
RESEARCH PAPER

Subcutaneous adipose tissue accumulation protects systemic glucose tolerance
and muscle metabolism
A.D. Booth, A.M. Magnuson , J. Fouts, Y. Wei, D. Wang, M.J. Pagliassotti, and M.T. Foster

Department of Food Science and Human Nutrition, Colorado State University, Fort Collins, CO, USA

ABSTRACT
The protective effects of lower body subcutaneous adiposity are linked to the depot functioning
as a ”metabolic sink” receiving and sequestering excess lipid. This postulate, however, is based on
indirect evidence. Mechanisms that mediate this protection are unknown. Here we directly
examined this with progressive subcutaneous adipose tissue removal. Ad libitum chow fed
mice underwent sham surgery, unilateral or bilateral removal of inguinal adipose tissue or bilateral
removal of both inguinal and dorsal adipose tissue. Subsequently mice were separated into
5 week chow or 5 or 13 week HFD groups (N = 10 per group). Primary outcome measures
included adipocyte distribution, muscle and liver triglycerides, glucose tolerance, circulating
adipocytokines and muscle insulin sensitivity. Subcutaneous adipose tissue removal caused lipid
accumulation in femoral muscle proximal to excision, however, lipid accumulation was not
proportionally inverse to adipose tissue quantity excised. Accumulative adipose removal was
associated with an incremental reduction in systemic glucose tolerance in 13 week HFD mice.
Although insulin-stimulated pAkt/Akt did not progressively decrease among surgery groups
following 13 weeks of HFD, there was a suppressed pAkt/Akt response in the non-insulin
stimulated (saline-injected) 13 week HFD mice. Hence, increases in lower body subcutaneous
adipose removal resulted in incremental decreases in the effectiveness of basal insulin sensitivity
of femoral muscle. The current data supports that the subcutaneous depot protects systemic
glucose homeostasis while also protecting proximal muscle from metabolic dysregulation and
lipid accumulation. Removal of the “metabolic sink” likely leads to glucose intolerance because of
decreased storage space for glucose and/or lipids.
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Introduction

Obesity has steadily increased over the past 50 years with
~ 40% of Americans being obese (BMI> 30) today com-
pared to only 14% in the 1960s.1 Obesity is linked to
numerous co-morbidities including glucose intolerance,
insulin resistance, dyslipidemia, and cardiovascular dys-
function, which are largely preventable.2,3 However, obesity
is not an exclusive predictor ofmetabolic dysregulation. For
example, some obese individuals maintain insulin sensitiv-
ity, and have a reduced risk for type-2-diabetes, hyperten-
sion and heart disease,4–6 whereas others with seemingly
normal adipose tissue levels develop these co-morbidities.-
7,8 Variations in fat distribution, in part, are suggested to
mediate these risks.9 The apple-shaped (android) pheno-
type deposit adipose tissue in the upper body, this is other-
wise known as visceral adiposity. In contrast, pear-shaped
(gynoid) phenotype deposit fat subcutaneously beneath
skin in the lower body gluteus-femoral region. These

differing types of adipose tissue distribution have opposing
metabolic outcomes in overweight and obese individuals.

Visceral adipose tissue is highly associated with meta-
bolic disease, however other studies suggest that subcuta-
neous adipose tissue (SAT), or lack thereof, may be playing
a contributory role.10 This postulate arises from the relative
proportions that visceral and subcutaneous depots contri-
bute to overall adiposity. Specifically, visceral adipose is
merely ~ 10% of total adiposity whereas SAT accounts for
~ 85% total fat mass. There is evidence that lower body
subcutaneous adipose tissue (LBSAT) accumulation is pro-
tective relative to visceral. It is postulated that LBSAT
functions as ametabolic sink with enhanced ability, relative
to visceral fat, to take up lipid from circulation and store it
thereby protecting insulin sensitive tissues from ectopic
deposition.10–12 Indeed, LBSAT storage is associated with
increased glucose tolerance and insulin sensitivity.13

Additionally, SAT is positively associated with factors
related to energy intake regulation (leptin, adiponectin)
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and negatively associated with inflammatory factors (IL-6,
TNFα, MCP-1).10,14–17

