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The circadian clock plays an essential role in coordinating
feeding and metabolic rhythms with the light/dark cycle.
Disruption of clocks is associated with increased adiposi-
ty and metabolic disorders, whereas aligning feeding time
with cell-autonomous rhythms in metabolism improves
health. Here, we provide a comprehensive overview of re-
cent literature in adipose tissue biology as well as our un-
derstanding of molecular mechanisms underlying the
circadian regulation of transcription, metabolism, and in-
flammation in adipose tissue. We highlight recent efforts
to uncover the mechanistic links between clocks and ad-
ipocyte metabolism, as well as its application to dietary
and behavioral interventions to improve health and miti-
gate obesity.

Circadian clocks are endogenous timing systems that
allow organisms to anticipate and adapt to environmental
changes that occur over the 24-h day. Circadian disruption
is strongly linked to the development of metabolic disease
(Maury et al. 2014). Individuals who experience shift
work, jet lag, and sleep disorders develop glucose intoler-
ance, insulin resistance, and weight gain (Wang et al.
2014). Obesity is associated with late night eating and
an extended feeding window beyond 12 h in humans and
feeding during the light period in rodents (Kohsaka et al.
2007; Vujovié et al. 2022). Conversely, aligning mealtime
to the daylight in humans and active/dark period in ro-
dents leads to improved glucose homeostasis and reduced
adiposity (Arble et al. 2009; Sutton et al. 2018; Cienfuegos
et al. 2020). A molecular understanding of how circadian
rhythms regulate energy homeostasis in relation to the
light/dark cycle is of critical importance in obesity and
metabolic disorders.

The circadian clock is encoded by a conserved tran-
scription—translation feedback oscillator that regulates
thousands of clock-controlled genes (Takahashi 2017).
At the molecular level, the circadian clock activator
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complex CLOCK/BMALI regulates expression of the re-
pressors PER/CRY, which feed back to inhibit their
own transcription (Kornmann et al. 2007). An additional
feedback loop consisting of REV-ERB/ROR regulates
transcription of Bmall. In mammals, the central pace-
maker located in the suprachiasmatic nucleus (SCN) of
the hypothalamus is the primary regulator of circadian
rhythms in the body (Herzog et al. 1998). Peripheral tis-
sues also possess their own clocks that interact with tis-
sue-specific transcription factors to control physiology
in distinct metabolic organs (Bass and Lazar 2016). Un-
like the central SCN clock, which is exclusively en-
trained by light, peripheral clocks exhibit unique
plasticity in that they can be entrained by shifts in meal-
time and the macronutrient content of diet (Kohsaka
et al. 2007). RNA splicing as well as post-transcriptional
and post-translational levels of regulation contribute to
circadian oscillations in physiology (Cox and Takahashi
2019). Clocks work in different tissues often in opposing
ways. For instance, within the liver, clocks induce path-
ways important in gluconeogenesis and lipid oxidation
during fasting, whereas in the pancreas, the clock regu-
lates postprandial secretion of insulin essential in nutri-
ent uptake and storage (Lamia et al. 2008; Marcheva et al.
2010). Temporal separation imposed by circadian clocks
leads to distinct phases of reductive and oxidative meta-
bolic processes over the 24-h day.

The adipose tissue clock regulates rhythmic activa-
tion and repression of metabolic pathways in a reciprocal
manner and responds to various environmental cues to
meet metabolic demand (Fig. 1).The original discoveries
that clock disruption is strongly linked to diet-induced
obesity and that high-fat feeding at the wrong time of
day accelerates obesity reveal a central role of circadian
pathways in adipose tissue homeostasis (Turek et al.
2005; Kohsaka et al. 2007). Emerging studies focusing
on new insights into adipocyte cellular plasticity as
well as circadian control of adipose tissue metabolism,
architecture, and remodeling form the focus of this
review.
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Circadian regulation of adipose tissue metabolism
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Figure 1. Environmental inputs and physiological outputs of the adipose tissue clock. The adipose tissue circadian clock coordinates the
daily timing of metabolic reactions in anticipation of the 24-h light/dark cycle. The clock integrates various environmental cues to meet

metabolic demand.

Function and plasticity of distinct adipose tissue depots:
separate regions of circadian control

Adipose tissue is a dynamic organ that stores energy in the
form of triglycerides and releases fatty acids in response to
energy demands. In addition, adipose tissue secretes vari-
ous hormones, cytokines, and metabolites that contribute
to systemic nutrient balance and energy homeostasis. The
physiological significance of adipose tissue is highlighted
in individuals with excess adipose tissue (obesity) or an
abnormal deficiency of fat tissue (lipodystrophy). In either
of these conditions, the dysfunctional storage of lipid in
adipose tissue is accompanied by insulin resistance, dysli-
pidemia, inflammation, hepatic steatosis, and increased
risk of cardiovascular disease (Hepler and Gupta 2017).

Body fat distribution is one of the best predictors of met-
abolic health in obesity (Karpe and Pinnick 2015). White
adipose tissue (WAT) is anatomically organized into sub-
cutaneous or visceral compartments. Obese individuals
who store excess adiposity in the visceral compartment
are at a greater risk of developing metabolic syndrome
than those who accumulate adiposity in the subcutaneous
regions. This association is likely due to functional differ-
ences between depots, such as adipokine secretion, lipo-
lytic capacity, inflammation, and adipogenesis (Lee et al.
2013). Females tend to preferentially accumulate fat in
the subcutaneous region as compared with visceral; how-
ever, despite having greater adiposity than males, females
have a decreased risk for metabolic disease compared with
males (Palmer and Clegg 2015). Menopause is associated
with a redistribution of fat mass from subcutaneous to vis-
ceral depots, implicating a role for sex hormones in deter-
mining adipose tissue distribution (Toth et al. 2000). In
support of this, removal of the testes during sex reassign-
ment therapy is more metabolically protective as com-
pared with cross-sex hormone therapy alone in
transwomen (Nelson et al. 2016).

The way adipose tissue expands during caloric excess is
a critical determinant of health. Pathologic expansion
through enlargement of existing adipocytes (hypertrophy)
is associated with inflammation, hypoxia, and metabolic
dysfunction (Sun et al. 2011). As adipocytes reach their
maximal storage capacity, lipids “spill over” into nonadi-
pose organs, such as the liver, where they accumulate and
contribute to insulin resistance. Conversely, expansion of
adipose tissue through increased adipogenesis from pre-
adipocytes (hyperplasia) is associated with less inflamma-
tion and improved metabolic health. During weight gain,
females expand subcutaneous depots through adipocyte
hyperplasia, whereas males predominately accumulate
fat mass through hypertrophy (Tchoukalova et al. 2010).
A subset of obese individuals who do not have
cardiometabolic disease, termed “metabolically healthy
obese,” have reduced visceral WAT accumulation, small-
er adipocyte size, and less inflammation (Kl6ting et al.
2010). As discussed further below, healthy adipose tissue
is associated with high amplitude of circadian clock
genes, preserved metabolic rhythms, and diurnal prolifer-
ation of progenitors, whereas obesity and metabolic dis-
ease have flattening of these oscillations (Fig. 2).

Mammals also have brown and beige adipocytes, which
are specialized to dissipate energy in the form of heat.
Brown adipose tissue (BAT) exists in distinct depots,
whereas beige adipocytes are recruited in existing subcu-
taneous depots upon activation of p-adrenergic receptors
(Cannon and Nedergaard 2004). Thermogenic adipocytes
appear during physiologic stimuli such as cold exposure,
exercise, and cachexia. Both the master clock in the
SCN and the cell-autonomous adipocyte clock are in-
volved in thermogenic activation. Brown and beige adipo-
cytes are characterized by their multilocular appearance
and high mitochondrial content, as well as the presence
of uncoupling protein 1 (UCP1), which facilitates proton
leak across the inner mitochondrial membrane for heat
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Figure 2. Characteristics of metabolically healthy and unhealthy adipose tissue. “Healthy” adipose tissue is characterized by smaller
adipocytes that are enriched for lipogenic gene expression with increased adipogenesis, angiogenesis, and insulin sensitivity. Preadipo-
cytes are abundant in this tissue, and macrophage levels are low and predominantly anti-inflammatory. In contrast, “unhealthy” adipose
tissue is marked by hypertrophic adipocytes that are enriched for lipid-scavenging genes with decreased adipogenesis. This tissue is asso-
ciated with increased presence of fibro-adipogenic progenitors and proinflammatory macrophages and displays increased inflammation,
fibrosis, and insulin resistance. In lean animals, adipose tissue health is positively linked with high amplitudes of circadian clock genes,
metabolic rhythms, and diurnal proliferation of progenitors, whereas these properties are lacking in adipose tissue of obese animals.

generation. However, several UCP1-independent mecha-
nisms of thermogenesis have been identified, including
futile creatine cycling, accumulation of thermogenic reac-
tive oxygen species (ROS), proton leak through the ATP/
ADP carrier (AAC), calcium-dependent ATP hydrolysis,
and futile lipid cycling (Chouchani et al. 2019). Promising
studies in mice have revealed that brown and beige adipo-
cytes are significant regulators of weight, glucose homeo-
stasis, and hepatic health (Seale et al. 2011; Shao et al.
2016). Several studies have confirmed the presence of
thermogenic adipose tissue in humans that can be activat-
ed and contributes to nutrient homeostasis (Cypess et al.
2009; Virtanen et al. 2009). Consequently, there is a signif-
icant focus on investigating how thermogenic mecha-
nisms in adipocytes are regulated and can be activated
to improve human health.

The diverse spectrum of adipocyte subpopulations:
unique plasticity in response to environmental changes

WAT is composed of diverse cell types including adipo-
cytes, adipocyte progenitors, immune cells, and endothe-
lial cells. Adipocytes themselves are considerably
heterogeneous, as is readily apparent during histological
analysis of adipocyte size and number of lipid droplets
per cell. In addition, the type and appearance of fat cells
differ based on anatomical location within each depot.
For example, in the inguinal depot, there is a greater fre-
quency of beige adipocytes and smaller white adipocytes
near the lymph node (Barreau et al. 2016). The existence
of cellular heterogeneity within adipocytes and stromal
cells has vast implications for interpreting experimental
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data and understanding the complex metabolic functions
and circadian regulation of adipose tissue.

The advancement of single-nucleus RNA sequencing
has allowed for the unbiased discovery of transcriptionally
distinct adipocyte subtypes in adipose tissues. In epididy-
mal WAT, three major adipocyte populations have been
identified: lipogenic adipocytes (LGAs), characterized by
high levels of genes involved in lipid biosynthesis and
insulin response; lipid-scavenging adipocytes (LSAs),
which express high levels of genes involved in lipid uptake
and transport; and stressed lipid-scavenging adipocytes
(SLSAs), which have high expression of genes involved
in stress response, hypoxia, and autophagy (Sarvari et al.
2021; Emont et al. 2022). The antithermogenic transcrip-
tion factor Zfp423 was enriched in the SLSAs, which may
have a functional role in regulating the cellular identity
and function of these cells. In lean mice, LGAs are the
smallest and constitute the majority of all adipocytes,
whereas SLSAs exist in low abundance and are hypertro-
phic. During high-fat diet (HFD) feeding, LSAs and SLSAs
increase in frequency and gain expression of genes in-
volved in inflammation and fibrosis. It is unclear whether
the clock has a role in regulating the frequencies of sub-
populations or their unique functions. The core clock
gene Nr1d2 (REV-ERBp) is one of the top enriched genes
in SLSAs as compared with other adipocyte populations,
and its expression is significantly lower in LGAs. This
could indicate a functional role for REV-ERBB SLSAs or
potentially constitutively elevated REV-ERBp with clock
disruption in this subpopulation.

Thermogenic adipocytes also are heterogeneous, as ini-
tially observed through differences in UCP1 expression
among brown fat cells within the interscapular depot



(Cinti et al. 2002). Chen et al. (2019) discovered an unchar-
acterized subpopulation of beige adipocytes that is regulat-
ed independently of p-adrenergic receptor signaling.
Glycolytic beige fat (g-beige fat) in the inguinal depot ex-
presses high levels of genes involved in glycolysis and
has elevated glycolytic metabolism. This indicates that
thermogenic adipocytes exist as a heterogeneous popula-
tion, though it is unclear whether these diverse adipocytes
represent different stages of differentiation/activation or
distinct subpopulations with stable gene expression and
function. In addition, it remains to be determined whether
other subpopulations within beige adipocytes might be
uncovered under distinct stimuli. In a recent study, two
UCP1" beige adipocyte populations in inguinal WAT
were identified that can be separated by high or low expres-
sion of de novo lipogenesis (DNL) genes (Acly and Fasn)
(Holman et al. 2023). The DNL-high beige adipocytes
only emerged after long-term cold exposure (2 wk), and
the expression of these genes in beige adipocytes was at-
tenuated in aged mice.

In the interscapular BAT, Song et al. (2020) identified
two major populations of brown adipocytes: Adipog-
high brown adipocytes (BA-H), which have elevated ex-
pression of Ucpl, Adrb3, and genes involved in succinate
metabolism, high oxidative metabolism, and smaller lipid
droplets, and Adipog-low brown adipocytes (BA-L), which
are characterized by decreased Ucpl, increased genes in-
volved in futile creatine cycling and fatty acid uptake,
and decreased mitochondrial respiration. Cold exposure
and B3-adrenergic receptor agonism promoted the conver-
sion of BA-L to BA-H cells, whereas thermoneutrality con-
verted BA-H to BA-L adipocytes. This indicates that
distinct UCP1-dependent and creatine-dependent ther-
mogenic mechanisms may be programmed in individual
brown adipocyte subpopulations, as opposed to cells hav-
ing the ability to generate heat through both pathways at
the same time. This also provides evidence that adipocyte
subpopulations with distinct gene signatures in thermo-
genesis can interconvert under specific stimuli. Nfil3
(E4BP4) is a negative component of the clock that is en-
riched in the BA-H cells compared with the BA-L cells.
E4BP4 could have a functional role in BA-H cells, or its en-
richment could be a result of the sequencing performed at
only one time point. This could reveal either enrichment
of clock genes in one population or differences in timing of
the clock between subpopulations.

Distinct functions of adipocyte progenitors in remodeling

Prior to the emergence of commercially available single-
cell RNA sequencing, several studies investigated the ex-
istence of cellular heterogeneity within the WAT progen-
itor pool. Some of the earliest observations concluded
that adipocytes originate from perivascular mesenchymal
cells that express mural cell markers (e.g., smooth muscle
actin [SMA] and platelet-derived growth factor receptor
[PDGFR(]) (Napolitano 1963; Cinti et al. 1984; Tang
etal. 2008; Guptaetal.2012; Vishvanath et al. 2016). Anal-
ysis of adipose tissue from mice that express a reporter un-

Circadian regulation of adipose tissue metabolism

der the control of the adipocyte lineage-determining
transcription factor Pparg revealed that only a subset of
PDGEFRp" cells expresses Pparg (Tang et al. 2008). This is
consistent with the notion that adipocyte mesenchymal
stem cells have a hierarchical organization consisting of
stem cells and more committed preadipocytes but also
suggests the possibility that distinct perivascular cells
with nonadipogenic functions may exist. PDGFRp* cells
separated on the basis of the preadipocyte commitment
factor Zfp423 reveal that a subset of perivascular cells
that are Zfp423~ has enrichment of inflammatory genes
and low adipogenic capacity (Vishvanath et al. 2016). An-
other study found that a subset of PDGFRa"* cells that
expressed high levels of CD9 has a profibrotic and
proinflammatory gene signature with low adipogenic po-
tential (Marcelin et al. 2017). These observations demon-
strate that distinct perivascular cell populations in
adipose tissue contribute to adaptation and remodeling
of adipose tissue through unique adipogenic and nonadipo-
genic functions.

