s eLife

Reviewed Preprint
v1 e October 13, 2025

Not revised

Reviewed Preprint
v2 ¢ December 4, 2025

Revised by authors

For correspondence:

janwilhelmkornfeld@bmb.sdu.dk

Competing interests: No

competing interests declared
Funding: See page 18

Reviewing editor: Shingo Kajimura,
Beth Israel Deaconess Medical

Center, United States

© 2025, Ruppert et al. This article is
distributed under the terms of the
Creative Commons Attribution
License, which permits unrestricted
use and redistribution provided that
the original author and source are

credited.

3'®

Dietary sulfur amino acid restriction
elicits a cold-like transcriptional
response in inguinal but not
epididymal white adipose tissue of
male mice
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eLife Assessment

The present study employed transcriptomics to investigate the impact of methionine
restriction (MR) and cold exposure (CE) on liver and adipose tissues in mice. The authors
demonstrate that responses to MR and CE are tissue-specific, while both MR and CE have
a similar effect on beige adipose tissue. While these findings are somewhat descriptive,
this work is considered important, as it provides a comprehensive resource for
enhancing our understanding of these lifestyle interventions. The study is of high
scientific quality, and the analyses are convincing.

https://doi.org/10.7554/eLife.108825.2.sa4

Abstract

Introduction About 1 billion people are living with obesity worldwide. GLP-1-based drugs have
massively transformed care, but long-term consequences are unclear in part due to reductions in
energy expenditure with ongoing use. Diet-induced thermogenesis (DIT) and cold exposure (CE)
raise EE via brown adipose tissue (BAT) activation and beiging of white adipose tissue (WAT).
Methionine restriction (MetR) is a candidate DIT stimulus, but its EE effect has not been
benchmarked against CE, nor have their tissue-level interactions been defined.

Objective & Methods In a 2x2 design (Control vs. MetR; room temperature, RT: 22 °C vs. CE: 4 °C
for 24 h), we used male C57BL/6N mice to benchmark MetR-induced thermogenesis against CE and
mapped how diet and temperature interact across tissues. Bulk RNA-seq profiled liver, iBAT, iWAT,
and eWAT. Differential expression was modeled with main effects and a dietxtemperature
interaction. KEGG GSEA was used to assess pathway-level enrichment.

Results MetR increased EE at RT and shifted fuel use towards lipid oxidation, supporting MetR
as a bona fide DIT stimulus. CE elevated EE across diets and blunted diet differences.
Transcriptomic responses were tissue-specific: in liver, CE dominated gene induction while MetR
and CE cooperatively repressed genes. The combination enriched glucagon/AMPK-linked and core
metabolic pathways. In iBAT, CE dominated thermogenic and lipid-oxidation programs with
minimal MetR contribution. In iWAT, MetR and CE acted largely additively with high concordance,
enhancing fatty-acid degradation, PPAR signaling, thermogenesis, and TCA cycle pathways. In
eWAT, robust co-dependent and synergistic differential expression emerged only with MetR+CE.

Conclusion MetR is a genuine DIT stimulus that remodels metabolism in a tissue-specific
manner. Our study provides a tissue-resolved transcriptomic resource that benchmarks diet-
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induced (MetR) against cold-induced thermogenesis and maps their interactions across liver, iBAT,
iWAT, and eWAT.

Introduction

Obesity has become a global health crisis, with prevalence rates reaching alarming levels in many
countries. The World Health Organization (WHO) estimates that over 890 million adults
worldwide are obese (1), leading to a dramatic increase in obesity-related diseases such as type 2
diabetes, cardiovascular disease, and certain cancers. As traditional weight-loss strategies often
fail to provide lasting results, new therapeutic approaches are urgently needed. The increase in
energy expenditure via brown adipose tissue (BAT) activation has emerged as a promising strategy
for combating obesity. Unlike white adipose tissue (WAT), which stores excess energy, BAT is
specialized in generating heat and driving energy expenditure via non-shivering-thermogenesis,
typically in response to cold exposure (CE). Pharmacologically or environmentally induced BAT
thermogenesis (DIT) refers to the increase in energy expenditure associated with the digestion,
absorption, and metabolism of food.

Recent studies have suggested that sulfur amino acid restriction, also referred to as Methionine
restriction (MetR), a dietary intervention that limits the intake of the amino acids Methionine and
Cysteine, can enhance energy expenditure (EE) and promote metabolic health (4). Methionine and
Cysteine are amino acids involved in a plethora of metabolic reactions including protein synthesis,
gene expression via methylation of DNA and histones, maintenance of DNA and RNA integrity via
polyamine synthesis, redox balance via glutathione and H,S metabolism, and nucleotide
biosynthesis via the folate cycle (4,5).

Studies have shown that MetR is sensed in the liver by the GCN2-PERK-ATF4-mediated integrated
stress response (6). Initially, it was thought that increases in circulating FGF21 drive increases in
EE by activating UCP1-driven thermogenesis in brown adipose tissue via B-adrenergic (Br)
signaling (4,7). However, more recent studies also show that least some of the metabolic benefits
develop in Br-incompetent, FGF21-KO and UCP1-KO animals, with or without increases in EE and
independently of ambient temperature (5,6,8,9), highlighting the complexity of the physiological
response to the dietary restriction of sulfur amino acids. Recently, it has been proposed that sulfur
amino acid restriction results in metabolic inefficiency resulting in the excretion of various
metabolites including B-hydroxybutyrate, pyruvate, citrate, alpha-ketoglutarate, carnosine and
others (10).

Above-mentioned studies highlight an intriguing overlap between diet- and cold-induced
thermogenesis, particularly in the context of energy expenditure regulation. Both stimuli rely on
the activation of brown adipose tissue (BAT) and the ‘beiging’ of inguinal white adipose tissue
(iWAT) to promote UCP1 expression and increase mitochondrial activity, and thereby boost calorie
dissipation, potentially via similar signaling pathways, including the sympathetic nervous system
and key metabolic regulators like FGF21 (11). However, whether diet- and cold-induced
thermogenesis produce additive or synergistic effects on the activation of energy and systemic
metabolism is unknown. Here, we systematically compare the physiological and transcriptional
responses to MetR and CE across multiple metabolically active tissues. Using RNA-sequencing, we
dissect additive, synergistic, and antagonistic gene regulatory patterns, and assess whether
combining MetR with CE produces tissue-specific concordant or discordant novel transcriptional
outcomes.

We demonstrate that MetR increased EE at RT and shifted fuel use toward lipid oxidation. CE
elevated EE across diets and blunted diet differences. The transcriptional responses were tissue-
specific on gene and pathway level. Taken together, our results provide a unique and
comprehensive gene regulatory framework to understand how dietary and environmental cues
converge to shape tissue-specific gene expression programs and metabolic adaptation.
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Materials & methods

All animal experiments were performed in accordance with the Directive 2010/63/EU from the
European Union and approved by the Ministry of Environment and Agriculture Denmark (Miljg-
og Fadevarestyrelsen) under license no. 2018-15-0201-01544.

Animal husbandry & experiments

All experiments were performed in male mice on a C57Bl/6N background (Taconic, Denmark). All
mice were housed under a 12-hour light/dark cycle in a temperature and humidity-controlled
facility and had ad libitum access to diets and drinking water. 8/9-week-old were acclimatized to
our animal facility on a chow diet (NIH-31, Zeigler Brothers Inc., 8% calories from fat) and housed
in groups of 3-4 animals per cage for the habituation period. For reproducibility reasons and to
avoid biases by ‘social thermogenesis’ we single-housed all mice for the duration of the
experiments and concluded the experiments with mice being 16 weeks of age.

In study 1 we performed indirect calorimetry to assess physiological effects and interactions
between diets and ambient temperature. For this 15 mice were split randomly into 3 groups and
fed cysteine-depleted diets containing either 0.8% Methionine (Control; Ctrl), 0.12% Methionine
(Methionine-restricted; MetR) or 2% Methionine (Methionine-supplemented; MetS) for 6 days at
22°C and 5 days at 4°C. Diets were from Research diets (New Brunswick, NJ, USA). Exact
compositions can be retrieved under cat.no. A11051301B (MetR), A11051302B (Ctrl) and A21060801
(MetS).

