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ABSTRACT

Objective: Insulin signaling plays pivotal roles in the development and metabolism of many tissues and cell types. A previous study demon-
strated that ablation of insulin receptor (IR) with aP2-Cre markedly reduced adipose tissues mass and protected mice from obesity. However,
multiple studies have demonstrated widespread non-adipocyte recombination of floxed alleles in aP2-Cre mice. These findings underscore the
need to re-evaluate the role of IR in adipocyte and systemic metabolism with a more adipose tissue-specific Cre mouse line.

Methods: We generated and phenotyped a new adipose tissue-specific IR mouse model using the adipose tissue-specific Adipog-Cre line.
Results: Here we show that the Adipog-Cre-mediated IR KO in mice leads to lipodystrophy and metabolic dysfunction, which is in stark contrast
to the previous study. In contrast to white adipocytes, absence of insulin signaling does not affect development of marrow and brown adipocytes,
but instead is required for lipid accumulation particularly for the marrow adipocytes. Lipodystrophic IR KO mice have profound insulin resistance,
hyperglycemia, organomegaly, and impaired adipokine secretion.

Conclusions: Our results demonstrate differential roles for insulin signaling for white, brown, and marrow adipocyte development and metabolic

regulation.

© 2016 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords

1. INTRODUCTION

Adipose tissue is a complex organ, playing an active role in whole-body
energy and metabolic homeostasis. In mammals, adipose tissue is
composed of at least two functionally distinct types, namely brown
(BAT) and white (WAT) adipose tissue, which are characterized by their
opposing metabolic properties [1,2]. BAT is specialized for energy
expenditure and adaptive thermogenesis in response to cold exposure
or diet, whereas WAT is the primary energy reservoir and a major
source of metabolic fuel in mammals in response to energetic de-
mands. To regulate metabolism systemically, adipose tissues syn-
thesize and secrete a wide variety of regulatory hormones called
adipokines, including leptin and adiponectin [3—6]. Adipose tissue
dysfunction has therefore been shown to play a critical role in the
development of metabolic and cardiovascular diseases [7—9], with
both an excess (i.e. obesity) and insufficiency (i.e. lipodystrophy) of
adipose tissue leading to insulin resistance, dyslipidemia, and hepatic
steatosis [10—12].

Insulin signaling; White adipose tissue; Lipodystrophy; Marrow adipose tissue; Brown adipose tissue

Insulin is an important regulator of intermediary and lipid metabolism
and has both direct and indirect effects on most tissues in the body.
Whole-body and tissue-specific disruption studies have demonstrated
the role of insulin signaling in development and metabolism. Mice with
global knockout (KO) of the insulin receptor (IR) die 4—5 days after
birth due to severe ketosis [13]. However, the use of the Cre/LoxP
system to perform tissue-specific KO has permitted further investi-
gation in a number of tissues, including liver, pancreatic 3-cells, brain,
and muscle [14—17].

To explore IR roles in adipose tissues, several lines of Cre recombinase
have been developed. The mouse adipocyte protein 2 promoter-driven
Cre line (aP2-Cre) has been used to examine the ‘adipose-specific’
functions of IR in transgenic mice [18]. Previous studies demonstrated
that fat-specific IR KO (FIRKO) mice have markedly reduced white
adipose mass and whole-body triglyceride content. The FIRKO mice
are protected from gold thioglucose-induced and age-related obesity,
as well as the associated glucose intolerance. In addition to adipose
tissues, however, aP2-directed Cre activities are also detectable in
other tissues and cell types, including brain, endothelial cells,
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macrophages, adipocyte precursors, and embryonic tissues [18—22].
These studies call into question the specificity of the previous findings
with IR knockout [23,24] and underscore the need to re-evaluate the
role of IR in a more adipose tissue-specific Cre mouse line. Multiple
groups have demonstrated that the adiponectin promoter-driven Cre
(Adipog-Cre) line [25] is highly fat-specific and effective in inducing
recombination [18,26]. Here, using the Adipog-Cre mouse, we
generated a more specific IR fat KO (IRFKO) mouse to re-assess the role
of insulin signaling in adipocyte development and biology. In contrast to
previous studies [24], Adipog-Cre-mediated IR KO led to severe lip-
odystrophy rather than simply reduced fat mass. Furthermore, the
lipodystrophic IR™C mice have profound insulin resistance, hypergly-
cemia, organomegaly (liver, heart, pancreas, kidney, spleen), and
impaired adipokine secretion. Our model reveals that absence of in-
sulin signaling in adipose tissues leads to a dramatic decrease in WAT
depots weight due to reduced size and number of adipocytes. Our
results also show that absence of insulin signaling significantly affects
lipid accumulation in marrow and brown adipocytes but not adipocyte
development in these locations. Taken together, our results establish
that insulin signaling in adipocytes is required for adipocyte develop-
ment and lipid accumulation in adipocytes, as well as for regulation of
systemic metabolic homeostasis.

