic stress had immediate tissue-specific effects, with

subsequent metabolic adaptations leading to increased hepatic lipid accumulation even after stress-free recovery.26,27 In this study, we hy-

pothesized that themolecular basis of the increasedmetabolic risk is implemented immediately after Cvs in the liver leading to the long term

adaptation of metabolism even after stress-free recovery. Our findings revealed that immediately following chronic stress: (i) reduced meta-

bolic capacity, evident through decreased EE and RER correlated with circulating NEFAs, especially linoleic acid (cC18:2); (ii) changes in the

hepatic proteome indicating reduced glucose metabolism and increased lipid catabolism, confirmed by metabolic activity analyses; (iii)

altered abundance of oxidative phosphorylation components, not affecting electron flow capacity but increasing mitochondrial thermody-

namic efficiency of CI; (iv) epigenetic modifications, not directly explaining the observed acute differential gene expression. However,

observing stressedmice over time, we identified distinct epigenetic patterns different fromunstressedmice especially inmtDNA.Here, differ-

entces in mtDNA methylation, are accompanied by corresponding effects on mitochondrial transcriptional networks.

Analyzing chronic stress in a standardized preclinical model allows us to study the effects of cellular adaptations on maintaining energy

balance, minimizing confounding factors present in more complex clinical studies. Our model accurately reflects the effects of corticosterone

on insulin-responsive tissues, mimicking the risk of metabolic syndrome associated with stress and glucocorticoid exposure in
8 iScience 27, 109276, March 15, 2024



Figure 5. Molecular action of stress on hepatic genetic and epigenetic processes

Methylation and transcriptional differences in the liver were analyzed immediately after Cvs (direct comparison: acuteCtrl vs. acuteCvs) or after 3-month recovery

(longitudinal of either Ctrl or Cvs: acute vs. recovery).

(A) Manhattan plot (y axis: -log10 p-value; x axis: chromosomal localization) of all differentially methylated fragments based on edgeR.p.value (Supplement

Methylation; n = 3–5/condition).

(B) Volcano plot analyses (y axis: -log10 p-value; x axis: log2 fold ratio) of all differentially transcribed genes. Color code: blue; enriched in condition 1 (direct

comparison: acuteCtrl; Ctrl longitudinal: acuteCtrl; Cvs longitudinal: acuteCvs)) red enriched in condition 2 (direct comparison: acuteCvs; Ctrl longitudinal:

recoveryCtrl; Cvs longitudinal: recoveryCvs) (Supplement Transcription; n = 5/condition).

(C) Circus plot analyses for genomic overview of differentially methylated fragments and differential transcription. Inner circle (red stacked histogram):

transcriptome data (acuteCtrl vs. acuteCvs; acuteCtrl vs. recoveryCtrl; acuteCvs vs. recoveryCvs), outer circle (green line) methylome data (acuteCtrl vs.
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Figure 5. Continued

acuteCvs; acuteCtrl vs. recoveryCtrl; acuteCvs vs. recoveryCvs) (fold-change values, Supplement Table Methylation; n = 3–5/condition in analyses, edgRfold-

change values, Supplement Table Transcription; fold change, n = 5/condition).

(D) Manhattan plot (y axis: -log10 p-value; x axis: chromosomal localization) of differentially methylated fragments in core promoter regions (%�3 kb to TSS)

based on edgeR.p.value. The red arrow: mitochondrial DNA (Supplement Methylation; n = 3–5/condition).
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humans.4,26,27,34–37 After acute Cvs, our previous analyses showed a shift to FAO for whole-body energy generation, accompanied by

increased lipolysis to compensate for EE under identical feeding conditions.38 This was supported by a recent study, also determining

FAO as a major source of energy in a Cvs-like model.39 Next to increased serum NEFAs, we here noted changes in serum fatty acid patterns

with increased linoleic acid (cC18:2) and decreased arachidonic acid (cC20:4) levels following stress. NEFA and linoleic acid levels correlated

with the activity phase EE, suggesting that linoleic acid may undergo direct b-oxidation immediately after Cvs for energy supply. Linoleic acid

responds to increased energy demandby localizing tomitochondria, influencing lipidmetabolism genes, especially carnitine acyltransferases

