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The prevalence of type 2 diabetes (T2D) has increased significantly over the past three decades, with
an estimated 30-40% of cases remaining undiagnosed. Brown and beige adipose tissues are known
for their remarkable catabolic capacity, and their ability to diminish blood glucose plasma
concentration. Beige adipose tissue can be differentiated from adipose-derived stem cells or through
transdifferentiation from white adipocytes. However, the impact of T2D progression on beige
adipocytes’ functional capacity remains unclear. Transcriptomic profiling of subcutaneous adipose
tissue biopsies from healthy normal-weight, obese, prediabetic obese, and obese subjects diagnosed
with T2D, reveals a progressive alteration in cellular processes associated with catabolic metabolism,
circadian rhythms, thermogenesis-related signaling pathways, cellular stress, and inflammation. MAX
is a potential transcription factor that links inflammation with the circadian clock and thermogenesis
during the progression of T2D. This study unveils an unrecognized transcriptional circuit that
increasingly disrupts subcutaneous adipose tissue oxidative capacity during the progression of T2D.
These findings could open new research venues for developing chrono-pharmaceutical strategies to
treat and prevent T2D.

According to the World Health Organization (WHO) and the Pan Amer-
ican Health Organization, the prevalence of diabetes has increased dra-
matically worldwide over the past three decades'. It is estimated that about
30-40% of cases are undiagnosed, with a projected increase of approxi-
mately 50% by 2045, reaching nearly 697 million people with diabetes’. Type
2 diabetes (T2D) is a complex disease involving various tissues and organs,
with genetic, aging, and environmental factors, such as socioeconomic
status, nutrition, sedentary lifestyle, sleep disturbances, and circadian

derangements playing significant roles’. Overweight and obesity, are closely
associated with the development of T2D*. However, not all individuals with
a positive energy balance, overweight, or obesity develop T2D, implying the
existence of cellular and physiological mechanisms that protect certain
individuals with a high body mass index (BMI) (> 25 kg/m®) from T2D
development.

Adipose tissue, plays a critical role in endocrine and metabolic reg-
ulation, influencing the function of targeted organs such as muscle, liver,
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pancreas, and brain through the secretion of adipokines and activated
lipids*’, which contributes to the control of the whole-body glucose
homeostasis. Humans have three major types of adipose tissue: white adi-
pose tissue (WAT), brown adipose tissue (BAT), and beige adipose tissue
(beige AT). BAT and beige AT share functional and microstructural fea-
tures, such as higher mitochondrial content and catabolic capacity, trans-
forming chemical energy into heat, compared to WAT.

Notably, in both rodents and humans, BAT activity has been inversely
correlated with plasmatic glucose levels*". Acute cold stimulation or BAT
transplantation from humans and mice can enhance glucose uptake in BAT,
leading to an improved glucose metabolism and insulin sensitivity in rodent
models'. Although BAT and beige AT share several functional properties,
they differentiate from distinctive stem cell lineages. While WAT and beige
AT predominantly differentiate from adipocytic lineages, BAT differ-
entiates from a myogenic lineage'”. Beige adipocytes can also arise through
the transdifferentiation of white adipocytes, a process known as “browning”
of WAT, while the inverse process is known as “whitening”"’. Remarkably,
subcutaneous adipose tissue (SAT) exhibits a greater propensity for
browning compared to visceral adipose tissue (VAT) due to its pre-
dominantly smaller size and higher density of sympathetic nerves and blood
vessels, crucial for regulating thermogenesis and browning. Furthermore,
there are contrasting patterns of browning gene expression in VAT and SAT
depots between humans and mice, with humans displaying elevated
expression of browning genes on SAT and mice exhibiting higher expres-
sionin VAT". As a result, the stimulation of brown and beige adipose tissue
in vivo has garnered considerable interest for its potential in treating both
T2D and obesity'*'>".

Nevertheless, current treatments, such as acute cold exposure, 33-
agonists like mirabegron, or adipose tissue modulators like thiazolidine-
diones (TZDs), are challenging in a long term due to discomfort or side
effects, including cardiovascular overstimulation, weight gain, fluid reten-
tion, boneloss, and heart problems'”'*. Consequently, there is a need for new
strategies to induce browning in vivo, considering its potential therapeutic
benefits for T2D and obesity'*'>'.

To gain insights into the functionality of beige adipocytes during the
progression of T2D, we conducted an unbiased transcriptomic analysis of
SAT obtained from normal-weight (NW) subjects, patients diagnosed with
overweight/obesity (OW), OW subjects diagnosed with pre-diabetes (PD),
and OW patients diagnosed with T2D (Supplementary Table 1). Addi-
tionally, we complemented the analysis by measuring the cellular oxygen
consumption rate (OCR) in differentiated beige adipocytes cultures
obtained from the corresponding isolated adipose-derived stem cells (ASCs)
from SAT in the different experimental groups. Our results revealed a
progressive alteration in gene expression from OW and PD towards the
development of T2D. This alteration forms a molecular syndrome involving
disrupted cellular processes, including circadian rhythms, oxidative and
catabolic capacity, cellular integrity, and inflammation. Ultimately, these
changes contribute to the reduction of the thermogenic capacity of
adipocytes.

Results

Subcutaneous adipose tissue undergoes progressive transcrip-
tional alterations during the progression of T2D

The SAT plays a crucial role in the pathophysiology of T2D. Thus, our
objective was to identify potential molecular mechanisms altered during the
progression of T2D in this tissue. Initially, we classified the samples based on
clinical parameters (Supplementary Table 1). T2D group exhibited higher
values in glucose metabolic parameters, including fasting blood glucose and
glycosylated hemoglobin compared to other groups. Notably, insulin levels
did not differ between the PD group and the OW or the T2D group; as
expected, fasting glucose is under normal parameters, in the NW and OW
groups (Supplementary Table 1).

Subsequently, our goal was to identify transcriptional signatures that
may occur during the disease progression. We reasoned that, by comparing
NW vs. each of the other groups, we could distinguish early (OW vs. NW),
intermediate (PD vs. NW), and late (T2D vs. NW) transcriptional sig-
natures reflecting functional adaptations. These signatures were noted as
Stage 1-3 (S1-3) respectively (Fig. 1a). Interestingly, the number of
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Fig. 1 | Transcriptional alterations occur during the progression of T2D.

a Normal-weight individuals (NW) (n = 7) were compared with overweight/obese
(OW) individuals (S1) (n = 8), OW with prediabetes (PD) (S2) (n = 7),and OW with
type 2 diabetes (T2D) (S3) (n = 8). b-c Volcano plots depict the identified DEGs in

each stage and the number of up- or down-regulated DEGs in OW (S1), PD (S2), and
T2D (S3), (P < 0.05, |log2(Fold Change)|>1.1). d-f Venn diagrams illustrate shared
and exclusive DEGs in each stage.
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differentially expressed genes (DEGs) identified in each comparison pro-
gressively increased from 2,967 in S1 to 4,572 in S2 and 5,189 in S3
(Fig. 1b, c¢). While up-regulated DEGs showed the highest proportion of
common genes in all stages (24.9%), only a limited number were exclusively
upregulated in S1 (3.5%). However, in S2 and S3, this number was much
higher for both exclusively upregulated genes and those shared between
these stages (Fig. le). In contrast, down-regulated genes exhibited more
heterogeneous proportions between the three stages (Fig. 1f).

Given the established sexual dimorphism in various aspects of T2D,
including diagnosis, prevention, and treatment'**’, we aimed to investigate
whether the identified DEGs would be influenced by sex (Supplementary
Table 2). As anticipated, the factor analysis of mixed data (FAMD) revealed
that at stages S1, S2, and S3, the sample distribution was grouped by diag-
nosis, with NW and OW individuals positioned in distinct quadrants
(Supplementary Fig. 1a-c). However, the sex distribution did not exhibit a
significant separation between diagnoses (Supplementary Fig. 1d-f), sug-
gesting that within the analyzed DEGs, sex may not have a substantial
influence on the observed patterns in these samples.