In study 2, we performed detailed analyses of physiological (body and organ weights) and
molecular parameters (RNA-seq, colorimetric/enzymatic assays) to investigate the molecular
adaptations and interactions between diet and temperature. For this 28 mice were split randomly
into 4 groups and were either fed previously mentioned Ctrl or MetR diets at 22°C for 7 days or
housed an additional 8t day at 4 °C. Blood glucose were determined just prior to sacrifice in the
cage using a standard glucometer . The mice were then euthanized by carbon dioxide
asphyxiation followed by cervical dislocation. Blood was collected by cardiac puncture and stored
on ice for the duration of the sacrifice. Serum was collected after centrifugation by 2,000 g for 15
min and stored at -80 °C. Mice were sacrificed by carbon dioxide euthanasia. Liver, eWAT, iWAT
and BAT were weighed and snap-frozen in liquid nitrogen and then stored at -80 °C.

Indirect calorimetry

Indirect calorimetry was conducted using the PhenoMaster NG 2.0 Home Cage System (TSE
systems, Bad Homburg, Germany). Prior to the experiment, a complete calibration protocol for the
gasanalysers was run according to the manufacturer’s recommendations, and the mice were
weighed. Mice were housed individually and acclimated to the new environment for 3 days prior
to the experiment. The machine was set to maintain 50% humidity throughout the experiment and
a 12-hour light/dark cycle, with ad libitum access to food and water. During the experiment energy
expenditure, respiratory exchange ratio, food and water intake were recorded every 60 seconds
and datapoints were filtered for outliers and then averaged per hour for the analysis. Indirect
calorimetry data are presented as mean + SEM.

RNA sequencing and analysis

Total RNAs from tissues were isolated using the TRI reagent (Sigma) followed by clean-up with RPE
buffer (Qiagen, Germany). The quality of RNA was validated by the Agilent RNA 6000 Nano-Kit in
Agilent 2100 Bioanalyzer according to the manufacturer’s protocol (Agilent Technologies,
Waldbronn, Germany). mRNA sequencing was performed in-house. After quality control 500 ng
RNA in a final volume of 25 uL. DEPC-treated water was prepared and sample preparation was
performed as described in the NEBNext Poly(A) mRNA Magnetic Isolation Module kit and NEBNext
Ultra IT RNA Library Prep Kit (cat no: #E7770, New England Biolabs, Ipswich, MA, USA). The
amplified libraries were validated by Agilent 2100 Bioanalyzer using a DNA 1000 kit (Agilent
Technologies, Inc., Santa Clara, CA, USA) and quantified by gPCR using the KaPa Library Kits (KaPa
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Biosystems, Wilmington, MA, USA). Hereafter, 2x50bp paired-end sequencing was performed on
Nlumina Novaseq 6000. 7 samples per group and tissue were submitted to sequencing. 1 sample in
iWAT and iBAT were lost during the sample preparation.

RNAseq data analysis

Sequencing reads were aligned to the mouse reference genome (Gencode vM25) (12) using STAR

outFilterType BySJout, --outSAMattributes NH HI AS NM MD, --
outFilterMultimapNmax 10, -—outFilterMismatchNoverReadLmax 0.04, --
alignIntronMin 20, --alignIntronMax 1000000, --alignMatesGapMax 1000000, —-
alignSJoverhangMin 87, and --alignSJDBoverhangMin 1. Gene-level quantification was
performed using featureCounts (v2.0.3) (14). In parallel, transcript-level quantification was
performed using Salmon (v1.9.0) (15) and Gencode vM25, with parameters --seqBias, —-

useVBOpt, and --numBootstraps 30. Transcript abundance estimates were imported and
summarized to the gene level using the tximport package (16). Quality control was summarized

with fewer than 10 total counts across all samples were excluded prior to normalization. The
following interaction model was applied: ~ diet + temperature + diet:temperature,
allowing detection of diet effects, temperature effects, and their statistical interaction. Specifically,
the model tested: (i) the main effect of diet (MetR vs. Ctrl), (ii) the main effect of temperature (CE
vs. RT), and (iii) the diet x temperature interaction (whether the effect of MetR differs between RT
and CE). Genes with an adjusted p-value < 0.05 and an absolute log,FC > 0.585 were considered
significantly differentially expressed. Gene set enrichment analysis (GSEA) was performed using
the gseKEGG () function from the clusterProfiler package (v4.14.6) (19) with parameters:
organism = “mmu”, pvalueCutoff = 1, pAdjustMethod = “BH”,minGSSize = 0, seed =
TRUE, and eps = 0. Quality control metrics and preprocessing approaches were done as

previously described (20).

RNAseq outlier detection

Outlier detection was performed upon visual inspection of PCA plots within tissue analyses and
was supported by robustPCA from the rrcov package (v1.7.7) (21). Ithe order of Ctr]l_RT, Ctrl_CE,

MetR_RT and MetR_CE the following number of samples were excluded in the transcriptomic
analysis: 0, 0, 0 and 0 (Liver), 0, 1, 0 an 0 (iBAT), 0, 0, 0, and 0 (iWAT) and 3, 0, 1, and 0 (eWAT).

Classification of transcriptional interaction

Differentially expressed genes were classified according to their regulation across single and
combined stimuli using a custom R script adapted from Garcia et al. (22). The four relevant
contrasts were defined as Ctrl_CE vs Ctrl RT (A), MetR_RT vs Ctrl RT (B), MetR_CE vs Ctrl RT (AB),
and the interaction term (AxB). Only genes significant (padj < 0.05 and |FC| > 1.5) in at least one
comparison were included. For each gene, the direction of regulation (Up, Down, Unchanged) was
assigned for every contrast. Genes were then first classified as cooperative when both single
exposures (A and B) changed in the same direction or remained unchanged, or as competitive
when they differed (e.g., one Up, one Down, or only one significant). Based on these combinations,
genes were grouped into distinct regulation categories: co-dependent (significant only in AB but
not in A or B), concordant (both A and B regulated in the same direction and AB responded
similarly), discordant (A and B regulated in the same direction but AB changed oppositely),
Ctrl_CE- or MetR_RT-dominant (competitive single exposures where AB followed A or B), and
masked (Fig. 3D %). Masked genes were defined as significant in one or both single exposures but
not in AB: Ctrl_CE-masked (significant only in A), MetR_RT-masked (significant only in B), or
mutually masked (significant in both A and B but lost in AB, indicating opposing regulation under
the combined stimulus) (Fig. S3C @). To evaluate synergy, an expected additive effect was
computed as the sum of log,fold changes from the single exposures (expected{A+B} = log,FC{A} +
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log,FC{B}). The synergy score was calculated as log, of the absolute ratio between the observed
combined effect (log,FC{AB}) and the expected additive effect, i.e.,

log, |log,FC{AB}/expected{A+B}|. When this expected additive effect was approximately zero,
synergy was considered undefined for that gene. Genes without significant interaction effects
were classified as “additive.” Genes with significant interaction effects were further assigned as
“synergistic” (synergy score > 0) or “antagonistic” (synergy score < 0), reflecting whether the
observed combined effect surpassed or fell short of additivity. The regulation patterns are
exemplified in Fig. 3D and Fig. S3C#.

Serum measurements

Serum NEFA’s were determined using the NEFA-HR(2) Kit (cat. no. 434-91795 and 436-91995;
FUJIFILM Wako Chemicals Europe GmbH). Serum triglycerides were determined using the
LabAssay Triglyceride kit (cat no. 291-94501; FUJIFILM Wako Chemicals Europe GmbH). Serum -
hydroxybutyrate levels were determined using the B-HBA kit (cat. no. 2940; Instruchemie, Delfzijl,
the Netherlands). Serum FGF21 and IL-6 levels were determined using the Luminex Multiplex
platform (R&D Systems).