2. MATERIAL AND METHODS

2.1. Animals

Adipog-Cre and IR" mice were obtained from the Jackson Laboratory.
Both lines are on a C57BL/6 background. IRV littermates were used
as control for all experiments. Mice were housed in environmentally
controlled conditions with a 12-h light/dark cycle and had free access
to standard rodent pellet food and water. The animal protocols were
approved by the Institutional Animal Care and Use Committee (IACUC)
of University of lllinois at Chicago. Animal care was given in accordance
with institutional guidelines.

2.2. Metabolic parameters

Plasma insulin was measured with an ELISA kit (RayBiotech). Non-
esterified fatty acids (NEFA), triglyceride (TG), and cholesterol con-
centration in serum were measured with NEFA-C, Triglyceride E tests
(Wako) and cholesterol liquicolor kits (Stanbio), respectively. Serum
adiponectin and leptin levels were measured with ELISA kits from R&D
Systems.

2.3. Physiological studies

Blood glucose was monitored with an automated glucose monitor
(Glucometer Elite, Bayer). Glucose tolerance tests and insulin tolerance
tests were performed 16 h after fasting, as described previously [15].
Mice were euthanized and tissues were rapidly dissected, weighed,
and processed for downstream analyses as described previously [15].
Fat and lean masses were measured by DEXA (Norland Stratec)
scanning.

2.4. RNA extraction and real-time PCR

Total RNA was isolated from tissues and cells with the use of Trizol
reagent (Invitrogen) and Direct-zol kit (Zymo). cDNA was prepared from
1 g of total RNA using the High Capacity cDNA Reverse Transcription
Kit (Invitrogen) with random hexamer primers, according to the man-
ufacturer’s instructions. The resulting cDNA was diluted 5-fold, and a
1.5 pl aliquot was used in a 6 pl PCR reaction (SYBR Green, Bio-Rad)
containing primers at a concentration of 300 nM each. PCR reactions
were run in triplicate and quantitated using the Applied Biosystems
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ViiA™7 Real-Time PCR system. Results were normalized to TATA box
binding protein (TBP) expression and expressed as arbitrary units or
fold change.

2.5. Staining by osmium tetroxide

Mouse tibiae were stained using osmium tetroxide to analyze marrow
lipid by microcomputed tomography (1LCT), as previously described
[27—29]. Tibia were fixed for 24 h in 10% neutral-buffered formalin
(VWR), washed with water, and subsequently decalcified using 14%
EDTA, pH 7.4, for at least 14 days or until bones were mechanically
malleable. Bones were washed twice more with water and stored in
Sorensen’s phosphate buffer (pH 7.4) until analyzed. Due to the severe
toxicity of osmium tetroxide, all remaining steps were performed using
extreme caution and in a fume hood. Osmium tetroxide (Electron Mi-
croscopy Services) was added to each tibia as a 1% final solution for
48 h at room temperature. The osmium solution was carefully removed
to a waste bottle containing corn or olive oil, and all tips were washed
with oil to deactivate the compound. Tibiae were washed twice in fresh
Sorensen’s phosphate buffer for 2 h, and once more in Sorensen’s
overnight. Bones were moved to a fresh microfuge tube containing
Sorensen’s buffer, and used for CT analysis. All wash waste was
disposed of as indicated above.

