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Activated beige adipocytes have therapeutic potential
due to their ability to improve glucose and lipid homeo-
stasis. To date, the origin of beige adipocytes remains
enigmatic. Whether beige cells arise through de novo
differentiation from resident precursors or through
reprogramming of mature white adipocytes has been
a topic of intense discussion. Here, we offer our per-
spective on the natural origin of beige adipocytes in
mice. In particular, we revisit recent lineage-tracing
studies that shed light on this issue and offer new in-
sight into how environmental housing temperatures
early in life influence the mode of beige adipocyte bio-
genesis upon cold exposure later in life. We suggest
a unified model in which beige adipocytes (UCP1* multi-
locular cells) in rodents initially arise predominantly
from progenitors (i.e., de novo beige adipogenesis)
upon the first exposure to cold temperatures and then
interconvert between “dormant beige” and “active
beige” phenotypes (i.e., beige cell activation) upon sub-
sequent changes in environmental temperature. Impor-
tantly, we highlight experimental considerations needed
to visualize de novo adipogenesis versus beige cell
activation in mice. A precise understanding of the cellular
origins of beige adipocytes emanating in response to
physiological and pharmacological stimuli may better
inform therapeutic strategies to recruit beige adipocytes
in vivo.

The evolution of adipose tissue has provided mammals with
an extraordinary ability to adapt to changes in energy de-
mand and nutrient availability. White adipose tissue (WAT)
serves as the principle site for safe energy storage in the form
of triglyceride, whereas brown adipose tissue (BAT) functions
to dissipate excess energy to produce heat (adaptive

thermogenesis). In comparison with white adipocytes,
brown adipocytes are rich in mitochondria and exhibit
a multilocular, rather than unilocular, lipid droplet ap-
pearance. Historically, the defining feature of active
thermogenic brown adipocytes has been the expres-
sion of the mitochondrial protein uncoupling protein
1 (UCP1) and multilocular lipid droplet appearance (1).
For decades, it has been believed that UCP1 was the sole
thermogenic engine driving energy expenditure in brown
adipocytes. Today, it is becoming increasingly evident
that additional thermogenic mechanisms are present and
might be critical for BAT function. In fact, some placental
mammals do not express UCP1 and thus rely on distinct
thermogenic mechanisms (2). The relative contribution
of such UCP1-independent mechanisms of adipocyte
thermogenesis is still being defined; however, under-
standing these mechanisms may inform novel strategies
to drive energy expenditure in a therapeutic manner. An
excellent overview of these pathways has recently been
described in detail (3).

Brown adipocytes likely evolved as a mechanism for
small mammals to defend against stressful periods of cold
environmental temperatures, beginning at the time of
birth; however, WAT depots of cold-exposed rodents
can undergo extensive remodeling and adopt a thermo-
genic phenotype, elicited by the emergence of UCP1*
energy-burning adipocytes (4). This “browning” of WAT
exemplifies the remarkable capacity of adipose tissue to
adapt to its environment. Recruited UCP1" cells residing
within WAT depots were long considered “brown” adipo-
cytes; these cells express UCP1, are abundant in mitochon-
dria, and exhibit a multilocular lipid droplet appearance. As
such, these cells within WAT depots are often referred to
as “BRITE” cells (brown in white adipose tissue) (5). Today,
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it has become increasingly apparent that these thermo-
genic adipocytes residing within WAT depots are de-
velopmentally, molecularly, and functionally distinct from
classical brown adipocytes. Studies from Kozak and col-
leagues indicated that UCP1" cells within white and brown
fat depots were regulated by distinct genetic control mech-
anisms (6,7). Subsequent genetic lineage-tracing studies,
gene expression profiling, biochemical analysis, and func-
tional analyses have cumulatively provided evidence that
classical interscapular brown adipocytes, but not most
thermogenic adipocytes within inguinal WAT, share a com-
mon lineage with skeletal muscle cells (8-12). Wu et al. (13)
determined that UCP1" adipocytes differentiated from in-
guinal subcutaneous WAT-derived clonal precursor cell lines
exhibit properties of both brown and white adipocytes.
These adipocytes resemble white adipocytes in having
low basal expression of UCP1; however, like classical brown
adipocytes, they respond to cyclic AMP stimulation with
high UCP1 expression and respiration rates. Importantly,
the global gene expression profile of the UCP1" fat cells
appears distinct from white and brown adipocytes. As
such, Wu et al. (13) adopted the term “beige adipocytes”
to describe these cells. Additionally, these studies pro-
vided the first suggestion that beige adipocytes may arise
from their own committed preadipocytes residing within
the adipose tissue stromal vascular fraction.