Statistics

Statistical analysis of the transcriptomics data was performed as described in the previous
paragraph. Serum, body and organ weight data were analyzed using GraphPad Prism (v. 10.4.1).
Prior to the analysis, the assumptions of normality and homogeneity of variance were assessed.
These assumptions were met in all presented parameters. Plasma parameters, absolute and
relative organ weights and bodyweight change (%) were analyzed using an unpaired one-way
ANOVA with Tukey’s HSD test to correct for multiple comparisons. Statistical differences between
the groups were depicted in a compact letter display, were groups with the same letter are not
significantly different and groups with different letters are significantly different. Bodyweight
data (start/finished) and average daily locomotor activity and food and water intake (RT/CE) were
analyzed using a paired two-way ANOVA with Tukey’s HSD test to correct for multiple
comparisons. Statistical differences between the groups were depicted as * p < 0.05, ** p < 0.01, ***
p <0.001, ****p < 0.0001. Energy expenditure, food and water intake data from the indirect
calorimetry experiment was analyzed by ANCOVA with bodyweight or locomotor activity as
covariate. The ANCOVA analysis was done pairwise using the regression tool at by NIDDK Mouse
Metabolic Phenotyping Centers (MMPC, www.mmpc.org@).

Results

Physiological and metabolic effects of methionine restriction
(MetR) and cold exposure (CE)

To investigate the physiological impact of dietary sulfur amino acid content on EE under room
temperature (RT, i.e., 22°C) and cold exposure (CE, 4°C for 24h), male C57BL/6N mice were placed
one of three cysteine-depleted diets containing either 0.8% Methionine (Control; Ctrl), 0.12%
Methionine (Methionine-restricted; MetR) or 2% Methionine (Methionine-supplemented; MetS) for
six and five days, respectively (Fig. 1A, i(4.e. study 1). Following the diet switch from housing diet
to aforementioned experimental diets, EE increased progressively in the MetR group under RT
conditions, rising from approx. 0.45 kcal/h to 0.6 kcal/h. Conversely, EE did not change in the Ctrl

and MetS groups (Fig. 1B ). On day six, energy expenditure in the MetR group was significantly

exhibited significantly greater body weight loss compared to Ctrl and MetS-fed animals over the
total duration of experimental diet feeding (Fig. 1D (3). As food intake and locomotor activity were

similar across groups (Fig. S1B(@, S1D[@), the greater weight loss in MetR-fed animals is likely
attributable to increased energy expenditure under RT conditions.
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Figure 1. Physiological and metabolic effects of methionine restriction (MetR) and cold exposure (CE).

(A) Schematic depicting 11 day experimental setup and dietary composition for mouse experiment 1 (n = 5 animals/group).
(B) Energy expenditure (EE) over the entire experiment duration. (C) ANCOVA analysis of average nighttime EE on days 6 and
11 over body weight. (D) Bodyweight and body weight loss (%). (E) Respiratory exchange ratio (RER) over the entire
experiment duration. (F) Average daily food and water intake over all RT (22 °C) or CE (4 °C) experimental days. (G) Schematic
depicting 8 day experimental setup for mouse experiment 2 (n = 7 animals/group). Dietary compositions for Ctrl and MetR
diets are the same as in mouse experiment 1. Groups are denominated as Ctr|_RT, Ctrl_CE, MetR_RT and MetR_CE. (H)
Bodyweight and body weight loss (%). (I) Absolute organ weights for Liver, inguinal WAT, gonadal WAT, interscapular BAT.
Statistics were done within tissues. (J) Blood glucose, serum triglycerides, and FGF21 levels. EE was analyzed by ANCOVA
using body weight as a covariate (via mmpc.org); p-values were Bonferroni-corrected. Bodyweight, average food and water
intake were analyzed via two-way ANOVA with *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Body Weight loss, serum
parameters and absolute organ weights were analyzed using one-way ANOVA with Tukey’s post hoc test. Different letters
indicate statistically significant differences (p < 0.05). Samples sizes for experiment 1 are 5 animals/group and 5-7

animals/group for Experiment 2.

Ruppert et al., 2025 eLife 14:RP108825. https://doi.org/10.7554/eLife.108825.2

6 of 26


https://doi.org/10.7554/eLife.108825.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology
https://elifesciences.org/subjects/chromosomes-gene-expression

7 eLife

Biochemistry and Chemical Biology | Chromosomes and Gene Expression

Respiratory exchange ratios (RER), as an indicator for macronutrient fuel selection, progressively
increased during light and dark phases in the Ctrl and MetS groups, indicating enhanced
carbohydrate utilization, whereas MetR-fed animals demonstrated lower RER indices, indicating a
preference for lipid oxidation. Upon CE, RER decreased in Ctrl and MetS-fed animals to levels
comparable to those observed in MetR-fed animals (Fig. 1E(4, S1F (3). To further assess dietary
and temperature interactions, we calculated daily averages of food and water intake, as well as
locomotor activity and RER for each period. At RT, daily caloric intake was similar between groups
intake was unaffected by ambient temperature, whereas daily locomotor activity exhibited a
downward trend in all three groups during cold exposure (Fig. 1TFC3, Fig. STE®). Collectively,
these data demonstrate that short-term MetR increases energy expenditure by ca. 20% at RT and,
as a consequence, promotes a metabolic shift toward lipid oxidation, potentially due to a
transcriptional induction of thermogenic processes and/or lipolysis in catabolic adipose tissue
depots such as iWAT or BAT. However, CE as major physiological stimulus to induce non-shivering
thermogenesis (NST) was able to override this MetR-induced effect, prompting an additional ca.
60% increase in EE independent of experimental diet feeding and body weight, alongside a shift to
lipid utilization.

To further investigate the potential interactions between MetR- and CE-induced thermogenesis on
physiological, metabolic and transcriptional parameters a second experiment was conducted:
Here, mice were divided into four groups and either fed Ctrl or MetR diets (see study 1) for seven
days at 22°C, or additionally exposed to 4°C for 24h (Study 2). In the following, animals fed Ctrl or
MetR diets for 7 days at 22°C are denominated as Ctrl_RT and MetR_RT, while animals fed these
diets for 7 days before being subjected to 24h of cold are denominated as Ctrl_CE and MetR_CE
(Fig. 1G®). All groups experienced significant body weight loss during the intervention (Fig.

weight loss compared to the Ctrl RT group. By contrast, MetR_RT led to approximately 10% body
weight loss, and the combinational treatment (MetR_CE) resulted in further weight loss compared

alterations in organ wet weights and organ/bodyweight ratios. Both Ctrl_CE and MetR_RT resulted
in absolute (Fig. 11(2) and relative (Fig. S1G (%) reductions in liver mass and MetR_CE reduced
absolute and relative liver mass further in an additive fashion. The stepwise reduction in relative
liver mass indicates that liver atrophy partly accounted for the observed body weight loss,
predominantly in MetR-exposed mice. In contrast, Ctrl_CE alone did not affect iWAT, gWAT, or iBAT
mass. Intriguingly, under MetR_RT all three adipose tissues showed (non-significant) upward
trends in relative and absolute masses, which was exacerbated and partially significant under
MetR_CE (Fig. 112, Fig. S1G®). Intriguingly, these data indicate that MetR_RT and Ctrl_CE
synergize to promote increases adipose tissue mass particularly in gWAT and iBAT. To assess the
associated systemic metabolic sequelae of MetR- and CE, we measured circulating metabolic

parameters: Blood glucose levels did not change significantly, but displayed a stepwise reduction

In line with previous studies, serum triglyceride where reduced, albeit non-significantly, by
Ctrl_CE and MetR_RT (23-25), but showed an even stronger reduction under MetR_CE, suggesting

hydroxybutyrate levels, a marker of hepatic fatty acid oxidation, was elevated by either CE or
MetR feeding (Fig. STH ). A major hormonal stimulus of EE in response to CE or MetR is mediated
via ‘thermogenic’ hormones like FGF21 or IL-6. In line with the literature, Ctrl_CE and MetR_RT
elevated circulating FGF21 levels even though the effect of cold was limited in this study. FGF21

levels did not further increase under MetR_CE, indicating that MetR maximally activates Fgf21
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suggest that while Cold exposure and MetR feeding individually trigger overlapping metabolic
responses, their combination produces additive effects on weight loss, liver atrophy, and adipose
size, alongside specific synergistic effects on triglyceride levels.