2.6. nCT bone morphology analysis

LCT analysis was performed as previously described [27,28]. Briefly,
bones were embedded in 1% agarose and inserted into a tube 19 mm
in diameter. The bones were scanned using a puCT system (uCT 100
Scanco Medical). nCT scan settings include: 12 um voxel size, me-
dium resolution, 70 kVp, 114 pA, 0.5 mm AL filter, and 500 ms
integration time. Marrow density measurements were calibrated to the
hydroxyapatite phantom of the manufacturer. Measurements were
analyzed using manufacturer’s evaluation software using a threshold
of 400 for MAT.

2.7. Histology

Tissues were fixed in 10% (wt/vol) buffered formalin, and paraffin-
embedded sections were subjected to H&E staining. For MAT, sam-
ples were fixed in 10% neutral-buffered formalin, decalcified in 14%
EDTA (pH 7.4) for at least 14 days. After paraffin embedding, bones
were sectioned and stained with hematoxylin and eosin. Adipocyte size
distribution was determined using MetaMorph Image Analysis soft-
ware as previously described [30,31].

2.8. Body temperature and cold exposure

7-week-old mice were exposed to an ambient temperature of 4 °Cin a
cold room until their core body temperature dropped to around 30 °C.
Body temperatures were measured at 30 min intervals using a RET-3
rectal probe for mice (Physitemp).

2.9. Western blot

Total cell or tissue lysates (40 pg) were subjected to SDS—PAGE and
blotting was performed as described with anti-UCP1 (Abcam) or anti-
[3-actin (Proteintech) antibodies [32]. Multiple exposures were used to
ascertain signal linearity.

2.10. Statistical analyses

All data are presented as the mean + S.E.M. and were analyzed by
unpaired two-tailed Student’s f test or analysis of variance, as
appropriate. P < 0.05 was considered significant. MAT data are
presented as mean + SD and were analyzed statistically by ANOVA
with Tukey/Sudak posthoc analysis using GraphPad Prism.
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3. RESULTS

3.1. White adipose tissue atrophy in IR? mice

To confirm the deletion of IR in adipose tissue, we quantified mRNA
expression for IR in BAT, inguinal subcutaneous fat (i\WAT), liver, hy-
pothalamus, and heart. As expected, IR mRNA was dramatically
reduced in both BAT and iWAT, but not in liver, hypothalamus, heart,
and stromal-vascular-fraction (SVF) cells isolated from BAT and iWAT,
confirming the specificity of Adipog-Cre-mediated deletion (Figure 1A).
Unlike previous studies on the fat-specific insulin receptor KO using
aP2-Cre mice [24], we observed that both male and female IR™C mice
have no reduction in body weight compared to WT mice; in fact, IR0
mice were significantly heavier than WT littermate controls (Figure 1B).
Compared to WT mice, both male and female mice IR™C mice also had

grossly enlarged livers (see Section 3.3) and an absence of typical
gonadal adipose tissue (Figure 1C). Further examination indicated that
all WAT depots, including gonadal, inguinal, mesenteric, retroperito-
neal, perirenal, and pericardial, were remarkably reduced in both male
and female IR™KC mice (Figure 1D, E, data not shown). Total fat and
lean mass quantified using dual-energy X-ray absorptiometry (DEXA),
confirmed a significant loss of fat mass and showed an unexpected
increase in lean mass in both male and female IR mice as compared
to WT mice (Figure 1E).

