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SUMMARY

Fat distribution is sexually dimorphic and is associated with metabolic disease risk. It is unknown if prepubertal sex-hormone signaling
influences adult fat distribution. Here, we show that karyotypically male androgen-insensitive mice exhibit pronounced subcutaneous
adiposity compared with wild-type males and females. This subcutaneous adipose bias emerges prior to puberty and is not due to differ-
ences in adipocyte size or rates of adipogenesis between visceral and subcutaneous fat. Instead, we find that androgen-insensitive mice
lack an adequate progenitor pool for normal visceral-fat expansion during development, thus increasing the subcutaneous-to-visceral-fat
ratio. Obesogenic visceral-fat expansion is likewise inhibited in these mice, yet their metabolic health is similar to wild-type animals with
comparable total fat mass. Taken together, these data show that adult fat distribution can be determined prior to the onset of puberty by
the relative number of progenitors that seed nascent adipose depots.

INTRODUCTION

Adipose tissue expands by increasing the size of existing ad-
ipocytes through lipid uptake (hypertrophy) and by the
generation of new adipocytes from precursor cells (hyper-
plasia). The contribution of hyperplasia to fat-mass expan-
sion depends on the total number of precursors capable of
undergoing adipogenesis (Hedbacker et al., 2020) and the
rate at which adipogenesis occurs (Wang et al., 2013; Jeffery
et al., 2015, 2016). During development, hyperplasia and
hypertrophy are engaged to rapidly establish adipose tissue
(Hager et al., 1977; Han et al., 2011). Sex-specific fat distri-
bution is thought to emerge during puberty in both mice
and humans, with males preferentially accruing visceral
fat and females subcutaneous fat. This occurs through dif-
ferential rates of adipogenesis and sex hormone-dependent
regulation of adipocyte hypertrophy in distinct adipose de-
pots (Hirsch and Knittle, 1970; Knittle et al., 1979; Holtrup
et al., 2017; Sebo and Rodeheffer, 2021). In mice, puberty
typically initiates at the time of weaning, which is around
post-natal day 21 (P21), and sexual maturity is reached be-
tween P35 and P42. Testosterone levels surge during gonad
development in male embryos, as well as neonatally, then
diminish until puberty (Clarkson and Herbison, 2016).
Testosterone begins to rise at ~P25 in males and reaches
adult levels by P50 (Barkley and Goldman, 1977). As previ-
ous studies have focused on characterizing fat distribution
during or after puberty, it is not known if prepubertal adi-
pose-tissue development impacts adult fat distribution.

In mice, subcutaneous adipocytes arise soon after birth,
whereas visceral adipocytes do not become visible until
1 week of age (Birsoy etal., 2011; Han etal., 2011). The major
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visceral-fat pad in mice is physically attached to the gonads
(uterus in females, epididymis in males), suggesting that the
development of reproductive organs is coupled to the emer-
gence of this depot and may impact sex-specific fat distribu-
tion. To test this, we sought to characterize how visceral and
subcutaneous fat is established in male, female, and
androgen-receptor-deficient XY (ARdY) mice. ARdY mice
are karyotypically male, yet due to androgen insensitivity,
they develop external genitalia of females. Internal repro-
ductive structures are absent in these animals except for
small, undescended testes. As a result, ARAY mice are infer-
tile and represent an anatomic intermediate between males
and females (Lyon and Hawkes, 1970). How fat distribution
is affected in these animals is not known.

Here, we show that ARAY mice display a profound bias to-
ward subcutaneous adiposity. This bias cannot be explained
by differences in adipocyte size or different rates of adipogen-
esis in visceral and subcutaneous fat. Rather, we find that fat
distribution in ARdY mice is distinguishable from wild-type
males and females prior to puberty and is due to reduced pro-
genitor seeding in nascent visceral fat. ARAY fat distribution
is maintained in obesity, and ARdY metabolic health is
similar to wild-type animals with comparable total fat
mass. Taken together, these data show that the relative num-
ber of progenitor cells in nascent adipose depots can deter-
mine adult fat distribution in normal and obese conditions.

