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Cysteine depletiontriggers adipose tissue
thermogenesis and weight loss
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Caloricrestriction and methionine restriction-driven enhanced lifespan and
healthspaninduces ‘browning’ of white adipose tissue, ametabolic response
thatincreases heat production to defend core body temperature. However,
how specific dietary amino acids control adipose thermogenesis is unknown.
Here, we identified that weight loss induced by caloric restrictionin humans
reduces thiol-containing sulfur amino acid cysteine in white adipose tissue.
Systemic cysteine depletion in mice causes lethal weight loss with increased
fat utilization and browning of adipocytes that is rescued upon restoration
of cysteine in diet. Mechanistically, cysteine-restriction-induced adipose
browning and weight loss requires sympathetic nervous system-derived
noradrenaline signalling via 33-adrenergic-receptors that isindependent of
FGF21and UCP1. In obese mice, cysteine deprivationinduced rapid adipose
browning, increased energy expenditure leading to 30% weight loss and
reversed metabolic inflammation. These findings establish that cysteine
isessential for organismal metabolism as removal of cysteine in the host
triggers adipose browning and rapid weight loss.

The Comprehensive Assessment of Long-term Effects of Reducing  andresultantactivation of mitochondrial fatty acid oxidation by CRis
Intake of Energy (CALERIE-II) clinical trial in healthy adults demon-  thought to underlie some of its beneficial effects on healthspan'. How-
strated that asimple 14% reduction of calories for 2 years without spe-  ever, ithasalso been suggested that CR-induced metabolic effects may
cific dietary prescription toalter macronutrientintake or mealtimings  be due to decreased proteinintake in food-restricted animal models*”.
canreprogramme theimmunometabolic axis to promote healthspan'>.  Adding back individual amino acids to calorie-restricted Drosophila
Thus, harnessing the pathways engaged by caloric restriction (CR)in  abolished thelongevity effects, and traced to the limitation of methio-
humans may expand the currentarmament of therapeutics againstmet-  nine, an important node for lifespan extension’. Indeed, methionine
abolicandimmune dysfunction. Induction of negative energy balance  restriction (MR) in rodents increases lifespan® with enhanced insulin
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sensitivity, adipose tissue thermogenesis and mitochondrial fatty acid
oxidation’. Surprisingly, in long-lived Drosophila fed an MR diet, add-
ing back methionine did not rescue the pro-longevity effect of diet,
and it was hypothesized that activation of the methionine cycle may
impact longevity’. Commercial MR diets contain 0.17% methionine
compared with normal levels of 0.86%, but notably, the MR diets also
lack cystine®’, another sulfur-containing amino acid (SAA), which is
required for protein synthesis, including synthesis of glutathione,
taurine, CoA and iron-sulfur clusters'®". Of note, in rats, MR-induced
anti-adiposity and pro-metabolic effects, including reduction of lep-
tin, insulin, IGF1 and elevation of adiponectin, were reversed when
animals were supplemented with cysteine in the diet'. Furthermore,
cysteine supplementation in MR rats did not restore low methionine,
suggesting noincrease in the methionine cycle'?, where homocysteine
is converted into methionine via the enzyme betaine-homocysteine
S-methyltransferase (BHMT)'. The existence of the trans-sulfuration
pathway (TSP) in mammals indicates that in case of dietary cysteine
scarcity, the host shuttles homocysteine fromthe methionine cycle via
the production of cystathionine, whichis then hydrolysedinto cysteine
by the enzyme cystathionine y-lyase (CTH)'*", Cysteine is an ancient
moleculethatevolvedto allow early life to transition from anoxic hydro-
thermal vents into oxidizing cooler environment'*", Thus, cysteine,
the only thiol-containing proteinogenic amino acid, is essential for
disulfide bond formation and redox signalling, including nucleophilic
catalysis'*". It remains unclear whether cysteine specifically controls
organismal metabolism and whether sustained CRin healthy humans
can help understand the fundamental relationship between energy
balance and SAA homeostasis pathways that converge to improve
healthspan and lifespan.

CRinhumansreduces adipose tissue cysteine

Adipose tissue regulates organismal metabolism by orchestrating
inter-organ communication required for healthy longevity. To study the
mechanisms that drive CR’s beneficial effects on human metabolism, we
conducted anunbiased metabolomics analysis of the subcutaneous adi-
posetissue (SFAT) of participants inthe CALERIE-Il trial at baseline and
lyear after15% achieved CR and weight loss'. The partial least squares
discriminant analyses (PLSDA) of abdominal SFAT biopsies revealed
that1year of mild sustained CR substantially altered the adipose tissue
metabolome (Fig.1a). The unbiased metabolite sets enrichment analy-
ses demonstrated significant increases in cysteine, methionine and
taurine metabolism, whichindicates rewiring of cysteine metabolism
(Fig.1b,c). Further analyses of our previously reported RNA sequencing

data of humans thatunderwent CR'2. revealed that compared to base-
line,1and 2 years of CRin humansincreased the adipose expression of
CTH (Fig.1d) with aconcomitant reductionin the expression of BHMT
(Fig.1e). These datasuggest that rewiring of cysteine metabolism may
involve reductionin methionine cycle and changesin trans-sulfuration
pathway metabolites (Fig. 1c). Notably, previous studies have found
that long-lived rodents upregulate metabolites in TSP that generates
cysteine from methionine'*”. Consistent with our findings inhumans
that underwent CR, data from multiple lifespan-extending interven-
tionsinrodentsidentified upregulation of CTH asacommon signature
or potential biomarker of longevity'.

Metabolomic analyses revealed that despite an increase in CTH
expression post-CR, adipose cysteine levels were significantly reduced
upon CR (Fig. 1f) with no change in homocysteine and cystathionine
(Extended Data Fig. 1a). Consistent with the reduced expression of
BHMT in methionine cycle, there was a decline in concentration of
dimethylglycine (DMG) (Fig. 1f). CR caused a reduction in cysteine
derived metabolites, y-glutamyl-cysteine (y-Glu-Cys), glutathione
(GSH) and cysteinyl glycine (Cys—Gly) (Fig. 1g). Collectively, these
results suggests that food restriction that resultedin 15% CR in humans
reduces enzymes and metabolites that feed into methionine cycle and
lowers cysteine (Fig. 1c).

Cysteine depletion causes lethal weight loss
inmice

Cysteineis thought to be biochemically irreplaceable because methio-
nine, the other sole proteinogenic SAA, lacks a thiol group and hence
cannot form complexes with metals to control redox chemistry®.
To determine whether cysteine is required for survival and organis-
mal metabolism, we created a loss of function model where cysteine
becomes an essential amino acid requiring acquisition from the diet
by deletion of CTH (Cth” mice) (Fig. 1h and Extended Data Fig. 1b).
Cysteine deficiency was thus induced by feeding adult Cth” mice a
custom amino acid diet that only lacks cystine (cystine-free (CysF)
diet), whereas control mice were fed anisocaloric diet that contained
cystine (CTRL diet) (Fig. 1h). Utilizing this model, we found that mice
with cysteine deficiency rapidly lost ~25-30% body weight within 1 week
compared to littermate Cth*”* mice fed a CysF diet or Cth” fed a control
diet (Fig. li and Extended Data Fig. 1c). Upon clinical examination of
the cysteine-deficient mice, 30% weight loss is considered amoribund
state thatrequired euthanasia. The weight loss inmice lacking CTH and
cystineinthe diet was associated with significant fat mass loss relative
to lean mass (Extended Data Fig. 1d) in cysteine-deficient animals.

Fig. 1| Cysteine deficiency induces weight loss. a, Principal-component analysis
of the metabolome of subcutaneous adipose depots (SFAT) of healthy individuals
atbaseline and after 12 months of CR (n =14). b, Metabolite set enrichment
analysis shows that compared to baseline, 1 year of CR in humans activates TSP,
withincreased cysteine and taurine metabolism. ¢, Schematic summary of TSP
and metabolites from baseline to1year CR, measured in human SFAT. Blue lines
indicate unchanged metabolites, green and red arrows indicate significantly
increased or decreased metabolites or genes respectively, via paired t-test
(P<0.05).SAM, S-adenosyl methionine. d,e, Normalized expression of changes
in CTHand BHMT in human SFAT at baseline, and after 12 and 24 months of CR.
Adjusted Pvalues were calculated in the differential gene expression analysis

in a separate cohort from metabolome analyses in the CALERIE-Il trial' (n = 8).

B, baseline. f,g, Change in metabolites in human SFAT at baseline and 12 months
of CR. Significance was calculated using paired ¢-tests (n =14). AU, arbitrary unit.
h, Mouse model used to achieve cysteine deficiency utilizing Cth”” mice fed a
CysF diet. i, Male Cth** and Cth™~ mice were fed control (CTRL) or CysF diets for
6days (n=5Cth"* CTRL,n=12 Cth*"* CysF,n=8 Cth”~ CTRL,n=17 Cth”" CysF;
three experiments pooled). Per cent body weight represented over 6 days of
diet.j, Cth”~ mice were fed purified control diet (black line) or a diet containing
75% cysteine (green line) alternately switched to CysF diet (green line with red
dots n =6 per group).k, Box plots of metabolites involved in TSP in the serum of
Cth™ mice fed CTRL or CysF diet for 6 days (n=4 Cth” CTRL,n=5Cth™" CysF).

1, Schematic summary of changes in the metabolites in the serum of Cth” mice
fed CTRL or CysF diet for 6 days. Blue lines represent measured, but unchanged
metabolites, red and green arrows indicate significantly decreased or increased
metabolites, respectively (P < 0.05). See Supplementary Table 1 for the full list of
metabolites. m, Total GSH content in subcutaneous (SFAT), brown (BAT) adipose
depots and liver of Cth”” mice fed with CTRL or CysF diet for 5 days (n =7 per
group), determined by colorimetric assay. n, Box plots of GSSG and threonine
quantification in the SFAT of Cth™ mice fed CTRL or CysF diet for 6 days (n =6 per
group). o,p, RNA-seq based expression of Gclc, Gss (0) and Bola3 (p) in the SFAT
of Cth” mice fed with CTRL or CysF for 6 days. FPKM, fragments per kilobase

of exon model per million mapped fragments. q, Coenzyme A (CoA) content

in SFAT, BAT and liver samples of Cth” mice fed with CTRL or CysF diet for
5days, determined by fluorometric assay (n =7 per group, ND, not detectable).
r, Analysis of EPR spectra of POBN-lipid radical adducts measured in Folch extracts
of visceral adipose depot (VFAT), SFAT and BAT tissues from Cth”” mice fed with
CTRL or CysF diet for 5 days, normalized to 100 mg (ND, not detectable; n=5-6
per group). s, Aconitase activity determined in SFAT, VFAT and BAT tissues from
Cth”" mice fed with CTRL or CysF diet for 5 days (n = 6 CTRLand 7 CysF). Data are
represented as mean +s.e.m. Box plots represent median value and extend to
the 25th and 75th percentiles. Whiskers are plotted down to the minimum and
up to the maximum value. Unless mentioned, differences were determined with
unpaired two-tailed t-tests. Panels ¢, h and I created with BioRender.com.
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Pair feeding of cystine depleted diet fed animals produced similar
weightloss (Extended DataFig. 1e). Thisrapid weight loss was not due to
malaise or behavioural alteration, as Cth ™’ CysF mice displayed normal
activity and a slight reduction in food intake in the first 2 days after
CysF diet switch that was not significantly different (Extended Data
Fig. 1f and link of video file of cage activity). The Cth-deficient mice
onthe control diet were indistinguishable from control littermates in
parameters indicative of health, they displayed higher nest building
and no changeingrip strength, gait, ledge test, hindlimb clasping and
displayed no clinical kyphosis (Extended Data Fig. 1g,h). Furthermore,
compared with Cth”” mice on control diet, the analyses of liver, heart,
lungs and kidneys of Cth” CysF mice did not reveal pathological lesions
indicative of tissue dysfunction (Extended DataFig.1i). Notably, restora-
tion of up to 75% cystine levelsin the diet of Cth”~ CysF mice that were
undergoing weight loss was sufficient to completely rescue the body
weight over three weight-loss cysteine-depletion cycles, demonstrating
the specificity and essentiality of cysteine for the organism (Fig. 1j).
To identify changes in metabolites upon cysteine-deprivation-
induced fat mass loss, we conducted serum and subcutaneous adi-
pose tissue (SFAT) metabolomics analyses (Extended Data Fig. 2a,b
and Supplementary Tables 1 and 2). Compared with Cth-deficient
mice fed anormal diet, the Cth™ CysF mice had reduced cystine levels,
suggesting that cysteine deficiency is maintained by a reduction in
systemic cystine levels (Fig. 1k and Extended Data Fig. 2a). Cysteine
depletion also elevated the cystathionine and L-serine levels, com-
pared to control diet fed animals (Fig. 1k). Other SAA metabolites
such as methionine, homocysteine (HCys) and glutamic acid were
notsignificantly changed (Extended DataFig.2c). Taurine levelsin the
Cth-deficient mice ona cystine-free diet also did not change compared
with control animals. Notably, the y-glutamyl peptide analogues of
cysteine and GSH such as 2-aminobutyric acid (2AB) and ophthalmic
acid (OA or y-glutamyl-2-aminobutyryl-glycine) were increased in the
serum of cysteine-deficient mice (Fig. 1k,| and Extended Data Fig. 2a).
Notably, insubcutaneous and brown adipose (BAT) depotsandinliver,
cysteine deficiency induces total glutathione (GSH) and oxidized GSH
(GSSG) depletion (Fig.1m,n and Extended Data Fig. 2b,d).Theincrease
in y-glutamyl peptides (2AB and OA) in cysteine-limiting conditions
in vivo is consistent with studies that show that GCLC can synthesize
y-glutamyl-2-aminobutyryl-glycine in a GSH-independent manner
and prevents ferroptosis by lowering glutamate generated oxidative
stress?’. OA is a GSH analogue in which the cysteine group is replaced
by L-2-aminobutyrate (2AB). On anormal cysteine-replete diet, 2AB is
produced from2-oxobutyrate (20B) and glutamate in the presence of
aminotransferases”. Thus, the increase in 2AB despite the removal of
cystine in diet could be due to an alternative pathway of deamination
of threonine into 2AB?. Indeed, L-threonine levels areincreased upon
cysteine depletion in mice (Fig. 1n). Previous studies found that GSH
can inhibit glutamate cysteine ligase (GCLC)*?** regulating its pro-
duction by a feedback mechanism. Thus, the removal of cysteine and
reduction of GSH may release this disinhibition (Fig. 1m). Consistent
with this hypothesis and elevated OA levels, Gclc and Gss expression
were increased in cysteine-starved mice (Fig. 10). The increased OA
production versus GSH production reveals adaptive changesinduced
by systemic cysteine deficiency. Cysteine is required for protein syn-
thesis. However, in mice where cysteine is depleted for 5days, protein
synthesis was not impaired in subcutaneous, visceral, brown adi-
pose depots and in the liver (Extended Data Fig. 2e). Cysteine is also
required for Fe-S clusters??. The RNA sequencing analysis revealed
that the expression of genes involved in Fe-S cluster assembly, includ-
ing Bola3, was unimpaired or increased during cysteine depletion®
(Fig. 1p and Extended Data Fig. 2f). Consistent with the association
betweenincreased Bola3and adipose browningina cysteine-deficient
state, adipose-specific deletion of Bola3 decreases energy expenditure
(EE) and increases adiposity in mice upon aging®®. Upon short-term
cysteine starvation, Fe-S clusters are preserved in adipose depots.

