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It has been postulated that the protective effects of lower body subcutaneous adipose tissue (LBSAT) occur via its
ability to sequester surplus lipid and thus serve as a “metabolic sink.” However, the mechanisms that mediate this
protective function are unknown thus this study addresses this postulate. Ad libitum, chow-fed mice underwent Sham-
surgery or LBSAT removal (IngX, inguinal depot removal) and were subsequently provided chow (Chow; typical
adipocyte expansion) or high fat diet (HFD; enhanced adipocyte expansion) for 5 weeks. Primary outcome measures
included glucose tolerance and subsequent insulin response, muscle insulin sensitivity, liver and muscle triglycerides,
adipose tissue gene expression, and circulating lipids and adipokines. In a follow up study the consequences of
extended experiment length post-surgery (13 wks) or pre-existing glucose intolerance were examined. At 5 wks post-
surgery IngX in HFD-fed mice reduced glucose tolerance and muscle insulin sensitivity and increased circulating insulin
compared with HFD Sham. In Chow-fed mice, muscle insulin sensitivity was the only measurement reduced following
IngX. At 13 wks circulating insulin concentration of HFD IngX mice continued to be higher than HFD Sham. Surgery did
not induce changes in mice with pre-existing glucose intolerance. IngX also increased muscle, but not liver, triglyceride
concentration in Chow- and HFD-fed mice 5 wks post-surgery, but chow group only at 13 wks. These data suggest that
the presence of LBSAT protects against triglyceride accumulation in the muscle and HFD-induced glucose intolerance
and muscle insulin resistance. These data suggest that lower body subcutaneous adipose tissue can function as a
“metabolic sink.”

Introduction

A high body mass index (BMI) is a risk factor for diabetes,
non-alcoholic fatty liver and cardiovascular disease1 and a strong
predictor of mortality.2 However, some obese individuals are
characterized by a reduced risk for type-2-diabetes, hypertension
and heart disease,3-5 whereas some non-obese individuals develop
these co-morbidities.6,7 Results such as these have led to the
notion that fat distribution is an important determinant of dis-
ease risk. Indeed, intra-abdominal or visceral adipose tissue accu-
mulation is associated with dyslipidemia, cardiovascular disease,
insulin resistance and type-2-diabetes.8,9 In contrast, greater
lower body adiposity (femoraL-gluteal region) appears to exert
protective effects against glucose intolerance, dyslipidemia and
inflammation.10-14 It has been proposed that lower body subcu-
taneous adipose tissue (LBSAT) functions as a “metabolic sink,”
storing lipids that might otherwise lead to disturbances in non-
adipose tissues.15 Although metabolic outcomes associated with
LBSAT removal in humans have been investigated,16-20 the

“metabolic sink” postulate has not been systematically examined,
in part, due to inherent experimental limitations in humans.

Large volume reduction of LBSAT, via liposuction, does not
alter insulin sensitivity or circulating markers of inflammation in
humans.21 The lack of effect following liposuction, however,
may be related to the fact that subjects were morbidly obese prior
to and after the procedure. Other studies that have either con-
cluded that liposuction was with19,20 or without effect16-18 were
also confounded by wide variations in BMI (24 to 50), age
(18–50 C years), duration of study (12 weeks to years) and
amount of adipose tissue removed (5–20 Ls).16-20 Although
liposuction/lipectomy remains a useful tool to evaluate the role
of LBSAT in relation to metabolic abnormalities, human data
remains inconsistent due, in part, to variability in experimental
approach and study populations.

In 1953 Gordon Kennedy proposed the “lipostatic theory”
which predicted that the removal of adipose tissue would result in
compensation in other adipose tissue depots.22 There is evidence
in humans that liposuction increases body fat in non-excised
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areas,23,24 such as central/visceral adipose tissue depots.18 This
redistribution of lipid to other adipose tissue depots, in partic-
ular visceral adipose tissue, may override, supersede and/or
contribute to effects induced directly by LBSAT removal.
Thus, to investigate the specific role of LBSAT in glucose
homeostasis requires a model in which this depot can be
removed without significant compensatory accumulation of
lipid in other adipose tissue depots.

Studies investigating the effects of LBSAT on metabolic indices
in rodents are limited. Whereas in chow or high fat diet-fed mice
the removal of LBSAT (inguinal depot) had no effect on glucose
regulation,25 its removal in Syrian hamsters resulted in hypertrigly-
ceridemia and increased liver lipid deposition.26 Differences
between these 2 rodent studies may be linked to the species used,
the amount of tissue removed (15 vs 50%), location of the depots
that were removed and/or the duration of the study (»3 vs.
Twelve wks). Additional studies that have demonstrated metabolic
deterioration following subcutaneous adipose tissue removal uti-
lized models (chow fed immune deficient mice;27 acute/immediate
effects of fat removal via ultrasound in chow fed animals)28 that
may not be applicable to obesity-related disease.

