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White adipose tissue is consid-
ered to have high plasticity. 

Dynamic, abnormal expansion of white 
adipose tissue leads to obesity and associ-
ated metabolic disorders. Due to techni-
cal limitations, the life cycle and turnover 
rates of different white adipose depots 
during development and under various 
physiological conditions and environ-
mental challenges has been assessed only 
through highly indirect approaches. We 
have recently described a system for the 
inducible, permanent labeling of mature 
adipocytes, the “AdipoChaser” mouse. 
Utilizing this AdipoChaser mouse 
model, we found that epididymal fat 
depots initiate adipogenesis after pro-
longed high fat diet feeding, whereas 
subcutaneous fat depots merely undergo 
hypertrophy and have a very low rate of 
adipogenesis. During cold exposure or 
β-3 agonist-induced “browning” of sub-
cutaneous fat depot, most of the beige 
adipocytes arise from de novo adipogen-
esis. We also found that cold exposure or 
β-3 agonist stimulation induces massive 
white adipogenesis in the epididymal fat 
depot. Developmentally, adipocytes in 
the gonadal fat depot are differentiated 
postnatally, between birth and sexual 
maturation, while adipocytes in the sub-
cutaneous fat are differentiated between 
embryonic days 14–18. Our study shed 
new insights into the developmental 
aspects of adipose tissue and its dynam-
ics under a number of different physi-
ological challenges.

White adipose tissue (WAT) not only 
stores energy in the form of lipids, it is 

also an endocrine organ that is critical for 
maintaining whole body insulin sensitiv-
ity along with glucose and lipid homeo-
stasis.1-3 Obesity is defined as excessive 
accumulation of white adipose tissue, 
which can increase the likelihood of car-
diovascular disease, type 2 diabetes, and 
even cancer.4,5 A chronic imbalance of 
energy intake vs. energy expenditure leads 
to the expansion of white adipose tissue, 
a major culprit of the pathophysiological 
constellation that results in the metabolic 
syndrome observed in many patients that 
are part of the obesity pandemic preva-
lent not only in the western world, but 
increasingly found in developing countries 
throughout the world as well.6

Both adipocyte hypertrophy and adipo-
genesis (hyperplasia) contribute to adipose 
tissue expansion.6,7 However, the detailed 
sequence of events is not well understood. 
Is adipogenesis induced right upon initial 
high fat diet exposure? Are there differ-
ences between different fat depots? While 
the methodology that is used to study 
these phenomena continues to be a very 
indirect one in clinical settings, our new 
approach in rodents has proven to be quite 
effective. In mice, we did not understand 
which fat depots are more prone to induce 
adipogenesis upon chronic caloric excess. 
Similar to the clinical setting, the best 
available methods for rodents were tak-
ing advantage of measurements of DNA 
synthesis in WAT as a way to determine 
adipogenesis. This can be achieved by 
incorporation of thymidine analogs or in 
situ analysis of newly synthesized DNA 
in WAT sections.8,9 However, in contrast 
to progenitor cells that indeed proliferate, 
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adipocyte differentiation per se does not 
necessarily critically depend upon DNA 
synthesis. In addition, these methods can-
not precisely distinguish adipocyte pro-
genitor proliferation from proliferation of 
other cell types within WAT.10

We have therefore embarked on the 
development of a genetic model to address 
this question with a higher degree of pre-
cision and generated the “AdipoChaser” 
mouse model to track adipogenesis of 
WAT in vivo.11 The AdipoChaser mouse, 
as an inducible labeling system for mature 
adipocytes, is generated by crossing mice 
that carry the transgene for the tet-on 

transcription factor rtTA under the con-
trol of the highly adipocyte-specific adi-
ponectin promoter (adiponectinP-rtTA or 
Adn-rtTA) with the doxycyclin-reponsive 
TRE-Cre transgene. These two factors 
act on a third transgene, the Rosa26-
loxP-stop-loxP-lacZ transgenic cassette. 
The triple transgenic mouse, called the 
“AdipoChaser” mouse, expresses rtTA in 
adipocytes, but does not express LacZ in 
any cell type while maintained on food 
not containing doxycycline (Fig. 1). When 
doxycycline is included in the food, rtTA 
in all adipocytes will have the TRE pro-
moter activated such that Cre expression 

