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Abstract

The development of white adipose tissue (WAT) occurs during distinct embryonic and postnatal
stages, and it is subsequently maintained throughout life. However, the specific mediators and
mechanisms responsible for WAT development during different phases remain unclear. In this
study, we investigate the role of the insulin receptor (IR) in regulating adipogenesis and adipocyte
function within adipocyte progenitor cells (APCs) during WAT development and homeostasis. We
use two /n vivo adipose lineage tracking and deletion systems to delete IR either in embryonic
APCs or adult APCs, respectively, to explore the specific requirements of IR during WAT
development and WAT homeostasis in mice. Our data suggest that IR expression in APCs may
not be essential for adult adipocyte differentiation but appears to be crucial for adipose tissue
development. We reveal a surprising divergent role of IR in APCs during WAT development and
homeostasis.
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INTRODUCTION

White adipocytes are critical for storing excess nutrients and circulating fatty acids as
triglycerides. These stored triglycerides can then be mobilized and used in response to
metabolic demands to fuel target tissues. In addition to lipid storage, white adipocytes serve
as active endocrine cells that control many metabolic responses such as inflammation,
glucose homeostasis, and insulin sensitivity. Hence, proper white adipocyte function

is essential for metabolic flexibility and health (Kershaw and Flier, 2004; Rosen and
Spiegelman, 2006; 2014; Spiegelman and Flier, 2001; Trayhurn and Beattie, 2001).
However, in response to uncontrolled pathophysiological expansion of white adipose tissue
(WAT), a core attribute to obesity, white adipocyte lipid storage and endocrine function
become dysregulated, leading to metabolic disorders, including insulin resistance, chronic
inflammation, fibrosis, and atherosclerosis (Coutinho et al., 2011; Emerging Risk Factors
et al., 2011; Phillips and Prins, 2008; Pischon et al., 2008; Sun et al., 2011). Yet, despite
the importance of white adipocytes in regulating various local and systemic metabolism,
our understanding of the factors and mechanisms controlling adipocyte development and
homeostasis, /n vivo, remains poorly defined.

Recent studies have identified that adipocytes can arise from two distinct phases: a
developmental phase and an adult phase (Jiang et al., 2014; Knittle et al., 1979;

Shin et al., 2020b; Spalding et al., 2008; Tang et al., 2008; Wang et al., 2013). In

rodents, the developmental phase consists of embryonic specification and patterning of
adipocyte progenitor cells (APCs) and their postnatal lipid filling. The adult phase or
homeostatic phase is the utilization of APCs to generate new adipocytes throughout the
organism’s lifespan in response to various environmental cues, such as nutritional status and
temperature. This homeostatic phase replenishes the tissue with new adipocytes, allowing
turnover of existing adipocytes to maintain metabolic health. Recent studies have focused on
understanding adult APC identity and their ability to generate new adipocytes. Specifically,
adult APCs reside within the adipose tissue vascular niche and appear to resemble a
specialized subset of mural cells (smooth muscle cells, pericytes) (Jiang et al., 2014; Tang
et al., 2008; Traktuev et al., 2008; Vishvanath et al., 2016). They express mural cell markers
such as smooth muscle actin (Sma), and platelet derived growth factor receptor g (Pdgfrp).
Adult APCs can be further identified based on their expression of the major transcriptional
regulator of adipocyte differentiation, peroxisome proliferator activated receptor gamma
(Ppary) (Berry et al., 2016a; Jiang et al., 2017b; Shin et al., 2020a; Tang et al., 2008).

Fate mapping studies, using Sma-genetic models, have demonstrated that Sma+ adult
perivascular APCs can generate new adipocytes under normal homeostatic (or chow-fed)
conditions at appreciable rates (Jiang et al., 2014). Moreover, modulating Ppary expression,
either up or down, within Sma+ cells can influence whether new adipocytes are formed
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(Jiang et al., 2017b; Jiang et al., 2014). However, the full spectrum of /n vivo adipogenic
mediators has yet to be defined within the APC population.

Insulin receptor (IR) signaling has been regarded, both /n vitroand in vivo, as a key
component in controlling glucose homeostasis and lipid storage (Boucher et al., 2014;
Czech, 2017). In agreement with this notion, studies using tissue-specific knockouts of

IR, have defined its role in glucose sensing and lipid accumulation in several tissues,
including muscle, liver, pancreatic beta-cells, brain, and adipose tissue (Bluher et al., 2003;
Bluher et al., 2002; Bruning et al., 2000; Bruning et al., 1998; Joshi et al., 1996; Katic et
al., 2007; Kitamura et al., 2003; Kulkarni et al., 1999; Mauer et al., 2010; Pratipanawatr

et al., 2001; Qiang et al., 2016; Sakaguchi et al., 2017). In adipose tissue, deleting IR

in mature adipocytes using aP2-Cre, a quasi-fat specific Cre driver, reduced fat content
with regular insulin and glucose sensitivity (Bluher et al., 2002). Using a more restricted
adipose tissue-specific (Adiponectin-Cre) Cre line to delete IR resulted in lipodystrophy
and metabolic dysfunction (Qiang et al., 2016). Using an inducible mature adipocyte driver
adiponectin-CreERT2 to delete IR, Kahn and colleagues recently demonstrated that loss of
IR in mature adipocytes resulted in the rapid loss (3 days post tamoxifen) of fat cells

and ensuing metabolic dysfunction (glucose and insulin intolerance and liver steatosis).
Interestingly, this rapid loss of adipocytes stimulated adipocyte progenitors to proliferate
and regenerate WAT, restoring metabolic function (Sakaguchi et al., 2017). However, the
specific role of IR in APCs per seand its contribution to WAT development or adult WAT
homeostasis have not been fully explored.

In this study, we examined whether IR is a mediator of WAT organogenesis or adult
homeostasis. Towards this end, we employed two /n vivo adipose lineage tracking and
deletion systems to explore the specific requirements of IR function in the adipogenic
cascade. Our results show that adult Sma+ APCs do not require IR for the formation

of adult white adipocytes or cold-induced beige adipocytes derived from a Sma+ source.
Instead, IR expression in developmental Ppary+ APCs appears to be necessary for WAT
development. Furthermore, embryonic APC IR expression is required for WAT development,
lineage expansion, and lipid biogenesis. Our findings reveal a surprising role for IR in
APC function, acting as a critical regulator for adipose tissue specification and lipid
accumulation during WAT development, yet it appears to be less essential for maintaining
WAT homeostasis in adults.