Additionally, cysteine is crucial for coenzyme A (CoA) synthesis. We
observed a significant reduction in CoA levels in BAT and liver upon
cysteine starvation (Fig. 1q). The in vivo spin trapping and electron
paramagnetic resonance (EPR) spectroscopy revealed that cysteine
deficiency significantly increased lipid-derived radicals in BAT with
undetectable signalsin white adipose tissue (WAT) (Fig. Ir and Extended
DataFig.2g). Also, given aconitase is regulated by reversible oxidation
of (4Fe-4S)*" and cysteine residues, depletion of cysteine also reduced
aconitase activity in SFAT with no change in BAT (Fig. 1s). Together,
these data demonstrate that removing cysteine causes lethal weight
lossandinduces adaptive changesin organismal metabolism, including
upregulation of Gclc, elevated y-glutamyl peptides with depletion of
CoA and GSH (Fig. 1I,m,q and Extended Data Fig. 2d).

Cysteine deprivation drives adipose tissue
browning

The decrease in fat mass during cysteine deficiency is driven by loss
of all major fat depots including subcutaneous fat (SFAT), visceral
epididymal/ovarian adipose fat (VFAT), and brown adipose tissue
(BAT) (Extended Data Fig. 3a). Histological analyses revealed that this
reduction in adipose tissue size is associated with transformation of
white adipose depots into a BAT-like appearance, with the formation
of multilocular adipocytes, enlarged nuclei, and high UCP1 expression,
aphenomenonknown as ‘browning’ that increases thermogenesis?**
(Fig. 2a,b and Extended Data Fig. 3b). Of note, the SFAT browning in
cysteine-deficient mice was reduced upon cystine-restoration in
diet (Fig. 2b). Similar response was observed in visceral fat (VFAT)
(Extended Data Fig. 3b). Consistent with the browning of SFAT, the
cysteine-deficient animals showed significantly increased expression
ofuncoupling protein1(UCP1) (Fig.2c) and thermogenic marker genes
(Fig. 2d). The UCP1 and adipose triglyceride lipase (ATGL) induction
upon cysteine deficiency in adipose tissue was reversed by cysteine
repletion (Fig. 2c). Consistent with30% weight loss at day 5, the glycerol
concentrations were depletedin the sera of cysteine-deficient mice and
wererestored by cysteine-repletion-induced weight regain (Extended
DataFig. 3c). The differentiation of Cth-deficient preadipocytes to
mature adipocytes and subsequent exposure to cysteine-free culture
conditions did not affect their thermogenic genes or UCP1, suggest-
ing that a non-cell autonomous mechanism may control adipocyte
browning (Extended Data Fig. 3d).

We next investigated whether changes in energy absorption,
energy intake or EE contribute to cysteine-depletion-induced weight
loss. Analysis of energy absorption by faecal bomb calorimetry
revealed no significant difference in control and cysteine-deficient
mice (Fig. 2e). Moreover, although the cumulative food intake over 5
days of weight loss was not statistically different (Fig. 2f), the cumula-
tive food intakein the first 2 days (Extended Data Fig. 3e) after switch-
ing to CysF diet was lower (P < 0.05), which may contribute to early
weight loss. Calculation of the analysis of covariance (ANCOVA) or
representation of the data as regression between EE and body mass,
demonstrated that EE was increased in cysteine-deprived animals
duringthe dark cycle (Fig. 2g) and notin the light cycle (Extended Data
Fig. 3f,g). In addition, there was no difference in locomotor activity
between control or cysteine-deficient mice (Extended Data Fig. 3h),
suggesting that cysteine depletionincreases EE. Of note, the increase
in EE was supported by increased fat utilization, as the respiratory
exchange ratio (RER) in cysteine-deprived animals was significantly
reduced (Extended DataFig. 3i,j).

We next determined the specificity of cysteine on mechanisms
that may contribute to rapid weight loss. Weight regain after cysteine
repletion substantially reversed adipose browning (Fig. 2b,h and
Extended Data Fig. 3b) and normalized the glycerol, ATGL and UCP1
levels in adipose tissue. (Fig. 2c and Extended Data Fig. 3¢). Further-
more, replacement of single amino acid cysteine, also reversed the
cysteine-starvation-driven reduction in RER, suggesting restoration
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Fig. 2| Cysteine depletioninduces browning of adipose tissue.

a, Representative images of subcutaneous (SFAT) and visceral (VFAT) fat sections
stained for UCP1from Cth”~ mice fed CTRL or CysF diet for 6 days (scale bar,

100 pm). b, Representative H&E-stained sections of SFAT of Cth™~ mice fed CTRL
or CysF diet for 6 days or CysF diet followed by Cys-supplemented diet for 4 days
(CysF + Cys) (scale bar,100 pm). ¢, Western blot detection of ATGL and UCP1in
SFAT from Cth™~ mice after 6 days of CTRL or CysF diet or Cys supplementation
after CysF-induced weight loss. Actin is used as aloading control. d, qPCR analysis
of thermogenic genes in SFAT of Cth** and Cth™~ mice fed CysF diet for 6 days
(n=8Cth**andn=10 Cth™").e f, Faecal calorie content (n = 6 per group) (e) and
cumulative food intake of Cth”~ mice fed CTRL or CysF diet for 4 days (f) (n = 6 per
group). g, Linear regression analysis of EE against body mass during dark cycle
at4 and 5 days of weight loss (n =10 Cth*”* CysF and n=12 Cth™" CysF). h, Per cent
body weight change of Cth”~ mice fed with CTRL diet or CysF diet (red line) for 5
days and then switched to Cys-containing diet (orange line) for 3 days (n = 6 per
group). i, RER measured in metabolic cages, of Cth” mice fed with CTRL diet

(n=6)or Cys-containing diet after CysF-induced weight loss (n = 4). j, Average
food intake of Cth”” mice fed with CysF diet and then switched to Cys-containing
diet for 2 days (n =7 per group). Significance was measured with paired ¢-test.

k, Linear regression analysis of EE against body mass during dark cycle of Cth™
mice fed with CTRL (n = 6) or Cys-supplemented diet after CysF-induced weight
loss (n=4), average values of the first two nights after diet switch. 1, &-SNE plot of
scRNA-seq showing cluster identities from SFAT SVF from Cth”” mice fed CTRL
or CysF diet at day 4 of weight loss and bar chart showing population fold change
(FC) inrelative abundance of each cluster comparing Cth™" CysF versus Cth™"
CTRL.DC, dendritic cell; APC, antigen-presenting cell. m, t-SNE plot displaying
Pdgfraexpressioninred across all populations and Monocle analysis of clusters
0,1and 2, with colouring by pseudotime to show right most cluster giving rise to
two separate clusters. Each cluster represented by colour in Cth”” CTRLand Cth™~
CysF. Dataare expressed as mean * s.e.m. Statistical differences were calculated
by two-way ANOVA with Sidak’s correction for multiple comparisons or unpaired
two-tailed ¢-tests. NS, not significant.
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of organismal metabolism to normal carbohydrate utilizationinstead
of fatty acid oxidation (Fig. 2i). Of note, cysteine repletion significantly
increased food intake for the first two days, suggesting that animals
can sense cystine in diet and compensate via hyperphagia to restore
bodyweight setpoint (Fig. 2j). The EE upon cysteine replacement was
not significantly different during weight rebound (Fig. 2k). These
data suggest that cysteine replacement can reverse weight loss by
mechanisms that involve reduced adipose browning and decreased
fat utilization while change in EE alone does not account for rapid
weightrestoration.

We conducted the RNA sequencing of the major adipose depots
to investigate the mechanisms that control adipose tissue browning
and associated remodelling. As displayed by the heatmap, cysteine
deficiency profoundly altered the transcriptome of adipose tissue
(Extended DataFig. 3k). Gene set enrichment analysis comparing Cth™"
CTRLand Cth™ CysF identified that the top downregulated pathways
were involved in the extracellular matrix and collagen deposition,
highlighting the broad remodelling of the adipose tissue (Extended
Data Fig. 31). In addition, multiple metabolic pathways seemed to be
regulated by cysteine deficiency within the SFAT with ‘respiratory
electron transport chain and heat production’ as the top pathway
induced during cysteine deficiency (Extended Data Fig. 31). Indeed,
numerous genes identified by the ‘thermogenesis’ Gene Ontology
term pathway such as Ucpl, Cidea, Cox7al, Cox8b, Dio2, Eval, Pgcl,
Elovi3 and Sic27a2, were differentially expressed comparing Cth™*
CysF and Cth™ CysF in the SFAT (Extended Data Fig. 3m). These results
demonstrate that cysteine depletion activates the thermogenic tran-
scriptional programme.

To investigate the cellular basis of adipose tissue remodelling
during cysteine deficiency, we isolated the stromal vascular fraction
(SVF) by enzymatic digestion and conducted single-cellRNA sequenc-
ing (scRNA-seq) of SFAT. We isolated SVF cells from Cth** and Cth™"
fed CTRL or CysF diet with each sample pooled from four animals
(Extended DataFig. 4a). Atotal of 4,666 cellsin Cth** CTRL; 5,658 cells
in Cth** CysF; 4,756 cells in Cth”~ CTRL; and 3,786 cells in Cth”~ CysF
were analysed for scRNA-seq (Extended Data Fig. 4b). Consistent with
previous results***°, the unbiased clustering revealed 15 distinct cell
populations including afy T cells, y6 T cells, ILC2s and natural killer
(NK) T cells, B cells, reticulocytes, mesothelial-like cells, Schwann cells
and several myeloid clusters (Extended Data Fig. 4b-d). Comparison
of Cth™ CysF with other groups revealed dramatic changesin cellular
composition (Fig. 21). Particularly, loss of clusters 0,1and 2 were appar-
entupon cysteine deficiency (Fig. 21). Of note, these clusters contained
the highest numbers of differentially expressed genes induced by
B3-adrenergic receptor agonist CL-316243 (ref. 31) (Extended Data
Fig.4e), highlighting the potential role of sympathetic nervous system
(SNS)-derived noradrenaline (NA) in regulating the effects of cysteine
deficiency. By expression of Pdgfra, we identified these clusters as
enriched for adipocyte progenitors (Fig. 2m). We conducted a pseu-
dotime analysis to place these clusters on a trajectory and illuminate
their cell lineage. Trajectory analysis based on pseudotime suggested
that cluster 2 may differentiate into two separate preadipocyte clus-
ters, clusters 0 and 1 (Fig. 2m). Cth™~ CysF animals proportionally
lost clusters 0 and 1, while relatively maintaining cluster 2 compared
with the other groups (Fig. 2m), suggesting that more differentiated
preadipocytes are mobilized during cysteine deficiency. Indeed,
cluster 2 expressed Dpp4, an early progenitor marker that has been
shown to give rise to different committed preadipoctyes® (Extended
Data Fig. 4f). Cluster O was enriched for both /cam1 and F3, which are
expressed by committed adipogenic and antiadipogenic preadipo-
cytes, respectively?**? (Extended DataFig. 4f). Cd9, afibrogenic marker
in preadipocytes®*, along with the collagen gene, Col5a3, were broadly
expressed across clusters 0 and 1, and was specifically lost by day 4 of
inducing cysteine deficiency (Extended Data Fig. 4f,g). The loss of these
preadipocyte clusters were orthogonally validated by FACS (Extended

Data Fig. 4h). We next sought to identify beige/brown adipocyte pre-
cursorsinour scRNA-seq dataset to understand whether there was an
increased commitment towards brown adipocytes. Clearly, Tagln or
Sm22, which has been previously described in beige adipocytes®, is
specifically expressed by a subset of cells in cluster 1 (Extended Data
Fig. 4f). Of note, these Tagln-expressing cells are lost with cysteine
deficiency (Fig.2l). Given the strong browning phenotype observed on
day 6, itis possible that these cellsbecome mobilized and differentiate
early onduring cysteine deficiency, leading to the absence of these cells
asmature adipocytes are not captured within the SVF.Indeed, whenwe
performed pathways analysis on clusterl, comparing gene expression
of Cth™" CysF with Cth”~ CTRL, we found that one of the top upregulated
pathways was ‘adipogenesis’ (Extended Data Fig. 4i). Furthermore,
examination of the expression of stem associated markers and mature
adipocyte markersin the adipocyte progenitor clustersrevealed a clear
downregulation of stem markers and anincrease in mature adipocyte
markers, suggesting that cysteine deficiency was driving the matura-
tion of progenitor cells (Fig. 2m and Extended Data Fig. 4j). However,
given therobust transformation of the adipose tissue during cysteine
deficiency towards browning, itis unlikely that mobilization of brown
precursors alone is mediating this response. Previous studies have
found that in certain models, beige adipocytes can originate from
pre-existing white adipocytes, in addition to de novo adipogenesis™.
The potential role of cysteine in the trans-differentiation of mature
white adipocytesinto brown-like adipocytes needs to be further exam-
ined using future lineage-tracking studies.