Over the past 10 years, beige adipocytes have been the
subject of intense focus in the field of energy metabo-
lism. Importantly, adult humans harbor functional BAT,
which likely consists of both classical brown adipocytes
and beige adipocytes (14-16). As described in several
recent reviews, rodent studies highlight the significant
contribution of beige adipocytes to energy balance and
nutrient homeostasis (17,18). It has been observed re-
peatedly that strains of mice that are able to increase
these UCP1-positive cells are often also relatively re-
sistant to diet-induced obesity (6,19,20). The ability to
induce “browning” of WAT in rodents is protective
against obesity and can trigger weight loss when acti-
vated in obese mice (21,22). Interestingly, many of the
beneficial effects of beige adipocytes on glucose and lipid
homeostasis can be observed prior to changes in body
weight. Some of these effects might be mediated by
functions independent of thermogenesis per se (e.g.,
secreted proteins) (18).

Tremendous effort is being placed on developing strat-
egies to stimulate functional beige adipocyte biogenesis.
The abundance of brown and beige adipocytes is heavily
regulated in adult animals. Activation of (-adrenergic
receptor signaling following cold exposure appears to be
the most robust and powerful pathway leading to the
formation and activation of thermogenic adipocytes; how-
ever, recent studies from Kajimura and colleagues reveal
that functionally unique beige adipocytes (glycolytic beige
adipocytes) can arise in the absence of -adrenergic re-
ceptor signaling (23). There is a growing list of pharma-
cological and physiological stimuli that can potently trigger
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beige adipocyte accumulation in rodents beyond cold
exposure, including cancer cachexia, gastric bypass, and
exercise (24-26). Moreover, great progress has been made
in elucidating the transcriptional machinery driving beige
adipocyte differentiation (27). Despite the progress made
on several key fronts, the natural origin of beige adipocytes
has remained unclear and a topic of considerable discussion.
Below, we discuss several recent lineage-tracing studies,
including ones from our own groups, that aim to address
the origins of beige adipocytes and their cellular fate. We
attempt to reconcile seemingly disparate findings in this
literature with a unified model in which beige adipocytes
initially arise predominantly from progenitors upon the first
exposure to cold temperatures and then interconvert be-
tween “dormant beige” and “active beige” phenotypes upon
subsequent changes in environmental temperature.

Beige Cells Can Arise From Differentiated Unilocular
Adipocytes

Mature adipocytes are widely considered to be postmi-
totic. Thus, in principle, beige adipocytes can accumulate
via de novo differentiation from resident precursors or
via a conversion of mature white adipocytes into multi-
locular UCP1" cells. The latter event is often referred to as
“transdifferentiation” of white to beige fat cells. Cinti and
colleagues have long proposed that beige cells arise
through such a white to beige cell transdifferentiation
(28). This hypothesis was initially raised on the basis of
elegant electron microscopy studies of adipocytes follow-
ing cold exposure. In recent years, genetic “pulse-chase”
lineage-tracing studies have emerged to support the
concept of adipocyte lineage plasticity. Lee et al. (29)
utilized Adiponectin-CreERT2 mice to activate Cre-dependent
reporter gene expression specifically in all mature
adipocytes. Inducible and indelible labeling allows for
mature adipocytes to be marked and their cell fate to
be tracked over time. In such systems, labeled beige
adipocytes emerging following the “browning” stimulus
represent cells arising from mature white adipocytes. Un-
labeled beige cells represent newly formed adipocytes,
presumably arising from resident precursor populations.
Using this system, Lee at al. report that nearly all UCP1*
cells retain label following cold exposure or stimulation
with a 33-adrenergic receptor agonist. The authors con-
cluded that inguinal beige adipocytes arise predomi-
nantly from adipog-expressing unilocular adipocytes
existing prior to cold exposure, in line with a potential
“transdifferentiation” event.