Here we postulated that if subcutaneous adipose tissue is
protective, then removal of these depots should have dele-
terious consequences.We have previously demonstrated in
mice that removal of the protective lower body adipose
depots, specifically inguinal WAT, by lipectomy resulted
in systemic and muscle insulin resistance which was exa-
cerbated by high fat diet (HFD).11 In the same study, chow
and HFD fed mice with inguinal fat removal both experi-
enced increases in muscle triglycerides. Metabolic out-
comes of peripheral adipose tissue removal have also been
examined in humans, but these studies have inherent
experimental limitations due to variations in amount of
adipose tissue removed, study duration and age range.18–
22 Yet, studies by Hernandez et al. support that subcuta-
neous adipose tissue is protective because its removal
caused redistribution of lipids to the abdomen20 and wor-
sened postprandial blood lipid concentration.23 Rodent
research supports and extends findings in humans.24–33

The intent of this study was to systematically examine
the hypothesis that peripheral adipose tissue promotes glu-
cose homeostasis by protecting muscle from ectopic lipid
accumulation, hence acting as a “metabolic sink”. We have
previously demonstrated that the removal of lower body
subcutaneous adipose tissue resulted in impairments in
glucose tolerance and increased lipid accumulation in ske-
letal muscle.11 We proposed to utilize the subcutaneous
lipectomy model to comprehensively examine the effects
of peripheral adipose tissue both in relation to insulin-
mediated regulation of glucose metabolism and non-adi-
pose tissue lipid accumulation. We expanded on our initial
observations by carrying out time course studies that
included removal of varying amounts of peripheral adipose
tissue. Our general strategy was to perform sham surgery,
unilateral or bilateral removal of inguinal adipose tissue or
bilateral removal of both inguinal and dorsal adipose tissue
to evaluate the effects of this on glucose tolerance, adipose

tissue compensation and non-adipose tissue lipid accumu-
lation. We predicted that progressive peripheral adipose
tissue removal would produce dose-dependent increases
in non-adipose tissue lipid accumulation leading to an
associated dose-dependent deterioration in systemic glu-
cose tolerance.

Results

Fat pad removal, food intake, and body weight

Table 1 contains the amount of fat removed for each
surgery group. The four surgery groups consisted of
sham-operated surgery (Sham), Unilateral (Uni IngX)
or Bilateral (Bi IngX) removal of inguinal adipose tissue,
and Bilateral removal of both inguinal and dorsal adi-
pose tissue depots (All). The Bi IngX group had approxi-
mately twice as much fat removed as the Uni IngX
group (avg 224 vs. 110 mg), while the All (Bi IngX
+ Bi DorX) group had 3.5 times more adipose tissue
removed as the Uni IngX group (avg 110 vs 381 mg).
Amounts of adipose tissue recovered from excised
depots were significantly smaller than untouched depots
collected from respective sham controls (Supplemental
Table S1; p ≤ 0.05). Average weekly food intake was not
different among any of the surgical groups, however
final body weight was significantly lower in ALL HFD
13 week mice compared with respective Sham control
(Table 1; p = 0.016). Despite the large amount of sub-
cutaneous adipose tissue removed, the mass of other
non-excised adipose tissue, in general, did not change
(Supplemental Table S1). However, adipocyte compen-
sation (proliferation) can occur without significant
increases in mass, thus we also measured adipocyte size
and distribution. Adipose tissue distribution was only
examined at 13 weeks because this is the typical time
point where adipocyte compensation is complete.25–33

Specifically, we measured distribution in intra-

Table 1. Post Surgery Adipose Tissue Removal, Food Intake, and Body Weight. Adipose tissue removal accounted for ~ 20%, 40%,
and 80% total subcutaneous adipose tissue. In general, food intake and body weight were not significantly different among surgery
groups, with the exception of 13 week.

Ctrl Uni IngX Bi IngX All p-value†

Adipose Tissue Removed (mg)
Chow 5 wks NA 119.7 ± 11.4a 219.4 ± 14.6b 369.1 ± 21.9c 0.0001
HFD 5 wks NA 104.0 ± 6.5a 254.4 ± 24.8b 401.5 ± 35.0c 0.0001

13 wks NA 100.0 ± 6.7a 211.7 ± 9.5b 308.6 ± 24.6c 0.0001
Average Weekly Food Intake (kcal)
Chow 5 wks 72.4 ± 2.5 76.7 ± 4.6 74.7 ± 1.8 75.4 ± 3.1 0.81
HFD 5 wks 140.2 ± 3.3 143.9 ± 4.3 143.0 ± 3.6 146.0 ± 8.8 0.90