We postulate that if LBSAT functions as a “metabolic sink”
that its removal will increase the risk of developing diet-induced
metabolic dysregulation. To comprehensively examine the effects
of LBSAT, both in relation to insulin-mediated regulation of glu-
cose metabolism and non-adipose tissue lipid accumulation,
requires a model in which subcutaneous adipose tissue “the meta-
bolic sink” can be removed in the absence of significant compen-
sation in non-excised adipose tissue depots. In addition, this
model should also include comparison of dietary conditions asso-
ciated with standard and enhanced energy storage to delineate if
loss of LBSAT exacerbates the risk factors associated with West-
ern diet intake. In the present study, we have used bilateral ingui-
nal fat pad removal to systematically examine the putative
protective role of LBSAT. The experimental conditions include
2 terminations time points to address consistency of metabolic
alterations (early (5 wks) and late adipose depot compensation
(13 wks)) and 2 post-surgery dietary conditions (standard chow
vs. Western diet) to delineate if alterations are standard across
diets or altered with increased energy intake/storage. In addition,
theses surgery conditions will be examined in the context of a

pre-existing state of glucose intolerance to determine if a deleteri-
ous pre-existing metabolic milieu results in an additive or dimin-
ished incremental effect.

Results

Inguinal fat pad removal and subsequent short-term high fat
diet feeding

Ad libitum, chow-fed C57BL mice underwent Sham or IngX
surgery as previously discussed. Sham and IngX were subse-
quently provided chow or HFD for 5 weeks.

Body and adipose tissue mass and food intake
Cumulative energy intake was significantly greater in HFD

groups compared with Chow (Table 1; P � 0.05). Recovered
inguinal adipose mass was significantly reduced in IngX mice
(Table 1; P � 0.05). IngX did not result in significant changes in
the mass of non-excised adipose depots.

Glucose tolerance test and insulin concentration
Glucose tolerance tests were performed pre-surgery and one

week prior to termination, 4 weeks post-surgery. Pre-surgery glu-
cose concentrations values were not different among groups (data
not shown). Four weeks post-surgery glucose concentrations
were highest in HFD IngX mice and significantly higher than
both Chow groups at 45, 60 and 120 minutes (Fig. 1A; P �
0.05). In addition, glucose concentration of the HFD IngX
group was significantly higher than that of the HFD Sham at 60
and 120 minutes. Area under the curve of the HFD IngX group
was significantly higher than HFD Sham and both Chow groups
(Fig. 1B; P � 0.05).

Insulin response to the GTT was also highest in HFD IngX
mice. Insulin concentration of the HFD IngX group was signifi-
cantly higher than both Chow groups at baseline, 15, 60 and
120 minutes and significantly higher than HFD Sham
120 minutes (Fig. 1C; P � 0.05). HFD Sham mice also had
significantly higher insulin concentration than both chow groups
at baseline and 120 minutes.

Table 1. Terminal cumulative food intake and body and adipose tissue mass of Chow or HFD mice 5 weeks post Sham or IngX surgery

5 weeks Post-surgery

Chow Sham (n D 10) Chow IngX (n D 10) HFD Sham (n D 10) HFD IngX (n D 10)

Food Intake (Total KCAL) 242.5 § 5.06a 259.3 § 6.72a 285.1 § 7.42b 288.9 § 5.27b

Body Weight (g) 28.51 § 0.51 28.78 § 0.49 29.99 § 0.86 30.43 § 0.49
Inguinal (g) 0.27 § 0.03a 0.04 § 0.01b 0.58 § 0.08c 0.12 § 0.01d

Brown Interscapular (g) 0.23 § 0.02a 0.25 § 0.03a 0.40 § 0.06b 0.40 § 0.03b

Epididymal (g) 0.34 § 0.04a 0.40 § 0.04a 0.82 § 0.14b 1.01 § 0.12b

Perirenal (g) 0.25 § 0.02a 0.21 § 0.02a 0.43 § 0.07b 0.48 § 0.04b

Visceral (g) 0.23 § 0.02a 0.27 § 0.03a 0.46 § 0.05b 0.49 § 0.03b

Cumulative energy intake was significantly greater in HFD groups compared with Chow. Recovered inguinal adipose mass was significantly reduced in IngX
mice. IngX did not result in changes in the mass of non-excised adipose depots. (Unlike letters indicate significance; P � 0.05)
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Tissue triglyceride and muscle insulin sensitivity
Femoral muscle, but not liver, triglyceride concentration was

significantly higher in IngX mice compared with Sham (Fig. 2;
P � 0.05). HFD significantly increased femoral muscle triglycer-
ide in Sham mice, however this diet differences did not occur in
following IngX (Fig. 2A; P � 0.05). Liver triglyceride was signifi-
cantly higher in HFD Sham than all other groups (Fig. 2B; P �
0.05). IngX significantly reduced insulin-stimulated pAKT/AKT
in both Chow and HFD groups (Fig. 3B; P � 0.05). Overall,
insulin-stimulated pAKT/AKT was significantly lower in HFD
mice than chow and significantly the lowest in HFD IngX mice
(Fig. 3B; P � 0.05).