Independent lineage-tracing studies from Wolfrum and
colleagues shed considerable insight into the cellular fate
of beige adipocytes once animals are reintroduced to
regular housing conditions following cold exposure. Rosenwald
et al. tracked the UCP1 lineage using UCP1-CreERT2
animals (30). With their model, the authors were able
to map the fate of UCP1" adipocytes as animals transi-
tioned from cold temperatures back to room temperature
housing conditions. They found that beige adipocytes have
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the capacity to revert to an apparent white adipocyte
phenotype; the cells lose UCP1 expression and become
unilocular. These same adipocytes can then revert back to
UCP1" cells upon repeated exposure to cold. All together,
these data imply that white and beige adipocytes possess
significant phenotypic plasticity, with the ability to intercon-
vert between distinct cell states in response to physiological
challenge.

A number of studies now shed insight into mechanisms
facilitating the “whitening” of brown/beige adipocytes as
thermogenic stimuli are withdrawn. Altshuler-Keylin et al.
(31) demonstrated that the beige-to-white transition is
linked to an autophagy-dependent clearance of mitochon-
dria. In vitro, this occurs without passing through a defin-
itive precursor stage. A more recent study by Roh et al. (32)
explored the browning and whitening of subcutaneous
adipose tissue with a focus on the changing epigenomic
landscape within mature adipocytes. As beige cells
transition between cold and warm temperatures, the
global landscape of chromatin modifications changes
in a pattern consistent with a white-to-beige cell fate
switch. However, whitened beige adipocytes retain
“poised” enhancers that allow thermogenic genes to
reactivate upon repeated cold exposure. This epigenomic
plasticity of brown adipocytes is not readily apparent, at
least during the period examined. Brown adipocytes
largely retain the epigenetic profile of “brown” adipocytes
even as they undergo a morphological “whitening” at
warm temperatures. These results provide unique insight
into the cellular plasticity of white and beige adipocytes
and further define differences between brown and beige
fat cells.

Our own work on the transcription factor ZFP423 also
sheds insight into plasticity of mature adipocytes (22,33).
Zfp423 expression is enriched in white versus brown
adipocytes and is suppressed in fat cells upon cold expo-
sure or direct activation of B3-adrenergic signaling (22).
Roh et al. (32) found that Zfp423 levels are activated in
beige cells transitioning back to a white-like phenotype.
Inducible genetic depletion of Zfp423 in mature adipo-
cytes leads to a robust white-to-beige interconversion of
nearly all differentiated adipocytes within the subcuta-
neous inguinal WAT depots and of numerous visceral
adipocytes normally resistant to browning. Pulse-chase
lineage tracing of Zfp423-deficient adipocytes clearly
reveals that mature unilocular adipocytes are transition-
ing to a multilocular beige adipocyte phenotype when
Zfp423 is removed. Taken all together, these aforemen-
tioned studies provide compelling evidence that beige
adipocytes can indeed arise from mature unilocular
adipocytes.

Beige Cells Can Arise Through De Novo Adipocyte
Differentiation From Precursors

In multiple studies, our groups have independently
employed the “AdipoChaser” model in a pulse-chase
lineage-tracing experiment to investigate the origin of
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beige adipocytes induced by cold exposure/adrenergic
signaling (22,34,35). The AdipoChaser model allows
for tetracycline (doxycyline)-inducible Cre-mediated re-
porter gene activation in cells expressing the adiponectin
gene. Similar to the tamoxifen-inducible lineage-tracing
systems discussed above, this system can mark mature
adipocytes and track their fate over time (Fig. 1). Using
this system, we have observed that UCP1" cells appear
rapidly and arise through both de novo beige adipo-
genesis and from existing mature adipocytes upon stim-
ulation with a B3-adrenergic receptor agonist or cold
exposure (22,34,35). Our groups have independently
and consistently made this observation; however, the
exact degree of de novo adipogenesis occurring can vary,
depending on the exact Rosa26 reporter employed (LacZ
or mT/mG reporter).