To gain insights into the altered biological processes during the disease
progression, we first analyzed the upregulated DEGs for functional
enrichment. As expected, the commonly upregulated DEGs among the
three groups (OW, PD, and T2D) are highly enriched in processes related to
immune responses, including the adaptive immune system, inflammatory
response, and tumor necrosis factor production, among others (Supple-
mentary Fig. 2). Indeed, it has been widely reported that there is tran-
scriptional induction of genes related to inflammation and immune
processes in metabolic-related diseases in adipocytes™”. Interestingly, in the
S3 group, we found functions related to epigenetic mechanisms, including
histone acetyltransferases (HATS), acetylation and deacetylation of histones,
response to glucose, and NOTCH signaling. To gain additional insight into
histone-modification enzymes, we constructed a protein-protein inter-
actome network using several histone-modifying enzymes, (Supplementary
Fig. 3a, b). We identified histone deacetylase 4 and 11 (HDAC4, 11), the
histone methyltransferase complex regulatory subunit DPY30, and the
histone H2A variant Y (H2AY) and the chromatin regulator ASF1A, whose
expression was upregulated during the progression of T2D. (Supplementary
Fig. 3c-g). In this context, the upregulation of these chromatin remodelers

had been linked to metabolic control, and cellular stress and senescence™ ™.

Downregulation of catabolic and thermogenic genes during the
development of T2D

Since we observed a relatively lower proportion of shared genes between S2
and S3 groups among the down-regulated genes (Fig. 1f), we focused our
analysis on these, which may reflect the loss of function in specific processes
during the progression of the disease. Strikingly, our analysis revealed an
over-representation of rhythmic processes and circadian rhythm genes in all
three stages (Fig. 2a). Additionally, crucial pathways such as angiogenesis,
the insulin signaling pathway, transcription factors in adipogenesis, calcium
signaling pathway, and cAMP signaling pathway were consistently down-
regulated across all stages, with a more pronounced effect observed in the
PD and T2D groups (Fig. 2a).

Upon closer examination of exclusively differentially expressed genes
(DEGsS) in each stage, S1 exhibited notable enrichment in pathways such as
adrenergic receptor signaling, thyroid stimulating hormone, VEGF ligand-
receptor, and mRNA processing (Fig. 2b). In S2, the insulin signaling and
MAPK signaling pathways were revealed (Fig. 2c). Notably, S3 showed an
increased number of downregulated pathways related to cellular metabo-
lism, (Fig. 2d). These included sterol regulatory element-binding proteins,
PI3K-AKT-mTOR signaling, and hormone signaling (glucagon, insulin,
estrogen, and leptin pathways). Significantly, a decrease in fatty acid
metabolism-related transcripts, encompassing processes like fatty acid
metabolic and catabolic processes, fatty acid oxidation, and beta-oxidation,
were observed. Genes associated with thermogenesis, particularly positive
regulation of cold-induced thermogenesis, were downregulated at this stage
(Fig. 2d). Notably, genes regulating circadian rhythms were once again

identified, consistent with their higher representation in shared DEGs
(Fig. 2a, d).

Next, we sought to explore functional evidence for these identified
metabolic processes. We constructed a protein-protein interaction network
by analyzing the downregulated DEGs participating in the identified pro-
cesses (Fig. 2d). Interestingly, this analysis predicted the interaction of 86
proteins (Supplementary Fig. 4a), participating in key pathways controlling
metabolism, including circadian rhythms, lipid metabolic processes, PI3K-
AKT signaling, thyroid-stimulating hormone signaling, AMPK signaling,
insulin signaling, CAMP signaling, FoxO2 signaling, glucagon signaling
pathway, thermogenesis, and positive regulation of cold-induced thermo-
genesis, among others (Supplementary Fig. 4b). Importantly, correlation
analysis between the expression levels of genes coding for the interacting
proteins and clinical parameters related to glucose metabolism including,
blood glucose, insulin, HbAlc among others, revealed an increase in the
number of significant correlations as the disease progresses (Supplementary
Fig. 5, Supplementary Data 2).

These results support the notion that, in the later stages of T2D pro-
gression, the catabolic capacity of beige adipocytes is compromised. To
further assess this, we employed both BATLAS and ProFat computational
tools to predict the degree of beiging within each SAT sample’"”. Strikingly,
both methods revealed a reduced beiging capacity in the T2D group
(Supplementary Fig. 6a, b). Accordingly, a slight reduction of protein levels
of the sympathetic nerve marker tyrosine hydroxylase (TH) was observed
(Fig. 2e), suggesting decreased sympathetic innervation in the PD and T2D
groups™ .

Collectively, these results suggest that during the progression of T2D,
an increasing number of genes undergo transcriptional alterations, with a
notorious reduction in the expression of genes participating in key catabolic
processes.

Mitochondrial function is altered during the T2D progression in
beige adipocytes

Our results demonstrate that, during the progression of T2D, an increasing
number of genes involved in cellular pathways related to lipid catabolism,
the thermogenic pathway, and beiging undergo transcriptional alterations
(Figs. 1c, 2d, Supplementary Fig. 6a, b). Additionally, mitochondrial dys-
function and content have been associated with insulin resistance, T2D, and
obesity’®””. This organelle plays a pivotal role in the induction of thermo-
genesis in both brown and beige adipose tissues. In line with this, the relative
mitochondrial content in biopsies showed a gradual reduction in mtDNA
content (Fig. 3a), supporting the notion that cellular oxidative capacity is
compromised during the progression of T2D.

To directly test this possibility, we quantified cellular oxidative capacity
and calculated several bioenergetic parameters. Adipose-derived stem cells
(ASCs) were isolated from SAT biopsies and were differentiated to beige
adipocytes. To corroborate the differentiation towards beige adipocytes, we
also differentiated ASCs into white adipocytes and compared the relative
mitochondrial content™. Differentiated beige adipocytes exhibited a higher
relative mitochondrial DNA content compared to the differentiated white
adipocytes and to SAT biopsies, confirming successful stimulation of the
thermogenic program (Supplementary Fig. 7a, b)™.

By measuring the oxygen consumption rate (OCR) in beige cultures
from all groups, we found that basal respiration significantly decreased in
the PD and T2D groups compared with the NW or OW groups (Fig. 3b,
Supplementary Fig. 7¢), indicating reduced oxidative capacity. This altera-
tion may reflect an overall disturbance in cellular and mitochondrial
energetics. Strikingly, we observed a substantial decrease in proton leak and
coupling efficiency (Fig. 3¢, d, i), implying a reduction in mitochondrial
activity in these groups. Additionally, the glycolytic component of metabolic
capacity was also altered, showing a reduced glycolytic capacity in the
metabolically compromised PD and T2D groups (Fig. 3g), likely linked with
reduced insulin sensitivity, as observed in skeletal muscle®.

To identify metabolic phenotypes, we compared proton leak versus
coupling efficiency (Fig. 3i). Metabolically healthy cohorts (NW and OW)
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fell into the top right corner of the diagram, reflecting a higher catabolic
capacity and ATP synthesis. Conversely, the metabolically compromised
groups were distributed into the lower left corner, showing lower proton
leak and coupling efficiency. A similar profile was observed with glycolytic
capacity (Fig. 3j), indicating a reduction in carbohydrate utilization to
produce heat (presumably by proton leak) in the samples from metaboli-
cally compromised cohorts.

We further calculated the spare respiratory capacity (SRC) and bioe-
nergetic health index (BHI), two indicators of cellular functionality***'. SRC,
an indicator of metabolic flexibility, has been inversely related to browning
in adipocytes from obese individuals and to plasma glucose levels in obese
subjects”**’. We found a reduced SRC in the PD and T2D groups (Fig. 3e, k).
Similarly, lower values of BHI were observed in these groups (Fig. 3f, k),
indicating that beige adipocytes from metabolically unhealthy individuals
display reduced mitochondrial function and oxidative capacity. Indeed, BHI
has been identified to be lower in peripheral blood cells from patients with
T2D and nephropathy compared to those with non-complications* and is
positively related to fasting insulin sensitivity*.

When measuring the relative mitochondrial DNA content in differ-
entiated beige adipocytes, no differences were found (Fig. 3h), under pro-
beiging culture conditions. This finding suggests that mitochondrial dys-
function prominently contributes to the reduction in oxidative capacity
during the progression of T2D.