Cysteine depletion-induced FGF21is partially
required for weight loss

To determine the mechanism of adipose thermogenesis caused by
cysteine starvation, we next investigated the processes upstream of
increased fatty acid oxidation. We measured the lipolysis regulators,
phosphorylation of hormone-sensitive lipase (pHSL) and ATGL and
found that cysteine deficiency increased ATGL expression without
consistently affecting pHSL levels (Fig. 3a and Extended Data Fig. 5a).
ATGL preferentially catalysers the first step of triglyceride hydrolysis,
whereas the hormone-sensitive lipase (HSL) hasamuch broader range
of substrates with a preference for diacylglycerols and cholesteryl
esters”. Given a dramatic browning response in WAT post-cysteine
deficiency, the increased ATGL is consistent with previous work that
shows BAT relies heavily on the action of ATGL to mobilize lipid sub-
strates for thermogenesis®®. This is further supported by adecrease in
most lipid species, particularly triglycerides and diacylglycerolin the
BAT of cysteine-deficient mice (Fig. 3b and Extended Data Fig. 5b,c).
Considering dramatic adipose tissue browning and elevated UCP1
expression upon cysteine starvation, we next sought to investigate
whether thisis ahomeostatic response to defend core body tempera-
ture (CBT) or whether temperature setpoint is perturbed to causes
hyperthermia. We measured CBT utilizing loggers surgically implanted
into the peritoneal cavity in Cth”” mice on CTRL or CysF diet over 6 days
when animals lose weight. Of note, despite conversion of WAT into
brown-like thermogenic fat, the CBT was not different between con-
troland cysteine-deficient mice (Extended Data Fig. 5d,e). These data
suggest that either cysteine- may signal the host to defend CBT within
tight normal physiological range or any metabolic heat that is gener-
atedis dissipated due to the animal housingin the sub-thermoneutral
temperature. To confirm adipose thermogenesis in vivo, we utilized a
highly sensitive and specific magnetic resonance spectroscopicimag-
ing method called biosensor imaging of redundant deviation in shifts
(BIRDS)* to determine the temperature of BAT in Cth™* and Cth™ ani-
mals after 6 days of CysF diet. This method relies on measuring the
chemical shift of the four nonexchangeable methyl groups from an
exogenous contrastagent, TmDOTMA, which has a high-temperature
sensitivity (0.7 ppm per °C). The TnDOTMA™ methyl resonance has
ultrafastrelaxation times (<5 ms), allowing high signal-to-noise ratio by
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Fig. 3| FGF21is partially required for cysteine-restriction-mediated weight
loss. a, Western blot detection of lipolysis regulators pHSL, HSL and ATGL in SFAT
from Cth”" mice after 6 days of CTRL or CysF diet, actinis used as loading control.
b, Volcano plot of lipid species of BAT showing FC of triglycerides in Cth”~ mice
fed CTRL or CysF diet. ¢,d, in vivo measurement of BAT temperature by BIRDS
imaging (c) and quantification of local temperature differences in BAT (d)
compared to surrounding tissue in Cth** and Cth” mice on CysF diet for 6 days
(n=5per group). e, Serum FGF21 quantification in Cth”” CTRL (n =23), Cth” CysF
for 6 days (n=8) and Cth™" CysF followed with 4 days of Cys supplementation
(n=10).f, Serum GDF15 concentrations in Cth”~ CTRL, Cth”~ CysF for 4 days and
Cth™" CysF followed with 3 days of Cys supplementation (n = 6 per group).

g, Immunoblot analysis of CHOP, calnexin, IRE1a, BiP in the liver of Cth”~ mice fed
with CTRL or CysF diet at day 6. Actin was used as loading control. h, Percentage
body weight change of Cth”~ and Cth”’"CHOP™~ mice fed with CysF diet for 5 days
(n=17 Cth”"and n=15 Cth”"CHOP™").1i, Percentage body weight change of Cth™”~

Prdm16 Pgcla Ppara Pparg Cpt1

and Fgf217~Cth™ mice fed with CysF diet for 5days (n =13 Cth” and n =18 Fgf21
“~Cth™").j, Energy expenditure measured in metabolic cages of Cth” and Cth™~
Fgf21"~ mice on days 3-4 of CysF diet (n = 5 per group). k, Inmunoblot analysis
of pHSL, HSL, ATGL and UCP1in SFAT of Cth™*, Cth” and Cth™ Fgf21"~ mice fed
CysF diet for 6 days. I, Representative H&E-stained SFAT sections of Cth”" and
Fgf21"-Cth™" mice after 6 days of CysF diet (scale bar, 500 um). m-p, Cth”* and
Cth” mice were fed with CysF dietand housed at 20 °C or 30 °C for 6 days. Percentage
body weight change (n=3 Cth”*20°C,n=4Cth"*30°C,n=4Cth’"20°C,n=5
Cth™" 30 °C) (m), representative images of H&E staining of SFAT sections (scale
bar,200 um) (n) and qPCR analysis of thermogenic markers (n =5 Cth"* 20 °C,
n=10 Cth"*30°C,n=6 Cth”’ 20 °C,n=11Cth” 30 °C) (o,p). Data are expressed
asmean +s.e.m. Statistical differences were calculated by one-way ANOVA with
Tukey’s correction for multiple comparisons or two-way ANOVA with Sidak’s
correction for multiple comparisons or unpaired two-tailed ¢-tests.
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rapid repetition for superior signal averaging®. The temperature was
calculated from the chemical shift of the TnDOTMA™ methyl resonance
accordingto (equation (1) and Methods). Compared to cysteine-replete
animals, theinvivolocal temperature in BAT of cysteine-deficient mice
was significantly greater than surrounding tissue (Fig. 3c,d), suggesting
increased thermogenesis.

Changes in nutritional stress induced by CR, MR or low-protein
diets upregulate the expression of FGF21, which, when overex-
pressed, increases lifespan and also upregulates EE*>*, The induc-
tion of cysteine deficiency in Cth-deficient mice caused a dramatic
increase in the FGF21 concentration in blood (Fig. 3e) and Fgf21
expression in the liver (Extended Data Fig. 5f), which was reversed
by cysteine-repletion-induced weight restoration (Fig. 3e). Similar to
FGF21, the hormone GDF15, can also be induced by cellular or nutri-
tional stress-mediated signalling*’. Cysteine depletion at day 4 after
weight loss significantly increased GDF15, which was not restored
after cysteine-repletion-induced weight regain (Fig. 3f). Given the
cysteine-repleted diet switchincreases food intake, the higher GDF15
levels during weight rebound are likely insufficient to cause food aver-
sion. Notably, recent studies suggest elevated endoplasmic-reticulum
(ER) stressin Bhmt”~ mice with reduced methionine cycle, is associated
with increased FGF21 and adipose browning®. Cysteine deficiency
led to induction of ER-stress proteins CHOP, calnexin, IRE1ac and BIP
(Fig. 3g). However, deletion of CHOP in cysteine-starved Cth”” mice
did notrescue weightloss (Fig. 3h) nor did it alter the FGF21and GDF15
serum levels (Extended Data Fig. 5g,h) demonstrating that induction
of the CHOP-dependent ER-stress response does not drive cysteine’s
metabolic and neuroendocrine effect.

Given that cysteine specifically regulated FGF21 during weight
loss and regain (Fig. 3e), we generated Fgf21”7 Cth”" double knockout
(DKO) mice to test whether FGF21 controls adipose browning and
weightloss in cysteine-starved mice. Inthe absence of FGF21, cysteine
deficiency-induced weight loss and reduction in adiposity in Cth™
mice were blunted, but the weight-loss trajectory continued and was
not rescued (Fig. 3i and Extended Data Fig. 5i). The Fgf21”"Cth”” DKO
mice had lower EE compared to Cth”” mice on the CysF diet (Fig. 3j).
However, the RER was not different, indicating that Fgf21”"Cth” mice
still substantially utilized fat as an energy source (Extended Data Fig. 5j).
This was supported by maintenance of lipolysis signalling observed by
levels of pHSL and ATGL in Cth”” mice, but reduced UCP1 protein and
mRNA expression in WAT of Fgf217"Cth™" (Fig. 3k and Extended Data
Fig. 5k). Of note, the WAT of Fgf21”~Cth” DKO mice maintained classical
multilocular browning characteristics (Fig. 31) suggesting that FGF21is
notrequired for adipose browning. These results suggest that FGF21is
partially required for weight loss but does not mediate lipid mobiliza-
tion or adipose browning caused by cysteine deficiency.

Cysteine-starvation-induced weightloss is
maintained at thermoneutrality

Cysteine deprivationrevealed ametabolic crisis that may signal the host
toactivate thermogenic mechanisms. However, across animal vivarium,
including ours, mice are housed at sub-thermoneutral 20 °C tempera-
tures and are constantly under thermogenic stress due to slight cold
challenge®®. To further confirm that mice were indeed inducing thermo-
genesis to defend CBT, we housed cysteine-deficient animals at 30 °C
thermoneutrality. The cysteine deficiency in Cth” mice housed at 30 °C
alsoledtosimilar weightloss as 20 °C with significant browning of adi-
posetissue (Fig. 3m,nand Extended DataFig. 51). The degree of brown-
ing and gene expression of UcpI and Elovi3in CysF Cth-deficient mice
atthermoneutrality were relatively lower thaninductions observed at
20 °C (Fig. 30). Furthermore, expression of genes involved with lipid
regulation and browning such as Prdml6, Ppargcla, Ppara, Pparg and
Cptl (Fig. 3p) were significantly increased in SFAT, suggesting that
even at thermoneutral temperatures, Cth”~ CysF-fed mice activate
fat metabolism and have increased thermogenesis caused by cysteine

deficiency. In addition, compared to controls, the cysteine-deficient
mice at thermoneutrality retained higher Ucp1 expression in BAT
(Extended Data Fig. 5m). Together, cysteine-depletion-induced weight
loss and adipose browning are maintained at thermoneutrality.

Systemic depletion of cysteine drives browningin
aUCPl-independent manner

The liver is believed to be the primary organ responsible for main-
taining systemic cysteine homeostasis'>". Immunoblot analyses
confirmed the highest CTH expression in the liver, followed by the
kidney, thymus and adipose tissue (Extended Data Fig. 6a). Given that
CRin humans lowers cysteine levels in adipose tissue; we generated
adipocyte-and hepatocyte-specific Cth-deficient mice to explore the
cell-type-specific mechanism of cysteine in weight loss (Fig. 4a-h).
As expected, liver-specific deletion of Cth did not alter CTH expres-
sion in the kidney and adipose-specific ablation of Cth maintained
the expression in the liver (Extended Data Fig. 6b). Neither liver- nor
adipose-specific deletion of Cthled to a reduction in serum cysteine
levels (Fig. 4c,d,g,h and Extended Data Fig. 6¢,d) or caused fat mass
loss when cysteine was restricted in the diet (Fig. 4e,f).

Further liquid chromatography-mass spectrometry (LC-MS) analy-
ses of sera from hepatocyte-specific Cth-deficient mice maintained on
CysF diet showed no changes in cystathionine, y-glutamyl-dipeptides,
cysteine or cystine (Fig. 4g, Extended Data Fig. 6e and Supplemen-
tary Table 3). Consistent with low CTH activity, livers of the CysF-fed
mice (Alb-Cre:Cth”, CysF) had lower levels of cysteine, cystathionine,
S-adenosyl homocysteine, 2AB and ophthalmate (Extended Data
Fig. 6f,gand Supplementary Table4). Of note, the levels of cystathionine
and cysteine/cystine in subcutaneous adipose tissue of liver-specific
Cth-deficient mice were unchanged (Extended Data Fig. 6h,i and Sup-
plementary Table 5). Consistent with these data, no change in serum
cysteine/cystine were detected in adipose tissue specific Cth”” mice that
had no weight loss on a cysteine-free diet (Fig. 4h, Extended Data Fig. 6j
and Supplementary Table 6). The TSP metabolites can potentially be
generated by the gut microbiota®. The Cth” animals co-housed together
with Cth™ mice stillmaintained weight loss when fed a CysF diet, suggest-
ing that microbiota derived metabolites do not account for the weight
loss (Extended DataFig. 6k). These results demonstrates that Cth across
multiple tissues may defend systemic cysteine pool to prevent uncon-
trolled thermogenesis and death when cysteine content is low in diet.

Giventhat UCP1is a canonical regulator of non-shivering adipose
thermogenesis*** and as cysteine eliminationinduced UCP1 expression
in WAT, we next deleted UCP1in cysteine-deficient mice to determine
itsroleinadipose browning. Notably, we found that Cth” UcpI” dou-
ble knockout (DKO) mice had equivalent food intake (Extended Data
Fig. 6l), lost weight at a similar rate to its Cth™ littermates on a CysF
diet and displayed similar browning-like features with multilocular
adipocytes (Fig. 4i,j). The ablation of UCP1in cysteine-deficient mice
lowered EE during dark and light cycles (Fig. 4k,1) but did not affect the
CBT (Fig. 4m). Despite similar body weight loss and browning pheno-
type, Cth”~ and Cth”"UcpI”~ DKO mice show significant differences
in the interaction between EE and body weight (Fig. 41). Therefore,
UCP1depletionand other parameters such as body composition may
account for this significant difference in the correlative trend between
EE and body weight. The lack of UCP1in Cth-deficient mice undergoing
cysteine starvation displayed elevated ATGL and tyrosine hydroxylase
(TH) expression, suggesting increased lipolytic signalling (Fig. 4n,0).
Despite lack of UCP1, gene expression indicative of the thermogenic
programme, such as Ppargcl, Cidea and Cptl are significantly increased
in Cth”"UcpI”~ DKO mice compared to Cth” in the BAT after 6 days of
CysF diet (Fig. 4p). Furthermore, gene expression of other mediators
of the thermogenic genes such as Acadm, Cox7al, Elovl3 and Slc27a2
arealsosignificantly increased in Cth”"Ucp1”~ DKO mice compared to
Cth™" animals fed cysteine-restricted diet (Fig. 4p). UCPIl-independent
thermogenesis has been reported previously*¢. The futile creatine
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independent. a, Immunoblot analyses of CTH in the liver of male and female
Cth" Alb:Cre™ or Alb:Cre* mice. b, Western blot detection of CTH in the SFAT of
male and female Cth” Adipoq:Cre” or Adipoq:Cre* mice. ¢,d, Serum cysteine

and cystine determined by LC-MS/MS in Alb:CreCth” mice (n =5 per group)

(c) and Adipoq:Cre;Cth” mice (n=4 CTRLand n = 5 CysF) (d) after 6 days of
CTRL or CysF diet. AU, arbitrary units. e,f, Percentage body weight changes of
Alb-Cre;Cth" mice (n=5 Cth” CTRL, n= 6 Cth” CysF and n=3 Alb-Cre;Cth” CTRL
and CysF) (e) and Adipoq-Cre;Cth” mice (n =5 per group) after 6 days of CTRL

or CysF diet (). g,h, Volcano plot of serum metabolites identified by LC-MS/

MS in Alb-Cre;Cth” mice (n =5 per group) (g) and Adipog-Cre;Cth” mice (n=4
CTRL and n = 5CysF) (h) after 6 days of CTRL or CysF diet. Trans-sulfuration
pathway related metabolites are highlighted in red. Significantly increased or
decreased metabolites (-log,,(P) >1.3 and |log,(FC)|>1) are highlighted in blue
and listed on the right. Cys, cysteine; Homocys, homocysteine; Met, methionine;
SAH, S-adenosyl homocysteine. Supplementary Tables 3 and 6 provide the

full list of metabolites. i-1, Cth” and Cth” Ucpl”~ mice were fed a CysF diet for

6 days (n =8 pergroup). Per cent body weight change over 6 days of diet (i).

Representative H&E histology images of SFAT after 6 days of diet (j). Energy
expenditure measured in metabolic cages on days 4 and 5 of CysF diet (k). Linear
regression analysis of EE against body mass during dark and light cycles at 4 and
5days of weight loss (when adjusted to body mass covariate, EE of Cth”” Ucpl ™" is
significantly decreased, during both night and day) (I). m, CBTs measured in

the peritoneal cavity by implantation of Star-Oddi loggers over 6 days of diet
inmale Cth” and Cth”"Ucp1” mice fed CysF diet. Recordings were taken every
30 minand representative day 4 is plotted (n=7 Cth”,n=5Cth” UcpI”’ " n,0,
Immunoblot staining of ATGL, TH and UCP1in BAT of Cth™and Cth”"Ucp1™ fed
aCysF diet for 6 days (n) and quantification using tubulin as loading control

(0). p, Thermogenic markers gene expression analysis in BAT of Cth”and
Cth™"UcpI” mice fed a CysF diet for 6 days, measured by qPCR (n=8 Cth”",n=10
Cth”"Ucp1™. q, Gene expression of genes involved in futile creatine cycle in

BAT of Cth”~and Cth” Ucp1”~ mice fed a CysF diet for 6 days (n=16 Cth”",n=15
Cth™ UcpI™”, quantified by qPCR. Data are expressed as mean + s.e.m. Statistical
differences were calculated by two-way ANOVA with Sidak’s correction for
multiple comparisons or by unpaired two-tailed ¢-tests.

