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SUMMARY

Insulin and IGF-1 signaling are important for adipose tissue development and function, however 

their role in mature adipocytes is unclear. Mice with a tamoxifen-inducible knockout of insulin 

and/or IGF1 receptors (IR/IGF1R) demonstrate a rapid loss of white and brown fat due to 

increased lipolysis and adipocyte apoptosis. This results in insulin resistance, glucose intolerance, 

hepatosteatosis, islet hyperplasia with hyperinsulinemia, and cold intolerance. This phenotype, 

however, resolves over 10–30 days due to a proliferation of preadipocytes and rapid regeneration 

of both brown and white adipocytes as identified by mTmG lineage tracing. This cycle can be 

repeated with a second round of receptor inactivation. Leptin administration prior to tamoxifen 

treatment blocks development of the metabolic syndrome without affecting adipocyte loss or 

regeneration. Thus, IR is critical in adipocyte maintenance, and this loss of adipose tissue 

stimulates regeneration of brown/white fat and reversal of metabolic syndrome associated with fat 

loss.
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INTRODUCTION

Metabolic health depends on the maintenance of normal mass and function of adipose tissue. 

Accumulation of excess body fat, i.e. obesity, or pathological loss of adipose tissue, i.e., 

lipodystrophy, is associated with insulin resistance, glucose intolerance, fatty liver, and 

hyperlipidemia (Haslam and James, 2005; Rosen and Spiegelman, 2006; Mori et al., 2014; 

Weiss et al., 2004). These pathologies are the result of increased circulating free fatty acids 

(FFA), changes in circulating adipokines, development of adipose tissue inflammation with 

increases in circulating cytokines, accumulation of fat in other tissues and induction of stress 

kinases and ER stress in tissues throughout the body (Hotamisligil, 2006).

There are two major types of adipose tissue which have different morphologies, differentiate 

from different progenitors and serve unique functions (Seale et al., 2008; Shinoda et al., 

2015; Tseng et al., 2010; Xue et al., 2015). White adipocytes are involved in energy storage 

and contain a large single lipid droplet made up of triglycerides that can be released as fatty 

acids during fasting (Poher et al., 2015). Brown adipocytes are involved in energy 

expenditure and thermogenesis. They contain multilocular lipid droplets and are rich in 

mitochondria expressing uncoupling protein-1 (UCP1) (Enerback et al., 1997).

In adult animals, maintenance of normal white and brown adipose tissue (WAT and BAT) 

mass is the result of a balance of lipogenesis and lipolysis (Bouchard et al., 1993), and 

turnover of adipocytes is very slow (estimated at 10% per year in humans (Arner et al., 

2010). These new adipocytes are generated from specific precursors in each tissue 

(Rodeheffer et al., 2008; Macotela et al., 2012; Tang et al., 2008). Increased generation of 

white adipocytes has been shown in obese humans (Arner et al., 2011; Spalding et al., 2008), 

in mice on a high fat diet (Jeffery et al., 2015; Macotela et al., 2012; Vishvanath et al., 2016; 

Wang et al., 2013) and in response to an induction of apoptosis in adipose tissue following 
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activation of the caspase system (Pajvani et al., 2005). To what extent brown adipose tissue 

can regenerate or turnover is unknown.

Insulin and IGF-1 acting through their respective receptors are essential for the development 

and function of BAT and WAT (Bluher et al., 2002; Boucher et al., 2012). Insulin is a major 

regulator of glucose uptake and lipid metabolism in mature adipocytes, and both insulin and 

IGF-1 play important roles in the stimulation of adipocyte differentiation and preadipocyte 

survival (Boucher et al., 2010). In previous studies, we and others have demonstrated the 

role of insulin/IGF1-signaling in adipose tissues in vivo by the creation of mice with a stable 

inactivation of the insulin receptor (IR) and IGF-1 receptor (IGF1R) genes in adipocytes 

using a transgene containing the Cre-recombinase driven by the aP2-promoter (Bluher et al., 

2002; Boucher et al., 2012). These studies revealed that a lifelong lack of insulin receptors 

severely impairs the development of both brown and white fat. However, these models, by 

their developmental nature, do not provide information regarding the involvement of insulin 

and IGF-1 in regulation of mature adipocyte function or turnover.

To address this fundamental question, we have now created mice with an inducible knockout 

of the IR and/or IGF1R in adipocytes (here designated Ai-IRKO, Ai-IGFRKO and Ai-DKO) 

using a tamoxifen-inducible adiponectin-CreERT2 to drive recombination (Sassmann et al., 

2010). We show that adult mice with a conditional knockout of IR or IR/IGF1R rapidly 

develop severe lipodystrophy, hepatosteatosis and systemic insulin resistance with marked 

hyperglycemia, hyperinsulinemia, β-cell proliferation, decreased energy expenditure and 

cold intolerance demonstrating the critical role of IR in the maintenance of both BAT and 

WAT in the adult. This syndrome, however, is transient as adipose tissues rapidly regenerate 

due to a marked increase in proliferation of preadipocytes and differentiation of new cohorts 

of brown and white adipocytes. These data indicate the presence of an adipostatic sensor 

which can increase adipose proliferation and differentiation in response to a loss of adipose 

tissue secondary to a loss of insulin signaling. While leptin replacement can block 

development of metabolic syndrome during the lipodystrophic phase, it does not affect the 

ability of adipocytes to regenerate.