Deleting IR within Ppary+ APCs promotes lipodystrophy

To examine the role of IR within the adipose lineage, we first assessed if IR was enriched
in APCs by employing the AdipoTrak (AT) adipose specific lineage tracking system (Tang
et al., 2008). AdipoTrak incorporates a tetracycline transactivator (tTA) allele knocked into
the endogenous locus of the Ppary gene, thus providing adipose lineage restriction. The
Ppary-tTA allele has been combined with the Tet-responsive nucleotide labeling system,
TRE-H2B-GFP, to identify proliferating and committed APCs within the stromal vascular
(SV) compartment (Tang et al., 2008). Of note, AT marked APCs have been shown to be
highly adipogenic and are necessary and sufficient for both WAT organogenesis and adult
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WAT homeostasis (Jiang et al., 2014). We isolated floated lipid laden adipocytes and FACS
isolated AT-GFP positive and negative SV cells and examined them for IR gene expression.
We found that IR mRNA expression was enriched within AT-GFP+ APCs and adipocytes
compared to other WAT SV cells (Figure 1A), suggesting that IR may have a functional

role in APC biology. To examine the relevant role(s) of IR in APCs, we integrated an IR/l
allele with the AT tracking (PPARy!™A; TRE-H2B-GFP) and deletion ( TRE-Cre) mouse
model termed (AT-IRKO) (Figure 1B). As expected, IR mRNA levels were significantly
reduced from both subcutaneous inguinal WAT (iWAT) and visceral perigonadal WAT
(gWAT) compartments compared to control AT-GFP+ cells (Figure 1C). We next examined
2-month-old AT-IRKO mice for possible adipose phenotypes; sibling controls contained the
Ppary-tTA allele as well as either TRE-Cre or IR/ alleles. Nuclear magnetic resonance
(NMR) analysis of the fat content in AT-IRKO mice revealed a redistribution of body
composition without significant changes in total body weight (Figure 1D). There was a
60-70% reduction in total body fat, accompanied by an increase in lean body mass (Figure
1E and Supplementary Figure 1A). Consistently, WAT depot sizes from AT-IRKO mice were
considerably smaller than AT-Control WAT depots (Figure 1F-G). Our analysis showed

no significant difference in food intake between the AT-IRKO and AT-Control groups
(Supplementary Figure 1B). Histologically, hematoxylin and eosin (H&E) staining revealed
the lack of adipocytes within the iIWAT sections from AT-IRKO compared to AT-Control
iWAT (Figure 1H). A similar trend was shown in gWAT, with few remaining adipocytes
engorged in AT-IRKO gWAT (Supplementary Figure 1E). Trichrome collagen staining of
AT-IRKO iWAT sections showed an increase in fibrotic tissue replacement compared to
control iIWAT (Figure 11). Accordingly, mRNA expression analysis revealed the lack of
adipocyte marker genes but an increase in fibroblast markers in AT-IRKO iWAT depots
(Supplementary Figure 1F). Classical brown adipose tissue (BAT) was also significantly
disrupted with a reduced number of brown adipocytes and lower mRNA expressions of BAT
markers (Supplementary Figure 1G-H).

Lipodystrophy is characterized by the pathological loss of adipose tissue, which is often
accompanied by various metabolic disorders, such as hyperlipidemia, hypercholesterolemia,
ectopic lipid deposition, and insulin resistance. As AT-IRKO mice displayed a
lipodystrophic phenotype, we hypothesized that they might also have other metabolic
disturbances. Consistent with this, serum levels of blood cholesterol and triglycerides

were elevated in AT-IRKO mice compared to the control group (Supplementary Figure

1C). Additionally, AT-IRKO mice showed hepatomegaly accompanied by hepatic steatosis
(Supplementary Figure 1D and 11). To evaluate insulin resistance and glucose handling,

we conducted fasting, glucose, and insulin tolerance tests on both AT-Control and AT-
IRKO mice. In line with lipodystrophy and impaired glucose responses, fed glucose levels
were higher in AT-IRKO mice, although their fasting blood glucose clearance rate was
comparable to that of the control group (Figure 1J). Yet, surprisingly, glucose and insulin
tolerance tests indicated no significant difference between the mutants and controls (Figure
1K-L). Taken together, these results suggest that deleting IR in the adipose lineage disrupts
the formation of white adipose tissue and causes metabolic imbalance, but insulin responses
remain preserved.

Mol Cell Endocrinol. Author manuscript; available in PMC 2024 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

Page 5

HFD does not restore fat formation in IR mutant mice

APCs can be provoked by exercise, thiazolidinediones (TZDs) and high-fat diet (HFD)

to proliferate and differentiate into mature adipocytes (Tang et al., 2011; Zeve et al.,

2016). We therefore examined if treating AT-IRKO mice with HFD could incite APCs

to generate new adipocytes. Of note, this test was not to evaluate the deleterious effects

of HFD on lipodystrophic mice but rather the ability to mobilize IR-deficient APCs into
generating new adipocytes. Two-month-old AT-Control and AT-IRKO mice were fed a HFD
for 12 weeks, and their phenotypes were evaluated (Supplementary Figure 2A). Throughout
the HFD duration, AT-IRKO mice had similar body weight to the control group (Figure
2A). Importantly, AT-IRKO remained fatless (Figure 2B). Both AT-IRKO subcutaneous
(iWAT and psWAT) and visceral adipose depots (QWAT, rWAT, mWAT) were significantly
reduced compared to HFD fed controls (Figure 2C-D). Histologically, AT-IRKO iWAT was
largely devoid of adipocytes, while gWAT adipocytes appeared hypertrophied (Figure 2E).
Additionally, the reduced adiposity in HFD AT-IRKO mice was associated with decreased
expression of adipocyte gene markers (Figure 2F). Unlike with a normal chow diet, HFD
feeding worsened insulin responses in AT-IRKO mice compared to HFD-fed control mice
(Figure 2G and Supplementary Figure 2B). Furthermore, AT-IRKO mice showed increased
liver steatosis compared to the control group (Supplementary Figure 2C). Collectively, these
data suggests that IR is critical for establishing adipose tissues and the impairment of
adiposity caused by IR deletion in APCs cannot be restored by HFD treatment.