13 wks 96.9 ± 2.5 95.7 ± 2.8 93.4 ± 1.9 94.3 ± 2.0 0.72
Final Body Weight (g)
Chow 5 wks 28.6 ± 0.5 29.2 ± 0.6 29.0 ± 0.7 28.2 ± 0.6 0.69
HFD 5 wks 34.3 ± 1.5 34.7 ± 1.4 35.7 ± 1.6 33.0 ± 1.0 0.58

13 wks 45.8 ± 1.0a 43.4 ± 1.5a 43.0 ± 1.0a 42.1 ± 0.9b 0.14

†Single Factor ANOVA (factor: surgery group)
Values with a different letter are significantly different from each other (p ≤ 0.01)
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abdominal depots, visceral and epididymal, because of
their high association with metabolic disease (Figure 1).
Subcutaneous adipose tissue removal did not alter adi-
pocyte number, average size or distribution in the visc-
eral adipose depot. However, the epididymal adipose
depot of mice with Bilateral inguinal removal had a
significant decrease in total adipocyte number
(Figure 1E; p = 0.02) that resulted from lower adipocyte

numbers in all size bins, with significant decreases in the
45-54 ums and 55-64 um bins (Figure 1E; p ≤ 0.04).

Glucose and insulin measurements

Here we sought to comprehensively examine if subcuta-
neous adipose tissue was protective by determining if pro-
gressive removal would lead to an incremental decline in
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Figure 1. Adipocyte Cell Size and Abundance, 13 week HFD only: Intra-abdominal adipocyte size distribution. Specifically, adipocyte cell size
as measured by adipocytes in specific cell size bin, total adipocyte number and mean adipocyte size. A-C) Visceral adipocyte distribution and
mean were not altered by Unilateral, Bilateral or All adipose tissue removal. D-F) Unilateral and All removal did not alter distribution of
Epididymal adipocytes, however Bilateral IngX did. Specifically, Bilateral IngX caused significant decreases in E) total adipocyte number (*
p = 0.02) that resulted from lower adipocyte numbers in all size bins, with significant decreases in the 45-54 um and 55-64 umbins (* p≤ 0.04).
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glucose tolerance. In general, surgery did not change fasting
glucose or insulin concentration in chow or HFD fed mice
(Table 2). In addition, adipose tissue removal in 5 week
chow and HFD mice did not alter glucose tolerance.
However, glucose intolerance was exacerbated in 13 week
HFD mice with subcutaneous adipose tissue removed.
Specifically, Bilateral removal of IWAT significantly
increased glucose AUC compared with Sham Control
(Figure 2C; p = 0.04). This difference was further exagger-
ated by the addition of dorsal adipose tissue removal caus-
ing the All removal group to have the largest significant
difference in glucose AUC compared with Sham Control
(Figure 2C; p = 0.0005). Insulin AUC was not altered by
surgery in the 13 week HFD group (Figure 2C). The curves
of the 13 week HFD glucose tolerance test and associated
insulin response are available in Figure 1 of supplemental
data.

Circulating factors (adipokines and cytokines)

Circulating adipokines and cytokines were measured to
determine if glucose dysregulation following fat
removal was associated with alterations in circulating
factors (Table 2). In general, leptin, resistin, plasmino-
gen activator inhibitor-1 (PAI1) and interleukin-6 (IL-

6) were not affected by fat removal. Hence, despite the
removal of large amounts of subcutaneous adipose tis-
sue circulating adipocytokines did not change. This
may be indicative of increased release of adipocytokines
from non-excised adipose depots.

Liver and skeletal muscle triglycerides

Subcutaneous adipose tissue is proposed to be “pro-
tective” by way of functioning as a “metabolic sink”,
thus we reasoned that fat removal might increase
lipids in other tissues. Therefore, we measured liver
and femoral muscle triglyceride concentration.
Subcutaneous adipose tissue removal was not asso-
ciated with increases in liver triglyceride concentra-
tion, in fact it was reduced with All removal in
13 week HFD (Table 2). In opposition, subcutaneous
adipose tissue removal was associated with a signifi-
cant increase in muscle triglyceride concentration.
This occurred in the femoral muscle of 5 week
HFD mice (Figure 3B, One-way ANOVA surgery
effect; P = 0.036). Specifically, Unilateral (both
removed and non-removed), Bilateral INGx and All
removal caused a ~ 2 fold increase in femoral muscle
triglycerides, however only the femoral muscle of the

Table 2. Fasting Glucose and Insulin, Plasma Adipokines, and Liver TGs. Fasting glucose and insulin were not significantly different
between surgery groups, except 5 week HFD bilateral inguinal removal had higher basal insulin levels. Resistin was lower in 5 week
CHOW and 13 week HFD All removal groups. IL-6 was higher in 5 week CHOW Bi IngX and lower in 13 week HFD All groups
compared to their respective controls. Liver TGs were lower in 13 week HFD All removal. All other circulating factors were not
significantly different.