Nature Metabolism | Volume 7 | June 2025 | 1204-1222

1212


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-025-01297-8

cycle is proposed to regulate UCP1-independent thermogenesis®.
Compared to control animals, the creatine cycle genes Ckb and Alpl
were not significantly different in SFAT of cysteine-deficient animals
(Extended DataFig. 6m). The creatine synthesis genes, Gatm and Gamt
were significantly reduced with cysteine deficiency in SFAT (Extended
DataFig. 6m). The expression of one of the creatine kinases that utilizes
ATP, Ckmt2 and the transporter for creatine, Slc6a8 were also not dif-
ferentially regulated in SFAT (Extended Data Fig. 6m). Notably, Slc6a8,
CkmtI and Ckmt2 expression was increased in BAT of Cth™ Ucpl ™"
animals compared to cysteine-deficient animals (Fig. 4q), suggest-
ing a potential role of these effectors in BAT thermogenesis in the
cysteine-starvation model.

Thealternative UCP1-independent thermogenic regulatory genes
Atp2a2 and Ryr2 that control calcium cycling®® were not impacted by
cysteine deficiency (Extended Data Fig. 6n). Similarly, Sarcolipin and
Atp2a2, which can increase muscle driven thermogenesis* were also
not affected in skeletal muscle of Cth-deficient mice lacking cysteine
(Extended Data Fig. 60). The futile lipid cycle is also implicated in
UCP1 independent thermogenesis®™. Of note, Cth”” mice on a CysF
diet have significantly elevated expression of Dgatl, Pnpla2 and Gk
with no change in Lipe in SFAT (Extended Data Fig. 6p). The expres-
sion of these genes was also induced in absence of UCP1in BAT and
SFAT (Extended Data Fig. 6q,r). However, absence of association
between changesin gene expression of major UCPlindependent reg-
ulators does not rule out causal role of some of these mechanisms in
cysteine-deprivation-driven adipose browning. These results suggest
that systemic cysteine deficiency-induced thermogenesis depends
mainly on an as-of-yet unknown non-canonical UCP1l-independent
thermogenic mechanism.

Cysteine-depletion-induced adipose browning
and weight loss requires catecholamine signalling
As cysteine-elimination-induced adipocyte browningis non-cell auton-
omous (Extended Data Fig. 3d), we evaluated upstream mechanisms
that control cysteine-starvation-induced thermogenesis. We con-
ducted anunbiased whole-brainactivity mappingscreento determine
the circuitry responsible for regulating the thermogenic induction.
Using whole-brainimmunolabelling and clearing tandemiDISCO+", we
mapped the differential expression of theimmediate-early gene c-Fos
(Fig.5a). Subsequently, we quantified c-Fos positive cells across brain
regions and registered them to the Allen Brain Atlas with CLEARMAP*2,
Notably, key components of the canonical thermogenesis circuitry
(Fig. 5a-d) were significantly activated upon 5 days of exposure to a
cysteine-free diet.

In brief, thermogenic signals seem to converge in the dorsal lat-
eral parabrachial nucleus (LPBN), a critical hub that integrates inputs

related to both environmental temperature changes and internal
metabolic shifts®. From the LPBN, thermogenic signals are relayed
to the medial preoptic area (MPOA), a key sensory integrator that
regulates thermogenesis®*°. The MPOA then initiates a thermogenic
response primarily through activation of the SNS. This response can
be mediated by direct monosynaptic projections from the MPOA to
premotor regionsinvolved insympathetic activation or through poly-
synaptic pathways involving the dorsomedial hypothalamus (DMH),
bed nucleus of the stria terminalis (BNST) and the ventrolateral periaq-
ueductal grey (VIPAG) adjacent to the dorsal raphe nucleus (DRN)** ™5,
Allthese regions were significantly activated (Fig. 5c,d). These findings
supporttherole ofthe SNS in mediating cysteine-dependent thermo-
genesis. By activating this well-established thermogenic circuitry,
cysteine deficiency induces a potent metabolic response, highlight-
ing a critical mechanism by which systemic amino acid depletion can
modulate EE and adipose browning. This underscores the broader
physiological relevance of cysteine metabolismin energy homeostasis
and thermoregulation.

Upstream of lipolysis, nonshivering thermogenesis is mainly acti-
vated by the SNS-derived adipose noradrenaline*’. Mass-spectrometric
analyses of subcutaneous adipose tissue (Fig. 5e), including imag-
ing mass spectrometry of BAT (Extended Data Fig. 7a) revealed that
cysteine-starvation-induced browning is associated with increased
NA concentrations. This was coupled with a significant reduction in
NA-degrading enzyme monoamine oxidase-a (Maoa) (Fig. 5f), without
affecting catechol-o-methyl transferase (Comt), suggesting increased
adipose NA bioavailability (Extended DataFig. 7b). Finally, to test whether
SNS-derived NA is required for adipose browning, the inhibition of
[3-adrenergicreceptors (ADRB3) by L748337 in Cth-deficient mice lacking
cysteine-protected animals against weight loss (Fig. 5g), despite having a
similar food intake (Extended Data Fig. 7c). Inhibition of f3-adrenergic
signalling blunted adipose browning (Fig. 5h) and lowered Ucp1 (Fig. 5i),
aswellaslipolysisinducers pHSL and ATGL that are downstream of ADRB3
signalling (Fig. 5j,k). This was consistent with our unbiased RNA sequenc-
ing analyses that showed that cysteine-regulated adipose clusters con-
tained the highest numbers of differentially expressed genes induced
by B3-adrenergic receptor agonist (Extended DataFig.4e). Together our
findings suggest that cysteine-depletion-induced browning is non-cell
autonomous and lack of cysteine drives increased SNS activity leading
to augmented ADRB3-mediated NA signalling that controls adipose
browning to weight loss.

Cysteine deficiency reverses high-fat diet-induced
obesity inmice

We next tested whether cysteine deficiency could be utilized toinduce
an adaptive thermogenic mechanism for fat mass reduction in the

Fig. 5| Cysteine-elimination-induced browning and weight loss requires
noradrenergicsignalling. a, Tissue clearing and whole-brain c-Fos
immunolabelling approach using iDISCO+and CLEARMAP in Cth” mice fed CTRL
or CysF for 5days. b, Scheme of the thermosensory information inflow into the
brain and the thermogenic outflow to periphery, highlighting the key canonical
sites responsible for athermogenic response. LPBN, lateral parabrachial

nucleus; MPOA, medial preoptic area; DMH, dorsomedial hypothalamus; PVH,
paraventricular hypothalamus; RPA, raphe palladus; DRN/VIPAG, dorsal raphe
nucleus/ventrolateral portion of the periaqueductal grey. ¢, Automated analysis
of c-Fos® cell distribution in Cth” brains collected after 5 days CTRL (n = 6) or
CysF feeding (n = 5). Panels show the reference annotation (Allen Brain Atlas;
ABA) with details from the averaged density maps (5-6 brains averaged) between
the two conditions, Pvalue maps (25-um orthogonal projection) for the canonical
thermogenic regions in the brain as coronal projections. First lane shows the
LPBN, the entry point of thermosensory information into the brain. Second lane
shows the MPOA, the sensory integrator of thermogenic input information.
Third, fourth and fifth lanes show DMH, BNST and the VIPAG, respectively;

three critical sites for transmitting information received by the MPOA to the

SNS-mediated thermogenic outflow. d, Quantification of c-Fos staining in the
parabrachial nucleus, MPOA, DMH and BNST of Cth”~ mice after 5 days of CTRL
(n=6) or CysF feeding (n =5). e) Measurement of noradrenaline by orbitrap
MS/MS in the SFAT of Cth** and Cth™~ fed 6 days of CTRL or CysF diet (n=5

Cth** CTRL,n=>5Cth"* CysF,n=6 Cth”’"CTRL,n=6 Cth”" CysF).f,qQPCR gene
expression Maoa in SFAT of Cth™* (n=8) and Cth” (n =10) mice fed with CysF diet
for 6 days. g k, Cth” mice were fed with CysF diet for 5 days and treated daily with
aB-3adrenergic receptor antagonist (L748337) or vehicle (PBS) (n =7 per group).
g, Percentage body weight change. h, Representative images of hematoxylin and
eosin (H&E) staining of SFAT sections (scale bar, 50 pm). i, JPCR gene expression
of Ucplin BAT depots. j, Immunoblot analysis of lipolysis regulators (pHSL, HSL
and ATGL) in BAT samples. Actin is used as aloading control. k, Quantification

of pHSL and ATGL signals (n = 6 per group). Data are expressed as mean + s.e.m.
Box plots represent median value and extend to the 25th and 75th percentiles.
Whiskers are plotted down to the minimum and up to the maximum value.
Statistical differences were calculated by two-way ANOVA with Sidak’s correction
for multiple comparisons or by unpaired two-tailed ¢-tests. Panelsaand b created
with BioRender.com.
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Fig. 6| Cysteine deficiency reverses high-fat-diet-induced obesity in mice.
Cth”” mice that had been fed HFD for 12 weeks were switched to HFD-CTRL or
HFD-CysF. a, Percentage body weight change after switching to HFD-CysF diet
(n=6Cth””HFD-CTRL, n=5Cth” HFD-CysF and n = 5 Cth*"* HFD-CysF). b, Fasting
blood glucose measured 1week post diet switch (Cth” HFD-CTRLn =19, Cth™”~
HFD-CysF, n=20). ¢, The glucose tolerance test (GTT) in Cth™ after diet switch
from HFD-CTRL to HFD-CysF (Cth”” HFD-CTRL n =19, Cth”” HFD-CysF, n = 20).
The glucose administration is based on total body weight. d, EE of Cth”” mice fed
with HFD-CTRL or HFD-CysF, average values of nights 4 and 5 of diet switch (n=6

Cth”"HFD-CTRL, n=5 Cth”” HFD-CysF). e, RER measured in metabolic chambers
ondays 4 and 5 of diet switch (n = 6 Cth”"HFD-CTRL, n=5 Cth”” HFD-CysF).

f, Representative histological sections of SFAT and VFAT stained for UCP1, 6 days
after diet switch. g, qPCR analysis of inflammatory genesin CD11b* F4/80* VFAT
macrophages of Cth”” mice after diet switch to HFD-CTRL or HFD-CysF (n =4
per group). Data are expressed as mean * s.e.m. Statistical differences were
calculated by two-way ANOVA with Sidak’s correction for multiple comparisons
or by unpaired two-tailed ¢-tests.

high-fat diet (HFD)-induced obesity model. The Cth™ mice that had
been fed HFD for 12 weeks were switched to anisocaloric HFD contain-
ing (HFD-CTRL) or lacking cystine (HFD-CysF). The Cth” mice fed a
HFD-CysF diet were able to lose approximately 30% body weight within
1week despite maintaining a high calorie intake (Fig. 6a). This weight
loss was associated with major reductions in fat mass (Extended Data
Fig.7d). With weight loss, cysteine-deficient mice had reduced fasting
glucose levels, improved glucose tolerance (Fig. 6b,c and Extended
DataFig.7e) and increased EE (Fig. 6d and Extended Data Fig. 7). Fur-
thermore, cysteine deficiency in obese mice reduced RER suggesting
higher fat utilization (Fig. 6e). Notably, immunohistological analysis
of the white adipose depots demonstrated that cysteine deficiency
induced browning even while on HFD with increased expression of UCP1
in SFAT and VFAT (Fig. 6f). Additionally, consistent withimprovement
of metabolic functioninobesity, the gene expression of inflammasome
components /l1b, 1118, Nlrp3, Caspl and pro-inflammatory cytokines
ll6 and Tnfwere reduced in F4/80*CD11b* adipose tissue macrophages
in visceral adipose tissue (Fig. 6g) These results demonstrate that

induction of cysteine deficiency can cause rapid weight lossin mouse
model of diet-induced obesity, opening new avenues for future drug
development for excess weight loss.

Discussion

Adipose tissue regulates metabolism by orchestrating inter-organ
communication required for healthy longevity®°. Analyses of adipose
tissue of humans that underwent moderate CRin free-living conditions
have highlighted genes and pathways that link energy metabolism
andinflammation to influence healthspan'2. Inrodents, restriction of
calories up to 40% reduces CBT and induces browning of the adipose
tissue of mice reared in sub-thermoneutral temperature®. The CR in
humans upregulated the fatty acid oxidation and futile lipid cycling
induced-thermogenic pathways but UCP1was undetectablein adipose
tissue of CALERIE-II participants’. Similarly, weight loss in obese humans
is not associated with classical UCP1 adipose tissue browning®”. This
suggests that alternative UCP1-independent mechanisms maybe at
playinhumaninresponse to CR.Inthisregard, reduction of CBT** and
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increased FGF21isacommon link between CRand MR-induced adipose
browning and increased longevity”**". Our studies demonstrated that
reduction of cysteine and subsequent rewiring of downstream cysteine
metabolism s linked to adipose browning and weight loss.

Expression and activity of the TSP genes CBS and CTH increase
when cysteineislow'. Indeed, during CR, the TSPis induced to defend
against the depletion of cysteine levels. MR regimens that improve
lifespan are also restricted or deficient in cysteine'?, and it is unclear
whether MR or cysteine restriction drives pro-longevity effects. Thus,
to understand the metabolic requirement of dietary non-essential
amino acid such as cysteine, a genetic mouse model is required that
lacks Cth in conjunction with restriction of cysteine. Notably, previ-
ously reported Cth mutant mice originally generated on a 129SvEv
mouse strain maintained on cysteine-replete normal chow diet were
reported to display hypertension and motor dysfunction characteristic
of neurodegenerative changesin corpus striatum®**, Using this same
model cysteine depletionin this global Cth-deficient mice also causes
weight loss and adipose tissue browning together with decrease of CoA
levels similar to our findings®°. We also demonstrate that conditional
deletion of Cth (on a pure C57/B6 background) in adipose tissue and
liver is not sufficient to induces weight loss and cause adipose brown-
ing as other tissues compensate to maintain to systemic cysteine con-
centrations after cysteine elimination in the diet. Our data establish
that systemic cysteine depletion drives adipose tissue thermogenesis
without causing behavioural defects or pathological lesions.

Whileitisstillunclear why cysteine deficiency triggers the activa-
tion of adipose browning, the mechanism of thermogenesis depends
on upstream SNS-mediated sympathetic 33-adrenergic signalling
and partially requires FGF21 and can be successfully maintained
even in the absence of UCP1 and at thermoneutrality. Future stud-
ies of specific ablation of UCP1-independent thermogenic genes
in Cth™ mice on cysteine restriction are required to determine the
causal downstream pathway that causes thermogenesis. The model
of cysteine-deprivation-induced strong browning response may thus
allow the discovery of an alternate UCP1-independent mechanism of
adipose tissue thermogenesis.

In healthy humans undergoing CR, consistent with reduced
cysteine, glutathione, amajor redox regulator, was reduced inadipose
tissue. The Cth-deficient mice on a cysteine-free diet show adecrease
in CoA and GSH with a compensatory increase in Gclc, Gss and accu-
mulation of y-glutamyl-peptides. Despite increased oxidative stress,
the adipose tissue histology, RNA sequencing and lipidomic analysis
of BAT did not reveal overt ferroptosis in cysteine-depletion-induced
weightloss. Future studies may reveal cysteine-dependentalternative
protective mechanisms that control redox balance and ferroptosis
while sustaining UCP1-independent thermogenesis.

