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1  | INTRODUCTION

The metabolic consequences of obesity are closely aligned with how 
lipids are distributed among adipose tissue depots. Dyslipidaemia, 
type 2 diabetes and insulin resistance are more likely to occur in 
obese individuals characterized by central/abdominal and upper body 
lipid storage.1–5 In contrast, these comorbidities are less likely in indi-
viduals with6–8 lower body subcutaneous adipose tissue (SAT) expan-
sion.9 Indeed, lower body SAT expansion is a primary characteristic of 
the metabolically healthy obese individual.10 Therefore, accumulation 
of lipids in this adipose tissue region has been suggested to be pro-
tective from typical obesity-mediated metabolic impairments.

Adipose tissue depots appear to have distinct, inherent charac-
teristics that may explain different metabolic outcomes. For example, 
whereas upper body SAT expansion appears to involve hypertrophy 
which results in large, typically insulin resistance adipocytes, lower 
body SAT expansion involves increases in smaller adipocytes that re-
tain insulin sensitivity.11–21 Hence, some studies suggests that depots 
characterized by smaller adipocytes impart protection from obesity-
related metabolic impairments.22,23 However, not all studies support 
this view.24,25

One common element that has been linked to metabolic dysregula-
tion associated with obesity involves the recruitment of new fats cells 
and regulation of differentiation. In this context, impairments in the 
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Abstract
Objectives: Adipose tissue plays a fundamental role in glucose homeostasis. For ex-
ample, fat removal (lipectomy, LipX) in lean mice, resulting in a compensatory 50% in-
crease in total fat mass, is associated with significant improvement in glucose tolerance. 
This study was designed to further examine the link between fat removal, adipose 
tissue compensation and glucose homeostasis using a peroxisome proliferator-
activated receptor γ (PPAR γ; activator of adipogenesis) knockout mouse.
Material and methods: The study involved PPARγ knockout (FKOγ) or control mice 
(CON), subdivided into groups that received LipX or Sham surgery. We reasoned that 
as the ability of adipose tissue to expand in response to LipX would be compromised 
in FKOγ mice, so would improvements in glucose homeostasis.
Results: In CON mice, LipX increased total adipose depot mass (~60%), adipocyte 
number (~45%) and changed adipocyte distribution to smaller cells. Glucose tolerance 
was improved (~30%) in LipX CON mice compared to Shams. In FKOγ mice, LipX did 
not result in any significant changes in adipose depot mass, adipocyte number or dis-
tribution. LipX FKOγ mice were also characterized by reduction of glucose tolerance 
(~30%) compared to shams.
Conclusions: Inhibition of adipose tissue PPARγ prevented LipX-induced increases in 
adipocyte expansion and produced a glucose-intolerant phenotype. These data sup-
port the notion that adipose tissue expansion is critical to maintain and/or improve-
ment in glucose homeostasis.
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differentiation and proliferation of new fat cells can lead to spill over 
and accumulation of lipids and lipid intermediates in non-adipose tis-
sue cells.26 Non-adipose tissue or ectopic lipid accumulation has been 
associated with insulin resistance and increased risk for a number of 
obesity-related comorbidities. Adipogenesis and maintenance of ma-
ture adipocytes is driven by the activation of peroxisome proliferator-
activated receptor γ (PPARγ), a nuclear receptor.27,28 PPARγ activation 
in adipocytes lowers circulating insulin levels, improves whole-body 
insulin sensitivity and adipokine profiles, and reduces serum lipids.29 
Adipose PPARγ activation also suppresses inflammation induced by 
high-fat diet.29 It is proposed that these improvements occur, in part, 
through sequestration of excess fatty acids and triglycerides by adipo-
cyte hyperplasia.30 We have therefore elected to manipulate PPARγ 
in the context of lipectomy (LipX) or sham surgery to further investi-
gate the relationship between adipose tissue expansion and glucose 
homeostasis.