RESULTS

Subcutaneous adiposity dominates in ARdY mice
To characterize fat distribution in adult mice, we quantified
the mass of visceral and subcutaneous adipose tissue at
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Figure 1. Subcutaneous adiposity domi-
nates in ARdY mice

(A) Image of visceral and subcutaneous
adipose depots of 7-week-old mice.

(B) Visceral and subcutaneous adipose depot
weights of 7-week-old mice (n = 4-13).

(C) Fat distribution of 7-week-old mice (n =
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7 weeks of age. Consistent with previous literature, female
mice have a greater proportion of subcutaneous fat
compared with males (Figures 1A-1C and S1B). ARdY
mice, on the other hand, exhibit even more pronounced
subcutaneous adiposity, with approximately three times
more subcutaneous fat than visceral fat (Figures 1A-1C).
This size differential could be due to differences in the
number of adipocytes or the respective sizes of those adipo-
cytes (Jo et al., 2009). We found that subcutaneous adipo-
cytes are smaller than visceral adipocytes in male, female,
and ARAY mice (Figures 1D and 1E), indicating that the
greater size of subcutaneous fat in female and ARAY mice
is due to a higher number of adipocytes in this depot.
Total adipocyte number is determined by adipogenesis,
and the rate of adipogenesis in visceral and subcutaneous
fat during early puberty (P20-P25) is thought to
contribute to sex-specific fat distribution in mice (Holtrup
et al., 2017). However, we found no difference in adipo-
cyte precursor proliferation (a prerequisite to adipogene-
sis; Figure 2I) between these depots from P20-P25 in
ARdAY mice (Figure 1F), suggesting that this developmental
period does not impact fat distribution in these animals.
Indeed, at P18, which is prior to the onset of puberty,
ARdY mice already exhibit a subcutaneous-fat-mass bias
significantly greater than males and females (Figure 1G).
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(F) Adipocyte precursor proliferation of
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By directly comparing visceral- and subcutaneous-fat
weights, we found that the visceral depot is smaller in
ARdY mice compared with males and females at this
age, with no differences in subcutaneous-fat weights or
body weights (Figures 1H, S1C, and S1D). The amount
of female visceral fat is also smaller than males at this
age (Figures 1H and S1D). Importantly, ARdY visceral adi-
pose mass as a percentage of body weight is significantly
reduced compared with males and females at P18 and
7 weeks of age (Figures S1B and S1D). Together, these
data indicate that prepubertal growth of visceral adipose
tissue is impaired in ARAY mice.

ARAY fat distribution is determined by reduced
progenitor seeding in nascent visceral fat

Given these prepubertal differences in visceral-fat mass, it
is possible that developmental adipogenesis occurs at
different rates in the visceral fat of male, female, and
ARdAY mice. Therefore, we quantified adipocyte formation
from embryonic day 18.5 (E18.5) to P18 (Figure 2K) and
P4 to P18 (Figure 2L) to identify if adipogenesis is altered
among sexes at these developmental time points. As adi-
pogenesis requires the proliferation of adipocyte precursor
cells, we treated animals at E18.5 or P4 with BrdU (a
thymidine analog that is incorporated into the DNA of
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Figure 2. ARdY fat distribution is determined by reduced progenitor seeding in nascent visceral fat
(A) Total stromal vascular cells (SVCs) in visceral fat of 18- to 21-day-old mice (n = 5-6).
(B) Total SVCs in subcutaneous fat of 18- to 21-day-old mice (n = 5-6).
(C) Total adipocyte precursor cells in visceral fat of 18- to 21-day-old mice (n = 4-6).
(D) Total adipocyte precursor cells in subcutaneous fat of 18- to 21-day-old mice (n = 4-6).
(E) SVCs per mg visceral fat (n = 5-6).
(F) SVCs per mg subcutaneous fat (n = 4-6).
(G) Adipocyte precursors per mg visceral fat (n = 5-6).
(H) Adipocyte precursors per mg subcutaneous fat (n = 4-6).
(I) Schematic of adipogenesis in vivo.
(J) Image showing how BrdU+ adipocytes are identified. Arrowhead shows DAPI+ adipocyte nucleus. Arrow shows BrdU+/DAPI+ adipocyte
nucleus. Non-adipocyte nuclei are surrounded by stained plasma membranes, as described in Jeffery et al. (2015). Scalebar, 25 um.
(K) New adipocyte formation from E18.5 to P18 (n = 3).
(legend continued on next page)
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proliferating cells) and quantified BrdU+ adipocyte nuclei
at P18 by immunohistochemistry (as described in Jeffery
et al., 2015) to assess adipogenesis (Figures 2I and 2J).
Surprisingly, no differences in the amount of adipocyte
formation were observed between males, females, and
ARdY mice in either visceral- or subcutaneous-fat depots
(Figures 2K and 2L), indicating that differential adipogen-
esis rates between depots do not contribute to prepubertal
differences in fat distribution in ARAY mice.