Single-cell RNA sequencing hasled to the identification
and characterization of subsets of adipocyte precursors
that contribute to adipose tissue physiology. A unified no-
menclature of the subpopulations has not been estab-
lished; however, it has been widely observed that two
major populations of adipocyte progenitors (DPP4* fibro-
adipogenic progenitors and DPP4~ preadipocytes) exist in
WAT depots (for a detailed review, see Maniyadath et al.
2023). In the visceral depot, the fibro-adipogenic progeni-
tors secrete antiadipogenic, profibrotic, and proinflamma-
tory signals, whereas the preadipocyte population
undergoes spontaneous adipogenesis in culture and upon
transplantation (Hepler et al. 2018). Circadian genes Perl
and Nfil3 were both enriched in the DPP4* fibro-inflam-
matory progenitors. In addition, visceral fat harbors a me-
sothelial cell population (PDGFRa*;CD9*;LY6C™), though
it appears these cells may not contribute to visceral adipo-
genesis (Burl et al. 2018; Westcott et al. 2021). Further
stratification of precursor populations reveals additional
subsets within these groups; however, it is unclear wheth-
er this deeper stratification corresponds with functional
diversity (Ferrero et al. 2020). Computational analyses
that infer differentiation trajectories predict that the
fibro-adipogenic progenitor population creates preadipo-
cytes before becoming fully committed into mature adipo-
cytes (Merrick et al. 2019). However, these fibro-
adipogenic progenitors isolated from the visceral depot of
adult mice have low adipogenic capacity in vitro and in
vivo when transplanted into lipodystrophic mice (Hepler
etal. 2018; Zhang et al. 2022a). Lineage tracing studies us-
ing a DPP4°™ER mouse showed that these progenitors give
rise to preadipocytes and mature adipocytes in visceral
WAT during HFD feeding (Stefkovich et al. 2021). Howev-
er, the frequency of labeling mature adipocytes from
DPP4* cells following 18 wk of HFD feeding is low in vis-
ceral depots when compared with the expected turnover
rate of ~10%-30% of visceral adipocytes arising from de
novo adipogenesis (Wang et al. 2013; Vishvanath et al.
2016). This indicates that the DPP4* fibro-adipogenic pro-
genitor population in visceral WAT is capable of
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undergoing adipogenesis, albeit at a low rate. More precise
lineage tracing strategies will be required to further under-
stand the contribution of fibro-adipogenic progenitors to
adipose tissue physiology.

In the inguinal WAT depot, both the DPP4* and DPP4~
populations are adipogenic in vitro and upon transplanta-
tion into mice (Merrick et al. 2019; Shao et al. 2021). The
DPP4* fibro-adipogenic population is highly proliferative
and gives rise to DPP4~ cells upon transplantation (Mer-
rick et al. 2019). Two additional smaller subpopulations
were identified and functionally characterized as antiadi-
pogenic: adipose-regulatory cells (Aregs; CD142" and
SCA1") and aging-dependent regulatory cells (ARCs;
CD36" and Lgals3*) (Schwalie et al. 2018; Nguyen et al.
2021). During HFD feeding, subcutaneous WAT is largely
refractory to undergoing adipogenesis; however, cold ex-
posure stimulates beige adipocyte formation in the ingui-
nal depot predominately from de novo beige adipogenesis
(Shao et al. 2019). Kajimura and colleagues (Oguri et al.
2020) identified a subset of DPP4~ progenitors in iWAT
marked by PDGFRa, SCA1, and CD81 that gives rise to
beige adipocytes upon exposure to cold.

Lineage tracing studies uncovered that classical brown
adipocytes are derived from Myf5* progenitors shared
with skeletal muscle but not white or beige adipocytes
(Seale et al. 2008). Single-cell analysis of interscapular
BAT identified Trpv1-expressing vascular smooth muscle
cells (VSMCs; aSMA*, SCA1~, and PDGFRa ™) as progeni-
tors that differentiate into brown adipocytes in response
to cold (Shamsi et al. 2021). In contrast, Burl et al. (2022)
identified a Pdgfra-expressing population, termed ASCI,
that does not express Trpv1 but appears poised to differen-
tiate in response to cold exposure. This population ex-
presses Col5a3, Cxclld4, Apod, and Bmper and is
localized in the tissue parenchyma and associated with
capillaries. The investigators also identified a Dpp4-ex-
pressing population of stromal cells, termed ASC2, that
is enriched for Pi16, Cd55, and Fnl and bears a resem-
blance to DPP4" cells in WAT. Single-cell analysis of aortic
perivascular adipose tissue, which resembles interscapu-
lar BAT, identified a fibro-adipogenic progenitor popula-
tion (Pdgfra®;Ly6a*;Dpp4*;Pi16*;Pparg~), a preadipocyte
population (Pdgfra*;Ly6a*;Pparg*;Acta2’), and a VSMC
progenitor population (Myh11*;Pdgfra”;Pparg”) (Angueira
etal. 2021).

Collectively, these studies have expanded our knowl-
edge of the existence of distinct adipocyte progenitor pop-
ulations that have functionally diverse roles. Moving
forward, careful consideration should be made when ana-
lyzing adipocyte progenitor cells during cell culture as-
says, flow cytometry analysis, or histology to capture
individual subpopulations. The frequencies and identities
of populations may change during environmental or ge-
netic perturbation. New populations may emerge under
certain stimuli, such as in response to cold exposure, calo-
ric restriction (CR), obesity, and aging. In addition, efforts
should be made to investigate individual contributions of
subpopulations when using genetic lines of mice that la-
bel all populations (i.e., Pdgfra-Cre, Pdgfrp-rtTA, and
SMA-CreERT?). Finally, single-cell RNA sequencing
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analyses with follow-up investigation of cellular function
are often only performed at a single time point, often from
samples harvested in animals during the rest (light) peri-
od. It is worth noting that most genes are rhythmic, and
downstream processes (discussed further below) such as
post-transcriptional modifications, metabolic pathways,
proliferation, and signaling responses are regulated by
time of day. Going forward, it will be important to gain in-
sight from sequencing and downstream analyses at multi-
ple time points within subpopulations to elucidate how
time of day elicits adipose depot-specific responses within
cells of different origins and functions.

Adipose tissue-resident immune cell populations
and their heterogeneity

Immune cells appear in adipose tissue early during devel-
opment before adipocytes are formed, when adipose tissue
resembles a dense mass of blood vessels (Zhang et al.
2022a). In lean individuals, adipose tissue-resident im-
mune cells contribute to metabolic homeostasis and tis-
sue remodeling (Ferrante 2013). During changes in
nutritional states or aging, the immune cell profile in ad-
ipose tissue shifts and can contribute to fibrosis, inflam-
mation, and insulin resistance (Wu et al. 2007a;
Zamboni et al. 2014). This occurs in part through secre-
tion of cytokines by adipocytes and adipocyte progenitors
that recruit and activate immune cells, which alters the
composition of resident immune cell populations.
Adipose tissue macrophages comprise the largest and
best-studied population of immune cells in adipose tis-
sue. Macrophage polarization was traditionally defined
to M1 or M2 states according to functional demand in re-
sponse to environmental changes (Benoit et al. 2008).
During infection, macrophage polarization to M1 state
is proinflammatory and defends against host pathogens.
In contrast, M2 macrophages are anti-inflammatory and
participate in repairing damaged tissue. M1 macrophages
accumulate during diet-induced obesity (DIO) in adipose
tissue and are marked by high expression of CDllc
(Lumeng et al. 2007). However, recent advances in sin-
gle-cell RNA sequencing have challenged the notion
that macrophages exist in bimodal M1 or M2 identities
and instead show a continuum of transcriptional states
with unique properties (Xu et al. 2013; Burl et al. 2018;
Hill et al. 2018; Jaitin et al. 2019; Weinstock et al.
2019; Sarvari et al. 2021; Cottam et al. 2022). In visceral
WAT, macrophages can be clustered into several distinct
categories based on the expression of genes involved in
perivascular or nonperivascular localization, phagocyto-
sis, lipid handling, extracellular matrix remodeling, and
cell cycle. Lipid-associated macrophages (LAMs) are en-
riched for genes involved in lipid metabolism and phago-
cytosis with localization to crown-like structures (CLSs).
In response to HFD feeding, LAMs proliferate, and both
the perivascular and nonperivascular macrophages adopt
a LAM-like signature (Sarvari et al. 2021). A similar
diverse spectrum of macrophages was observed in BAT
(Gallerand et al. 2021). Heterogeneity in other immune



cell subpopulations in adipose tissue, including mono-
cytes, T cells, B cells, innate lymphoid cells, and den-
dritic cells, has been investigated (for a complete
review, see Duerre and Galmozzi 2022).

Role of clocks in adipogenesis

The degree of insulin resistance is positively correlated
with adipocyte size (Salans et al. 1968). Adipocyte progen-
itors isolated from metabolically healthy obese individu-
als have a higher propensity to undergo adipogenesis as
compared with unhealthy obese individuals with hyper-
trophic adipocytes (Gustafson and Smith 2012). These ob-
servations suggest that hypertrophic obesity is due at least
in part to impairment of adipocyte progenitors to undergo
adipogenesis. Consistent with this notion, enhancing adi-
pogenesis during development or in adulthood protects
against metabolic disease during caloric excess (Shao
et al. 2018; Zhang et al. 2022a). Thus, understanding the
molecular regulation of adipogenesis may lead to new
therapeutic targets that improve health.

Adipogenesis is the process whereby adipocyte precur-
sors restrict their fate to the adipocyte lineage and undergo
differentiation into mature lipid-laden adipocytes. PPARy
is the master regulator of adipocyte differentiation
(Chawla and Lazar 1994; Tontonoz et al. 1994). Several
other transcription factors, including ZFP423, C/EBPaq,
and C/EBPp, are also involved in adipocyte differentiation
(Ghaben and Scherer 2019). There is robust circadian clock
activity in adipocyte progenitors (Wu et al. 2007b). The ex-
pression of several clock genes is further induced early in
the process of adipogenesis (Chawla and Lazar 1993; Aus-
tin etal. 1998; Fontaine et al. 2003). Early studies identified
Nridl as being essential during 3T3L1 adipogenesis
(Chawla and Lazar 1993; Wang and Lazar 2008; Kumar
et al. 2010). Loss of the circadian clock activators CLOCK
orBMALI leads to a decrease in the expression of the clock
repressors and Nrid1. However, ablation of BMALI has
been reported to exhibit mixed results on adipogenesis.
One study found that ablation of Bmall in embryonic fi-
broblasts leads to impaired adipocyte differentiation
(Shimba et al. 2005). Other reports have revealed that dele-
tion of BMALL in several cell types, including 3T3L1 pre-
adipocytes, embryonic fibroblasts, and C3H10T1/2
mesenchymal stem cells, leads to increased adipogenesis
through suppression of canonical Wnt signaling (Guo
etal.2012; Nam et al. 2015). In addition, visceral preadipo-
cytes isolated from ClockA19 mice have an increased pro-
pensity to undergo adipocyte differentiation through
transcriptional regulation of glucocorticoid-induced leu-
cine zipper (GILZ) by CLOCK (Zhu et al. 2018). Deletion
of the clock repressor Per2 in MEFs or 3T3L1 adipocytes
leads to an increase in adipogenesis through direct dere-
pression of PPARy (Grimaldi et al. 2010). Similarly, genetic
deletion of the paralog Per3 in inguinal adipocyte progeni-
tors increases adipogenesis through derepression of KIf15
(Aggarwal et al. 2017). Conversely, deletion of Cryl in
3T3-L1 cells and C3H10T1/2 or of Rora in MEFs reduces
adipogenesis (Duez et al. 2009; Sun et al. 2018).

Circadian regulation of adipose tissue metabolism

These differing findings on the role of the preadipocyte
circadian clock in adipogenesis may have arisen for sever-
al reasons. The circadian clock is encoded by an autoregu-
latory transcriptional feedback circuit whereby genetic
ablation of one transcription factor perturbs the expres-
sion of other circadian clock proteins and in turn produces
opposing effects on downstream rhythmic processes.
Therefore, an observed effect on adipocyte differentiation
after deletion of one clock factor may result in indirect and
compensatory regulation of adipogenesis by another com-
ponent of the clock. Individual clock transcription factors
may also regulate adipogenesis through interaction with
other nonclock proteins. Furthermore, in vitro adipogene-
sis assays are not completely representative of in vivo adi-
pogenesis. Mice with global mutations in Clock (Turek
et al. 2005), Bmall (Shimba et al. 2011), Per2 (Yang et al.
2009), Per3 (Dallmann and Weaver 2010), Nr1d1 (Delezie
et al. 2012), and Cry1/2 (Barclay et al. 2013) exhibit fea-
tures of metabolic syndrome, dyslipidemia, adipocyte hy-
pertrophy, and ectopic lipid accumulation in response to
HFD. These models of genetic clock mutations do not ex-
hibit a complete absence of adipocytes, which indicates
that adipogenesis at least during development is not in-
hibited by manipulation of core clock genes. A more com-
prehensive investigation into the role of clocks in
adipogenesis in vivo using genetic tracing and manipula-
tion of circadian clock components specifically in preadi-
pocytes is warranted.

A functioning rthythmic circadian clock is an essential
regulator of the multiday process of adipocyte differentia-
tion. Individual preadipocytes undergo adipogenic com-
mitment—as defined by an increase in PPARy
abundance above a critical threshold—in daily bursts as
opposed to all at once (Zhang et al. 2022b). The precise
timing of irreversible commitment to differentiate in indi-
vidual cells is during the rising phase of REV-ERBq, which
corresponds to the inactive/sleep period in mice. Cells
that do not reach the threshold for adipogenic commit-
ment on the first rising phase of REV-ERBa may try again
the next day. Knockdown of Bmall, which reduces Nrid1,
leads to commitment to differentiate in one peak, as op-
posed to multiple daily bursts when the clock is rhythmic.
This may in part explain why ablation of Bmall appears to
increase the rate of adipocyte differentiation in vitro (Guo
et al. 2012). Clock-mediated restriction of differentiation
commitment to the rest phase is gated by C/EBPa, which
has two BMAL1/CLOCK-regulated E-boxes upstream of
its promoter (Ahrends et al. 2014; Zhang et al. 2022b).
This suggests that dysregulation of circadian clocks,
such as during shift work and obesity, may impair adipo-
genesis through disruption of rhythmic differentiation
commitment.

In healthy animals, adipocyte differentiation-inducing
hormones, such as glucocorticoids, oscillate in a circadian
manner. Loss of daily rhythms in glucocorticoids corre-
lates with increased obesity and metabolic disease. Gluco-
corticoid receptor agonism is a standard component of the
adipogenic cocktail for the first 48 h to induce differentia-
tion in vitro (Pantoja et al. 2008). Interestingly, adipocyte
commitment does not occur under normal 12-h on/12-h
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off circadian glucocorticoid cycles in vitro (Bahrami-
Nejad et al. 2018). In mice, flattening of glucocorticoid os-
cillations results in increased visceral fat mass and viscer-
al adipocyte number, suggesting increased adipogenesis.
At the molecular level, glucocorticoids may control the
rhythmic expression of adipogenic targets through direct
interaction with the core clock repressor CRY1 (Lamia
et al. 2011). Alternatively, glucocorticoid signaling may
modulate adipogenesis through inhibition of COPI1, a
ubiquitin ligase that functions as a hub to modulate nutri-
ent-responsive transcription factors (Rizzini et al. 2019).
The persistent elevation in glucocorticoids during Cush-
ing’s disease and chronic stress may explain how these
disorders result in increased adiposity (Bahrami-Nejad
et al. 2018).