The transcriptional responses to CE and MetR-induced
thermogenesis are tissue-specific

To investigate the transcriptional basis of the adaptation to two independent, yet potentially
synergistic, physiological stimulators of NST, we next performed bulk mRNA-seq on liver, iBAT,
iWAT, and eWAT across all four groups. Principal Component Analysis (PCA), as expected, revealed
that the samples clustered according to their tissue of origin (Fig. S2A ). We next performed

the Liver, all 4 groups showed distinct transcriptional responses in PC1 and PC2 whereas in (2)
iBAT the groups clustered mostly by temperature (PC1), indicating that the transcriptional effects
of MetR feeding are mild compared to CE. By contrast in both white adipose depots the 4 groups
showed significant overlap although, in (3) iWAT, the clusters showed additive effects of MetR and
CE along PC1, explaining 60% of the variation, while in (4) eWAT the clusters overlapped in PC1
and PC2. Differential gene expression analysis (cutoff: adj. pvalue < 0.05, |FC| > 1.5) showed that
Ctrl_CE elicited stronger responses than MetR_RT in all tissues as exemplified by the higher
number of differentially expressed genes (DEGs) without clear trends towards global
transcriptional induction or repression. Of note, MetR was coupled to a higher number of
repressed genes, potentially linked to the increased need for cellular energy conservation during
amino acid-restriction. The combination of both stimuli elicited the strongest transcriptional
responses in iWAT and apart from the interaction term, the transcriptional response in eWAT

To understand to what degree the transcriptional responses are tissue / depot-specific or broadly
applicable to all investigated organs, we analyzed the intersections between CE and MetR in all
four tissues (Fig. 2C-F 3, S2C, D®). Under Ctrl_CE and MetR_CE more than 50% of all DEG’s were
regulated in a tissue-specific manner in 3 out of the 4 tissues, with the most marked
transcriptional effects seen in iWAT (Fig. 2C-E 2). The degree of tissue-specific regulation was even

the majority of transcriptional effects of CE and dietary MetR are tissue-specific and display a
varying degree of additive and synergistic effects.

To better scrutinize the individual transcriptional effects for each tissue, and to associate the
observed gene-regulatory effects with cellular and metabolic processes, we next performed
binary, combinatorial analyses of differential gene expression in liver (Fig. 3@ ), iBAT (Fig. 4@),

CE drives gene induction while MetR and CE cooperatively repress
genes in the liver

In the liver (Fig. 3(%), Volcano plot analysis revealed substantial gene regulation induced by
Ctrl_CE (977 genes upregulated, 322 genes downregulated) and MetR_RT (257 genes upregulated,
387 genes downregulated), with even more genes regulated when combined under MetR_CE (815
genes upregulated, 692 genes downregulated). While Ctrl_CE appears to be a stronger stimulus

based on the number of DEGs, MetR_RT appears to elicit stronger transcriptional effects based on

and MetR feeding under CE (MetR_CE vs Ctrl_CE) were lower compared to their respective
counterparts (Fig. SSA). To gain further insights into the degree of overlap between Ctrl_CE and

MetR_RT, we performed Upset plot analysis. The biggest set of shared genes was found between

Ruppert et al., 2025 eLife 14:RP108825. https://doi.org/10.7554/eLife.108825.2 8 of 26
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Figure 2. The transcriptional responses to Cold exposure (CE) and MetR-induced thermogenesis are tissue-

specific.

(A) Tissue-specific PCA plots for Liver, iBAT, iWAT, and eWAT. (B) Number of differentially expressed genes (DEGs), split into
induced (red) and repressed (blue) genes, per contrast (adjusted p-value < 0.05, |FC| > 1.5). (C-F) UpSet plots showing
overlap of DEGs across tissues for each contrast: (C) Ctrl_CE vs Ctrl_RT, (D) MetR_RT vs Ctrl_RT, (E) MetR_CE vs Ctrl_RT, and (F)
Interaction. Set size bars indicate the total number of DEGs per tissue; intersection bars indicate the number of shared DEGs
between tissues. Dots and bars in orange represent tissue-specific DEGs. In the order of CtrI_RT, Ctrl_CE, MetR_RT and

MetR_CE the following number of samples were included in the transcriptomic analysis: 7, 7, 7 and 7 (Liver), 7, 6, 7 an 7 (iBAT),

7,7,7,and 7 (i\WAT) and 4, 7 6, and 7 (eWAT) (see methods).
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Figure 3. Cold exposure (CE) drives gene induction while methionine restriction (MetR) and CE
cooperatively repress genes in the liver.

(A) Volcano plots showing DEGs for each contrast (Ctrl_CE vs Ctrl_RT, MetR_RT vs Ctrl_RT, MetR_CE vs Ctr|_RT, and the diet x
temperature interaction). Numbers indicate significantly up- and downregulated genes (adjusted p-value < 0.05, |FC| > 1.5).
(B) Upset plot showing the overlap of DEGs across contrasts. Intersection bars indicate the number of shared DEGs between
contrasts. Dots in orange represent contrast-specific DEGs. (C) Scatter plot of log,FC values in Ctrl_CE vs Ctrl_RT and MetR_RT
vs Ctrl_RT for DEGs identified in MetR_CE. n denominates DEGs shown. (D) Schematic highlighting gene expression profiles.
Arrows indicate significant regulation for induced (up; red) or repressed (down; blue) genes. Non-significant regulation is
depicted as grey dots (see methods). (E) Classification of MetR_CE DEGs based on their mode of regulation mode. (F) GSEA of
the top 20 positively enriched pathways in MetR_CE vs Ctrl_RT. Dot size represents gene ratio, color denotes contrast, and
significance is indicated by filled circles (adjusted p-value < 0.05). (G) Heatmap of Top 30 induced genes under MetR_CE. (H)
GSEA for the top 14 negatively enriched pathways in the MetR_CE vs Ctrl_RT comparison. Dot size reflects gene ratio, colors
indicate contrast group, and significance is shown by filled circles (adjusted p-value < 0.05). (I) Heatmap of Top 30 repressed
genes under MetR_CE.

Biochemistry and Chemical Biology | Chromosomes and Gene Expression

Ruppert et al., 2025 eLife 14:RP108825. https://doi.org/10.7554/eLife.108825.2

10 of 26


https://doi.org/10.7554/eLife.108825.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology
https://elifesciences.org/subjects/chromosomes-gene-expression

Biochemistry and Chemical Biology |

Chromosomes and Gene Expression

A Ctrl_CEvsCtrl_RT

~logsgpadj
~logsopadj

RTvsCtrl_RT

log2FC MetR.

log,FC Ctrl_CEvsCtrl_RT

MetR_RTvsCtrl_RT
100

MetR_Cl

~logsopad;

75%

Relative gene count (%)
g
2

N
&
®

0%
Down

Top 10 GSEAs for MetR_CEvsCtrl_RT

B

EvsCtrl_RT interaction
100
21 22 1000
N
>
c
S
= 8
5
g § s00
] £
>
o
T

0

Interaction
MetR_RTvsCtrl_RT
Ctrl_CEvsCtrl_RT

-50 -25 00 25 50 -50 -25 00 25 50 -50 -25 00 25 50 -50 -25 00 25 50
logoFC log,FC log,FC log,FC MetR_CEvsCtrl_RT
[ up-regulated [ down-regulated [] non-significant
c D MetR_CEvsCtrl_RT DEGs
R2=024 9 100% pRalCSly ph=80t
n=1755

Regulation

Co-dependent - Additive
Co-dependent - Synergistic
Concordant — Additive
Concordant — Antagonistic
Ctrl_CE-dominant - Additive
Ctrl_CE-dominant - Antagonistic
MetR_RT-dominant - Additive

Up

Protein processing in endoplasmic reticulum

Fatty acid elongation | |
Biosynthesis of unsaturated fatty acids |

Steroid biosynthesis

PPAR signaling pathway (
Gilycerolipid metabolism |
Glycerophospholipid metabolism v
Biosynthesis of cofactors
Thermogenesis | |

Huntington disease | |

009§

Significant

O No
@ Yes

Group
Ctrl_CEvsCtrl_RT
MetR_RTvsCtrl_RT
@ MetR_CEvsCtr_RT
@ interaction

Gene Ratio

@® 03
@ o4
@ os
@ os

G

Top 20

3 -2
Normalized Enrichment Score (NES)

0 1 2

T
3

I 543

iBAT

I 1009

537
*——o  Hs&s

133
e 3
*—=0 |2
9 2
o |1
-0  Hs3o
*——0 2
—0—0-0 I

*——o |10

Proteoglycans in cancer [ |

Tuberculosis | |

Relaxin signaling pathway
Cytokine—cytokine receptor interaction | |
Virion — Human immunodeficiency virus
Cell adhesion molecules

