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ARTICLE INFO ABSTRACT

Keywords: Low-protein/high-carbohydrate (LPHC) diet has been suggested to promote metabolic health and longevity in
Systems physiology adult humans and animal models. However, the complex molecular underpinnings of how LPHC diet leads to
MitOCho_ndria metabolic benefits remain elusive. Through a multi-layered approach, here we observed that LPHC diet promotes
Is\i‘:t;b(’hm an energy-dissipating response consisting in the parallel recruitment of canonical and non-canonical (muscular)
Uepl thermogenic systems in subcutaneous white adipose tissue (SWAT). In particular, we measured Ucp1 induction in

association with up-regulation of actomyosin components and several Serca (Sercal, Serca2a, Serca2b) ATPases.
In beige adipocytes, we observed that AMPK activation is responsible for transducing the amino acid lowering in
an enhanced fat catabolism, which sustains both Ucpl-and Serca-dependent energy dissipation. Limiting AMPK
activation counteracts the expression of brown fat and muscular genes, including Ucpl and Serca, as well as
mitochondrial oxidative genes. We observed that mitochondrial reactive oxygen species are the upstream mol-
ecules controlling AMPK-mediated metabolic rewiring in amino acid-restricted beige adipocytes. Our findings
delineate a novel metabolic phenotype of responses to amino acid shortage, which recapitulates some of the
benefits of cool temperature in SWAT. In conclusion, this highlights LPHC diet as a valuable and practicable
strategy to prevent metabolic diseases through the enhancement of mitochondrial oxidative metabolism and the
recruitment of different energy dissipating routes in beige adipocytes.

1. Introduction

Adipose tissue dynamically readapts its metabolism and phenotype
to environmental perturbations. Beige adipocytes, having intermediate
features between white and brown adipocytes counterparts, were
identified to occur interspersed mainly in subcutaneous white adipose
tissue (sSWAT) and to acquire brown-like phenotype upon certain

environmental stimuli, such as cold exposure or exercise [1-4]. Bei-
ge/brown adipocytes express the uncoupling protein 1 (Ucpl), which
plays a central role in heat production by decoupling transport of pro-
tons across the inner mitochondrial membrane from synthesis of ATP.
Ucpl-independent sources of heat production have been also identified
in beige/brown adipocytes, such as creatine-dependent cycles and a
futile cycle of Ca®* shuttling into and out of the endoplasmic reticulum
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via the Sarcoplasmic/Endoplasmic Reticulum Ca®" ATPases (SERCA)
and ryanodine receptors [5]. Recently, the rearrangement of the
adipocyte cytoskeleton towards muscle-like signatures has been
demonstrated to be fundamental for sustaining non-shivering thermo-
genesis. In particular, tensional responses generated by actomyosin are
critical for the acute induction of oxidative metabolism and uncoupled
respiration [6]. Moreover, it has been revealed that a set of beige
adipocyte precursors may also differentiate in response to thermal stress
through a glycolytic myogenic intermediate that is required for cellular
homeostasis and survival [7].

When activated, thermogenesis promotes metabolic flexibility
mainly catabolizing glucose and fats with a beneficial impact on overall
body metabolism [8]. Impinging thermogenesis in WAT to overwhelm
metabolic diseases is an emerging and promising field of research [9]. A
strategy to activate thermogenesis in WAT could be exercise or cold
exposure, but it would seem difficult to apply this condition in daily life
in human. For this reason, a number of attempts have been made to find
more applicable strategies for treating such metabolic diseases.

Recent reports have suggested that reactive oxygen species (ROS)
play a critical role in promoting thermogenesis in white/beige adipo-
cytes [10,11]. Remarkably, thiols redox perturbations induce brown
fat-like changes in SWAT and improve metabolic flexibility through the
enhancement of glucose and fatty acid oxidation (FAO) [12]. The ser-
ine/threonine AMPK is a crucial sensor of both energy and redox state
[13-16] virtually in all cells and tissues. In adipose cells, AMPK pro-
motes fatty acid oxidation (FAO) and Ucpl-dependent and -independent
thermogenesis [17,18]. AMPK limits obese phenotype promoting
Sercal-mediated Ga2"cycling that is fueled almost entirely by ATP
generated from glucose and FAO [17], thus contributing to the
improvement of glucose and lipid clearance in the bloodstream. For
these reasons, AMPK currently represents an attractive therapeutic
target for age-related metabolic disorders [19].