(CPTs) controlling mitochondrial fatty acid uptake.40 In stressed mice, CPT2 expression is minimally regulated, while CPT1A increases, sug-

gesting enhanced mitochondrial fatty acid uptake. The reduced arachidonic acid in our study aligns with the absence of inflammation in our

Cvsmodel.27 So, themodel reflects severe stress in humans regarding increased beta-oxidation with decreased essential and long-chain fatty

acids but does not show increased inflammation.3–5 The elevated cC18:2 levels observed in our study are in line with those in NAFLD.41 We

previously found an increase in liver fat after the recovery phase in our Cvsmodel, but not acutely following stress.27 The gene expression data

indicate suppressed lipid synthesis during the longitudinal observation of Cvs. DNL activity immediately after stress is consistent with previous

chronic, intermittent, or social defeat stress in animal studies and human PTSD.4,5,42,43 However, in contrast to those studies, we observed

increased FAO in our model in liver. Based on our data, one possible explanation for this discrepancy could be the attempt to supply energy

for a more efficient oxidative phosphorylation in our model after acute stress.

The glucose-fatty acid cycle plays a crucial role in fuel metabolism.44 Immediately after Cvs, stressedmice showdecreased hepatic glucose

metabolism, with suppressed hepatic glycolysis and gluconeogenesis pathways in proteome and functional data. The key enzyme G6P is

repressed at transcription and protein levels and especially in the longitudinal transcriptional analyses of Cvs after stress recovery, no lipid

synthesis genes are regulated and glycolysis-related transcription is reduced. So, Cvs differs from glucocorticoid action, as glucocorticoid

excess increases hepatic glucose production by directly inducing G6P for gluconeogenesis in patients with Cushing syndrome.45 NEFAs

transported to the liver following Cvs further reduce glucose metabolism. Immediately after Cvs DNL decreased, ketogenesis remained un-

affected, and mitochondrial b-oxidation increased. However, stable levels of hepatic glucose and DNL-derived cC16:1 also suggest that pri-

mary b-oxidation is activated for energy generation. In health, acetyl-CoA from FAO usually enters the TCA cycle and promotes ketogenesis

to some extent. However, in human steatosis, the TCA cycle it preferred over ketogenesis.46 We previously observed that increased glycolytic

activity fuels DNL in a mouse model of metabolic-associated fatty liver disease (MAFLD) providing necessary carbon sources.11 After Cvs,

pyruvate derived from glycolysis may be less available, but DNL does not serve as an acetyl-CoA sink. So, acetyl-CoA may be redirected to-

ward the TCA cycle to generate substrates for the ETC, driving hepatic mitochondrial activity. Our findings point directly to mitochondrial

function being affected by Cvs and resemble characteristics also observed in MAFLD.

Mitochondrial dynamics are crucial inmetabolic adaptation, viability, aging, or bioenergetics,32 andmetabolic diseases promptmitochon-

drial function adjustments.47 Mitochondrial biology responds to stressors cell type-specific with quantitative changes in ATP synthesis, net

energy equivalents, and ROS production, as well as qualitative changes in mitochondrial dynamics and substrate preferences.17 Studies in

veterans with PTSD have shown age and stress-related responses inmitochondrial function and copy number in various tissues.15–17 However,

information regarding the liver is rare.18

In liver, such as inmuscle,38 the overall mitochondrial content or integrity in quality assessment and key proteins ofmitochondrial dynamics

involved in fission and fusion32 were unaltered with no evidence for ROS or increased lipid oxidation immediately following stress. In line, the

expression of Nfe2l2, a transcription factor enhancing cellular defense against oxidative stress48 was decreased immediately after Cvs. His-

tone-like Tfam and Pgc-1a, control mitochondrial turnover, replication, transcription and FAO pathways.49,50 In liver, Tfam showed age-

dependent but stress-independent gene expression regulation, while Pgc-1a transcription exhibited changes only in the longitudinal analysis

of Cvs. This might indicate an ongoing process of lipid metabolic adaptation serving as link to the longitudinal metabolic adaptation.