Takentogether, this study expands our understanding of pathways
activated by pro-longevity dietary interventions that confer meta-
bolic adaptation required to maintain tissue homeostasis. Thus, the
manipulation of TSP activity to drive adipose tissue browning also has
implications for developing interventions that control adiposity and
promote longevity. In humans, restriction of methionine and cysteine
increased FGF21and caused areductionin body weight withimprove-
ment of metabolic parameters®’. Similar to our findings, the metabolic
benefits of methionine and cysteine dietary restriction inhumans were
greater than MR alone®. Here, based on human dietary restriction
studies and mouse models of cysteine deficiency, we demonstrate that
cysteineis essential for organismal metabolismasits absence triggers
adipose browning with progressive weight loss.

Methods

Human samples

The participants in this study were part of the CALERIE Phase 2 study®®,
which was a multicentre, parallel-group, randomized controlled
trial by recruitment of non-obese healthy individuals. Overall, 238

adults participated at three different locations: Pennington Biomed-
ical Research Center, Washington University and Tufts University
(NCT00427193, registered on ClinicalTrials.gov). Duke University
served asacoordinating centre. Participants were randomly assigned
to of 25% CR or ad libitum caloric intake for 2 years. CR group partici-
pantsactually reached 14% of CR*>. Men were between 21and 50 years
old and women were between 21 and 47 years old. Their body mass
indexwas between 22.0 and 27.9 kg m2at the initial visit. Samples were
collected at baseline, 1 year and 2 years of intervention. Abdominal
subcutaneous adipose tissue biopsy was performed ona portion of CR
group participants and used for RNA sequencing and metabolomics
in this study. All studies were performed under a protocol approved
by the Pennington institutional review board with written informed
consent from all participants.

Mice

All mice were on a C57BL/6] (B6) genetic background. Cth”™ mice
(C57BL/6NTac-CthtmaEucoMmitimeu/ieg) weare purchased from the Euro-
pean Mouse Mutant Cell Repository. Breeding these mice to Flipase
transgenic mice from The Jackson Laboratories generated Cth"" mice,
which were crossed to Adipoq-cre and Albumin-cre, purchased from
Jackson Laboratories. UcpI”and CHOP™ mice were purchased from
The Jackson Laboratories and crossed to Cth”™ mice. Fgf21”~ mice
were kindly provided by S. Kliewer (UT Southwestern) as described
previously*®and crossed to Cth”” mice. All mice used in this study were
housed inspecific-pathogen-free facilities in ventilated cage racks that
deliver HEPA-filtered air to each cage with free access to sterile water
through a Hydropac system at Yale School of Medicine. Mice were
fed ad libitum with a standard vivarium chow (Harlan 2018s), unless
aspecial diet was provided, and housed under a12-h light-dark cycle
with controlled temperature and humidity conditions (approximately
22 °C and 60% humidity). Unless stated, male mice were used for the
experiments, aged 3-5months at the start of the experiment. All experi-
ments and animal use were approved by the Institutional Animal Care
and Use Committee at Yale University. Animals were either allocated to
experimental groups depending on their genotype or randomly when
working with the same genotype.

Diet studies

For cysteine-deficiency studies, mice were fed either a control diet
(511387), CysF diet (510027), HFD-CTRL diet (511412) or HFD-CysF diet
(511411) purchased from Dyets, for 6 days unless specified otherwise.
For pair-feeding studies, mice were provided with either ad libitum or
2.22-2.27 g of diet daily.

Western blot analysis

Celllysates were prepared using RIPA buffer and optionally frozen and
stored at —80 °C. Samples were left on ice, vortexing every 10 min for
30 min. For tissue samples, snap-frozen tissues were ground by mortar
and pestleinliquid nitrogen and resuspended in RIPA buffer with pro-
tease and phosphataseinhibitors. Samples were centrifuged at 14,000g
for15 minand the supernatant was collected protein concentration was
determined using the DC Protein Assay (Bio-Rad) and transferred toa
nitrocellulose membrane. The following antibodies (and source) were
diluted 1:1,000 and used to measure protein expression: 3-actin (Cell
Signalling 4967), pHSL p660 (Cell Signalling 4126), ATGL (Cell Signal-
ling 2439S), UCP1 (Abcam ab10983), CTH (Novus HO0001491-M03),
tubulin (Abcam ab7291), HSL (Cell Signalling 4107), TH (Cell Signalling
2792), IREla (Cell Signalling 3294), Calnexin (Novus NB300-518), BiP
(Cell Signalling 3177), CHOP (Cell Signalling 2895), HSP90 (Cell Sig-
nalling 4874), anti-puromycin (Sigma-Aldrich MABE343) and HSP40
(Cell Signalling 4868); followed by incubation with appropriate
HRP-conjugated secondary antibodies, diluted 1:5,000 (anti-rabbitIgG,
HRP-linked antibody (Cell Signalling 7074) or peroxidase AffiniPure
goat anti-rabbit IgG (H+L) (Jackson ImmunoResearch, 111-035-003)).
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Gene expression analysis

Cells or ground tissue (described above) were collected in STAT-60
(Tel-test). RNA from cells were extracted using QIAGEN RNeasy micro
kits following the manufacturer’s instructions. For tissue samples,
RNA was extracted using Zymo mini kits following the manufacturer’s
instructions. During RNA extraction, DNA was digested using RNase
free DNase set (QIAGEN). Synthesis of complementary DNA was per-
formed using an iScript cDNA synthesis kit (Bio-Rad) and real-time
quantitative PCR (qPCR) was conducted using Power SYBR Green
detection reagent (Thermo Fisher Scientific) on a Light Cycler 480 II
(Roche). Primer sequences are listed in Supplementary Table 7.

Glucose tolerance test

Cth” HFD-CTRL and HFD-CysF mice were fasted 14 h before glucose
tolerance test. Glucose was given by intraperitoneal (i.p.) injection
based on body weight (0.4 g kg™). Cth”~ CTRL and CysF mice were
fasted for 4 h. Glucose was given by i.p.based onlean mass determined
by EchoMRI (2 g kg™ lean mass). Blood glucose levels were measured
by handheld glucometer (Breeze, Bayer Health Care).

Flow cytometry

Adipose tissue was digested at 37 °Cin HBSS (Life Technologies) + 0.1%
collagenase I or Il (Worthington Biochemicals). The SVF was collected
by centrifugation, washed and filtered using 100-pm and 70-pm strain-
ers. Cells were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain
kit (Thermo Fisher Scientific) and then for surface markers, including
anti-CD45-BV711 (BioLegend, 103147) or anti-CD45-PE-Cy7 (BioLegend,
103114), anti-CD3-Perp-Cy5.5 (BioLegend, 100327), anti-B220-AF488
(BioLegend, 103225), anti-CD11b-BV711 (BioLegend, 101241),
anti-F4/80-BV421 (BioLegend, 123132), anti-Ly6G-AF700 (BioLegend,
127622), anti-Siglec F-AF647 (BD, 562680), anti-CD24-PerCp-Cy5.5 (eBio-
science, 45-0242-80), anti-F3-PE (R&D, FAB3178P), anti-CD31-PE-Cy7
(eBioscience, 25-0311-81), anti-Pdgfra-BV605 (BioLegend, 135916),
anti-Dpp4-FITC (BioLegend, 137805) and anti-CD9-APC (BioLegend,
124813). Antibodies were diluted 1:200. Cells were fixed in 2% PFA. Sam-
ples were acquired on a custom LSR Il or sorted with a FACSARIA cell
sorter, using Divasoftware (v.8.0.1). Datawere analysedin FlowJo (v.10.3).

Single-cell RNA sequencing

For SVF, female Cth** and Cth”” mice were fed CTRL of CysF diet for
4 days. SFAT was collected, with lymph nodes removed, pooled and
digested. Isolated cells were subjected to droplet-based 3’ end mas-
sively parallel scRNA-seq using Chromium Single Cell 3’ Reagent kits
as per manufacturer’s instructions (10x Genomics). The libraries were
sequenced using aHiSeq3000 instrument (Illumina). Sample demulti-
plexing, barcode processing and single-cell 3’ counting was performed
using the Cell Ranger Single-Cell Software Suite (10x Genomics). The
CellRanger count was used to align samples to the reference genome
(mm10), quantify reads, and filter reads with a quality score below 30.
The Seurat package in Rwas used for subsequent analysis®. Cells with
mitochondrial content greater than 0.05% were removed and datawere
normalized using a scaling factor of 10,000, and number of unique
molecular identifiers (nUMI) was regressed with a negative binomial
model. Principal-component analysis (PCA) was performed using the
top 3,000 most variable genes and t-distributed stochastic neighbour
embedding (¢-SNE) analysis was performed with the top 20 principal
components. Clustering was performed usingaresolution of 0.4. The
highly variable genes were selected using the FindVariableFeatures
function with mean >0.0125 or <3 and dispersion >0.5. These genes
are used in performing the linear dimensionality reduction. PCA was
performed before clustering and the first 20 principal components
were used based on the EIbowPlot. Clustering was performed using
the FindClusters function, whichworks on k-nearest neighbour graph
model with granularity ranging 0.1-0.9 and selected 0.4 for the down-
stream clustering. For identifying the biomarkers for each cluster, we

performed differential expression between each cluster to all other
clusters, identifying positive markers for that cluster. To understand
the trajectory of the adipocyte progenitors, we used Monocle2 to
analyse scRNA-seq data of clusters 0,1and 2 (ref. 69).

Whole-tissue RNA sequencing and transcriptome analysis
Snap-frozen tissues were ground by mortar and pestle in liquid nitro-
genand resuspended in STAT-60. RNA was extracted using Zymo mini
kits. RNA was sequenced on aHiSeq2500. The quality of raw reads was
assessed with FastQC. Raw reads were mapped to the GENCODE vM9
mouse reference genome (GENCODE) using STAR Aligner with the fol-
lowing options: -outFilterMultimapNmax 15 -outFilterMismatchNmax
6 —outSAMstrandField All -outSAMtype BAM SortedByCoordinate -
quantMode TranscriptomeSAM. The quality control of mapped reads
was performed using in-house scripts that employ Picard tools. The
list of rRNA genomic intervals that we used for this quality control was
prepared on the basis of UCSC mm10 rRNA annotation file (UCSC) and
GENCODE primary assembly annotation for vM9 (GENCODE). rRNA
intervals from these two annotations were combined and merged to
obtainthefinallistof rRNAintervals. These intervals were used for the
calculation of the percentage of reads mapped to rRNA genomic loci.
Strand specificity of the RNA-seq experiment was determined using
an in-house script, on the basis of Picard mapping statistics. Expres-
sion quantification was performed using RSEM. For the assessment
ofexpression of mitochondrial genes, we used all genes annotated on
the mitochondrial chromosome in the GENCODE vM9 mouse refer-
ence genome. PCA was performedin R. For PCA, the donor effect was
removed using the ComBat function from the sva R-package. Gene
differential expression was calculated using DESeq2. Pathway analy-
sis was conducted using fgsea (fast GSEA) R-package (fgsea) with the
minimum of 15 and maximum of 500 genes in a pathway and with 1 mil-
lion of permutations. For the pathway analysis, we used the Canonical
Pathways from the MSigDB C2 pathway set (MSigDB1 and MSigDB2),
v.6.1. The elimination of redundant significantly regulated pathways
(adjusted P < 0.05) was carried out using an in-house Python script in
the following way. We considered all ordered pairs of pathways, where
thefirst pathway had normalized enrichment score equal to or greater
than the second pathway. For each ordered pair of pathways, we ana-
lysed the leading gene sets of these pathways. The leading gene sets
were obtained using fgsea. If at least one of the leading gene setsin a
pair of pathways had more than 60% of genesin common with the other
leading gene set, then we eliminated the second pathway in the pair.

Sample preparation for metabolome analysis

Frozentissues or serum samples, together withinternal standard com-
pounds (mentioned below), was subjected to sonication in 500 pl of
ice-cold methanol. To this, an equal volume of ultrapure water (LC-MS
grade, Wako) and 0.4 volume of chloroform were added. The resulting
suspension was centrifuged at 15,000g for 15 min at 4 °C. The aque-
ous phase was then filtered using an ultrafiltration tube (Ultrafree
MC-PLHCC, Human Metabolome Technologies), and the filtrate was
concentrated by nitrogen spraying (aluminium block bath with nitro-
gengas spraying system, DTU-1BN/EN1-36, TAITEC). The concentrated
filtrate was dissolved in 50 pl of ultrapure water and utilized for ion
chromatography (IC)-MS and LC-MS/MS analysis. Methionine sul-
fone and 2-morpholinoethanesulfonic acid were employed as inter-
nal standards for cationic and anionic metabolites, respectively. The
recovery rate (%) of the standards in each sample measurement was
calculated to correct for the loss of endogenous metabolites during
sample preparation.

IC-MS metabolome analysis

Anionic metabolites were detected using an orbitrap-type MS
(Q-Exactive focus; Thermo Fisher Scientific) connected to a
high-performance IC system (ICS-5000+, Thermo Fisher Scientific)
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that allows for highly selective and sensitive metabolite quantifica-
tionthroughIC separation and a Fourier transfer MS principle. The IC
systemincluded amodified Thermo Scientific Dionex AERS 500 anion
electrolytic suppressor, which converted the potassium hydroxide
gradient into pure water before the sample entered the mass spec-
trometer. Separation was carried out using a Thermo Scientific Dionex
lonPac AS11-HC column with a particle size of 4 pm. The IC flow rate
was 0.25 ml min’, supplemented post-column with a makeup flow of
0.18 ml min methanol. The potassium hydroxide gradient conditions
for IC separation were as follows: from 1 mM to 100 mM (0-40 min),
to 100 mM (40-50 min) and to 1 mM (50.1-60 min), with a column
temperature of 30 °C. The Q-Exactive focus mass spectrometer was
operated in the ESI-negative mode for all detections. A full mass scan
(m/z70-900) was performed at aresolution of 70,000. The automatic
gain control target was set at 3 x 10%ions, and the maximum on injec-
tiontimewas100 ms. The source ionization parameters were optimized
with a spray voltage of 3 kV, and other parameters were as follows:
transfer temperature of 320 °C; S-Lenslevel of 50, heater temperature
of 300 °C; sheath gas of 36 and Aux gas of 10.

LC-MS/MS metabolome analysis

Cationic metabolites were measured using LC-MS/MS. The LC-MS-
8060 triple-quadrupole mass spectrometer (Shimadzu corporation)
with an electrospray ionization (ESI) ion source was employed to per-
form multiple reaction monitoring in positive and negative ESImodes.
The samples were separated on a Discovery HS F5-3 column (2.1 mm
internal diameter x 150 mm length, 3-um particle, Sigma-Aldrich)
using a step gradient of mobile phase A (0.1% formate) and mobile
phase B (0.1% acetonitrile) with varying ratios: 100:0 (0-5 min), 75:25
(5-11 min), 65:35 (11-15 min), 5:95 (15-20 min) and 100:0 (20-25 min).
The flow rate was set at 0.25 ml min™and the column temperature was
maintained at 40 °C.