Nutrients control a dense network of signaling pathways that
converge on metabolism by regulating health status [20-22]. Altering
dietary macronutrient composition, while keeping the total number of
calories constant, is an intriguing strategy that improves body meta-
bolism [23,24]. In particular, geometric framework studies on insects
and mice have revealed that low-protein/high-carbohydrate (LPHC)
diets led to increased lifespans in ad libitum-fed animals [25,26]. Such
beneficial effects are accompanied by reduced body weight and
increased energy expenditure in mice [27]. A randomized controlled
trial showed that LPHC diet promotes leanness and decreases fasting
blood glucose in humans [28]. However, the mechanisms leading to
amelioration of metabolic health remain poorly understood and the
identification of molecular checkpoints mediating these responses may
led to identification of druggable targets to improve systemic
metabolism.

Herein, we deciphered the molecular and metabolic responses to
LPHC diet showing that, similarly to cold exposure, LPHC diet improves
oxidative metabolism and induces brown and muscular-like signatures
in sSWAT. Through multi-layered approaches, we uncovered that beige
adipocytes directly sense the amino acid shortage and activate a redox-
sensitive and AMPK-mediated signaling that promotes metabolic
rewiring and energy dissipation in beige fat cells.

2. Results

2.1. Acquirement of muscular-like signatures accompanies SWAT
browning upon LPHC diet

In this study, we aimed at deciphering the effects of LPHC diet on
WAT. Adult mice fed with a typical western diet (WD, 23P:57C) were
changed to LPHC diet (7P:73C) for 2 weeks. To obtain a preliminary
perspective of changes induced by this diet, we used a proteomic
approach. A pool of sSWAT obtained from six/eight mice/group was
analyzed. We found that 75 out of the 2383 detected proteins were
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differentially represented (FC > 1.5), among which Ucp1, Cptlb, Cox7a,
Ndufbl1, Slc25a20 resulted amongst the ones showing the highest
increased changes (Fig. 1A).

GO terms for biological processes revealed an enrichment of proteins
participating in mitochondrial respiratory chain, tricarboxylic acid cycle
(TCA cycle), mitochondrial fatty acid p-oxidation (FAO) and response to
cold (Fig. 1B). Enrichment analysis using Tissue Atlas depicted a dis-
tribution of mapped proteins across brown adipose fat, heart and skel-
etal muscle following LPHC in SWAT (Fig. 1C). Interestingly, 77% of the
up-regulated proteins pertained to mitochondrial compartment and
included matrix as well as inner/outer membrane proteins (Fig. 1D),
suggesting a higher mitochondrial abundance in sWAT of LPHC than WD
group. Consistent with proteomic findings, immunoblotting analyses
confirmed increased levels of mitochondrial matrix (Pdhb), inner
(Ndufb8) and outer membrane (Tomm20) proteins (Fig. 1E). The anal-
ysis of Ucpl protein confirmed its increase both in total homogenates
(Fig. 1F) and crude mitochondria of SWAT (Supplemental Fig. 1A),
whereas no significant modulation in Ucp1 protein levels was observed
in BAT (Fig. 1F and Supplemental Fig. 1A). The Ucpl changes observed
in SWAT of LPHC-fed mice were at a level comparable to those observed
upon cold exposure (Supplemental Fig. 1B), suggesting the occurrence
of brown-like features in sSWAT upon LPHC diet. In line with these
findings, we found reduced sWAT mass likely due to a reduction of
adipocyte size and white-to-brown conversion (Supplemental Fig. 1C). A
higher oxygen consumption rate in sSWAT of LPHC than WD group was
also observed through a polarographic method (Supplemental Fig. 1D).
On the contrary, changes neither in mass nor in oxygen consumption
were revealed in BAT (Supplemental Fig. 1C and 1D). In line with the
metabolic benefits already described for LPHC diet, a higher glucose
tolerance at the later phase of oral glucose load was registered in mice
fed with LPHC diet with respect to WD group (Supplemental Fig. 1E).