Systemic and portal circulating factors
Blood was sampled from both the systemic and portal circula-

tion to examine effluent differences between peritoneal and sys-
temic organs, such as, but not limited to, intra-abdominal and
subcutaneous adipose tissue depots. IngX did not alter systemic
or portal free fatty acid, IL-6, MCP-1, TNFa or leptin concen-
tration in Chow or HFD groups (Table 2). However, systemic
and portal leptin concentration and systemic free fatty acids were

significantly increased in HFD-fed
mice compared with Chow groups
(Table 2; P � 0.05).

Adipose tissue and liver gene
expression

Adipose tissue removal has been
demonstrated to induce compensa-
tion in non-excised adipose tissue
in rodents29-37 and humans.23,24

Therefore, factors demonstrated to
play a role in adipose depot expan-
sion such as vasculature expansion
(vascular endothelial growth factor:
VEGF), cellular differentiation
(peroxisome proliferator-activated
receptor g: Pparg) and lipid parti-
tioning (lipoprotein lipase: LPL)
were measured at the gene level in
the visceral adipose depot and non-
excised remnant of lower body sub-
cutaneous (i.e. inguinal) adipose
tissue. IngX significantly increased
Vegf and Pparg and decreased Lpl
expression in the visceral depot of
Chow mice compared with Chow
Sham, but did not cause alterations
in HFD mice (Fig. 4A-C; P �
0.05). In LBSAT, Vegf expression
was significantly increased in the
residual non-excised portion of the
inguinal depot of IngX HFD-fed
group compared with the intact,
non-manipulated inguinal depots

of HFD Sham (Fig. 4D; P � 0.05). In Chow animals Pparg and
Lpl expression were significantly increased in residual non-excised
inguinal depot of IngX mice compared with Chow Sham
(Fig. 4E and F; P � 0.05).

Gene expression was also used to examine the effects of IngX on
liver lipogenesis (Fatty acid synthase (FASN) and sterol regulatory
element-binding protein 1c (Srebp-1c)), fibrosis/collagen produc-
tion (Transforming growth factor b (Tgfb1) and pro-collagen type
1, a 1 (Col1a1)) and markers of ER stress (spliced X box binding
protein-1 (XBP1), glucose regulated protein 78 (Grp78), C/EBP
homologous protein (Chop) and growth arrest and DNA damage
inducible protein 34 (Gadd34)). IngX did not alter selected meas-
urements of lipogenesis or ER stress, but did cause a significant
increase in genes selected for fibrosis/collagen production in HFD
mice only (Fig. 5B and C; P� 0.05). Genes that were not different
among groups were not shown, this includes FASN, XBP1, Grp78,
Chop andGADD34.

Secondary experiments
In a set of follow-up experiments we examined if IngX-

induced changes observed at 5 weeks were still present following
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Figure 1. 4-week glucose tolerance test (GTT) and subsequent insulin concentrations of Chow and HFD
Sham and IngX mice. (A) IngX in Chow mice did not alter glucose tolerance, or (C) insulin concentration.
(A) IngX in HFD mice significantly increased glucose concentration at 60 and 120 minutes (P � 0.05;
*D compared with HFD Sham) and (B) area under the curve of the GTT (P � 0.05; * D compared with all
other groups). (C) Subsequent insulin concentration was increased in HFD IngX groups, with significant
increase at 120 minutes (P � 0.05; *D compared with sham controls).
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an extended experiment duration (13 wks) or occurred in mice
with existing impaired glucose tolerance.

Inguinal fat pad removal and subsequent long-term high fat diet
feeding

Ad libitum, chow-fed C57BL mice underwent IngX or sham-
surgery and were subsequently provided chow or HFD until ter-
mination at 13 weeks.

Cumulative energy intake, adiposity and body mass of HFD
mice were significantly greater than Chow (Table 3; P � 0.05).
Recovered inguinal adipose mass was significantly reduced in

IngX mice compared to Sham, but IngX did not result in signifi-
cant changes to the mass of non-excised adipose depots (Table 3;
P � 0.05).