The circadian clock temporally regulates metabolic
pathways and cellular processes in part through control of
metabolite levels that may modulate adipogenesis at
the post-transcriptional level. For example, the clock regu-
lates mitochondrial oxidative function through controlling
nicotinamide adenine dinucleotide (NAD*) biosynthesis
through control of the rate-limiting enzyme in NAD*
biosynthesis, nicotinamide phosphoribosyl transferase
(NAMPT) (Ramsey et al. 2009; Peek et al. 2013). During adi-
pogenesis, nuclear NAD" levels decline along with an in-
duction of cytoplasmic NAD* synthesis (Ryu et al. 2018).
NAD" also functions as an obligate cofactor of the poly
(ADP-ribose) polymerase 1 (PARP-1), a regulator of C/EBP
activity (Luo et al. 2017). The decline in nuclear NAD* dur-
ing the early stage of differentiation results in reduced
PARP-1 activity, increased C/EBPp binding to chromatin,
and enhanced adipogenesis. Consistent with these findings,
depletion of NAD" in preadipocytes leads to an increase in
adipogenesis (Sanchez-Ramirez et al. 2022). However, ter-
minal differentiation involves activation of SIRT1 by
NAD" (Sanchez-Ramirez et al. 2022). This indicates an ad-
ditional potential link between rhythmic metabolite oscil-
lation and adipogenesis. Therefore, temporal and spatial
control of NAD* synthesis, which is regulated by the circa-
dian clock, is critical in adipogenesis.

Diurnal proliferation of adipocyte progenitors

It has been suggested that adipocyte differentiation re-
quires mitotic clonal expansion to maintain the precursor
pool (Tang et al. 2003). Labeling with BrdU demonstrates
that visceral adipocyte progenitors (Lin~;CD29%;CD34%;
Sca-1") proliferate in response to HFD feeding (Jeffery
et al. 2015). However, only a small fraction of newly gen-
erated adipocytes is labeled with BrdU after HFD feeding
(Jeffery et al. 2016). This indicates that the majority of vis-
ceral adipogenesis during HFD feeding may not require
precursor proliferation. In support of this finding, the vis-
ceral fibro-adipogenic subpopulation proliferates in re-
sponse to HFD, whereas the preadipocyte cells have a
low rate of proliferation (Marcelin et al. 2017; Hepler
et al. 2018).

Adipocyte progenitors (Lin";CD34%) undergo diurnal
proliferation, with elevated EdU incorporation during
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the onset of the light period (ZTO0) as compared with the
onset of the dark period (ZT12) (Ribas-Latre et al. 2021).
HEFD feeding or deficiency of Clock results in abolished di-
urnal regulation of progenitor proliferation and instead re-
sults in constitutively elevated proliferation. Therefore,
there may be a metabolically healthy benefit to suppress-
ing progenitor proliferation during the dark period (ZT12).
The visceral preadipocyte subpopulation with high adipo-
genic capacity has low expression of CD34 (Hepler et al.
2018; Buffolo et al. 2019). Consistent with this, the viscer-
al progenitor population with high proliferative capacity
during HFD feeding appears to be the fibro-adipogenic
cells rather than the preadipocytes (Hepler et al. 2018).
A more refined analysis of the rhythmic proliferative ca-
pacity of subpopulations (adipocyte progenitors and pre-
adipocytes) in adipose in response to HFD feeding is
warranted.

Rhythmic transcription and metabolism in adipocytes

Adipocytes have intrinsic circadian clocks that oscillate
even in the absence of the central pacemaker (Fig. 3; Kolbe
et al. 2016; Friedrichs et al. 2018). Several thousands of
genes display diurnal rhythmic expression in adipose tis-
sue, including metabolic genes, adipokines, and adipocy-
tokines (Zvonic et al. 2006; Shostak et al. 2013; Zhang
et al. 2014). BMAL1/CLOCK generates rhythms in C/
EBPa-mediated transcription of Leptin and PPARy/
PCGla-mediated expression of Adiponectin (Barnea
et al. 2015; Kettner et al. 2015). Jonckheere-Terpstra-Ken-
dall (JTK) cycle analysis of adipocyte-specific gene expres-
sion at a 4-h resolution using Adiponectin-Cre;NuTRAP
mice housed at thermoneutrality revealed that 28% of
genes in brown adipocytes and 17.3% of genes in inguinal
adipocytes oscillate (Hepler et al. 2022). In brown adipo-
cytes, most of the rhythmic transcripts reach maximal
abundance during a single phase of the circadian cycle
around ZT1, corresponding to the early rest period in
mice. Oscillating genes in inguinal adipocytes display
two phases of maximal amplitude around ZT7 and
ZT22. Analysis of chromatin accessibility using assay
for transposase-accessible chromatin by sequencing
(ATAC-seq) identified a considerable number of ATAC-
seq peaks as rhythmic (16% and 12.7% of identified peaks
oscillate in brown adipocytes and inguinal adipocytes, re-
spectively). Motif enrichment analyses revealed rhythmic
chromatin opening in areas occupied by transcription fac-
tors including PPARy, C/EBP, ESRRp, and EBF that regu-
late energetic, adipogenic, and inflammatory gene
networks. This indicates that temporal ordering of cellu-
lar processes in adipocytes are regulated at the genomic
and transcriptomic levels, which may be coordinated by
the cell-autonomous adipocyte circadian machinery.
The rhythmic expression of transcription factors and
metabolic enzymes in adipose tissue leads to functional
changes in metabolism throughout the day (Fig. 2). Syn-
chronized adipocytes display cell-autonomous rthythms in
lipolysis and response to isoproterenol (Pendergrast et al.
2023). Mice that undergo maximal exercise during the early
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signals from nutrient signaling and inflammatory pathways, which serve as regulators to link circadian thythms with metabolic changes.

active phase have increased serum NEFAs and expression
of thermogenic genes in inguinal WAT, as opposed to those
that undergo exercise during the early rest phase (Pender-
grast et al. 2023). This highlights a transcriptomic and met-
abolic response in WAT in response to timing of exercise,
which may be coordinated by the adipocyte clock control
of mitochondrial lipid oxidation (Peek et al. 2013). Metabo-
lomics profiling at a 4-h resolution over the 24-h day re-
vealed that several metabolites oscillate in adipose tissues
(Dyar et al. 2018). The most highly abundant metabolites
in adipose tissues relative to other tissues were lipids. In
BAT, enriched rhythmic metabolite pathways included py-
rimidine, dipeptide, and lysolipid metabolism, whereas in
WAT, guanidino/acetamido and lysine pathways were
rhythmic. HFD feeding for 10 wk led to a change in the
abundance and rhythmicity of metabolites across tissues.
Several metabolites gained rhythmicity in WAT, including
many fatty acids. In BAT, HFD feeding led mainly to loss of
metabolite thythmicity and gain in cycling of some metab-
olites involved in lysine-, purine-, and guanine-containing
pathways. Analyses of adipocyte-specific rthythmic gene
expression and metabolite abundance in mice with a
genetically disrupted adipocyte clock under distinct
environmental conditions (e.g., lean/obese, fasted/fed, or
thermoneutral/cold) would reveal the contribution of the
adipocyte clock to rhythmic adipose tissue metabolism.
The redox coenzyme NAD" functions as a hub, linking
core clock oscillations with pathways involved in metab-
olism, chromatin remodeling, RNA processing, and in-

flammation in adipocytes (Yamaguchi and Yoshino
2017). NAD" levels are regulated in part through clock
control of the NAD" salvage biosynthesis enzyme Nampt.
NAMPT has also been reported to circulate in the blood as
extracellular NAMPT (eNAMPT), with reduced circulat-
ing levels following ablation of Nampt in adipocytes
(Yoshida et al. 2019). Adipocyte-derived eNAMPT is ele-
vated during fasting, whereas circulating eNAMPT oscil-
lates and peaks during the dark period when mice feed
(Park et al. 2023). Intraperitoneal administration of
NAMPT suppresses fasting-induced hyperphagia (Park
et al. 2023). Therefore, adipocyte-derived eNAMPT may
have a role in appetite during fasting.

The recent identification of SLC25A51 as the mito-
chondrial NAD" transporter suggests that deficiency of
NAD" biosynthesis in cytosol might in turn contribute
to impaired mitochondrial respiration in Bmall-deficient
animals (Peek et al. 2013; Kory et al. 2020; Luongo et al.
2020). Loss of Nampt in adipocytes using Adiponectin-
Cre leads to a marked decrease in levels of NAD" and sal-
vage pathway intermediates (Yamaguchi et al. 2019). Ab-
lation of Nampt in adipocytes also results in a decrease in
the amplitude of clock gene expression and loss of rhyth-
micity of TCA cycle intermediates, particularly in BAT
(Basse et al. 2023). These mice have impaired adrenergic-
mediated lipolysis, severe cold intolerance during cold ex-
posure when fasting, and increased adipose tissue inflam-
mation and mitochondrial dysfunction (Yamaguchi et al.
2019; Franczyk et al. 2021).
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Mice with deletion of Nampt only in UCP1* cells have
normal cold tolerance, despite these mice having im-
paired mitochondrial function in BAT. This suggests
that the impairment in WAT lipolysis during fasting is
the primary driver of cold intolerance. However, it is un-
clear whether compensatory UCP1-independent thermo-
genesis rescues the body temperature phenotype in mice
lacking Nampt in brown adipocytes. In support of this,
mice lacking Nampt in all adipocytes have an increase
in the expression of genes involved in futile creatine cy-
cling in BAT and have improved cold tolerance under
fed conditions (Basse et al. 2023). NAD" levels also feed
back to the clock to influence circadian physiology
through deacetylation of PER2 by the NAD"-dependent
class Il histone deacetylase SIRT1 (Nakahata et al.
2009; Ramsey et al. 2009; Levine et al. 2020). This raises
the possibility that some of the actions of NAD* within
thermogenic adipocytes may involve changes in the activ-
ity of SIRT1, PER2, and CLOCK/BMALL. Together, these
findings reveal that rhythmic NAMPT-mediated NAD*
biosynthesis is critical in adipocyte metabolic flexibility
and whole-body energy homeostasis.

Adipocyte clocks and obesity

Genetically obese (ob/ob or KK-Ay) mice have altered or
dampened oscillations of clock genes in adipose tissues
(Ando et al. 2005, 2011). HFD feeding dampens rhythmic-
ity of several components of the core clock in a tissue-spe-
cific manner (Kohsaka et al. 2007). In particular, the
expression of the clock repressors is suppressed in WAT
during DIO (Hong et al. 2018). Obesity is characterized
by chronic low-grade inflammation with increased secre-
tion of cytokines and infiltration of immune cells (KI6ting
and Bliher 2014). This chronic inflammatory state in
WAT is a major contributor to insulin resistance and met-
abolic dysfunction (Hardy et al. 2011). Activation of NF-
kB results in marked inhibition of the clock repressors
and relocalization of CLOCK/BMAL1 genome-wide
(Hong et al. 2018). Conversely, inhibition of NF-«B signal-
ing through genetic deletion of IKKp leads to up-regula-
tion of the repressors of the circadian core genes in
visceral WAT (Hong et al. 2018). In addition, BMALI re-
cruitment to target genes is restored by inhibition of
NF-kB in adipocyte progenitors (Maury et al. 2021). This
suggests that the mechanism for reduced expression of
the clock repressors in WAT results at least in part from
sustained activation of NF-xB during obesity. Impaired
PPARYy activity also disrupts Bmall expression via re-
duced methionine and glutamine uptake, which results
in decreased H3K27ac and H3K4me3 at the Bmall pro-
moter (Wang et al. 2022).

The original discovery that Clock mutant mice become
obese and develop metabolic disease revealed a strong link
between circadian disruption and obesity (Turek et al.
2005). Genetic deletion of the essential clock activator
Bmall also leads to increased weight gain early in life (La-
mia et al. 2008). This increase in weight gain in both mod-
els is attributable predominately to expansion of visceral
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adiposity with hypertrophic adipocytes and decreased li-
polysis (Shostak et al. 2013). Whole-body ablation of sever-
al other components of the clock affects susceptibility to
DIO (Tsang et al. 2017). However, global manipulation of
circadian clock components often affects daily rhythms in
feeding and activity, which confound metabolic analyses
specific to peripheral organs.

Adipocyte-specific deletion of the clock activator
Bmall using Adiponectin-Cre results in increased weight
gain during HFD feeding (Paschos et al. 2012). Mice lack-
ing an adipocyte clock display increased food intake dur-
ing the light period and decreased energy expenditure
throughout the day prior to divergence in body weight.
The investigators found that the increased food intake
was associated with temporal changes in circulating poly-
unsaturated fatty acids (PUFAs), which are sensed by the
hypothalamic feeding centers. In support of this, PUFA
supplementation during HFD feeding corrects the greater
food intake during light period and normalizes weight
gain in adipocyte Bmall knockout mice.

The defect in energy expenditure in mice lacking an ad-
ipocyte clock appears to be independent of Ucp1. In fact,
Ucp1 expression is slightly elevated in mice lacking an ad-
ipocyte clock (Paschos et al. 2012; Hasan et al. 2021; Xiong
et al. 2023). In addition, mice lacking Bmall in brown ad-
ipocytes using Ucpl-Cre have mildly reduced surface
temperature of the BAT region (Hasan et al. 2021). Analy-
sis of BAT from these mice revealed slightly dampened os-
cillations in genes involved in lipid utilization and a
decrease in acetyl CoA, creatine, and metabolites required
for creatine synthesis (glycine, arginine, and S-adenosyl-
methionine [SAM]). This indicates that the defect in ener-
gy expenditure may involve clock-mediated control of
thermogenic pathways, such as creatine metabolism. Tis-
sue creatine abundance and expression of several enzymes
involved in creatine synthesis and futile cycling are rhyth-
mic in adipose tissue and are also reduced in inguinal
WAT (Hepler et al. 2022). Interestingly, mice lacking an
adipocyte clock do not display a difference in food intake
during HFD feeding when housed at thermoneutrality but
still have elevated adiposity. Supplementing these mice
with 2% creatine in the HFD restores the excess weight
gain, loss of glucose homeostasis, and amounts of iWAT
creatine and SAM in adipocyte Bmall knockout mice.
In addition, genetic overexpression of Bmall in adipo-
cytes (Adiponectin-rtTA;TRE-Bmall1) attenuates weight
gain during HFD feeding and increases adipose tissue cre-
atine levels (Hepler et al. 2022). These results reveal that
futile creatine cycling is rhythmic and is regulated by
the intrinsic adipocyte clock.

Global deletion of Nr1d1 results in excess weight gain
and adiposity during chow and HFD feeding (Delezie
et al. 2012). Conversely, treatment with a synthetic
REV-ERB agonist in wild-type mice reduces adiposity
through increasing energy expenditure (Solt et al. 2012).
However, whether such effects are selective for REV-
ERB has been challenged (Dierickx et al. 2019). Mice
with adipocyte-specific deletion of Nr1d1 with Adiponec-
tin-Cre display elevated weight gain and adiposity only
during HFD feeding (Hunter et al. 2021). However,



adipocyte Nr1d1 knockout mice do not develop metabolic
disease during DIO. Instead, these mice have preserved
glucose homeostasis accompanied by less WAT macro-
phage infiltration and fibrosis. Despite the increased
white fat depot mass, these mice do not have a difference
in adipocyte size compared with control mice. This sug-
gests that deletion of adipocyte Nr1dI promotes healthy
WAT remodeling and preserves adipocyte metabolic func-
tion during HFD feeding.

Circadian clocks in time-restricted feeding

A significant amount of the positive energy balance that
occurs during DIO can be attributed to increased food in-
take at the incorrect circadian time; i.e., the light period in
mice (Kohsaka et al. 2007). Individuals who experience
circadian desynchrony through shift work, jet lag, noctur-
nal feeding, and sleep disorders are at an increased risk of
developing obesity and diabetes (Wang et al. 2014). Con-
versely, restricting feeding to the active period in mice
or daylight in humans improves metabolic health and re-
duces adiposity, highlighting an interconnection between
meal timing and energy homeostasis (Arble et al. 2009;
Hatori et al. 2012; Chaix et al. 2014; Sutton et al. 2018).
The effects of time-restricted feeding (TRF) are indepen-
dent of age but dependent on sex in mice (Chaix et al.
2021). Male mice tend to have a greater benefit in weight
and glucose tolerance from TRF as compared with fe-
males, which respond primarily with improved metabolic
health. Mice with global deletion of both Cry1 and Cry2
show improvements in body weight, adiposity, oxygen
consumption (normalized to body weight), glucose toler-
ance, and circulating lipids in response to TRF (Chaix
et al. 2019). However, the hepatic transcriptome and
metabolome as well as hepatic steatosis were not altered
by TRF in mice lacking Cry1/2. This suggests that the
clock may play a role in at least some metabolic benefits
driven by TRF. Analysis of liver-specific deletion of
Bmall or Rev-erba/p revealed that TRF improved meta-
bolic health and body weight in mice lacking a hepatic
clock (Chaix et al. 2019). Collectively, these results indi-
cate that the clock in nonhepatic tissues may promote
metabolic benefits during TREF.