We next aimed at better deciphering the responses of SWAT to LPHC
diet by performing a deep RNA sequencing; corresponding results were
represented by means of a heatmap (Fig. 2A). Through pairwise differ-
ential gene expression analysis, we found 416 up-regulated (LogoFC >
0.58) and 52 down-regulated (LogoFC < —0.7) gene transcripts
(Fig. 2B). The most representative GO terms for biological processes of
up-regulated genes (p < 0.001) revealed a significant enrichment in the
genes of mitochondrial fatty acids catabolism (orange circles) and
response to cold (white circle). Notably, an unexpected induction of
muscle contraction genes (purple circle) was also found in sWAT of
LPHC-fed mice (Fig. 2C). Comparative analysis in the abundance of gene
transcripts between pWAT and BAT (GSE109829) revealed the over-
representation of a number of muscular gene transcripts in BAT (Sup-
plemental Fig. 2A), arguing that beige adipocytes may also develop non-
canonical brown fat genes during thermogenic stimulation. With the aim
to identify common putative mechanisms of action between LPHC diet
and cold exposure, the up-regulated gene transcripts obtained from
SWAT of LPHC-fed mice were integrated with counterparts obtained
from sWAT of cold-exposed mice (GSE84860). Notably, the enrichment
analysis for biological processes of the 150 overlapping genes pictured a
peculiar interaction network among genes involved in cellular respira-
tion, muscle contraction and fatty acid metabolic processes (Fig. 2D). A
heatmap was depicted, which reports the key common up-regulated
genes in SWAT of LPHC fed-mice and cold-exposed mice pertaining to
biological processes such as muscle contraction, brown fat, FAO and
electron transport chain (Fig. 2E). Transcriptomic data were then vali-
dated by single gene expression analysis (Supplemental Fig. 2B).

2.2. Amino acid lowering is responsible for metabolic rearrangement and
SWAT browning

Change in gut microbial composition has been proposed as the
mediator of cold-related metabolic benefits [29]. As diet significantly
modulates gut microbiota, we performed a metagenomics analysis in
order to assess its possible contribution in mediating the effects of LPHC
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A. Schematic representation of the experimental plan and differentially expressed proteins (FC > 1.5) from whole proteome profiling in a pool of SWAT isolated from
adult male mice fed with WD (n = 8 mice) or LPHC (n = 6 mice) for 2 weeks. Orange circles were used to mark the most over-represented proteins. B. Functional
enrichment analysis of over-represented proteins in LPHC fed mice. GO terms for biological processes are reported. C. Over-represented proteins in LPHC fed mice
were analyzed using Tissue Atlas through the web-based Enrichr bioinformatics tool and sorted by rank based ranking. D. Functional enrichment analysis of over-
represented proteins in LPHC fed mice. GO terms for cellular components are reported. E. Representative immunoblots of mitochondrial proteins in SWAT of mice fed
with WD or LPHC diet for 2 weeks. Ponceau staining was used as loading control. F. Representative immunoblots of Ucp1 protein in SWAT and BAT of mice fed with
WD or LPHC diet for 2 weeks. Ponceau staining was used as loading control. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article).

diet on sSWAT. As reported in Supplemental Fig. 3, a mild microbiota
reshaping was induced by LPHC diet; no changes were revealed in the
phyla mainly affected by cold exposure, such as Verrucomicrobia, Bac-
teroidetes and Firmicutes [29], suggesting that the cold-like metabolic
benefits of LPHC diet are independent of gut microbiota.

Prior data demonstrated that WAT browning is induced as a response
to nutrient shortage [30]. The obtained results opened the question if
the reduced amino acid availability was sufficient in triggering the
molecular reorganization observed in SWAT following LPHC diet. To
explore this issue, we firstly aimed at quantifying the amino acid
abundance in sSWAT of mice exposed to cool temperature, which is the
best-known stimulus promoting white-to-brown conversion of sWAT.
PCA highlighted temperature-specific distribution of amino acids
(Fig. 3A), and the heatmap revealed that exposure to cold significantly
decreased the amount of several amino acids in sWAT (Fig. 3B). In
particular, a diminished concentration of non-polar (glycine, alanine,
proline, valine) (Fig. 3C), polar uncharged (tyrosine, asparagine, serine,
threonine, glutamine) (Fig. 3D), positively charged (histidine) (Fig. 3E)
and negatively charged (aspartate and glutamate) (Fig. 3F) amino acids
was observed. Reduced amount of citrulline and taurine were also found
in SWAT in response to cold (Fig. 3G). Such modulation of amino acid
abundance was not observed in BAT (Fig. 3A-G), which by contrast
showed a more proficient reduction of glycolytic and TCA metabolic
intermediates than sWAT (Supplemental Fig. 4A and B). Actually,