Cytoskeleton in muscle cells | |
Neuroactive ligand-receptor interaction
Type | diabetes mellitus |

Inflammatory bowel disease | |

Systemic lupus erythematosus | !
ECM-receptor interaction

Coronavirus disease — COVID-19
Amoebiasis

Leishmaniasis | '

Hematopoietic cell lineage | |

Protein digestion and absorption | |
Pertussis | |

Complement and coagulation cascades
Staphylococcus aureus infection

GSEAs for MetR_CEvsCtrl_|
0 O ——

o

RT

Significant

O No
@ Yes

Group
Ctrl_CEvsCtrl_RT
MetR_RTvsCtrl_RT

@ MetR_CEvsCrl_RT

@ interaction

Gene Ratio
@® 02
@ o4
@ o6

Lo

T
-2.5-2.0-1.5-1.0-0.50.0 0.5 1.0 1.5
Normalized Enrichment Score (NES)

Groups
®Ctl_RT @ MetR_RT
® Ctr_CE @ MetR_CE

Figure 4. CE dominates gene induction in iBAT with limited contribution by MetR feeding

(A) Volcano plots showing DEGs for each contrast (Ctrl_CE vs Ctrl_RT, MetR_RT vs Ctrl_RT, MetR_CE vs Ctrl_RT, and the diet x
temperature interaction). Numbers indicate significantly up- and downregulated genes (adjusted p-value < 0.05, |FC| > 1.5).
(B) Upset plot showing the overlap of DEGs across contrasts. Intersection bars indicate the number of shared DEGs between
contrasts. Dots in orange represent contrast-specific DEGs. (C) Scatter plot of log,FC values in Ctrl_CE vs Ctrl_RT and MetR_RT
vs Ctrl_RT for DEGs identified in MetR_CE. n denominates DEGs shown. (D) Classification of MetR_CE DEGs based on their
mode of regulation mode. (E) GSEA of the top 10 positively enriched pathways in MetR_CE vs Ctr|_RT. Dot size represents
gene ratio, color denotes contrast, and significance is indicated by filled circles (adjusted p-value < 0.05). (F) Heatmap of Top
30 induced genes under MetR_CE. (G) GSEA for the top 20 negatively enriched pathways in the MetR_CE vs Ctrl_RT
comparison. Dot size reflects gene ratio, colors indicate contrast group, and significance is shown by filled circles (adjusted p-
value < 0.05). (H) Heatmap of Top 30 repressed genes under MetR_CE.
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Figure 5. Additive and synergistic gene regulation by MetR and CE in iWAT

(A) Volcano plots showing DEGs for each contrast (Ctrl_CE vs Ctrl_RT, MetR_RT vs Ctrl_RT, MetR_CE vs Ctrl_RT, and the diet x
temperature interaction). Numbers indicate significantly up- and downregulated genes (adjusted p-value < 0.05, |FC| > 1.5).
(B) Upset plot showing the overlap of DEGs across contrasts. Intersection bars indicate the number of shared DEGs between
contrasts. Dots in orange represent contrast-specific DEGs. (C) Scatter plot of log,FC values in Ctrl_CE vs Ctrl_RT and MetR_RT
vs Ctrl_RT for DEGs identified in MetR_CE. n denominates DEGs shown. (D) Classification of MetR_CE DEGs based on their
mode of regulation mode. (E) GSEA of the top 20 positively enriched pathways in MetR_CE vs Ctr|_RT. Dot size represents
gene ratio, color denotes contrast, and significance is indicated by filled circles (adjusted p-value < 0.05). (F) Heatmap of Top
30 induced genes under MetR_CE. (G) GSEA for the top 20 negatively enriched pathways in the MetR_CE vs Ctrl_RT
comparison. Dot size reflects gene ratio, colors indicate contrast group, and significance is shown by filled circles (adjusted p-
value < 0.05). (H) Heatmap of Top 30 repressed genes under MetR_CE.
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Figure 6. Limited yet codependent and antagonistic gene regulation by MetR and CE in eWAT

(A) Volcano plots showing DEGs for each contrast (Ctrl_CE vs Ctrl_RT, MetR_RT vs Ctrl_RT, MetR_CE vs Ctrl_RT, and the diet x
temperature interaction). Numbers indicate significantly up- and downregulated genes (adjusted p-value < 0.05, |FC| > 1.5).
(B) Upset plot showing the overlap of DEGs across contrasts. Intersection bars indicate the number of shared DEGs between
contrasts. Dots in orange represent contrast-specific DEGs. (C) Scatter plot of log,FC values in Ctrl_CE vs Ctrl_RT and MetR_RT
vs Ctrl_RT for DEGs identified in MetR_CE. n denominates DEGs shown. (D) Classification of MetR_CE DEGs based on their
mode of regulation mode. (E) GSEA of the top 10 positively enriched pathways in MetR_CE vs Ctr|_RT. Dot size represents
gene ratio, color denotes contrast, and significance is indicated by filled circles (adjusted p-value < 0.05). (F) Heatmap of Top
30 induced genes under MetR_CE. (G) GSEA for the top 20 negatively enriched pathways in the MetR_CE vs Ctrl_RT
comparison. Dot size reflects gene ratio, colors indicate contrast group, and significance is shown by filled circles (adjusted p-
value < 0.05). (H) Heatmap of Top 30 repressed genes under MetR_CE.
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Ctrl_CE and MetR_CE (541 DEGs), highlighting that Ctrl_CE is a major contributor to the

alone was lower (251 DEGS), this analysis also indicated a high degree of co-dependence on
MetR_RT in the regulation of 508 DEGs in the MetR_CE condition, as well as the exclusion of 494
Ctrl_CE DEGs from the combined exposure (Fig. 3B ). Contrasting all MetR_CE DEGs between
Ctrl_CE and MetR_RT (R2 = 0.34), as well as contrasting all MetR_RT and Ctrl_CE DEGs (R2 = 0.26)
revealed relatively poor correlation between the respective log,FC values and suggests that the
overall influence of Cold is stronger (Fig. 3C @, Fig. S3B®). Next we analyzed the transcriptional
interaction between Ctrl_CE and MetR_RT (Fig. 3D (%, S3C (4, see methods) under consideration of
significance, direction of regulation and interaction significance based on the method proposed by
Garcia et al. (22). This analysis indicated that more than 50% of down-regulated genes were due to
co-dependent additive regulation between Ctrl_CE and MetR_RT (brown) and MetR_RT alone
(green). By contrast, more than 50% of the up-regulated genes were significant in the combined
exposure due to Ctrl_CE alone (Fig. 3D (). Altogether, these data confirm Ctrl_CE drives the

induction of genes under MetR_CE, while Ctrl_CE and MetR_RT cooperate to repress genes under
MetR_CE. On the other hand, MetR_RT prevented a significant number of Ctrl_CE DEGs (n = 547

under MetR_CE, MetR drove the enrichment for metabolic pathways (Biosynthesis of amino acids,
Glutathione or P450 cytochrome (Drug) metabolism) despite the effects of Ctrl_CE, while CE drove
the enrichment in Steroid biosynthesis and cGMP-PKG signaling pathways, despite the effects of
analysis also revealed a number of gene sets where MetR_CE showed the highest enrichment, such
as Glucagon and AMPK signaling, TCA cycle, One carbon metabolism and amino acid biosynthesis.
This indicates that MetR and CE cooperate in the regulation of gene sets related to energy
provisioning and glucose metabolism in the liver (Fig. 3F C3). The top 30 heatmap of induced genes
under MetR_CE reflects these additive effects of Ctrl_CE and MetR_RT on the level of pathway
enrichment and features genes such as Pck2 and Lepr (Glucagon signaling), Pck2 (TCA cycle),
Mthfd1l and Aldh112 (TCA cycle and folate metabolism), and Psat1, Etnppl and Acot4 (amino acid
biosynthesis) (Fig. 3G (%). The only non-immune related pathway among the 14 most negatively

30 heatmap of MetR_CE repressed genes only features immune-related genes including Saal, SaaZ,
Saa3 and Orm1 and Orm2 (acute-phase response), Lcn2 and Lrgl (innate immunity) (Fig. 312).