Histological analysis of the small amount of iWAT present in IR mice
identified regions with smaller but regularly shaped adipocytes
dispersed among stromal cells, as well as areas with fewer adipocytes
and extensive fibrosis (Figure 2A). Quantitative histomorphometry
confirmed that adipocytes are smaller in the absence of IR, suggesting
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Figure 1: Lipodystrophy in IRFX? mice. (A) Insulin receptor (IR) mRNA level of 6-wk-old WT control and IR™C mice in BAT, iWAT, liver, hypothalamus, heart, BAT SVF, and iWAT
SVF (n = 4-5). (B) Body weights of 6- or 12-wk-old male or female WT or KO mice (n = 6—9). (C) Gross morphology of gWAT (arrow). gWAT (D) or iWAT(E) weights and
representative images of 6- or 12-wk-old WT or IR mice (n = 6—9). (F) Lean and fat mass of 12-wk-old male or female WT or IR™° mice measured by DEXA (n = 7—9). Al
gPCR data are normalized to TBP and all quantitative data presented as mean + SEM. *p < 0.05; **p < 0.01; **p < 0.001.
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Figure 2: Ablation of IR with Adipog-Cre impairs adipose tissue function and development. (A) Representative images from H&E staining of iWAT sections of 6-wk-old male
WT or IR mice. (B) Distribution of adipocyte size of iWAT adipocytes as determined by histomorphometric analyses (n = 5). Data presented are means + SD. Statistical
significance determined by two-way ANOVA with Sidak’s multiple comparisons test. *p < 0.05. Serum leptin (C) and adiponectin levels of 6- or 12-wk-old male or female WT or KO
mice (n = 5—7). (D) Leptin and adiponectin mRNA levels in iWAT from 6-wk-old male or female WT or KO mice (n = 5). (E) Expression of differentiation markers in iWAT from 6-
wk-old male or female WT or KO mice (n = 5). All qPCR data are normalized to TBP and all quantitative data presented as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

that insulin signaling is required for both development and metabolism
of adipocytes (Figure 2B). Consistent with the dramatic decrease in
white adipose tissue, serum levels and iWAT expression of the adi-
pokines leptin and adiponectin were significantly lower in both male
and female IR mice compared to WT controls, though serum adi-
ponectin levels were less affected than those of leptin (Figure 2C—E).
Despite the reduced leptin levels, we observed no significant changes
in food intake and expression of hypothalamic appetite regulatory
peptides including AgRP, POMC, CART, and NPY (data not shown). To
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investigate possible reasons that might explain white adipose tissue
dystrophy in IR™° mice, we evaluated expression of adipocyte dif-
ferentiation markers, all of which were significantly downregulated in
inguinal adipocytes of IR mice compared with WT mice, with the
sole exception of C/EBPJ (Figure 2E). Consistent with the histological
analysis, expression of preadipocyte marker, Pref1, was significantly
higher in IR iWAT (Figure 2E). Taken together, our data clearly
demonstrated that absence of insulin signaling in adipocytes
dramatically impairs development of white adipose tissue.
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3.2. Ablation of IR decreases size but not number of marrow
adipocytes

To characterize the potential requirement for IR in development and/or
metabolism of marrow adipocytes, we stained whole tibiae from WT and
IR™? mice with osmium tetroxide to visualize and quantify marrow ad-
ipose tissue (MAT) by CT. In the distal tibia, which has been previously
characterized as constitutive MAT [28], ablation of the IR significantly
decreased total volume of MAT compared to WT controls (Figure 3A).
Differences in total volume of bone between genotypes were not
observed (data not shown). The amount of regulated MAT between the
growth plate and tibia/fibula junction is exceedingly small and variable at
this age of C57BL/6 mice, and differences between genotypes were not
observed (Figure 3B). Thus, we focused our remaining analyses on the
constitutive MAT of the distal tibia. Histological evaluation of adipocytes in
this region suggested that IR ablation decreased marrow adipocyte size
(Figure 3C), an observation that was further confirmed by quantitative
histomorphometry (Figure 3D). To determine whether the reduced MAT
volume in IR7KY mice was accounted for by decreased size of adipocytes,
we evaluated the relationship between MAT volume in the distal tibia and
calculated adipocyte volume as described previously [30,31]. The slope
and intercept for each genotype was found to be equal (Figure 3E),
suggesting that ablation of IR decreases MAT volume in the distal tibia by
causing a reduction in size but not number of marrow adipocytes.