glycolysis metabolites remained unchanged in sWAT of cold-exposed
mice, while only few derivatives pertaining to the TCA cycle were
reduced, i.e. acetyl-CoA, malate and oxaloacetate (Supplemental Fig. 4A
and B). These responses in association with the significant reduction in
the NADPH (Fig. 3H), NADH (Fig. 3I), ATP and ADP levels (Fig. 3J)
suggested a strict link between amino acid loss and metabolic rewiring
in SWAT.

To investigate whether amino acid lowering was the genuine inducer
of SWAT browning upon LPHC diet, we cultured primary beige adipo-
cytes in a medium poorer in amino acids (Amino Acid Restriction, AAR)
than control medium, but containing the same concentration of glucose
(17.5 mM) and growth factors. In line with data obtained in vivo through
LPHC diet, AAR induced canonical (Ucpl, Pgc-1a, and Cidea) and non-
canonical brown fat markers including actomyosin (Mylpf, Myh3) and
Serca (Sercal, Serca2a, Serca2b and Serca3) genes (Fig. 4A). Remark-
ably, AAR also increased the expression of mitochondrial OxPHOS
(ATP6, Cox7a, MTCol) as well as FAO (Slc25a20, Cptlb) genes; similar
results were obtained with the selective 3 receptor agonist CL316,243
(CL) (Fig. 4A).

Overall, these data prompted us to hypothesize that LPHC diet was
effective in promoting metabolic rewiring in SWAT. We initially moved
at deciphering the metabolic pathway(s) activated by LPHC diet. The up-
regulated mRNAs were then integrated with the up-regulated proteins
previously detected through transcriptomics and proteomics
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Fig. 2. Muscular gene induction accompanies SWAT browning.

A. Schematic representation of the experimental plan and RNA-sequencing of sSWAT isolated from adult male mice fed with a WD (n = 4 mice) or LPHC diet (n = 3
mice) for 2 weeks. Raw RPKM expression values are represented as a heatmap. B. Volcano plot representing differentially expressed genes in sWAT isolated from
adult male mice fed with LPHC diet (n = 3 mice) for 2 weeks versus WD (n = 4 mice). Up-regulated genes (Log,FC > 0.58, p < 0.05; n = 416, blue area) were
reported. C. Functional enrichment analysis of up-regulated gene transcripts in LPHC fed mice. GO terms for biological processes are reported. D, E. Venn diagram of
up-regulated gene transcripts in SWAT following cold exposure (GSE84860) or LPHC diet. Protein-protein interaction network of overlapped genes (150 genes) was
evidenced by STRING (https://string-db.org) setting an interaction score of 0.400. Genes clustered for the main biological processes were reported in the coloured
areas (D). Representative common gene transcripts were reported as raw data in a heatmap (E). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article).
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A. Schematic representation of the experimental plan and Principal Component Analysis (PCA) of the metabolites measured in SWAT and BAT of mice exposed to
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approaches, respectively (Fig. 4B). Among the 61 overlapped genes, we
found an enrichment for the biological pathways related to fatty acid
catabolism such as FAO, TCA cycle and electron transport chain
(Fig. 4C). The key up-regulated genes pertaining to such biological
processes were depicted in a metabolic diagram (Fig. 4D).

Our group previously reported that nutrient starved adipocytes
catabolize endogenous fatty acids by activating Atgl, the rate-limiting
enzyme of lipolysis [15]. To test whether fat catabolism is enhanced
in response to AAR, we inhibited Atgl through the specific inhibitor
Atglistatin (ATGLi), and real-time monitoring of cell metabolism was
conducted through Seahorse XF analyzer. ATGLi-treated beige adipo-
cytes showed a reduced maximal respiratory capacity (Fig. 4E). As ex-
pected, ATGLi-treated adipocytes failed to oxidize endogenous fatty
acids and became dependent on exogenous fatty acid administration to
sustain mitochondrial respiratory capacity (data not shown). Consistent
with the metabolic measurements, we also found a diminished proton
motive force (Ap) in AAR beige adipocytes treated with ATGLi (Fig. 4F).
The role of Atgl in controlling mitochondrial oxidative metabolism upon
AAR was also observed in fibro/adipogenic progenitors (FAPs) isolated
from skeletal muscles of WT and ATGL knock-out (ATGL KO) mice.
ATGL KO FAPs differentiated in adipocytes showed a lower Ap and basal
oxygen consumption than WT FAPs (Fig. 4G).