PPARγ knockout mice are characterized by reduced adipocyte mat-
uration after initial adipogenic events, reduced hyperplasia leading to 
hypertrophic mature adipocytes and elevated plasma fatty acids.31 We 
have previously demonstrated that removal of discrete adipose tissue 
depots (LipX) improves glucose tolerance and increases sequestration 
of fatty acids in non-excised adipose tissue of lean young and old rodent 
models.32,33 We and others have also demonstrated that compensation 
in non-excised depots was characterized by increased adipocyte num-
ber and adipose tissue mass.34–36 In the current study, we have em-
ployed LipX to induce adipose tissue depot growth in CON and FKOγ 
mice. We hypothesized that LipX-induced increases in adipose tissue 
growth would be impaired in PPARγ knockout mice and this impairment 
would also lead to unfavourable outcomes in glucose homeostasis.

2  | MATERIALS AND METHODS

2.1 | Mice and housing

2.1.1 | Breeding colony

Twelve transgenic adult mice were purchased from The Jackson 
Laboratory (Bar Harbor, Maine), six males and six females (~24 g), 
for tissue-specific Cre/Lox inducible knockouts. Half of the mice 
from each sex were homozygous for PPARγ flanked with LoxP sites, 
targeted for its deletion. The other half were hemizygous for the ex-
pression of Cre recombinase enzyme under control of FABP4, fatty 
acid-binding protein-4, an adipocyte lipid transport protein. A second-
generation breeding scheme was used to obtain knockouts (KO) and 
control littermates used in this study. First, homozygous PPARγ loxP-
flanked mice were mated with Cre recombinase FABP4 mice. The first 
generation of offspring heterozygous for the loxP allele and hemizy-
gous/heterozygous for the cre transgene were then mated with the 
original homozygous loxP-flanked mice. Second-generation offspring, 
homozygous for the loxP-flanked allele and hemizygous/heterozy-
gous for the cre transgene were designated FKOγ KO mice (n=13). 
Homozygous LoxP offspring were designated as Control C (CON) 
mice (n=15).

2.1.2 | Experimental mice

A total of 13 male adipose tissue-specific PPARγ knockout trans-
genic mice (FKOγ) and 15 male homozygous LoxP CON mice were 
produced from a colony of ~175 mice. An a priori power analy-
sis using previous data from other breeding colonies to determine 
the expected variance was used to estimate the number of animals 
necessary for this experiment. Sample sizes were determined by 
providing a 90% chance of finding a significant effect of 25% or 
greater for the between- and within-subject variables. It was pre-
dicted 8–10 mice were needed to provide adequate statistical 
power. Due to the limitation of breeding numbers, we did not reach 
the predicted number of mice; however, the animal numbers ac-
quired were adequate to observe a number of statistically signifi-
cant differences.

Offspring of interest were weaned 21 days post-birth and trans-
ferred to individual housing under controlled conditions (12:12 light-
dark cycle, 50–60% humidity and 25°C). Experiments (surgery) started 
at 3 months of age before metabolic dysregulation was exacerbated 
in FKOγ mice. For experiment duration, mice were given ad libitum 
access to a standard chow diet (Harlan Teklad 7002, Madison, WI, 
USA) and unlimited water. Weekly body mass and food intake were 
monitored and recorded. Procedures were reviewed and approved 
by the Colorado State University Institutional Animal Care and Use 
Committee.

2.2 | Surgical procedures

Surgeries were performed while mice were anesthetized with 
isoflurane. Half of the experimental mice received sham surgery 
(mid-ventral abdominal incision through skin and muscle without 
adipose tissue removed), while the other half received bi-lateral 
excision of the intra-abdominal epididymal depot (~550 mg; con-
nected to testes). Both groups received abdominal muscle suture 
closure and skin was closed with wound clips. A subcutaneous in-
jection of meloxicam analgesic (0.025 mg/10 g body weight) was 
given immediately after surgery was completed. The four experi-
mental groups consist of FKOγ or CON with or without surgery 
(FKO surgery n=6, FKO sham n=7, CON surgery n=7 and CON 
sham n=8).