Changes in hepatic mitochondrial complex protein abundance, respiratory profile, and electron transfer capability were identified in

stressed animals. In general, high glycolytic rates in the fed state would bring about higher pyruvate levels, promoting high NADH levels,

whereas enhanced mitochondrial FAO inhibits glycolytic rates, but promotes higher acetyl-coA level, which in sum paired with higher

NADH levels. Respiratory chain complexes I and II are entry points for electrons derived from substrate breakdown, linking mitochondrial

activity to cellular metabolism. Metabolic-derived NADH enters the ETC specifically through CI. Immediately after Cvs, we observed an in-

crease in ATP production efficiency specifically in NADH-fueled CI, supported by a shift in NAD+/NADH ratio. So, the effects of Cvs on liver

substrate turnover, as evidenced by changes in the mitochondrial thermodynamic coupling of CI which may indicate an ongoing adaptation

to maximize ATP production. This is further supported by the ƞ-opt correlation with activity phase EE and plasma NEFA levels. However, the

resulting CI thermodynamic efficiency increases is suggested to maintain cellular phosphorylation potential after Cvs compromises energy

conversion efficiency.51 CI is a reasonanble target for Cvs as CI activity was positively correlated with corticosteroid response and liver disease

mortality rates,52 andCImalfunctions were associatedwith oxidative phosphorylation disorders.53,54 Similar findings were observed in chronic

stress-induced brain metabolic reprogramming and unchanged maximal ATP production despite altered CI activity,15 as in our model.

Notably, in muscle a CII-linked ƞ-opt correlated with EE and plasma NEFA levels, indicating tissue specific metabolic fine-tuning.38
10 iScience 27, 109276, March 15, 2024



Figure 6. Stress interferes with hepatic mitochondrial gene regulation and function

(A) Circus Plot analyses of longitudinal hepaticmethylation differences after acute Cvs and 3-month recovery (longitudinal of either Ctrl or Cvs: acute vs. recovery).

Color code: green: longitudinal Cvs, blue: longitudinal Ctrl (Supplement Methylation; n = 3–5/condition). Heatmap of the differential methylation (edgeR.logFC)

of all conditions (Table S2; n = 3–5/condition).

(B) Knowledge-based analyses of combinedmethylation and transcription data centered on the differential methylation of mt-DNA. Heatmaps of transcriptional

differences (at least one condition fold change >1.5, p value<0.05 (Table S3)) interfering with main differentially methylated targets in the mitochondria and

transcription of knowledge-based interacting molecules.
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The enduring metabolic risk following stress-free recovery phases is intriguing. Consistent with human stress studies,55,56 we previously

showed increased hepatic fat and elevated plasma NEFA levels accompanied by increased fatty acid uptake, decreased FAO, and differen-

tially expressed key hepatic steatosis-relegated genes in response to Cvs after the recovery phase.27

The immediate mitochondrial response to Cvs aligns with the role of dynamic epigenetic modifications in adapting to environmental

changes. The liver predominantlymaintains thewhole-body one-carbon pools.21,57 OCM, supplying one-carbon units for nucleotide synthesis

andmethyl donation in epigenetics, encompasses interconnectedpathways in cytosol andmitochondria including the folate cycle,methionine

re-methylation, and trans-sulfuration. Immediately afterCvs, increased cholinemoduleprotein abundance suggests glycerophospholipid syn-

thesis58 for lipid transport, as seenwith increased hepatic fatty acid influx.59 However, folate, trans-sulfur, andmethionine cycle associatedpro-

teins for S-adenosylmethionine (SAM) generation were less abundant immediately after Cvs, suggesting SAM depletion. In line, the overall

DNA methylation proportion was lower in the longitudinal observation of mice previously facing Cvs. Changes in the entire methylation
iScience 27, 109276, March 15, 2024 11
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patterns immediately after Cvs were not directly indicative of the observed transcriptional andmetabolic alterations compared to unstressed

mice. This is expected, as a response to an altered environment relies on immediate effects for transcriptional regulation, such as transcription

factormodificationordifferentdimerizationprocesses as also suggestedby theexpressiondata.Nevertheless, targetgenese.g., of lipidmeta-

bolism methylated in metabolic conditions such as hepatic steatosis60 are differentially expressed in the liver after Cvs.

Although the overall methylation proportion was lower in the longitudinal observation of mice previously exposed to Cvs than in Ctrl, rela-

tively more differences occurred in mtDNA methylation. Unstressed mice also showed overrepresented methylation in certain mtDNA

regions during longitudinal comparison but to a lesser degree than Cvs mice.