IR loss in adult Sma+ APCs does not impair white adipogenesis derived from Sma+

sources.

Because the AdipoTrak lineage tracking and deletion system marks the entire adipose
lineage (stem to adipocytes), we next evaluated if IR contributes to adult APC WAT
homeostasis by combining the IR™/f mouse model with the mural cell inducible Cre driver,
Sma-CreERT2 (Sma-IRKO) (Figure 3A). The Sma-CreERT2 model, when combined with
the indelible rosa26-flox-stop-flox-tdTomato (R26RRFP) fate mapping system, has been
shown to label a subset of the adult APC compartment that can generate new adipocytes
under adult WAT homeostatic conditions (Jiang et al., 2014). We administered one dose of
tamoxifen (TMX) for two consecutive days and mice were analyzed six-weeks later (Figure
3A). Directed gPCR analysis confirmed reduced IR mRNA expression within the Sma
compartment (Supplementary Figure 3A). We found that deleting IR within the Sma APC
compartment did not impact body weight or glucose and insulin responses (Figure 3B-D).
In agreement, fat content and adipose tissue weight were similar between SMA-Control
and Sma-IRKO mutant mice (Figure 3E-G). Histologically, adipocyte size and architecture
were conserved between control and mutant iWAT and gWAT specimens (Figure 3H).
Consistently, mRNA expression levels of mature adipocyte markers were equivalently
expressed between control and mutant iWAT samples (Figure 31). In addition, we did not
observe lipodystrophic metabolic disorders such as liver steatosis in Sma-IRKO mice, as
detected in the AT-IRKO mice (Supplementary Figure 3B).

We next examined if new adipocytes were generated from Sma+ APCs lacking IR by
performing fate mapping analysis of iWAT and gWAT sections from controls (Sma-RFP)
and mutants (Sma-IRKO-RFP). By whole-mount immunofluorescent imaging, we found
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that Sma+ cells could make adipocytes in both control and mutant iWAT (Figure 4A).

In agreement, immunostaining revealed the presence of newly generated RFP+ adipocytes
within iWAT from both control and mutant mice (Figure 4B). Quantification of RFP+
adipocytes confirmed that Sma+ cells deficient in IR were able to make a similar number

of new adipocytes as controls (Figure 4C). Further, these newly generated adipocytes

were similar in diameter (Figure 4D). Next, we examined if deleting IR influenced APC
proliferation by administering 5-bromo-2’-deoxyuridine (BrdU; 10 mg/Kg for 24 hours) to
both TMX induced Sma-control- and Sma-IRKO-RFP mice. RFP+ cells were FACS isolated
from control and mutant iWAT depots and stained for BrdU. Flow cytometric analysis
revealed that both control and mutant mice had a similar number of Sma-RFP+ cells and had
a similar rate of BrdU incorporation (Figure 4E—F). We next tested their adipogenic capacity
in vitro by isolating SV cells from 4-month-old TMX pulsed control and mutant mice. We
found that both control and mutant SV cells had similar adipogenic capacity as assessed

by Oil Red O, triglyceride accumulation, and adipocyte marker expression (Figure 4G-I).
Together these data suggest that IR expression in adult Sma+ APCs may not be essential for
the white adipogenesis process derived from Sma+ sources.

IR loss in adult Sma+ APCs does not impair cold-induced beige adipogenesis derived from
Sma+ sources.

The results indicate that IR expression in APCs is not necessary for adult white adipocyte
formation. However, Sma+ APCs have been shown to give rise to cold temperature-induced
beige adipocytes in adults (Berry et al., 2016b; Jiang et al., 2017a). To determine whether
IR-deficient Sma+ cells can form beige adipocytes in response to cold temperatures,

we treated Sma-Control and Sma-IRKO mice with a single dose of TMX for two
consecutive days and allowed for a two-week TMX washout period before exposing the
mice to cold temperatures (6°C) (Figure 5A). Throughout cold exposure, body temperature
defense, which serves as a surrogate for beige fat formation, appeared comparable between
control and mutant mice (Figure 5B). Although food intake and serum triglycerides

were similar between the two groups, we observed an increase in serum glucose levels

and a decrease in serum free fatty acids (Figure 5C—F). However, Sma-Control and
Sma-IRKO mice showed similar adipose tissue weights, beige adipocyte histological
appearance, beige and thermogenic gene expression, as well as uncoupling protein-1
(Ucpl) immunohistochemistry (IHC) (Figure 5G-J and Supplementary Figure 4A-B). In
addition, we isolated SV cells from control and mutant mice and cultured them in beige
adipogenic media, which revealed comparable beiging potential based on Oil Red O staining
(Supplementary Figure 4C). Overall, our findings indicate that the expression of IR in
SMA+ APCs is not essential for the development of white or beige adipocytes derived from
Sma+ sources during adulthood.

IR expression in Ppary+ APCs is required for WAT organogenesis

Our data suggest that IR has a limited role in regulating adult Sma-APC adipogenic
potential. Therefore, the lipodystrophic phenotype observed in AT-IRKO mice may result
from a WAT developmental phenotype. To investigate this, we re-examined AT-IRKO
mice and analyzed mice at postnatal day 10 (P10) (Figure 6A), a developmental stage
when all subcutaneous adipose depots are filled with lipids. We found that AT-IRKO

Mol Cell Endocrinol. Author manuscript; available in PMC 2024 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

Page 7

mice exhibited decreased body weight and significantly reduced subcutaneous iWAT
(Figure 6B-C). Histological examination of AT-IRKO iWAT and psWAT depots showed a
substantial absence of adipocytes (Figure 6D), which was supported by a lack of perilipin-1
immunostaining. However, AdipoTrak-labeled GFP+ APCs were correctly located in iWAT
sites, as shown by whole-mount GFP imaging and histological analysis (Figure 6E-F).