3.3. Hepatosteatosis and severe insulin resistance in IR™C mice
Due to loss of needed fat storage organs, lipodystrophy is often asso-
ciated with organomegaly, particularly hepatomegaly [33]. Indeed, we
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observed that even at 6 wk of age, IR™C mice exhibited a ‘round belly’

and pale livers that weighed two to three times more than the WT livers
(Figure 4A—C) in both males and females, with the condition progressing
as mice aged (Figure 4B, C). In addition to the liver, heart, spleen,
pancreas, and kidney from both male and female IR™C mice were
significantly heavier than in WT controls (Figure S1), consistent with
organomegaly observed in previously reported lipodystrophy mouse
models [34]. Histological staining with H&E showed potential lipid
accumulation in the livers of IR™? mice (Figure 4D). This was later
quantitatively confirmed by quantification of liver triglyceride content in
WT and IR0 Jivers in both male and female mice (Figure 4E). Besides
becoming the dietary fat storage organ in the absence of white fat, we
also noticed that the expression of de novo lipogenic enzymes was also
markedly elevated in IR livers from both male and female mice
(Figure 4F). In addition, we also observed a significant increase in G6Pase
expression in the IR liver, suggesting an elevation of hepatic gluco-
neogenesis in the fatty liver of IR™C mice (Section 3.4). Taken together,
ablation of IR in adipose tissue causes lipodystrophy-associated hep-
atosteatosis and elevated hepatic lipogenesis and gluconeogenesis.

3.4. Severe metabolic disturbances in IR mice

Lipodystrophy in either human or mouse models is associated with
severe metabolic disturbances, including hyperglycemia, hyper-
insulinemia, glucose intolerance, insulin resistance, and hyperlipid-
emia [33,35]. These metabolic abnormalities are contributed to a large
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Figure 3: Insulin receptor ablation decreases adipocyte size but not number. (A & B) Quantification of region-specific tibial MAT volume by uCT (n = 12—17) of 6-wk-old WT
and IR™® mice. TV = total tibial volume. Quantitative data are presented as mean + SD. ***p < 0.0001 by two-way ANOVA with Tukey’s multiple comparisons test. (C)
Representative histology of distal tibiae from WT and IR™C mice. 40x magnification. Scale bar represents 100 um. (D) Distribution of adipocyte size of distal tibia adipocytes as
determined by histomorphometric analyses (n = 12—17). Data presented are means + SD. Statistical significance determined by two-way ANOVA with Sidak’s multiple
comparisons test. *p < 0.05; **p < 0.001; **p < 0.0005; ****p < 0.0001. (E) Relationship between calculated mean adipocyte volume and estimated total MAT volume in the
distal tibia (dTib) based on osmium staining in (A). Linear regression with a two-tailed comparison of slope (p = 0.8729) and intercept (p = 0.117) do not reveal differences

between lines.
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IR™® mice were markedly hyperglycemic and glucose intolerant

(Figure 5A,B). In addition, we also found that IR™? mice were severely
insulin resistant, judging by the results of insulin tolerance tests
(Figure 5C) and by the presence of a more than 10-fold increase in
serum insulin in IR™C mice compared to WT controls (Figure 5D).
Increase in serum insulin is likely contributed by the hypertrophic
pancreatic islets (Figure 5E), while inability to clear circulating blood
glucose and uncontrolled gluconeogenesis in key organs such as liver
and kidney are the most likely cause of hyperglycemia in IR™C mice.
Indeed, we observed that both male and female IR mice were py-
ruvate intolerant compared to WT controls (Figure 5E), consistent with
elevated expression of glucose-6-phosphatase (Figure 4F).
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mice (n = 5). All gPCR data are normalized to TBP and all quantitative data presented as

In addition to ectopic lipid accumulation, we also observed significant
increases in circulating triglyceride, free fatty acid, and cholesterol
levels in both male and female IRK® mice (Figure 5G—I). Taken
together, our data demonstrate that absence of white adipose tissue
leads to hyperlipidemia and ectopic lipid accumulation, especially in
the liver, causing severe insulin resistance, hyperlipidemia, and dia-
betes in IR™O mice.