The most pronounced observation in the variation of methylation levels occurred in the longitudinal analysis of Cvs mice including on mt-

DNA. In our analyses, this was accompanied by changes in the respective mitochondrial network transcription patterns. After Cvs, mt-Nd6

transcription followed the methylation pattern, suggesting its involvement in Cvs-induced cellular adaptation. So, the differences in mtDNA

methylation levels are accompanied by differential transcriptional patterns and support the observation that finally the energetic reserve of

hepatocytes is lost after the recovery phase only after a previous Cvs experience. This observation is further supported by the energy pheno-

type analyses, where hepatocytes at basal state show no difference in the activity of glycolytic and oxidative pathways (ECAR vs. OCR), inde-

pendent of acute Cvs or recovery group. In contrast, uncoupling of the cells, to create a state of low mitochondrial membrane potential,

showed that hepatocytes derived from recovery group livers are no longer able to switch their energy source to oxidative pathways when

compared to acute Cvs livers.

The impact of mtDNA methylation is still discussed. Reports indicate that mtDNA methylation massively fights technical issues, does not

exist, or that metC levels are very low in mtDMA.61–64 However, of all studies discussing the presence of mt-DNAmethylation the consent may

be, that methylation levels are low and technical bias according to the methods used may be high.

AlthoughmtDNAmethylation is clearly debated, also experimental evidence links it to age, health, and environmental responses.22,60,65–67

Harsh environmental factors such as intoxication induce the hypomethylation of mt-TF, mt-RMR1, mt-ND6, and the regulatory D loop regu-

lating mitochondrial transcription and DNA replication.68 We observed unaltered methylation in the regulatory D loop region after Cvs

matches the observed mtDNA copy number stability in the study and previous findings.69,70

MtDNAmethylation potentially impacts mitochondrial gene expression, and was associated with metabolic diseases such as diabetic reti-

nopathy, cardiovascular disease, and hepatic steatosis.60 However, there is evidence suggesting that changes in the epigenetic landscape

contribute to mitochondrial dysfunction.71 Altered methylation near the mt-Nd6 gene has previously been observed in diabetes or hepatic

steatosis where expression negatively correlated to severity.67,72,73 Similar to our findings, this hypermethylation was associated with the

altered transcription of the corresponding gene in liver biopsies of patients with NASH, emphasizing the regulatory importance of

MT-ND6, a subunit of complex I of the mitochondrial respiratory chain.73 In our study, mt-Nd6 showedmoderatemethylation in aging in con-

trols, but aggravated methylation after Cvs recovery, as such mimicking processes observed in hepatic steatosis progression.

In summary, our findings indicate that immediately after Cvs liver mitochondrial oxidative phosphorylation is affected by increased ther-

modynamic efficiency of CI. This effect is associated with reduced EE and elevated NEFAs, particularly cC18:2 levels. While the stress period

alone marginally affects methylation patterns, the metabolic changes manifest in methylome adaptation in the stressed cohort. This involves

decreased overall methylation, alteredmtDNAmethylation, and relatedmitochondrial transcriptional networks. The energy map illustrates a

loss of metabolic flexibility in liver as a sustainable consequence of former chronic stress exposure even after stress recovery. Our study in-

dicates that methylation is a consequence of immediate Cvs-induced hepatic energy metabolism fine-tuning, retaining environmental infor-

mation for adaptation to altered life conditions, rather than a primary driving force to modulate the stress adaptation. So, even short periods

of chronic stress also affect molecularmechanisms associated with the progression of metabolic diseases such as diabetes or NAFLD and join

the list of factors leading to the loss of epigenetic information as a postulated key mechanism in disease and aging.
Limitations of the study

Technical issue may rely on relative changes and on mitochondrial enrichment in the protein fractions during the general procedure of label-

free proteomic analyses and themitochondrial functionality assays. These were circumvented by defined protein amount input and the use of

the accepted marker of mitochondrial content CS for normalization and pathway rather than single molecule analyses. Methylome analyses

were performed in sheered, immunprecipitated metC containing DNA fragments, circumventing technical issues on bisulfite-mediated pro-

cedures especially in regard tomtDNA.Other techniques as nanopore sequencingmay also help to overcomebisulfite-basedbias onmtDNA

methylation analyses. Our study must speculate on how post-Cvs hypomethylation influences mtDNA transcription or stability and whether it

is an activemt-methyltransferases-driven process or a result of diminishedmitochondrial renewal, necessitating further research, favourable in

humans. The focus of the analyses on the promoter areas should in principle enable the transfer to the human system.We use a standardized

pre-clinical model to analyze chronic stress. Nevertheless, this allows us to study the effects of cellular adaptations on maintaining energy

balance, minimizing confounding factors present in more complex clinical studies.
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14C-acetate, Acetic Acid, Sodium Salt [1-14C] Perkin Elmer Cat#NEC084H001MC; CAS: 993-04-4