The notion that beige adipocytes emerge from resident
precursor cells is in line with the original observations by
Whu et al. (13) and subsequent studies of beige adipocyte
precursors. Wang et al. (36) observed that committed
PDGFRa" beige precursors reside within murine subcu-
taneous WAT and can be prospectively isolated on the
basis of Ebf2-driven GFP reporter gene expression. Beige
adipocyte precursors appear also to reside in adult
humans. Kajimura and colleagues established beige adipo-
cyte cell lines derived from the supraclavicular adipose tissue
of adult individuals (16). A number of studies suggest that
beige adipocyte precursors, like white adipocyte precur-
sors, reside in the adipose tissue vasculature (9,34,37).
Long et al. (9) revealed that beige adipocytes express
a smooth muscle-like gene program. A lineage relationship
between beige fat cells and vascular smooth muscle/
mural cells is now supported by several lineage-tracing
studies (9,37). Inguinal beige adipocytes rapidly emerg-
ing (within 7 days) upon cold exposure descend from cells
expressing Acta2 (smooth muscle actin). Prolonged cold
exposure (=2 weeks) triggers de novo beige adipogenesis
from cells expressing Myh11 (Myh11-CreERT2 lineage trac-
ing) and/or Pdgfrb (Pdgfrb-rtTA; TRE-CRE). Functional
studies further support this hypothesis. Stromal vascular
cells deficient in myocardin-related transcription factor A
(MRTFA) exhibit less of a smooth muscle-like phenotype
and gain potential to undergo beige adipogenesis (38).
Corvera and colleagues made the important observation
that beige precursor cells emerge from capillary sprouts of
explanted human subcutaneous adipose tissue (39). These
precursor-derived beige adipocytes, upon transplantation,
improve glucose homeostasis. Altogether, evidence supports
the existence of beige adipocyte precursors within WAT and
that beige adipocytes can indeed emerge from these precur-
sors in response to cold exposure.

The Favored Mode of Beige Cell Recruitment Is
Dependent on History of Prior Cold Exposure and Exact
Thermogenic Stimulus

There has been considerable discussion about the pre-
dominant developmental mechanism leading to beige
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cell formation. A number of studies, including our own
original study, have suggested beige adipocytes emerge
predominantly through de novo adipocyte differentiation
in response to cold exposure. The studies by Lee et al. (29)
and Rosenwald et al. (30) suggest that a vast majority arise
from existing mature adipocytes. Further complicating
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matters, Graff and colleagues made the interesting ob-
servation that the mode of beige cell recruitment may
differ in response to physiological (cold) versus pharmaco-
logical (B3-adrenergic receptor agonist) stimulation (40).
One possible explanation for the discrepancy in results
may lie in the technical approach. As mentioned above,

A Cellular Origins of Beige Adipocytes

Conversion from Existing Adipocytes

De novo differentiation or “adipogenesis”