Monoamine measurements by HPLC with electro chemical
detector

For low concentration monoamine measurements, extracted tis-
sue metabolites by abovementioned protocol were injected with an
autosampler (M-510, Eicom) into a HPLC unit (Eicom) coupled to an
ECD (ECD-300, Eicom). The samples were resolved on the Eicompak
SC-50DS column (3.0 x 150 mm, Eicom), using an isocratic mobile
phase (5 mg 1" EDTA-2Na, 220 mg | sodium 1-octanesulfonate in ace-
tate/citrate buffer (0.1 M, pH 3.5)/methanol (83:17, v/v)), at aflow rate
of 0.5 ml min™and a column temperature of 25 °C. At the ECD, analytes
were subjected to oxidation reactions within the ECD unit with WE-3G
graphite electrode (applied potential is +750 mV against an Ag/AgCl
reference electrode). Resulting chromatograms were analysed using
the software EPC-300 (Eicom).

Lipidome analysis

To extract total lipids, frozen tissues were mixed with 500 pl of
1-butanol/methanol (1:1, v/v) containing 5 mM ammonium formate.
The mixture was vortexed for10 s, sonicated for 15 minin a sonic water
bath and then centrifuged at 16,000g for 10 min at 20 °C. The super-
natant was transferred to a 0.2-ml glass insert with a Teflon insert cap
for LC ESI-MS analysis.

For lipidomic analysis, a Q-Exactive focus orbitrap mass spec-
trometer (Thermo Fisher Scientific) was connected to an HPLC system
(Ultimate3000, Thermo Fisher Scientific). The samples were separated
on a Thermo Scientific Accucore C18 column (2.1 x 150 mm, 2.6 pm)
using a step gradient of mobile phase A (10 mM ammonium formate
in 50% acetonitrile and 0.1% formic acid) and mobile phase B (2 mM
ammonium formatein acetonitrile/isopropyl alcohol/water, ratios of
10:88:2, v/v/v, with 0.02% formic acid). The gradient ratios used were
65:35 (0 min), 40:60 (0-4 min), 15:85 (4-12 min), 0:100 (12-21 min),
0:100 (21-24 min), 65:35 (24-24.1 min) and 100:0 (24.1-28 min) at a flow

rate of 0.4 ml min™and a column temperature of 35 °C. The Q-Exactive
focus mass spectrometer operated in both positive and negative ESI
modes. It performed a full mass scan (m/z250-1,100), followed by
three rapid data-dependent MS/MS scans, at resolutions of 70,000
and 17,500, respectively. The automatic gain control target was set
at1x10%ions, and the maximum ion injection time was 100 ms. The
sourceionization parametersincluded aspray voltage of 3 kV, transfer
tube temperature of 285 °C, S-Lens level of 45, heater temperature of
370 °C, sheath gas at 60 and auxiliary gasat 20. The acquired data were
analysed using LipidSearch software (Mitsui Knowledge Industry) for
major phospholipids (PLs). The search parameters for LipidSearch
software were as follows: precursor mass tolerance of 3 ppm, product
mass tolerance of 7 ppm and m-score threshold of 3.

Visualizing noradrenaline distribution using MALDI-imaging
mass spectrometry

Thetissue blockwasfrozen and secured onto adisc usingacryoembed-
ding medium (Super Cryoembedding Medium, SECTION-LAB), then
equilibrated at-16 °Cin cryostats (Leica Biosystems). Tissue sections,
8-um thick, were cut and mounted onto conductive indium-tin-oxide
(ITO)-coated glass slides (Matsunami Glass Industries). A solution of
tetrafluoroborate salts of 2,4-diphenyl-pyrylium (DPP) (1.3 mg ml™
in methanol) for on-tissue derivatization of monoamines and
DHB-matrix (50 mg ml™in 80% ethanol) were manually sprayed onto
the tissue using an airbrush (Procon Boy FWA platinum; Mr Hobby).
The manual spray was performed at room temperature, applying
40 pl mm~2with adistance of approximately 50 mm. The samples were
analysed using a linear ion trap mass spectrometer (LTQ XL, Thermo
Fisher Scientific). The raster scan pitch was set at 50 pm. Signals of
noradrenaline-DPP (m/z384 > 232) were monitored with a precursor
ionisolation width of m/z1.0 and anormalized collision energy of 45%.
lon images were reconstructed using ImageQuest v.1.1.0 software
(Thermo Fisher Scientific).

iDISCO+ whole-brain clearing and imaging

Mice were transcardially perfused with PBS, followed by 4% PFA.
Brains were then put through a 24 h post-fixing period, after which,
immunolabelling and whole-brain clearing were performed accord-
ing to previously established protocols. Antibodies used for c-Fos
labelling were Synaptic Systems rabbit c-Fos 226008 (primary) and
Alexa-Fluor 647 donkey anti-rabbit (secondary), respectively. Fos
labelling studies were next analysed using ClearMap®. For acquisi-
tion, cleared samples wereimaged in asagittal orientation (left lateral
side up) onalight-sheet microscope (Miltenyi Blaze) equipped with
asCMOS camera and LVMI-Fluor x4 objective lens equipped with a
6-mmworking distance dipping cap. Inspector Microscope control-
ler software was used. Samples were scanned in the 640 nm channel.
Images were taken every 6 um and reconstructed with ClearMap
software™ for quantification or Imaris v.10.1 software for visualiza-
tion. The 480-nm channel was used with a x1.3 objective lens for
autofluorescence.

Core body temperature measurement

Animals were anaesthetized withisoflurane, firstat arate of 2-3% and
maintained at 0.5-2% in oxygen during surgery. Mice were kept on a
heating pad throughout surgery. Mice were injected with buprenor-
phine and bupivacaine as pre-emptive analgesia. A small ventral inci-
sion of 1 cmwas made after clipping hair and disinfection with betadine
and 70% ethanol. DST nano-T temperature loggers (Star-Oddi) were
placed in the peritoneal cavity, and abdominal muscle and skin were
sutured closed. After surgery, mice were singly housed and provided
with Meloxicam for 48 h. After 7 days, sutures were removed. Ten days
after surgery, mice were started on CTRL or CysF diet, and loggers were
removed for data collection after killing. Loggers were programmed
to take temperature readings every 30 min.
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Metabolic cages

The EE, RER, activity and food intake of mice were monitored using
the TSE PhenoMaster System (v.3.0.3) Indirect Calorimetry System.
Each mouse was housed in individual chambers for 3 days for accli-
mation and switched to experimental diet for 6 days. Each parameter
was measured every 30 min. EE and RER were calculated based on the
oxygen consumption (O,) and carbon dioxide production (CO,). Mouse
activity was detected by infra-red sensors, and food intake and water
consumption were measured via weight sensors on food and water
dispenserslocated in the cage.

EchoMRI

The parameters of body composition were measured in vivo by mag-
netic resonance imaging (EchoMRI; Echo Medical Systems). The
amount of fat mass, lean mass and free water were measured by the
analysis. For the analysis, each mouse was placed in an acrylic tube
with breathing holes and the tube was inserted in the MRI machine.
The analysis per mouse takes approximately 90 s and automatically
calculated numerical results were analysed.

Climate chambers

Mice were acclimated in climate chambers (model 7000-10, Caron)
ateither30 °Cor 20 °C, with humidity maintained at 50% underal2 h
light-dark cycle. After 1week acclimation, mice were switched to either
CTRL or CysF diet for 6 days, while maintained in the climate chambers.
Mice were handled daily to measure body weight.

Faeces bomb calorimetry

Faeces were collected daily over the course of CTRL or CysF feeding.
Samples weredried for 72 h. Faecal bomb calorimetry was performed
at UT Southwestern Medical Center Metabolic Phenotyping Core
using a Parr 6200 Isoperibol Calorimeter equipped with a 6510 Parr
Water Handling.

Serum and tissue measurements

After blood collection by cardiac puncture, samples were allowed to
clotfor2 h.Serumwas collected after centrifugation. FGF21 and GDF15
levels in the serum were measured by ELISA (R&D). Cysteine levels
were determined by competitive EIA (LS-Bio). Glycerol levels were
determined by colorimetric assay (Sigma-Aldrich). Snap-frozentissues
were homogenized in PBS supplemented with EDTA and protease and
phosphataseinhibitors. Samples were filtered through 10 kDa Amicon
Ultra Centrifugal filters (Millipore). Total GSH and GSSG levels were
determined by colorimetric assay (Cayman Chemical). Coenzyme
A levels were measured by fluorometric assay (Abcam). Data were
normalized to protein concentration, determined beforehand with
colorimetric assay (Bio-Rad).

SUnSET assay

SUNSET assay was performed to assess protein synthesis’’. Mice were
injected with puromycin (Invivogen) (40 nmol g™ body weight). Mice
werekilled 30 min after administration and tissues were collected and
snap-frozeninliquid nitrogen. Samples were processed for westernblot-
ting to assessincorporation of puromycinin newly synthesized proteins.

B-3 adrenergicreceptor inhibition

Mice were administered twice daily L748337 (Santa Cruz Biotechnol-
ogy) (5 mg kg™ byi.p.injection. Mice were weighed daily and assessed
for their health.

Histology

Tissues were collected in 10% formalin, embedded in paraffin and sec-
tionedinto 5-pm thick sections. Tissues were stained with haematoxylin
and eosin (H&E) or stained for UCP1(Abcam) and goat anti-rabbit HRP
(DAKO) and developed for colour using Abcam DAB substrate kit.

Animal preparation for BIRDS temperature analysis

The animals were anaesthetized with 3% isoflurane in an induction
chamber and then kept at 2-3% during surgery. The animal was laid
back on a microwaveable heating pad. Before incision, a single dose
of bupivacaine was given for analgesia. A1-2-cm midline incision was
made on the neck to expose the jugular vein. Another small incision
(<1.cm) was made at the back of the neck. A sterile polyurethane or
silicone catheter with a metal guide was inserted from the back of the
neck, where the vascular port was fixed to the jugular vein. Before
implantation the port and the catheter were flushed with heparinized
saline (251U ml™). Thejugular vein was catheterized toward the heart.
The skin was closed with surgical sutures after application of triple
antibiotic ointment and the vascular port was fixed. The duration of
the surgical procedure was15-20 min.

MR data acquisition

TmDOTMA"was purchased from Macrocyclics. Temperature mapping
with BIRDS was performed on a 9.4T Bruker scanner. The respiration
rate was monitored during the entire duration of the experiment. A
200 mM TmDOTMA " solution was infused atarate of 60 to 80 pl h™ for
1-2 h. The infusion rate was adjusted according to animal physiology.
The T,-weighted MR images were acquired with a field of view of
23 x 23 mm?, 128 x 128 matrix, 23 slices of 0.5-mm thickness, TR=3's
and TE =9 ms. The extremely short T, and T, relaxation times (<5 ms)
of the TMDOTMA™ methyl group allowed ultrafast temperature map-
ping with BIRDS using 3D chemical shiftimaging (CSI) acquisition with
ashort TR (10 ms) and wide bandwidths (+150 ppm). Temperature
mappingwith BIRDS was started immediately after detection of global
MR signal of TMDOTMA™ methyl group, at about 1 h after the start of
the infusion. The CSI was acquired using a field of view of
23 x 15 x 23 mm?, 809 spherical encoding steps, 21 minacquisition and
reconstructed to 23 x 15 x 23, with a voxel resolution of 1 x 1 x 1mm?.
Selective excitation of the TMDOTMA™ methyl group was achieved
using a single-band, 200-ps Shinnar-Le Roux (SLR) RF pulse. The MR
spectrum in each voxel was line broadened (200 Hz) and phased
(zero-order) in MATLAB (MathWorks), and the corresponding tem-
perature T, was calculated from the chemical shift 6., of the
TmDOTMA™ methyl group according to

Te = ap + ay(6¢y, — 60) + @y (¢, — 50)2 (0]

where 6,=-103.0 ppm and the coefficients a,=34.45+ 0.01,
a,=1.460 + 0.003 and a, = 0.0152 + 0.0009 were calculated from the
linear least-squares fit of temperature as a function of chemical shift
6cu,- Statistical analysis was carried out using Student’s t-test with two
tails, with P < 0.05 used as a cutoff for significance.

Invivo spin trapping and electron paramagnetic resonance
spectroscopy

POBN (a-(4-pyridyl-1-oxide)-N-t-butylnitrone, Enzo) was used for
spin trapping; POBN was dissolved in saline and administered i.p. at
500 mg kg™ body weight. Tissue samples (VFAT, SFAT and BAT) were
collected 45 min after injection,immediately frozeninliquid nitrogen
and stored at =80 °C until EPR measurements. Lipid extraction was
performed using chloroform:methanol (2:1) (Folch extraction) as
described previously”. AIlEPR spectrawere recorded ina quartz flat cell
using an X-band EMX plus EPR Spectroscope (parameters: 3,480 + 80 G
scanwidth, 105 receiver gain and 20 mW microwave power; time con-
stant 0of 1,310 ms and conversion time of 655 ms).

Aconitase activity

Aconitase activity was measured with an Aconitase Assay kit (Cay-
man). Freshly collected SFAT and VFAT samples were measured at
500 pgtotal protein pe ml, and BAT samples were measured at 100 pg
total protein per ml. All results were normalized to 500 pg ml™ total
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protein concentration. The standard protocol provided with the kits
was followed.

Invitro adipocyte differentiation

Stromal vascular fraction from visceral depots of Cth”” was isolated
as previously described. Cells were plated in growth medium (DMEM
supplemented with 10% FBS and 1% penicillin-streptomycin) and
expanded for 3-5 days. Adipocyte differentiation was induced with
growth medium supplemented with insulin (5 pg ml™), rosiglitazone
(1 M), iso-butyl-methylxanthine (0.5 mM) and dexamethasone (1 pM)
for 48 h. Cells were maintained on differentiation medium containing
insulin (5 pg ml™?) and rosiglitazone (1 uM) for 96 h. Fully differenti-
ated cells were then treated with various concentrations of cystine
(0-200 uM) for 48 h, in cystine and methionine-free DMEM (Gibco)
supplemented with10% dialysed FBS, 1% penicillin-streptomycin and
200 puM methionine.