Another factor that can impact fat mass is the total
number of adipocyte precursors available to differentiate,
as reducing the number of differentiation-competent
progenitors lowers fat mass in adulthood and limits fat
expansion in obesity (Hedbacker et al.,, 2020). Impor-
tantly, progenitor-pool size is independent of progenitor
density. The term progenitor pool refers to the total
number of adipocyte precursor cells within a given adi-
pose depot. Progenitor density refers to the number of
adipocyte precursor cells per unit tissue mass. Thus, it
is possible that ARdY mice have a reduced visceral adipo-
cyte precursor pool such that, even with a normal rate of
adipogenesis, fewer adipocytes ultimately form. Consis-
tent with this hypothesis, juvenile ARdY mice between
18 and 21 days of age have fewer visceral adipocyte pre-
cursors (Figure 2C) and total stromal vascular cells (SVCs)
(Figure 2A) than males of the same age. A similar trend is
observed compared with females (Figures 2A and 2C). In
contrast, there are no differences in SVC or adipocyte
precursor numbers among sexes for subcutaneous fat
(Figures 2B and 2D). We next assessed adipocyte precur-
sor density in juvenile mice and found that ARdY visceral
fat has elevated precursor density compared with males
and females (Figure 2G), indicating that the total num-
ber of adipocyte precursors—not the number of precur-
sors per unit tissue mass—limits ARAY visceral-fat expan-
sion. To further explore the possibility that nascent
visceral fat in ARAY mice possess a reduced progenitor
pool compared with males, we examined these animals
for the presence of epididymal appendages at 4 days of
age. Epididymal appendages are transient developmental
structures composed predominately of adipocyte progen-
itors from which epididymal visceral fat forms in male
mice (Han et al., 2011). Strikingly, epididymal append-
ages are absent in ARdY mice (Figure 2M). Taken
together, these data support the conclusion that the
reduced visceral-fat mass in ARdY mice is due to a
dramatic reduction in visceral progenitor cell seeding
during development.

Obesogenic visceral fat expansion is restricted in ARAY
mice

Given that visceral fat expansion is impeded during devel-
opment in ARdY mice, we hypothesized that obesogenic
visceral fat expansion would also be limited in these ani-
mals. To test this, we fed male, female, and ARdY mice a
high-fat diet (HFD) for a period of 8 weeks starting at
7 weeks of age, along with age-matched controls on a stan-
dard diet (SD). At 15 weeks of age, under both dietary con-
ditions, ARdY body weight is between that of males and
females, and ARdY lean mass is similar to females
(Figures 3A and 3B). Notably, ARAY mice accumulate
more total fat mass on SD than wild-type animals
(Figures 3C and 3D), consistent with previous findings
that show an age-associated increase in fat mass in
androgen-insensitive mice (Sato et al., 2003). However,
after 8 weeks of HFD, ARdY mice gain a similar amount
of fat as males (Figure 3C). As expected, ARAY mice exhibit
reduced visceral fat growth on an HFD, resulting in subcu-
taneous obesity (Figures 3E and 3F). It has previously been
shown that obesogenic visceral adipogenesis is normal in
ARdY mice (Sebo and Rodeheffer, 2021), indicating the
reduced visceral fat growth in these animals is not due to
impaired adipocyte differentiation. Moreover, adipocyte
hypertrophy and the rate of adipocyte death, as measured
by the prevalence of crown-like structures, are unaffected
in ARAY mice compared with males (Figures 4A-4C). There-
fore, these data indicate that obesogenic visceral fat growth
in ARAY mice is limited by having a smaller initial cell num-
ber at the onset of expansion.