14C-palmitate, Palmitic Acid, [1-14C] Perkin Elmer Cat#NEC075H250UC

(+)-Etomoxir, sodium salt hydrate,

R98% (HPLC), powder

Merck KGaA Cat#E1905; CAS: 828934-41-4

Antimycin A from Streptomyces sp. Merck KGaA Cat#A8674; CAS: 1397-94-0

Adenosine 50-diphosphate monopotassium

salt dehydrate

Merck KGaA Cat#A5285; CAS:

72696-48-1

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

(FCCP, R98% (TLC), powder)

Merck KGaA Cat#C2920; CAS: 370-86-5

Succinic acid Merck KGaA Cat#S3674; CAS: 110-15-6

Pyruvic acid Merck KGaA Cat#107360; CAS: 127-17-3

L-(�)-Malic acid Merck KGaA Cat#02288; CAS: 97-67-6

N,N,N0,N0-Tetramethyl-1,4-phenylenediamine (TMPD) Merck KGaA Cat#8211010005

Ascorbic acid Merck KGaA Cat#A1300000; CAS:

50-81-7

Oligomycin A, R95% (HPLC) Merck KGaA Cat#75351; CAS: 579-13-5

Rotenone, R95% Merck KGaA Cat#R8875; CAS:

83-79-4

Critical commercial assays

Bio-Plex Pro�, mouse Diabetes 8-plex Bio-Rad Cat#171F7001M

Lactate Assay Kit Sigma-Aldrich Cat#MAK064

Glucose Assay Kit Sigma-Aldrich Cat#MAK263

Glutamate Assay Kit Sigma-Aldrich Cat#MAK330

Triglyceride Quantification Kit Sigma-Aldrich Cat#MAK044

ß-hydroxybutyrate Assay Kit Sigma-Aldrich Cat#MAK041

OxiSelect� TBARS Assay (MDA Quantification) Cell Biolabs Cat#STA-330

Cytochrom-C-Oxidase-Assay-Kit Sigma-Aldrich Cat#CYTOCOX1

Citrate synthase (CS) activity Kit Merck KGaA Cat#CS0720

NAD/NADH-GloTM Assay, Promega Cat#G9071

MTase-Glo Methyltransferase assay, Promega Cat#V7601

FAD+ (FAD Assay Kit) Abcam Cat#Ab204710

SIRT-Glo Assay System, Promega, Germany Promega Cat#G4650

Mouse Gene (MTA) arrays Thermo Fisher Scientific Cat#902512

EpiXploreTM Methylated DNA Enrichment Kit Takara Bio Europe Cat#631962

NEB Ultra-II Library kit NewEngland BioLabs Cat#E7645L

Randox Triglycerides RANDOX Laboratories Cat#TR210

Seahorse XFe24 FluxPak Agilent Technologie Cat#102340-100

Seahorse XFe96 FluxPak Agilent Technologies Cat#102416-100

GOTaq�QPCR SybrGreen Promega Cat#A6001

(Continued on next page)
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Deposited data

Proteome data PRIDE partner repository https://www.

proteomexchange.org/

PXD042472

Transcriptiome data https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc= assession number

GSE23494 transcriptome data

or GSE235424 for the superseries.