The above data suggest that IR plays a critical role in adipose tissue development, and

its inactivation may disrupt APC lineage dynamics and prevent adipocyte lipid filling. To
investigate whether IR inactivation affects adipocyte progenitor lineage decisions, we used
the TRE-H2B-GFP reporter to label the progenitors in AT-IRKO mice. GFP expression
indicates continued Ppary expression in the APC lineage, while reduced GFP expression
may suggest reduced progenitor numbers or dampened Ppary expression. Using flow
cytometry, we analyzed the total GFP cellular numbers in iWAT and evolving gWAT depots
from P10 AT-Control and AT-IRKO mice. We observed that AT-IRKO WAT depots had
decreased AT-GFP cell numbers (by 75% in iWAT and 30% in gWAT) compared to P10
controls (Figure 7A). We also examined E16.5 embryos for AT-GFP+ anatomical patterning
and found that AT-IRKO-GFP+ cells were present in the correct anatomical anlage but
showed reduced GFP intensity (Figure 7B). To investigate whether IR inactivation altered
the fate of adipocyte progenitors, we introduced a R26RRFP allele into AT-IRKO mice

to permanently label APCs and their descendants. Flow cytometry analysis showed a
decrease in RFP numbers in both iWAT and gWAT P10 depots (Figure 7C), suggesting

that IR inactivation did not induce changes in the adipose lineage but possibly reduced
APC proliferation rates. Flow cytometry analysis also revealed that P10 AT-IRKO mice
had reduced BrdU incorporation into GFP+ APCs after a 24-hour BrdU pulse (Figure

7D). These findings were further supported by monitoring BrdU incorporation /n vitro of
FACS-isolated AT-GFP+ cells from control and mutant mice (Figure 7E).

We also evaluated the adipogenic potential of SV cells isolated from control and AT-IRKO
mutant mice. Our results showed that the AT-IRKO mutant SV cells were unable to
differentiate into mature adipocytes, as evidenced by their lack of Oil Red O staining,
reduced triglyceride accumulation, and decreased expression of adipocyte markers (Figure
7F-H). Together, these data suggest that APC expression of IR is required for WAT
organogenesis by regulating the proliferation and differentiation of stem/progenitor cells.

IR in Ppary+ APCs regulates genes involved in lipid biosynthesis and APC “stemness”

To further explore potential molecular mechanisms, we FACS isolated control AT-GFP+ and
AT-IRKO-GFP+ cells and examined the downstream signaling and transcriptional events.
We first examined the phosphorylation status of AKT, the main positive effector of glucose
uptake and lipogenesis, and downstream target of IR signaling (Taniguchi et al., 2006). We
found that AT-IRKO GFP+ APCs, within iWAT and evolving gWAT, had a reduction in AKT
phosphorylation at site Ser473 (Figure 71). Correspondingly, we also observed a significant
reduction in common lipogenic genes, including fatty acid synthase, CD36 (a fatty acid
transporter), and perilipin-1, in the AT-IRKO GFP+ cells (Figure 7J). Since AT-IRKO had
reduced APC proliferation and lineage expansion, we further examined expression levels

of the key “stemness” genes in control AT-GFP+ and AT-IRKO-GFP+ cells. We found that
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Ppary and Zfp423 were reduced in AT-IRKO-GFP+ cells (Figure 7K). Thus, it appears that
IR is critical for WAT development, and APC lineage expansion and lipid biogenesis via
controlling downstream transcriptional events, potentially mediated by AKT signaling.
DISCUSSION

APC function impacts adipose tissue development and maintenance. Recent studies have
shown that developing APCs are distinct from adult APCs, highlighted in part by their
distinct micro-anatomical, functional, and molecular profiles. Insulin signaling has long
been recognized as an important regulator of adipogenesis and adipocyte function. Thus,
given the therapeutic potential of targeting the insulin pathway to improve adipose tissue
health and to mitigate metabolic disease, it is imperative to understand if IR regulates WAT
organogenesis and/or WAT homeostasis. Here, we report that adult APC dynamics and
adipocyte formation are not critically dependent on IR. However, deleting IR specifically
within developing APCs resulted in diminished progenitor kinetics, including reduced
proliferative and adipogenic potential, while still being able to localize to the correct
anatomical anlagen. Mechanistically, we found that IR regulates expression of adipogenic
and lipid biogenic genes to control lipid filling, as well as proliferative potential, potentially
through phosphorylated AKT levels. Our findings suggest that IR is differentially required
for adipogenesis at different stages of life, highlighting distinct regulatory mechanisms
governing WAT development versus WAT homeostasis /n vivo.

Recent efforts have begun to establish the presence of distinct regulatory mechanisms
governing WAT development versus WAT homeostasis. For example, Akt2 is not necessary
for WAT development but is required for CD24+ adipose progenitor cell proliferation in
postnatal animals (Jeffery et al., 2015), while C/ebpa. is critical for WAT expansion during
HFD or in Leptin-deficient mice but not necessary for WAT maturation and maintenance
during fetal and early postnatal development (Wang et al., 2015). Additionally, a recent
study from Gupta and colleagues suggests that fetal function of Zfp423 is distinct from
Zfp423 in adult WAT (Shao et al., 2017). This concept may also be critical for perivascular
cold-induced beige adipocyte formation (Angueira et al., 2021). Thus, multiple lines of
evidence support that developing and mature WATSs have unique progenitor pools that utilize
distinct regulatory mechanisms to respond to developmental and nutritional cues. Evidence
suggests that embryonic development is crucial for establishing WAT mass and the number
of adipocytes, which remains relatively constant in adulthood, with approximately 10% of
adipocytes turning over in humans each year (Spalding et al., 2008). It is plausible that
adult APCs have low proliferative capacity to maintain WAT homeostasis, while developing
APCs are designed to be proliferative for organ expansion and establishment. Our data
demonstrate that IR is critical for the initial establishment of WAT by controlling the number
of APCs and their lipid accumulation ability. It is also possible that the reduced number