The circadian clock is progressively altered during the
progression of T2D

Given that the term “biological rhythm” emerged as the most represented
process in the interactome from the downregulated DEGs in the S3 (Sup-
plementary Fig. 4b), we assessed the number of known circadian-expressed
genes according to adipose tissue from human and mouse databases™. We
found that 4.6% and 18.4% of the interacting genes to be expressed in a
circadian manner in human and mouse adipose tissues, respectively (Sup-
plementary Fig. 4c, Supplementary Data 2). However, when considering
various tissues from post-mortem human adipose tissue and mice adipose
tissue we found that 95% of the interacting genes (Supplementary Fig. 4d,
Supplementary Data 2) were indeed expressed in a circadian manner
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Energy dissipation

Mitochondrial fitness

samples. One-way ANOVA followed by Tukey’s post-hoc test (a-d, h), Kruskal-
Wallis with Dunn’s (g), One way ANOVA with Welch's correction followed by
Dunnett’s T3 (f) and Welch ANOVA with Dunnett’s T3 (e). Significant difference
vs. NW group *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Significant dif-
ference vs. OW group #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. i-k
Bioenergetic phenotype, NW (n =11), OW (n=13), PD (n=16), T2D (n=17).
Error bars as mean + SEM.

(P<0.05, JTK-P)”, this suggests that the circadian clock may play a sig-
nificant role in the rhythmic expression of these genes.

To gain insights into the circadian clock function in each group, we
compared the expression of some clock-controlled genes (CCGs) in each
stage. Some genes were observed to be either upregulated or downregulated
across the three stages (Fig. 4a, b).

Assuming that the conserved transcriptional-translational feedback
loop mechanism controlling the circadian expression of core-clock genes
(CoCGs) which is the first layer of transcriptional regulation for thousands
of CCGs", we hypothesized that the expression level between CoCGs should
preserve a specific expression relation at each time of the day®. Since the
biopsies were collected in a narrow timeframe (7:00-8:00 h.), we calculated
the ratio between the expression of different pairs of core-clock genes. We
selected two sets of core-clock genes known to be expressed in antiphase:
ARNTL, CLOCK, NFIL3, NPAS1, NPAS3 as “Phase” genes and BHLHE40,
BHLHE41, CRY1, CRY2, DBP, NR1DI, NR1D2, PERI, PER2 as “Antiphase”
genes” (Fig. 4c, Supplementary Fig. 8n-p). In line with the enrichment of

circadian-related genes (Fig. 2a, d, Supplementary Fig. 4b), we observed a
progressive effect across the different groups. This effect was inverse
between antiphase genes as demonstrated by the PER2 and CLOCK ratios
(Fig. 4d, e, Supplementary Fig. 8a-m).

Indeed, the correlation analysis between the ratio values and the blood
glucose or HA1Ab parameters, show that the absolute values (abs) or ratios
values obtained from genes with similar acrophase (phase:phase or anti-
phase:antiphase) such as CLOCK:ARNTL or CLOCK:NPAS3, or PER2:-
PERI and PER2:CRY2 gene pairs, displayed significantly fewer correlations
than those obtained from phase-antiphase gene ratios (Fig. 4f, g, Supple-
mentary Fig. 9, 10). This finding highlights a progressive effect on the
different groups, suggesting that disruptions in the circadian clock during
disease progression—specifically, the expression patterns of antiphase core-
clock genes—may reflect a progressive alteration of the circadian clock
associated with disease development. This supports the notion that obesity-
related metabolic changes are closely tied to alterations in the main core-
clock genes™ ™.
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Circadian-expressed transcription factors involved in thermo-
genesis are dysregulated in T2D

Given the altered expression of CoCGs during the progression of the disease
(Fig. 4) and the significant proportion of identified DEGs from the inter-
actome being CCGs (Supplementary Fig. 4c, d), we aimed to identify
potential transcription factors (TFs) modulating the expression of these

All s1 S2 S3

genes. To this end, we conducted a promoter analysis on the interacting
genes. Remarkably, MAX and NFIL3 emerged as the TFs with the highest
number of targets, followed by ATF2, ESRI, PPARGCIA, CEBPB, HLF,
TFE3, RORB, and HIFIA (Fig. 5a—c). As these TFs potentially control genes
involved in the catabolic process and thermogenesis, we analyzed the cor-
relation between their expression and glucose metabolism parameters. In
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Fig. 5 | Dysregulation of circadian-expressed transcription factors involved in
thermogenesis and T2D. a Predicted transcription factors (TF) targeting inter-
acting genes involved in thermogenesis and catabolism. b Bar graph of targets per
TF, and Venn diagram depicting shared and exclusive targets for MAX and NFIL3.
¢ Differential expression of TF per stage. d Correlation heatmap between gene
expression and metabolism-related parameters (glucose, insulin, and HbAlc) per
stage, significant Spearman’s correlation coefficients (rho) were colored blue
(positive) and red (negative), (P < 0.01). e MAX relative expression, ANOVA with
eBayes, significant difference vs. NW group **P < 0.01, ***P < 0.001, significant
difference vs. OW group ##P < 0.01. f MAX protein levels on SAT from NW (black),

OW (gray), PD (orange), and T2D (red) individuals; MAX protein levels bar graph,
one-way ANOVA followed by Tukey s post-hoc test (1 = 3). MAX protein levels on
SAT from control (dark gray) and Impaired Fasting Plasma Glucose (FPG) (dark
gold) individuals, t-test (*P < 0.05) (n = 6). g Ratio of CoOCG:MAX gene expression.
Correlation heatmap between metabolism-related parameters (glucose, insulin, and
HbAIc) h CoCG:MAX ratios, and i MAX target genes, per stage. Significant
Spearman’s correlation coefficients (rho) were colored blue (positive) and red
(negative), P<0.01. NW (n=7), OW (n=8), PD (n=7), T2D (n = 8), independent
samples. Error bars as mean + SEM.

this context, an increasing association with metabolic parameters was
observed during disease progression (Fig. 5d, Supplementary Fig. 11a).
Notably, PPARGCIA showed a strong negative association in S2 and S3
(Supplementary Fig. 5, 11a, Supplementary Data 2).

While MAX and NFIL3 exhibited about 50% overlap in their target
genes (Fig. 5b), only MAX expression demonstrated a significant positive
correlation with glucose metabolism parameters (Fig. 5d). Importantly,
MAX showed a progressive increase in gene expression (Fig. 5e) and a
tendency to increase in protein content in the T2D vs. NW groups (Fig. 5f).
Since MAX is expressed in a circadian manner and has been recently
identified as a CoCG*"**, we calculated the ratio of gene expression between
CoCGs and MAX. Interestingly, the ratio values gradually decreased, mir-
roring the patterns observed with CLOCK ratios (Figs. 4e, 5g). Moreover,
correlation analysis revealed that the expression of some CoCGs in relation
to MAX inversely correlate with clinical parameters linked to glucose
metabolism (Fig. 5h). This supports the notion that MAX, is a core-clock
repressor for BMAL-targeted genes, experiences both an increase and/or a
phase-shift in its circadian repressive function during the progression of the
disease™.

Given that the predicted MAX targeted genes are crucial in the
metabolic regulation of glucose and lipid metabolism and thermogenesis
(Supplementary Fig. 11b), we analyzed the correlation between their
expression values and clinical parameters related to glucose metabolism.
Interestingly, most of these genes exhibited an increasingly inverse corre-
lation with the clinical parameters (Fig. 5i, Supplementary Fig. 11c). These
findings suggest that MAX plays a crucial role in the progressive circadian
disruption of CoCGs and key CCGs involved in thermogenesis during the
development of T2D.

Inflammatory processes are linked with the reduction of the
thermogenic program during the progression of T2D

To explore the mechanisms underlying the altered expression of key TFs
associated with the thermogenic program (Fig. 5a, b), we analyzed their
promoters to identify regulatory factors involved in their transcriptional
regulation. Interestingly, IRF1, IRF3, and IRF8 emerged as key regulators of
the expression of these TFs, with their expression levels increasing as the
disease progressed (Fig. 6a-d).