Since subcutaneous obesity is associated with better
metabolic health than visceral obesity, we sought to
explore the metabolic health of ARAY mice compared
with males and females. To do this, we first performed
glucose tolerance tests (GTTs), which are used to assess
the dynamic response to a glucose challenge. Impaired
glucose handling is marked by elevated blood glucose
levels. Under SD conditions, ARAY mice exhibit impaired
glucose handling compared with male and female mice
(Figures S2A, S2C, and S2D), consistent with the increased
fat mass in ARAY mice on SD (Figure 3C). However, under
HFD conditions, ARdY mice display modestly improved
glucose parameters compared with males, which have
similar total fat mass, but not females, which have less to-
tal fat mass (Figures 3C and S2B-S2D). As ectopic lipid
deposition is associated with insulin resistance (Samuel
and Shulman, 2012) and may be reduced in subcutaneous
obesity (Ibrahim, 2010), we quantified the lipid content of

(L) New adipocyte formation from P4 to P18 (n = 3).

(M) Image of P4 testis and surrounding structures in ARdY and male mice. Arrow shows epididymal appendage. Statistical significance was
determined by ordinary one-way ANOVA with Tukey’s multiple comparison’s test. AP, adipocyte precursor; F, female; A, ARdY; M, male; WT,

wild type.
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Figure 3. ARdY mice develop subcutaneous obesity on a high-fat diet (HFD) due to reduced visceral-fat growth

(A) Body weight of 15-week-old mice fed either a standard diet or an HFD (n = 6).

(B) Lean mass of 15-week-old mice fed either a standard diet or an HFD as determined by MRI (n = 6).

(C) Total fat mass of 15-week-old mice fed either a standard diet or an HFD as determined by MRI (n = 6).

(D) Visceral and subcutaneous depot weights of 15-week-old mice on standard diet (n = 6).

(E) Visceral and subcutaneous depot weights of 15-week-old mice on HFD (n = 6).

(F) Fat distribution of 15-week-old mice on standard diet or HFD (n = 6).

Statistical significance in (A)-(E) was determined by ordinary one-way ANOVA with Tukey’s multiple comparisons test. Statistical sig-
nificance in (F) was determined by an unpaired two-tailed Student’s t test. F, female; A, ARdY; M, male; Sub, subcutaneous; Vis, visceral.

liver, gastrocnemius muscle, and heart. Interestingly, we
found no appreciable differences in ectopic lipid deposi-
tion in these tissues among animals with similar total fat
mass (Figures S3A-S3D). Indeed, a specific role for fat dis-
tribution in the metabolic phenotypes of ARAY mice is
difficult to ascertain, as sex-specific differences unrelated
to fat distribution are known to influence metabolic dis-
ease severity (Mauvais-Jarvis, 2015; Tramunt et al.,
2020). For example, adiponectin activity, which is in-
hibited by androgen signaling, improves glucose meta-
bolism and is present at higher levels in female and
ARdY mice compared with males (Figure S2E) (Nishizawa
et al.,, 2002; Pajvani and Scherer, 2003). Liver lipid
metabolism also displays sexual dimorphism and could
explain the sex-specific lipid accumulation in this organ
(Figures S3A and S3B) (Zhang et al., 2011). Taken together,
these data show that ARAY mice are predisposed to subcu-
taneous obesity by reduced visceral adipocyte progenitor
seeding and that ARAY metabolic health is likely influ-
enced by multiple factors that differentially overlap with
males and females.