RESULTS

Role of insulin and IGF-1 receptors in mature adipocytes

To investigate the roles of insulin and IGF-1 in adipocytes in adulthood, we established 

mouse models in which IR and/or IGF-1R were deleted specifically in adipose tissues in an 

inducible manner by crossing mice with floxed insulin and/or IGF-1 receptor alleles 

(Boucher et al., 2012) with mice carrying a tamoxifen-inducible Cre ERT2 transgene under 

control of the adiponectin promoter (AdipoqCreERT2) (Sassmann et al., 2010). This 

transgene is 97–99% effective in inducing gene recombination. Control mice, i.e., mice 

carrying floxed alleles, but not the Cre-transgene, were also given tamoxifen, since some 

studies have suggested that tamoxifen treatment can induce metabolic abnormalities 

(Hesselbarth et al., 2015). However, under the conditions used here, the Control mice 

showed no adverse effects of tamoxifen.
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When 8 week-old mice carrying floxed IR and IGF1R and the AdipoqCreERT2 transgene 

were treated with tamoxifen, the resultant Ai-DKO mice exhibited a rapid, major loss of 

adipose tissue, with 59–77% reductions in interscapular BAT, and subcutaneous (SC), 

perigonadal (PG), and retroperitoneal (Ret) WAT depots as early as 3 days after the last 

tamoxifen injection (Figures 1A, 1B, S1A and S1B). Knockout of IR alone (Ai-IRKO) 

produced a similar decrease in SC and PG-WAT mass, but a somewhat lesser reduction of 

BAT, whereas loss of IGF1R alone (Ai-IGFRKO) produced only a modest reduction of PG-

WAT and no significant effect on SC-WAT or BAT (Figures 1A and S1A). Histologically, 

Ai-DKO fat at day 3 revealed extensive losses of adipocytes in all depots and a relative 

increase in stromovascular cells in SC- and PG-WAT, without evidence of inflammation 

(Figure 1C). Similar, but somewhat lesser effects, were observed in Ai-IRKO, whereas in 

Ai-IGFRKO there was no loss of fat, and adipose tissue histology was normal (Figure S1C).

Coincident with the loss of adipose tissue, within 3 days after treatment, Ai-DKO developed 

a severe metabolic syndrome with average fasting blood glucoses of ~235 mg/dl and fed 

glucoses >460 mg/dl (Figure 1D). This was associated with a 6.8-fold increase in serum 

insulin levels and a 12.4-fold increase in insulin resistance as measured by HOMA-IR 

(Figure 1E). Ai-IRKO also showed hyperglycemia, hyperinsulinemia and insulin resistance, 

whereas Ai-IGFRKO and Control mice treated with tamoxifen showed no changes in 

glucose or insulin levels (Figures S1D, S1E and 1D). The lipodystrophy in Ai-IRKO and Ai-

DKO was also associated with severe glucose intolerance on oral GTT and marked 

resistance to exogenous insulin during an insulin tolerance test (ITT) (Figures 1F and 1G).

Gene expression analysis of SC-WAT taken 3 days after tamoxifen administration showed 

marked reductions in adiponectin, leptin, FAS, ATGL, HSL, Glut4, PPARγ, AP2, and 

CEBPα mRNAs in Ai-DKO (Figure 1H). There was also a 5-fold increase in UCP-1 mRNA 

in SC-WAT, indicating some browning of SC-WAT (Figures 1H). BAT of Ai-DKO, on the 

other hand, showed a reduction of UCP1 mRNA, as well as reductions of AP2, Adrb3, 

ElpvI3, Cidea, PRDM16, Tfam and PGC1a mRNA when compared to Control (Figure 1I). 

Consistent with these changes in mRNA and the decrease in fat mass, serum levels of 

adiponectin and leptin were decreased by 73% and 93% in Ai-DKO (Figure 1J). This loss of 

adipose mass was associated with a significant increase of basal lipolysis in Ai-DKO as 

measured using explants of SC and PG-WAT, with no significant change of maximal 

isoprenaline-stimulated lipolysis (Figures 1K and S1H). In addition, both white and brown 

fat pads from Ai-DKO mice showed increased apoptosis by both TUNEL and cleaved 

caspase-3 staining by day 3 after tamoxifen-treatment (Figures 1L, S1I–S1K). Interestingly, 

however at this time point, Ai-DKO showed minimum evidence of inflammation in either 

adipose tissue depot and non-significant increases in serum levels of TNFα and IL-6 

(Figures S1L and S1M). Due to the rapid loss of BAT, Ai-DKO showed a significant 

decrease of oxygen consumption rate (VO2) (Figure S1N).

Ai-DKO also developed acute hepatomegaly with a >50% increase in liver weight (Figures 

1M and S1O). This was associated with a 5-fold increase of triglyceride (TG) content in the 

liver, and histologically evidence of hepatosteatosis (Figures 1N and S1P). Interestingly, in 

contrast to other models of lipodystrophy, serum TG, FFA, and beta-hydroxybutyrate 

remained normal range at all points tested (Figures S1Q–S1S).
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Ai-IRKO and Ai-DKO rapidly recover from the insulin resistant lipodystrophic state

Despite the marked insulin resistance and metabolic abnormalities (at day 3), by day 9 after 

tamoxifen blood glucose levels in Ai-DKO had decreased from peak values by 50%, and 

they returned to normal by day 30 (Figure 2A). Glucose intolerance also returned to normal 

by day 30 (Figures 2B, S2A and S2B), as did the HOMA-IR and the impaired ITTs (Figures 

2C, 2D and S2A–S2D). Ai-IRKO mice recovered similarly (Figures 2A–2D and S2A–S2D). 

H All features of hepatosteatosis in Ai-IRKO and Ai-DKO returned toward normal (Figures 

2E, 2F and S2E), as did expression of hepatic lipogenic and gluconeogenic genes, which 

were increased in Ai-IRKO and Ai-DKO early in the time course (Figure S2F).

Induction and reversal of pancreatic β-cell proliferation in lipodystrophic mice

Both acute and chronic insulin resistance, including the insulin resistance of lipodystrophy, 

have been associated with hyperinsulinemia and increased pancreatic β-cell mass (Michael 

et al., 2000). While insulin levels remained low in Ai-IGFRKO and Control tamoxifen-

treated mice, both Ai-DKO and Ai-IRKO displayed a rapid development of 

hyperinsulinemia by day 3, which returned almost to Control levels by day 30 (Figure 3A). 

In Ai-DKO and Ai-IRKO showed paralleled changes in islet mass and β-cell proliferation as 

identified by Ki67 staining. Indeed there was an 11-fold increase of Ki67-positive β-cells at 

day 3 (from 0.51 ± 0.10% to 5.76 ± 0.95%) (Figures 3B, 3C, S3A and S3B) and a 2.2-fold 

increase in β-cell mass compared to Control (2.46 ± 0.41 mg vs. 1.1 ± 0.12 mg, p<0.01) 

(Figure 3D). By day 30, β-cell replication measured by Ki67 had returned to normal levels 

(0.62 ± 0.16%), and β-mass had begun to decrease to a level not statistically greater than 

Control (Figures 3B–D and S3A). Similar results were observed in Ai-IRKO mice (Figure 

S3A). In Ai-DKO expression of the putative β-cell growth factor ANGPTL8/betatrophin (Yi 

et al., 2013) transiently increased in liver, but decreased in adipose tissue, while expression 

of SerpinB1, another peptide shown to have β-cell growth factor activity (El Ouaamari et al., 

2016), was significantly increased in both SC-WAT and BAT, but not in liver.