3.5. Absence of IR causes BAT dysfunction

Brown adipocytes have different developmental origins than white
adipocytes [36—38]. Hence, it is likely that brown and white adipo-
cytes have different developmental requirements for IR. At 6 wk of age,
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Figure 5: Adipose IR KO causes severe metabolic disturbance in mice. (A) Fed blood glucose levels in 6- or 12-wk-old male or female WT or IR™ mice (n = 7—9). (B)
Intraperitoneal glucose tolerance test (IPGTT) after overnight fast in 6-wk-old male or female WT or IR mice (n = 4—6). (C) IP insulin tolerance test (IPITT) after 2 h fast in 7-wk-
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*p < 0.01; **p < 0.001.

the IR™O BAT appeared to be larger than the WT BAT in both male and
female mice (Figure 6A), whereas at 12-wk old, BAT remained
significantly larger than in female, but not male, IR™° mice compared
to WT controls (Figure 6A). Increased weight of IR™C BAT is probably
caused by accumulation of lipids in brown adipocytes (Figure 6B). Even
though brown fat in IR™C mice did not exhibit the dystrophic phenotype
observed in the white fat, absence of insulin signaling still significantly
affected several markers of brown adipocyte differentiation (Figure 6C).
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Multiple cellular and metabolic processes of BAT were also signifi-
cantly decreased in IR™C BAT compared to the WT controls
(Figure 6D). These included key enzymes involved in lipogenesis
(Figure 6D), thermogenesis (i.e., UCP1, Dio2 and Tfam, Figure 6E), and
glucose uptake and glycolysis (Figure 6F). Since ectopic fat accumu-
lation in BAT could potentially contribute to the observed suppression
of BAT genes, we examined BAT from newborn postnatal day 0.5 (P0)
in WT and IR™° mice to determine the contribution of IR to
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Figure 6: Ablation of IR affects BAT functions and metabolism. (&) BAT weights and representative images of 6- or 12-wk-old male or female WT or IR™ mice (n = 6—9). (B)

Representative images of H&E BAT sections of 6-wk-old male WT or IR0

mice. (C) Expression of differentiation markers in BAT from WT or IR mice (n = 4-5). Expression of de

novo lipogenesis (D), thermogenesis (E), and glycolysis (F) markers in BAT from 6-wk-old male or female WT or IR™° mice (n = 5). (G) Expression of differentiation, thermogenesis,
lipogenesis, and glycolysis markers in BAT from PO WT or IR™C mice (n = 3—5). (H) Western blot analysis of UCP1 protein from 8-wk-old and PO WT or IR™? BAT (n = 2). () Rectal
temperature of 8-wk-old male mice measured during exposure to 4 °C (n = 6—7). All gPCR data are normalized to TBP and all quantitative data presented as mean + SEM.

*p < 0.05; *p < 0.01; **p < 0.001.

development prior to lipid accumulation. We observed that the ther-
mogenic markers UCP1 and PGC1a expression were already reduced
in the PO, whereas the expression of differentiation markers (i.e. C/
EBPs) were elevated in the PO IR™C BAT (Figure 6G). Reduced
expression of UCP1 protein expression in both adult and PO BAT of
IR™C mice were subsequently confirmed by western blot analysis
(Figure 6H). Downregulation of the lipolytic and glycolytic metabolic
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markers are therefore likely suppressed by the absence of insulin
signaling, and not by fat accumulation in IR brown adipocytes.
Finally, to determine the consequences of reduced expression of
thermogenic markers, we acutely exposed WT and IR™C mice to a 4 °C
environment. Unexpectedly, we observed that the IRKO mice were able
to maintain their body temperature during cold exposure as well as the
controls (Figure 6l). Taken together, our data show that insulin-
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signaling deficiency affects brown adipocyte functions and
metabolism.