Methylome data https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc= assession number

GSE235423 for methylation data and

GSE235424 for the superseries

Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory RRID:MGI:7264769

Oligonucleotides

MT-ND 1 double dye probe

CCAATACGCCCTTTAACAACCTC

FP-5’-CTACAACCATTTGCAGACGC RP-5’-GGAACTCATAGACTTAATGC T

LPL double dye probe CTTTGAGTATGCAGAAGCCC FP-5’-GGTTTGGATCCAGCTGGGCC RP-5’-GATTCCAATACTTCGACCAGG

mMito Malik et al.74 5’ CTA-GAA-ACC-CCG-AAA-CCA-AA 3’ 5’ CCA-GCT-ATC-ACC-AAG-CTC-GT 3’

mB2M (ß-microglobulin) Malik et al.74 5’ ATG-GGA-AGC-CGA-ACA-TAC-TG 3’ 5’ CAG-TCT-CAG-TGG-GGG-TGA-AT 3’

Software and algorithms

Proteome Discoverer, Version 2.5 Thermo Fisher Scientific https://www.thermofisher.com

Spectronaut� Pulsar, Version 17 Biognosys https://biognosys.com/software/spectronaut/

Transcriptome Analysis Console� , Version 4.01 Thermo Fisher Scientific https://www.thermofisher.com/de/de/home/

life-science/microarray-analysis

Illumina Dragen�, Version 3.9.5 Illumina https://support.illumina.com/downloads/

dragen-workflow-fastq-installer.html

DRAGEN Germline pipeline, Version 3.2.8 Illumina https://support.illumina.com/downloads/

dragen-workflow-fastq-installer.html

DRAGEN Reference builder, Version 3.10.4 Illumina https://support.illumina.com/downloads/

dragen-workflow-fastq-installer.html

Fast Q toolkit pipeline, Version 1.0.0 Illumina https://support.illumina.com/downloads/

dragen-workflow-fastq-installer.html

R/Bioconductor package ChIPseeker, Version 1.18.0 Bioconductor http://galaxyproject.org

R package MeDIP Lienhard M et al.75 R/Bioconductor package

R packages Circus plot, Version 0.69 Galaxy.org platform http://galaxyproject.org

IPA� (QIAGEN Inc.,), Spring release 2023 IPA https://digitalinsights.qiagen.com/IPA

Panther�, Version 17 PANTHER http://www.pantherdb.org/

GraphPad Prism, Version 9.5.0 Dotmatics https://www.graphpad.com/d.com

Tecan i-control, Version 1.6.19.0 Tecan Group Ltd. https://lifesciences.tecan.com/software

Wave, Version 2.6.0 Agilent Technologies https://www.agilent.com/en/

products/cell-analysis

Biorender Biorender https://www.Biorender.com

Other

Seahorse XF, 24 well, 96 well Agilent Technologies XFe24, Cat#102342-100;

XFe96, Cat#103793-100

Seahorse XF Tech note 2016 Agilent Technologies 5991-7145EN

SwissProt FASTA database, (Mus musculus

(TaxID=10900, version 2022-01)

SwissProt https://www.uniprot.org/proteomes/

(Continued on next page)
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Ultimate 3000 liquid chromatography system

coupled with the EASY spray ion source

and Orbitrap Fusion Lumos

tribrid mass spectrometer

Thermofisher Scientific https://www.thermofisher.com

Glucometer Contour Bayer AG https://www.bayer.com/de/

Tecan reader Infinite 200 Tecan Group Ltd. https://www.tecan.de/

Whole Body Composition Analyzer The

EchoMRI�-100H

Echo MRI http://www.echomri.com/Body_

Composition_Mice_2MHz.aspx

PhenoMaster TSE Systems https://www.tse-systems.com/

Gas Chromatography System 6890N Agilent Technologies https://www.agilent.com/

Fused Silica Capillary Column FS-FFAB-CB-0.25 CS - Chromatographie Service GmbH https://www.cs-chromatographie.de/

Bioruptor� Bioruptor� Pico Diagenode SA https://www.diagenode.com/

NGS Sequencer Illumina NextSeq550�

Laboratory animals diet ssniff Spezialdiäten GmbH Rat/Mouse extrudate; 58% carbohydrate,

9% fat, 33% protein
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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: Birgit Knebel

(birgit.knebel@ddz.de).
Materials availability

This study did not generate new unique reagents.
Data and code availability

Mass spectrometry data have been deposited at the ProteomeXchange Consortium via the PRIDE partner repository and are publicly avail-

able as of the date of publication. Accession number is listed in the key resources table. Transcriptome and Methylome data have been

deposited at NCBI GEO and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.