Ctrl Uni IngX Bi IngX All p-value†

Fasting Glucose (mg/dl)
Chow 5 wks 112 ± 7.1 115 ± 9.8 120 ± 4.0 110 ± 6.7 0.79
HFD 5 wks 122 ± 6.4 132 ± 4.5 137 ± 5.0 126 ± 9.1 0.38

13 wks 133 ± 9.9 140 ± 6.9 134 ± 8.1 137 ± 5.9 0.92
Fasting Insulin (ng/dl)
Chow 5 wks 0.5 ± 0.06 0.6 ± 0.07 0.5 ± 0.04 0.5 ± 0.05 0.68
HFD 5 wks 2.7 ± 0.44 3.5 ± 0.41 4.7 ± 0.68* 3.1 ± 0.49 0.09

13 wks 3.5 ± 0.54 2.6 ± 0.56 2.6 ± 0.52 2.6 ± 0.30 0.44
Leptin (pg/ml)
Chow 5 wks 723 ± 177 1,273 ± 561 1,329 ± 247 646 ± 51 0.32
HFD 5 wks 16,548 ± 2,023 15,966 ± 1,508 22,550 ± 3,719 14,112 ± 5,077 0.37

13 wks 26,106 ± 4,956 23,625 ± 1,408 25,859 ± 5,715 16,742 ± 5,736 0.50
Resistin (pg/ml)
Chow 5 wks 2,038 ± 93 1,949 ± 177 1,998 ± 95 1,625 ± 99** 0.10
HFD 5 wks 2,719 ± 339 3,228 ± 519 3,018 ± 489 2,379 ± 276 0.53

13 wks 2,016 ± 382 1,446 ± 339 1,761 ± 215 1,053 ± 212* 0.16
PAI1 tot (pg/ml)
Chow 5 wks 1,000 ± 319 1,559 ± 214 1,773 ± 384 1,488 ± 565 0.57
HFD 5 wks 2,331 ± 296 2,696 ± 348 4,733 ± 1,311 2,201 ± 436 0.09

13 wks 5,045 ± 1,610 4,914 ± 901 5,631 ± 1,703 3,567 ± 691 0.72
IL-6 (pg/ml)
Chow 5 wks 2.4 ± 0.7 2.6 ± 0.4 4.7 ± 0.7* 4.4 ± 1.0 0.06
HFD 5 wks 7.5 ± 0.4 9.5 ± 2.7 7.1 ± 1.4 6.6 ± 3.8 0.80

13 wks 7.8 ± 0.9 8.5 ± 2.3 6.3 ± 0.7 4.3 ± 0.6** 0.20
Liver TG (mg/g)
Chow 5 wks 21.0 ± 1.1 21.5 ± 1.1 20.7 ± 1.5 25.6 ± 1.6 0.13
HFD 5 wks 133.8 ± 20.6 126.7 ± 11.2 132.5 ± 21.9 99.9 ± 15.4 0.62

13 wks 293.7 ± 13.4 291.4 ± 27.2 304.7 ± 19.1 254.3 ± 7.7* 0.36

†Single Factor ANOVA (factor: surgery group)
*post hoc p < 0.05 compared with control group, ** p < 0.01
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removed side in the Unilateral inguinal surgery was
significantly greater (~ 3 fold) than the respective
control (Figure 3B; p = 0.01). Femoral muscle trigly-
ceride concentration from mice fed HFD for
13 weeks was not different among groups, with the
exception of the muscle from the non-removed
IWAT side from the Unilateral IngX. The muscle
next to the non-excised adipose depot had signifi-
cantly lower triglyceride concentration than its
removed counterpart (Figure 3C; p = 0.005).