Unilocular Mature Adipocyte Beige Adipocyte
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Figure 1—Evaluating the cellular origin of beige adipocytes through lineage tracing. A: Potential cellular origins of beige adipocytes. In
principle, beige adipocytes (UCP1* multilocular adipocytes) can arise through de novo differentiation of beige adipocyte precursors (i.e.,
adipogenesis) or through a cellular conversion in which existing mature adipocytes transform into beige cells. B: Genetic components of the
AdipoChaser mouse model. AdipoChaser mice are a combination of three published transgenic lines: 7) transgenic mice expressing the gene
encoding the “tet-on” transcription factor rtTA under the control of the adipoq gene promoter (“AdnP-rtTA”), 2) a tet-responsive CRE (TRE-
Cre) line that can be activated by rtTA in the presence of doxycycline (Dox), and 3) Rosa26 reporter mice expressing membrane-bound GFP
(mGFP) from the Rosa26 locus in a Cre-dependent manner (Rosa26-loxP-mtdTomato-loxP-mGFP). In the absence of doxycycline, all cells
express membrane-bound tdTomato (mtdTomato). Upon treatment with doxycycline, nTA activates the TRE promoter to induce Cre
expression, and Cre protein will subsequently eliminate the floxed mtdTomato cassette and permanently turn on mGFP expression in every
mature adiponectin-expressing adipocyte present during doxycycline exposure. C: Pulse-chase lineage tracing to reveal origins of beige
adipocytes. Treatment of AdipoChaser mice with doxycycline (+ Dox) (via chow diet) for 10 days results in specific expression of mGFP in
mature adipocytes (i.e., “pulse-labeling”). Upon removal of doxycycline (— Dox), animals are switched to cold temperatures or administered
a thermogenic stimulus (e.g., B3-adrenergic receptor agonist) for a specified time period (i.e., “the Chase”). During this period there is no
longer active Cre expression/adipocyte labeling. mGFP* beige adipocytes appearing following the period of WAT “browning” represent beige
adipocytes that arise from preexisting mature adipocytes. mGFP ™~ beige adipocytes represent cells that arise de novo, presumably from
resident adipocyte precursors.
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Figure 2—Cellular origins of beige adipocytes in mice born and raised at 22°C (room temperature). A: AdipoChaser mice born and raised at
room temperature were fed a standard chow diet until 8 weeks of age before being switched to doxycycline (Dox)-containing chow diet
(600 mg/kg) for 10 days (“Pulse”). Following the pulse-labeling period, mice were switched back to the standard chow diet (no doxycycline)
for 3 days before being subjected to cold exposure (6°C) or 33-adrenergic receptor agonist CL316,243 (CL) administration (10 mg/kg/day) for
7 days (“Chase”). B: Representative 4 X brightfield image of UCP1 expression in inguinal WAT sections from mice following the Chase period.
In this and all subsequent figures, boxed regions (black) highlight regions surveyed for quantitative analysis. C: Representative 63X image of
inguinal WAT sections stained with anti-GFP (green) and anti-PERILIPIN (red) antibodies and counterstained with DAPI (blue [nuclei]) at
indicated time points. Bar graphs/scatter plots (mean = SD) depict the percentage of PERILIPIN* cells expressing GFP at indicated time
points. *P < 0.05 from Student ¢ test. All immunohistochemistry (IHC) and indirect immunofluorescence assays in this figure and all other
figures were performed as previously described (22,34). In this figure, and all other figures, each data point represents number of fields of cells
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different Rosa26 reporter alleles are used in the various
studies; differences in the methods used to visualize re-
porter expression may confound direct comparison be-
tween data sets. Moreover, genetic variance heavily
influences the degree of beige accumulation in rodents
(6,7,20). It is conceivable that even slight differences in
mouse strains used by different laboratories may influence
results. Importantly, a major difference between many of
these studies is in the choice of lineage-tracing system and
inducing agent. We previously demonstrated that tamox-
ifen lingers inside WAT for a prolonged period of time
following injection. This has the potential to confound
lineage-tracing results, as Cre remains active beyond the
desired labeling period (41). Moreover, high doses of
tamoxifen are toxic to adipose tissue and lead to an
artificial wave of adipocyte differentiation associated
with tissue recovery. Additional studies have suggested
that tamoxifen itself can trigger beige cell recruitment
(42). Even a low dose of tamoxifen can lead to widespread
beiging of adipose tissue (43).

In most of the aforementioned lineage-tracing stud-
ies, animals are born and raised under “room tempera-
ture” housing conditions prior to cold challenge. A
temperature of 22°C represents a mild cold stress for
rodents, particularly in the early postnatal period. In
fact, Xue et al. (7) previously described a transient surge
in beige adipocytes in the retroperitoneal depot of
approximately postnatal day 10 mice. These cells dis-
appeared by weaning age and appear again in response to
cold. As such, we reasoned that such housing conditions,
particularly during early postnatal period, might influ-
ence the observed mode of beige cell recruitment and
lineage-tracing results.