2.3 | Glucose tolerance test

Pre-surgery (1 week prior to adipose tissue removal surgery) and ter-
minal (1 week prior to termination, 12 weeks post-surgery) glucose 
tolerance tests (GTTs) were performed on mice. Mice were fasted, 
but allowed water, for 6 hours after lights on. Blood was collected 
from the tail vein and glucose concentration was determined using a 
Freestyle Lite Glucometer (Abbott, Abbott Park, IL, USA). After fasting 
blood glucose was collected (time point 0), mice received a 1.5 g kg−1 
dextrose injection in the intraperitoneal cavity and blood glucose was 
measured from tail vein blood samples at 15, 30, 45, 60 and 120 min-
utes post-injection.
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2.4 | Termination

Termination occurred 13 weeks post-surgery. Final body weights 
were collected before mice were fasted for 4 hours for terminal col-
lection. First, following isoflurane anesthetization, systemic blood 
was collected via decapitation and serum was separated and stored 
at −80°C. Femoral muscle and liver were removed and snap-frozen 
in liquid nitrogen and stored at −80°C. Inguinal (IWAT), epididymal 
(EWAT), perirenal (PWAT), dorsal (DWAT), and visceral (VWAT) white 
adipose tissue, as well as inter-scapular brown adipose tissue (BAT), 
were collected and weighed, snap-frozen and stored at −80°C. IWAT, 
VWAT and PWAT depots were halved and also fixed in osmium for 
cell size distribution (see below). Subcutaneous lymph nodes were 
removed from IWAT and visceral lymph nodes were removed from 
VWAT prior to being frozen.

2.5 | RNA isolation and cDNA synthesis

Lipid-specific RNAeasy mini-kit columns were used to isolate RNA 
from adipose tissue using QIAzol Lysis Reagent (QIAGEN, Valencia, 
CA, USA). Aggregate RNA was converted to complementary-DNA 
using iScript (Bio-Rad, Hercules, CA, USA) with a normalized quantity 
of RNA totalling 0.25 μg.

2.6 | Quantitative real-time PCR

Sequences of primers for adipose tissue and liver are shown in Figure 
S1. Primers were optimized as previously described.37 Samples 
were run in triplicate using an iCycler (Bio-Rad) and iQ SYBR Green 
Supermix (Bio-Rad). Expression patterns of genes of interest were 
normalized to constitutively expressed β2 microglobulin (B2M) and 
relative expression was quantified as previously described.37 Genes 
were selected for their known associations with adipose tissue me-
tabolism and adipogenesis. Genes of interest are reported as relative 
change compared with control.

2.7 | Plasma and tissue measurements

Systemic plasma at termination was analysed for insulin, leptin and 
resistin using a commercial kit (EMD Millipore Corporation, Billerica, 
MA, USA) and analysed on a Luminex instrument (LX200; Millipore, 
Austin, TX, USA). Skeletal muscle and liver lipids were extracted using 
the procedure of Bligh and Dyer.38 Muscle and liver triglyceride con-
centration (Sigma Chemical Co, St. Louis, MO, USA) and plasma non-
esterified fatty acids (Wako, Richmond, VA, USA) were determined 
enzymatically using commercially available kits.

2.8 | Adipocyte distribution

Approximately half of the collected total IWAT, VWAT and PWAT 
depot was fixed in osmium tetroxide according to the method of 
Hirsch and Gallain.39 Fixation was completed in a warm water bath for 
at least 24 hours. Cell number and size distribution were determined 

by Coulter Counter analysis (Beckman Coulter, Fullerton, CA, USA), as 
suspended particles were passed through an aperture in the counter 
to provide a histogram in per unit volume of suspension. Distribution 
is presented as a per cent in cell size bin, which represents a range 
of 10 μm; hence, 25 μm bin contains cell sizes 25 μm through 34 μm.

2.9 | Statistical analysis

Data are expressed as mean±standard error of the mean (SEM). 
Statistics of multiple groups were completed using two-way between-
subject analysis of variance (ANOVA) (IBM SPSS for Windows, release 
22; Chicago, IL, USA) with group (CON and FKO) and surgery (Sham 
and LipX) as factors. This was utilized for the following dependent 
variables: body and adipose mass, lipids, gene expression, adipocyte 
mean size and adipokine concentration. Adipocyte cells size distribu-
tion and glucose tolerance test were analysed using two-way repeated 
measures ANOVA with adipocyte size as a within-subject variable. Per 
cent change in insulin and area under the curve (AUC) as well as total 
adipocyte number within the visceral, inguinal and perineal depots 
were analysed by ANOVA. Post hoc test of individual groups were 
accomplished with Tukey’s test. Differences among groups was con-
sidered significantly different if P≤.05. Exact probabilities are shown 
when applicable.