Compared with Chow fed animals 12 weeks of HFD feeding
significantly increase glucose concentration curves of the GTT
and area under the curves (Fig. 6A and B; P � 0.05). IngX, how-
ever, did not further alter glucose response in Chow or HFD
mice. Twelve weeks of HFD feeding also significantly increased
circulating insulin in both HFD groups, but it was the highest in
HFD IngX. IngX in HFD animals exacerbated insulin response
to the GTT and was significantly different than Sham IngX at
15 minutes (Fig. 6C; P � 0.05).
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Figure 2. Tissue triglyceride concentration 5 weeks after Sham or IngX
surgery in Chow and HFD mice. (A) Muscle triglyceride concentration
was significantly increased in Chow and HFD adipose tissue removal
groups. (B) Liver triglyceride concentration was significantly decreased
in HFD mice with IngX (Unlike letters indicate significance; P � 0.05).
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Figure 3. Muscle insulin sensitivity, pAKT/AKT 5 weeks after surgery.
(A) Saline injected mice. (B) IngX reduced insulin-stimulated pAKT/AKT
in both Chow and HFD groups, the greatest decrease occurred in HFD
ingX mice (Unlike letters indicate significance; P � 0.05).

Table 2. 5 week terminal systemic and portal plasma free fatty acid (FFA), cytokine, adipokine and insulin concentrations

Systemic Portal

FFA
(mmol/L)

IL6
(pg/ml)

MCP1
(pg/ml)

TNFa
(pg/ml)

Leptin
(pg/ml)

FFA
(mmol/L)

IL6
(pg/ml)

MCP1
(pg/ml)

TNFa
(pg/ml)

Leptin
(pg/ml)

Chow 0.61 § 0.0a,b 20.86 § 4.8 69.94 § 4.8 17.41 § 5.2 758.25 § 156.5a 0.60 § 0.1 12.23 § 1.9 46.38 § 14.0 11.57 § 5.0 834.5 § 131.9a

Chow IngX 0.49 § 0.1a 17.56 § 9.4 44.38 § 9.0 25.20 § 8.2 958.3 § 402.1a 0.57 § 0.1 13.96 § 1.8 31.35 § 6.6 5.0 § 0.7 615.8 § 89.0a

HFD 0.73 § 0.1b,c 40.62 § 12.6 30.46 § 22.0 15.48 § 2.3 2532.5 § 691.7b 0.65 § 0.1 27.37 § 8.9 53.48 § 15.0 10.32 § 1.7 2516.5 § 709.0b

HFD IngX 0.82 § 0.1c 28.28 § 7.8 20.86 § 4.8 15.7 § 2.1 4150.25 § 846.5b 0.56 § 0.1 18.13 § 7.2 22.82 § 2.0 12.74 § 3.7 4060 § 884.0b

Systemic and portal leptin concentration and systemic free fatty acids were significantly increased in HFD-fed mice compared with Chow groups. (Unlike let-
ters indicate significance; P � 0.05)
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Femoral muscle triglyceride was significantly increased in
HFD groups compared with Chow, however IngX-induced
increases in triglyceride concentration occurred in Chow mice
only (Fig. 7A; P � 0.05).

Inguinal fat pad removal in glucose intolerant mice

Mice were fed Chow or HFD ad libitum for 6 weeks before
surgery, hence HFD-fed animals had significantly higher glucose

concentration curves (data not
shown) and area under the curve
than Chow (AUC; CHOW D
11548 § 879.0 and HFD D
16551 § 1571.3). HFD mice
received IngX or Sham surgery
(HFD Sham and HFD IngX)
whereas Chow only received Sham
surgery (Chow Sham) because the
Chow IngX model was investigated
in the primary experiment. Mice
were terminated 5 weeks post-sur-
gery and tissues were analyzed as
described above.

Adiposity and body mass and
5 week post-surgery food intake
(Table 3; P � 0.05), GTT/insulin
response (Fig. 6D-F; P � 0.05)
and femoral muscle triglyceride
concentration (Fig. 7B; P � 0.05)
were significantly higher in HFD
groups compared with Chow. In
HFD mice, IngX significantly
decreased inguinal depot mass
compared with Sham, but did not
result in changes to non-excised
depot mass, glucose/insulin
response to GTT (Fig. 6D-F) or
muscle triglyceride concentration
(Fig. 7B).

Discussion

Excessive adipose tissue accumulation is associated with insu-
lin resistance, glucose intolerance, non-alcoholic fatty liver
disease and cardiovascular disease risk. Furthermore, adipose
tissue distribution appears to play an important role in the
advancement of these obesity-induced pathophysiologies.

Increased visceral adipose tissue in
particular, is strongly associated
with adverse metabolic risk factor
profiles, whereas increases in
LBSAT are not associated with
the prevalence of these risk
factors.13 For example, increased
LBSAT mass is associated with
decreased risk of impaired glucose
metabolism and dyslipidemia, thus
supporting its proposed protective
role.38 We postulate that if LBSAT
functions as a “metabolic sink” that
its removal will increase the risk of
developing diet-induced metabolic
dysregulation. We used bilateral
inguinal fat pad removal to
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examine the putative protective role of LBSAT on glucose toler-
ance, insulin sensitivity and lipids. These results demonstrate
that removal of LBSAT (IngX) results in glucose intolerance and
decreased muscle insulin sensitivity, which, in turn, may be due
to adipose tissue-muscle interactions.