In mice, TRF consistently leads to decreased adiposity,
increased adiponectin, decreased leptin, and an improved
serum lipid profile (Hatori et al. 2012; Chaix et al. 2019). In
addition, histological analysis after TRF shows less viscer-
al WAT inflammation, decreased white adipocyte size,
and less whitening of BAT (Chaix et al. 2014). RNA se-
quencing of several tissues in mice after 7 wk of TRF dur-
ing HFD feeding revealed that BAT, epididymal WAT, and
inguinal WAT had the largest transcriptional response to
TRF as compared with other tissues (Deota et al. 2023).
In epididymal WAT, TRF led to up-regulation in rhythmic
gene pathways involved in glucose and fatty acid metabo-
lism, TCA cycle, and oxidative phosphorylation and
down-regulation in rhythmic pathways involved in in-
flammation, cell cycle, and immune activation. TRF in
BAT led to increased rhythmicity in pathways involved

Circadian regulation of adipose tissue metabolism

in thermogenesis, adipogenesis, and autophagy. There-
fore, adipose tissues have a robust and depot-specific re-
sponse to TRF through modulation of metabolic
pathways, tissue inflammation, and cellular processes.

The improved adipose tissue remodeling after TRF is
consistent with a leaner phenotype; however, adipose tis-
sue may also play a causative role in the metabolic bene-
fits driven by TRF. While HFD feeding dampens
rhythms in core clock genes, TRF in mice restores the ex-
pression of several clock genes in adipose tissues (Hepler
et al. 2022; Deota et al. 2023). Analysis of transcriptional
rhythms in subcutaneous adipose tissue in obese humans
revealed that TRF resulted in increased expression of
Clock and Nri1d?2 and reduced expression of Perl and
Nrid1 (Zhao et al. 2023). This suggests that the adipocyte
clock may mediate the healthy adipose tissue remodeling
and metabolism in response to TRF. Genetically ablating
Bmall in adipocytes prevents the improved glucose toler-
ance and blunted weight gain responses to TRF (Hepler
et al. 2022). Therefore, the adipocyte clock activator
Bmall is required for the metabolic response to TRF.

Mice display a diurnal rhythm of BAT thermogenesis,
which is highest during the start of the active/dark period
(van den Berg et al. 2018). Analysis of mice with adipo-
cyte-specific deletion of the antithermogenic transcrip-
tion factor zinc finger protein 423 (Zfp423) revealed that
enhancing adipocyte thermogenesis is sufficient to im-
prove metabolic benefits during HFD feeding restricted
to the inactive/light period (Hepler et al. 2022). Therefore,
a reduction in adipocyte thermogenesis during the light
period is involved in metabolic decline when mice feed
during the inactive/light period. A major mechanism
through which Zfp423 knockout mice have increased
thermogenesis is through enhanced futile creatine cy-
cling. Mice lacking the rate-limiting enzyme involved in
creatine synthesis, glycine amidinotransferase (Gatm),
in adipocytes have reduced adipose tissue creatine and fu-
tile creatine cycling (Kazak et al. 2017). These mice lack-
ing Gatm in adipocytes do not display improved health in
response to dark/active period TRF (Hepler et al. 2022).
This reveals that rhythmic futile creatine cycling in adipo-
cytes is an essential mechanism that drives metabolic
benefits during TRF to the dark/active period. Mice that
were fed during the light/inactive period did not have in-
creased futile creatine cycling during feeding (Hepler
et al. 2022). Therefore, adipose tissue thermogenesis
through creatine metabolism aligns with the light/dark
cycle rather than feeding time. A TRF regimen after
HFD feeding also restores the expression of genes involved
in futile cycling of lipogenesis and lipolysis in visceral
WAT (Bushman et al. 2023).

Caloric restriction and aging: dependence on circadian
phase

Aging leads to a decline in circadian function across tis-
sues, particularly in adipose tissue. The age-related in-
crease in inflammation is first detectable through
increased immune cell activation in adipose tissue depots
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during middle age (Schaum et al. 2020). In addition, diur-
nal uptake and abundance of lipids in adipose tissues are
blunted in aged mice (Held et al. 2021; In Het Panhuis
etal. 2022). CR is a dietary intervention that results in ex-
tension of life span and improved health across species
(Weindruch et al. 1986). A hallmark of CR is a decrease
in adiposity, which is associated with improvement in ad-
ipose tissue metabolism and secretory profiles and a delay
in age-related conditions (Miller et al. 2017; Feng et al.
2023). When provided a hypocaloric diet, mice consolidate
nearly all their food intake within a couple of hours of
when food becomes available (Acosta-Rodriguez et al.
2017). Thus, CR experiments performed in mice often in-
volve a combination of a self-imposed temporal restric-
tion of their feeding rhythm in addition to calorie
restriction. However, providing a CR diet either all at
once at the onset of the dark/active period or evenly dis-
tributed throughout the active/dark period results in a
greater degree of life span extension as compared with
mice that receive CR during the light/inactive period or
distributed throughout the 24-h day (Acosta-Rodriguez
et al. 2022). Similarly, in Drosophila, alignment of calorie
restriction with intrinsic circadian behavioral cycles pro-
duces greater effects on healthspan (Ulgherait et al. 2021).
This demonstrates the importance of circadian alignment
of feeding time during CR for extending life span across
species.

CR provided under a TRF protocol increases the ampli-
tude of core clock genes in the liver and leads to up-regu-
lation of circadian clock genes in WAT (Patel et al. 2016Db;
Sato et al. 2017; Pak et al. 2021). Mice with global deletion
of Bmall do not exhibit increased life span in response to
CR (Patel et al. 2016a). However, mice lacking Cry1 and
Cry2 have a similar weight loss and glucose tolerance im-
provement during 30% CR given during the dark period
(Mezhnina et al. 2022). Therefore, the effect of CR on
health and life span involves interplay between circadian
systems and metabolism across tissues. The precise role of
the adipose clock in the metabolic response to CR re-
quires further investigation.

Role of the central and adipocyte circadian clock
in activation of thermogenesis

Activation of BAT occurs primarily via the release of nor-
epinephrine from nerve endings that activate 3-adrener-
gic receptors in brown adipocytes. Mice and humans
have a diurnal thythm in fatty acid and glucose uptake
by BAT, with the peak in uptake occurring at waking
(van den Berg et al. 2018). The diurnal uptake by BAT is
abolished by denervation but conserved at thermoneutral-
ity in mice. The central clock is a major regulator of sym-
pathetic activation of BAT through a process that is also
sensitive to photoperiod (Bartness et al. 2001). Mice ex-
posed to prolonged light have reduced sympathetic input
into BAT and decreased glucose and lipid uptake by BAT
(Kooijman et al. 2015). Conversely, mice lacking Bmall
in the ventromedial hypothalamus have enhanced BAT
activity through increased p3-adrenergic receptor activa-
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tion (Orozco-Solis et al. 2016). Interestingly, mice lacking
B-adrenergic receptors maintain a diurnal thythm in circa-
dian clock genes and Ucpl despite having impaired body
temperature regulation during cold exposure (Bachman
et al. 2002; Razzoli et al. 2018). This indicates that $-ad-
renergic signaling is dispensable for maintaining circadian
rhythmicity in BAT but is required for cold-induced
thermogenesis.

The ability of mice to maintain body temperature when
exposed to cold depends on time of day. Mice are better
able to defend their body temperature in response to
cold exposure during the dark/active period when Nrid1
is low (Gerhart-Hines et al. 2013). Nr1d1 represses Ucpl
in brown adipocytes, and global ablation of Nr1d1 leads
to loss of rhythms in body temperature and BAT activity.
Conversely, mice with global ablation of Per2 are less tol-
erant to cold temperatures and have reduced Ucp1 in BAT
(Chappuis et al. 2013). Mice with brown adipocyte-specif-
ic deletion of Nr1d1 and Nr1d2 are better able to maintain
their body temperature during fasting after 1 wk of cold
exposure (Adlanmerini et al. 2019). Ablation of REV-
ERBs leads to derepression of REV-ERB target genes, in-
cluding genes involved in DNL. Futile cycling of fatty
acid oxidation and lipogenesis during f3-adrenergic stim-
ulus is a UCPl-independent thermogenic mechanism
(Mottillo et al. 2014). Mechanistically, circadian repres-
sion by REV-ERBs drives thythmicity of Srebp1, a master
regulator of DNL gene expression (Adlanmerini et al.
2019).

Mice lacking the core clock activator Bmall in brown
adipocytes using Ucpl-Cre display decreased body tem-
perature at 22°C and 4°C (Chang et al. 2018; Hasan et al.
2021). The thermogenic impairment is independent of
Ucpl, since mice lacking Bmall in brown adipocytes
have compensatory elevated UCPI1 and increased levels
of several electron transport chain subunits (Hasan et al.
2021). However, the BAT has a whitened appearance,
and several enzymes involved in lipid utilization are de-
creased in brown adipocyte Bmall knockout mice.
Metabolomics analysis revealed that mice lacking
Bmall in BAT have decreased abundance of acetyl CoA,
glucogenic amino acids, creatine, ATP, and ADP. Collec-
tively, this suggests that the thermogenic defect in mice
lacking a brown adipocyte clock involves impaired lipid
metabolism and futile creatine cycling with an intact mi-
tochondrial electron transport chain.

Clocks in adipose tissue inflammation and immune cells

Increased adipose tissue inflammation is a hallmark of cir-
cadian clock dysfunction during obesity, shift work, and
chronic sleep disruption (Xiong et al. 2021). Circadian
alignment of feeding time (Lee et al. 2021) or CR (Kosteli
et al. 2010) after HFD feeding reduces accumulation mac-
rophages in visceral WAT. In turn, inflammation affects
the clock in a reciprocal manner through altered expres-
sion of clock genes and shifts in the phase of the clock
(Hergenhan et al. 2020). The circadian clock regulates
rhythms in immune function and controls several



inflammatory and metabolic pathways. The magnitude of
inflammatory responses, including NF-«B, interferon, and
infection, depends on time of day (Gibbs et al. 2012, 2014;
Spengler et al. 2012; Greenberg et al. 2020). Generally, in-
flammatory stimuli tend to evoke a greater response in
mice during the light period as opposed to the dark period,
though the precise timing of these effects is likely specific
to individual cell type and stimuli. There is evidence that
the core clock in hepatocytes may control non-cell-auton-
omous interaction between hepatocytes and nonparen-
chymal cells within the liver, including macrophages
and endothelial cells (Guan et al. 2020, 2023). It seems
likely that similar intercellular communication will be
seen between adipocytes and other cell types during ge-
netic clock manipulation within adipose tissue.

Ly6C-high monocytes display a Bmall-dependent diur-
nal oscillation in the circulation, with the peak occurring
around ZT4-ZT8 (Nguyen et al. 2013). BMALI suppresses
the expression of several cytokines, and mice lacking
Bmall in monocytes display higher serum levels of IL-
1B, IL-6, IFN-y, and CCL2 (Nguyen et al. 2013). Macro-
phages lacking Bmall also lose rhythmicity in cytokine
secretion and have constitutively higher levels of IL-6,
CCL5, and IL-12 (Gibbs et al. 2012). BMAL1~/~ mice
have elevated expression of interferon-stimulated genes
in response to a TLR7 agonist in the skin (Greenberg
et al. 2020). Therefore, BMALI largely acts to limit the in-
flammatory activation of NF-xB and interferon. Mecha-
nistically, BMALI recruits the polycomb repressor
complex 2 (PRC2), which leads to trimethylation of his-
tone H3 at lysine 27 (H3K27Me3) at the promoter region
of several cytokines to suppress their expression (Nguyen
et al. 2013). The BMAL1:CLOCK heterodimer also inter-
acts with RelB, a subunit of NF-xB (Bellet et al. 2012). In
contrast, CLOCK appears to be a positive regulator of
the NF-xB response (Spengler et al. 2012; Bellet et al.
2013).

Work mostly in global circadian mutant mice and cell
culture has indicated that PER1, CRY1/2, REV-ERBq,
and RORa are predominately anti-inflammatory (Hergen-
han et al. 2020). PER1 binds to PPARy on the Ccr2 promot-
er to inhibit its expression (Wang et al. 2016). CRY1 binds
to adenylyl cyclase to limit cAMP production and down-
stream NF-xB activation (Narasimamurthy et al. 2012).
REV-ERBs recruit receptor corepressor (NCoR}-HDAC3
complexes to suppress cytokine production (Lam et al.
2013). RORa promotes transcription of IxBa, a major in-
hibitor of NF-xB (Delerive et al. 2001). Conversely, the
role of PER2 in inflammatory responses is less clear.
Mice with global ablation of Perl and Per2 have elevated
macrophage inflammation (Xu et al. 2014). Mice lacking
only Per2 have decreased circulating IFN-y and IL-1p in re-
sponse to LPS (Liu et al. 2006). However, overexpression of
Per2 in ORG6 cells counteracts viral replication of hepatitis
C virus (Benegiamo et al. 2013).

In visceral WAT of chow-fed mice, hematopoietic cells
(CD45%) display a diurnal pattern of proliferation with el-
evated proliferation at ZTO compared with ZT12 (Ribas-
Latre et al. 2021). In contrast, CD45" cells in iWAT from
chow-fed mice show a very low level of proliferation
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with no difference at ZTO and ZT12. However, it is un-
clear which immune cell population in adipose tissue un-
dergoes diurnal proliferation and whether the clock has a
role in this process.

In mice lacking Bmall in myeloid cells using Lyz2-Cre,
HFD feeding for 1 wk leads to excess accumulation of
Ly6C-high macrophages in visceral WAT and BAT
(Nguyen et al. 2013). Ablation of Bmall in macrophages
with LysM-Cre has no effect on weight gain after 12 wk
of HFD feeding (Paschos et al. 2012). However, long-
term HFD feeding in these mice results in decreased ener-
gy expenditure, increased weight gain, and insulin resis-
tance associated with increased macrophage infiltration
into adipose tissue (Nguyen et al. 2013). The body weight
phenotype appears only after 14 wk of HFD feeding.
Therefore, the clock in myeloid cells, which includes
monocytes and macrophages, plays a role in susceptibility
to inflammation and metabolic dysfunction during long-
term HFD feeding. Mice lacking Per1/2 in myeloid cells
after bone marrow transplant have elevated visceral
WAT CD1l1c* macrophage infiltration and have exagger-
ated visceral adiposity and insulin resistance (Xu et al.
2014). Primary adipocytes cocultured with Per1/2 knock-
out macrophages have increased expression of cytokines
and decreased expression of Adipoq. Therefore, Period
proteins in myeloid cells regulate adipose tissue inflam-
mation and insulin sensitivity through cross-talk with
adipocytes.

T cell migration and differentiation are also regulated in
a thythmic manner (Yu et al. 2013; Druzd et al. 2017).
Deficiency of Bmall in Tregs using Foxp3-Cre results in
heightened activation and impaired oxidative metabolism
in visceral WAT (Xiao et al. 2022). In lean mice, Bmall in
Tregs acts to suppress lipolysis. During HFD feeding, mice
lacking Bmall in Tregs have increased visceral WAT ac-
cumulation of CD11c¢* inflammatory macrophages and
CD8* T cells. This reveals that the cell-intrinsic clock in
Tregs regulates WAT lipolysis and inflammation.