This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Male C57BL/6 mice (RRID:MGI:7264769) (12 weeks old) were kept (5-6 animals per cage) under standard laboratory conditions (12h light/12h

dark cycle, 22-24�C, ad libitum access to tap water and standard chow diet. All experiments were approved (LANUV, NRW, Germany

(81-02.04.2017.A421) and performed according to German law on animal protection and the ’Principle of Laboratory animal care’ (NIH-

Publikation Nr. 85-23, revised 1996). The animals were exposed to our established chronic variable stress (Cvs) protocol.27,76 In brief, animals

were exposed to 2 stressors per day in alternating order for a period of 15 days: single cage housing (i) on a shaker (100 rpm, 1h), (ii) with cold

exposurewithout bedding (4�C, 1h), (iii) overnight in an oversized cage, (iv) 30min restraint, (v) warmwater swim (30�C, 20min). The unstressed

control (Ctrl) group was handled with special care. Four experimental cohorts were used: 1. for indirect calorimetry and acute analyses in

primary hepatocytes (n=5 animals per group); 2. for body composition and liver tissue data including acute proteome, methylome and tran-

scriptome (acuteCVS; acuteCtrl) (n=6 animals per group); 3. for methylation and transcriptional analyses after a 3-month recovery phase

(recoveryCvs; recoveryCtrl) (n=3-5 animals per group); 4. for analyses in primary hepatocytes after the recovery phase (n=5 animals per group).

At age of 15 weeks (acute) or 27 weeks (recovery), mice were sacrificed by CO2 asphyxiation. Primary hepatocytes were isolated by two-

step perfusion protocol as described,11 and serum-starved overnight prior to experimental procedures. Liver biopsies were immediately used

for cell fractioning (600xg, 11,000xg fraction) according to our established protocol.38 In brief, 200 mg liver tissue was homogenized in 1 ml

isolation buffer (70 mM sucrose, 210 mM mannitol, 5 mM HEPES/KOH, 1 mM EGTA, pH 7.2) and centrifuged (600xg, 20 min, 4�C) for 600xg
fraction. Supernatant was centrifuged (11,000xg, 20 min, 4�C) and the pellet was resuspended in 200 ml isolation buffer for 11.000xg fraction.

Remaining biopsy material was snap frozen at -80�C.
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In vivo analyses

Glucose tolerance test (GTT) was performed by intraperitoneal injection of mice with glucose (2 g/kg body weight) after 6h fasting. Pyruvate

tolerance test (PTT) was performed by intraperitoneal injection of pyruvate solution (1.5 g pyruvate/kg body weight) after 16h fasting. Blood

glucose was monitored (0, 15, 30, 60, 120 min) after glucose or pyruvate injection.27 Body composition was analysed with nuclear magnetic

resonance (NMR) (n=6 animals per group) as previously described.38

Total energy expenditure (EE) and respiratory exchange ratio (RER) were measured at 22�C using metabolic cages (n=5 animals/group)

according to manufacturer’s recommendations (TSE Systems, Bad Homburg, Germany) with unrestricted access to food and water as

described.38 In brief, after 24h acclimatization, measurements were taken every 30 min for two complete circadian cycles (48h) starting

with the light phase. Total energy expenditure (EE), respiratory exchange ratio (RER), fatty acid oxidation (FAO) and carbohydrate oxidation

(CHO) were calculated as described.33,38

Plasma analyses

Blood samples were collected by cardiac puncture after CO2 asphyxiation. Glucose, lactate, glutamate, triglyceride levels (Sigma-Aldrich/

MERCK, Darmstadt, Germany), leptin, glucagon and insulin (Bio-Plex Pro�, Bio-Rad, Munich, Germany) were determined. Non-esterified

fatty acid (NEFA) content was determined by a gas chromatography system as described.77

Ex vivo analyses in primary hepatocytes

De novo lipogenesis (DNL) was quantified by 14C-acetate incorporation. FAO was quantified by 14CO2 release from 14C-palmitate oxidation

normalized to protein content. Gluconeogenesis activity was quantified by glucose secretion after pyruvate/lactate stimulation. Energy

phenotype was assessed using measures of glycolytic activity in response to glucose administration as extracellular acidification rate