of GFP-positive APCs in AT-IRKO mice is attributed to increased apoptosis of APCs,
consequently affecting the overall APC population in the WAT of AT-IRKO mice. However,
IR seems to be dispensable in adult Sma+ APCs. The major differences between developing
and adult APCs remain largely unknown, and future studies that identify these distinct
progenitor pools genetically and phenotypically would provide further insights into WAT
development and maintenance.
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Recent evidence has demonstrated that the regulation of WAT in adult animals is more
complex than previously thought. Studies, including our own, have shown that adipose
progenitors proliferate and generate new adipocytes in response to external stimuli such as
HFD, exercise, and TZDs during adipose tissue remodeling (Tang et al., 2011; Vishvanath
etal., 2016; Wang et al., 2013; Zeve et al., 2016). Moreover, de novo adipogenesis has

been observed during regeneration of adult WAT after ablation, as well as in muscle tissue
adipogenesis following injury, wound healing, bone marrow transplantation, and irradiation,
in addition to white adipogenesis during normal development and obesogenic expansion
(Horsley and Watt, 2017; Majka et al., 2010; Plikus et al., 2017; Reyne et al., 1983).

It appears that the formation of adipocytes in WAT homeostasis and other adipogenesis
conditions may arise from different cellular sources and be controlled by distinct molecular
mechanisms. By using the Sma+ mural cell lineage tracking system, we have provided direct
genetic evidence demonstrating that Sma+ cells play a crucial role in maintaining WAT
under normal homeostasis (Jiang et al., 2014). However, it is still unclear whether Sma+
mural cells also contribute to adipogenesis under other conditions, such as a high-fat diet.
For instance, lineage tracing studies from Dr. Gupta’s group using a Pdgfrp doxycycline-
inducible mural tracking system (Pdgfrp-rtTA) revealed that Pdgfrp+ cells give rise to
adipocytes associated with diet-induced obesity but not under normal tissue homeostasis
(Vishvanath et al., 2016). A more recent study from the same group has used a Pdgfrp-rtTA
mice to overexpress Pparg in PDGFRB+ APCs, which improved their adult stage adipose
tissue plasticity to resist HFD induced obesity and diabetes (Zhang et al., 2022). Our data
appear to suggest that the adipogenesis process in adult Sma+ APCs may not be critically
dependent on IR expression. Yet, if IR controls adipogenesis under HFD in adult animals, it
will be an important future avenue of study.

Recent studies have also suggested that vascular smooth muscle progenitors, including
Sma+ cells, can generate beige adipocytes in response to cold stimulation (Berry et al.,
2016b; Long et al., 2014; Shamsi et al., 2021). Towards this end, we analyzed the role

of IR in beige adipogenesis originating from Sma+ APCs. Our findings suggest that IR is
not necessary for de novo beige adipogenesis from Sma+ progenitors after one week of
cold exposure. However, other lineage tracing studies have proposed that multiple waves
of beige adipogenesis may occur. For example, Myh11+ cells and Pdgfrp+ cells were
found to give rise to some beige adipocytes after 2 weeks of cold challenges (Long et al.,
2014; Vishvanath et al., 2016). Our recent research also indicates that beta3-induced beige
adipocytes come from different cellular sources than those generated by cold-induced beige
adipocytes (Jiang et al., 2017a). Therefore, it would be intriguing to investigate whether IR
plays a role in beige adipogenesis under these circumstances.

Although we have extensively examined the role of APC expression of IR in adult mouse
adipogenesis, one question that still remains is whether different functions of IR can affect
other crucial steps in adult tissue homeostasis. For example, we have previously shown

that adult APCs appear to be specified at embryonic day 10.5 (E10.5) and function later

in adult WAT homeostasis (Tang et al., 2008). These E10.5 cells appear to arrive at WAT
depots, once WAT organogenesis is completed (~P30), to regulate adult WAT homeostasis
and metabolism. Functional manipulation of IR specifically in these cells and then following
their fate and location will help clarify the importance of IR in APC niche-homing and
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niche expansion. Previous research has demonstrated that IR plays important roles in mature
adipocytes. Dr. Ronald Kahn’s group has used an Adiponectin-Cre mouse line to knock-out
IR in mature adipocytes, where 3-month-old Adiponectin-Cre IR knockout mice showed
severe metabolic dysfunction phenotypes including both insulin resistance and glucose
tolerance (Boucher et al., 2016). However, our Sma-IR model has revealed that mutant
adipocytes without IR appear to function normally. One possible explanation for this is

the proportion of mutant adipocytes in relation to the wild-type adipocyte population. For
example, our lineage tracing data suggest that 10-20% of new adipocytes generated from
Sma+ sources per month, meaning that 80-90% of adipocytes would still be considered
wild-type for IR and function normally. This hypothesis could be tested using genetic
methods to continuously eliminate IR function in the progenitor pool. Several studies have
proposed that insulin-like growth factor 1 receptor (IGF-1R) and IR have overlapping

roles in multiple tissues (Belfiore et al., 2009; Nakae et al., 2001). Thus, it remains to

be examined if IGF-1R becomes hyperactive in adult IR-deficient APCs as an attempt to
compensate for the absence of IR.

In summary, our study expands current knowledge concerning IR function in APCs during
WAT development and maintenance. By utilizing several genetic tools to delete IR in APCs
in a spatiotemporal-controlled manner, we find that APC expression of IR is essential for
APC proliferation and differentiation during WAT organogenesis. However, IR may not be
necessary for adipogenesis in the adult stage from SMA+ APCs. These data highlight the
emerging notion that different regulatory mechanisms govern the developmental and adult
WAT and may help shed insight into the new therapeutic targets for treatment or prevention
of childhood and adult obesity and their associated metabolic co-morbidities.