Recovery of WAT in Ai-IRKO and Ai-DKO

To determine if adipose tissue contributes to the recovery of Ai-IRKO and Ai-DKO mice 

from the insulin resistant state, we analyzed WAT at days 9 and 30 after tamoxifen (Figure 

4A). In Ai-IRKO and Ai-DKO, the weights of PG-WAT, which were reduced to 35.1% and 

27.7% of Control at day 9, increased to 95.5% and 89.4% of Control levels by day 30. 

Similar effects were observed in SC-WAT (Figure 4A). Also by day 30, the WAT of Ai-

IRKO and Ai-DKO showed normal morphology, although there was ~30% increase in mean 

cell diameter (Figures 4B, S4A and S4B).

To determine if preadipocyte proliferation in Ai-IRKO and Ai-DKO contributed to recovery 

of fat mass, we performed FACS analysis of the stromovascular fractions (SVF) from SC-

WAT of Control and KO mice on day 3 after tamoxifen-treatment using the preadipocyte 

markers (Lin− Sca1+ CD34+). This revealed a marked increase in the percentage of 

preadipocytes from 5.4 ± 0.98% to 34.4 ± 2.2% (p<0.001) in Ai-DKO and similar changes 

in Ai-IRKO, indicating that preadipocyte proliferation contributes, at least part, to the rapid 

recovery of adipose mass in these mice (Figures 4C and S4C).

Sakaguchi et al. Page 5

Cell Metab. Author manuscript; available in PMC 2018 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To further define the source of adipocyte regeneration lineage-tracing was performed by 

crossing Ai-IRKO and Ai-DKO mice, as well as mice carrying the adiponectin-CreERT2 

transgene, with mice carrying the mTmG reporter. This reporter consists of tandemly 

aligned cDNAs for membrane-targeted tomato-fluorescent protein (mTFP) and membrane-

targeted green-fluorescent protein (mGFP) separated by a lox-STOP-lox sequence driven by 

the ubiquitously expressed ROSA promoter (Muzumdar et al., 2007) (Figures S4D). In the 

Controladiponectin-creERT2:mTmG mice prior to tamoxifen-treatment the entire fat pad 

showed red fluorescence reflecting the ubiquitous expression of this transgene (Figure 4D, 

left). Within 3 days after tamoxifen more than 95% of the adipocytes exhibited green-

fluorescent staining, demonstrating the efficacy of tamoxifen-induced gene rearrangement 

(Figures 4D, S4E and S4F). Like Controls, Ai-IRKO-mTmG and Ai-DKO-mTmG showed 

only red fluorescence in adipose tissues without tamoxifen-treatment, confirming no leakage 

of Cre-expression in these mice (Figure S4G).

At day 30 after tamoxifen, Control-mTmG mice carrying the Adipoq-Cre-ERT2 transgene 

continued to display green-labeled adipocytes in both SC- and PG-WAT, indicating that in 

mice on normal chow there was little adipocyte turnover in these depots over this 30-day 

period (Jeffery et al., 2015). By contrast, at day 30, Ai-IRKO-mTmG showed only a few 

residual green-labeled adipocytes (all without significant lipid droplets) scattered in SC- and 

PG-WAT pads, whereas > 90% of the lipid-containing adipocytes exhibiting red 

fluorescence, indicating that they were derived from preadipocytes not expressing 

adiponectin at the time of tamoxifen-treatment. Similar findings were made in Ai-DKO-

mTmG with almost complete replacement of green adipocytes with red adipocytes in SC- 

and PG-WAT (Figures 4D and S4G). qPCR showed that the levels of FAS, ATGL, HSL, 

PPARγ, AP2, adiponectin, and leptin mRNA, which were low at day 9, had returned to 

normal at day 30 (Figure S4H). To determine the browning capacity of these WAT cells, Ai-

DKO were given the β3-adrenergic receptor agonist (CL-316,243; 1 mg/kg) or vehicle for 7 

days intraperitoneally beginning 6 weeks after tamoxifen treatment. The regenerated SC-

WAT and PG-WAT in male and female Ai-DKO showed significantly lower stimulation of 

UCP1 expression in these tissues compared with Controls (Figures 4E and S4I), indicating 

that the regenerated WAT had some decrease in the ability to undergo browning/beiging 

compared to Controls.

Regeneration of BAT in Ai-DKO Mice

Regeneration of BAT in Ai-DKO occurred at a slower rate compared to WAT (Figure 5A). 

At day 9, the weight of BAT was reduced to ~18% of Controls, and this increased to only 

37.3% of Controls by day 30, but did return to Control levels by day 180. Histologically, 

during this recovery period, the BAT contained both multilocular fat cells, typical of BAT, 

and large unilocular fat cells, resembling WAT (Figure 5B). Lineage-tracing demonstrated 

that generation of both the multilocular and unilocular BAT involved differentiation of new 

fat cells (Figure 5C). Thus, before treatment with tamoxifen, all BAT cells were red, but at 

day 3 after tamoxifen, more than 95% of Control-mTmG brown adipocytes were green 

(Figure S5A), and in Controls this fraction remained constant for 120 days, indicating 

effective gene recombination in BAT and little turnover of brown adipocytes in Controls 

over this time period (Figures S5B and S5C). BAT in Ai-DKO mice mostly converted to 
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green by day 3 after tamoxifen, but by day 30, the majority of both the unilocular and 

multilocular fat cells exhibited red fluorescence (Figures 5C and S5B). This replacement by 

new cells became even more prominent at days 60, 90 and 120 (Figure S5B), indicating 

nearly complete regeneration of brown adipocytes in Ai-DKO. As in WAT, during the early 

phase of recovery, there was a ~4-fold increase in the percentage of preadipocytes of BAT in 