2.3. AMPK coordinates sWAT browning upon amino acid lowering

Activation of AMP-activated kinase (AMPK) increases glucose up-
take, FAO and mitochondrial biogenesis in skeletal muscle during
contraction [31,32]. In white/beige adipocytes, activated AMPK sup-
ports thermogenic changes limiting obese phenotype in mice [17,33,
34]. Of note both muscle contraction and adipose tissue thermogenesis
cause energy dissipation involving peculiar proteins such as SERCA and
Ucpl [35]. According to these findings, we observed a significant
phospho-activation of AMPK (Ampk-pT172) in sSWAT of LPHC-fed mice,
which was comparable to that obtained in cold-exposed mice (Fig. 5A
and B). Given the recent finding demonstrating that the constitutive
AMPK activation in Ucpl-lacking SWAT limits obesity [17,36], we in-
tegrated the first 200 up-regulated genes of sWAT expressing a
constitutively-activated AMPK (GSE120429) with the first 200
up-regulated genes of SWAT from LPHC fed mice. Depicting a Venn di-
agram, we found 48 overlapping genes (Fig. 5C) mainly describing
skeletal muscle phenotype in sWAT (Fig. 5D, yellow area). To confirm
the role of AMPK in developing these features, we used adipose
tissue-specific AMPKal/a2 KO mice (referred to as AKO mice), and we
found impaired expression of canonical (Pgc-1a, Slc25a20, Cox8b) and
non-canonical muscular (Actal, Myh3, Mylpf, Sercal, Serca2a and
Serca2b) brown fat genes in sWAT (Fig. 5E). Differently, modulation of
muscle-related genes was not found in BAT of cold-exposed AKO mice
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Fig. 4. Limiting amino acids enhances Atgl-mediated fatty acid oxidation in beige adipocytes.

A. Single gene expression analysis in primary beige adipocytes cultured in a medium poor in amino acids (AAR) or adrenergically stimulated by CL316,243 (CL). Data
shown are the result of 3 separate experiments. Data are presented as mean =+ S.D. ***p < 0.001 AAR or CL vs Ctr. B-D. Venn diagram of up-regulated gene transcripts
and proteins in SWAT isolated from adult male mice fed with LPHC diet (n = 3 mice) for 2 weeks (B). Functional enrichment analysis of overlapped genes (n = 61)
and the relative GO terms for biological processes are reported (C). Schematic representation of key metabolic enzymes over-represented in SWAT (n = 61) related to
fatty acid oxidation, TCA cycle, ETC and glycolysis pathways. For each enzyme, the corresponding LPHC-induced changes in either mRNA or protein concentration
were reported as a heatmap (D). E. Seahorse analysis of X9 beige adipocytes cultured in a medium poor in amino acids (AAR) supplemented with Atgl inhibitor
Atglistatin (ATGLi) or vehicle. The oxygen consumption rate (OCR) (pmol/min) was monitored and maximal respiration is reported in the bar graphs. Reported data
are the result of 3 separate experiments. Data are presented as mean + S.D. **p < 0.01 ATGLi vs vehicle. F. Mitochondrial proton gradient (Ap) was measured by
cytofluorimetry after staining with MitoTracker Red CMXRos in X9 beige adipocytes cultured in a medium poor in amino acids (AAR) supplemented with Atgl
inhibitor Atglistatin (ATGLi) or vehicle. Reported data are the result of 3 separate experiments. Data are presented as mean + S.D. **p < 0.01 ATGLi vs vehicle. G.
Schematic representation of FAPs isolated from WT or AtglKO mice. Mitochondrial proton gradient (Ap) and basal oxygen consumption were measured. Reported
data are the result of 3 separate experiments. Data are presented as mean + S.D. *p < 0.05; ***p < 0.001 AtglKO vs WT (Student t-test). (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article).