The protective effects of LBSAT are proposed to occur via its
ability to sequester surplus lipid and thus serve as a “metabolic
sink.”15 The primary goal of the present study was to addresses
this postulate using surgical reduction of LBSAT without signifi-
cant redistribution/compensation in non-excised adipose tissue
depots. Results from the present study support and extend the
“metabolic sink” concept. First, IngX resulted in glucose intoler-
ance and muscle insulin resistance in HFD mice. Our data are
consistent with a previous study in which subcutaneous adipose
tissue removal (»50%) in Syrian hamsters resulted in insulin
resistance.26 Second, IngX resulted in lipid accumulation in mus-
cle proximal to the excision site in Chow and HFD mice. Ectopic
triglyceride deposition in non-adipose tissue can result from
increased import of fatty acids, increased de novo synthesis and/
or decreased fatty acid oxidation.39 Therefore, peripheral adipose
tissue removal may upregulate the capacity for fatty acid trans-
port/uptake and/or reduce fatty acid oxidation in skeletal muscle,
in particular muscle proximal to the adipose depot excision site,
this however remains to be tested. Subcutaneous adipose tissue
removal has also been demonstrated to increase systemic circulat-
ing lipids in Syrian hamsters26 and humans.40 In the present
study, however, IngX did not result in significant changes to por-
tal or systemic circulating lipids. This indicates lipid spillover, in
the present model, may be localized to the region of adipose

depot removal. Consistent with this postulate, IngX did not
increase liver triglycerides in the present experiment.

IngX-induced changes in muscle insulin sensitivity correlated
to the accumulation of triglyceride in muscle. In both Chow and
HFD mice IngX increased femoral muscle triglyceride concentra-
tion and decreased muscle insulin sensitivity. These data are
consistent with the well-established relation between intramyo-
cellular lipid accumulation and insulin resistance in humans and
rodents.41,42 However, glucose intolerance and increased circulat-
ing insulin occurred exclusively in HFD-fed IngX mice. This evi-
dence suggests that adipose tissue removal-induced increases in
muscle lipid storage, per se, are not sufficient to explain impair-
ments in glucose tolerance. Studies demonstrate lipid accumula-
tion, itself, is not deleterious whereas excessive lipid
intermediates linked to HFD, such as but not limited to diacly-
glycerol, ceramides and acyl-CoA, are.43-46 Therefore we postu-
late that removal of “the protective” subcutaneous adipose depot
in HFD-fed mice promotes greater accumulation of tissue lipid
intermediates than both Chow and HFD Sham. Consequently
these alterations would account for the enhanced tissue insulin
resistance and whole body glucose intolerance demonstrated in
HFD IngX.

Visceral adipose tissue accumulation has a greater association
to the pathogenesis of obesity-related disease, however it only
constitutes »10% of total body adiposity whereas subcutaneous
is approximately 85%.47 Visceral adipose tissue is postulated to
play a fundamental role in obesity-induced health consequence
because of its anatomical location. Specifically, it is proposed that
metabolites and secretory products released from visceral

Table 3. Terminal cumulative food intake and body and adipose tissue mass of Chow or HFD mice; (A) 13 weeks following surgery or (B) with preceding
glucose intolerance

13 weeks HFD Post-surgery

Chow Sham (n D 10) Chow IngX (n D 10) HFD Sham (n= 10) HFD IngX (n D 10)

Food Intake (kcal/g) 886.0 § 28.6a 905.9 § 15.9a 99.4 § 22.8b 984.0 § 19.40b

Body Weight (g) 31.75 § 1.08a 32.50 § 1.05a 41.11 § 1.17b 41.19 § 0.69b

Inguinal Pad (g) 0.58 § 0.05a 0.12 § 0.02b 1.52 § 0.09c 0.38 § 0.03d
Brown Interscapular (g) 0.23 § 0.02a 0.23 § 0.03a 0.44 § 0.03b 0.45 § 0.02b

Epididymal (g) 0.82 § 0.10a 0.90 § 0.12a 1.93 § 0.12b 2.03 § 0.08b

Perirenal (g) 0.40 § 0.05a 0.38 § 0.07a 0.98 § 0.06b 1.05 § 0.05b

Visceral (g) 0.36 § 0.04a 0.37 § 0.05a 0.82 § 0.07b 1.01 § 0.10b

Pre-Glucose Intolerant

Chow Sham (n D 10) HFD Sham (n D 10) HFD IngX (n D 10)