MATERIALS AND METHODS

Animals

Mice were maintained under the guidelines of the UT Southwestern Medical Center Animal
Care (UTSW) or the Biological Resource Laboratory, University of 1llinois at Chicago
(UIC). All animal experiments and procedures were approved by the Institutional Animal
Care and Use Committees at UTSW and UIC. Mice were housed in a 12:12 light:dark cycle
and chow and water were provided ad libitum. AdipoTrak mice are defined as PPARy-tTA,;
TRE-Cre; TRE-H2B-GFP as previously established in our lab (Tang et al., 2008). PPARy-
tTA (stock No: 024755), IR/l (stock no: 006955) and R26RRFP (stock no: 007908) mice
were obtained from the Jackson Laboratory. SMA-CreERT2 mice were generously provided
by Dr. Pierre Chambon. Cre recombination was induced by administering one dose of
tamoxifen dissolved in sunflower oil (Sigma, 50 mg/Kg intraperitoneal injection) for two
consecutive days. In these experiments, tamoxifen was given to all animal groups including
control mice, which carried the floxed alleles but lacked the Cre transgene or carried the Cre
but lacked floxed alleles. The mice were fed either normal chow (4% fat, Harlan-Teklad,
Madison, WI) or HFD (60%, D12492, Research diets). BrdU (Sigma, 19-160) was IP
injected (100 mg kg1 body mass) or provided in the drinking water (0.5 mg ml=1in 1%
sucrose).

Mol Cell Endocrinol. Author manuscript; available in PMC 2024 February 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yuan et al.

Page 11

Stromal Vascular Fractionation Isolation

Cell Culture

Stromal-vascular (SV) cells were isolated as previously described (Tang et al., 2008).
Subcutaneous (inguinal, interscapular) white adipose tissues were pooled for fractionation,
unless indicated otherwise. After 2 hours of slow shaking in isolation buffer (100mM
HEPES pH7.4, 120mM NaCl, 50mM KCI, 5mM glucose, ImM CaCl2, 1.5% BSA)
containing 1mg/ml collagenase type 1 (Worthington Biochemical, CLS-1) at 37°C, the
suspension was then spun at 800g for 10 minutes and the pellet contained a crude

SV fraction. The floating adipocyte layer was washed in 1X PBS, spun at 800g for 5
minutes, and the solution was removed from below. The SV pellet was then resuspended in
erythrocyte lysis buffer (155 mM NH4CI in H,0) for 5 minutes, spun at 800g for 5 minutes.
The pellet was washed once in 1X PBS, resuspended and passed through 40um mesh. The
pellet was then resuspended in growth media (DMEM (Corning, 10013CV) supplemented
with 10% FBS (Sigma-Aldrich, F6178), 1% Penicillin-streptomycin (Gibco, 15140122), and
0.1% Amphotericin B (Sigma-Aldrich, A4888).

Isolated mouse SV cells were cultured in DMEM supplemented with 10% FBS. White
adipogenesis was induced by treating confluent cells with DMEM containing 10% FBS,
insulin (1 pg/ml, Sigma-Aldrich, 10516), dexamethasone (5 pM, Cayman Chemicals,
11015), and isobutylmethylxanthine (0.5 mM, Sigma-Aldrich, 15879) for 3 days. Beige
adipogenesis was induced by treating confluent cells with DMEM containing 10% FBS,
insulin (1 pg/ml, Sigma-Aldrich, 10516), dexamethasone (5 pM, Cayman Chemicals,
11015), isobutylmethylxanthine (0.5 mM, Sigma-Aldrich, 15879), rosiglitazone (1 uM,
Cayman Chemicals, 71740), and T3 (2 nM, Cayman Chemicals, 16028). To induce beige
and thermogenic genes, cells were treated with 10 uM forskolin (Sigma-Aldrich, F3917) for
4 hours and harvested to collect mMRNA (Wu et al., 2012). Triglyceride accumulation was
performed using a kit from ZenBio (TG-1-NC) (Berry and Noy, 2009; Berry et al., 2010)
and manufacturer’s protocol was followed.

Flow Cytometry

SV cells were isolated and washed, centrifuged at 800g for 5min, and analyzed with a
FACS analyzer or sorted with a BD FACS Aria operated by the UT Southwestern Flow
Cytometry Core. Data analysis was performed using BD FACS Diva software. For GFP+
and RFP+ sorting, live SV cells from PPARy!A; TRE-Cre; TRE-H2B-GFP, R26R~
control and IR deletion were stained with propidium iodide (P1, 1mg/ml) to exclude dead
cells and sorted based on native fluorescence (GFP and RFP). The SV cells from GFP-

and RFP- mice were used to determine background fluorescence levels. The dissociated
SV cells were also analyzed for BrdU (rat-anti-BrdU, 1:100, Abcam, ab6326) and pAKT
(anti-pSer473-AKT, 1:100, Cell signaling, 9271) by flow cytometry. Briefly, SV cells were
incubated with primary antibodies on ice for 30 minutes. Cells were then washed twice with
staining buffer and incubated with secondary antibodies for another 30 minutes on ice before
being analyzed by flow cytometry.
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Quantitative real-time PCR (qPCR)

Total RNA was extracted from mouse tissues or cells using TRIzol (Invitrogen). High-
capacity RNA to cDNA kit (Life technologies) was used for cDNA synthesis. Power
SYBR Green PCR Master Mix with ABI 7500 Real-Time PCR System was used for gene
expression analysis. gPCR values were normalized to 18s rRNA expression. Subcutaneous
inguinal adipose depots were used for measuring mRNA levels of beige and thermogenic
genes, unless otherwise specified.