Muscle insulin sensitivity

Subcutaneous adipose tissue removal in 13 week HFD
mice exacerbated systemic glucose intolerance. Since
muscle is a primary site of insulin-dependent glucose
disposal, we examined femoral muscle insulin sensitiv-
ity to determine if it contributed to elevated systemic
glucose. The means of graphs in Figure 4 represent the
ratio pAkt/Total-Akt of insulin or saline injected mice
following a 4 hour fast. In general, HFD reduced insu-
lin-stimulated pAkt/Akt ratio compared with chow

(p = 0.007, 5 week chow vs HFD insulin-injected con-
trols). Although subcutaneous adipose tissue removal
did decrease insulin sensitivity in some groups, a pro-
gressive reduction in insulin-stimulated pAkt was not
seen with increases in subcutaneous adipose tissue
removed at 5 or 13 weeks. Unexpectedly, the 13 week
HFD All group had a significant increase in pAkt/Akt
compared with respective controls (Figure 4C;
p = 0.0001) making it the only surgical group to have
any pAkt/Akt response to the insulin injection. Instead,
effects of adipose tissue removal on pAkt/Akt measures
predominately occurred in saline-injected mice.
Adipose tissue removal caused a significant decrease
in pAkt/Akt of the femoral muscle of saline-injected
(basal) 13 week HFD mice (Figure 4C, One-way
ANOVA surgery effect; p = 0.005). Specifically, the
Unilateral (non-fat removed side) and Bilateral IWAT
removal as well as the All group had significantly lower
pAkt/Akt compared with control (Figure 4C; p = 0.004,
p = 0.002, p = 0.003). Hence, the more adipose tissue
removed the greater the significance when compared
with the sham control.
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Figure 2. Glucose and Insulin Response: One week prior to termination. A 1.5 g/kg bolus of dextrose was injected (ip) and glucose
measurements were made at 0, 15, 30, 45, 60, and 120 minutes. Insulin measurements were made at 0, 15, and 120 minutes. Area under
the curve (AUC) represents the total glucose/insulin excursion from 0–120minutes. A-B) Adipose tissue removal in 5week chow andHFDmice
did not alter glucose tolerance. C) Glucose intolerance was exacerbated in 13 week HFD mice with subcutaneous adipose tissue removed.
Specifically, Bilateral removal of IWAT significantly increased glucose AUC compared with Sham Control (p = 0.04). This difference was further
exaggerated by the addition of dorsal adipose tissue removal causing the All removal group to have the largest significant difference in glucose
AUC compared with Sham Control (p = 0.0005). In general, Insulin AUC was not altered by subcutaneous adipose tissue removal.
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Discussion

Fat distribution is amajor determinant of metabolic health.
In particular, it is well established that central adiposity
(intra- abdominal/visceral adipose tissue accumulation) is
a risk factor for adverse metabolic outcomes, such as car-
diovascular disease and type 2 diabetes.9,34 Yet, adipose
tissue accumulated within lower body subcutaneous depots
is not considered a risk for metabolic dysregulation. In
opposition to central adiposity, accumulation of adipose
tissue in the thighs, buttocks and hips is associated with
protection from obesity risks such as impaired glucose
tolerance and dyslipidemia.10 It is postulated that lower
body subcutaneous adipose tissue functions as a “metabolic
sink”. In support of this, we previously demonstrated that
Bilateral removal of inguinal white adipose tissue (IWAT)
resulted in glucose intolerance and decreased muscle insu-
lin sensitivity.11 In the present study, we extend previous
research to examine if progressive peripheral adipose tissue
removal would produce dose-dependent deterioration in
glucose tolerance and dose-dependent increases in non-
adipose tissue lipid accumulation. The results of this study
demonstrate that 20%-80% removal of subcutaneous adi-
pose tissue in 13weekHFDmice induced adose-dependent

increase in glucose intolerance with an associated decrease
in basal non-insulin stimulated femoral muscle pAkt/Akt.
We postulate that these surgery-mediated outcomes
demonstrate subcutaneous adipose tissue is protective via
two distinct actions.

We previously demonstrated that lower body sub-
cutaneous adipose tissue serves to protect muscle from
excessive triglyceride deposition and ultimately helps to
preserve whole body glucose homeostasis.11 We con-
cluded that systemic glucose intolerance following
inguinal adipose tissue removal resulted from an asso-
ciated decrease in femoral muscle insulin sensitivity. In
the present study, we utilized dose-dependent removal
of subcutaneous adipose tissue to investigate if incre-
mental adipose tissue removal resulted in cumulative
metabolic dysregulation. Unilateral, Bilateral and All
subcutaneous adipose tissue removal resulted in
~ 20%, 40% or 80% decrease in total subcutaneous
depots. The present study supports and extends our
previous observations11 that removal of subcutaneous
adipose tissue disrupted systemic glucose regulation.
This was best demonstrated in 13 week HFD mice,
where increasing fat removal was associated with
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progressive worsening of glucose tolerance compared
with 13 week HFD controls.