(Supplemental Fig. 5A-H).

Based on these results, we asked whether AMPK activation was
directly implicated in the metabolic and molecular rewiring induced by
AAR in beige adipocytes. After confirming the occurrence of phospho-
activation of AMPK (Supplemental Fig. 5I), we analyzed the fatty acid
and glucose uptake; and found that it was increased at levels comparable
to those observed using the AMPK agonist phenformin (Fig. 5G). Next,
we limited AMPK activation by transfecting a dominant negative AMPK
mutant (AMPKT172A) in beige adipocytes (Supplemental Fig. 5J). In
AMPKT172A adipocytes, we detected a reduced mRNA expression of
Pgc-1a, Cptlb, Slc25a20, Sercal, Serca2a, Serca2b, Myh3 and Mylpf
genes (Fig. 5H). To confirm the role of AMPK in promoting the induction
of typical brown fat and muscular genes, primary beige cells were
treated with the AMPK agonist A769662 and an up-regulation of Sercal,
Serca2a, Serca2b, Pgc-la, Ucpl and Slc25a20 genes was observed
(Fig. 5F). In brown adipocytes, a reorganization of cytoskeletal proteins
occurs upon adrenergic stimulation, which strongly mimics that of
cardiomyocytes. Specifically, a PKA-dependent activation of L-type
Ca?*channels is elicited that facilitates an influx of Ca®*, promoting the
ATPase activity of the actomyosin complex [6]. Interestingly, as re-
ported in the protein interaction network depicted in Fig. 5I, besides
Serca (Sercal, Serca2a and Serca2b) and actomyosin complex genes,
omics data highlighted a significant up-regulation of other genes con-
trolling Ca®*cycling (Cacng6, Cacngl, Casql, Cacna2d1, Ryr1) in SWAT
of LPHC fed mice. In accordance with these data, AAR increased intra-
cellular Ca®" levels in beige adipocytes (Fig. 5J). Next, we evaluated the
direct involvement of SERCAs in the response to AAR. As reported in
Fig. 5J, SERCA inhibition by thapsigargin (Thapsi) further increased

intracellular Ca* levels, while SERCA activation by CDN1163 reduced
intracellular Ca?* levels in AAR-treated adipocytes. Similar results were
obtained by using the AMPK agonist phenformin (Fig. 5J), highlighting a
direct role of AMPK in increasing SERCA-mediated Ca®" cycle in beige
adipocytes. As SERCA ATPase, by increasing ADP levels, stimulates
mitochondrial respiration in beige adipocytes [36], we performed Sea-
horse XF analyses and observed that SERCA inhibition affected maximal
mitochondrial respiration (Fig. 5K).

2.4. Amino acid lowering triggers the acquirement of the energy-
dissipating phenotype in beige adipocytes

Subsequently, we sought to determine what upstream regulators of
canonical and non-canonical brown fat genes are induced in AAR-
treated adipocytes. Previous results demonstrated that during the ther-
mogenic process, mtROS are produced shifting intracellular redox status
of cysteine thiols towards pro-oxidant conditions that are functional in
increasing mitochondrial respiration [10-12]. In line with this evidence,
AAR increases mtROS production in beige adipocytes (Fig. 6A). To
implicate redox imbalance in the induction of thermogenic response, we
carried out supplementation with the antioxidant N-acetyl-L-cysteine
(NAC). Expectedly, NAC was able to buffer the AAR-mediated produc-
tion of mtROS (Fig. 6A), and this event was associated with the limited
induction of both canonical brown fat (Ucpl, Pgc-1, Cox7a, Slc25a20)
and muscular genes (Serca2b, Serca2a, Mylpf, Myh3) (Fig. 6B), as well
as the down-regulation of Ucpl protein and mitochondrial complex
subunits (Fig. 6C). In line with these results, an inhibition of AMPK
(Fig. 6C) in association with a decrease of fatty acids and glucose uptake,
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Fig. 5. AMPK controls brown fat and muscular genes in sSWAT.