Ai-DKO as assessed by FACS analysis (3.17 ± 0.36% vs. 13.4 ± 3.46%) (Figure 5D). By 

day 180, expression of FAS, ATGL, Glut4, UCP1, AP2, Cidea and Adrb3 returned to normal 

BAT levels, with low levels of the beige fat markers Tmem26 and Shox2 (Figure S5D) and 

low levels of leptin mRNA (Figure 5E), i.e., reflecting the molecular signature of classical 

brown adipocyte markers. Most of the multilocular and unilocular cells were positive for 

UCP-1 protein (Figure 5F). By contrast, the regenerated SC- and PG-WAT showed a 

homogeneous population with no UCP1+ adipocytes (Figure S5E). Both thoracic and 

abdominal perivascular adipose tissue also regenerated during the recovery from 

lipodystrophy. UCP1 staining indicated that the regenerated thoracic perivascular adipose 

tissue more closely resembled brown fat, whereas the regenerated abdominal perivascular fat 

resembled subcutaneous and perigonadal WAT (Figures S5F and S5G).

Sensitivity to cold exposure paralleled these changes in BAT (Figure 5G). At day 9, when 

BAT mass and UCP1 expression were low, Ai-DKO were highly sensitive to cold exposure 

(8 ºC) with a decrease in body temperature to ~20 ºC with 3 h. By day 90, however, Ai-DKO 

had recovered near normal temperature homeostasis, indicating significant function of the 

regenerated BAT (Figure 5G). Thermal imaging also demonstrated low body temperature 

over the interscapular region at day 9, which returned to normal by day 90, consistent with 

the presence of functional BAT (Figure 5H). This recovery potential was also confirmed by 

examining whole animal oxygen consumption rate (VO2) in metabolic cages which were 

initially decreased (Figure S1M) and returned to normal levels in Ai-DKO 6 weeks after 

tamoxifen treatment (Figure S5H). At this time both Control and DKO mice also showed a 

significant increase in oxygen consumption after stimulation with β3-adrenergic receptor 

agonist CL-316,243 (Figure S5H).

Regeneration potential of white and brown adipocytes is preserved after repeated 
episodes of lipodystrophy

To examine the potential of continuing adipocyte regeneration, mice which had recovered 

from the initial round of conditional gene inactivation were re-treated with tamoxifen at day 

30. Following the second round of tamoxifen, both Ai-IRKO and Ai-DKO again rapidly 

developed lipodystrophy with insulin resistance, marked hyperglycemia, and hepatosteatosis 

similar to that observed after the first round of tamoxifen-treatment (Figures 6A, 6B and 

S6A–S6D). These mice again recovered by day 55 to day 65, i.e. 15–20 days after the 

second round of tamoxifen (Figures 6A, 6B and S6A–S6D). This second insulin resistance 

was associated with a second round of increased pancreatic β-cell proliferation and 

increased islet mass at day 41 (i.e., 6 days after the second treatment). Again β-cell 

replication reverted toward normal by day 65 (30 days after the second round of tamoxifen), 

although at this time total islet mass remained increased (6.34 ± 0.48 mg vs. 1.80 ± 0.24 mg, 

p<0.001) (Figures 6C–6E).
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This recovery was accompanied by a second round of regeneration of WAT and BAT. Thus, 

30 days after the second round of tamoxifen treatment (day 65), the WAT adipose depots 

showed relatively normal morphology, although the average diameter of the adipocytes was 

again increased. Again, BAT consisted of a mixture of multilocular and unilocular 

adipocytes. Expression of UCP-1 and ability to maintain body temperature when exposed to 

cold improved by day 65, but were still below normal, however this further normalized by 

day 155 (120 days after the second tamoxifen treatment) (Figures 6F–6J and S6D–S6G). 

Leptin mRNA levels in BAT, which had increased acutely following knockout of the IR/

IGF1R, returned to normal by day 155.

Leptin blocks hyperglycemia and hepatic steatosis in Ai-DKO without affecting adipocyte 
regeneration

Like other lipodystrophy models, Ai-DKO showed the decrease of circulating leptin levels 

with rapid loss of both WAT and BAT (Figure 1J). Since leptin has been shown to improve 

hyperglycemia and metabolic syndrome in some animal models and humans with 

lipodystrophy (Coppari and Bjorbaek, 2012; Wang et al., 2010), we examined the effect of 

continuous leptin administration on development of the acute lipodystrophy and insulin 

resistance in Ai-DKO (Figure S7A). Leptin almost completely prevented the development of 

fed and fasted hyperglycemia and hyperinsulinemia compared with Controls (Figures 7A,B 

and S7B). This was associated with a marked reduction in the severity of insulin resistance 

as calculated from the HOMO-IR (Figure S7C). Leptin also caused ~25% reduction in food 

intake (Figure S7D) and prevented the hepatomegaly and fatty liver (Figures 7C and S7E). 

However, leptin did not prevent fat loss or affect the mass of WAT and BAT (Figure 7D). 

Interestingly, even with long-term (4 weeks) leptin treatment, which inhibited the entire 

cycle of hyperglycemia and hyperinsulinemia (Figure S7F), both white and brown 

adipocytes regeneration occurred resulting in replacement of cells by new red-labelled fat 

cells as monitored with mTmG lineage tracing (Figure 7E). These new adipocytes in Ai-

DKO receiving leptin exhibited normal perilipin staining (Figures 7F and S7G), however 

total WAT and BAT mass was reduced in these leptin-treated mice compared with that of 

saline-treated Controls reflecting the decreased food intake (Figures 7G and S7D). The lack 

of leptin effect on adipocyte turnover in vivo was confirmed by in vitro studies which 

demonstrated that leptin treatment at concentrations up to 20 nM had minimal effect on the 

proliferation or differentiation of primary brown or white preadipocytes (Figures S7H–S7L).