Next, we constructed a protein-protein interactome network using
these IRFs as “seeds”, allowing the inclusion of additional interacting pro-
teins (Fig. 6e). As expected, promoter analysis of the interacting genes
confirmed the pivotal role of IRF1, IRF3, and IRF8 in regulating the
expression of many of these genes (Fig. 6f). Moreover, virtually all the
identified genes were upregulated (with only one downregulated at each
stage), and all were DEGs at S3 (Fig. 6g).

Notably, enrichment analysis of the interactome revealed an increase in
biological processes and pathways related to inflammation, including type I
interferon signaling, positive regulation of the immune system, and
inflammatory bowel disease. Diabetes-related pathways, such as insulin
response, type I diabetes mellitus, and AGE-RAGE signaling in complica-
tions related to diabetes, were also identified (Fig. 6h). For instance,
inflammation can impair sympathetic innervation by reducing Zn" secre-
tion from BAT and subcutaneous WAT, which involves the expression of
several Zn* transporters, including members of the solute carrier family 39
member (SLC39A1, SLC39A7) and metallothioneins (Mtl and Mt2)®.

Accordingly, we observed increased expression of genes from these families
at S3, with a positive correlation with the metabolic parameters (Supple-
mentary Fig. 12a—c).

Subsequently, we analyzed the correlation between the expression of
the identified interactome genes and glucose metabolism-related clinical
parameters. As expected, these genes showed a strong positive correlation
with the clinical parameters, with the correlation strengthening as the
disease progressed (Fig. 61, Supplementary Fig. 13). These results not
only confirm the contribution of inflammation to the progression of
T2D%, but also link inflammation to the inhibition of key processes
involved in catabolic metabolism and the circadian clock through tran-
scriptional responses.

Cellular integrity is compromised during the progression of T2D
Our findings support the notion that inflammation is linked to circadian
and adipocyte dysfunction, as well as to a reduced thermogenic capacity
(Figs. 2a-d, 3a-k, Supplementary Fig. 4b, 6a, b). To explore these
mechanisms, we constructed a protein-protein interaction network using 13
selected genes involved in organelle homeostasis (ATP2A3, BAK1, BAX,
KEAPI, LRPPRC, NFE2L2, NLRC4, NLRP3, PLN, PPARGCIA, RYRI,
SIRTI, and STIMI) as “seed” genes, allowing the inclusion of additional
interacting genes (Fig. 7a). The Gene Ontology (GO) analysis revealed
biological processes associated with cellular integrity, including apoptosis,
inflammasome, necroptosis, response to stress, response to UV, mitophagy,
oxidative stress response, etc. (Fig. 7b). Notably, most of these genes
exhibited an increasingly positive correlation with clinical parameters
related to T2D (Fig. 7d).

About 60% and 81% of these DEGs were identified in S2 and S3,
respectively, while 39% were found in S1. Interestingly, only 6% were unique
to S1, compared to 12% and 25% in S2 and S3, highlighting the progressive
nature of these cellular stress-related genes (Fig. 7c).

Interestingly cGMP signaling has been linked to tissue integrity™' and
with brown adipocyte activation™. For instance, Natriuretic peptide (NP)
signaling, an upstream effector of the cGMP pathway, involves two key
receptors: NPR1*’ which produces cGMP and NPR3, which degrades NP.
Consequently, the NPRI:NPR3 ratio serves as a measure of brown adipo-
cytes activation®*. Our data revealed a consistent reduction in this ratio in
the OWs groups (Fig. 7e). Which indicates an increase in organelle damage,
as suggested by the identified processes including the BAK complex, BCL-2
family protein complex, and apoptosis (Fig. 7b). Specifically, BAX expres-
sion progressive increased through disease progression (Fig. 71).

To further test this observation, we measured the protein levels of the
pro-apoptotic proteins BAX and BAK. Consistently, both proteins were
upregulated in the OW groups along with a higher level of their partner
PACSI in these groups (Fig. 7g-i). Additionally, NLRP3 was overexpressed
in all the OW groups (Fig. 7j), acting as a cellular damage sensor that forms
the inflammasome complex, which can precede apoptosis®.

Our oxygen consumption experiments in differentiated beige adipo-
cytes culture, showed that PD and T2D groups exhibited impaired
respiratory capacity (Fig. 3b), a condition that triggers the mitochondrial-to-
nucleus retrograde signaling (MTNRS) under stress and inflammation. This
signaling reduces mitochondrial activity® "' and involves key mitochondrial
regulators such as LRPPRC, SIRT1, and PPARGC1A**”". In line with this,
we found a reduced expression of LRPPRC and PPARGCIA in the OW

Communications Biology | (2025)8:398


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07709-5

Article

PPARGC1 16
ESR1 7 1
.3 1.4
g5
0 o
>~ HIF1A T2 12
(]
ATF2 L0
0.8
NFIL3 RORB  TFE3

PRDM'I

T T T T 1
30 40 50 60

T
01 10 20
# DEGs

#
_12 Lo —
2514 v ]
5o H Ai 3o
22 % um \ B2
gs 10 v s
ffle®E e
0.9 °
038

PSMBS
> STAT? | ey

GBP2 ey

IATS

TLR3

SAwmﬁ
LLL|
M —J

STATH

ADAR oo _J

transcription regulator activity
response to insulin
AGE-RAGE signaling in diabetic complications
response to lipid
Jak-STAT signaling pathway
transcription regulatory region DNA binding
Inf y bowel di: (1BD)
positive regulation of innate immune response
Type | diabetes mellitus
inflammatory response
positive regulation of immune system process 1
type | interferon signaling pathway =

Lasm]
0 5102448
-LogP

e
Z o0 ma
5 By288 <%I_rcppeo
oReeo=ay I
_____ CEzgFFEEEEEEE RS
OE E | =
EDEE
i N = [ = =
""""""" S
O
5. __H EEN_ _l H_ N l_
NN RN N III’ n

Fig. 6 | Inflammation is linked to an impairment in the thermogenic program
during the progression of T2D. a Transcriptional network showing IRF1, IRF3,and
IRF8 as regulators of the identified TFs targeting thermogenic genes. b-d IRFI, IRF3,
and IRF8 relative expression, ANOVA with eBayes, significant difference vs. NW
group *P < 0.05, ¥**¥P < 0.01, ****P < 0.0001, significant difference vs. OW group
#P < 0.05, ##P < 0.01. e Protein-protein interactome network depicting known
proteins interacting with IRF1, IRF3, and IRFS8. f Transcriptional network from

interacting proteins illustrating the role of IRF1, IRF3, and IRF8 in their regulation.
g Interactome DEGs per stage. h Significantly enriched pathways from the inter-
actome. i Correlation heatmap between metabolism-related parameters (glucose,
insulin, and HbA1c) and interactome genes per stage. Significant Spearman’s cor-
relation coefficients (rho) were colored blue (positive) and red (negative), P < 0.01.
NW (n=7), OW (n=8),PD (n=7), T2D (n = 8), independent samples. Error bars
as mean + SEM.
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groups, and a significant decrease in SIRTI expression, specifically in the
T2D group (Fig. 7k-m).

Strikingly, the Ca'> channel TRPV4, a negative regulator of
PPARGCIA expression in adipocytes, and a known contributor to
inflammation and insulin resistance’”, showed a marked overexpressionina
progressive manner (Fig. 7n), suggesting its involvement in the MTNRS.

This overexpression is consistent with the observed mitochondrial
dysfunction.

To identify potential transcriptional regulators of the stress-related
proteins involved in these processes (Fig. 7a, b), we conducted promoter
analyses. STAT1, STATS, and several IRFs (IRF3, 4, 5,7, 8, and 9) emerged
as key transcription factors (TFs) involved in the regulation of these genes
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Fig. 7 | Transcriptional response to organelle dysfunction during the progression
of T2D. a Protein-protein interaction network of cellular stress-related genes is
dysregulated during the progression of T2D. b Significantly enriched pathways from
the interactome per stage. ¢ Bar graph of DEGs, from the interactome per stage, and
Venn diagram depicting shared and exclusive DEGs. d Correlation heatmap
between metabolism-related parameters (glucose, insulin, and HbAlc) and inter-
actome genes per stage, significant Spearman’s correlation coefficients (rho) were
colored blue (positive), P < 0.01. e NPR1/NPR3 expression ratio. One-way ANOVA,
followed by Tukey’s post hoc test. Significant difference vs. NW group ***P < 0.001.
g BAX and h BAK protein levels on SAT from NW, OW, PD, and T2D individuals.