We have recently addressed this possibility by perform-
ing an additional series of quantitative lineage-tracing
experiments, carefully taking into account animal housing
temperature prior to cold exposure. Indeed, our studies
reveal that housing conditions prior to cold exposure
significantly impact the relative contribution of de novo
beige adipogenesis to the emergence of beige adipocytes
following cold exposure. As expected, 7 days of cold (6°C)
exposure or administration of a B3-adrenergic receptor
agonist (CL316,243) leads to widespread browning of the
inguinal WAT depots of 10-week-old male C57BL/6 Adi-
poChaser mice that were born and raised at 22°C (room
temperature) (Fig. 2A and B). Under these conditions,
pulse-chase lineage tracing indicates that ~50% of the
multilocular PERILIPIN® adipocytes are mGFP" and thus
represent beige adipocytes that emerged from mature
adipocytes in response to cold exposure (Fig. 2C). The
remaining 50% of multilocular adipocytes (unlabeled)
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presumably arise from resident precursors through de
novo differentiation. Thus, as animals transition from
22°C to 6°C, both mechanisms of beige cell recruitment
are readily apparent (Fig. 2D). Direct activation of the 33-
adrenergic receptor yielded quantitatively distinct line-
age-tracing results. Following 7 days of treatment with
CL316,243, 71% of multilocular cells are GFP* (Fig. 2C
and D). This is consistent with prior tracing studies in-
dicating that pharmacological activation of B3-adrenergic
receptor signaling favors the formation of beige adipocytes
from unilocular mature adipocytes. This can likely be
explained by the fact that only mature adipocytes, rather
than adipocyte precursor cells, express the B3-adrenergic
receptor.

The results are strikingly different when animals are
born and raised under thermoneutral housing condi-
tions (30°C). Seven days of 6°C exposure treatment leads
to widespread browning of the inguinal WAT depots of
AdipoChaser mice that were born and raised at 30°C (Fig.
3A and B); however, after cold exposure, more than 80%
of multilocular cells are unlabeled (GFP ") (Fig. 3C) and
therefore represent beige adipocytes that emerge
through de novo differentiation. These data suggest
that upon the first significant cold stress experienced in
life, beige adipocytes (UCP1" multilocular cells) arise
predominantly through de novo beige adipogenesis
(Fig. 3D). Interestingly, housing conditions did not
significantly impact the mode of beige cell recruitment
activated by direct B3-adrenergic receptor agonist.
Following 7 days of daily CL316,243 treatment at 30°C,
widespread browning is also apparent; however, nearly
70% of multilocular cells are labeled (GFP") (Fig. 30).
These data highlight potential differences in beige cell
recruitment following physiological versus pharmaco-
logical stimuli.

We returned a subset of these same cold-exposed
animals to warmer temperature (30°C) for 4 weeks (Fig.
4A). After the 4 weeks of reintroduction to thermoneu-
trality, multilocular cells are rarely observed, and nearly all
GFP-labeled adipocytes appear unilocular (Fig. 4B and O).
This confirms prior studies demonstrating that beige
adipocytes revert to a unilocular phenotype upon “warm-
ing” conditions and may represent “dormant” or “inactive”
beige adipocytes (30,32). In a parallel study, we also
quantitatively assessed the mode of beige cell recruitment
in animals undergoing repeated cold exposure. Thermo-
neutral-raised AdipoChaser mice were cold exposed (first
cold exposure) and then returned to 30°C for 4 weeks (as
described above). Following the 4 weeks of reacclimation
to 30°C, doxycycline was administered to label existing
adipocytes with GFP expression. Then, mice were

counted within the boxed region shown in B. In each field (n = 10), >20 adipocytes were quantified. In total, >200 adipocytes were counted
for each condition. D: Pie chart summarizing the relative contribution of de novo adipogenesis vs. adipocyte activation/interconversion to the
total pool of beige adipocytes originating following exposure to cold temperatures or 33-adrenergic receptor agonist. Percentages indicated