Quantification and statistical analysis

Data collection and analysis were not performed blind to the condi-
tions of the experiments. Data were analysed with GraphPad (v.9.4.0)
or R (v.3.4.2). Statistical differences between groups were calculated
by unpaired two-tailed t-tests. For comparing groups over time, mice
were individually tracked, and groups were compared using two-way
analysis of variance (ANOVA) with Sidak’s correction for multiple com-
parisons. For all experiments P < 0.05 was considered significant. No
statistical methods were used to pre-determine sample sizes, but our
sample sizes are similar to those reportedin the field. Datadistribution
was assumed to be normal, but this was not formally tested. Some mice
were excluded from the study due to abnormal health conditions or
reaching the humane end point.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing dataareaccessible inthe Gene Expression Omnibus reposi-
tory. Murine bulk RNA-seq data of the adipose depots after cysteine
restrictionisunder accession code GSE292788; scRNA-seq of the adi-
pose SVF is under GSE293660; and human RNA-seq data from the
CALERIE-1I study were published previously'. Source data are provided
with this paper.
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Extended DataFig. 1| Cysteine depletioninduces weight-loss in mice without
overt pathology. a) Cystathionine and homocysteine measurements by MS/
MS in human SFAT at baseline (B) and after 12 months of caloric restriction
(n=14). AU: arbitrary units. b) Schematic of Cth”~ and Cth"" mice generation
(KOMP construct) used to cross to either Alb:cre or Adipoq:cre. ¢) Body weight
of Cth*’* and Cth™~ mice fed with CTRL or CysF diet for 6 days (n =5 Cth** CTRL,
n=6 Cth"* CysF,n=4 Cth”” CTRL,n =5 Cth™" CysF). d) Fat mass and lean mass
measured by EchoMRI of male Cth** and Cth™" after 6 days of CTRL or CysF

diet (n=5Cth"* CTRL,n=12Cth"* CysF,n=8 Cth”  CTRL,n=17 Cth”" CysF).

e) Cth™* and Cth” mice were fed ad libitum (ad lib) or pair fed CTRL or CysF

diet (n=4 Cth*"*CysF ad lib, n = 5 Cth*"*CysF pair fed, n =7 Cth”’"CTRL pair
fed,n=5Cth” CysF pair fed). Percentage body weight change over 6 days of
diet.f) Accumulated food intake of Cth”* and Cth”~ mice over 6 days of CysF
feeding measured in metabolic cages (n =10 Cth”*and n =12 Cth™"). Cage image

and video show that Cth”~ mice on CysF diet at day 5 have normal activity.

g) Qualitative assessment of nest building (score from 0 to 4) and presence
(score=1) or absence (score=0) of kyphosisin WT and Cth”" mice (n =12/group).
h) Gait assessment, ledge test and hindlimb clasping test were performed to
measure motor coordinationin WT and Cth” mice. Mice were scored from O
(normal behaviour) to1(abnormal behaviour) (n =12/group). i) Representative
H&E-stained sections of kidney, lung, heart, and liver from female Cth”~ mice fed
control diet or cystine-deficient diet for 6 days, lack notable pathologic changes
and do not differ in microscopic changes by diet in the tissues examined.
C=renal cortex, M =renal medulla A =airway, P=pulmonary artery, > = central
vein, and *=portal triad. Kidney scale bars=200 um, lung, heart, liver scale
bars=100um. Data are expressed as mean+SEM. Statistical differences were
calculated by 2-way ANOVA with Sidak’s correction for multiple comparisons,

or by unpaired two-tailed t-tests. Panel b created with BioRender.com.
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Extended DataFig. 2| Cysteine depletion triggers metabolic rewiring
without altering protein synthesis and iron-sulfur cluster maintenance.

a, b) Volcano plot of a) serum and b) subcutaneous adipose tissue (SFAT)
metabolites identified by LC-MS/MS in Cth”~ mice after 6 days of CTRL or CysF
diet (n =4 CTRLand n =5 CysF for serum, n = 6/group for SFAT). Transsulfuration
pathway related metabolites are highlighted in red. Significantly increased or
decreased metabolites (-log;,(pvalue)>1.3 and |log,(FC)|>1) are highlighted in
blue and listed on the right. Cys: cysteine. Met: methionine. SAH: S-adenosyl
homocysteine. SAM: S-adenosyl methionine. Cysteine and cysteine were not
detectable in SFAT samples. See Supplementary Table 1and 2 for the full list of
metabolites. ¢) Serum L-methionine, L-homocysteine, glutamic acid quantified
by mass spectrometry in Cth”~ mice fed with CTRL (n =4) or CysF (n =5) diet

for 6 days. AU: arbitrary units. d) Total GSSG content in SFAT, brown adipose
tissue (BAT) and liver samples of Cth”~ mice fed CTRL or CysF diet for 5 days,
determined by colorimetric assay (n = 7/group). e) Surface sensing of translation

(SUnSET) assay was performed to assess protein synthesis. Immunoblot
detection of puromycinincorporation in neosynthesized proteins in SFAT,
visceral adipose tissue (VFAT), BAT and liver samples of Cth™ mice fed with

CTRL or CysF diet for 5 days (n = 6/group). f) Heatmaps of RNA-seq based gene
expression of genes involved in Fe-S cluster assembly in SFAT, VFAT and BAT of
Cth*"* and Cth™" mice, fed with CTRL or CysF diet (n = 4/group). g) Representative
EPR spectra of POBN-lipid radical adducts measured in Folch extracts of SFAT,
VFAT and BAT tissues of Cth” mice fed with either CTRL or CysF diet. The six-line
spectrum (red arrows) is consistent with carbon-centred lipid-derived radicals,
indicative of lipid peroxidation (identified through hyperfine coupling constants
aV=15.75+0.06 G and a;"=2.77 + 0.07 G). Data are expressed as mean+SEM. Box
plots represent median value and extend to the 25" and 75" percentiles. Whiskers
are plotted down to the minimum and up to the maximum value. Statistical
differences were calculated by 2-way ANOVA with Sidak’s correction for multiple
comparisons, or by unpaired two-tailed t-tests.
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Extended DataFig. 3| Cysteine starvationinduces thermogenic n=12Cth™).f) Energy expenditure during CysF feeding. g) Linear regression
reprogramming of adipose tissue transcriptome. a) Representative analysis of unnormalized average energy expenditure measured by indirect
subcutaneous (SFAT), visceral (VFAT), and brown adipose depots (BAT), indicated calorimetry against body mass on days 4 and 5 of CysF diet. h) Locomotor activity.
withwhite arrows, of Cth** and Cth™~ after 6 days of CysF diet. b) Representative i) Respiratory exchange ratio (RER) and j) area under the curve (AUC) quantified
H&E-stained sections of VFAT of Cth”~ mice fed CTRL or CysF diet for 6 days for RER. K, I) Whole tissue RNA-seq of SFAT, VFAT, and BAT of Cth** and Cth™ fed
or after Cys supplementation following CysF weight loss (scale bar=100 pm). 6 days of CTRL or CysF diet (n =4/group). k) Heat map highlighting changes

c¢) Serum glycerol levels of Cth™” mice fed with CTRL (n =20) or CysF (n=8) specifically occurring in cysteine deficiency. ) Selected top pathways being

or switched to Cys-containing diet after CysF feeding (n =10).d) Ucp], Cidea up-and down-regulated in Cth™~ CysF vs CTRL in SFAT after gene set enrichment
and Pparg gene expressionin Cth”” pre-adipocytes differentiated in vitro and analysis. m) Gene expression of selected thermogenesis markers confirmed by
treated with increasing concentration of Cysteine for 48 h (n = 6/condition). qPCRin SFAT, in Cth** and Cth”" mice fed with CysF diet (n =8 Cth**and n=10
e) Cumulative food intake during the initial two days of CysF feeding in Cth** Cth™"). Dataare expressed as mean+SEM. Statistical differences were calculated
and Cth”" mice (n=10 Cth"*and n=12 Cth™").f-j) Cth*"* and Cth”~ mice were by one-way ANOVA, or by 2-way ANOVA with Sidak’s correction for multiple

fed with CysF diet for 6 days and housed in metabolic cages (n =10 Cth*”* and comparisons, or by unpaired two-tailed t-tests.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Impact of cysteine depletion on transcriptional
regulation of adipose tissue at single cell resolution. a) Experimental design
schematic of cell processing of subcutaneous adipose depot (SFAT) stromal
vascular fraction (SVF) for scRNA-seq. b) t-SNE plot of scRNAseq from SFAT
stromal vascular fraction with c) cluster identities. APCs: antigen presenting
cells. ASCs: adipose-derived stromal cells. d) Heat map of normalized gene
expression of selected markers to identify major cell lineages. e) Enrichment of
CL-316,243 activated gene signature overlaid on all populations in all samples.
f) t-SNE plots displaying Dpp4, Cd9, lcam1, Col5a3, F3, and Tagln expressioninred
across all populationsin Cth”” CTRLand Cth”~ CysF samples. g) Volcano plot of

differentially expressed genes comparing Cth”~ CysF and Cth™* CysF in cluster 1.
h) Orthogonal validation of adipocyte progenitor changes using FACS analysis
of SFAT SVF in Cth** and Cth™ mice on CTRL and CysF diet for 4 days (n = 6 Cth™*
CTRLand CysF,n=5Cth” CTRLand CysF). i) Selected top pathways from gene
set enrichment comparing Cth”~ CysF vs. Cth*”* CysF in cluster 1. j) Heatmap

of gene expression of select stem and mature adipocyte genesin clusters O,
1and 2 showing the impact of cysteine depletionin mice. Data are expressed as
mean+SEM. Statistical differences were calculated by 2-way ANOVA with Sidak’s
correction for multiple comparisons, and by unpaired two-tailed t-tests. Panel a
created with BioRender.com.
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Extended DataFig. 5| Cysteine-depletion mobilizes lipids for thermogenic
response independently of thermoneutrality. a) Quantification of ATGL
immunoblot shown in Fig. 3a, Actin was used as a loading control. b, ¢) Tissue
lipidomics of brown adipose depot (BAT) from Cth”” mice fed CTRL (n=4) or
CysF diet (n =5) for 6 days with b) triglycerides (TG) and c) diacylglycerol species
highlighted. AU: arbitrary units. d) Core body temperature (CBT) measured in
the peritoneal cavity by implantation of Star-Oddi logger of Cth”~ mice fed with
CTRL or CysF diet over 6 days and e) average day and night CBT of Cth”~ mice fed
with CTRL or CysF diet. Recordings were taken every 30 min (n=11Cth” CTRL,
n=12Cth™" CysF, 3independent experiments pooled). f) Fgf21 gene expression
in the liver of Cth** and Cth” mice fed CTRL or CysF diet for 6 days (n =8 Cth**
CTRL,n=10 Cth*"* CysF,n=8 Cth”  CTRL,n=12Cth™" CysF).g, h) Serum levels
of g) FGF21and h) GDF15in Cth”and Cth”"CHOP” mice after 5 days of CysF
feeding, measured by ELISA (n=9 Cth” and n=7 Cth”"CHOP™").) SFAT, VFAT

and BAT weight normalized to body weight of Cth”~ and Fgf21"7-Cth™~ mice after
CysF feeding (n = 5/group).j) Respiratory exchange ratio (RER) of Cth”" and
Fgf21"-Cth”" mice upon CysF feeding, measured at day 3 and 4 in metabolic cages
(n=5/group).k) UcpI gene expression in SFAT of Cth”" and Fgf217"Cth”” mice
after 6 days of CysF feeding (n=11Cth”"and n =12 Fgf21”"Cth™").1) Represen-
tative H&E histology images of SFAT showing increased browning at day 6 in
Cth**and Cth” mice fed CysF dietand housed at 20 °C or at 30 °C.m) UcpI

gene expression measured by qPCR in BAT of Cth*”* and Cth™ mice fed CysF diet
and housed at 20 °C or at 30 °C for 6 days (n =3 Cth”*20 C,n =4 Cth**30 Cand
Cth720C,n=5Cth”-30C). Data are expressed as mean+SEM. Box plots represent
median value and extend to the 25" and 75" percentiles. Whiskers are plotted
down to the minimum and up to the maximum value. Statistical differences were
calculated by 2-way ANOVA with Sidak’s correction for multiple comparisons,
and by unpaired two-tailed t-tests.
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Extended DataFig. 6 | Systemic cysteine depletion-induced weight-loss
isindependent of microbiota and canonical thermogenic pathways.

a) Immunoblot analysis of CTH in liver, kidney, subcutaneous (SFAT), visceral
(VFAT), brown (BAT) adipose depots, lung, heart, spleen, and thymus.

b) Immunoblot analysis of CTHin kidney samples from male and female Cth™;
Alb-Cre-and Cth”";Alb-Cre+ mice and in liver samples from male and female
Cth"";Adipoq-Cre- and Cth”;Adipog-Cre+ mice. Actin is used as aloading control.
¢, d) Cysteine serum levels of ¢) Cth”" and Alb-Cre;Cth" mice (n =4 Cth”* CysF,n=5
Cth” CTRL, Alb-Cre;Cth”  CTRL and CysF) and d) Cth"” and Adipoq-Cre;Cth” (n=4
Cth" CTRL and CysF, Adipoq-Cre;Cth” CTRL and n = 5 Adipoq-Cre;Cth” CysF)
mice after 6 days of CTRL or CysF diet. e-i) Alb-Cre;Cth” mice were fed CTRL or
CysF diet for 6 days. Schematic summary of changes in the metabolitesin the
e)serumand in thef) liver. g) Volcano plot of metabolites identified by MS/MS
intheliver. h) Schematic summary of changes in the metabolites and i) volcano
plot of metabolites identified by MS/MS in the SFAT. Transsulfuration pathway
related metabolites are highlighted in red. Significantly increased or decreased
metabolites (-log,(pvalue)>1.3 and |log,(FC)|>1) are highlighted in blue and listed
ontheright. Cys: cysteine. Homocys: homocysteine. Met: methionine. SAM:
S-adenosyl methionine. SAH: S-adenosyl homocysteine. j) Schematic summary of
changes in serum metabolites of Adipoq-Cre;Cth" fed with CTRL or CysF diet for
6 days. Blue lines represent measured, but unchanged metabolites, red and green

arrows indicate significantly decreased or increased metabolites, respectively

(p <0.05).See Supplementary Table 6 for the full list of metabolites. k) Percen-
tage body weight change of Cth** and Cth”” mice that were co-housed and fed
CysF diet for 6 days (n = 4/group). 1) Accumulated food intake of Cth”~and Cth™~
UcpI”~ mice during 6 days of CysF diet (n=7 Cth” andn=8 Cth”" Ucp1™").

m, n) RNA-seq based expression of genes associated with m) futile creatine cycle
(Slc6a8, Gatm, Gamt, Ckmt2, Alpl and Ckb) and n) futile calcium cycle (Atp2a2 and
Ryr2) inthe SFAT of Cth** and Cth™”~ mice fed CTRL or CysF diet for 6 days (n =4/
group). 0) gPCR gene expression of Sarcolipin and Atp2a2in the soleus of Cth*’*
and Cth” mice fed CTRL or CysF diet for 6 days (n=3 Cth”*CTRL, n= 6 Cth"*CysF,
n=3Cth”*CTRLand n =5 Cth**CysF). p) RNA-seq based expression of genes
associated with triglyceride and fatty acid metabolism (DgatI, Pnpla2, Lipe, Gk)
inthe SFAT of Cth** and Cth™~ mice fed CTRL or CysF diet for 6 days (n = 4/group).
q-r) Heatmaps of gene expression of genes involved in creatine, calcium and
lipid futile cycles in q) BAT and r) SFAT of Cth”~ and Cth™-UcpI”~ mice fed a CysF
diet for 6 days (n=16 Cth”",n=15Cth” Ucp1™"), quantified by qPCR. Data are
expressed as mean+SEM. Box plots represent median value and extend to the
25™"and 75" percentiles. Whiskers are plotted down to the minimum and up to
the maximum value. Statistical differences were calculated by 2-way ANOVA with
Sidak’s correction for multiple comparisons, and by unpaired two-tailed t-tests.
Panels e, f,handjcreated with BioRender.com.
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Extended DataFig. 7 | Cysteine starvation induced browning requires Cth”HFD-CTRL and n =4 Cth”  HFD-CysF). e) The glucose tolerance test (GTT)
adrenergic signalling and reverses high-fat diet induced obesity in mice. in Cth” mice fed CTRL or cysF diet for 4 days (n =5 CTRL and n = 6 CysF). Glucose
a) Imaging mass spectrometry of noradrenaline in the BAT of Cth™*and Cth™~ dose was based on lean mass. f) Linear regression analysis of energy expenditure
fed 6 days of CTRL or CysF diet. b) qPCR gene expression of Comt in SFAT of (EE) against body mass during dark cycle of Cth™~ mice fed with HFD-CTRL or
Cth** (n=8) and Cth™" (n =10) mice fed with CysF diet for 6 days. ¢) Cumulative HFD-CysF, average values of nights 4 and 5 of diet switch. Data are expressed as
food intake during CysF feeding of Cth™" treated with L748337, a B-3 adrenergic mean+SEM. Statistical differences were calculated by 2-way ANOVA with Sidak’s
receptor antagonist or vehicle (PBS) for 5 days (n = 6 PBS and n = 4 L748337). correction for multiple comparisons, and by unpaired two-tailed t-tests.

d) Body composition measured by Echo-MRI on day 6 post diet switch (n=6
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

XXX [ [0 XX ]I

oo

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  gPCR data were acquired on a Light cycler 480 Il (Roche). Western blots were imaged on a Bio-rad Chemidoc. Flow cytometry data were
acquired on a LSRII or Aria (BD), using Diva software (v8.0.1). Body composition data were acquired with Echo-MRI (Echo Medical Systems).
Sequencing data were obtained using HiSeq3000 for single cell (Illumina) or HiSeq2500 for bulk RNA-seqg. Metabolic cages data were acquired
from TSE PhenoMaster System (V3.0.3) Indirect Calorimetry System. Keyence microscope was used to image histology samples. Fecal bomb
calorimetry was performed on Parr 6200 Isoperibol Calorimeter. cFOS mapping was performed using light-sheet microscope (Miltenyi Blaze).
Temperature mapping with BIRDS was performed on a 9.4T Bruker scanner. EPR spectra were recorded in a quartz flat cell using an X-band
EMX plus EPR Spectroscope. Metabolomics analyses were performed with orbitrap-type MS (Q-Exactive focus; Thermo Fisher Scientific)
connected to a high-performance ion-chromatography system (ICS-5000+, Thermo Fisher Scientific), LCMS-8060 triple-quadrupole mass
spectrometer (Shimadzu corporation), MALDI MS linear ion trap mass spectrometer (LTQ XL, Thermo Fisher Scientific). Lipidomics data were
obtained with Lipidome Q-Exactive focus orbitrap mass spectrometer (Thermo Fisher Scientific) connected to an HPLC system (Ultimate3000,
Thermo Fisher Scientific).