Bar graph protein levels on SAT from NW (black), OW (gray), PD (orange), and
T2D (red) individuals, one-way ANOVA followed by Tukey s post-hoc test (n = 3),
*P <0.05, **P < 0.01. Protein levels on SAT from control (dark gray) and Impaired
Fasting Plasma Glucose (FPG) (dark gold) individuals, t-test (n = 6). f BAX,i PACS1,
j NLRP3, k LRPPRC,1 PPARGCIA, m SIRT1, n TRPV4, p STATI, STAT2, STAT3
relative expression, ANOVA with eBayes, significant difference vs. NW group

*P < 0.05, **P < 0.01, ****P < 0.0001, significant difference vs. OW group #P < 0.05.
o Transcriptional network of the interacting proteins. NW (n=7), OW (n =8), PD
(n=7), T2D (n = 8), independent samples. Error bars as mean + SEM.

(Fig. 70). Expression analysis further demonstrated a progressive increase in
the levels of STATI, 2, 3, and 6 (Fig. 7p). This family of TFs has been
implicated in MTNRS, supporting the notion that mitochondrial dys-
function progressively precedes the development of T2D"".

Finally, to gain insights into whether the identified processes are
deregulated following obesity, we identified the DEGs by comparing the
overweight groups as follows: S4 (OW vs PD), S5 (OW vs T2D), and S6 (PD
vs T2D) from the interactomes (Supplementary Fig. 14a—c), which are
involved in catabolism, inflammation, and cellular stress respectively. While
we found a lower number of DEGs within the three comparison sets when
comparing the stages S1-3, we observed a higher number of DEGs in the S6
from catabolism compared to the inflammation and cellular stress inter-
actomes. This suggests that inflammation and cellular stress might precede
metabolic regulatory processes during the development of T2D.

Discussion

Growing evidence suggest that brown and beige adipose tissues play a
crucial role in regulating glucose and lipid metabolism, serving as metabolic
sinks for these nutrients’. While animal models have supported the
hypothesis that BAT/beige adipose tissues can ameliorate metabolic dis-
orders and reduce blood glucose levels in patients with T2D"™". Recently,
clinical evidence has begun to corroborate this hypothesis in humans® ™.
However, the cellular mechanisms by which brown/beige adipocytes
function deteriorate during disease progression remain unclear.

By analyzing the SAT transcriptome of patients classified as normal
weight (NW), overweight (OW), pre-diabetes (PD), and type 2 diabetes
(T2D) (see Methods), we unveiled a progressive shift in its transcriptome
that affects key processes related to transcriptional control, signaling path-
ways, and cellular functions. Importantly, pathways participating in the
thermogenic program, such as cAMP, cGMP, and angiogenesis, were
downregulated across all stages, with more pronounced suppression in later
stages.

Interestingly, while S1 and S2 stages showed disruptions in
thermogenic-related functions, like adrenergic receptor signaling, thyroid
hormone signaling, and their downstream MAPK pathway, additional
impairments were noted at S3. These included fatty acid p-oxidation, lipid
catabolism, and positive regulation of cold-induced thermogenesis. This
pattern suggests that the adipocytes’ beiging capacity gradually deteriorates
during the progression of T2D, likely due to the cumulative transcriptional
alterations in key genes (Figs. 1af, 2a-d, Supplementary Fig. 4a, b). Indeed,
we observed negative associations between glucose metabolism parameters
and the expression of key genes involved in thermogenesis as well as
essential metabolic sensors and regulators, such as SIRT1, ERB3, PIK3CA,
PPARGCIA, PTEN, CPTIB, CIDEA among others”™, (Supplementary
Fig. 5, 11¢, Supplementary Data 2), reinforcing the link between impaired
thermogenesis and worsening glucose metabolism in T2D.

Growing evidence highlights the importance of epigenetic modifica-
tions in the development of T2D***. For instance, ATAC-seq studies
revealed differences in chromatin accessibility in specific loci between dia-
betic and non-diabetic pancreatic islet donors™. However, research on
adipose tissues has predominantly focused on DNA methylation®"*. In our
study, we observed an elevated expression of chromatin remodelers, such as
HDACI1 during the progression of T2D (Supplementary Fig. 3d-g).

HDACI1 deficiency promotes thermogenesis and energy expenditure™,

suggesting a possible link between its upregulation and reduced thermo-
genic capacity in T2D.

Similarly, the histone H2A variant Y H2AY, (macroH2Al), is asso-
ciated with regulating genes to lipid metabolism and adipocyte differ-
entiation, in fact genetic ablation of this histone leads to increased leanness,
improved glucose tolerance, and enhanced energy expenditure in mice fed
with a high-fat diet”. Consistent with previous studies™, we observed a
progressive increase in H2A.Y expression from S1 to S3. Strikingly, H2AY
acts as an epigenetic chromatin remodeler during the formation of
senescence-associated heterochromatin foci-a complex process in which the
chromatin regulator ASF1A plays a critical role”. Our data revealed an
upregulation of ASFIA expression and other senescence-associated genes,
including pro-inflammatory factors, interferon-regulated genes, (such as
CXCLI and NOX4), (Supplementary Fig. 3h, i). Notably, cellular senescence
is closely linked to T2D”. This highlights the importance of chromatin
remodeling mechanisms in the development of T2D.

Another significant finding was the enrichment of circadian clock
processes in all stages of the disease (Fig. 2a, d, Supplementary Fig. 4b). The
expression of core-clock genes was also gradually altered during the pro-
gression of the disease (Fig. 4a-g, Supplementary Fig. 8a-m, 9, 10). In this
regard, it has recently been observed that the number of WAT oscillatory
genes is reduced in individuals with T2D compared with lean individuals*.

The circadian clock orchestrates the expression of thousands of
metabolic-related genes ensuring that these genes are expressed at the
optimal time of the day to synchronize energy utilization and storage across
the organism™. Its disruption has been strongly associated with the devel-
opment of metabolic diseases and T2D*"*. In our study, we observed that
the expression ratio values between pairs of core-clock genes, progressively
diverge between groups and show strong correlations with clinical para-
meters (Fig. 4d-g, Supplementary Fig. 8a-m, 9, 10). This suggests that a
gradual phase-shift and/or amplitude disruption in the oscillation of core-
clock genes may play a significant role in the pathogenesis of T2D. Con-
sequently, these circadian disruptions could serve as early markers for dis-
ease progression, reflecting a breakdown in the temporal coordination of
metabolic processes.

This raises the question of how the circadian disruption in core-clock
genes alters the expression of their downstream target genes. Our analysis of
the promoter regions on DEGs coding for interacting proteins involved in
thermogenesis and metabolism revealed the prominence of four major
circadian-expressed transcription factors: NFIL3, MAX, PPARGCI1A, and
ATEF2. Among these, MAX stood out as the only transcription factor that
exhibited a progressive increase in expression (Fig. 5e, f), with a significant
and consistent correlation with the onset and progression of T2D (Fig. 5d).

Remarkably, recent research has shown that MAX is indeed a core-
clock gene, functioning as a transcriptional repressor for BMALL targets””.
The progressive increase in MAX expression, particularly in the later stages
of T2D, suggests that MAX may disrupt normal circadian feedback
mechanisms, leading to two potential outcomes: (1) phase-shifting or
altering the amplitude of circadian oscillations in core-clock genes and
clock-controlled genes, and (2), repressing the expression of target genes,
including both core-clock genes and metabolic effector genes. This
hypothesis is supported by the lower core-clock gene:MAX ratios in

Communications Biology | (2025)8:398

11


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07709-5

Article

individuals with T2D, as well as the strong negative correlations between
these ratios with several clinical parameters (Fig. 5g, h) and the progressive
increase in the strength of the negative correlation between the expression of
the predicted MAX target genes and the clinical parameters (Fig. 5i).