Conclusions

Our understanding of the heterogeneity and functional
plasticity of adipose tissue cell types has been transformed
through advances in genetic analyses that have begun to
converge with studies of the molecular clock. The finding
that adipose tissue metabolic function exhibits robust 24-
h variation in catabolic and anabolic transcriptional path-
ways and that overnutrition flattens the day/night varia-
tion in rhythmic feeding behavior and nutrient
processing provides insight into how adipocytes adapt to
changes in nutrient availability and processing in antici-
pation of daily changes in the light/dark environment. En-
vironmental factors such as time of day, feeding time,
macronutrient content of diet, and ambient temperature
must all be considered to fully elucidate how adipose tis-
sue contributes to energy homeostasis. A challenge will
be to dissect the specific molecular roles of each individu-
al component of the clock as well as their interacting part-
ners within diverse adipose cell types. These effects may
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also exhibit sexual dimorphism and display differences in
adaptation to CR versus overnutrition. Incorporating cir-
cadian parameters into the investigation of adipose tissue
biology will lead to a better understanding of how
alignment of intrinsic circadian cycles with the light/
dark cycle impacts adipogenesis, inflammation, and me-
tabolism. Leveraging our knowledge of circadian control
could be used to determine the optimal timing of feeding,
exercise, and other therapies for metabolic disorders.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank Biliana Marcheva for illustrations, and Grant Barish,
Lisa Beutler, and Clara Bien Peek for helpful discussions. Re-
search support was provided by National Institutes of Health Na-
tional Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK) grants RO1DK127800, ROIDK113011, ROIDK090625,
RO1DK132647, and P30DK020595, and National Institute on Ag-
ing (NIA) grants ROIAG065988 and PO1AGO011412 to J.B.; and
NIDDK grant F32DK122675 to C.H.

References

Acosta-Rodriguez VA, de Groot MHM, Rijo-Ferreira F, Green CB,
TakahashiJS. 2017. Mice under caloric restriction self-impose
a temporal restriction of food intake as revealed by an auto-
mated feeder system. Cell Metab 26: 267-277.e2. doi:10
.1016/j.cmet.2017.06.007

Acosta-Rodriguez V, Rijo-Ferreira F, Izumo M, Xu P, Wight-Car-
ter M, Green CB, Takahashi JS. 2022. Circadian alignment
of early onset caloric restriction promotes longevity in male
C57BL/6] mice. Science 376: 1192-1202. doi:10.1126/sci
ence.abk0297

Adlanmerini M, Carpenter B], Remsberg JR, Aubert Y, Peed LC,
Richter HJ, Lazar MA. 2019. Circadian lipid synthesis in
brown fat maintains murine body temperature during chronic
cold. Proc Natl Acad Sci 116: 18691-18699. doi:10.1073/pnas
1909883116

Aggarwal A, Costa MJ, Rivero-Gutiérrez B, Ji L, Morgan SL, Feld-
man BJ. 2017. The circadian clock regulates adipogenesis by a
Per3 crosstalk pathway to Klf15. Cell Rep 21: 2367-2375.
doi:10.1016/j.celrep.2017.11.004

Ahrends R, Ota A, Kovary KM, Kudo T, Park BO, Teruel MN.
2014. Controlling low rates of cell differentiation through
noise and ultrahigh feedback. Science 344: 1384-1389.
doi:10.1126/science.1252079

Ando H, Yanagihara H, Hayashi Y, Obi Y, Tsuruoka S, Takamura
T, Kaneko S, Fujimura A. 2005. Rhythmic messenger ribonu-
cleic acid expression of clock genes and adipocytokines in
mouse visceral adipose tissue. Endocrinology 146: 5631-
5636. d0i:10.1210/en.2005-0771

Ando H, Kumazaki M, Motosugi Y, Ushijima K, Maekawa T, Ish-
ikawa E, Fujimura A. 2011. Impairment of peripheral circadi-
an clocks precedes metabolic abnormalities in ob/ob mice.
Endocrinology 152: 1347-1354. doi:10.1210/en.2010-1068

Angueira AR, Sakers AP, Holman CD, Cheng L, Arbocco MN,
Shamsi F, Lynes MD, Shrestha R, Okada C, Batmanov K,
et al. 2021. Defining the lineage of thermogenic perivascular

466 GENES & DEVELOPMENT

adipose tissue. Nat Metab 3: 469-484. do0i:10.1038/s42255-
021-00380-0

Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. 2009.
Circadian timing of food intake contributes to weight gain.
Obesity 17: 2100-2102. doi:10.1038/0by.2009.264

Austin S, Medvedev A, Yan ZH, Adachi H, Hirose T, Jetten AM.
1998. Induction of the nuclear orphan receptor RORy during
adipocyte differentiation of D1 and 3T3-L1 cells. Cell Growth
Differ 9: 267-276.

Bachman ES, Dhillon H, Zhang CY, Cinti S, Bianco AC, Kobilka
BK, Lowell BB. 2002. BAR signaling required for diet-induced
thermogenesis and obesity resistance. Science 297: 843-845.
doi:10.1126/science.1073160

Bahrami-Nejad Z, Zhao ML, Tholen S, Hunerdosse D, Tkach KE,
van Schie S, Chung M, Teruel MN. 2018. A transcriptional cir-
cuit filters oscillating circadian hormonal inputs to regulate
fat cell differentiation. Cell Metab 27: 854-868.€8. doi:10
.1016/j.cmet.2018.03.012

Barclay JL, Shostak A, Leliavski A, Tsang AH, Johren O, Miiller-
Fielitz H, Landgraf D, Naujokat N, van der Horst GT, Oster H.
2013. High-fat diet-induced hyperinsulinemia and tissue-spe-
cific insulin resistance in Cry-deficient mice. Am ] Physiol
Endocrinol Metab 304: E1053-E1063. doi:10.1152/ajpendo
.00512.2012

Barnea M, Chapnik N, Genzer Y, Froy O. 2015. The circadian
clock machinery controls adiponectin expression. Mol Cell
Endocrinol 399: 284-287. doi:10.1016/j.mce.2014.10.018

Barreau C, Labit E, Guissard C, Rouquette J, Boizeau ML, Gani
Koumassi S, Carriere A, Jeanson Y, Berger-Muller S, Dromard
C, et al. 2016. Regionalization of browning revealed by whole
subcutaneous adipose tissue imaging. Obesity 24: 1081-1089.
doi:10.1002/0by.21455

Bartness TJ, Song CK, Demas GE. 2001. SCN efferents to periph-
eral tissues: implications for biological rhythms. ] Biol
Rhythms 16: 196-204. doi:10.1177/074873040101600302

Bass J, Lazar MA. 2016. Circadian time signatures of fitness and
disease. Science 354: 994-999. doi:10.1126/science.aah4965

Basse AL, Nielsen KN, Karavaeval, Ingerslev LR, Ma T, Havelund
JF, Nielsen TS, Frost M, Peics J, Dalbram E, et al. 2023.
NAMPT-dependent NAD" biosynthesis controls circadian
metabolism in a tissue-specific manner. Proc Natl Acad Sci
120: €2220102120. doi:10.1073/pnas.2220102120

Bellet MM, Zocchi L, Sassone-Corsi P. 2012. The RelB subunit of
NF«B acts as a negative regulator of circadian gene expression.
Cell Cycle 11: 3304-3311. do0i:10.4161/cc.21669

Bellet MM, Deriu E, LiuJZ, Grimaldi B, Blaschitz C, Zeller M, Ed-
wards RA, Sahar S, Dandekar S, Baldi P, et al. 2013. Circadian
clock regulates the host response to salmonella. Proc Natl
Acad Sci 110: 9897-9902.. d0i:10.1073/pnas.1120636110

Benegiamo G, Mazzoccoli G, Cappello F, Rappa F, Scibetta N,
Oben J, Greco A, Williams R, Andriulli A, Vinciguerra M,
et al. 2013. Mutual antagonism between circadian protein pe-
riod 2 and hepatitis C virus replication in hepatocytes. PLoS
One 8: €60527. doi:10.1371 /journal.pone.006052.7

Benoit M, Desnues B, Mege JL. 2008. Macrophage polarization in
bacterial infections. | Immunol 181: 3733-3739. d0i:10.4049/
jimmunol.181.6.3733

Buffolo M, Pires KM, Ferhat M, Ilkun O, Makaju A, Achenbach A,
Bowman F, Atkinson DL, Holland WL, Amri EZ, et al. 2019.
Identification of a paracrine signaling mechanism linking
CD34"M#h progenitors to the regulation of visceral fat expan-
sion and remodeling. Cell Rep 29: 270-282.e5. doi:10.1016/j
.celrep.2019.08.092

Burl RB, Ramseyer VD, Rondini EA, Pique-Regi R, Lee YH, Gran-
neman JG. 2018. Deconstructing Adipogenesis induced by p3-



adrenergic receptor activation with single-cell expression pro-
filing. Cell Metab 28: 300-309.e4. doi:10.1016/j.cmet.2018.05
.025

Burl RB, Rondini EA, Wei H, Pique-Regi R, Granneman JG. 2022.
Deconstructing cold-induced brown adipocyte neogenesis in
mice. Elife 11: e80167. doi:10.7554/eLife.80167

Bushman T, Lin TY, Chen X. 2023. Depot-dependent impact of
time-restricted feeding on adipose tissue metabolism in high
fat diet-induced obese male mice. Nutrients 15: 238. doi:10
.3390/nu15010238

Cannon B, Nedergaard J. 2004. Brown adipose tissue: function
and physiological significance. Physiol Rev 84: 277-359.
doi:10.1152/physrev.00015.2003

Chaix A, Zarrinpar A, Miu P, Panda S. 2014. Time-restricted feed-
ing is a preventative and therapeutic intervention against
diverse nutritional challenges. Cell Metabolism 20: 991-
1005. doi:10.1016/j.cmet.2014.11.001

Chaix A, Lin T, Le HD, Chang MW, Panda S. 2019. Time-restrict-
ed feeding prevents obesity and metabolic syndrome in mice
lacking a circadian clock. Cell Metab 29: 303-319.e4. doi:10
.1016/j.cmet.2018.08.004

Chaix A, Deota S, Bhardwaj R, Lin T, Panda S. 2021. Sex- and age-
dependent outcomes of 9-hour time-restricted feeding of a
Western high-fat high-sucrose diet in C57BL/6] mice. Cell
Rep 36: 109543. doi:10.1016/j.celrep.2021.109543

ChangL, Xiong W, Zhao X, Fan Y, Guo Y, Garcia-Barrio M, Zhang
], Jiang Z, Lin JD, Chen YE. 2018. Bmall in perivascular adi-
pose tissue regulates resting-phase blood pressure through
transcriptional regulation of angiotensinogen. Circulation
138: 67-79. doi:10.1161/CIRCULATIONAHA.117.029972

Chappuis S, Ripperger JA, Schnell A, Rando G, Jud C, Wahli W,
Albrecht U. 2013. Role of the circadian clock gene Per2 in ad-
aptation to cold temperature. Mol Metab 2: 184-193. doi:10
.1016/j.molmet.2013.05.002

Chawla A, Lazar MA. 1993. Induction of Rev-ErbAa, an orphan
receptor encoded on the opposite strand of the a-thyroid hor-
mone receptor gene, during adipocyte differentiation. | Biol
Chem 268:16265-16269. doi:10.1016/S0021-9258(19)85415-7

Chawla A, Lazar MA. 1994. Peroxisome proliferator and retinoid
signaling pathways co-regulate preadipocyte phenotype and
survival. Proc Natl Acad Sci 91: 1786-1790. doi:10.1073/
pnas.91.5.1786

Chen Y, Ikeda K, Yoneshiro T, Scaramozza A, Tajima K, Wang Q,
Kim K, Shinoda K, Sponton CH, Brown Z, et al. 2019. Thermal
stress induces glycolytic beige fat formation via a myogenic
state. Nature 565: 180-185. doi:10.1038/s41586-018-0801-z

Chouchani ET, Kazak L, Spiegelman BM. 2019. New advances in
adaptive thermogenesis: UCP1 and beyond. Cell Metab 29:
27-37. doi:10.1016/j.cmet.2018.11.002

Cienfuegos S, Gabel K, Kalam F, Ezpeleta M, Wiseman E, Pavlou
V, Lin S, Oliveira ML, Varady KA. 2020. Effects of 4- and 6-h
time-restricted feeding on weight and cardiometabolic health:
a randomized controlled trial in adults with obesity. Cell
Metab 32: 366-378.€3. doi:10.1016/j.cmet.2020.06.018

Cinti S, Cigolini M, Bosello O, Bjorntorp P. 1984. A morphologi-
cal study of the adipocyte precursor. ] Submicrosc Cytol 16:
243-251.

Cinti S, Cancello R, Zingaretti MC, Ceresi E, De Matteis R, Gior-
dano A, Himms-Hagen J, Ricquier D. 2002. CL316,243 and
cold stress induce heterogeneous expression of UCP1
mRNA and protein in rodent brown adipocytes. | Histochem
Cytochem 50: 21-31. doi:10.1177/002215540205000103

Cottam MA, Caslin HL, Winn NC, Hasty AH. 2022. Multiomics
reveals persistence of obesity-associated immune cell
phenotypes in adipose tissue during weight loss and weight

Circadian regulation of adipose tissue metabolism

regain in mice. Nat Commun 13: 2950. doi:10.1038/s41467-
022-30646-4

Cox KH, TakahashiJS. 2019. Circadian clock genes and the tran-
scriptional architecture of the clock mechanism. | Mol Endo-
crinol 63: R93-R102. doi:10.1530/JME-19-0153

Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine
AB, Kuo FC, Palmer EL, Tseng YH, Doria A, et al. 2009. Iden-
tification and importance of brown adipose tissue in adult hu-
mans. N Engl ] Med 360: 1509-1517. doi:10.1056/
NEJMo0a0810780

Dallmann R, Weaver DR. 2010. Altered body mass regulation in
male mPeriod mutant mice on high-fat diet. Chronobiol Int
27:1317-1328. d0i:10.3109/07420528.2010.489166

Delerive P, Monté D, Dubois G, Trottein F, Fruchart-Najib J,
Mariani J, Fruchart JC, Staels B. 2001. The orphan nuclear re-
ceptor RORa is a negative regulator of the inflammatory re-
sponse. EMBO Rep 2: 42-48. doi:10.1093/embo-reports/
kve007

Delezie J, Dumont S, Dardente H, Oudart H, Greéhez-Cassiau A,
Klosen P, Teboul M, Delaunay F, Pévet P, Challet E. 2012. The
nuclear receptor REV-ERBa is required for the daily balance of
carbohydrate and lipid metabolism. FASEB ] 26: 3321-3335.
doi:10.1096/1j.12-208751

Deota S, Lin T, Chaix A, Williams A, Le H, Calligaro H, Ramas-
amy R, Huang L, Panda S. 2023. Diurnal transcriptome land-
scape of a multi-tissue response to time-restricted feeding in
mammals. Cell Metab 35: 150-165.e4. doi:10.1016/j.cmet
.2022.12.006

Dierickx P, Emmett MJ, Jiang C, Uehara K, Liu M, Adlanmerini
M, Lazar MA. 2019. SR9009 has REV-ERB-independent effects
on cell proliferation and metabolism. Proc Natl Acad Sci 116:
12147-12152. doi:10.1073/pnas.1904226116

Druzd D, Matveeva O, Ince L, Harrison U, He W, Schmal C, Her-
zel H, Tsang AH, Kawakami N, Leliavski A, et al. 2017. Lym-
phocyte circadian clocks control lymph node trafficking and
adaptive immune responses. Immunity 46: 120-132. doi:10
.1016/j.immuni.2016.12.011

Duerre DJ, Galmozzi A. 2022. Deconstructing adipose tissue het-
erogeneity one cell at a time. Front Endocrinol (Lausanne) 13:
847291. d0i:10.3389/fendo.2022.847291