Food Intake (Kcal/g) 274.8 § 4.24a 323 § 11.54b 324.8 § 6.53b

Body Weight (g) 32.91 § 0.99a 37.20 § 1.71b 37.00 § 0.66b

Inguinal Pad (g) 0.52 § 0.07a 1.02 § 0.14b 0.27 § 0.05c

Brown Interscapular (g) 0.23 § 0.02a 0.39 § 0.05b 0.39 § 0.03b

Epididymal (g) 0.78 § 0.11a 1.50 § 0.20b 1.60 § 0.15b

Perirenal (g) 0.41 § 0.06a 0.69 § 0.08b 0.80 § 0.09b

Visceral (g) 0.42 § 0.07 0.59 § 0.09 0.61 § 0.06

13 week HFS post-surgery—Cumulative energy intake, adiposity, and body mass of HFD mice were significantly greater than Chow. Recovered inguinal adi-
pose mass was significantly reduced in IngX mice compared to Sham, but IngX did not result in significant changes to the mass of non-excised adipose
depots. Pre-glucose intolerant—adiposity and body mass and 5 week post-surgery food intake were significantly higher in HFD groups compared with
Chow. In HFD mice, IngX significantly decreased inguinal depot mass compared with Sham, but did not result in changes to non-excised depot mass. (Unlike
letters indicate significance; P � 0.05)
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adipocytes enter the portal vein which subsequently drains to
liver insulin-sensitive hepatocytes,48-50 however this postulate
remains controversial. Some estimate subcutaneous adipose tissue
supplies the majority of effluent, such as but not limited to free
fatty acids, to the portal vein51 and systemic circulation,51,52

whereas visceral adipose tissue is estimated to minimally contrib-
ute. Therefore obesity-induced pathophysiology of the liver may
primarily be due to the limited ability of subcutaneous adipose
tissue to store excess energy and subsequently visceral adipose

accumulation occurs. Hence we
examined early effects of subcu-
taneous adipose tissue removal
in relation to liver perturba-
tions. Non-alcoholic fatty liver
disease (NAFLD) is a co-mor-
bidity of obesity and is associ-
ated with increased hepatic
fibrosis/collagen, steatosis,
inflammation and endoplasmic
reticulum (ER) stress.53 Evi-
dence suggests ER stress,
induced by increased steatosis,
is a pro-fibrotic stimulus,54 thus
indicating markers of lipogene-
sis, ER stress and fibrosis/colla-
gen production should be
positively correlated. However,
markers of liver dysfunction in
the current study did not corre-
late as previously demonstrated.
Ingx further stimulated HFD-
induced increases in fibrosis/col-
lagen markers, but did not
increase liver triglyceride con-
centration or markers of lipo-
genesis or ER stress. Overall,
subcutaneous adipose tissue
removal does induce markers of
liver perturbations, but gene
expression changes at the pro-
tein level may better indicate
how subcutaneous adipose tis-
sue deposition protects liver
function during obesity
development.

Fat removal-induced meta-
bolic alterations were exam-
ined before and after
significant adipose tissue com-
pensation to examine the
direct role of LBSAT in rela-
tion to glucose tolerance and
insulin sensitivity. Adipose tis-
sue removal in humans18,23,24

and rodents30,35 induces com-
pensation in remaining non-

excised adipose tissue depots. Rodent studies demonstrate
that compensatory adipose depot mass differences are not
detectable 5 weeks post-surgery,55 but significant compensa-
tory redistribution of lipids to non-excised adipose depots
occurs »12 weeks post-surgery. The extent of compensation
differs according to the depot removed, hence intra-abdomi-
nal adipose tissue depot removal (i.e., epididymal) signifi-
cantly increases mass of non-excised adipose depots, whereas
inguinal does not.35 Consistent with previous studies, IngX
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Figure 6. Glucose tolerance test (GTT) and subsequent insulin concentrations (A-C) Following long-term HFD
feeding or (D-F) in mice with preceding glucose intolerance. (C) 12 weeks post-surgery insulin concentration
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(inguinal removal) did not induce adipose depot compensa-
tion at 5 or 12 weeks post-surgery. Depot mass is a principal
measurement of compensation, but it may not account for
compensatory changes in adipocyte proliferation (increased
smaller cell size) or adipose tissue gene expression. Prolifera-
tion markers would precede increases in adipose depot
growth, hence factors involved in adipogenesis (peroxisome
proliferator-activated receptor gamma; Pparg), vasculature
growth (vascular endothelial growth factor; Vegf) and lipogen-
esis (lipoprotein lipase; Lpl) where measured 5 weeks post-
surgery in the visceral depot and non-excised subcutaneous
adipose remnant. In general, early adipocyte hyperplasia asso-
ciated HFD feeding is demonstrated to be preceded by an
increase in proliferation markers in the stromal vascular cells
of adipose tissue.56-58 However, other studies demonstrate
HFD-induced proliferation potential is dependent on the
magnitude of adiposity,59 which can vary according to diet
composition or experiment length, and/or depot location.60

In the present experiment 5 week HFD feeding did not alter
adipose depot markers of proliferation in Sham mice, but
adipose depot compensatory changes at the molecular level
were initiated in response to IngX in Chow fed mice only.
This suggests that IngX-induced compensatory modifications
are inhibited in HFD mice, but whether this outcome is the
cause or consequence of HFD IngX-induced glucose intoler-
ance and high circulating insulin remains unclear.