4. DISCUSSION

Our current study confirms the pivotal roles of insulin signaling in
adipocyte development and function. We observed that adipocyte-
specific ablation of IR leads to near-complete lipodystrophy, severe
insulin resistance, hyperglycemia, and related metabolic disturbances
in both male and female mice. This finding is strikingly different from
the previously generated FIRKO mice that are protected from age-
induced obesity and associated glucose metabolism dysfunction
[24]. The dramatic differences in the phenotypes obtained in this and
previous studies are likely due to the ‘strength’ of the adiponectin
promoter and uniformity of Cre expression in the Adipog-Cre mouse
[18,26].

The severe metabolic syndrome (i.e. insulin resistance, hyperglycemia,
hepatosteatosis) observed in IRK® mice is consistent with other
published models of lipodystrophy-associated diabetes, as well as
obesity-induced diabetes in both human and mice [35,39]. However,
the pathology of lipodystrophy-induced diabetes is different from that
of obesity-induced diabetes. In contrast to the dysfunctional pancreatic
beta cells in obesity-induced diabetes, the development of hypergly-
cemia in lipodystrophy models is in large extent due to severe systemic
insulin resistance, despite having hyperplastic pancreatic islets and
markedly elevated circulating insulin levels. While the changes in
glucose and lipid homeostasis were expected with lipodystrophy,
elevated lean body mass was unexpected. Though the exact mecha-
nism leading to lean mass increase is unknown at present, muscular
hypertrophy is observed in some patients with both generalized and
partial lipodystrophy [40].

Based on the differentiation markers results (Figure 2), it is reasonable
to think that absence of white adipose tissues in IR mice is due to
the requirement for intact insulin signaling for adipocyte development.
However, it is also possible that insulin signaling plays a maintenance
role for differentiated adipocytes in adult animals [41]. In addition to
differential roles in white, brown, and marrow adipose tissues for in-
sulin signaling, we consistently observed that the gWAT is more
severely impacted by the absence of insulin receptor compared to the
iWAT. Besides the known intrinsic differences between visceral and
subcutaneous adipocytes [42,43], timing of adiponectin expression in
visceral and subcutaneous adipocytes as demonstrated by a recent
study could potentially contribute to these observations [44].

Adipose tissue is the major producer of the hormones adiponectin and
leptin [45]. Loss of white adipose tissue in IR mice is expected to
decrease circulating levels of adipocyte-derived factors. Indeed, our
results showed the low serum levels of leptin were consistent with the
low fat mass of IR™? mice. However, we also observed that levels of
adiponectin were somewhat less affected by the dramatic reduction in
white adipose tissue in the IR™ mice. MAT has been recently shown
to secrete more adiponectin than WAT in mouse, rabbit and human
[27]. Thus, the persistent adiponectin levels in the IR™C mice could be
contributed by the less affected marrow adipose tissue (Figure 3) as
well as the BAT [46]. Our observation of reduced adiponectin levels in
IR™? mice is in contrast with the finding of elevated levels of this
adipokine in humans with IR mutations or anti-IR antibodies [47,48]. A
species-specific differential role of MAT in adiponectin secretion and/or
differences in the effect of global IR deficiency in humans versus
adipocyte-specific deletion in mice in our studies may account for this
discrepancy. Besides secretion of hormones, adipose tissues also
function to sequester postprandial blood glucose as well dietary
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triglycerides and fatty acids [49,50]. In the IR mice, loss of most of
the white adipose tissues would significantly compromise the meta-
bolic function, and would contribute to the observed hyperglycemia
and dyslipidemia.