A. Representative immunoblots of AMPK (basal and phosphorylated) in SWAT and BAT of mice fed with WD (n = 4 mice) or LPHC diet (n = 3 mice) for 2 weeks. B.
Representative immunoblots of AMPK (basal and phosphorylated) in SWAT and BAT of mice at room temperature (25 °C, n = 4 mice) or exposed to cold (4 °C,n =5
mice) for 24 h. Hsl was used as loading control. C, D. Venn diagram of the 200 up-regulated gene transcripts obtained from sWAT of mice fed LPHC diet or with
constitutively activated AMPK in adipose tissue (GSE120429) (C). Protein-protein interaction network of overlapped genes (n = 48) was evidenced by STRING (htt
ps://string-db.org) setting an interaction score of 0.400. Yellow area reports the genes clustering muscle contraction GO (D). E. Single gene expression analysis in
SWAT isolated from Flox or AKO mice exposed to room (22 °C) or cool temperature (4 °C) for 48 h. Data are presented as mean + S.D. *p < 0.05, ***p < 0.001; op <
0.05, oop < 0.01, ecop < 0,001. F. Single gene expression analysis in primary beige adipocytes treated with AMPK agonist (10 pM A-769662). Reported data are the
result of 3 separate experiments. Data are presented as mean + S.D. ***p < 0.001, **p < 0.01, *p < 0.05 A-769662 vs vehicle). G. Glucose and fatty acid uptake were
measured in primary beige adipocytes. Reported data are the result of 3 separate experiments. Data are presented as mean + S.D. ***p < 0.001, **p < 0.01 AAR or
Phenformin vs Ctrl. H. Single gene expression analysis in WT and AMPKT172A X9 beige adipocytes cultured in a medium poor in amino acids (AAR). Reported data
are the result of 3 separate experiments. Data are presented as mean + S.D. ***p < 0.001 WT AAR vs WT; op < 0.05, eop < 0.01, ecop < 0.001 AMPKT172A AAR vs WT
AAR. L. Protein-protein interaction network of up-regulated genes controlling calcium cycle in sWAT following LPHC diet was evidenced. J. Intracellular calcium flux
was measured in primary beige adipocytes by cytofluorimetry. Reported data are the result of 3 separate experiments. Data are presented as mean + S.D. ***p <
0.001, **p < 0.01 AAR or Phenformin vs Ctrl; esp < 0.01 Thapsigargin (Thapsi) or CDN1163 vs AAR. K. Seahorse analysis of X9 beige adipocytes cultured in a medium
poor in amino acids (AAR) treated with the SERCA inhibitor Thapsigargin (Thapsi) or vehicle. The oxygen consumption rate (OCR) (pmol/min) was monitored and
maximal respiration is reported in the bar graphs. Reported data are the result of 3 separate experiments. Data are presented as mean =+ S.D. ***p < 0.001 Thapsi vs
vehicle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article).

and intracellular Ca* levels (Fig. 6D-F) was observed upon NAC sup-
plementation, thereby highlighting a role of redox imbalance in con-
trolling the responses of beige adipocytes to AAR. Interestingly, AAR
promoted an increase of cystine transporter Slc7all (Fig. 6B), which is
implicated in the maintenance of the intracellular thiol pool [37],
indicating an attempt of adipocytes to preserve redox homeostasis.
Notably, NAC addition inhibited such event (Fig. 6B).

To confirm the involvement of redox imbalance in the thermogenic
commitment in response to AAR we inhibited Slc7all by erastin. As
reported in Fig. 6G, higher levels of Ucpl protein as well as of acto-
myosin and SERCA mRNAs were observed in erastin-treated adipocytes
compared to controls. Another thiol oxidizing stimulus, i.e. glutathione
depletion by its synthesis inhibitor buthionine sulphoximine (BSO),

promoted a significant up-regulation of canonical and non-canonical
brown fat markers including Ucpl, actomyosin components and
SERCA in beige adipocytes as well (Fig. 6H).

Based on these findings, LPHC fed mice were supplemented with
NAC by drinking water. Importantly, NAC supplementation also
restrained AMPK activation (Fig. 6J and Supplemental Fig. 5K). As
result, diminished levels of Ucpl, subunits of mitochondrial complex I
and III, actomyosin components, Sercal and Slc7all were observed in
SWAT (Fig. 6I and J). Overall above reported findings demonstrate that
LPHC diet promotes an acquirement of energy-dissipating signatures in
SWAT via an AMPK-dependent redox mechanism.
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