DISCUSSION

Insulin and IGF1 receptors are present on preadipocytes and adipocytes, and play important 

roles in proliferation, differentiation and metabolic function of these cells (Bluher et al., 

2005; Boucher et al., 2010b; Tseng et al., 2002). In this study, using an inducible Cre to 

knockout of the IR and/or IGF1R, we show that loss of IR (with or without loss of IGFR1R) 

in mature adipocytes results in a rapid loss of adipose tissue mass. This appears to be due to 

a rapid development of unrestrained lipolysis and a more gradual development of an 

apoptotic process as demonstrated by both increased TUNEL and cleaved caspase-3 

staining. This results in development of an acute state of systemic insulin resistance with 

hyperglycemia, hyperinsulinemia, islet hyperplasia, hepatosteatosis and cold intolerance 
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(summarized in Figure S7M). Interestingly, this occurs without any evidence of 

inflammation in the adipose tissue and without any measurable increase in serum TG and 

FFA typically observed in chronic states of lipodystrophy both in mice and humans 

(Ficarella et al., 2015; Mori et al., 2014; Patni and Garg, 2015), suggesting that any released 

FFA and TG are rapidly taken up by other tissues such as liver. Although some reports have 

suggested that tamoxifen itself may induce insulin resistance (Hesselbarth et al., 2015), 

under the conditions of our study, there was no evidence of any metabolic change in control 

mice, all of which received tamoxifen.

In this form of acute insulin resistance, there is also a rapid induction of β-cell proliferation. 

Pancreatic β-cells normally replicate at an extremely low rate in adult mice (Teta et al., 

2007), but this can be increased in response to pathophysiological stresses such as gestation 

(Parsons et al., 1992b), hyperglycemia (Alonso et al., 2007), and insulin resistance (Kulkarni 

et al., 2004). Several previous studies have shown that β-cell hyperplasia in insulin resistant 

states is due to an increase in one or more circulating islet growth factors (Flier et al., 2001; 

Saxena et al., 2010). Potential growth factors include insulin (Kulkarni et al., 1999), 

placental lactogen (Parsons et al., 1992a), prolactin (Brelje et al., 1994) and ANGPTL8/

betatrophin (Yi et al., 2013) and serpinB1 (El Ouaamari et al., 2016), as well as 

hyperglycemia itself (Leahy et al., 1986). Our data demonstrate transient increases in 

expression of ANGPTL8/betatrophin in liver and serpinB1 in adipose tissue following 

induction of gene recombination; to what extent these contribute to the increase in β-cell 

proliferation remains to be determined.

While both Ai-IRKO and Ai-DKO mice show a rapid onset of the metabolic syndrome 

associated with lipodystrophy, both also show a surprisingly rapid recovery, beginning 

within 10 days after tamoxifen treatment. By day 30, there is an almost complete 

normalization of glucose and insulin levels, reduction of hepatosteatosis, and reversal of cold 

intolerance. This recovery is associated with a regeneration of both white and brown adipose 

tissue. The regenerated WAT displayed normal histology and gene expression, although it’s 

ability to undergo beiging when stimulated with the β3-adrenergic agonists was decreased. 

BAT, on the other hand, recovered to near normal tissue weight and UCP1 expression, 

although the regenerated BAT, especially early in recovery, showed altered morphology, 

containing cells with both multilocular and unilocular fat droplets, resembling human BAT 

rather than typical interscapular murine BAT. Both the multilocular and unilocular cells 

stained positively for UCP-1 indicating that they were brown or beige adipocytes. A second 

round of deletion of IR/IGF1R in the regenerated adipose tissue induced by a second round 

of tamoxifen-treatment produced an almost identical metabolic and histological response, 

confirming the plasticity of adipose tissue and the cellular and molecular changes in 

regeneration of brown and white adipocytes.

Both FACS analysis and mTmG-lineage tracing show that the recovery of WAT and BAT in 

Ai-DKO mice is due to increased proliferation of preadipocytes and increased differentiation 

of these cells into adipocytes. Thus, in control mice only about 5–7% of cells in the SVF 

labeled with markers of preadipocytes, and mTmG showed almost no turnover of adipocytes 

in either WAT or BAT over 30 days, consistent with the other studies showing a low turnover 

rate of adipocytes in mice on a normal diet (Jeffery et al., 2015; Wang et al., 2013). Turnover 
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of human adipocytes in adults is also slow, estimated at ~10% per year (Arner et al., 2010; 

Spalding et al., 2008). By contrast, within 3 days after induction of gene recombination, Ai-

DKO and Ai-IRKO have a remarkable 5- to 10-fold increase in the percentage of 

preadipocytes, followed by a rapid differentiation and regeneration of fat tissues, with almost 

100% of the lipid-storing cells being derived from cells that did not express adiponectin at 

the time of the initial tamoxifen treatment. A similar regeneration of WAT has been observed 

when WAT is ablated by activation of caspase 8 (Pajvani et al., 2005). However, in the latter 

there is marked adipose tissue inflammation, which is not observed in the Ai-DKO or Ai-

IRKO mice.

In the Ai-DKO and Ai-IRKO mice, recovery of the subcutaneous and visceral WAT 

preceded recovery of BAT, and this coincided with the recovery from the dysmetabolic state. 

The marked proliferation of white preadipocytes and associated adipogenesis is much 

greater that observed in response to high fat diet (Jeffery et al., 2015; Macotela et al., 2012) 

demonstrating a strong homeostatic mechanism to restore white fat mass after loss due to IR 

gene inactivation. An important finding of the current study is that a similar homeostatic 

mechanism also occurs in BAT with a large increase in preadipocytes and a new round of 

differentiation indicating the plasticity of this adipose depot as well. Whether this 

homeostatic mechanism is the result of secretion of an adipotrophic factor or loss of an 

adipostatic factor remains to be determined (Figure S7M), but the results clearly 

demonstrate a potent checkpoint in adipose biology, which attempts to restore both white 

and brown adipose mass to normal levels.

In Ai-DKO mice, regeneration of brown, UCP1-expressing adipocytes occurs almost 

exclusively in the interscapular region, the site of classical brown fat (Gesta et al., 2007). 

Whether these are derived from a Myf-5-positive lineage like classical brown adipocytes 

(Harms and Seale, 2013) remains to be determined, but the regenerated interscapular BAT 

shows a heterogeneous cell population with both multilocular and unilocular cells, similar to 

human cervical BAT (Cypess et al., 2013). The regenerated WAT, on the other hand shows a 

homogeneous population of unilocular cells without any apparent beige-like adipocytes and 

a low level of UCP-1 compared with BAT. Gene expression analysis of the recovered 

interscapular BAT shows the molecular signature of classical brown adipocyte markers, with 

no increase in the beige fat markers, Tmem26 and Shox2 (Jespersen et al., 2013; Sharp et 

al., 2012; Wu et al., 2012). Whether the heterogeneity of the brown adipocytes during 

recovery represents some alteration in the maturation of brown adipocytes in this rapid 

turnover state or represents a developmental difference is unclear, but it is clear that after 

recovery, the new BAT is functional for normal thermogenesis.