is induced. The Cre protein will specifi-
cally remove the floxed transcriptional 
stop cassette and as a result permanently 
turn on LacZ expression (Fig. 1A). Even 
after withdrawal of doxycycline from the 
food, pre-existing white adipocytes will 
continue to express LacZ, whereas any 
new adipocytes that develop after the 
doxycycline exposure was stopped will not 
express LacZ (Fig. 1A). While this type of 
approach had been used in many other cell 
types, it was only upon the development 
of the adiponectinP-rtTA mouse that this 
could effectively be done in the adipo-
cyte. Importantly, we have to appreciate 

Figure 1. Schematic model showing the AdipoChaser mouse model and adipogenesis found in different fat depots. (A) The AdipoChaser mouse model: 
Prior to doxycycline treatment, every white adipocyte is LacZ-negative (adipocytes surrounded by red circles). After doxycycline exposure, all white 
adipocytes are LacZ-positive (adipocytes surrounded by blue circles). After doxycycline withdrawal, if mice are kept under conditions that induce adi-
pogenesis, new adipocytes will be observed as LacZ-negative adipocytes (adipocytes surrounded by red circles with red glow). (B) Adipogenesis in 
eWAT in adult mouse: Prolonged HFD feeding (more than 1 mo), cold exposure, and β-3 treatment induce adipogenesis (white adipocyte) in eWAT. 
(C) Adipogenesis in sWAT in the adult mouse: HFD feeding only induces hypertrophy in sWAT; cold exposure and β-3 treatment-induced beige adipo-
cytes within sWAT are from de novo adipogenesis. (D) The development of eWAT: Adipocytes in the eWAT are differentiated postnatally between birth 
and sexual maturation. LacZ expression in adipocytes is pulsed at postnatal day (P) 10 (doxycycline withdrawal), new white adipocytes are observed at 
P28 and there are more white adipocytes by P56. (E) The development of sWAT: All the adipocytes in the sWAT start to differentiate between embryonic 
day (E) 14 and E18, but the differentiation takes much longer and finishes postnatally. LacZ expression in adipocytes is pulsed at E18 (doxycycline with-
drawal), no new white adipocytes are observed at P28 or P56.
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that this type of “pulse/chase” experiment 
critically relies on a complete elimination 
of the inducing agent during the wash-out 
period, which is in this case doxycycline. 
Doxycycline is eliminated from the sys-
tem in as little as 12 h.12 In contrast, the 
widely-used tamoxifen-based systems that 
that advantage of an inducible version of 
the CRE-lox system, works very well to 
activate the CRE endonuclease. However, 
tamoxifen is an extremely hydrophobic 
estrogen receptor antagonist and effec-
tively partitions into lipid droplets in 
adipocytes, from where it can slowly leak 
out for several months.13 As a result, this 
system is not well suited for the “chase” 
period of the experiment, since newly 
emerging cells continue to be labeled in 
the continued presence of tamoxifen.