3  | RESULTS

3.1 | Food intake, body and adipose tissue mass and 
lipids

Thirteen weeks post-surgery, cumulative food intake (CON Sham; 
334.5 g±3.8, CON LipX; 341.4 g±1.8, FKO Sham; 320.2 g±9.1 and 
FKO LipX 330.4 g±7.2) and terminal body mass (Table 1) were 
not different among groups. Both CON and FKO LipX groups had 
~550 mg of epididymal adipose tissue removed, but only the FKO 
LipX mice had significantly smaller epididymal depot mass at ter-
mination compared with respective Sham (Table 1; P≤.05). Despite 
similar body mass among groups, adipose tissue mass of FKO mice 
was significantly less than CON. In particular, IWAT (Group main 
effect, P=.011), PWAT (Group main effect P=.017), EWAT (Group 
main effect P=.006) and total depot mass (summed IWAT, VWAT, 
PWAT and DWAT, Group main effect P=.011) were significantly 
reduced in FKOγ compared to CON mice. VWAT was also less in 
FKOγ, though not significant. In CON mice, LipX was associated 
with significant increases in non-excised adipose tissue depot mass 
including a ~65% increase in IWAT, ~110% increase in VWAT, 
~50% increase in both PWAT and DWAT depots (Table 1; P≤.05) 
compared to CON Sham. This resulted in an overall ~65% increase 
in total adipose depot mass in CON LipX mice when compared 
to CON Sham. No increase in adipose tissue mass was observed 
in FKOγ LipX mice when compared to FKOγ Sham. Circulating 
and muscle lipids were not significantly different among groups; 
however, FKOγ liver triglycerides tended to be higher than CON 
(Table 1; P=.063).
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3.2 | Glucose tolerance test and insulin 
concentration

One week before termination (12 weeks post-surgery) glucose con-
centration following a 6-hour fast was not different among groups 
(Data not shown). Glucose tolerance test results are reported as per 
cent difference between LipX and Sham at each time point (0, 15, 
30, 60 and 120 minutes) for CON and FKOγ mice. LipX decreased 
the glucose response by ~30% in CON mice, whereas LipX increased 
the glucose response by ~30% in the FKOγ group, these two groups 
were significantly different than one another (Figure 1A and B; 
P≤.05). Systemic insulin concentration was significantly higher, ~2-
fold, in FKOγ mice (CON Sham=161±20, CON LipX=169±18, FKO 
Sham=339±58, FKO LipX=375±75; P=.033, FKO Sham vs CON Sham 
and P=.01, FKO LipX vs CON Sham). LipX did not result in significant 
effects on insulin concentration (Figure 1C). Overall, these data dem-
onstrate that LipX resulted in improvements in glucose tolerance in 
CON mice and impairments in glucose tolerance in FKOγ mice.

3.3 | Adipocyte number and cell size distribution

Adipose tissue removal provokes compensation in non-excised 
depots via differentiation/proliferation, which is typically assessed 

by the measurement of adipocyte number and adipocyte size dis-
tribution.35,40 Therefore, we evaluated adipocyte number and size 
distribution in a subcutaneous depot, inguinal (IWAT) and two 
intra-abdominal depots, the visceral depot (VWAT) that releases 
effluent to the portal circulation and the perirenal depot (PWAT) 
that releases effluent to the systemic circulation. LipX resulted in 
increased total adipocyte number in CON but not FKOγ mice. In 
particular, the number of adipocytes in the inguinal and perirenal 
depots of CON mice was significantly increased by ~45% following 
LipX (Figure 2 A and E inset; P≤.05). LipX also induced a significant 
shift in adipocyte distribution in the inguinal (cell size/surgery in-
teraction: Figure 2A; P=.001) and visceral (cell size/surgery inter-
action: Figure 2C; P=.04) depot. In CON mice, adipocytes in these 
depots shifted towards a higher percent of small cells in CON, but 
not FKOγ mice. In the inguinal depot of CON mice, LipX caused a 
significant increase in the per cent of 25–44 μm (Figure 2A; P≤.05) 
adipocytes and a significant decrease in the percent of 45–84 μm 
(Figure 2A; P≤.05). Similarly, in the visceral depot, LipX increased 
the percent of 25–34 μm adipocytes and significantly decreased 
45–64 μm size adipocytes (Figure 2B; P≤.05). LipX did not affect 
perirenal depot adipocyte distribution in either group. These 
changes in adipocyte number and distribution were prevented in 
FKOγ mice. These data demonstrate that LipX-induced adipose 