Although the effects of subcutaneous adipose tissue removal
have been investigated in humans and rodents, results from these
studies were equivocal. Some of this inconsistency may be due to
variability in experimental approach. We, therefore, performed
2 secondary studies to determine whether IngX-induced meta-
bolic impairments were sustained following an extended experi-
mental duration, 13 weeks, or was exacerbated in mice with
existing glucose intolerance. While pronounced short-term meta-
bolic improvements have been demonstrated with LBSAT
removal,61 many have demonstrated that large volume removal
of LBSAT in obese humans results in minimal metabolic
improvement, with short term decreases in circulating lipids and
fasting insulin,17,19-21,62 but no long-term differences.16 In the

present study IngX-induced meta-
bolic effects were sustained, yet to
some extent attenuated, in both
Chow and HFD mice after a lon-
ger experiment duration. Mice
characterized by impaired glucose
tolerance prior to surgery were not
affected by IngX. Consistent with
this other have demonstrated
LBSAT removal in obese/glucose
intolerant mice is without meta-
bolic effect.25 The present study
supports the notion that IngX-
mediated perturbations to glucose
homeostasis are sustained at longer
durations, but are influenced by
the pre-existing metabolic milieu.

HFD consequences of IngX are greatest early post-surgery, atten-
uated following a longer post-surgical duration and don’t occur
if obesity/glucose intolerance is present at surgery. Therefore
IngX effects diminish as HFD-induced glucose intolerance and
other obesity associated co-morbidities reach upper limits.

In conclusion, it is postulated that obesity-induced pathophysi-
ology may be due to the limited ability of lower body subcutane-
ous adipose tissue to store excess energy/ surplus lipid that
otherwise ectopically deposit in tissues such as liver, muscle and
pancreas, however a direct causal role had not been demonstrated.
Results from the present systematic study suggest that lower body
subcutaneous adipose tissue serves to protect muscle from exces-
sive triglyceride deposition and ultimately helps to preserve whole
body glucose homeostasis. The relative contribution of visceral
and/or subcutaneous adipose tissue deposition to the development
of insulin resistance remains to be clarified. Studies suggest, how-
ever, that the subcutaneous and visceral adipose tissue depots
work concomitantly in lipid partitioning and both regions influ-
ence insulin sensitivity and glucose homeostasis. The chronologi-
cal order of regional adipose tissue depot dysregulation in obesity
likely varies among individuals, but some propose that dysregula-
tion of the visceral depot is a result of inadequate subcutaneous
lipid deposition.63 Future studies investigating adipose tissue dis-
tribution and its relation to metabolic disease should no longer
independently investigate distinct depots, but rather examine
alterations in mechanisms that balance lipid deposition between
different adipose regions and consequent adaptations of muscle or
organs proximal to adipose depots.

Materials and Methods

Animals
Adult male C57BL/6 mice (Jackson Laboratory, Bar Harbor,

Maine) (»24 g) were individually housed under controlled condi-
tions (12:12 light-dark cycle, 50–60% humidity, and 25�C) and
were allowed to acclimate for one week following arrival. During
experiments mice had free access to standard chow (Harlan Teklad
LM485, Madison, WI) or a high-fat Western diet containing 21%
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Figure 7. Femoral muscle triglyceride (A and B) was significantly increased in HFD groups compared with
Chow. In 13 week experiment IngX-induced increases in femoral muscle triglyceride concentration only
occurred in Chow mice (Unlike letters indicate significance; P � 0.05).
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milk fat and 34% sucrose (HFD; Harlan Laboratories, Madison,
WI; TD.08811; 45% kcal from fat; 4.7 kcal/g). Post-surgery body
mass and food intake were recorded weekly. Procedures were
reviewed and approved by the Colorado State University Institu-
tional Animal Care andUse Committee.

Fat removal surgeries
Subcutaneous adipose tissue is located between the muscle

and the skin. In rodents there are 3 distinct regions inguinal, dor-
sal and interscapular (Fig. 8A), the latter contains brown adipose
tissue. Surgeries in the present experiment include removal of the
inguinal adipose depot.