Duez H, Duhem C, Laitinen S, Patole PS, Abdelkarim M, Bois-
Joyeux B, Danan JL, Staels B. 2009. Inhibition of adipocyte dif-
ferentiation by RORa. FEBS Lett 583:2031-2036. d0i:10.1016/
j.febslet.2009.05.019

Dyar KA, Lutter D, Artati A, Ceglia NJ, Liu Y, Armenta D, Jas-
troch M, Schneider S, de Mateo S, Cervantes M, et al. 2018. At-
las of circadian metabolism reveals system-wide coordination
and communication between clocks. Cell 174: 1571-
1585.e11. doi:10.1016/j.cell.2018.08.042

Emont MP, Jacobs C, Essene AL, Pant D, Tenen D, Colleluori G,
Di Vincenzo A, Jorgensen AM, Dashti H, Stefek A, et al. 2022.
A single-cell atlas of human and mouse white adipose tissue.
Nature 603: 926-933. doi:10.1038/s41586-022-04518-2

Feng Y, Cui Z, Lu X, Gong H, Liu X, Wang H, Cheng H, Gao H,
Shi X, Li Y, et al. 2023. Transcriptomics dissection of
calorie restriction and exercise training in brown adipose tis-
sue and skeletal muscle. Nutrients 15: 1047. do0i:10.3390/
nul5041047

Ferrante AW Jr. 2013. The immune cells in adipose tissue. Diabe-
tes Obes Metab 15 Suppl 3: 34-38. doi:10.1111/dom.12154

Ferrero R, Rainer P, Deplancke B. 2020. Toward a consensus view
of mammalian adipocyte stem and progenitor cell heterogene-
ity. Trends Cell Biol 30: 937-950. doi:10.1016/j.tcb.2020.09
.007

GENES & DEVELOPMENT 467



Hepler and Bass

Fontaine C, Dubois G, Duguay Y, Helledie T, Vu-Dac N, Gervois
P, Soncin F, Mandrup S, Fruchart JC, Fruchart-Najib J, et al.
2003. The orphan nuclear receptor Rev-Erba is a peroxisome
proliferator-activated receptor (PPAR|) y target gene and pro-
motes PPARy-induced adipocyte differentiation. ] Biol
Chem 278: 37672-37680. doi:10.1074/jbc.M304664200

Franczyk MP, Qi N, Stromsdorfer KL, Li C, Yamaguchi S, Itoh H,
Yoshino M, Sasaki Y, Brookheart RT, Finck BN, et al. 2021.
Importance of adipose tissue NAD" biology in regulating met-
abolic flexibility. Endocrinology 162: bqab006. doi:10.1210/
endocr/bqab006

Friedrichs M, Kolbe I, Seemann J, Tsang AH, Cherradi L, Klein J,
Oster H. 2018. Circadian clock rhythms in different adipose
tissue model systems. Chronobiol Int 35: 1543-1552. doi:10
.1080/07420528.2018.1494603

Gallerand A, Stunault MI, Merlin J, Luehmann HP, Sultan DH,
Firulyova MM, Magnone V, Khedher N, Jalil A, Dolfi B,
etal. 2021. Brown adipose tissue monocytes support tissue ex-
pansion. Nat Commun 12: 5255. doi:10.1038/s41467-021-
25616-1

Gerhart-Hines Z, Feng D, Emmett MJ, Everett L], Loro E, Briggs
ER, Bugge A, Hou C, Ferrara C, Seale P, et al. 2013. The nucle-
ar receptor Rev-erba controls circadian thermogenic plastici-
ty. Nature 503: 410-413. doi:10.1038/nature12642

Ghaben AL, Scherer PE. 2019. Adipogenesis and metabolic
health. Nat Rev Mol Cell Biol 20: 242-258. do0i:10.1038/
$41580-018-0093-z

Gibbs JE, Blaikley J, Beesley S, Matthews L, Simpson KD, Boyce
SH, Farrow SN, Else KJ, Singh D, Ray DW, et al. 2012. The nu-
clear receptor REV-ERBa mediates circadian regulation of in-
nate immunity through selective regulation of inflammatory
cytokines. Proc Natl Acad Sci 109: 582-587. doi:10.1073/
pnas.1106750109

Gibbs J, Ince L, Matthews L, Mei ], Bell T, Yang N, Saer B, Begley
N, Poolman T, Pariollaud M, et al. 2014. An epithelial circadi-
an clock controls pulmonary inflammation and glucocorti-
coid action. Nat Med 20: 919-926. do0i:10.1038/nm.3599

Greenberg EN, Marshall ME, Jin S, Venkatesh S, Dragan M, Tsoi
LC, Gudjonsson JE, Nie Q, Takahashi JS, Andersen B. 2020.
Circadian control of interferon-sensitive gene expression in
murine skin. Proc Natl Acad Sci 117: 5761-5771. doi:10
.1073/pnas.1915773117

Grimaldi B, Bellet MM, Katada S, Astarita G, Hirayama J, Amin
RH, Granneman JG, Piomelli D, Leff T, Sassone-Corsi P.
2010. PER2 controls lipid metabolism by direct regulation of
PPARy. Cell Metab 12: 509-520. doi:10.1016/j.cmet.2010.10
.005

Guan D, Xiong Y, Trinh TM, Xiao Y, Hu W, Jiang C, Dierickx P,
Jang C, Rabinowitz JD, Lazar MA. 2020. The hepatocyte clock
and feeding control chronophysiology of multiple liver cell
types. Science 369: 1388-1394. doi:10.1126/science.aba8984

Guan D, Bae H, Zhou D, Chen Y, Jiang C, La CM, Xiao Y, Zhu K,
HuW, Trinh TM, et al. 2023. Hepatocyte SREBP signaling me-
diates clock communication within the liver. ] Clin Invest
133: €163018. doi:10.1172/JCI163018

Guo B, Chatterjee S, Li L, Kim JM, Lee J, Yechoor VK, Minze L],
Hsueh W, Ma K. 2012. The clock gene, brain and muscle
Arnt-like 1, regulates adipogenesis via Wnt signaling pathway.
FASEB ] 26: 3453-3463. doi:10.1096/£}.12-205781

Gupta RK, Mepani RJ, Kleiner S, Lo JC, Khandekar MJ, Cohen P,
Frontini A, Bhowmick DC, Ye L, Cinti S, et al. 2012. Zfp423
expression identifies committed preadipocytes and localizes
to adipose endothelial and perivascular cells. Cell Metab 15:
230-239. d0i:10.1016/j.cmet.2012.01.010

468 GENES & DEVELOPMENT

Gustafson B, Smith U. 2012. The WNT inhibitor Dickkopf 1 and
bone morphogenetic protein 4 rescue adipogenesis in hyper-
trophic obesity in humans. Diabetes 61: 1217-1224. doi:10
.2337/db11-1419

Hardy OT, Perugini RA, Nicoloro SM, Gallagher-Dorval K, Puri
V, Straubhaar J, Czech MP. 2011. Body mass index-indepen-
dent inflammation in omental adipose tissue associated
with insulin resistance in morbid obesity. Surg Obes Relat
Dis 7: 60-67. doi:10.1016/j.s0ard.2010.05.013

Hasan N, Nagata N, Morishige JI, Islam MT, Jing Z, Harada KI,
Mieda M, Ono M, Fujiwara H, Daikoku T, et al. 2021. Brown
adipocyte-specific knockout of Bmall causes mild but signifi-
cant thermogenesis impairment in mice. Mol Metab 49:
101202. doi:10.1016/j.molmet.2021.101202

Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA,
Gill S, Leblanc M, Chaix A, Joens M, Fitzpatrick JA, et al.
2012. Time-restricted feeding without reducing caloric intake
prevents metabolic diseases in mice fed a high-fat diet. Cell
Metab 15: 848-860. doi:10.1016/j.cmet.2012.04.019

Held NM, Buijink MR, Elfrink HL, Kooijman S, Janssens GE, Luyf
ACM, Pras-Raves ML, Vaz FM, Michel S, Houtkooper RH,
et al. 2021. Aging selectively dampens oscillation of lipid
abundance in white and brown adipose tissue. Sci Rep 11:
5932. doi:10.1038/s41598-021-85455-4

Hepler C, Gupta RK. 2017. The expanding problem of adipose
depot remodeling and postnatal adipocyte progenitor recruit-
ment. Mol Cell Endocrinol 445: 95-108. doi:10.1016/j.mce
.2016.10.011

Hepler C, Shan B, Zhang Q, Henry GH, Shao M, Vishvanath L,
Ghaben AL, Mobley AB, Strand D, Hon GC, et al. 2018. Iden-
tification of functionally distinct fibro-inflammatory and adi-
pogenic stromal subpopulations in visceral adipose tissue of
adult mice. Elife 7: €39636. doi:10.7554/eLife.39636

Hepler C, Weidemann BJ, Waldeck NJ, Marcheva B, CedernaesJ,
Thorne AK, Kobayashi Y, Nozawa R, Newman MV, Gao P,
et al. 2022. Time-restricted feeding mitigates obesity through
adipocyte thermogenesis. Science 378: 276-284. doi:10.1126/
science.abl8007

Hergenhan S, Holtkamp S, Scheiermann C. 2020. Molecular in-
teractions between components of the circadian clock and
the immune system. | Mol Biol 432: 3700-3713. doi:10
.1016/j.jmb.2019.12.044

Herzog ED, Takahashi JS, Block GD. 1998. Clock controls circa-
dian period in isolated suprachiasmatic nucleus neurons. Nat
Neurosci 1: 708-713. doi:10.1038/3708

Hill DA, Lim HW, Kim YH, Ho WY, Foong YH, Nelson VL,
Nguyen HCB, Chegireddy K, Kim ], Habertheuer A, et al.
2018. Distinct macrophage populations direct inflammatory
versus physiological changes in adipose tissue. Proc Natl
Acad Sci 115: E5096-E5105.

Holman CD, Sakers AP, Calhoun RP, Cheng L, Fein EC, Jacobs C,
Tsai L, Rosen ED, Seale P. 2023. Aging impairs cold-induced
beige adipogenesis and adipocyte metabolic reprogramming.
bioRxiv doi:10.1101/2023.03.20.533514

Hong HK, Maury E, Ramsey KM, Perelis M, Marcheva B, Omura
C, Kobayashi Y, Guttridge DC, Barish GD, Bass J. 2018. Re-
quirement for NF-xB in maintenance of molecular and behav-
ioral circadian rhythms in mice. Genes Dev 32: 1367-1379.
doi:10.1101/gad.319228.118

Hunter AL, Pelekanou CE, Barron NJ, Northeast RC, Grudzien
M, Adamson AD, Downton P, Cornfield T, Cunningham PS,
Billaud JN, et al. 2021. Adipocyte NR1D1 dictates adipose tis-
sue expansion during obesity. Elife 10: 63324. doi:10.7554/
eLife.63324



In Het Panhuis W, Schonke M, Siebeler R, Afkir S, Baelde R,
Pronk ACM, Streefland TCM, Sips HCM, Lalai RA, Rensen
PCN, et al. 2022. Aging attenuates diurnal lipid uptake by
brown adipose tissue. Aging (Albany NY) 14: 7734-7751.
doi:10.18632/aging.204318

Jaitin DA, Adlung L, Thaiss CA, Weiner A, Li B, Descamps H,
Lundgren P, Bleriot C, Liu Z, Deczkowska A, et al. 2019. Lip-
id-associated macrophages control metabolic homeostasis in
a Trem2-dependent manner. Cell 178: 686-698.¢14. doi:10
.1016/j.cell.2019.05.054

Jeffery E, Church CD, Holtrup B, Colman L, Rodeheffer MS. 2015.
Rapid depot-specific activation of adipocyte precursor cells at
the onset of obesity. Nat Cell Biol 17: 376-385. d0i:10.1038/
ncb3122

Jeffery E, Wing A, Holtrup B, Sebo Z, Kaplan JL, Saavedra-Pefia R,
Church CD, Colman L, Berry R, Rodeheffer MS. 2016. The ad-
ipose tissue microenvironment regulates depot-specific adipo-
genesis in obesity. Cell Metab 24: 142-150. doi:10.1016/j
.cmet.2016.05.012

Karpe F, Pinnick KE. 2015. Biology of upper-body and lower-body
adipose tissue—link to whole-body phenotypes. Nat Rev
Endocrinol 11: 90-100. doi:10.1038/nrendo.2014.185

Kazak L, Chouchani ET, Lu GZ, Jedrychowski MP, Bare CJ, Mina
Al Kumari M, Zhang S, Vuckovic I, Laznik-Bogoslavski D,
et al. 2017. Genetic Depletion of adipocyte creatine metabo-
lism inhibits diet-induced thermogenesis and drives obesity.
Cell Metab 26: 660-671.€3. doi:10.1016/j.cmet.2017.08.009

Kettner NM, Mayo SA, Hua]J, Lee C, Moore DD, Fu L. 2015. Cir-
cadian dysfunction induces leptin resistance in mice. Cell
Metab 22: 448-459. doi:10.1016/j.cmet.2015.06.00

Kl6ting N, Blither M. 2014. Adipocyte dysfunction, inflammation
and metabolic syndrome. Rev Endocr Metab Disord 15: 277~
287. doi:10.1007/s11154-014-9301-0

Kl6ting N, Fasshauer M, Dietrich A, Kovacs P, Schon MR, Kern
M, Stumvoll M, Blither M. 2010. Insulin-sensitive obesity.
Am ] Physiol Endocrinol Metab 299: E506-E515. doi:10
.1152/ajpendo.00586.2009

Kohsaka A, Laposky AD, Ramsey KM, Estrada C, Joshu C, Koba-
yashi Y, Turek FW, Bass J. 2007. High-fat diet disrupts behav-
ioral and molecular circadian rhythms in mice. Cell Metab 6:
414-421. doi:10.1016/j.cmet.2007.09.006

Kolbe I, Husse J, Salinas G, Lingner T, Astiz M, Oster H. 2016.
The SCN clock governs circadian transcription rhythms in
murine epididymal white adipose tissue. | Biol Rhythms 31:
577-587. doi:10.1177/0748730416666170

Kooijman S, van den Berg R, Ramkisoensing A, Boon MR, Kuipers
EN, Loef M, Zonneveld TC, Lucassen EA, Sips HC, Chatzis-
pyrou IA, et al. 2015. Prolonged daily light exposure increases
body fat mass through attenuation of brown adipose tissue ac-
tivity. Proc Natl Acad Sci 112: 6748-6753. doi:10.1073/pnas
.1504239112

Kornmann B, Schaad O, Bujard H, TakahashiJS, Schibler U. 2007.
System-driven and oscillator-dependent circadian transcrip-
tion in mice with a conditionally active liver clock. PLoS
Biol 5: €34. doi:10.1371/journal.pbio.0050034

Kory N, Uit de Bos J, van der Rijt S, Jankovic N, Giira M, Arp N,
Pena IA, Prakash G, Chan SH, Kunchok T, et al. 2020.
MCART1/SLC25A51 is required for mitochondrial NAD
transport. Sci Adv 6: eabe5310. doi:10.1126/sciadv.abe5310

Kosteli A, Sugaru E, Haemmerle G, Martin JF, Lei J, Zechner R,
Ferrante AW Jr. 2010. Weight loss and lipolysis promote a dy-
namic immune response in murine adipose tissue. | Clin In-
vest 120: 3466-3479. doi:10.1172/]JC142845

Kumar N, Solt LA, Wang Y, Rogers PM, Bhattacharyya G, Kame-
necka TM, Stayrook KR, Crumbley C, Floyd ZE, Gimble JM,

Circadian regulation of adipose tissue metabolism

et al. 2010. Regulation of adipogenesis by natural and synthet-
ic REV-ERB ligands. Endocrinology 151: 3015-3025. doi:10
.1210/en.2009-0800