TABLE  1 Terminal body mass, total and individual (inguinal, visceral, perirenal and dorsal white adipose tissue and inter-scapular brown 
adipose tissue) adipose tissue mass, adipocyte mean size, systemic circulating adipokines, free fatty acid (FFA) and tissue triglyceride (TG: 
muscle and liver) concentration 13 weeks post-surgery. Values are reported as mean±SEM

CON Sham CON LipX FKO Sham FKO LipX

P value

Model Group Sur

Final body mass (g) 34.4±2.4 37.4±2.5 32.7±0.5 32.2±1.6 — — —

Adipose tissue mass (mg) — — —

EWAT 0.97±0.18 0.66±0.13 0.99±0.10 0.26±0.05* 0.001 — 0.0009

IWAT 0.63±0.09 1.04±0.23* 0.40±0.05 0.42±0.10 0.034 0.011 —

VWAT 0.37±0.04 0.79±0.16* 0.45±0.05 0.43±0.06 0.041 0.075 0.026

PWAT 0.51±0.06 0.80±0.13* 0.36±0.05 0.40±0.07 0.046 0.017 —

DWAT 0.54±0.05 0.81±0.21 0.30±0.05 0.36±0.06 0.018 0.006 —

Total 2.33±0.25 3.70±0.07* 1.70±0.12 1.81±0.30 0.029 0.011 —

BAT 0.28±0.03 0.25±0.05 0.20±0.01 0.20±0.04 — — —

Adipocyte mean size (μm)

IWAT 50.4±1.72 49.3±0.76 53.95±2.56 52.23±1.68 — — —

VWAT 58.18±1.49 54.50±2.38 58.18±1.24 60.25±2.23 — — —

PWAT 53.82±1.90 54.40±2.50 58.94±2.59 56.93±2.59 — — —

Adipokine (μg mL−1)

Leptin 4918±621 2728±846* 3269±491 1484±430* 0.041 0.040 0.019

Resistin 1516±147 826±109* 725.5±195 767±287 0.011 0.02 —

Systemic FFA (mmol L−1) 0.55±0.04 0.51±0.02 0.57±0.04 0.45±0.03 — — —

Muscle TG (mg g−1 tissue) 25.6±4.9 19.7±3.8 23.2±4.9 28.1±11.2 — — —

Liver TG (mg g−1 tissue) 31.5±6.2 28.3±2.7 43.8±12.5 52.3±12.0 — 0.063 —

CON, Control; LipX, Lipectomy; Sur, Surgery; μm, micrometre.
Chart contains P values of model and main effect of group and surgery (— = not significant).
*P ≤ 0.05, compared with respective control.
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depot compensation was prevented with the inhibition of PPARγ 
in adipose tissue.