Leptin is produced by adipose tissue and regulates food intake and systemic metabolism by 

acting primarily on leptin receptors of the central nervous system (Coppari and Bjorbaek, 

2012). Remarkably, leptin administration almost completely suppressed the development of 

hepatosteatosis, hyperglycemia, hyperinsulinemia and hyperphagia in Ai-DKO. Leptin, 

however, did not cause any change in the loss or regeneration of white and brown adipocytes 

occurring in Ai-DKO mouse, indicating that adipose tissue regeneration is regulated by 

factor(s) other than hyperinsulinemia, hyperglycemia, leptin, and food intake.
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In summary, mature adipocytes are highly dependent on insulin signaling for maintenance, 

as well as function. Loss of insulin signaling results in acute lipodystrophy with loss of 

virtually all existing mature adipocytes and severe systemic insulin resistance with its 

associated metabolic features. Our data show that adult adipose tissues also possess a strong 

homeostatic mechanism, such that following loss of insulin signaling, there is a rapid 

proliferation of preadipocytes and regeneration of new brown and white adipocytes restoring 

metabolic homeostasis and reversing the metabolic syndrome associated with the 

lipodystrophy, including both the β-cell proliferation and cold intolerance (summarized in 

Figure S7M). Targeting this homeostatic mechanism could provide a novel point for the 

treatment of diseases with either fat excess or fat loss by slowing the expansion of white 

adipose mass while increasing functional brown adipose tissue.

EXPERIMENTAL PROCEDURES

Mice

Mice were housed at 20–22 °C on a 12 h-light/dark cycle in the animal facility at the Joslin 

Diabetes Center, MA, USA. All animal studies were approved by the Institutional Animal 

Care and Use Committee (IACUC) and were in accordance with NIH guidelines. Additional 

information about animal studies is described in Supplementary Experimental Procedures.

Metabolic studies

Oral glucose tolerance tests (2 g dextrose/kg bw) were performed in unrestrained conscious 

mice fasted for 6 h. Insulin tolerance tests (1 unit/kg bw, Human R, Lilly) were performed 

after a 6 h fast. Glucose levels were measured in tail vein blood using Infinity glucose 

monitors (US Diagnostics). Whole-body energy expenditure was measured at ambient 

temperature (~22° C) using a Comprehensive Lab Animal Monitoring System. To examine 

response to adrenergic stimulation mice were injected intraperitoneally with a β3-adrenergic 

receptor-specific agonist CL-316,243 1 mg/kg (Cannon and Nedergaard, 2011). Insulin, 

leptin, adiponectin, TG and FFA were measured by ELISA (Crystal Chem).

Ex vivo lipolysis assay in adipose tissues

Lipolysis was assessed as described before (Garcia-Martin, et al., 2016). Briefly 

subcutaneous and perigonadal fat depots were surgically removed from 8-week-old Control 

and Ai-DKO 1.5 days after the last dose of tamoxifen and washed with cold PBS. A piece of 

25mg was further cut into 5–6 pieces, and incubated for 2 h at 37°C in 200μl of Dulbecco 

modified Eagle’s medium (DMEM) containing 2% fatty acid-free BSA (Sigma-Aldrich) and 

in the presence or absence of 10 μM isoprenaline (Sigma-Aldrich). Fatty acids released to 

the medium were quantified using a free fatty acid fluorometric assay kit (Cayman 
Chemical) and normalized to the weight of each fat pad.

Histopathology and immunohistochemistry

Tissues were fixed in 10% formalin, subjected to paraffin-embedded sectioning and stained 

with hematoxylin or immunostained with anti-UCP1 (Sigma) and anti-perilipin A (Abcam) 

antibodies. TUNEL (terminal deoxynucleotidyl transferase dUTP-mediated nick end 

labelling) (Promega) and cleaved caspase-3 (Cell signaling) immunostaining were 
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performed per manufacturer’s instructions. Additional information is described in the 

Supplementary Experimental Procedures.

Sorting of Adipocyte Precursor Cells/Preadipocytes

SVF was obtained from subcutaneous WAT or interscapular BAT by treatment with 2 mg/ml 

collagenase (Sigma) for 45 min at 37 °C. The isolated SVF was resuspended in cold Hank’s 

balanced salt solution (HBSS) with 2% fetal bovine serum (FBS). Cells were incubated with 

Ter119-PE-Cy7 (BD Pharmingen™), CD31-PE-Cy7 (Biolegend), CD45-PE-Cy7 

(Biolegend), CD34-APC (eBioscience), and Sca-1-BV421 (Biolegend) antibodies for 30 

min in HBSS containing 2% FBS on ice, then washed and resuspended in solution with 

propidium iodide (Sigma-Aldrich). Cells were analyzed on a BD FACSAria cell sorter after 

selection by forward scatter (FSC) and side scatter (SSC), followed by exclusion of dead 

cells with propidium iodide staining, and analyzed for cell-surface markers using FlowJo 

software (TreeStar, Inc.). The data are shown as the percentage of Sca1+ and CD34 + and 

lineage-negative (Lin−) cells, as well as the number of total preadipocytes per depot.

Lineage tracing system of adipocytes

Rosa-mTmG (Jax no. 007676) were purchased from Jackson Laboratories and bred to 

Adiponectin-Cre ERT2, Ai-IRKO and Ai-DKO. The adipose depots were fixed in 10% 

formalin. Whole mount 3D (Z-stack) imaging was performed using a 2-photon microscope 

(Zeiss 710) optimized for td-Tomato and eGFP expression.

Tissue triglyceride quantification

Liver samples (100 mg) were homogenized in 1 ml Folch solution (2:1 v/v chloroform/

methanol) and centrifuged at 15,000 rpm for 15 min. The supernatants were collected, and 

TG content determined using Infinity Triglycerides Reagent kit (Thermo Scientific).