Our in-silico analysis revealed a link between MAX and inflammation,
highlighting its potential roles as a transcriptional target of the interferon
regulatory factors (IRFs) IRF1 and 8 (Fig. 6a-d). Indeed, IRF3, whose
expression is higher in the T2D group (Fig. 6¢), induces adipose tissue
inflammation and reduces sympathetic tone and browning"*’. This pro-
vides a potential mechanism by which inflammation could contribute to
thermogenic dysfunction in the context of T2D. Moreover, the non-coding
RNA mirl193b-365 acts as a key inflammatory regulator by blocking the
expression of MAX and reducing levels of CCL2, a pro-inflammatory factor
in human adipocytes””. Interestingly, mir193b-365 also plays a crucial role
in brown fat differentiation™, further reinforcing the role of MAX in ther-
mogenic regulation and inflammation.

In this regard, the link between the circadian clock and inflammation
has been demonstrated™. For example, in adipose tissue from obese patients,
NFKB subunit NFKB1 and RELA block BMAL:CLOCK-mediated tran-
scription, altering the expression of clock-controlled genes (CCGs). Inhi-
bition of NFKB reduces metabolic inflammation and restores the expression
of the core-clock gene Per2 in mice”. Consistent with this, we observed a
progressive induction of RELA along with a corresponding reduction in
PER2 and PER3 (Figs. 4b, g, 6i, Supplementary Data 2). Therefore, the
gradual increase in the inflammation during disease progression (Fig. 6a-i)
may impair thermogenic program and insulin sensitivity’”, partly through
circadian reprogramming of CCGs”.

Although, we did not observe differences in the expression of the
canonical thermogenic gene UCP], other UCP1-independent mechanisms
participate in energy dissipation, including futile cycles such as lipolysis/
fatty acid re-esterification, creatine/phosphocreatine, SERCA-mediated
calcium import and export cycles™'"'. We found that obesity was associated
with a decrease in the expression of genes involved in endoplasmic reticu-
lum (ER) and sarcoplasmic reticulum (SR) calcium cycling, including RYRI,
RYR3, CASQ2, and the key SERCA2b-regulatory protein phospholamban
(PLN) (Supplementary Data 2). In skeletal muscle, PLN inhibits SERCA2b
by reducing its calcium-binding affinity, forcing increased ATP consump-
tion to transport calcium and thereby enhancing energy expenditure'”.

Moreover, in the absence of UCP1, beige adipocytes can function as a
glucose sink, improving glucose tolerance independently of body weight via
the norepinephrine-Adrb3-cAMP axis. This pathway induces the expres-
sion and activation of PLN, leading to an increase in intracellular Ca™,
which further stimulates mitochondrial ATP synthesis at the expense of
glucose as the primary fuel source. The resulting ATP is hydrolyzed by
SERCA2b'”.

Intriguingly, some of the identified MAX targets are indeed involved in
the cCAMP and cGMP signaling pathways. On this regard, we identified
NPRI as a MAX target, which displays a reduced NPRI:NPR3 ratio in all
overweight conditions®**, supporting the notion that the alteration of
different components of the cAMP and gGMP pathways reduces SNS-
mediated browning during the progression of T2D***. This notion is fur-
ther supported by the observed reduction in the protein level of TH***.

Importantly, it has been observed that impaired mitochondrial
respiratory capacity results in decreased expression on thermogenic and
oxidative genes*”'**'”. This is triggered by an increase in cytosolic Ca™,
induced by mitochondrial oxidative stress, which activates the NLRP3
inflammasome pathway-dependent mitochondrial-to-nucleus retrograde
signaling”". It also involves a down-regulation of the key mitochondrial
regulator LRPPRC, which forms a transcriptional complex with
PPARGCIA®, and the key NAD+ dependent deacetylase SIRT1. SIRT1
deacetylates and activates PPARGCI A, thereby regulating the expression of
mitochondrial genes and inducing mitochondrial activation®'*"'"”.

Accordingly, we found that during the progression of T2D, NLRP3 is
gradually overexpressed while LRPPR and PPARGCIA were downregulated
in all stages, and SIRT1 at S3 (Fig. 7j-m). This implies that mitochondrial

stress/dysfunction induces a transcriptional reprogramming of mitochon-
drial genes linked to the progression of T2D. Supporting this notion, we also
found that the pro-apoptotic proteins BAX and BAK were upregulated at
late stages. Moreover, PACSI, which contributes to the oligomerization of
BAX and BAK and mitochondrial cell death'” was upregulated in all stages
(Fig. 7f-i). These proteins also participate in mitochondrial-to-nucleus
retrograde communication, inducing the expression of proinflammatory
genes under conditions of mitochondrial stress via STAT1-mediated acti-
vation of interferon-stimulated genes'”. This is consistent with the increase
of the TFs STATI-3 and 6 and IRFs (Figs. 6b-d, 7p).

Moreover, our data show that these proinflammatory transcription
factors can be induced by the IRF1, 3, and 8 (Fig. 6f). Hence, during the
progression of T2D, a mitochondrial-to-nucleus retrograde response
induced by inflammatory mechanisms and cellular stress finally leads to a
reduction in mitochondrial respiratory capacity, as reflected by the decrease
in the BHI and SRC (Figs. 3e, f, k, 8a).

This implies that during the development of T2D, there is a reduction
in the thermogenic capacity of SAT. This reduction is elicited by a complex
vicious cycle involving several cellular and molecular mechanisms altered by
environmental factors. First, various lifestyle habits, such as sleep/wake
timing, feeding time, and a high-caloric diet, can disrupt the circadian clock.
This can lead to weight gain and inflammation™'"’, exacerbating circadian
misalignment and triggering transcriptional reprogramming, in part by key
transcription factors such as IRFs, MAX, and STATSs. Second, since MAX is
a core-clock gene, this TF, along with inflammatory factors, may further
reprogram the circadian transcriptome. This affects the temporal coordi-
nation of thousands of genes and proteins, disrupting cellular homeostasis.
Third, these changes further impair mitochondrial function, which through
mitochondrial retrograde pathways reprograms the expression of mito-
chondrial genes, reducing oxidative capacity (Fig. 8a, b). Prolonged expo-
sure to this vicious cycle during aging, results in the progressive
accumulation of transcriptionally altered genes, worsening cellular home-
ostasis and physiological condition’.

Therefore, new chronotherapeutic approaches aimed at restoring the
circadian clock or enhancing key regulators could interrupt this harmful
cycle at one or several points, potentially preventing or even reversing the
development of T2D'"".

Our study has certain limitations. While we conducted functional
studies on cultured cells, most of our results were limited to transcriptional
analysis with limited protein expressions and no post-translational mod-
ifications. Such modifications would more precisely reflect how these
identified processes are being altered. In this context, proteomics and
metabolomics experiments would be valuable for understanding how the
identified transcriptional alterations affect cellular and biochemical pro-
cesses during the progression of T2D. Additionally, chromatin immuno-
precipitation experiments would be helpful for understanding the role of
identified regulatory factors in the development of T2D.

Another limitation of our study is that samples were collected at a
single time point in the circadian cycle. This limits our ability to analyze
how different genes with varying acrophases might be affected at other
times of day. To gain a more comprehensive understanding of circadian
system alterations in each stage, sampling at multiple time points or
analyzing synchronized beige cultures would be necessary. Additionally,
the modest sample size, although representative, limits statistical power
and subgroup analyses, such as exploring gender-specific effects. Larger
cohorts would be necessary to confirm these findings and enhance the
robustness of our conclusions. While obesity is a well-established risk
factor for T2D, further exploration of the disease’s progression in
normal-weight individuals would provide valuable insights into
mechanisms independent of adiposity.

Despite these limitations, to our knowledge, no previous study has
examined the transcriptomic profile across the full spectrum of T2D in
human adipose tissue. It highlights significant, stage-specific alterations in
gene expression and offers a detailed view of the intricate changes that
accompany T2D progression.
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In conclusion, our transcriptome analysis revealed a gradual accu-
mulation of transcriptional alterations on SAT during T2D progression.
Importantly, the dysregulation of the circadian clock from the early stage of
the disease, might be critical on this alteration, in decrement of vital cellular
processes regulating cellular metabolism and organelle function, favoring
stress-induced responses such as inflammation, apoptosis, and mitochon-
drial dysfunction.