3.4 | Adipose tissue gene expression

Given the dramatic changes in adipose tissue mass, adipocyte number 
and size distribution observed in CON but not FKOγ mice we exam-
ined gene markers related to adipose tissue growth/expansion and 
maturation in both the inguinal and visceral depot. These two depots 
were further evaluated for gene expression because of their differ-
ential associations with metabolic risk. We focused on gene markers 
of cellular differentiation (peroxisome proliferator-activated recep-
tor γ; PPARγ and CCAAT enhancer-binding protein α (C/EBPα)), fatty 
acid uptake and transport (fatty acid-binding protein 4; FABP4 and 
fatty acid transport protein 4; FATP4) and genes encoding proteins 
secreted from adipose tissue (adiponectin; adipoQ). Overall, all of the 
adipose gene markers were significantly reduced in FKOγ mice com-
pared with CON in both the inguinal and visceral depot. For the ingui-
nal depot PPARγ, C/EBPα, FABP4, and adipoQ were significantly lower 
in FKOγ mice compared with CON (Figure 3A,C,E and I, P≤.007). 
Similarly, these genes along with FATP4 were significantly lower in 
the visceral depot of FKOγ mice (Figure 3B,D,F,H and J, P≤.025). LipX 
induced alterations in inguinal and visceral adipose tissue gene ex-
pression, but only in CON mice. In the inguinal depot, LipX caused a 
significant ~5-fold decrease in gene expression of PPARγ (Figure 3A, 
interaction P=.009), C/EBPα (Figure 3C, interaction P=.005) and 
FABT4 (Figure 3G, interaction P=.000), whereas in the visceral depot, 
LipX resulted in a ~2-fold increase in adipoQ (Figure 3J, approaching 
interaction P=.079). Therefore, as predicted, LipX-induced alterations 
in adipose tissue gene expression were specific to CON mice and did 

not occur in FKOγ. The direction of most changes, however, was in 
opposition of what was anticipated.

3.5 | Circulating adipokines

Compared with CON mice, FKOγ mice had significantly lower leptin 
(Table 1, Group main effect P=.04) and resistin (Table 1, Group main 
effect P=.02) concentrations in systemic plasma. LipX significantly de-
creased leptin concentrations in both CON and FKOγ mice (Table 1, 
Surgery main effect P=.019); however, resistin was only reduced in 
CON LipX mice (~45%, Table 1, P≤.05; compared with sham control).

3.6 | Liver gene expression

FKOγ mice were characterized by a ~2-fold increase expression of 
selected gene markers of inflammation, caspase1 (CASP1) (Figure 4A, 
P=.000) and interleukin 1 α (Figure 4B, P=.007) and β (Figure 4C, 
P=.004) (IL1α and ILβ) (Figure 4A–C, P≤.05). None of these genes were 
affected by LipX.

4  | DISCUSSION

The present study was designed to examine the link between fat re-
moval, adipose tissue compensation and glucose homeostasis. We 
employed lipectomy to induce compensatory adipose tissue depot 
growth in Control and FKOγ mice. We hypothesized that lipectomy-
induced increases in adipose tissue compensation would be impaired 
in FKOγ knockout mice and this impairment would also be associ-
ated with unfavourable outcomes in glucose homeostasis. Our results 

F IGURE  1 Glucose Tolerance Test (GTT) 
and Insulin Concentration – A, GTT – Per 
cent change in glucose concentration 
between the LipX or Sham group of 
CON and FKOγ mice. LipX is associated 
with decreased glucose concentration in 
FKOγ mice, whereas it is associated with 
an increase in glucose concentration in 
the CON (*P≤.05). B, Per cent change in 
area under the curve between the LipX 
or Sham group was decreased in control 
mice demonstrating improved glucose 
tolerance, whereas it was increased in 
FKOγ mice which is indicative decreased 
glucose tolerance (**P=.002). C, Insulin 
concentration expressed as per cent 
change between the LipX or Sham surgery 
was not different between CON and FKO 
mice
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support the notion that adipose tissue expansion, via PPARγ-mediated 
mechanisms, plays a role in glucose homeostasis.

The removal of gonadal adipose tissue (epididymal) in CON mice 
increased total fat mass, adipocyte number in inguinal and perirenal 

adipose tissue depots, and shifted cell distributions towards smaller 
adipocytes in the inguinal and visceral adipose tissue depots. This is 
consistent with other rodent studies where gonadal LipX increases 
the mass of intra-abdominal and subcutaneous adipose depots.41–43 