Body temperature and cold exposure

Body temperatures of mice were measured using a RET-3 rectal probe (Physitemp) as 

described in Supplementary Experimental Procedures.

Quantitative RT-PCR

Total RNA was extracted from tissues with an RNeasy minikit (Qiagen), and complementary 

DNA (cDNA) was synthesized with a high-capacity cDNA reverse-transcription kit (Applied 

Biosystems). Additional information is described in the Supplementary Experimental 

Procedures.

Administration of leptin by micro-osmotic pump implantation

8-week-old mice were given a dose of 10 μg/day of recombinant mouse leptin (Sigma) 

dissolved in sterile saline and administered via Alzet mini-osmotic pumps (DURECT Corp.) 

designed for either 2 or 4 weeks’ infusion. Pumps were implanted subcutaneously on day 3 

before the final dose of tamoxifen treatment. Saline filled pumps were implanted in the 

Control groups.
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β-cell histology and proliferation

β-cell counting was performed manually in a blinded manner by a single observer. Ki67+ β-

cells, i.e., insulin+ cells showing nuclear DAPI staining, were assessed by 

immunofluorescence microscopy. Insulin+ cells showing co-localized nuclear staining for 

DAPI and Ki67 were counted as proliferating β-cells. The double-positive cells (Ins+/

Ki67+) were confirmed in randomly selected cells in all experiments by confocal 

microscopy. Additional information is described in the Supplementary Experimental 

Procedures.

Statistics

All data are presented as mean ± S.E.M. and analyzed by Student’s t-test or analyses of 

variance (ANOVA) followed by post hoc comparisons as appropriate. N indicates the 

number of animals per group or number of independent experiments. Results were 

considered significant if p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Physiology of mice with acute disruption of IR and/or IGF1R in fat. All data are from male 

mice 7–8 weeks of age on normal chow diet. Day 0 is the day of the last tamoxifen dose. (A) 

Tissue weights of SC-WAT, PG-WAT, and BAT in Control (n = 13), Ai-IGFRKO (IGF1R−/
−) (n = 6), Ai-IRKO (IR−/−) (n = 13) and Ai-DKO (IGF1R−/− IR−/−) (n = 12) day 3 after 

treatment with tamoxifen. (B) Representative pictures of adipose tissue of Control and Ai-

DKO at day 3. Scale bars indicate 1 cm. (C) HE stained sections of adipose tissue at day 3. 

Scale bars, 50 μm. (D) Blood glucose levels of Control (n = 13) and Ai-DKO (n = 14) under 

fed and fasted conditions at day 2. (E) Serum insulin and HOMA-IR levels of Control (n = 

13) and Ai-DKO (n = 14) under fasting conditions at day 2. (F) OGTT on day 2 for Control 

(n = 13) and Ai-DKO (n = 12). (G) ITT on day 2 (n = 10/genotype) (H) mRNA expression 
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measured by real-time qPCR in SC-WAT from Control (n = 7) and Ai-DKO (n = 6) at day 3. 

(I) mRNA abundance measured by real-time qPCR in BAT from Control (n = 7) and Ai-

DKO (n = 6) at day 3. (J) Serum adiponectin and leptin concentrations at day 2 (n = 5/

genotype). (K) Lipolysis assessed by FFA release from SC-WAT of Control (n = 5) and Ai-

DKO (n = 7) at day 1.5. Samples were incubated ex vivo for 2 h at 37 °C in the presence or 

absence of 10 μM isoprenaline, and FFA released into the medium was quantified. (L) SC-

WAT sections from Control and Ai-DKO were stained for TUNEL and DAPI at day 3 (left) 
and quantitated (n = 6/genotype) (right). (M) Representative pictures of liver in Control and 

Ai-DKO at day 3. Scale bar indicates 1 cm. (N) Liver tissue sections stained with HE in 

Control and Ai-DKO at day 3. Scale bars, 100 μm. Statistical significance is shown as 

p<0.05 (*), p<0.01 (**), and p<0.001 (***).
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Figure 2. 
Recovery from insulin resistance and glucose intolerance in mice after tamoxifen-treatment. 

Tamoxifen was administered 5 times over 6 days as indicated by arrows. The day of final 

injection was considered experimental day 0. (A) Fed glucose levels in Control (n = 17), Ai-

IGFRKO (n = 12), Ai-IRKO (n = 12) and Ai-DKO (n = 14) before and after tamoxifen-

treatment. (B) HOMA-IR levels at days −3, 3, 13 and 30 of the experiment. (C) Comparison 

of GTT at day 2 and 30 after tamoxifen-treatment. (D) ITT at day 2 and 30. (E) Liver tissue 

sections stained with Oil Red O for Control, Ai-IRKO, Ai-IGFRKO and Ai-DKO at day 3 

and 30. Scale bars, 100 μm. (F) Liver weights in Control (gray, n = 6), Ai-DKO (red, n = 6) 

at day 9 and 30. Statistical significance is indicated as p<0.05 (*), p<0.01 (**), p<0.001 

(***), and NS = not significant.
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Figure 3. 
Effect of the insulin resistance of acquired lipodystrophy on β-cell replication, mass, and 

function. (A) Fasting serum insulin measured at days −3, 3, 13 and 30 of the experiment. (B) 

Pancreatic sections were immunostained for insulin and Ki67 in Control and Ai-DKO at day 

3 and day 30 after tamoxifen treatment. Scale bars, 100 μm. (C) Quantification of 

Ki67+insulin+ cells in Control (n = 4–7) and Ai-DKO (n = 4–6) pancreas sections at day 3 

and 30. (D) Quantitation of β-cell mass at day 3 and 30 (see Supplementary Experimental 

Procedures). (E) mRNA abundance measured by real-time qPCR in liver from Control (n = 

7) and Ai-DKO (n = 6) at days 3 and 9. (F) Expression levels of mRNA measured by real-
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time PCR in SC, PG and BAT from Control and Ai-DKO at days 3 and 9 (n = 5–7 per 

group). Statistical significance is as in Figure 2.
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Figure 4. 
Regeneration of WAT in Ai-IRKO and Ai-DKO. (A) Recovery of tissue weights of SC and 

PG-WAT in Ai-IRKO (n = 6–7) and Ai-DKO (n = 6) at day 9 to 30 after tamoxifen-

treatment compared to Control (n = 6). (B) SC and PG-WAT sections with HE in Control 

and Ai-DKO at day 30. Scale bars, 50 μm. (C) FACS profiles of sorted subcutaneous 

adipose SVF at day 3 from Control (n = 11), Ai-IRKO (n = 9) and Ai-DKO (n = 6). The live 

cells of the lineage-negative (Lin−) population, i.e. lacking of CD31, CD45 and Ter119 

expression, were considered preadipocyte on the basis of positive Sca1 and CD34 

expression. Representative data are indicated as the FACS profiles, and the averages are 
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shown in the right graph. (D) mTmG labeling of mature SC and PG adipocytes in Control, 

Ai-IRKO and Ai-DKO before and on day 30 after tamoxifen treatment. Scale bars, 100 μm. 