Furthermore, additional heatmap analyses of the top 30 up- and down-regulated genes for Ctrl_CE
and MetR_RT further highlight the distinct and cooperative transcriptional effects between both

CE dominates gene induction in iBAT with limited contribution by
MetR feeding

In iBAT (Fig. 4 (2), Volcano plot analysis revealed that Ctrl_CE elicited a much stronger
transcriptional response than MetR_RT (757 genes upregulated, 912 genes downregulated, versus
57 genes upregulated and 173 downregulated, respectively). The transcriptional response to

MetR_CE was only marginally different from Ctrl_CE (664 genes upregulated, 1091 genes

term (22 upregulated, 21 downregulated), indicating that the combination of CE and MetR does not
result in non-additive transcriptional effects in iBAT (Fig. 4A ). In line with this, CE on top of

Comparison of log,FC between Ctrl_CE and MetR_RT for all MetR_CE DEGs showed a weak
correlation (R? = 0.24), supporting the notion that the transcriptional responses to MetR_CE are
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indicate that Ctrl_CE primarily drives gene regulation in iBAT, while the transcriptional effects of
MetR_RT are negligible. GSEA analysis confirmed the positive enrichment of fatty acid and
thermogenic pathways by Ctrl_CE, as previously published (29,30). The combination of both
stimuli specifically benefited the positive enrichment of metabolic pathways such as Fatty acid
elongation, Biosynthesis of unsaturated fatty acids and PPAR signaling, while Ctrl_CE drove the
enrichment in ER and glycerolipid related gene sets. In line with the limited transcriptional
response of MetR_RT on gene level, NES scores for MetR_RT were mostly lower compared to
Ctrl_CE and/or non-significant, except for Steriod biosynthesis (Fig. 4E%). In line, the heatmap of
the top 30 upregulated genes under MetR_CE underscores this enrichment by featuring important
factors such as Ppargcla, Fgf21, Gdf15, Gpr3 and Bmp8b (PPAR signaling and thermogenesis),
Elovl3 and Scd3 (fatty acid elongation), and Mthfd2 (folate metabolism) (Fig. 4F (% ). Many of these

negatively enriched gene sets under MetR_CE were largely immune- and extracellular matrix—
related, including, cytokine-, ECM- and neuroactive ligand-receptor interactions and cell adhesion
gene sets (Collal, Colla2, Ngfr, Hcar2, Adcy5). Interestingly, the negative enrichment of these
pathways was dominated by MetR_RT (Fig. 4G,H 2). Altogether, these analysis support the notion

that the transcriptional effects of MetR_RT are limited and contribute little to the combined effect
of MetR_CE, which is dominated by cold (Fig. S4D-G (®).

Additive and synergistic gene regulation by MetR and CE in iWAT

In iWAT (Fig. 5%), Volcano plots revealed that both Ctrl_CE (992 upregulated, 1379 genes
downregulated) and MetR_RT (680 upregulated, 1156 downregulated) elicited marked
transcriptional changes: The combination of both stimuli (MetR_CE) resulted in an even greater
number of DEGs compared to either stimuli alone (1394 upregulated, 2261 downregulated),

indicating either additive or synergistic effects (Fig. 5A%). Only a limited number of genes were

DEGS uniquely regulated when both stimuli were combined, but also support true additive or
synergistic regulation with 1210 genes being significantly regulated in all three conditions (Fig.

revealed that 55% of up- and 75% of down-regulated genes were predominantly regulated in an
additive manner, where Ctrl_CE and MetR_RT cooperated to enhance transcriptional responses.
This included genes that became significant when both stimuli were combined (co-dependent
regulation) as well as genes that were already significantly regulated under each condition alone
but showed non-synergistic regulation under the combined treatment (concordant - additive; Fig.
5D %). GSEA analysis revealed in pathways consistent with expected CE- or MetR-induced

interaction term, indicating that the transcriptional response to MetR_CE is less than additive. This
suggests that while both Ctrl_CE and MetR_RT independently activate key metabolic pathways,
their combined effect is attenuated on the gene set level, possibly due to overlapping mechanisms
or transcriptional feedback limiting further activation. Heatmap analysis of the top 30 induced
genes matches GSEA results and features prominent PPAR and thermogenesis related genes
including Dio2, Ucp1, Fgf21, Elovi3, Cpt1b and Ppargcla. The heatmap analysis also confirms the
largely additive gene regulatory effects of Ctrl_CE and MetR_RT on gene level (Fig. 5F(2, S5D,E(2).
Similar to the responses in iBAT, also iWAT showed negative enrichment in predominantly
immune-related pathways, such as cytokine-cytokine receptor interactions (Ccl2, Ccl7, Ccl8, Ccl12,
Ccr5, I1rl1) (Fig. 5G,H@).
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Limited yet codependent and antagonistic gene regulation by
MetR and CE in eWAT

In eWAT (Fig. 6(@), Volcano plot analysis revealed that both CE and MetR feeding alone did not

down-regulated genes, while the interaction term identified 193 up- and 292 down-regulated
DEGs, the highest among all tissues, suggesting a potential synergistic mode of gene regulation
under MetR_CE in this tissue (Fig. 6A2). Upset plot analysis confirmed that most MetR_CE DEGs
(158) are unique to the combination of CE and MetR, and that Ctrl_CE (31 DEGs) or MetR_RT (24
DEGs) alone contributed little to the joined MetR_CE effect (Fig. 6B(%). Scatter plot analysis of

log,FC values between Ctrl_CE and MetR_RT for all MetR_CE DEGs revealed a relatively high
correlation (R2 = 0.54) and were predominantly categorized as Co-dependent-additive (brown)

complex gene-regulatory relationship between MetR feeding and CE in eWAT. On the one hand,
MetR_RT and Ctrl_CE additively regulate genes that only become significant under MetR_CE, on
the other hand DEGs unique to MetR_RT or Ctrl_CE alone are excluded from the combined
MetR_CE response in an antagonistic fashion. GSEA analysis revealed that significant positive
enrichment in immune and signaling pathways such as Rap1 signaling, MAPK signaling, and
cGMP-PKG signaling (Maff, Ptchd4, and Arhgef37) under the combined treatment of MetR_CE (Fig.

nature (non-signicant enrichment for interaction DEGs). Intriguingly, negatively enriched
pathways under MetR_CE were largely associated with fatty acid metabolism and oxidative
phosphorylation (Fig. 6G @2). While, MetR_RT alone again did not result in significant enrichment
here, Ctrl_CE often resulted in opposing (significant or non-significant) enrichment for the
mentioned pathways. These enrichments match with repressed genes that are regulated in an

additive manner between MetR_RT and Ctrl_CE (CypZ2el, Cyp4f17, Ehhadh, Slc16al, Serpina3b; Fig.

between both thermogenic stimuli in eWAT comprising both additive but also antagonistic
regulation on gene and pathway level.

Discussion

In this work, we compared the systemic effects of two environmental stimuli of energy
expenditure, dietary MetR and CE, in a 2x2 design, in order to assess whether both stimuli produce
additive or synergistic systemic energy metabolism and transcriptional adaptations in key
metabolic tissues. Our results indicate that although dietary MetR increased EE at RT and shifted
substrate utilization towards lipid oxidation, CE constituted a stronger stimulus for EE and masked
diet-dependent differences. Combining CE and MetR resulted in mild reductions in bodyweight
and glucose levels and additive reductions on circulating triglyceride levels and liver mass.
Notwithstanding the threshold effects seen in the activation of FGF21 and B-hydroxybutyrate
(BOHB), markers for energy homeostasis and hepatic fatty acid oxidation, respectively, these
results suggest that there is potential incombining both stimuli for the correction of
hyperglycemia, hypertriglyceridemia and excess bodyweight in disease settings.