F IGURE  2 Adipocyte Number and Cell Size Distribution of Inguinal, Visceral and Perirenal Adipose Tissue – Inset of A and E.) LipX in CON 
mice, but not FKOγ, resulted in a significant increase in adipocyte number in the inguinal and perirenal adipose depots (*P≤.05, compared 
with Sham). In CON mice, LipX also shifted the (A) inguinal (Cell size/surgery interaction: Figure 2A; P<.05) and C, visceral (Cell size/surgery 
interaction: Figure 2C; P≤.05) depot adipocyte distribution towards smaller cell size. In the inguinal depot of CON mice, LipX resulted in a 
significant increase in the percent of 25–44 μm (**P≤.001, *P≤.05, compared with Sham) adipocytes and significant decrease in the percent of 
45–84 μm (**P≤.000, *P≤.05, compared with Sham). For the visceral depot, LipX increased the percent of 25–34 μm adipocytes and significantly 
decreased 45–64 μm (*P≤.05, compared with Sham). LipX did not affect inguinal (B), visceral (D) or perirenal (F) depot adipocyte distribution or 
change distribution of cell size in FKOγ mice
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In contrast, the removal of gonadal adipose tissue in FKOγ mice did 
not increase total fat mass, adipocyte number or shift cell size distri-
bution. These data suggest that LipX-induced adipose tissue hyper-
plasia is mediated, at least in part, by PPARγ. As LipX did not result in 
compensatory increases in adipose tissue mass, adipocyte number or 
decreases in adipocyte size in FKOγ mice, we speculate that limita-
tions placed on adipogenesis and adipocyte proliferation by the ab-
sence of PPARγ restrict sequestration of lipids in adipose tissue. Given 
the simultaneous improvement in glucose homeostasis, our results are 
consistent with the notion that smaller adipocytes are associated with 
metabolic protection.

Adipose tissue expandability is often associated with favourable 
metabolic outcomes and appears to play a fundamental role in the 
regulation of glucose homeostasis. Indeed, studies demonstrate that 
the hyperplastic potential of white adipose tissue is directly associated 

with insulin sensitivity44 and improved glucose tolerance.45 Consistent 
with this, intra-abdominal LipX resulted in both adipose tissue expan-
sion and improved glucose tolerance in CON mice. Adipose tissue 
expansion and improvements in glucose tolerance, however, did not 
occur in FKOγ mice. Rather, LipX in FKOγ mice reduced glucose tol-
erance. It should be emphasized that LipX-induced improvements are 
not due to fat removal alone, but rather the consequential compensa-
tion. Therefore, we propose that LipX-mediated improvements in glu-
cose homeostasis are linked to the ability of adipose tissue to expand 
via mechanisms that include increases in cell number and shift in size 
distribution.

A restriction or impairment of adipose tissue expansion and contin-
ued sequestration of lipids can lead to lipid deposition in non-adipose 
tissues, such as liver and muscle (for review see: 46). In the present 
study, FKOγ sham mice were characterized by a 40% increase in liver 

F IGURE  3 Adipose Tissue Gene 
Expression – Gene markers of cellular 
differentiation (peroxisome proliferator-
activated receptor γ; PPARγ and CCAAT 
enhancer-binding protein α; C/EBPα), 
fatty acid uptake and transport (fatty acid 
binding protein 4; FABP4 and fatty acid 
transport protein 4; FATP4) and genes 
encoding proteins secreted from adipose 
tissue (adiponectin; adipoQ). (A–J) All of the 
adipose gene markers were significantly 
reduced in FKOγ compared to CON 
mice. (A) PPAR, (C) CEBP and (G) FATP4 
were significantly reduced in inguinal but 
not visceral adipose tissue from LipX vs 
Sham CON mice. LipX did not result in 
any significant changes in FKOγ mice. 
Insets within figure include P values for 
significance of model, main effects of group 
(CON vs FKO) and surgery (LipX and Sham) 
and interactions when applicable
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triglycerides compared to CON sham mice. Although this increase was 
not statistically significant (approaching P=.063), the data suggest that 
the lack of PPARγ and the resultant limitations placed on adipose tis-
sue expansion resulted in ectopic lipid sequestration in the liver. In 

addition, muscle and liver triglycerides tended to be higher (~25%) in 
FKOγ mice who received lipectomy compared to their sham counter-
parts. These data, while not definitive, support the notion that adipose 
tissue expansion is linked to the degree of ectopic lipid accumulation.