Lam MT, Cho H, Lesch HP, Gosselin D, Heinz S, Tanaka-Oishi Y,
Benner C, Kaikkonen MU, Kim AS, Kosaka M, et al. 2013.
Rev-Erbs repress macrophage gene expression by inhibiting
enhancer-directed transcription. Nature 498: 511-515.
d0i:10.1038 /nature12209

Lamia KA, Storch KF, Weitz CJ. 2008. Physiological significance
of a peripheral tissue circadian clock. Proc Natl Acad Sci 105:
15172-15177. d0i:10.1073 /pnas.0806717105

Lamia KA, Papp SJ, Yu RT, Barish GD, Uhlenhaut NH, Jonker JW,
Downes M, Evans RM. 2011. Cryptochromes mediate rhyth-
mic repression of the glucocorticoid receptor. Nature 480:
552-556. doi:10.1038 /nature10700

Lee MJ, Wu Y, Fried SK. 2013. Adipose tissue heterogeneity: im-
plication of depot differences in adipose tissue for obesity
complications. Mol Aspects Med 34: 1-11. doi:10.1016/j
.mam.2012.10.001

Lee Y, Kim Y, Lee M, Wu D, Pae M. 2021. Time-restricted feeding
restores obesity-induced alteration in adipose tissue immune
cell phenotype. Nutrients 13: 3780. doi:10.3390/nu13113780

Levine DC, Hong H, Weidemann BJ, Ramsey KM, Affinati AH,
Schmidt MS, Cedernaes J, Omura C, Braun R, Lee C, et al.
2020. NAD" controls circadian reprogramming through
PER2 nuclear translocation to counter aging. Mol Cell 78:
835-849.e7. d0i:10.1016/j.molcel.2020.04.010

Liu J, Malkani G, Shi X, Meyer M, Cunningham-Runddles S, Ma
X, Sun ZS. 2006. The circadian clock Period 2 gene regulates y
interferon production of NK cells in host response to lipopoly-
saccharide-induced endotoxic shock. Infect Immun 74: 4750~
4756. doi:10.1128/IA1.00287-06

Lumeng CN, Bodzin JL, Saltiel AR. 2007. Obesity induces a phe-
notypic switch in adipose tissue macrophage polarization. |
Clin Invest 117: 175-184. doi:10.1172/JCI29881

Luo X, Ryu KW, Kim DS, Nandu T, Medina CJ, Gupte R, Gibson
BA, Soccio RE, Yu Y, Gupta RK, et al. 2017. PARP-1 controls
the adipogenic transcriptional program by PARylating C/
EBPB and modulating its transcriptional activity. Mol Cell
65:260-271. doi:10.1016/j.molcel.2016.11.015

Luongo TS, Eller JM, Lu MJ, Niere M, Raith F, Perry C, Bornstein
MR, Oliphint P, Wang L, McReynolds MR, et al. 2020.
SLC25A51 is a mammalian mitochondrial NAD™ transporter.
Nature 588: 174-179. doi:10.1038/s41586-020-2741-7

Maniyadath B, Zhang Q, Gupta RK, Mandrup S. 2023. Adipose
tissue at single-cell resolution. Cell Metab 35: 386-413.
doi:10.1016/j.cmet.2023.02.002

Marcelin G, Ferreira A, Liu Y, Atlan M, Aron-Wisnewsky J, Pel-
loux V, Botbol Y, Ambrosini M, Fradet M, Rouault C, et al.
2017. A PDGFRa-mediated switch toward CD9M8 adipocyte
progenitors controls obesity-induced adipose tissue fibrosis.
Cell Metab 25: 673-685. d0i:10.1016/j.cmet.2017.01.010

Marcheva B, Ramsey KM, Buhr ED, Kobayashi Y, Su H, Ko CH,
Ivanova G, Omura C, Mo S, Vitaterna MH, et al. 2010. Disrup-
tion of the clock components CLOCK and BMALLI leads to
hypoinsulinaemia and diabetes. Nature 466: 627-631. doi:10
.1038/nature09253

Maury E, Hong HK, Bass J. 2014. Circadian disruption in the path-
ogenesis of metabolic syndrome. Diabetes Metab 40: 338-
346. doi:10.1016/j.diabet.2013.12.005

Maury E, Navez B, Brichard SM. 2021. Circadian clock dysfunc-
tion in human omental fat links obesity to metabolic inflam-
mation. Nat Commun 12: 2388. doi:10.1038/s41467-021-
22571-9

GENES & DEVELOPMENT 469



Hepler and Bass

Merrick D, Sakers A, Irgebay Z, Okada C, Calvert C, Morley MP,
Percec I, Seale P. 2019. Identification of a mesenchymal pro-
genitor cell hierarchy in adipose tissue. Science 364:
eaav2501. doi:10.1126/science.aav2501

Mezhnina V, Ebeigbe OP, Velingkaar N, Poe A, Sandlers Y, Kon-
dratov RV. 2022. Circadian clock controls rhythms in keto-
genesis by interfering with PPARa transcriptional network.
Proc Natl Acad Sci 119: €2205755119. doi:10.1073/pnas
2205755119

Miller KN, Burhans MS, Clark JP, Howell PR, Polewski MA,
DeMuth TM, Eliceiri KW, Lindstrom MJ, Ntambi JM, Ander-
son RM. 2017. Aging and caloric restriction impact adipose
tissue, adiponectin, and circulating lipids. Aging Cell 16:
497-507. do0i:10.1111/acel.12575

Mottillo EP, Balasubramanian P, Lee YH, Weng C, Kershaw EE,
Granneman JG. 2014. Coupling of lipolysis and de novo lipo-
genesis in brown, beige, and white adipose tissues during
chronic B3-adrenergic receptor activation. J Lipid Res 55:
2276-2286. doi:10.1194/jlr. M050005

Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-Corsi P.
2009. Circadian control of the NAD+ salvage pathway by
CLOCK-SIRTI. Science 324: 654-657. doi:10.1126/science
.1170803

Nam D, Guo B, Chatterjee S, Chen MH, Nelson D, Yechoor VK,
MaK. 2015. The adipocyte clock controls brown adipogenesis
through the TGF-p and BMP signaling pathways. | Cell Sci
128: 1835-1847.

Napolitano L. 1963. The differentiation of white adipose cells: an
electron microscope study. ] Cell Biol 18: 663-679. doi:10
.1083/jcb.18.3.663

Narasimamurthy R, Hatori M, Nayak SK, Liu F, Panda S, Verma
IM. 2012. Circadian clock protein cryptochrome regulates the
expression of proinflammatory cytokines. Proc Natl Acad Sci
109: 12662-12667. doi:10.1073 /pnas.1209965109

Nelson MD, Szczepaniak LS, Wei |, Szczepaniak E, Sanchez FJ,
Vilain E, Stern JH, Bergman RN, Bairey Merz CN, Clegg DJ.
2016. Transwomen and the metabolic syndrome: is orchiecto-
my protective? Transgend Health 1: 165-171. doi:10.1089/
trgh.2016.0016

Nguyen KD, Fentress SJ, Qiu Y, Yun K, Cox JS, Chawla A. 2013.
Circadian gene Bmall regulates diurnal oscillations of Ly6C™
inflammatory monocytes. Science 341: 1483-1488. doi:10
.1126/science.1240636

Nguyen HP, Lin F, Yi D, Xie Y, Dinh J, Xue P, Sul HS. 2021. Aging-
dependent regulatory cells emerge in subcutaneous fat to in-
hibit adipogenesis. Dev Cell 56: 1437-1451.e3. doi:10.1016/j
.devcel.2021.03.026

Oguri Y, Shinoda K, Kim H, Alba DL, Bolus WR, Wang Q, Brown
Z, Pradhan RN, Tajima K, Yoneshiro T, et al. 2020. CD81 con-
trols beige fat progenitor cell growth and energy balance via
FAK signaling. Cell 182: 563-577.e20. doi:10.1016/j.cell
.2020.06.021

Orozco-Solis R, Aguilar-Arnal L, Murakami M, Peruquetti R,
Ramadori G, Coppari R, Sassone-Corsi P. 2016. The circadian
clock in the ventromedial hypothalamus controls cyclic ener-
gy expenditure. Cell Metab 23: 467-478. doi:10.1016/j.cmet
.2016.02.003

Pak HH, Haws SA, Green CL, Koller M, Lavarias MT, Richardson
NE, Yang SE, Dumas SN, Sonsalla M, Bray L, et al. 2021. Fast-
ing drives the metabolic, molecular and geroprotective effects
of a calorie-restricted diet in mice. Nat Metab 3: 1327-1341.
doi:10.1038/s42255-021-00466-9

Palmer BF, Clegg DJ. 2015. The sexual dimorphism of obesity.
Mol Cell Endocrinol 402: 113-119. doi:10.1016/j.mce.2014
.11.029

470 GENES & DEVELOPMENT

Pantoja C, Huff JT, Yamamoto KR. 2008. Glucocorticoid signal-
ing defines a novel commitment state during adipogenesis
in vitro. Mol Biol Cell 19: 4032-4041. doi:10.1091/mbc.e08-
04-0420

Park JW, Roh E, Kang GM, Gil SY, Kim HK, Lee CH, Jang WH,
Park SE, Moon SY, Kim §J, et al. 2023. Circulating blood
eNAMPT drives the circadian rthythms in locomotor activity
and energy expenditure. Nat Commun 14: 1994. doi:10.1038/
$41467-023-37517-6

Paschos GK, Ibrahim S, Song WL, Kunieda T, Grant G, Reyes TM,
Bradfield CA, Vaughan CH, Eiden M, Masoodi M, et al. 2012.
Obesity in mice with adipocyte-specific deletion of clock
component Arntl. Nat Med 18: 1768-1777. doi:10.1038/nm
2979

Patel SA, Chaudhari A, Gupta R, Velingkaar N, Kondratov RV.
2016a. Circadian clocks govern calorie restriction—mediated
life span extension through BMALI- and IGF-1-dependent
mechanisms. FASEB ] 30: 1634-1642. doi:10.1096/fj.15-
282475

Patel SA, Velingkaar N, Makwana K, Chaudhari A, Kondratov R.
2016b. Calorie restriction regulates circadian clock gene ex-
pression through BMALI1 dependent and independent mecha-
nisms. Sci Rep 6: 25970. doi:10.1038/srep25970

Peek CB, Affinati AH, Ramsey KM, Kuo HY, Yu W, Sena LA,
Ilkayeva O, Marcheva B, Kobayashi Y, Omura C, et al. 2013.
Circadian clock NAD" cycle drives mitochondrial oxidative
metabolism in mice. Science 342: 1243417. doi:10.1126/sci
ence.1243417

Pendergrast LA, Lundell LS, Ehrlich AM, Ashcroft SP, Schénke
M, Basse AL, Krook A, Treebak JT, Dollet L, Zierath JR.
2023. Time of day determines postexercise metabolism in
mouse adipose tissue. Proc Natl Acad Sci 120: €2218510120.
d0i:10.1073/pnas.2218510120

Ramsey KM, Yoshino J, Brace CS, Abrassart D, Kobayashi Y, Mar-
cheva B, Hong HK, ChongJL, Buhr ED, Lee C, et al. 2009. Cir-
cadian clock feedback cycle through NAMPT-mediated
NAD" biosynthesis. Science 324: 651-654. doi:10.1126/sci
ence.1171641

Razzoli M, Emmett MJ, Lazar MA, Bartolomucci A. 2018. #-Ad-
renergic receptors control brown adipose UCP-1 tone and
cold response without affecting its circadian rhythmicity.
FASEB ] 32: 5640-5646. d0i:10.1096/fj.201800452R

Ribas-Latre A, Santos RB, Fekry B, Tamim YM, Shivshankar S,
Mohamed AMT, Baumgartner C, Kwok C, Gebhardt C, Rivera
A, et al. 2021. Cellular and physiological circadian mecha-
nisms drive diurnal cell proliferation and expansion of white
adipose tissue. Nat Commun 12: 3482. doi:10.1038/s41467-
021-23770-0

Rizzini L, Levine DC, Perelis M, Bass ], Peek CB, Pagano M. 2019.
Cryptochromes-mediated inhibition of the CRL4“°P'-com-
plex assembly defines an evolutionary conserved signaling
mechanism. Curr Biol 29: 1954-1962.e4. doi:10.1016/j.cub
.2019.04.073

Ryu KW, Nandu T, Kim J, Challa S, DeBerardinis RJ, Kraus WL.
2018. Metabolic regulation of transcription through compart-
mentalized NAD* biosynthesis. Science 360: eaan5780.
doi:10.1126/science.aan5780

Salans LB, Knittle JL, Hirsch J. 1968. The role of adipose cell size
and adipose tissue insulin sensitivity in the carbohydrate in-
tolerance of human obesity. | Clin Invest 47: 153-165.
doi:10.1172/JCI105705

Sanchez-Ramirez E, Ung TPL, Alarcén Del Carmen A, del Toro-
Rios X, Fajardo-Orduna GR, Noriega LG, Cortés-Morales VA,
Tovar AR, Montesinos JJ, Orozco-Solis R, et al. 2022. Coordi-
nated metabolic transitions and gene expression by NAD"



during adipogenesis. ] Cell Biol 221:€202111137. doi:10.1083/
jcb.202111137

Sarvari AK, Van Hauwaert EL, Markussen LK, Gammelmark E,
Marcher AB, Ebbesen MF, Nielsen R, Brewer JR, Madsen
JGS, Mandrup S. 2021. Plasticity of epididymal adipose tissue
in response to diet-induced obesity at single-nucleus resolu-
tion. Cell Metab 33: 437-453.€5. doi:10.1016/j.cmet.2020.12
.004

Sato S, Solanas G, Peixoto FO, Bee L, Symeonidi A, Schmidt MS,
Brenner C, Masri S, Benitah SA, Sassone-Corsi P. 2017. Circa-
dian reprogramming in the liver identifies metabolic path-
ways of aging. Cell 170: 664-677.€11. d0i:10.1016/j.cell.2017
.07.042

Schaum N, Lehallier B, Hahn O, Pilovics R, Hosseinzadeh S, Lee
SE, Sit R, Lee DP, Losada PM, Zardeneta ME, et al. 2020. Age-
ing hallmarks exhibit organ-specific temporal signatures. Na-
ture 583: 596-602. d0i:10.1038/s41586-020-2499-y

Schwalie PC, Dong H, Zachara M, Russeil J, Alpern D, Akchiche
N, Caprara C, Sun W, Schlaudraff KU, Soldati G, et al. 2018. A
stromal cell population that inhibits adipogenesis in mamma-
lian fat depots. Nature 559: 103-108. doi:10.1038/s41586-018-
0226-8

Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, Scime A,
Devarakonda S, Conroe HM, Erdjument-Bromage H, et al.
2008. PRDM16 controls a brown fat/skeletal muscle switch.
Nature 454: 961-967. do0i:10.1038/nature07182

Seale P, Conroe HM, Estall J, Kajimura S, Frontini A, Ishibashi
J, Cohen P, Cinti S, Spiegelman BM. 2011. Prdmlé
determines the thermogenic program of subcutaneous white
adipose tissue in mice. | Clin Invest 121: 96-105. doi:10
1172/JCI44271

Shamsi F, Piper M, Ho LL, Huang TL, Gupta A, Streets A, Lynes
MD, Tseng YH. 2021. Vascular smooth muscle-derived
Trpvl™ progenitors are a source of cold-induced thermogenic
adipocytes. Nat Metab 3: 485-495. doi:10.1038/s42255-021-
00373-z

Shao M, Ishibashi J, Kusminski CM, Wang QA, Hepler C,
Vishvanath L, MacPherson KA, Spurgin SB, Sun K, Holland
WL, et al. 2016. Zfp423 maintains white adipocyte identity
through suppression of the beige cell thermogenic gene pro-
gram. Cell Metab 23: 1167-1184. doi:10.1016/j.cmet.2016.04
.023