represent mean values from the data shown in C.
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Figure 3—Cellular origins of beige adipocytes in mice born and raised at 30°C (thermoneutrality). A: AdipoChaser mice born and raised at
thermoneutrality (30°C) were fed a standard chow diet until 8 weeks of age before being switched to doxycycline (Dox)-containing chow diet
(600 mg/kg) for 10 days (“Pulse”). Following the pulse-labeling period, mice were switched back to the standard chow diet (no doxycycline) for
3 days before being subjected to cold exposure (6°C) or B3-adrenergic receptor agonist CL316,243 (CL) administration (10 mg/kg/day) for 7 days
(“Chase”). RT, room temperature. B: Representative 4 X brightfield image of UCP1 expression in inguinal WAT sections from mice following the
Chase period. IHC, immunohistochemistry. C: Representative 63X image of inguinal WAT sections stained with anti-GFP (green) and anti-
PERILIPIN (red) antibodies and counterstained with DAPI (blue [nuclei]) at indicated time points. Bar graphs/scatter plots (mean = SD) depict the
percentage of PERILIPIN* cells expressing GFP at indicated time points. *P < 0.05 from Student t test. D: Pie chart summarizing the relative
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Figure 4—Beige adipocytes acquire white adipocyte-like unilocular morphology after warm adaptation. A: AdipoChaser mice born and
raised at thermoneutrality (TN) were fed a standard chow diet until 8 weeks of age before being switched to doxycycline (Dox)-containing
chow diet (600 mg/kg) for 10 days (“Pulse”). After the pulse-labeling period, mice were switched back to the standard chow diet for 3 days.
Mice were then transferred to room temperature (RT) adaptation for 7 days before 7 days of cold exposure (6°C). Following the cold exposure,
mice were kept at thermoneutrality for another 4 weeks to induce the “whitening” of adipose tissue. B: Representative 4 X brightfield image of
UCP1 expression in inguinal WAT sections from mice following the final exposure to thermoneutrality. IHC, immunohistochemistry. C:
Representative 63X image of inguinal WAT sections stained with anti-GFP (green) and anti-PERILIPIN (red) antibodies and counterstained
with DAPI (blue [nuclei]) at indicated time points. D: Summary of results: beige adipocytes acquire white adipocyte-like unilocular morphology

after warm adaptation.

reintroduced to cold temperatures (6°C) for a second
time (Fig. 5A). Following this repeated cold exposure,
>75% of multilocular adipocytes retained GFP expres-
sion (Fig. 5B). Thus, the first cold exposure leads to
beige cell recruitment through de novo adipogenesis,
while the second exposure to cold temperatures favors
a mechanism in which beige cells arise from differenti-
ated unilocular adipocytes (Fig. 5C). The latter most
likely reflects a reactivation of dormant beige adipocytes
remaining following the first cold exposure. All together,

these studies highlight the multiple cellular mechanisms
leading to beige cell recruitment in vivo and important
experimental considerations (i.e., history of the animals
and housing conditions) needed to visualize them
in vivo.

Concluding Remarks and Future Directions

Adipose tissue gives mammals a remarkable capacity
to adapt to the changing environment. As such, we
should not be surprised to continuously find the lineage
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Figure 5—Repeated cold exposure influences the mode of beige adipocyte recruitment. A: AdipoChaser mice born and raised at
thermoneutrality (TN) were fed a standard chow diet until 8 weeks of age before being transferred to room temperature (RT) adaptation
for 7 days and then 6°C for 7 days. Following the cold exposure, the mice were returned to thermoneutrality for 4 weeks. During the 4 weeks of
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depict the percentage of PERILIPIN* cells expressing GFP at indicated time points. *P < 0.05 from Student t test. Pie chart summarizes the
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plasticity of adipocytes and their progenitors to be more
complex than imagined. The initial observation from
Seale et al. (10) that beige adipocytes emerge from
a distinct cell lineage different from the precursors giving
rise to brown adipocytes sparked tremendous efforts to
unveil the natural origin of these cells. Based on the
studies described here, we suggest a unified model that
is in line with the initial observations made by Wu et al.
(13) (Fig. 5D): beige adipocytes initially arise predomi-
nantly from progenitors (i.e., de novo beige adipogenesis)
upon the first exposure to cold temperatures and then
interconvert between “dormant beige” and “active beige”
phenotypes (i.e., beige cell activation) upon subsequent
changes in environmental temperature. Maintaining in-
active, but transcriptionally “poised,” beige cells (UCP1 ™
and unilocular) may be beneficial in order to rapidly
defend against subsequent cold exposures. Although
appearing inactive, such cells may also continue to play
a role in other aspects of nutrient homeostasis and phys-
iology.