More specifically, mice anesthetized with isoflurane received a
mid-ventral abdominal incision through which sham surgery
(Sham, skin was separated from muscle, but adipose tissue was
not removed) or lower body subcutaneous adipose tissue, ingui-
nal, removal (IngX, bilateral removal totaling »300 mg of ingui-
nal adipose tissue) occurred (Fig. 8). Roughly 80% of inguinal
adipose tissue can be visualized and removed through abdominal
incision in IngX (Fig. 8B and C), which is »30% of total subcu-
taneous and »10% of whole body adiposity. Following surgery,

muscle and skin were closed with suture and meloxicam analgesic
(0.025mg/10 g body weight) was injected subcutaneously.

Glucose tolerance test (GTT)
Glucose tolerance tests (GTTs) were conducted pre-surgery

and one week before experiment termination. Following a 6 hour
fast, blood glucose was determined from tail vein (Freestyle Lite
Glucometer; Abbott, Abbott Park, IL) and »75 ul of blood was
collected for later measurement of plasma insulin. Mice then
received a 1.5 g/kg dextrose injection (ip) and blood glucose was
again assessed from tail vein blood samples 15, 30, 45, 60 and
120 min post-injection. An additional, »75 ul of blood was col-
lected at 15, 60 and 120 minutes for later measurement of
plasma insulin.

Terminal procedures (blood collection and tissue harvesting)
All mice were fasted 4 hours before being anesthetized with

isoflurane for termination where blood, liver, adipose tissue and
muscle were collected. Blood was collected (»150 ul) from the
hepatic portal vein before systemic blood was collected via cardiac
puncture. Subsequently plasma was separated from blood sam-
ples and stored at ¡80�C. The right lobe of the liver was snap-
frozen in liquid nitrogen and stored at ¡80�C. Inguinal

(IWAT), epididymal (EWAT),
perirenal (PWAT), inter-scapular
brown adipose (BAT) and visceral
white adipose tissue (VWAT;
mesenteric and omentum) were
dissected and weighed. The ingui-
nal (from Sham and non-excised
remnants IngX) and visceral adi-
pose depots were snap frozen and
stored at ¡80�C. The femoral
muscle was also collected and fro-
zen due to its close proximity to
the adipose tissue removed.

Tissue triglycerides and free
fatty acids

Skeletal muscle and liver lipids
were extracted using the procedure
of Bligh and Dyer.64 Muscle and
liver triglyceride concentration
(Sigma Chemical Co, St. Louis,
MO) and plasma non-esterified
fatty acids (Wako, Richmond, VA)
were determined enzymatically
using commercially available kits.

Muscle insulin sensitivity
Four hour fasted mice were

injected (ip) with saline or insulin
(1 mU/g; SAFC Biosciences, Inc..,
Lenexa, KS, USA) »15 mins
before being anesthetized with iso-
flurane for terminal. Insulin

Figure 8. (A) Subcutaneous adipose tissue depot location, dorsal and ventral. (B) Inguinal adipose tissue
depot before removal, and (C) after»300mg removal.
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sensitivity was estimated in the femoral muscle using the ratio of
phospho-Akt1 (Ser473) to total Akt (EMD Millipore Corpora-
tion, Billerica, MA).

Mouse plasma adipokine assay
Systemic and portal plasma insulin, leptin, tumor necrosis fac-

tor a (TNFa), monocyte chemotactic protein-1 (MCP-1) and
interleukin 6 (IL-6) concentrations were determined using com-
mercial kits (EMDMillipore Corporation, Billerica, MA) and ana-
lyzed on a Luminex instrument (LX200;Millipore, Austin, TX).

Quantitative RT PCR
RNA isolation and cDNA synthesis

Lipid-specific RNAeasy mini-kit columns (QIAGEN,
Valencia, CA) were used to isolate RNA from adipose tissue and
Trizol (Life Technologies, Grand Island, NY) was used to isolate
liver RNA according to the manufacturer’s instructions. iScript
(Bio-Rad, Hercules, CA) was used to synthesize cDNA from
0.25 mg total RNA.

Quantitative real-time PCR

Sequences of primers for liver and adipose tissue are shown in
Table 4. Primers were optimized as previously described.65 Sam-
ples 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 b2 micro-
globulin (B2M) and relative expression was quantified as previ-
ously described.65

Statistical analysis
Data are expressed as mean § standard error of the mean

(SEM). Comparisons among multiple groups were performed
using 2-way ANOVA between-subjects analysis of variance
(ANOVA) (IBM SPSS for Windows, release 21; SPSS, Chicago,
IL) with diet (Chow and HFD) and surgery (Sham and IngX) as
the factors. This was performed on most dependent variables
including body weight, tissue mass, AUC, lipid measurements,
gene expression, obesity markers and insulin sensitivity. Glucose
and insulin concentrations from the GTT were analyzed using
2-way repeated measures ANOVA with time as a within-subject
variables. Post-hoc tests of individual groups were made using
Tukey’s tests. For all experiments, differences among groups
were considered statistically significant if P � 0.05. Exact proba-
bilities and test values were omitted for simplicity and clarity of
presentation of the results.
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