Data analysis Data were analyzed using GraphPad (version 9.4.0) or R (v3.4.2). Images were processed through ImageJ (v1.53q). Cytometry data were
analyzed with FlowJo (v10.3). For single cell analysis: Sample demultiplexing, barcode processing, and single-cell 3’ counting was performed
using the Cell Ranger Single-Cell Software Suite (10x Genomics). The Seurat package in R (v3.4.2) was used for subsequent analysis. For bulk

RNA-seq, quality was assessed with FastQC and mapped using STAR aligner. Gene differential expression was calculated using DESeq2 (v1.8.1).

Pathway analysis was done using fgsea (fast GSEA) R-package and the Canonical Pathways from the MSigDB C2 pathway set [MSigDB1,
MSigDB2], v6.1.

For lipidomics, the acquired data were analyzed using LipidSearch software (Mitsui Knowledge Industry). For MALDI-MS, on images were
reconstructed using ImageQuest 1.1.0 software (Thermo Fisher Scientific). For cFos brain mapping, images were reconstructed with ClearMap
software (Reinier et al, 2016) for quantification or Imaris 10.1 for visualization.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Sequencing data are accessible on GEO repository. Murine bulk RNA-seq data of the adipose depots after cysteine restriction: GSE292788. Single-cell RNA-seq of
the adipose stromal vascular fraction: GSE293660. Human RNA-seq data from the CALERIE-II study were published previouslyl.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Both men and women have been included in the study.

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics Men were aged 21 to 50 years old and females were 21 to 47 years old, with a BMI between 22 and 28. The full trial protocol
is available: https://clinicaltrials.gov/study/NCT00427193

Recruitment Non-obese healthy individuals that fulfill the inclusion criteria detailed on https://clinicaltrials.gov/study/NCT00427193, were
recruited for the study. Participants were randomly allocated to caloric restriction or control group.

Ethics oversight The full trial protocol is available: https://clinicaltrials.gov/study/NCT00427193

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was decided based on power calculation from previous experiments and experiences.
Data exclusions  No data were excluded from the study.

Replication Each experiment was repeated at least 2 times. All repeats were successful. Sequencing, metabolomics analyses were performed once, with
at least n=4 biological replicates per group. When feasible, data were replicated with other experimental approaches in independent cohorts.

Randomization  Allocation to group was performed according to the genotype of the animals when comparing two genotypes. Otherwise, when working with
the same genotype, mice were randomly allocated to groups.

Blinding Investigators were blinded for brain mapping, sequencing and metabolomics analyses. Otherwise, investigators were not blinded due to the
visible difference between the diet and the body weight of the mice.

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry

Palaeontology and archaeology |Z |:| MRI-based neuroimaging
Animals and other organisms
Clinical data

Dual use research of concern
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Plants

Antibodies

Antibodies used The following antibodies were used in this study:
Flow cytometry
- CD45-BV711 (Biolegend, 103147, dilution 1:200, clone 30-F11)
- CD45 PE Cy7 (Biolegend, 103114, dilution 1:200, clone 30-F11)
- CD3 PerCP Cy5.5 (Biolegend, 100327, dilution 1:200, clone 145-2C11)
- B220 AF488 (Biolegend, 103225, dilution 1:200, clone RA3-6B2)
- CD11b BV711 (Biolegend, 101241, dilution 1:200, clone M1/70)
- F4/80 BV421 (Biolegend, 123132, dilution 1:200, clone BM8)
- Ly6G AF700 (Biolegend, 127622, dilution 1:200, clone 1A8)
- SiglecF AF647 (BD, 562680, dilution 1:200, clone E50-2440)
- CD24-PerCP-Cy5.5 (eBioscience, 45-0242-80, dilution 1:200, clone M1/69)
- F3-PE (R&D, FAB3178P, dilution 1:200)
- CD31-PE-Cy7 (eBioscience, 25-0311-81, dilution 1:200, clone 390)
- Pdgfra-BV605 (Biolegend, 135916, dilution 1:200, clone APAS
- Dpp4-FITC (Biolegend, 137805, dilution 1:200, clone H194-112)
- CD9-APC (Biolegend, 124813, dilution 1:200, clone MZ3)
Immunostaining
- ATGL (Cell signaling, 24395, dilution 1:1000, clone 30A4)
- UCP1 (abcam, ab10983, dilution 1:1000)
- ACTIN (cell Signaling, 4967, dilution 1:1000)
- CHOP (Cell Signaling, 2895, dilution 1:1000, clone L63F7)
- Calnexin (Novus, NB300-518, dilution 1:1000, clone AF18)
- IRE1a (Cell Signaling, 3294, dilution 1:1000, clone 14C10)
- BiP (Cell Signaling, 3177, dilution 1:1000 clone C50B12)
- pHSL (Ser660) (Cell Signaling, 4126, dilution 1:1000)
- HSL (Cell Signaling, 4107, dilution 1:1000)
- CTH (Novus Bio, HO0001491-M03, dilution 1:1000, clone S51)
- Anti-puromycin (Sigma Aldrich, MABE343, dilution clone 12D10)
- HSP9O0 (Cell Signaling, 4874, dilution 1:1000)
- TH (Cell Signaling, 2792, dilution 1:1000)
- TUBULIN (Abcam, ab7291, dilution 1:1000, clone DM1A)
- HSP40 (Cell Signaling, 4868, dilution 1:1000)
- cFOS (Sysy antibodies, 226008, clone Rb108B5)
Secondary antibodies
- Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647 (ThermoFisher, A-21235)
- Anti-rabbit 1gG, HRP-linked Antibody (Cell Signaling, #7074, dilution 1:5000)
- Peroxidase AffiniPure™ Goat Anti-Rabbit IgG (H+L) (Jackson ImmunoResearch, #111-035-003, dilution 1:5000)

Validation All antibodies are commercially available and have been validated by the manufacturers and previous publications. All information
can be found on the manufacturers’ website.
- CD45-BV711: https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-cd45-antibody-10439
- CD45 PE Cy7: https://www.biolegend.com/en-us/products/pe-cyanine7-anti-mouse-cd45-antibody-1903
- CD3 Percp cy5.5: https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd3epsilon-antibody-4191
- B220 AF488: https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-mouse-human-cd45r-b220-antibody-2707
- CD11b BV711: https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-human-cd11b-antibody-7927
- F4/80 BV421: https://www.biolegend.com/en-us/products/brilliant-violet-42 1-anti-mouse-f4-80-antibody-7199
- Ly6G AF700: https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-ly-6g-antibody-6754
- SiglecF AF647: https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/alexa-fluor-647-rat-anti-mouse-siglec-f.562680
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- CD24-PerCP-Cy5.5: https://www.thermofisher.com/antibody/product/CD24-Antibody-clone-M1-69-Monoclonal/45-0242-82
- F3-PE: https://www.rndsystems.com/products/mouse-coagulation-factor-iii-tissue-factor-pe-conjugated-antibody_fab3178p
- CD31-PE-Cy7: https://www.thermofisher.com/antibody/product/CD31-PECAM-1-Antibody-clone-390-Monoclonal/25-0311-81
- Pdgfra-BV605: https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd140a-antibody-15109

- Dpp4-FITC: https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd26-dpp-4-antibody-6946

- CD9-APC: https://www.biolegend.com/en-us/products/apcfire-750-anti-mouse-cd9-antibody-16761

Immunostaining

- ATGL: https://www.cellsignal.com/products/primary-antibodies/atgl-30a4-rabbit-mab/2439

- UCP1: https://www.abcam.com/en-us/products/primary-antibodies/ucpl-antibody-ab10983

- ACTIN: https://www.cellsignal.com/products/primary-antibodies/b-actin-antibody/4967

- CHOP: https://www.cellsignal.com/products/primary-antibodies/chop-163f7-mouse-mab/2895

- Calnexin: https://www.novusbio.com/products/calnexin-antibody-af18_nb300-518

- IRE1a: https://www.cellsignal.com/products/primary-antibodies/irela-14c10-rabbit-mab/3294

- BiP: https://www.cellsignal.com/products/primary-antibodies/bip-c50b12-rabbit-mab/3177

- pHSL (Ser660): https://www.cellsignal.com/products/primary-antibodies/phospho-hsl-ser660-antibody/4126

- HSL: https://www.cellsignal.com/products/primary-antibodies/hsl-antibody/4107

- CTH: https://www.novusbio.com/products/cystathionase-antibody-s51_h00001491-m03

- Anti-puromycin: https://www.sigmaaldrich.com/US/en/product/mm/mabe343

- HSP90: https://www.cellsignal.com/products/primary-antibodies/hsp90-antibody/4874

- TH: https://www.cellsignal.com/products/primary-antibodies/tyrosine-hydroxylase-antibody/2792

- TUBULIN: https://www.abcam.com/en-us/products/primary-antibodies/alpha-tubulin-antibody-dm1a-loading-control-ab7291
-HSP40: https://www.cellsignal.com/products/primary-antibodies/hsp40-antibody/4868

- cFOS: https://www.sysy.com/product/226008

Secondary antibodies

- Goat anti-Mouse 1gG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 647: https://www.thermofisher.com/antibody/
product/Goat-anti-Mouse-lgG-H-L-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21235

- Anti-rabbit 1gG, HRP-linked Antibody: https://www.cellsignal.com/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-
antibody/7074

- Peroxidase AffiniPure™ Goat Anti-Rabbit IgG (H+L): https://www.jacksonimmuno.com/catalog/products/111-035-003
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All mice were on the C57BL/6J (B6) genetic background. Cth-/- mice (C57BL/6NTac-Cthtm1a(EUCOMM)Hmgu/leg) were purchased
from the European Mouse Mutant Cell Repository. Breeding these mice to Flipase transgenic mice from Jackson Laboratories
generated Cthfl/fl mice which were crossed to Adipog-cre and Albumin-cre, purchased from Jackson Laboratories. Ucp1-/- and
CHOP-/- mice were purchased from Jackson laboratories and crossed to Cth-/- mice. Fgf21-/- mice were kindly provided by Dr.
Steven Kliewer (UT Southwestern) and crossed to Cth-/- mice. All mice used in this study were housed in specific pathogen-free
facilities in ventilated cage racks that deliver HEPA-filtered air to each cage with free access to sterile water through a Hydropac
system at Yale School of Medicine. Mice were fed a standard vivarium chow (Harlan 2018s) unless special diet was provided and
housed under 12 h light/dark cycles. All mice were aged 3 to 5 months old when starting the experiment.

Wild animals This study did not involve any wild animals.
Reporting on sex Unless mentioned, male mice were used for the experiments. No sexual dimorphism was observed.
Field-collected samples  This study did not involve field-collected samples.

Ethics oversight All animal experimentations were performed under the approval of the Institutional Animal Care and Use Committee (IACUC) of Yale
School of Medicine.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  The participants in this study were part of the CALERIE Phase 2 study which was a multi-center, parallel-group, randomized controlled
trial by recruitment of non-obese healthy individuals. The trial registration number is NCT00427193.

Study protocol The full trial protocol is available: https://clinicaltrials.gov/study/NCT00427193

Data collection Participants were randomly assigned to of 25% caloric restriction (CR) or ad libitum caloric intake for two years. CR group participants
actually reached 14% of CR. Men were between 20 and 50 years old and women were between 20 and 47 years old. Their body mass
index (BMI) was between 22.0 and 27.9 kg/m2 at the initial visit. Samples for abdominal subcutaneous adipose tissue biopsy were
collected at baseline, 1 year, and 2 years of intervention.




Outcomes Abdominal subcutaneous adipose tissue biopsy was performed on a portion of CR group participants and used for RNA-sequencing
and metabolomics in this study.

Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

|Z A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

Adipose tissue biopsies were minced and then digested at 37°C in HBSS (Life Technologies) + 0.1% collagenase | or Il
(Worthington Biochemicals). The stromal vascular fraction was collected by centrifugation, washed and filtered using 100um
and 70um strainers. Cells were stained with LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) and then
for surface markers including CD45, CD3, B220, CD11b, F4/80, Ly6G, Siglec F, CD24, F3, CD31, Pdgfra, Dpp4, and CD9. All
antibodies were purchased from eBioscience, Biolegend, BD or R&D. Cells were fixed in 2% PFA.

Data were acquired on LSR Il (BD) or FACSAria (BD) for cell sorting.
Data were acquired using DIVA software and then analyzed with FlowJo v10.8.1.

Adipose tissue macrophages (F4/80+ Cd11b+) represent approximately 25-40% of the hematopoietic fraction of the adipose
tissue. Endothelial and progenitors represent approximately 30% and 40% of the live CD45- cells of the adipose tissue.

For adipose tissue macrophages sorting, cells were first gated on FSC, SSC and singlets, then live and CD45+ cells. Non
lymphocytes (CD3- B220-) cells were gated on SiglecF and Ly6G to exclude eosinophils and neutrophils. Then macrophages
are CD11b+ F4/80+ cells.

For stromal cells: singlet cells are gated initially on FSC, SSC, then live CD45- cells. CD31+ cells are endothelial cells and Pdgfra
+ cells are progenitors. F3+, CD9+, DDP4+ and CD24+ cells are gated onto the progenitor population.

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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