Methods

Human Subjects

Sixty-two females and twenty-six males (43.5 + 23.5 years) were recruited.
Sample sizes were not statistically predetermined but were in line with those
used in other SAT transcriptome studies''>'"”. Men and women were divi-
ded into four groups according to their BMI, and the American Diabetes
Association for prediabetes and diabetes criteria for fast glucose plasma
(FGP) concentration and glycated hemoglobin (HbAlc) percentage'".
Inclusion criteria: NW (BMI 18.5-24.9 kg/m?), FPG 70-100 mg/dL and
HbAlc < 5.7% (n = 22), OW (BMI 25-34.9 kg/m?), FPG 70-100 mg/dL and
HbAlc<5.7%) (n=23), PD (BMI 25-34.9 kg/m’, FPG 110-125 mg/dL or
OGTT = 140 and < 200 mg/dL and HbAlc 5.7-6.4%) (n=21), and T2D
subjects (BMI 25-34.9 kg/m?), FPG > 126 mg/dL or OGTT > 200 mg/dL,
HbAlc 2 6.5%, with an initial diagnosis < 5 years and treated with met-
formin (n = 20). Exclusion criteria: Individuals who suffered from a 3rd and/

or 4th degree burns at any time of life, catecholamine-secreting tumors,
hyperthyroidism, and/or use of rosiglitazone.

Anthropometric measurements and body composition analysis
Anthropometric measurements were obtained under a 12-hour fasting
condition by trained dietitians. Waist and hip circumferences were mea-
sured using a non-stretchable SECA 201 measuring tape with 0.1 cm pre-
cision. Height was measured with a SECA stadiometer, and weight was
measured with a SECA mBCA 514 calibrated body composition analyzer.
Body mass index (BMI) was calculated as weight (kg) divided by height (m?).
Body composition analysis was performed with dual-energy X-ray
absorptiometry (DXA) (GE Healthcare, CoreScan software version).

Clinical and biochemical parameters

Systolic and diastolic blood pressure were measured by trained personnel
while the participant was seated and at rest. Immediately following blood
pressure measurement, venous blood samples were drawn by trained nur-
ses. HbAlc plasma concentration was measured using high-performance
liquid chromatography (HPLC) (variant II Turbo, BIORAD). Fasting
insulin levels were determined by chemiluminescence immunoassay
(Beckman Coulter Access 2). Plasma total cholesterol, triglycerides, and
HDL-cholesterol were measured using colorimetric assays (Unicel DxC 600
Syncron Clinical System Beckman Coulter). LDL-cholesterol was calculated
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using the Martin’s equation. Plasma glucose concentration was measured
with an automated glucose analyzer (Yellow Springs Instruments, OH,
USA). Subcutaneous adipose tissue (SAT) biopsies and blood samples were
taken between 7:00 and 8:00 h.

SAT biopsy and adipose-derived stem cell (ADSC) isolation

SAT biopsies were obtained by specialized surgeons in a sterile operating
room. Local anesthesia was injected 3 cm below the umbilical area, and a
small incision was made to collect the biopsy. Half was immediately frozen in
liquid nitrogen and stored at -80°C. The remaining portion of the biopsy was
used to isolate ADSCs. The tissue fragments were incubated with type I
collagenase (Gibco™ 17101-015) diluted in 1x Hanks’ Balanced Salt Solution
(Gibco™ 14025-092) at a concentration of 0.025% for 60 min under constant
shaking at 37°C. The cell suspension was centrifuged at 800 revolutions per
minute (rpm) for 15min. The pellet was resuspended in 3 mL of pro-
liferation medium (High Glucose DMEM 1x (Gibco, 12100-046), 10% fetal
bovine serum) (ByProducts, FBS19001), 1% Antibiotic- Antimycotic (Gibco,
15240-062), 1% MEM non-essential amino acids (Gibco, 11140-050), 1%
GlutaMAX (Gibco, 35050061), and 1 mM Sodium Pyruvate (Gibco,
11360070). Cell suspension was filtered through a 100 um pore cell strainer
(Sigma Z742101-50EA) and centrifuged at 800 rpm for 15 min. The pellet
was resuspended and seeded in a 60 cm” cell culture plate with proliferation
medium. The dish was placed in an incubator at 37°C and 5% CO,"".

Cell culture and adipogenic differentiation
ADSCs were cultured in proliferation medium. Every 48h, cells were
washed with sterile PBS 1X, and proliferation medium was replaced until
cells reached 100% confluence. ADSCs were used between passages 5and 7.

For beige adipocyte differentiation, the cells were exposed to beige
differentiation medium'® which consisted of proliferation medium, 20 mM
HEPES (Sigma, 12100-046), 1 uM insulin (PiSA, Insulex R), 1 uM rosigli-
tazone (Sigma, R2408), 1 pM Dexamethasone (Sigma, D1756), 500 uM
IBMX (Sigma, 15879), 50 uM indomethacin (Sigma, 17378), 1 uM CL
316,243 disodium salt (Abcam, AB144605), and 250 nM 3,3,5-triiodo-L-
thyronine (Sigma, T2877). Every 48 h, cells were washed with sterile PBS 1X,
and differentiation medium was replaced until ADSCs differentiation to
beige adipocytes was completed within 15 days.

A small sample of ADSCs was differentiated to white adipocytes using
the StemPro™ differentiation kit, following the manufacturer’s instructions.

Oil red staining and quantification by spectrophotometry
Lipid droplet accumulation was visualized during the ADSCs differentiation
for 21 days using the Oil-red-O staining technique. The differentiation
medium was removed, and cells were fixed by washing them with PBS 1X. A
4% paraformaldehyde solution (Sigma 158127-500) was prepared by
diluting with PBS 10X to a pH of 7.4, then added to the culture dish. After
30 min the fixing solution was removed.

The Oil Red O stock solution was prepared by dissolving 300 mg Oil-
Red (Sigma, 00625) in 100 mL of 99% 2-propanol. The working solution
was then made by diluting 24 mL of the stock solution with 16 mL of
distilled water and was filtered through a Whatman (Sigma, WHA1004125)
paper'"”. The cells were washed with distilled water, and 5 mL of oil red
working solution was added, followed by incubation under constant, gentle
shaking for 30 min at room temperature. Afterwards, the oil red working
solution was removed, and the cells were rinsed three times with distilled
water. They were then incubated with isoproterenol for 15 min on a plate
shaker.

A 100 L of the eluted oil red was used to measure the absorbance at
485 nm using a microplate reader (Synergy HTX Multi-Mode Reader) to
determine lipid accumulation during the white and beige differentiation
process'".
Western blot
Forty milligrams of SAT were lysed in 200 uL of RIPA buffer (50 mM
Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate,

and 0.1% SDS) supplemented with protease/phosphatase inhibitors
(cOmplete Roche, PMSF 1 mM, Na3VO4 1 mM, and NaF 0.5 mM) using a
TissueLyser LT (Qiagen) for two cycles of 2 min at 50 Hz. The samples were
centrifuged for 15 min at 12,000 rpm at 4 °C. After removing the upper fat
layer, the samples were centrifuged again for 15 min. Protein concentration
was quantified using the Bradford method, and 20 pg of protein was loaded
onto 10% or 12% polyacrylamide gels, resolved by SDS-PAGE, and trans-
ferred to 045 um PVDF membranes (Immobilon, Merck). Membranes
were blocked with 5% skim milk in TBS-Tween 0.05% and incubated
overnight at 4 °C with gentle agitation in one of the following primary
antibodies: mouse anti-Bak (AT38E2) 1:200 (SCBT sc-517390), mouse anti-
Bax (B-9) 1:200 (SCBT sc-7480), rabbit anti-TH 1:1000 (Per Freez P40101),
rabbit monoclonal anti-MAX 1:1000 (ab199489).

The secondary antibodies were HRP-conjugated anti-rabbit IgG (Cell
Signaling 7074, 1:10,000) or HRP-conjugated anti-mouse IgG (Cell Sig-
naling 18765, 1:10,000). HRP activity was detected with chemiluminescent
substrate (Immobilon Western, Millipore WBKLS0500) in the Gel Logic
1500 imaging system (Kodak). Densitometric analysis was performed using
the Gels function on the ImageJ software.