DISCUSSION

In this study, we sought to characterize the cellular mecha-
nism by which fat distribution is established in ARdY mice
compared with males and females. We found that ARdY
mice exhibit dramatically reduced visceral fat mass under
normal and obese conditions. This phenotype cannot be
attributed to defects in adipogenesis or adipocyte hypertro-
phy nor to enhanced adipocyte death. Rather, ARAY mice
lack epididymal appendages, perinatal structures that
harbor progenitor cells of visceral fat (Han et al.,, 2011).
Combined with previous work demonstrating that devel-
opmental progenitor seeding is an important determinant
of adult fat mass (Hedbacker et al., 2020), our data show
that a lower number of progenitor cells in nascent visceral
fat are responsible for limiting the subsequent growth of
this depot in ARAY mice. Thus, prepubertal androgen
signaling is necessary for the establishment of normal
visceral adipose mass in male mice. Our data also suggest
that visceral progenitor seeding is modestly less in females
compared with males. This difference in progenitor
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seeding could explain the prepubertal differences in fat dis-
tribution between the sexes. However, given that females
lack a comparable structure to the epididymal appendage
of males, this is difficult to confirm.

In the future, it will be important to characterize the
embryonic-patterning mechanisms responsible for depot-
specific progenitor seeding. Indeed, it has been shown
that visceral fat is derived from distinct mesodermal sub-
compartments in male and female mice. In males, approx-
imately 60% of visceral adipocytes are derived from the
somites, with the remaining 40% of unknown origin
(Sebo et al., 2018). Given that androgen signaling is
required for the development of the epididymis from the
intermediate mesoderm (IM) (Drago, 2014; Murashima
et al., 2015a, 2015b), it is possible that the remaining
40% of adipocytes are derived from IM, and ARdY visceral
fat lacks cells from this lineage. Equally plausible is that
progenitor migration from the somitic mesoderm to the
presumptive epididymal appendage is disrupted. The
origin of female visceral fat, on the other hand, is entirely
lateral plate mesoderm (Sebo et al., 2018). How the female
visceral progenitor field is established in concert with
reproductive organs remains an open question.

It is noteworthy that fat distribution in ARdY mice was
not clearly associated with metabolic phenotypes. Through
considerable effort in the last two decades, it has become
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clear that the relationship between fat distribution and
metabolic disease is multifactorial, involving numerous
hormones, diet, and age (Cnop et al.,, 2003; Paniagua
et al., 2007; Sebo and Rodeheffer, 2021). Our data support
this notion and show that the level of depot-specific pro-
genitor seeding during development can determine adult
fat distribution and the ability of fat depots to expand in
obesity. Parsing whether such a mechanism contributes
to metabolic disease will require the development of novel
mouse models that permit the selective ablation of a subset
of adipocyte progenitors in specific nascent adipose depots
without altering the hormonal environment.

EXPERIMENTAL PROCEDURES

Animals and assessment of fat distribution

Animal experiments were performed according to Yale University’s
Institutional Animal Care and Use Committee (IACUC). ARAY
mice (Lyon and Hawkes, 1970) were obtained from Jackson Labo-
ratories (Stock #001809) and maintained on the C57BL/6]-A% /]
background. The Eda™® marker mutation was bred out of the
strain prior to experiments. Littermates were used in all experi-
ments. The SD in this study was made by Harlan Laboratories
(2018S) and the HFD by Research Diets (D12492). The body
composition of mice was determined via magnetic resonance im-
aging (EchoMRI-100H, EchoMRI, Houston, TX, USA).



Fat distribution was calculated using the following equation:

SWAT
log 10<VWAT)’

where the weight in grams of subcutaneous (inguinal) and visceral
(perigonadal) depots were divided to acquire a subcutaneous white
adipose tissue (SWAT)/visceral white adipose tissue (VWAT) ratio.
The logarithm of this ratio is required to correct for skew.