(E) qPCR of Ucp1 gene expression in SC (left) and PG-WAT (right) from Control and Ai-

DKO male mice treated with CL-316,243 (1 mg/kg) or vehicle for 7 days (n = 5–7 per 

group). Results are expressed as fold change over the Control SC (vehicle) group. Statistical 

significance is as in Figure 2.
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Figure 5. 
Brown adipocyte regeneration in Ai-DKO. (A) Recovery of tissue weights of BAT in Ai-

DKO (n = 5–6) male mice at day 9, 30, and 180 after tamoxifen-treatment compared to 

Control (n=6–8). (B) H & E staining of BAT sections on day 9, 30 and 180. Scale bars, 50 

μm. (C) mTmG lineage tracing of brown adipocytes in BAT of Control and Ai-DKO also 

carrying a Rosa- mTmG transgene as in Supplementary Figure 3C before and on days 3 and 

30 after tamoxifen-treatment. Scale bars, 50 μm. (D) Percentage of Sca1+/CD34+ 

preadipocytes cells in brown adipose (Lin−) SVF at day 3 in Control (n = 10) and Ai-DKO 

(n = 6). (E) Relative mRNA levels in Ai-DKO (n=5–6) and Control (n = 6–7) on days 9, 30 

and 180 after tamoxifen-treatment. (F) UCP1 expression in BAT assessed by anti-UCP1 
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immunostaining in Control and Ai-DKO at day 180. (G) Rectal temperature in Control and 

Ai-DKO at day 9 and 90 during a 3 h exposure to an 8 °C environment (n = 5 per group). 

(H) Thermal images using a FLIR T300 Infrared Camera showing surface temperature over 

interscapular BAT after 2 h at 8 °C between Control and Ai-DKO on day 9 and 90. 

Statistical significance is as in Figure 2
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Figure 6. 
Regeneration potential of WAT and BAT after two rounds of tamoxifen-treatment, with the 

second round given 5 times over 6 days between days 30 and 35. (A) Fed blood glucose 

levels after 1st and 2nd rounds of tamoxifen in Control (n = 9), Ai-IRKO (n = 6) and Ai-

DKO (n = 5). (B) Serum insulin was measured in Ai-IRKO and Ai-DKO at days 40 and 65 

compared with Control (n = 5–7 per group). p<0.05 = ** and p<0.001 = ***. (C) Pancreatic 

sections from Control and Ai-DKO were stained for insulin and Ki67 at days 41 and 65 after 

tamoxifen treatment. Scale bars, 100 μm. (D) Quantitation of Ki67+insulin+ cells in Control 

(n = 5–7) and Ai-DKO (n = 5–7) pancreas at days 41 and 65 after tamoxifen-treatment. (E) 

Quantitation of β-cell mass in Control (n = 4–7) and Ai-DKO (n = 4–7) pancreases at days 

41 and 65. (F) HE sections of SC-WAT from Control and Ai-DKO mice at days 41 and 65. 

Scale bars, 50 μm. (G) Relative UCP1 mRNA levels in Ai-DKO (n = 4–6) and Controls (n = 

4–10) at day 41, 65 and 155. (H) HE sections of BAT from Control and Ai-DKO at days 41, 
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65 and 155. Scale bars, 50 μm. (I) UCP1 expression in BAT by anti-UCP1 immunostaining 

in Control and Ai-DKO at days 30, 41, 65 and 155. Scale bars, 50 μm. (J) Rectal 

temperature in male Control and Ai-DKO taken every 30 min for 3 h during exposure to an 

8 °C environment (n = 5 per group) at days 44, 65 and 125. Comparison of rectal 

temperature drop after 3 h of 4 °C challenge in Control and Ai-DKO (right). Statistical 

significance is as in Figure 2..
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Figure 7. Leptin inhibits the hyperglycemia and hepatic steatosis but not the regeneration of 
white and brown adipocytes in Ai-DKO
(A) Effect of leptin treatment on hyperglycemia induced by gene recombination in Ai-IRKO 

and Ai-DKO compared to Controls (n = 5–7 per group). Leptin (10 mg/day) was 

administered using Alzet 1002 minipumps between day −3 and day 9 surrounding 

tamoxifen-treatment. (B) Fasted serum insulin concentrations at day 3 after tamoxifen-

treatment with or without leptin (n = 5–7 per group). (C) Liver sections stained with Oil Red 

O for Control, Ai-IRKO and Ai-DKO with saline or leptin at day 3. Scale bars, 100 μm. (D) 

Weights of SC and BAT fat at day 9 in Ai-IRKO (Saline: n=6, leptin: n=5), Ai-DKO (Saline: 

n = 7, leptin: n = 6) and Control (Saline: n = 9, leptin: n = 7). (E) Immunofluorescence 

staining for GFP (green), Td-tomato (red) and DAPI (blue) in SC-WAT and BAT from 

Control mTmG and Ai-DKO mTmG, as indicated, at day 30. Scale bars, 50 μm. (F) 
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Perilipin (green) staining of SC and BAT in Ai-DKO (with saline or leptin) at day 9 and 30. 

Scale bars, 50 μm. (G) Tissue weights of SC and BAT at day 30 in Ai-DKO (Saline: n = 9, 

leptin: n = 5) and Control (Saline: n = 9, leptin: n = 5). Statistical significance is as in Figure 

2.
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