The role of IR in development and metabolism of MAT has not been
evaluated previously. As a control, we evaluated recombination of an
mT/mG reporter mouse (JAX labs) by Adipog-CRE and observed that
CRE was active in 100% of marrow adipocytes (not shown). Quanti-
fication by pCT of osmium tetroxide-stained lipid in the tibia of IRKO
mice allowed us to observe that volume of constitutive MAT is reduced
in IRK9 mice. Our results indicated that reduced MAT in the distal tibia
of IR0 mice stems from a decrease in adipocyte size, instead of a
reduction in adipocyte number. These data suggested that loss of IR
does not influence development of marrow adipocytes, but instead is
required for lipid accumulation by these cells. Although it was not
measured here, one might speculate that an absence of insulin
signaling would result in increased basal lipolysis [51,52], decreased
glucose uptake [53], and/or reduced lipogenesis [53] in marrow
adipocytes.

Under homeostatic conditions, insulin suppresses gluconeogenesis
and activates lipogenesis in the liver. However, in the IR™C mouse liver
we observed activation of both gluconeogenesis and lipogenesis
despite the presence of insulin resistance. This is a previously
described phenomenon known as selective insulin resistance
whereby, for reasons still not well understood, decreased insulin
sensitivity selectively derepresses the gluconeogenic pathway, while
lipogenic pathways remain active in the liver, resulting in the detri-
mental hyperglycemia and hyperlipidemia observed in obesity- and
lipodystrophy-induced diabetes [54].

One of the main functional differences between white and brown fat is
the thermogenic capacity of brown adipocytes via the highly expressed
mitochondrial UCP1. We showed that UCP1 expression in brown adi-
pocytes is dependent on insulin signaling, which was clearly demon-
strated by the dramatically reduced UCP1 expression in neonatal IR™C
BAT. But, we also observed that the UCP1 expression was partially
recovered in BAT from adult mice. Considering the whitening of BAT in
IR™C mice, this result was unexpected. Though the mechanism is
currently unknown, paradoxical increase in UCP1 expression in BAT
from mice fed with high fat diet has often been described [55,56]. It
has been proposed that fatty acid could have a positive regulatory role
on UCP1 expression, which could explain the increase observed in the
lipid laden IR™C BAT. Despite the dramatic reduction in UCP1
expression, the IR0 mice do not appear to be cold intolerant. Aithough
the mechanism remains unknown, one possibility is that the reduction
in insulating dermal WAT and impaired BAT is compensated for by
shivering thermogenesis as demonstrated previously in different lip-
odystrophy mouse models [57,58].

The roles of insulin signaling in lipogenesis and glycolysis in adipocytes
are clearly demonstrated in the IR™K? BAT. Insulin is known to induce
transcription of lipogenic genes including acetyl-coenzyme A carbox-
ylase (ACC) and fatty acid synthase (FAS) [59—61] as well as glycolytic
genes [62,63]. We observed that, in [RFKO mice, expression of all
lipogenic genes was nearly undetectable, and all glycolytic and glucose
transporter genes examined were significantly downregulated in IR™?
BAT. However, considering the ‘white fat-like’ lipid droplets observed
in IR™C BAT, the downregulation of lipogenesis in IR™® mice could
also be contributed by feedback regulation from the excessive lipid
accumulation in IR brown adipocytes.

It was surprising to learn that in the previous fat-specific IR KO, Glut1
but not Glut4 was affected in adipose tissue. Glut4 is a well-
characterized insulin-responsive glucose transporter. Fat-specific
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knockout of Glut4 causes insulin resistance in mice [49]. In our current
model, we observed that adipocyte ablation of IR significantly sup-
pressed expression of Glut4 in both iWAT and BAT, confirming the role
of insulin signaling in Glut4 expression in adipocytes in vivo.

In summary, the striking lipodystrophic phenotype of Adipog-Cre-I
mice clearly confirms the requirement for IR signaling in white adi-
pocytes development in vivo and the role of white adipose tissue in
whole body metabolic homeostasis. In addition, this mouse model
could be a valuable tool to delineate differential role for IR signaling in
brown and white adipocytes.
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