Histological Staining

Hematoxylin and eosin (H&E) or Trichrome staining was carried out on paraffin sections
using standard methods (Tang et al., 2008; Zeve et al., 2012). Adipose tissues were fixed in
formalin overnight. Tissues were then processed in STP120 tissue processing unit (Thermo-
Fisher Scientific, 813160) in a series of alcohol dehydrated steps and xylene rinses. Tissues
were then embedded in paraffin using a HistoStar™ tissue embedding station (Thermo-
Fisher Scientific, A81000001). Embedded tissues were sectioned with a HM325 microtome
(Thermo-Fisher Scientific, 902100A) at 8-12 pm thickness. Slides were baked for 1 hour at
55°C. Baked slides were H&E stained following standard procedures. For IHC, sections
were deparaffinized, boiled in antigen-retrieval solution, treated with UCP1 antibody
(1:200, Abcam, ab23841), and stained with Vectastain ABC KIT (Vector Laboratories,
PK-6100) and DAB kit (MVector Laboratories, SK-4100). For indirect immunofluorescence,
samples were pre-incubated with permeabilization buffer (0.3% Triton X-100 in PBS)

for 30 min at room temperature and then incubated sequentially with primary antibody
(4°C, overnight) and secondary antibody (2 hours at room temperature), all in blocking
buffer (5% normal donkey serum in 1X PBS). Antibodies used for immunostaining are:
rabbit-anti-UCP1 (1:200, Abcam, ab23841), mouse-anti-RFP (1:200, Clontech, 632392),
chicken-anti-GFP (1:500, Abcam, ab13970), goat-anti-Perilipin (1:500, Abcam, ab61682).
Secondary antibodies including Alexa Fluor® 488 donkey anti-rabbit (711-545-152), Alexa
Fluor® 488 donkey anti-chicken (703-545-155), cy3 donkey anti-mouse (715-165-150) and
Cy™5 donkey anti-goat (705-175-147) were from Jackson ImmunoResearch. All secondary
antibodies were used at a 1:500 dilution. To stain lipid, chopped adipose tissue were
incubated in LipidTox Deep Red (Invitrogen, H34477) at 1:200 in PBS for overnight

at 4°C before washing in PBS and mounting for imaging. Immunostaining images were
collected on a Zeiss LSM500 confocal microscope or a Leica DMi8 inverted microscope.
Whole-mount images were taken on a Leica M205FA fully motorized stereo microscope.
For quantification of images, two independent observers assessed 3 random fields in 10
random sections from at least 3 mice per cohort and used ImageJ (NIH).

Oil Red O staining

In vitro differentiated cells were fixed with 4% paraformaldehyde for 45 minutes at room
temperature. After washing the cells with tap water twice, they were incubated in 60%
isopropanol for 10 minutes. The cells were then stained with Oil Red O working solution
(Sigma-Aldrich, 01391, 0.5% isopropanol) at room temperature for 30 minutes. After
removing the Qil Red O solution, the cells were washed with running tap water, and images
were acquired for analysis.
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Metabolic Phenotyping Experiments

Fat content was analyzed using a Bruker minispec whole body composition analyzer. For
glucose monitoring, tail blood was drawn in the morning (9am CST), and blood glucose
levels were measured using a Contour glucometer (Bayer). Glucose and insulin tolerance
tests were performed by injecting 1.25 mg glucose or 1.5mU Humalog (Lilly)/g mouse
weight intraperitoneally (IP) after a 5-hour fast, and blood glucose levels were measured at
the indicated intervals.

Body temperature and cold exposure

To conduct cold experiments, mice were exposed to a 6°C cold environmental chamber
(Power Scientific, RIS70SD) or kept at room temperature (22°C) for seven days. Rectal
temperature was measured daily using a lubricated (100% glycerol) rectal probe (Physitemp,
TH-5 Thermalert Monitoring Thermometer), which was inserted 1.27 centimeters (1/2 inch)
and the temperature was recorded once it stabilized.

Statistical Analysis

Statistical significance was assessed by two-tailed Student’s t test or one-way ANOVA
followed by post hoc comparisons using the Bonferroni post hoc test. Data were plotted
using OriginLab 8.0 or GraphPad Prism 9.0, and a p-value of < 0.05 was considered
statistically significant. The data are presented as means with error bars indicating £ SEM,
and all experiments were conducted with a minimum of 3 mice per group across 2—3
independent cohorts. Male mice were used at the specified ages, and no mice were excluded
from the study unless visible fight wounds were observed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Deleting IR within Ppary+ APCs promotes lipodystrophy.
(A) mRNA levels of IR within different adipose tissue compartments (AT-GFP+, AT-GFP-,

and adipocytes) from male mice at P60. Data is presented as the Mean + SEM n=6 *p<0.05
by T-test.

(B) Hlustration of genetic alleles used to create AT-Control and AT-IRKO mice (Ppary-
tTA/+; TRE-Cre; TRE-H2B-GFP; IR™fl): mice were analyzed at P60.

(C) mRNA levels of IR within AT-GFP+ cells of iWAT and gWAT isolated from AT-Control
and AT-IRKO mice at P60.
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(D) Body weight chase of AT-Control and AT-IRKO mice at P60.

(E) Body fat of AT-Control and AT-IRKO mice from mice described in (B).

(F) Representative pictures of iWAT of AT-Control and AT-IRKO mice.

(G) Adipose depot weights of AT-Control and AT-IRKO mice described in (B).

(H) Representative images of H&E staining of iWAT sections from AT-Control and AT-
IRKO mice described in (B).

(1) Representative images of trichrome staining of iWAT sections from AT-Control and
AT-IRKO mice described in (B).

(J-L) Fasting (J), GTT (K), ITT (L) glucose levels of AT-Control and AT-IRKO mice
described in (B). For (C-L) data is presented as the Mean + SEM, n=4-6, *P < 0.05 by T-test
mutant compared to control levels. Magnification 20X. Scale bar=100 um.
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Figure 2. HFD does not restore fat formation in AT-IRKO mice.
Two-month-old AT-Control and AT-IRKO male mice were fed a HFD for 12 weeks.

(A) Body weight curve throughout the HFD period.

(B, C) Percent body fat (B) and adipose tissue weight (C) from AT-Control and AT-IRKO
post-HFD.

(D) Representative pictures of iWAT of AT-Control and AT-IRKO post-HFD.

(E) Representative images of H&E staining of iWAT and gWAT sections from AT-Control
and AT-IRKO post-HFD.
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(F) mRNA levels of white adipocyte gene markers from iWAT depots from AT-Control and
AT-IRKO post-HFD.