We next examined whether the metabolic sink concept
could explain the progressive decline in glucose tolerance
associated with incremental adipose tissue removal. In
doing so, we first excluded several additional factors
known to play a role in systemic glucose regulation.
Specifically, incremental removal of subcutaneous adi-
pose tissue in 13 week HFD mice was not associated
with progressive alterations in food intake, adipose
depot compensation, adipokines, cytokines or liver trigly-
cerides. This is somewhat surprising with leptin concen-
tration. Specifically, it is well characterized that leptin
expression and release higher in subcutaneous depots
compared with intra-abdominal depots.35–39 This

indicates that large removal of subcutaneous adipose tis-
sue, without substantial compensation of other adipose
depots, may lead to a significant decrease in systemic
leptin concentration. This, however, did not occur. One
possible explanation is that subcutaneous adipose tissue
removal causes leptin resistance. Indeed, others demon-
strate that leptin resistance occurs in response to leptin
withdrawal, especially following high dose leptin
treatment.40 Therefore if subcutaneous adipose tissue is
a fundamental contributor of circulating leptin perhaps
its removal leads to a leptin resistance. This, however,
remains to be elucidated. In total these measures demon-
strate that the progressive increase in systemic glucose
intolerance induced by adipose tissue removal was likely
not due to factors such as 1) incremental increases in total
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dietary intake of carbohydrates, 2) compensatory growth
of other adipose depots that are associated with metabolic
disease, or 3) cumulative deposition of liver triglycerides
which could additively contribute to exacerbation of glu-
cose intolerance.

Our previous experiment demonstrated that subcu-
taneous fat removal caused ectopic fat accumulation in
proximal muscle.11 Hence, removal of the “metabolic
sink” resulted in reduced subcutaneous adipose tissue
storage capacity.41 Previously we demonstrated an
increase in femoral muscle triglyceride as early as
5 weeks post-Bilateral IWAT removal in both chow
and HFD mice.11 Therefore, we concluded that the
metabolic sink concept predicts that removal of adipose
tissue will lead to ectopic fat accumulation. In the
present study we systematically examined this in both
the liver and muscle. Lipid accumulation did occur in
the femoral muscle, however, it did not occur progres-
sively as we had predicted. This indicates that muscle
lipid accumulation, alone, does not explain the progres-
sive reduction in systemic glucose tolerance or account
for proportional amount of adipose tissue removed.
Despite this, we do demonstrate that adipose depot
removal-induced muscle triglyceride deposition is spe-
cific to the side of adipose tissue excision. In Uni IngX
mice, the femoral muscle connected with adipose tissue
does not accumulate lipids like the femoral muscle with
the adipose tissue removed. This difference may be due
to adipose depot released factors that modify muscle
metabolism. Specifically, adiponectin is well character-
ized to regulate lipid metabolism in skeletal muscle by
increasing beta-oxidation, catabolism of VLDL-TG, and
myocyte mitochondrial biogenesis.42–45 This remains to
be examined in this fat removal model. A caveat should
be noted that the current study was limited in that we
did not measure lipids in other targets that might affect
glucose tolerance tissue such as other muscle tissues,
heart, and circulation.

HFD-induced muscle triglyceride deposition increases
serves as a marker for excess lipid supply and reduced
utilization. Triglyceride accumulation is often associated
with defects in muscle insulin signaling46,47 subsequently
leading to insulin resistance.47–49 We postulated that sub-
cutaneous adipose tissue removal-induced exacerbation
of systemic glucose intolerance would be linked to insulin
resistance in femoral muscle. Therefore, pAkt/Akt was
measured to assess insulin sensitivity,50–52 both insulin-
stimulated and non-insulin-stimulated. We previously
demonstrated in 5 week HFD mice that the systemic
glucose intolerance induced by subcutaneous adipose tis-
sue removal was associated with reduced muscle insulin
sensitivity.11 We therefore postulated that this association
would also occur in 13 week HFD mice and be