Shao M, Vishvanath L, Busbuso NC, Hepler C, Shan B, Sharma
AX, Chen S, YuX, An YA, Zhu Y, et al. 2018. De novo adipo-
cyte differentiation from Pdgfrf* preadipocytes protects
against pathologic visceral adipose expansion in obesity. Nat
Commun 9: 890. doi:10.1038/s41467-018-03196-x

Shao M, Wang QA, Song A, Vishvanath L, Busbuso NC, Scherer
PE, Gupta RK. 2019. Cellular origins of beige fat cells revisit-
ed. Diabetes 68: 1874-1885. d0i:10.2337/db19-0308

Shao M, Hepler C, Zhang Q, Shan B, Vishvanath L, Henry GH,
Zhao S, An YA, Wu Y, Strand DW, et al. 2021. Pathologic
HIFla signaling drives adipose progenitor dysfunction in obe-
sity. Cell Stem Cell 28: 685-701.e7. doi:10.1016/j.stem.2020
.12.008

Shimba S, Ishii N, Ohta Y, Ohno T, Watabe Y, Hayashi M, Wada
T, Aoyagi T, Tezuka M. 2005. Brain and muscle Arnt-like pro-
tein-1 (BMALI1), a component of the molecular clock, regu-
lates adipogenesis. Proc Natl Acad Sci 102: 12071-12076.
doi:10.1073/pnas.0502383102

Shimba S, Ogawa T, Hitosugi S, Ichihashi Y, Nakadaira Y,
Kobayashi M, Tezuka M, Kosuge Y, Ishige K, Ito Y, et al.
2011. Deficient of a clock gene, brain and muscle Arnt-like
protein-1 (BMAL1), induces dyslipidemia and ectopic fat for-

Circadian regulation of adipose tissue metabolism

mation. PLoS One 6: €25231. doi:10.1371/journal.pone
.0025231

Shostak A, Meyer-Kovac J, Oster H. 2013. Circadian regulation of
lipid mobilization in white adipose tissues. Diabetes 62:
2195-2203. doi:10.2337/db12-1449

Solt LA, Wang Y, Banerjee S, Hughes T, Kojetin DJ, Lundasen T,
Shin Y, Liu J, Cameron MD, Noel R, et al. 2012.
Regulation of circadian behaviour and metabolism by synthet-
ic REV-ERB agonists. Nature 485: 62-68. doi:10.1038/
naturel1030

Song A, Dai W, Jang MJ, Medrano L, Li Z, Zhao H, Shao M, Tan ],
Li A, Ning T, et al. 2020. Low- and high-thermogenic brown
adipocyte subpopulations coexist in murine adipose tissue. |
Clin Invest 130: 247-257. do0i:10.1172/JCI129167

Spengler ML, Kuropatwinski KK, Comas M, Gasparian AV, Fedt-
sova N, Gleiberman AS, Gitlin II, Artemicheva NM, Deluca
KA, Gudkov AV, et al. 2012. Core circadian protein CLOCK
is a positive regulator of NF-xBmediated transcription. Proc
Natl Acad Sci 109: E2457-E2465. doi:10.1073/pnas
1206274109

Stefkovich M, Traynor S, Cheng L, Merrick D, Seale P. 2021.
Dpp4” interstitial progenitor cells contribute to basal and
high fat diet-induced adipogenesis. Mol Metab 54: 101357.
do0i:10.1016/j.molmet.2021.101357

Sun K, Kusminski CM, Scherer PE. 2011. Adipose tissue remod-
eling and obesity. ] Clin Invest 121: 2094-2101. do0i:10.1172/
JC145887

Sun S, Zhou L, Yu Y, Zhang T, Wang M. 2018. Knocking down
clock control gene CRY1 decreases adipogenesis via canonical
Wnt/p-catenin signaling pathway. Biochem Biophys Res
Commun 506: 746-753. d0i:10.1016/j.bbrc.2018.10.134

Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson
CM. 2018. Early time-restricted feeding improves insulin sen-
sitivity, blood pressure, and oxidative stress even without
weight loss in men with prediabetes. Cell Metab 27: 1212~
1221.e3. doi:10.1016/j.cmet.2018.04.010

Takahashi JS. 2017. Transcriptional architecture of the mamma-
lian circadian clock. Nat Rev Genet 18: 164-179. doi:10.1038/
nrg.2016.150

Tang QQ, Otto TC, Lane MD. 2003. Mitotic clonal expansion: a
synchronous process required for adipogenesis. Proc Natl
Acad Sci 100: 44-49. doi:10.1073/pnas.0137044100

Tang W, Zeve D, Suh JM, Bosnakovski D, Kyba M, Hammer RE,
Tallquist MD, Graff JM. 2008. White fat progenitor cells reside
in the adipose vasculature. Science 322: 583-586. do0i:10.1126/
science.1156232

Tchoukalova YD, Votruba SB, Tchkonia T, Giorgadze N, Kirk-
land JL, Jensen MD. 2010. Regional differences in cellular
mechanisms of adipose tissue gain with overfeeding. Proc
Natl Acad Sci 107: 18226-18231. doi:10.1073/pnas
.1005259107

Tontonoz P, Hu E, Spiegelman BM. 1994. Stimulation of adipo-
genesis in fibroblasts by PPARy2, a lipid-activated transcrip-
tion factor. Cell 79: 1147-1156. do0i:10.1016/0092-8674(94)
90006-X

Toth MJ, Tchernof A, Sites CK, Poechlman ET. 2000. Menopause-
related changes in body fat distribution. Ann N Y Acad Sci
904: 502-506. doi:10.1111/j.1749-6632.2000.tb06506.x

Tsang AH, Astiz M, Leinweber B, Oster H. 2017. Rodent models
for the analysis of tissue clock function in metabolic thythms
research. Front Endocrinol 8: 27. doi:10.3389/fendo.2017
.00027

Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon E,
Laposky A, Losee-Olson S, Easton A, Jensen DR, et al. 2005.
Obesity and metabolic syndrome in circadian Clock

GENES & DEVELOPMENT 471



Hepler and Bass

mutant mice. Science 308: 1043-1045. doi:10.1126/science
.1108750

Ulgherait M, Midoun AM, Park SJ, Gatto JA, Tener SJ, Siewert J,
Klickstein N, Canman JC, Ja WW, Shirasu-Hiza M. 2021. Cir-
cadian autophagy drives iTRF-mediated longevity. Nature
598: 353-358. d0i:10.1038/s41586-021-03934-0

van den Berg R, Kooijman S, Noordam R, Ramkisoensing A,
Abreu-Vieira G, Tambyrajah LL, Dijk W, Ruppert P, Mol IM,
Kramar B, et al. 2018. A diurnal rhythm in brown adipose tis-
sue causes rapid clearance and combustion of plasma lipids at
wakening. Cell Rep 22: 3521-3533. d0i:10.1016/j.celrep.2018
.03.004

Virtanen KA, Lidell ME, Orava J, Heglind M, Westergren R,
Niemi T, Taittonen M, Laine J, Savisto NJ, Enerbiack S,
et al. 2009. Functional brown adipose tissue in healthy
adults. N Engl ] Med 360: 1518-1525. doi:10.1056/
NEJMo0a0808949

Vishvanath L, MacPherson KA, Hepler C, Wang QA, Shao M,
Spurgin SB, Wang MY, Kusminski CM, Morley TS, Gupta
RK. 2016. Pdgfrp* mural preadipocytes contribute to adipo-
cyte hyperplasia induced by high-fat-diet feeding and pro-
longed cold exposure in adult mice. Cell Metab 23: 350-359.
doi:10.1016/j.cmet.2015.10.018

Vujovi¢ N, Piron MJ, Qian J, Chellappa SL, Nedeltcheva A, Barr
D, Heng SW, Kerlin K, Srivastav S, Wang W, et al. 2022. Late
isocaloric eating increases hunger, decreases energy expendi-
ture, and modifies metabolic pathways in adults with over-
weight and obesity. Cell Metab 34: 1486-1498.e7. doi:10
.1016/j.cmet.2022.09.007

Wang J, Lazar MA. 2008. Bifunctional role of Rev-erba in adipo-
cyte differentiation. Mol Cell Biol 28: 2213-2220. doi:10
.1128/MCB.01608-07

Wang QA, Tao C, Gupta RK, Scherer PE. 2013. Tracking adipo-
genesis during white adipose tissue development, expansion
and regeneration. Nat Med 19: 1338-1344. doi:10.1038/nm
3324

Wang F, Zhang L, Zhang Y, Zhang B, He Y, Xie S, Li M, Miao X,
Chan EY, Tang JL, et al. 2014. Meta-analysis on night shift
work and risk of metabolic syndrome. Obes Rev 15: 709-
720. doi:10.1111/0br.12194

Wang T, Wang Z, Yang P, Xia L, Zhou M, Wang S, Du J, ZhangJ.
2016. PER1 prevents excessive innate immune response dur-
ing endotoxin-induced liver injury through regulation of mac-
rophage recruitment in mice. Cell Death Dis 7: €2176. doi:10
.1038/cddis.2016.9

Wang S, Lin Y, Gao L, Yang Z, Lin J, Ren S, Li F, Chen J, Wang Z,
Dong Z, et al. 2022. PPAR-y integrates obesity and adipocyte
clock through epigenetic regulation of Bmall. Theranostics
12: 1589-1606. doi:10.7150/thno.69054

Weindruch R, Walford RL, Fligiel S, Guthrie D. 1986. The retarda-
tion of aging in mice by dietary restriction: longevity, cancer,
immunity and lifetime energy intake. ] Nutr 116: 641-654.
doi:10.1093/jn/116.4.641

Weinstock A, Brown EJ, Garabedian ML, Pena S, Sharma M,
Lafaille J, Moore K]J, Fisher EA. 2019. Single-cell RNA se-
quencing of visceral adipose tissue leukocytes reveals that ca-
loric restriction following obesity promotes the accumulation
of a distinct macrophage population with features of phago-
cytic cells. Immunometabolism 1: €190008. doi:10.20900/
immunometab20190008

Westcott GP, Emont MP, Li J, Jacobs C, Tsai L, Rosen ED. 2021.
Mesothelial cells are not a source of adipocytes in mice. Cell
Rep 36: 109388. doi:10.1016/j.celrep.2021.109388

Wu D, Ren Z, Pae M, Guo W, Cui X, Merrill AH, Meydani SN.
2007a. Aging up-regulates expression of inflammatory media-

472 GENES & DEVELOPMENT

tors in mouse adipose tissue. | Immunol 179: 4829-4839.
do0i:10.4049/jimmunol.179.7.4829

Wu X, Zvonic S, Floyd ZE, Kilroy G, Goh BC, Hernandez TL,
Eckel RH, Mynatt RL, Gimble JM. 2007b. Induction
of circadian gene expression in human subcutaneous adi-
pose-derived stem cells. Obesity 15: 2560-2570. doi:10
.1038/0by.2007.308

Xiao T, Langston PK, Mufioz-Rojas AR, Jayewickreme T, Lazar
MA, Benoist C, Mathis D. 2022.. T, in visceral adipose tissue
up-regulate circadian-clock expression to promote fitness and
enforce a diurnal rhythm of lipolysis. Sci Immunol 7:
eabl7641. doi:10.1126/sciimmunol.abl7641

Xiong X, Lin Y, Lee ], Paul A, Yechoor V, Figueiro M, Ma K. 2021.
Chronic circadian shift leads to adipose tissue inflammation
and fibrosis. Mol Cell Endocrinol 521: 111110. doi:10.1016/j
.mce.2020.111110

Xiong X, Li W, Liu R, Saha P, Yechoor V, Ma K. 2023. Circadian
clock control of MRTF/SRF pathway suppresses beige adipo-
cyte thermogenic recruitment. ] Mol Cell Biol 14: mjac079.
doi:10.1093/jmcb/mjac079

Xu X, Grijalva A, Skowronski A, van Eijk M, Serlie MJ, Ferrante
AW Jr. 2013. Obesity activates a program of lysosomal-depen-
dent lipid metabolism in adipose tissue macrophages indepen-
dently of classic activation. Cell Metab 18: 816-830. doi:10
.1016/j.cmet.2013.11.001

XuH, Li H, Woo SL, Kim SM, Shende VR, Neuendorff N, Guo X,
GuoT,QiT, PeiY, etal. 2014. Myeloid cell-specific disruption
of Period1 and Period2 exacerbates diet-induced inflammation
and insulin resistance. | Biol Chem 289: 16374-16388. doi:10
.1074/jbc.M113.539601

Yamaguchi S, Yoshino J. 2017. Adipose tissue NAD" biology in
obesity and insulin resistance: From mechanism to therapy.
Bioessays 39: 1600227. doi:10.1002/bies.201600227

Yamaguchi S, Franczyk MP, Chondronikola M, Qi N,
Gunawardana SC, Stromsdorfer KL, Porter LC, Wozniak DF,
Sasaki Y, Rensing N, et al. 2019. Adipose tissue NAD*
biosynthesis is required for regulating adaptive thermo-
genesis and whole-body energy homeostasis in mice. Proc
Natl Acad Sci 116: 23822-23828. doi:10.1073/pnas
.1909917116

Yang S, Liu A, Weidenhammer A, Cooksey RC, McClain D, Kim
MK, Aguilera G, Abel ED, Chung JH. 2009. The role of mPer2
clock gene in glucocorticoid and feeding rhythms. Endocrinol-
ogy 150: 2153-2160. doi:10.1210/en.2008-0705

Yoshida M, Satoh A, Lin JB, Mills KF, Sasaki Y, Rensing N,
Wong M, Apte RS, Imai SI. 2019. Extracellular
vesicle-contained eNAMPT delays aging and extends lifespan
in mice. Cell Metab 30: 329-342..€5. doi:10.1016/j.cmet.2019
.05.015

Yu X, Rollins D, Ruhn KA, Stubblefield JJ, Green CB, Kashiwada
M, Rothman PB, Takahashi JS, Hooper LV. 2013. TH17 cell
differentiation is regulated by the circadian clock. Science
342: 727-730. doi:10.1126/science.1243884

Zamboni M, Rossi AP, Fantin F, Zamboni G, Chirumbolo S,
Zoico E, Mazzali G. 2014. Adipose tissue, diet and aging.
Mech Ageing Dev 136-137: 129-137. doi:10.1016/j.mad.2013
.11.008

Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB.
2014. A circadian gene expression atlas in mammals: implica-
tions for biology and medicine. Proc Natl Acad Sci 111:
16219-16224. doi:10.1073/pnas.1408886111

Zhang Q, Shan B, Guo L, Shao M, Vishvanath L, Elmquist G,
Xu L, Gupta RK. 2022a. Distinct functional properties
of murine perinatal and adult adipose progenitor



subpopulations. Nat Metab 4: 1055-1070. doi:10.1038/
$42255-022-00613-w

Zhang ZB, Sinha J, Bahrami-Nejad Z, Teruel MN. 2022b. The cir-
cadian clock mediates daily bursts of cell differentiation by
periodically restricting cell-differentiation commitment.
Proc Natl Acad Sci 119: €2204470119. doi:10.1073/pnas
2204470119

Zhao L, Hutchison AT, Liu B, Wittert GA, Thompson CH,
Nguyen L, Au J, Vincent A, Manoogian ENC, Le HD, et al.
2023. Time-restricted eating alters the 24-hour profile of adi-

Circadian regulation of adipose tissue metabolism

pose tissue transcriptome in men with obesity. Obesity 31:
63-74. doi:10.1002/0by.23499

ZhuZ,XuL, Cai T, Yuan G, Sun N, Lu C, Qian R. 2018. Clock
represses preadipocytes adipogenesis via GILZ. | Cell Physiol
233: 6028-6040. doi:10.1002/jcp.26420

Zvonic S, Ptitsyn AA, Conrad SA, Scott LK, Floyd ZE, Kilroy G,
Wu X, Goh BC, Mynatt RL, Gimble JM. 2006. Char-
acterization of peripheral circadian clocks in adipose tissues.
Diabetes 55: 962-970. doi:10.2337/diabetes.55.04.06.db05-

0873

GENES & DEVELOPMENT 473