(G) Random fed serum glucose levels of AT-Control and AT-IRKO post-HFD. Data is
presented as the Mean + SEM, n=4-6, *P < 0.05 by T-test mutant compared to control
levels. Magnification 20X. Scale bar=100 pm.
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Figure 3. Deleting IR within adult Sma+ APCs does not impact WAT homeostasis.
(A) Experimental paradigm: Two-month-old Sma-CreFR72: R26RRFF mice (Sma-Control)

and Sma-CrefR72: |R - R26RRFP (Sma-IRKO) mice were administered one dose of
tamoxifen (50 mg/Kg) for two consecutive days (n=5) and mice were phenotypically
assessed six-weeks later.

(B) Body weight curve of Sma-Control and Sma-IRKO mice throughout the experimental
period.

(C,D) GTT (C) or ITT (D) of Sma-Control and Sma-IRKO mice described in (A).
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(E) Percent body fat (E) and WAT weight (F) of Sma-Control and Sma-IRKO mice
described in (A).

(G) Representative pictures of iWAT and gWAT from Sma-Control and Sma-IRKO mice
described in (A).

(H) Representative images of H&E staining of iWAT and gWAT sections from Sma-Control
and Sma-IRKO mice described in (A).

(1) mRNA levels of white adipocyte gene markers from iWAT depots from HFD fed Sma-
Control and Sma-IRKO mice. Data is presented as the Mean + SEM, n=5, Magnification
20X. Scale bar=100 pm.
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Figure 4. Deleting IR within adult Sma+ APCs does not impact white adipogenesis.
(A) Two-month-old Sma-Control and Sma-IRKO mice were administered one dose of TMX

for two consecutive days. Mice were evaluated six-weeks post-TMX. Whole mount imaging
of Sma-Control and Sma-IRKO iWAT depots stained for LipidTox (green) and visualized for
RFP (red) fate mapping analysis.

(B) Representative images of RFP (Sma-driven) fate mapping analysis and Plinl
immunostaining of iIWAT sections from Sma-Control and Sma-IRKO mice described in

(A).
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(C) Quantification of RFP+ adipocytes within iWAT sections from Sma-Control and Sma-
IRKO mice described in (A).

(D) Quantification of RFP+ adipocyte diameter from Sma-Control and Sma-IRKO mice
described in (A).

(E) Flow cytometric analysis of RFP+ cell number from iWAT SVF from Sma-Control and
Sma-IRKO mice.

(F) Flow cytometric analysis of BrdU incorporation into RFP+ cells from iWAT depots from
Sma-control and Sma-IRKO mice.

(Choowong-In et al.) SV cells were isolated from iWAT depots from Sma-Control and
Sma-IRKO and were induced with white adipogenic media. White adipocyte differentiation
was assessed by Qil Red O staining (G), triglyceride accumulation (H), and directed

gPCR against adipocyte marker genes (1). Data is presented as the Mean = SEM, n=5,
Magnification 20X. Scale bar=100 pm.
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Figure 5. IR loss in adult Sma+ APCs does not impact cold-induced beige adipogenesis.
(A) Experimental schema: three-month-old Sma-Control and Sma-IRKO male mice were

administered one dose of TMX for two consecutive days and a two-week TMX washout
period was observed prior to seven days of cold temperature (6°C) exposure.

(B-F) Rectal temperatures (B), food intake (C), and serum triglycerides (D), glucose (E), and
fatty acids (F) were assessed from cold exposed mice described in (A).

(G) Adipose tissue weights from Sma-Control and Sma-IRKO cold exposed mice described
in (A).
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(H) H&E staining of iWAT sections from cold exposed mice described in (A).

() mRNA levels of beige adipocyte gene expression within iWAT depots from cold exposed
mice described in (A).

(J) Ucpl immunohistochemical staining of iWAT sections from cold exposed mice described
in (A). Data is presented as the Mean £ SEM, n=4-6, Magnification 20X. Scale bar=100
pm.
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Figure 6. IR within Ppary+ APCs is required for WAT organogenesis.
(A) Experimental paradigm for evaluating AT-Control and AT-IRKO mice at postnatal day

P10.

(B) Representative whole-body images of AT-Control and AT-IRKO mice described in (A).
(C) Representative images of iIWAT depots from AT-Control and AT-IRKO mice described in
(A).

(D) Representative H&E staining of iWAT and psWAT sections from AT-Control and AT-
IRKO mice described in (A).

(E) Immunostaining of iWAT sections for GFP (green) and Perilipin-1 (red) from AT-
Control and AT-IRKO mice described in (A).

(F) Whole mount GFP images of iWAT from AT-Control and AT-IRKO mice described in
(A). n=3-4, Magnification 20X. Scale bar=100 pm.
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Figure 7. IR regulates PPARy+ APC proliferation and genes involved in lipid biogenesis and
“stemness”.

(A) Flow cytometric analysis of AT-GFP cell number from iWAT and evolving gWAT depots
from P10 AT-Control and AT-IRKO mice.
(B) Representative whole mount images of P10 AT-Control and AT-IRKO E16.5 embryos
showing reduced GFP intensity but correct anatomical anlagen.
(C) Flow cytometry analysis of AT-RFP cell number from iWAT and evolving gWAT depots
from P10 AT-Control and AT-IRKO mice.
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(D) Flow cytometric analysis of AT-GFP-BrdU+ APCs from iWAT and evolving gWAT
depots from P10 AT-Control and AT-IRKO mice at P10.

(E) In vitro BrdU incorporation assay performed on AT-GFP+ cells FACS isolated from
AT-Control and AT-IRKO mice.

(F-H) SV cells were isolated from iWAT depots from Sma-Control and Sma-IRKO and were
induced white adipogenic media. White adipocyte differentiation was assessed by Oil Red
O staining (F), triglyceride accumulation (G), and mRNA expression of adipocyte marker
genes (H). Magnification 20X. Scale bar=100 pm.

(I) AT-GFP+ cells from P10 AT-Control and AT-IRKO mice were FACS isolated and
examined for phosphorylated Akt.

(J) Relative mRNA levels of APC common fatty acid synthesis genes in GFP+ and GFP-
cells from control and AT-IRKO mice.

(K) Relative mRNA levels of APC markers in GFP+ and GFP- cells from control and
AT-IRKO mice. Data is presented as the Mean = SEM, n=4-6, **P < 0.05 by T-test mutant
compared to control levels.
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