commensurate to the amount of subcutaneous adipose
tissue removed. However insulin-stimulated pAkt/Akt
did not progressively decrease among surgery groups
following 13 weeks of HFD. The similarity among pAkt/
Akt of insulin-stimulated mice was likely due to the lack
of insulin response in the HFD control group at 13 weeks,
making the assessment of a further reduction difficult.
Unlike the other surgery groups and sham control,
femoral muscle insulin sensitivity was increased in the
All group. We postulate this heightened response to insu-
lin may occur because of the additional bilateral removal
of the dorsal subcutaneous adipose, but this is yet to be
elucidated. Although surgery did not decrease insulin-
stimulated pAkt/Akt, there was a suppressed pAkt/Akt
response in the non-insulin stimulated (saline-injected)
13 week HFD mice. Here, increases in fat removal
resulted in incremental decreases in basal insulin
response. Some studies suggest that increases in basal
pAkt in muscle are associated with muscle insulin
resistance.53 Others support that diminished basal
pAkt54 or decreased basal glucose uptake55 in muscle is
associated with metabolic dysregulation independent of
the insulin interaction. We speculate that these basal
decreases in pAkt/Akt, in part, may be related to HFD-
induced decreases in muscle contraction mediated
AMPK56,57 because AMPK is demonstrated to activate
the insulin signaling pathway independent of insulin
binding.58–61

Taken together our data demonstrates that subcuta-
neous adipose tissue is protective. The current study,
however, supports that the alterations in glucose toler-
ance associated with subcutaneous adipose tissue
removal cannot fully be attributed to muscle insulin
action. Hence, we postulate that the subcutaneous adi-
pose tissue protects in multiple ways. The current data
supports that the subcutaneous depot protects systemic
glucose homeostasis while also inhibiting obesity-
induced muscle pathophysiology. We predict systemic
glucose intolerance following adipose tissue removal
likely results from the lack of a “metabolic sink”, thus
increases in fat removal result in decreased uptake and
storage of glucose and/or lipids. However, previous
studies investigating adipose tissue glucose disposal62,63

support that increases in circulating glucose are likely
not an outcome of decreased glucose uptake by adipose
tissue. Rather, we predict, that subcutaneous adipose
tissue removal instigates increases in circulating glucose
by way of increased circulating lipids. Specifically, pro-
gressive adipose tissue removal decreases storage of
lipids, which leads to an increase in circulating lipids
and reduces the use for glucose utilization.12,23,41 This
postulate remains to be elucidated. Protective effects of
subcutaneous adipose tissue towards proximal femoral
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muscle are likely a product of ectopic lipid storage,
specifically types of lipids that may be stored. Follow
up experiments should include characterization of
lipids stored within muscle.

In conclusion, emerging research supports that visc-
eral adiposity may be a consequence of dysregulated
lipid storage within the subcutaneous adipose depot.
This seems particularly intuitive because body fat is
primarily comprised of subcutaneous adipose tissue.
Hence, obesity-induced pathophysiology, indeed, may
be due to limitations in the ability of the “protective
metabolic sink” to store surplus lipids consequently
leading to ectopic deposition into insulin sensitive tis-
sues. Our data supports that subcutaneous adipose tis-
sue plays a fundamental role in systemic glucose
homeostasis and muscle metabolism.

Materials and methods

Mice and housing

Male C57BL/6 mice were purchased at 3 months of age
from Jackson Laboratory (Bar Harbor, Maine) and were
allowed to acclimate for one week. Mice were individu-
ally housed under controlled conditions (12:12 light-dark
cycle, 50–60% humidity, and 25° C) and initially had
access to ad libitum standard chow diet (chow:Harlan
Teklad LM485, Madison, WI) with unlimited water.
Chow diet was 3.1 kcal/g with 18% kcal from fat (6%
by weight of diet). Following surgery, they either
remained on standard chow diet or were given a high-
fat, western style diet with 21% milk fat and 34% sucrose
by weight, 4.6 kcal/g with 42% kcal from fat (Envigo
TD.08811). 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.

Surgery

Subcutaneous adipose tissue is located between the
muscle and skin, predominately on top of the hind
legs (inguinal depot) and upper back (dorsal depot).
Surgeries were performed while mice were anesthetized
with isoflurane and fat was accessed through a small
mid-ventral incision. Sham surgery consisted of mid-
ventral abdominal incision through skin only without
adipose tissue removed. Lipectomy groups had ~ 80%
fat excised from each depot removed, which accounted
for ~ 20%, 40%, and 80% of total SAT for Uni IngX, Bi
IngX, and All, respectively. Skin was closed with wound
clips. A subcutaneous injection of meloxicam analgesic

(0.025mg/10 g body weight) was given immediately
after surgery was completed.