SAT RNA isolation

SAT biopsy RNA was isolated using the TRIzol method. A small sample was
cut and incubated in 200 pL of TRIzol at room temperature for 5 min. The
tissue was homogenized using an insulin syringe, and 40 pL of chloroform
was added. The mixture was gently agitated manually and incubated at
room temperature for 3 min. The samples were centrifuged at 12,000x g at
4 °C for 15 min. The upper aqueous phase was carefully transferred into a
fresh tube. Following this, 100 uL of isopropanol and 0.5 pL of glycogen were
added, and the mixture was incubated at room temperature for 10 min. The
samples were centrifuged at 12,000% g at 4 °C for 10 min. Isopropanol was
removed carefully. 200 pL of cold 70% ethanol was added, and the mixture
was centrifuged at 17,000x g at 4 °C for 5 min. This step was repeated twice.
Once the pellet was completely dried, it was resuspended in 15 pL of sterile
distilled water. RNA was quantified using the Nanodrop 2000 (Thermo-
Fisher Scientific™).

Mitochondrial DNA relative content analysis

Total DNA was isolated from differentiated adipocytes and SAT biopsies
using the DNeasy Blood and Tissue Kit (Qiagen, 69504) following the
manufacturer s protocol. Quantification was performed by subjecting 10 ng
of sonicated DNA to quantitative Real-Time PCR using iTaq Universal
SYBR Green Supermix (Bio-Rad, 172-5121) analyzed with the Quant-
Studio™ Real-Time PCR Software. The ratio between the mitochondrial
DNA-encoded gene cytochrome ¢ oxidase subunit 1 (mtCOX1) and the
nuclear gene 18S was calculated'"®. Primer concentration was 300 nM, and
the sequences were as follows: mtCOX1 (Forward 5-CCCACCGGCGT-
CAAAGTATT-3’, Reverse 5-TTTGCTAATACAATGCCAGTCAGG-3),
and 18S (Forward 5-ACAGGATTGACAGATTGATAGCTC-3, Reverse
5-CAAATCGCTCCACCAACTAAGAA3?).

Differentiated beige adipocytes oxygen consumption assay

Ten days prior to the assay, 5,000 cells were previously incubated for 5 days
with the beige adipogenic differentiation medium and were then seeded on
XFe96 culture plates (Agilent) treated with poly-L-lysine (Sigma P4832-50)
overnight. The remaining differentiation process was carried out on XFe96
plates. The XF Cell Mito Stress Test Kit (Seahorse Bioscience, 103015-100)
was used to perform the oxygen consumption assay, following the manu-
facturer’s protocol.

On the day of the assay, differentiated beige adipocytes were washed
with 200 pL of XF base medium without phenol red (103335-100), which
contained 10 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine
(pH adjusted to 7.4 at 37°C). Cells were incubated with 180 L of the base
medium in an incubator at 37°C without CO, for 1 h.

The previously hydrated cartridge was prepared with 200 uL of
calibrating solution (Agilent) and inserted into the Seahorse XFe96
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Analyzer™. Oxygen consumption rate was measured through the
sequential inhibition of mitochondrial respiratory complexes. 1) Basal
oxygen consumption; 2) inhibition of complex V by the injection of 2 uM
oligomycin; 3) 1 uM of the mitochondrial uncoupler carbonyl cyanide
p-trifluoromethoxyphenylhydrazone (FCCP); 4) inhibition of complex I
and IIT with 1 uM of rotenone/antimycin; 5) 2-DG (2-deoxyglucose) was
added at a concentration of 5mM. The respiratory parameters were
calculated with the following formulas***"'"’:

Non-mitochondrial respiration = (OCR rotenone/antimycin A)

Basal respiration = (OCR initial - Non-mitochondrial respiration)

ATP-linked respiration = (OCR initial - OCR oligomycin)

Maximal respiration = (OCR FCCP - Non-mitochondrial respiration)

Proton leak = (OCR oligomycin — Non-mitochondrial respiration)

Coupling efficiency = (Proton leak / ATP-linked respiration)

Spare respiratory capacity (SRC)=(Basal respiration / Maximal
respiration)

Bioenergetic health index (BHI) = (SRC X ATP-linked respiration) /
(Non-mitochondrial respiration X Proton leak)

Transcriptional profiling

Total RNA from approximately 20 mg of SAT tissue was extracted using
500 uL of TRIzol (Invitrogen) and quantified by UV spectroscopy (Nano-
Drop, Thermo Fisher Scientific). RNA quality was assessed with a RIN > 7.0
using the Bioanalyzer RNA 6000 (Agilent). Next, 150 ng of RNA was used
for transcriptome analysis using the Clariom D Human microarray
(Applied Biosystems) on a GeneChip 3000 scanner, performed by the
INMEGEN Microarray Analysis Unit. Raw data was normalized, and gene
expression values were obtained using the Transcriptome Analysis Console
(TAC) 4.0 software (Thermo Fisher Scientific).

The analysis of Expression (Gene + Exon) with SST-RMA summar-
ization method was employed to compare gene expression levels between
groups S1 (NW vs. OW), S2 (NW vs. PD), and S3 (NW vs. T2D) using
ANOVA with eBayes correction'. The differentially expressed coding
genes among groups were identified based on the criteria of P < 0.05 and |
log2(Fold Change) [>1.1. The transcriptomic data are available at Gene
Expression Omnibus GSE249298.

Bioinformatic analysis

Differentially expressed gene (DEG) sets between groups were visualized as
volcano plots using GraphPad Prism 8.4 and as Venn diagrams using Venn
Diagram Plotter 1.5.52. The sets were further analyzed for functional
enrichment using Metascape, exploring the GO Biological Processes,
Reactome Gene Sets, KEGG Pathway, and WikiPathways databases. Sta-
tistical significance was set at P <0.05 (-logP >1.3). Therefore, a more
positive (-log P) value indicates a lower probability that the observed
enrichment is due to chance. The analysis considers the total gene library
(N), the identified genes in each GO function (k), the gene list provided by
the user (M), and the shared genes between k and M (n). The P values are
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calculated using the following formula'*.

min(M.K) / ; N—k
b= Z (n)(M—i)

Selected genes were analyzed to identify protein-protein interactions
using the String plugin with a stringent cutoff score of 0.7'*. Circadian
clock-controlled genes (CCGs) were extracted from the “CircaDB” data-
base, considering circadian oscillation using a JTK-P value of P < 0.05 for
each gene”. The iRegulon plugin'*’ on Cytoscape was employed to predict
transcription factors driving the transcriptomic changes in selected genes,
using the default parameters and the human database. Spearman correlation
was used to identify correlations between the expression levels of selected
genes and clinical parameters utilizing the ‘Hmisc’ and ‘CorrPlot’ packages
for R". A significant correlation was considered when P < 0.05.

Statistics and Reproducibility

Means + standard error (SEM) were calculated, and different statistical tests
were used. A t-test analysis was employed to compare two independent
groups, a one-way ANOVA test followed by a post-hoc Tukey-Kramer test
was applied to compare three or more independent groups, or Dunnet’s
post-hoc when comparing a control group, provided that the variable data
was normally distributed (Shapiro-Wilk P >0.05) and homoscedastic
(Bartlett’s test P>0.05). If the data did not meet the assumptions of
ANOVA, the Kruskal-Wallis with Wilcoxon post-hoc test (non-normal and
homoscedastic data) or Welch’s ANOV A test with post-hoc Games-Howell
test (for normal and heteroscedastic data) were used. The analyses were
conducted using the ‘moments’, ‘rstatix’, and ‘plotrix’ packages for R"**™'.
Plots were obtained using GraphPad Prism 9.0. Factor analysis of mixed
data (FAMD) was performed to analyze the association between quantita-
tive (gene expression) and qualitative variables (diagnosis and sex). The
FAMD was conducted using FactoMineR, and factoextra'*'*.

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

Data availability

Data generated in this study are included in this published article and
Supplementary Data 1. The data associated with this study are available
from the corresponding author upon reasonable request. Transcriptomic
data is available at Gene Expression Omnibus GSE249298.
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