Flow-cytometry analysis of SVCs and adipocyte
precursors

To determine the number of SVCs and adipocyte precursors in
whole-adipose depots, adipose tissue was minced and digested in
Hank’s balanced salt solution (HBSS) (Sigma; H8264) containing
3% BSA and 0.8 mg mL"' Collagenase Type 2 (Worthington
Biochemical; LS004174) for approximately 75 min in a 37°C
shaking water bath. The digest solution was then filtered through
a 40-um filter, pelleted by a brief centrifugation (300 x g for 3 min),
and washed in HBSS +3% BSA. Cell pellets (which contain all SVCs)
were stained with a previously described antibody cocktail (Berry
and Rodeheffer, 2013) and analyzed by flow cytometry (BD
LSRII). All stained cells contributed to the SVC count, whereas
adipocyte precursors were distinguished by their unique cell-sur-
face-marker profile (Berry and Rodeheffer, 2013; Jeffery et al.,
2015, 2016). To quantify adipocyte precursor proliferation from
P20 to P25, mice were given BrdU in their drinking water
(0.8 mg/mL) during this period of time, and adipose tissue was
digested as above. Cell pellets were stained with a previously
described antibody cocktail and further processed for BrdU quanti-
fication by flow cytometry (Jeffery et al., 2015).

Adipocyte hyperplasia, hypertrophy, and crown-like-
structures

To quantify adipocyte formation from E18.5 to P18, pregnant dams
were injected intraperitoneally with 50 mg/kg BrdU in PBS. Adipo-
cyte nuclei from pups of such litters were analyzed for BrdU incorpo-
ration at P18. Similarly, to quantify adipocyte formation from P4 to
P18, P4 pups were injected intraperitoneally with 50 mg/kg BrdU in
PBS in the morning and evening and allowed to develop until P18,
at which point BrdU incorporation into adipocyte nuclei was quan-
tified. At least 100 BrdU+ adipocytes were counted for each depot.
Adipocyte size and crown-like structures were determined from im-
ages of trichrome-stained histological sections of adipose tissue us-
ing Cell Profiler and Image] (Abramoff et al.,, 2004; Carpenter
et al., 2006). At least 50 adipocytes per depot of each animal were
quantified for sizing, and a total of at least 500 adipocytes per depot
of each animal were counted for crown-like-structures. Histological
sectioning and trichrome staining were performed by the Histology
Core Laboratory of the Yale School of Medicine, Department of
Comparative Medicine. Images were taken using a Leica SP5
confocal microscope for the quantification of BrdU+ adipocyte
nuclei and a Keyence BZ-X800 microscope for adipocyte sizing
and crown-like-structure quantification.

Metabolic assessments
For GTTs, mice were fasted overnight (16-18 h), and fasting blood
glucose level was obtained via a tail-vein nick. Mice were injected

intraperitoneally with a 20% glucose solution in saline at
2 g/glucose/kg body weight, and blood glucose was measured at
10, 20, 30, 60, and 120 min afterward. Glucose tolerance is
defined as the incremental area under the curve (i.e., the area un-
der the curve normalized to fasting glucose). Adiponectin ELISA
(Crystal Chem, catalog #80569) was performed according to
manufacturer’s instructions. Tissue lipid quantification in liver,
gastrocnemius, and heart was performed using the Cell Biolabs
Fluorometric Lipid Quantification Kit (catalog #STA-617) accord-
ing to manufacturer’s instructions, with reagent volumes halved
in technical singlicate. For oil red O staining, the medial lobe of
the liver was fixed in 4% paraformaldehyde for ~24 h followed
by incubation in 30% sucrose in saline for ~24 h. Livers were
then embedded in optimal cutting temperature (OCT) com-
pound (Tissue-Tek, product code 4583) and flash frozen in liquid
nitrogen. Histological sectioning and oil red O staining was per-
formed by the Histology Core Laboratory of the Yale School of
Medicine, Department of Comparative Medicine. Bright-field im-
ages of histological sections were taken using a Keyence BZ-X800
microscope.

Statistical analysis

Statistical tests were performed using GraphPad Prism (v.8.3.0).
p values <0.05 were considered significant. The specific statistical
tests used for each experiment and the number of biological repli-
cates are denoted in the figure legends. Error bars represent mean +
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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