(ECAR) against oxidative activity in form of oxygen consumption rate (OCR) measures of untreated (basal) and FCCP-treated (uncoupled)

primary hepatocytes. All procedures were performed as described.11

Ex vivo analyses in liver tissue

Liver biospies were processed according to the respective assay protocol for determination of ß-hydroxybutyrate, glucose, triglyceride levels

and reactive oxygen (ROS) species. Citrate synthase (CS) activity, cytochrome-c-oxidase activity, NAD+, NADH, and FAD+ level were assessed

in the 11,000xg fraction. All procedures were performed as described.11 Global Methyltransferase and SIRT activity (SIRTs; histone deacety-

lases class III; (SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, SIRT7) was analysed using 1mg of the lysed 600 xg fraction.27

Mitochondrial copy number was determined by the relative amount of mitochondrial DNA (mtDNA) to nuclear DNA (nDNA) by qPCR (n=5

animals per group) as described78 and using mtDNA sequence without homology to nuclear DNA.74

Hepatic mitochondrial respiratory function was assessed using extracellular flux analyses (Seahorse XF, Agilent, Taufkirchen, Germany) as

described.11,38 5 mg of enriched liver mitochondria from freshly isolated 11,000xg fraction were used per single reaction/well. Electron flow

and coupling experiments were performed as described in the manufacturer’s application note (Agilent Technologies, Inc., 2016, 5991-

7145EN) with substrate and compound/inhibitor concentrations previously described.11 All OCRmeasurements were performed in technical

triplicates for each animal (n=6 per group) with equal protein amount of 11,000xg fraction per well. Mitochondrial content marker CS activity

was used for normalization.28,29

Proteome analyses

Differences in protein composition of the 11,000xg fractionwere analysed in 5 animals per group using a label-free proteomic analysismethod

by LC-MS/MS, as described.11,38 Briefly, MS data were acquired using data-dependent (DDA) and data-independent (DIA, 38 windows) MS/

MS scanning methods. Proteomic data were further analysed by Spectronaut� v.17 (Biognosis, Schlieren, Switzerland). Analyses details are

given in Table S1. Data were analysed for Z-score significance for each condition in relation to the experimental mean.

Transcriptome analyses

For transcriptome analyses, total RNA was extracted with standard procedures from snap-frozen liver biopsies (Qiagen, Hilden, Germany).

Genome-wide expression analysis (n=5 samples per condition) was performed using Mouse Gene (MTA) arrays (Thermo Fisher Scientific,

Darmstadt, Germany) as described starting from 150 ng total RNA.11 Gene expression data were further analysedwith TranscriptomeAnalysis

Console� v.4.01 (Thermo Fisher, Darmstadt, Germany), and knowledge-based transcriptome analyses were performed using IPA� (QIAGEN

Inc., https://digitalinsights.qiagen.com/IPA, Spring release 2023),79 with set thresholds to R1.5-fold differences, p-value < 0.05.

Methylome analyses

Genomic DNA was extracted from 10 mg frozen liver tissue (n=3-5 animals per condition). To enrich DNA fragments harboring methylated

cytosines (metC), methylated DNA immunoprecipitation, (MeDIP) was performed with an antibody directed to metC (EpiXplore� Methylated

DNA Enrichment Kit (Takara Bio Europe, Saint-Germain-en-Lage, France). NGS sequencing libraries were constructed from metC immuno-

precipitated DNA fragments, and paired-end sequenced. Analyses details are given in Table S2.
iScience 27, 109276, March 15, 2024 19

https://digitalinsights.qiagen.com/IPA


ll
OPEN ACCESS

iScience
Article
Enrichment analyses based on edgeR log fold change and edgeR p-value were performed with Gene ontology (GO) enrichment analyses

using Panther80 and knowledge-based with IPA�.79 R packages Circus plot81 was used for visualization of omics data. Further experimental

details are given in Table S2.
QUANTIFICATION AND STATISTICAL ANALYSIS

Non-omics data are reported as mean with 95% confidence interval (CI) unless otherwise stated for the specified number of animals. For two

variables the Mann-Whitney test and for more than two groups a two-way analysis of variance (ANOVA) with Tukey was performed. Correla-

tion analyses were performed using linear regression calculations and verified by Pearson Correlation (p<0.05). Estimation plots were calcu-

lated based on the Z-Score data by unpaired t-test and 95% CI (p<0.05). GraphPad Prism 9.5.0 software (GraphPad Software Inc., La Jolla,

USA) was used to perform all statistical analyses.
20 iScience 27, 109276, March 15, 2024
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