Using the AdipoChaser mouse system, 
we discovered that there is essentially no 
adipogenesis ongoing in both epididymal 
adipose tissue (eWAT) and subcutaneous 
adipose tissue (sWAT) within the first 4 
wk of high fat diet feeding. Adipogenesis 
could be observed at the 8th week of 
high fat diet feeding; however, this was 
restricted to eWAT (Fig. 1B). This eWAT-
specific adipogenesis strongly correlates 
with whole the body insulin sensitivity 
status in C57BL/6J mice. Four weeks of 
high fat diet feeding increases body weight 
of C57BL/6J mice, but does not yet sig-
nificantly alter whole body insulin sensi-
tivity, while 8 wk of high fat diet further 
increases body weight and impairs whole 
body insulin sensitivity.14 This differs 
from strain to strain used for these high 
fat diet experiments. On the other hand, 
we did not observe any adipogenesis in 
sWAT during high fat diet feeding, even 
after 12 wk. Thus, high fat diet-induced 
sWAT expansion is restricted to a hyper-
trophic response in mice (Fig.  1C). We 
do not know whether sWAT expansion 
is restricted to hypertrophic responses in 
humans during early onset of obesity as 
well. However, studies in humans have 
shown that the expansion of different fat 
depots has distinct effect on whole body 
insulin sensitivity and the pathogenesis 
of obesity-related metabolic disorders. 
Specifically, many studies have linked 
visceral adipose tissue (vWAT) and sWAT 
differentially with the progression to insu-
lin resistance. vWAT accumulation leads 

to an increased risk of insulin resistance 
and type 2 diabetes,15-19 while the accumu-
lation of sWAT is not or even negatively 
related with insulin sensitivity.20-22 WAT 
expands by a hypertrophic mechanism 
in response to high dietary fat intake at 
early stages. During this period, individu-
als have normal glucose levels and insulin 
sensitivity despite an increase in fat mass. 
However, after prolonged exposure to 
high dietary fat, the enlarged adipocytes 
can no longer cope with excess lipids to 
maintain normal glucose levels and insu-
lin sensitivity. As a result, the onset of 
insulin resistance ensues. Adipogenesis 
in the vWAT is only induced during that 
stage by unknown mechanisms. Many 
clinical studies describe the observation 
that females tend to increase sWAT mass 
while males are more prone to expand 
their vWAT. Our ongoing studies aim to 
complement our initial data set and are 
focusing on high fat diet induced WAT 
expansion in female mice. It will be 
informative to see whether, in contrast to 
males, there is adipogenesis in sWAT of 
female mice and if this type of subcuta-
neous adipogenesis can protect them from 
insulin resistance.

Brown adipose tissue (BAT), when 
activated, can rapidly take up and oxidize 
large amounts of fatty acids and glucose to 
produce heat in response to physiological 
stimulations. Exposure to cold or phar-
macological treatment with β-adrenergic 
receptor agonists triggers the appearance 
of a subset of “beige” adiopcytes within 
sWAT that are UCP1-positive. These 
cells share additional characteristics with 
brown adipocytes compared with conven-
tional white adipocytes.23-26 The hope is 
that beige adipocyte-based therapies have 
the potential to effectively increase energy 
utilization, thereby improving insu-
lin resistance and other metabolic syn-
drome-related side effects. Recent studies 
proposed that beige adipocytes are not 
associated with precursor proliferation27 
and may arise from “trans-differentiation” 
of existing white adipocytes.28-30 On the 
other hand, others found that there is a 
CD137− precursor cell population that 
can be activated to differentiate into 
beige adipocytes after appropriate stimu-
lation.31 Using our AdipoChaser system, 
we discovered that the vast majority of 

the newly emerging beige adipocytes that 
appear in the sWAT in response to cold 
are not derived from pre-existing white 
adipocytes but rather emerge through de 
novo differentiation (Fig.  1C). However, 
we can always observe some LacZ positive 
beige adipocytes in the sWAT of cold-
exposed mice, though only at very low 
levels. This suggests the presence of either 
pre-existing or transdifferentiating cells: 
First, these beige adipocytes may have 
been pre-existing during the doxycycline 
exposure at room temperature. Even at 
room temperature, there is some level of 
browning of sWAT ongoing to maintain 
normal body temperature; alternatively, 
they may indeed emerge from a low level 
of interconversion of pre-existing beige 
adipocytes that gained “white” morphol-
ogy at room temperature.32 Rosenwald et 
al. recently traced cells in the other direc-
tion. They used a UCP-1 tracer system and 
proved that beige adipocytes generated by 
cold exposure can switch to “white” like 
morphology at room temperature, and 
these cells can convert back to a beige 
morphology when re-exposed to cold 
temperature.32 Indeed, we also observed a 
similar trend of “whitening” of beige adi-
pocyte at room temperature, as the cold-
induced beige cells showed enlarged cell 
size and lipid droplets after returning mice 
to room temperature for 7 d post-cold 
exposure. Based on these observations, it 
is not only a question of how we induce 
the generation and activity of beige adi-
pocytes. Rather, once generated, it seems 
equally important to find ways to main-
tain the functionality of these beige adi-
pocytes as heat-producing cells for beige 
adipocyte-based anti-obesity therapies. 
Very little beige-ing can be observed in 
the epididymal fat pad. However, there is 
de novo adipogenesis occurring in this fat 
pad, but interestingly mostly in the form 
of classical white adipogenesis (Fig. 1B).