To gain further insights into how MetR and CE converge on the transcriptional level we performed
RNA-seq on liver, iBAT, iWAT and eWAT. We observed a high degree of depot-specificity in the
transcriptional responses to MetR, CE and the combination, both on gene and pathway level. In
liver, CE dominated gene induction while MetR and CE cooperatively repressed genes. The
combination of both factors regulated pathways involved in energy and glucose handling
(Glucagon signaling, TCA cycle, AMPK signaling, Amino acid & Carbon metabolism), potentially
explaining the stepwise reduction in circulating glucose and triglyceride levels. In iBAT, CE
dominated the transcriptional response, with limited contribution from MetR, and resulted in the
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enrichment of thermogenic and lipid-oxidation programs (thermogenesis, fatty acid metabolism).
In iWAT, MetR and CE acted largely additively with high concordance, enhancing fatty-acid
degradation, PPAR signaling, thermogenesis, and TCA cycle pathways. The transcriptional
responses in eWAT overall were limited, producing some additional, yet mostly antagonistic
effects. Whether the downregulation of fatty acid metabolism pathways is linked to the relative
increase of eWAT mass under MetR_CE requires further investigation.

An intriguing finding of potential translational value was the cold-like transcriptional response
elicited by MetR feeding in iWAT. Amidst the emerging appreciation that the amount and
metabolic activity of ‘classical’ human brown adipocytes might not contribute to overall EE and
metabolic regulation in humans (31), other fat depots such as ‘beige’ subcutaneous adipose tissue

begetting the seminal question about the nature of physiological, pharmacological, dietary and
lifestyle-associated interventions that will help achieve to increase energy dissipation via sScCWAT.
Here, the unsolved task is to prompt uncoupling protein 1 (UCP1)-dependent and UCP1-
independent biochemical processes such as Ca2*/creatine cycling (34,35), or by inducing an
energy-consuming combination of triacylglycerol breakdown and fatty acid re-esterification that
occurs after sympathomimetic administration (36) selectively in beige fat. Intriguingly, a recent
report demonstrated that oral supplementation of high-fat diet fed mice with a nitroalkene
derivative of salicylate (SANA) can induce creatine cycling in rodent iWAT independent of UCP1,
demonstrating that the activation of iWAT thermogenesis and mitochondrial respiration is
exploitable using pharmacology. Noteworthy, a Phase 1 study demonstrated that human
volunteers receiving SANA exhibited a modest degree of weight loss, suggesting that strategies for

iWAT mobilization in rodents might translate to (obese) patients (37). To date, orthogonal

unwanted mobilization of lean (muscle and bone) mass. The selective omission or removal of
methionine and cysteine have proven to be efficient in activating EE via iWAT thermogenesis, and
involve both humoral (FGF21 secretion) and sympathetic nervous system-dependent, UCP1-
run-in dietary priming, e.g. via dietary MetR, can enhance adaptive thermogenic responses during
prolonged cold exposure, ideally monitored by continuous measurement of core body
temperature and more in-depth molecular analysis of the browning phenotype in iWAT.

An intriguing opportunity for dietary MetR might lie in maximizing treatment effects against more
clinical conditions ranging from cancer (41,42) to obesity. Here, drugs that mimic the action of the
gut hormone glucagon-like peptide-1 (GLP1), i.e., so called GLP1 receptor agonists (GLP1Ra) such
as semaglutide, have radically transformed obesity treatment and reduce body weight via
reducing appetite (43). However, to date these drugs have the unfortunate downside of

enhance the degree of achievable weight loss (45), nutritional approaches might help to break the
efficacy plateau that continue to plague GLP1Ras, collectively highlighting the notion that dietary
interventions such as selective amino acid restriction prior or during pharmacological treatment
deserve further experimental exploration and clinical testing.

Classically, DIT is synonymous with the thermic effect of food (TEF) and describes the post-
prandial rise in energy expenditure attributable to digestion, absorption, and metabolic
processing of nutrients (46). This canonical, meal-linked DIT is transient and scales with meal

engaging an endocrine-neuronal axis, where hepatic amino-acid sensing activates the integrated
stress response, increases FGF21 expression and circulating levels, and drives thermogenesis in
WAT/BAT and a state of metabolic inefficiency, thereby increasing EE (4,5,10). Related protein-
restriction paradigms similarly raise EE through FGF21-mediated thermogenic programs (48). Our
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and previous data demonstrate that MetR increases EE at thermoneutral-adjacent conditions and
elicits depot-specific thermogenic transcriptional programs, even when benchmarked against cold
exposure. We propose that MetR represents a true form of “diet-induced thermogenesis” in a
mechanistic sense i.e., a diet composition-initiated, hormone-driven thermogenic state that is
distinct from the classic meal-processing TEF.

Altogether, our study provides important initial insights into depot-specific transcriptional
responses to MetR, CE, and their combination, yet several limitations remain. The relatively short
duration (7 days MetR, 24-hour CE) was sufficient for assessing acute transcriptional interactions
but limited our ability to investigate long-term physiological adaptations or sustained metabolic
remodeling. Furthermore, applying complementary omics analyses, including proteomics and
metabolomics or flux analysis would provide deeper mechanistic insights into metabolic
interactions at the protein and metabolite levels.

Data availability

The RNA-seq data generated in this study have been deposited in the NCBI Gene Expression
Omnibus (GEO) under accession number GSE310044. The dataset includes raw FASTQ files,
processed count matrices, and metadata for all experimental conditions. In addition lists of all
DEGs and GSEA analysis from each tissue were provided in the supplementary files.
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Summary:

Activation of thermogenesis by cold exposure and dietary protein restriction are two lifestyle
changes that impact health in humans and lead to weight loss in model organisms, here the
mouse. How these affect liver and adipose tissues has not been thoroughly investigated side
by side. In mice, the authors show that the responses to methionine restriction and cold
exposure are tissue-specific while the effects on beige adipose are somewhat similar.
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The strength of the work is the comparative approach, using transcriptomics and
bioinformatic analyses to investigate the tissue-specific impact. The work was performed in
mouse models and is state-of-the-art. This represents an important resource for researchers
in the field of protein restriction and thermogenesis.

Weaknesses:

The findings are descriptive and the conclusions remain associative. The work is limited to
mouse physiology and the human implications have not been investigated yet.

https://doi.org/10.7554/eLife.108825.2.sa3

Reviewer #2 (Public review):

Summary:

This study provides a library of RNA sequencing analysis from brown fat, liver and white fat
of mice treated with two stressors - cold challenge and methionine restriction - alone and in
combination (interaction between diet and temperature). They characterize the physiologic
response of the mice to the stressors, including effects on weight, food intake and
metabolism. This paper provides evidence that while both stressors increase energy
expenditure, there are complex tissue-specific responses in gene expression, with additive,
synergistic and antagonistic responses seen in different tissues.

Strengths:

The study design and implementation is solid and well-controlled. Their writing is clear and
concise. The authors do an admirable job of distilling the complex transcriptome data into
digestible information for presentation in the paper. Most importantly, they do not over reach
in their interpretation of their genomic data, keeping their conclusions appropriately tied to
the data presented. The discussion is well thought out addresses some interesting points
raised by their results.

Weaknesses:

The major weakness of the paper is the almost complete reliance on RNA sequencing data,
but it is presented as a transcriptomic resource.

https://doi.org/10.7554/eLife.108825.2.sa2

Reviewer #3 (Public review):

Summary:

Ruppert et al. present a well-designed 2x2 factorial study directly comparing methionine
restriction (MetR) and cold exposure (CE) across liver, iBAT, iWAT, and eWAT, integrating
physiology with tissue-resolved RNA-seq. This approach allows a rigorous assessment of
where dietary and environmental stimuli act additively, synergistically, or antagonistically.
Physiologically, MetR progressively increases energy expenditure (EE) at 22{degree sign}C
and lowers RER, indicating a lipid utilization bias. By contrast, a 24-hour 4 {degree sign}C
challenge elevates EE across all groups and eliminates MetR-Ctrl differences. Notably,
changes in food intake and activity do not explain the MetR effect at room temperature.

Strengths:

The data convincingly support the central claim: MetR enhances EE and shifts fuel preference
to lipids at thermoneutrality, while CE drives robust EE increases regardless of diet and
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attenuates MetR-driven differences. Transcriptomic analysis reveals tissue-specific responses,
with additive signatures in iWAT and CE-dominant effects in iBAT. The inclusion of explicit
dietxtemperature interaction modeling and GSEA provides a valuable transcriptomic
resource for the field.