Glucose tolerance test

Pre-surgery (one week prior to adipose tissue removal
surgery) and terminal (one week prior to termination)
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).
After fasting blood glucose was collected (time point
0) mice received a 1.5 g/kg dextrose injection in the
intraperitoneal cavity and blood glucose was measured
from tail vein blood samples at 15, 30, 45, 60 and
120 minutes post-injection. Additional blood was col-
lected at time point 0, 15 and 120 minutes for insulin
concentrations. Insulin concentrations were assessed
using an Ultra-Sensitive Mouse Insulin Elisa Kit
(Crystal Chem, Downers Grove, IL).

Termination

Final body weights were collected and mice were fasted
for 4 hours before terminal collection. First, following
isoflurane anesthetization, systemic blood was collected
via decapitation and serum was separated and stored at
– 80°C. Liver was removed and snap-frozen in liquid
nitrogen and stored at – 80°C. Inguinal (IWAT), epi-
didymal (EWAT), perirenal (PWAT), dorsal (DWAT),
and visceral (VWAT) white adipose tissue, as well as
inter-scapular brown adipose (BAT), were collected,
weighed, snap-frozen, and stored at – 80°C.
Subcutaneous lymph nodes were removed from
IWAT and visceral lymph nodes were removed from
VWAT prior to being frozen. Femoral muscles were
also collected and snap-frozen and stored at – 80°C.

Plasma measurements

Systemic serum at termination was analyzed for insulin,
leptin, resistin, tumor necrosis factor α (TNFα), mono-
cyte chemotactic protein-1 (MCP-1), interleukin 6 (IL-6)
and plasminogen activator inhibitor-1 (PAI-1 total) con-
centrations, determined using commercial kits (EMD
Millipore Corporation, Billerica, MA) and analyzed on
a Luminex instrument (LX200; Millipore, Austin, TX).

Tissue lipid measurements

Skeletal muscle and liver lipids were extracted using the
procedure of Bligh and Dyer.64 Muscle and liver
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triglyceride concentration (Sigma Chemical Co, St.
Louis, MO) were determined enzymatically using com-
mercially available kits.

Adipocyte distribution

A sample of EWAT or VWAT was fixed in osmium
tetroxide according to the method of Hirsch and
Gallain.65 Fixation was completed in a warm water
bath for at least 24 hours. Cell number and size dis-
tribution were determined by Coulter Counter analysis
(Beckman Coulter, Fullerton, CA), as suspended parti-
cles are passed through an aperture in the counter to
provide a histogram in per unit volume of suspension.

Protein concentration

Following a four-hour fast, mice were either injected (ip)
with saline or insulin (1 mU/g; Lilly USA, LLC,
Indianapolis, IN) and then terminated ~ 15 minutes
later. Muscle insulin sensitivity was determined by the
ratio of phosphoralated Akt (Ser 473) ((Abcam) Anti-
Akt1 (phosphor S473) antibody [EP21094] ab81283, rab-
bit monoclonal) to total Akt. Protein ((Abcam) Anti-
Akt1 antibody [9A4] ab89402, mouse monoclonal).
Measurements were made using gel-based Western Blot
procedures using both Odyssey Clx (Licor) and
Chemiluminescence. Proteins were extracted from mus-
cle tissue and separated based on size via SDS-PAGE. The
divided proteins were transferred onto a PVDF mem-
brane and the membrane is blocked from non-specific
binding. Proteins of interest are identified with immu-
noassay using primary antibodies and visualized with
secondary antibodies ((LiCor) IRDye 680RD Goat anti-
Rabbit 926–68,171 and (LiCor) IRDye 800CW Goat anti-
Mouse 827–08364). Quantification was done in Image
Studio Lite (Licor) and ImageJ software.66

Statistical analysis

Adipocyte cell size in bins representing distribution was
analyzed by repeated measures ANOVA with surgery
type as between group factors. Total adipocyte count
and mean size were analyzed with t-test. Area under the
curve for glucose tolerance test and insulin response,
muscle triglyceride concentration and information in
tables were analyzed using an ANOVA. Surgery group
had four factors (Control Sham, Uni IngX. Bi IngX,
All). Last, pAKT/AKT was analyzed with a two-way
ANOVA with diet (chow vs. HFD) and surgery
(Control Sham, Uni IngX. Bi IngX, All) as factors.
LSD was utilized as the ANOVA post-hoc analysis.
Whenever possible, analyses were done separately for

femoral muscle on side with fat removed and not-
removed. Statistically significant differences among
groups were recognized as having a p-value ≤ 0.05.
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