It is tempting to refer to the transition between dor-
mant and active beige adipocytes as “transdifferentiation.”
This term is classically used to describe the conversion
of one differentiated cell type into another, without pass-
ing through an intermediate progenitor-like state (44).
Such a phenomenon can be induced experimentally
through genetic manipulation or tissue injury/insult;
however, few, if any, examples of bona fide trans-
differentiation events occurring under physiological con-
ditions have been described (44). In our view, it is not
clear that beige UCP1" cells fully revert to a bona fide
white adipocyte that is present prior to the first cold
exposure. Evidence that beige or white adipocytes
de-differentiate, at least to some degree, en route to
assuming the alternate fate is lacking. In vitro studies
suggest that de-differentiation/redifferentiation is
likely not the case (31). Nevertheless, the possibility
of this happening in vivo has yet to be formally ex-
cluded. In fact, our recent studies of the mammary gland
demonstrate that mature adipocytes indeed undergo
de-differentiation during lactation to a precursor-like
state and then redifferentiate following the involution
of the mammary ducts (45). Given these strict defini-
tions, the term “transdifferentiation” should be used
with caution. Future studies aimed at better identifying
molecular markers of the “dormant beige adipocyte” will
help address this question.

It now appears certain that adult WAT harbors pre-
cursor cells with the capacity to undergo beige adipocyte
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differentiation; however, the exact identity of these cells
remains uncertain, and cell surface markers to selectively
identify these cells have remained unidentified. Clonal
analyses of cultured adipose-derived stromal cell lines
suggest that committed beige precursors exist within
adult WAT and are distinct from white adipocyte pre-
cursors (13,16,46). Whether functionally distinct beige
and white adipocyte precursors are maintained in native
adult WAT still remains unclear. Alternatively, native
WAT may harbor bipotent precursors whose commitment
to the beige adipocyte lineage is dictated by signals
associated with cold exposure. Single-cell sequencing has
recently shed insight into the molecular heterogeneity of
WAT stromal cells (47-49). Additional single-cell sequenc-
ing analyses before/after cold exposure will likely clarify
these issues.

To date, much of the work on beige adipocytes has
focused on their emergence and activity within the sub-
cutaneous inguinal WAT of rodents. Recently, our groups
have derived an adipose tissue atlas of beige and brown fat
depots in mice (50). Beige adipocytes emerge within mul-
tiple, but not all, WAT depots in response to cold exposure.
Whether there are significant depot-specific differences in
beige/brown adipocytes and their origin remains unclear.
Moreover, a number of studies now suggest thermogenic
adipocytes and/or their precursors may even be heteroge-
neous within single depots (23,51,52). Similar to white
adipocytes, beige adipocytes may be quite heterogeneous
with respect to their functional properties and develop-
mental origin.

Over the past 10 years, positron emission tomography/
computed tomography imaging studies have made it clear
that adult humans have active brown fat that may in-
fluence various aspects of nutrient homeostasis
(53,54). As a result, there has been tremendous excite-
ment over the prospect that activating human brown fat
may be an effective strategy to increase energy expendi-
ture. One concern is that the absolute mass of existing
brown fat in obese adults may be limiting. Lineage-tracing
studies and various genetic rodent models highlight
the remarkable functional plasticity of WAT. The ability
of human WAT to undergo browning is also supported
by studies of burn trauma victims and pheochromocy-
toma patients (55,56). Thus, the possibility exists that
the pool of brown/beige adipose tissue can be expanded
by “unlocking” the thermogenic potential of white adi-
pose (57). Going forward, a better understanding of the
distinct cellular origins of beige adipocytes arising in
response to both physiological and pharmacological

relative contribution of de novo adipogenesis vs. adipocyte activation/interconversion to the total pool of beige adipocytes following
repeated cold exposure. D: Overall model: beige adipocytes initially arise predominantly from progenitors (i.e., de novo beige adipogenesis)
upon the first exposure to cold temperatures and then interconvert between “dormant beige” and “active beige” phenotypes (i.e., beige cell

activation) upon subsequent changes in environmental temperature.
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stimuli may better inform strategies to recruit beige adi-
pocytes in vivo.
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