Comments on revisions:

The authors have addressed any concerns I had.
https://doi.org/10.7554/eLife.108825.2.5a1

Author response:

The following is the authors’ response to the original reviews.
Reviewer #1 (Public review):

Summary:

Activation of thermogenesis by cold exposure and dietary protein restriction are two
lifestyle changes that impact health in humans and lead to weight loss in model
organisms - here, in mice. How these affect liver and adipose tissues has not been
thoroughly investigated side by side. In mice, the authors show that the responses to
methionine restriction and cold exposure are tissue-specific, while the effects on beige
adipose are somewhat similar.

Strengths:

The strength of the work is the comparative approach, using transcriptomics and
bioinformatic analyses to investigate the tissue-specific impact. The work was performed
in mouse models and is state-of-the-art. This represents an important resource for
researchers in the field of protein restriction and thermogenesis.

Weaknesses:

The findings are descriptive, and the conclusions remain associative. The work is limited
to mouse physiology, and the human implications have not been investigated yet.

We thank Reviewer 1 for their thoughtful review and for highlighting the strength of our
comparative, tissue-specific analyses. We acknowledge that our study is descriptive and
limited to mouse physiology, and agree that translation to humans will be an important next
step. By making these data broadly accessible, we aim to provide a useful resource for future
mechanistic and translational studies on dietary amino acid restriction and thermogenesis.

Reviewer #2 (Public review):
Summary:

This study provides a library of RNA sequencing analysis from brown fat, liver, and white
fat of mice treated with two stressors - cold challenge and methionine restriction - alone
and in combination (interaction between diet and temperature). They characterize the
physiologic response of the mice to the stressors, including effects on weight, food intake,
and metabolism. This paper provides evidence that while both stressors increase energy
expenditure, there are complex tissue-specific responses in gene expression, with
additive, synergistic, and antagonistic responses seen in different tissues.

Strengths:
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The study design and implementation are solid and well-controlled. Their writing is clear
and concise. The authors do an admirable job of distilling the complex transcriptome
data into digestible information for presentation in the paper. Most importantly, they do
not overreach in their interpretation of their genomic data, keeping their conclusions
appropriately tied to the data presented. The discussion is well thought out and
addresses some interesting points raised by their results.

Weaknesses:

The major weakness of the paper is the almost complete reliance on RNA sequencing
data, but it is presented as a transcriptomic resource.

We thank Reviewer 2 for their positive evaluation of our study and for highlighting the
strengths of our design, analyses, and interpretation. We acknowledge the limitation of
relying primarily on RNA-seq, and emphasize that our intent was to provide a comprehensive
transcriptomic resource to guide future mechanistic work by the community.

Reviewer #3 (Public review):
Summary:

Ruppert et al. present a well-designed 2x2 factorial study directly comparing methionine
restriction (MetR) and cold exposure (CE) across liver, iBAT, iWAT, and eWAT, integrating
physiology with tissue-resolved RNA-seq. This approach allows a rigorous assessment of
where dietary and environmental stimuli act additively, synergistically, or
antagonistically. Physiologically, MetR progressively increases energy expenditure (EE) at
22{degree sign}C and lowers RER, indicating a lipid utilization bias. By contrast, a 24-
hour 4 {degree sign}C challenge elevates EE across all groups and eliminates MetR-Ctr/
differences. Notably, changes in food intake and activity do not explain the MetR effect at
room temperature.

Strengths:

The data convincingly support the central claim: MetR enhances EE and shifts fuel
preference to lipids at thermoneutrality, while CE drives robust EE increases regardless of
diet and attenuates MetR-driven differences. Transcriptomic analysis reveals tissue-
specific responses, with additive signatures in iWAT and CE-dominant effects in iBAT. The
inclusion of explicit dietxtemperature interaction modeling and GSEA provides a valuable
transcriptomic resource for the field.

Weaknesses:

Limitations include the short intervention windows (7 d MetR, 24 h CE), use of male-only
cohorts, and reliance on transcriptomics without complementary proteomic,
metabolomic, or functional validation. Greater mechanistic depth, especially at the level
of WAT thermogenic function, would strengthen the conclusions.

We thank Reviewer 3 for their thorough review and for recognizing the strengths of our
factorial design, physiological assessments, and transcriptomic analyses. We acknowledge the
limitations of short intervention windows, male-only cohorts, and the reliance on
transcriptomics. Our aim was to generate a well-controlled comparative dataset as a
resource, and we agree that future work incorporating longer interventions, both sexes, and
additional mechanistic layers will be important to build on these findings.

Reviewer #1 (Recommendations for the authors):

Ruppert et al., 2025 eLife 14:RP108825. https://doi.org/10.7554/eLife.108825.2 24 of 26


https://doi.org/10.7554/eLife.108825.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/biochemistry-chemical-biology
https://elifesciences.org/subjects/chromosomes-gene-expression

°We H Biochemistry and Chemical Biology | Chromosomes and Gene Expression
weLife

In my opinion, the comparative analysis between tissues and treatments could be
expanded.

We thank the reviewer for this suggestion. We included top30 DEG heatmaps for the
comparison MetR_CEvsCtrl_RT for up and downregulated genes in the figures for each tissue.
We also provide additional data in the supplementary, including top30 heatmaps for
Ctrl_CEvsCtrl_RT, MetR_RTvsCtrl_RT, the interaction term, as well as one excel sheet per tissue
for all DEGs (p<0.05 and FC +/- 1.5 and for all gene sets (GSEA).

Reviewer #3 (Recommendations for the authors):

(1) CE robustly increases food intake, yet MetR mice at room temperature, despite
elevated EE, do not appear to increase feeding to maintain energy balance. The authors
should discuss this discrepancy, as it represents an intriguing avenue for follow-up.

See answer below.

(2) CE raises EE to ~0.9 kcal/h irrespective of diet, suggesting that the additive weight loss
seen with MetR+CE (Fig. TH) must be due to reduced intake. This raises the possibility that
MetR mice fail to appropriately sense negative energy balance, even under CE, and do
not compensate with higher feeding.

We thank the reviewer for comments 1 and 2. We did not put an emphasis on this finding, as
the literature on the effects on food intake under sulfur amino acid restriction are very
inconsistent. Intial studies (e.g. by Gettys group) most often report on food intake per gram
bodyweight and report an increase in caloric intake. We think that this reporting is flawed
and should rather be reported as cumulative food intake. The recent paper by the Dixit group
also reports that there is no effect on food intake, in line with our data. The recent paper by
the Nudler group reports a decrease in food intake.

(3) Report effect sizes and sample sizes alongside p-values in all figure panels, and
ensure the GEO accession (currently listed as "GSEXXXXXX") is provided.

We thank the reviewer for noticing this. So far we were unable to upload the datasets to GEO.
We’re unable to connect to the NIH servers, presumably due to the US government shutdown.
We are commited to sharing this dataset as soon as possible and will update the manuscript
in the future accordingly. We included the sample size for experiment 1 and 2 in the figure
legends and described our outlier detection method in the methods section. Significances are
explained in the figure legends.

(4) Explicitly define the criteria for "additive," "synergistic," and "antagonistic"
interactions (both at the gene and pathway levels) to help readers align the text with the
figures.

We thank the reviewer for this helpful comment. We added an description of how we defined
and computed the regulatory logic in the method section.

(5) Revise the introduction to address recent data from the Dixit group (ref. #38), which
shows that EE induced by cysteine restriction and weight loss is independent of FGF21
and UCP1. As written, the introduction states: "Recent studies have shown that DIT via
dietary MetR augments energy expenditure in a UCP1-dependent...fashion".

See answer below.

(6) "Mechanistically, MetR...results in secretion of FGF21. In turn, FGF21 augments EE by
activating UCP1-driven thermogenesis in brown adipose tissue via B-adrenergic signaling
(4,7)." This should be updated for accuracy and balance.
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We thank the reviewers for both comments 5 and 6. Both recent publications by the Dixit and
the Nudler groups (now ref 9 and 10) provide very interesting further mechanistic detail into
the bodyweight loss in response to dietary sulfur amino acid restriction. However, there are
also older papers by the Gettys group that in part contradict their findings, particularly, when
it comes to the importance of UCP1 for the adaptation to sulfur amino acid restriction.
Overall, we think that further work is required to determine the importance of UCP1-driven
EE from alternative mechanisms that ultimately drive body and fat mass loss. We rewrote the
referenced paragraph in the introduction to reflect this.

https://doi.org/10.7554/eLife.108825.2.sa0
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