We also analysed genes involved in adipocyte differentiation and 
growth to gain insight into the FKOγ phenotype and the effects of 
lipectomy. Consistent with previous studies,31 we observed that genes 
involved in cellular differentiation and fatty acid uptake, transport and 
storage, as well as genes that encode secreted proteins were lower in 
the white adipose tissue of FKOγ mice compared with CON. These 
differences were consistent across the inguinal and visceral adipose 
tissue depots. In CON mice, LipX altered genes involved in adipocyte 
differentiation and fatty acid uptake in the inguinal, but not visceral 
depot. In opposition to our prediction of enhanced gene expression 
of adipose tissue growth/compensation markers in LipX CON mice, 
gene expression of PPARγ, C/EBPα and FATP4 were decreased in the 
inguinal depot of CON LipX mice compared with Sham. Though it is 
possible that the downregulation of gene expression is due to de-
creased rate of expansion of the inguinal depot, it is important to ac-
knowledge that this is a single time point and perhaps not indicative of 
alterations occurring at an early time point. Previous studies in rodents 
have consistently demonstrated that body fat loss following lipectomy 
was normalized ~3 months post-surgery42,43,47; hence, gene markers 
of compensation should be decreased at the 13-week time point that 
we chose for our study. LipX did not alter expression of these genes in 
the inguinal or visceral adipose tissue depot of FKOγ mice.

It is proposed that dysregulated visceral adipose tissue contrib-
utes to the development of hepatic steatosis and insulin resistance48 
because of its proximity to and release of lipids and cytokines to the 
liver.49 However, in the current study, LipX induced visceral adipose 
tissue compensation in CON mice and was associated with improved 
glucose tolerance despite an increase in visceral adiposity which is 
proposed to be detrimental. We propose that events following lipec-
tomy enhance the inherent ability of visceral adipocytes to expand and 
sequester triglycerides, thus decreasing lipid effluent to the liver. At 
13 weeks, however, circulating free fatty acids, liver triglycerides and 
liver markers of inflammation were not lower in mice with fat removed 
relative to their sham counterparts. It is important to note all mice 
received standard rodent chow and remained lean throughout the ex-
periment, thus some liver measures may already be at a minimum and 
therefore less flexible towards change.

Despite considerable adipose tissue compensation, lipectomy 
decreased both leptin and resistin in CON mice. The reduction in 
leptin was not expected given this adipokine is a lipostatic signal 
and LipX mice were characterized by increased adiposity. However, 
leptin can also inhibit cell proliferation, therefore high levels may be 
counterproductive during periods that involve adipose tissue com-
pensation.50 LipX in CON mice also decreased resistin, an adipokine 
highly associated with obesity 51 and impaired insulin action in the 
liver.52–54 Healthy, insulin-sensitive adipocytes produce less resistin,55 
thus a depot with a higher distribution of small proliferating cells, as 
observed in lipectomy-induced compensation, would be expected to 
produce less resistin, and potentially play a role in improvements in 

F IGURE  4 Liver Gene Expression – FKOγ mice were 
characterized by a significant increase in expression of selected gene 
markers of inflammation, A) caspase1 (CASP1) and interleukin (B) 
1 α and (C) β (IL1α and Ilβ). None of these genes were significantly 
affected by LipX. Insets within figure include p values for significance 
of model, main effects of group (CON vs FKO) and surgery (LipX and 
Sham) and interactions when applicable.
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glucose regulation. In general, FKOγ mice had lower circulating con-
centrations of adipokines compared with CONs. This is consistent 
with previous studies 31 and suggests that PPARγ is also associated 
with normal adipocyte function and hormone release related to cell 
maturation.

In summary, in the present study, we have elected to manipulate 
PPARγ (present or absent in adipose tissue) in the context of lipec-
tomy or sham surgery to further investigate the relationship between 
adipose tissue expansion and glucose homeostasis. We hypothesized 
that lipectomy-induced increases in adipose tissue growth would 
be impaired in FKOγ knockout mice and this impairment would lead 
to unfavourable outcomes in glucose homeostasis. Our results sup-
port the notion that adipose tissue expansion, via PPARγ-mediated 
mechanisms, plays a role in glucose homeostasis. More specifically 
data from the present study suggest that increased adipocyte num-
ber and changes in size distribution to smaller adipocytes is closely 
linked to improvements in glucose homeostasis observed in response 
to lipectomy.
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