Another intriguing phenomenon we 
observed is that white adipocytes in sWAT 
and gonadal white adipose tissue (gWAT) 
differentiate during distinct developmen-
tal stages, and their ability to maintain a 
high rate of differentiation at later stages 
differs a lot (Fig. 1D and E). White adi-
pocytes in sWAT initiate widespread dif-
ferentiation around a very narrow time 
frame before birth, around embryonic 
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day  14 to embryonic day 18, whereas 
white adipocytes in gWAT initiate differ-
entiation postnatally and this can be initi-
ated at any time in the first several weeks 
after birth. However, for individual adipo-
cytes, differentiation in the sWAT depots 
seems to occur over a longer time frame 
until these adipocytes reach the morphol-
ogy of mature adipocytes, assuming the 
characteristic unilocular cell morphology. 
Although they have started to differentiate 
as early as embryonic day 14 to embryonic 
day 18, at 28 d postnatally, a vast number 
of white adipocytes in sWAT are still very 
small multilocular cells. Complete dif-
ferentiation of sWAT was observed as late 
as 8 wk after birth. On the other hand, 
unilocular adipocytes in gWAT of 28 d 
old mice are hard to find, but then rapidly 
appear with the expected morphology. We 
therefore suggest that white adipocytes 
in gWAT differentiate more rapidly than 
in sWAT, which may explain why white 
adipocytes are more dynamic and adipo-
genesis is easier to trigger in eWAT during 
high fat diet feeding. Surprisingly, even 
cold exposure induces widespread differ-
entiation of classical white adipocytes in 
eWAT (Fig. 1B).

Notably, we also found—against 
the common belief—that newly gener-
ated white adipocytes are not necessarily 
smaller in size. New white adipocytes can 
have mixed cell sizes, both in sWAT and 
gWAT. For example, in the sWAT of both 
male and female mice which were exposed 
to doxycycline during embryonic day 9 to 
embryonic day 16, there are LacZ posi-
tive adipocytes labeled before embryonic 
day 16 and LacZ negative adipocytes that 
started differentiation after embryonic 
day 16 (Fig.  2A and B). Some of these 
more recently developed adipocytes (LacZ 
negative adipocytes) have larger cell sizes 
and others have smaller cell sizes (Fig. 2A 
and B). This observation cautions us not 
to interpret the presence of small adipo-
cytes as more recent arrivals in the adipo-
cyte pool, as old adipocytes can be smaller 
than new adipocytes.

Looking forward from this point on, 
the AdipoChaser mouse system is a ver-
satile tool for us to study adipogenesis in 
vivo under a number of different settings. 
Our next steps are to study the gender 
difference of adipogenesis in various fat 

depots, adipogenesis during PPARγ ago-
nist- induced adipose tissue expansion, 
adipogenesis during the aging process as 
well as during widespread changes in adi-
pogenesis during normal physiological 
processes, such as involution of the mam-
mary gland upon cessation of lactation. 
In addition, the AdipoChaser mouse can 
be crossed with additional adipocyte spe-
cific knockout/transgenic mouse models 
to study the regulation of adipogenesis in 
response to changes in specific pathways.
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