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Abstract  While visceral adipose tissue (VAT) associates
to obesity, there is debate for subcutaneous adipose tissue
(SAT). One explanation may be SAT subcompartments,
superficial-SAT (sSAT) and deep-SAT (dSAT), recently
recognized as independent depots. Our aim was to establish
roles for sSAT/ASAT with obesity by examining the
expression of proteins key to adipocyte metabolism. Paired
biopsies from SSAT and dSAT of 10 normal-weight (BMI
21.8 #+ 0.8 kg/m?) and 11 obese subjects (BMI 44 + 2.1
kg/m?) were analyzed for differences in insulin sensitivity
using adiponectin, GLUT4 and resistin, glucocorticoid
metabolism by 11BHSD1 and alterations of the adipokines
leptin and TNFo. Between lean and obese subjects, sSSAT
and dSAT changes for GLUT4, resistin and TNFo were
equivalent. Resistin and TNFa increased in both obese SAT
sub-compartments; 33-fold (sSAT; P < 0.006) and 18.5-
fold (dSAT; P < 0.003) higher resistin, with undetectable in
leans to significant TNFa levels in obese. In contrast,
GLUT4 showed 5.5-fold (sSAT; P < 0.03) and 7-fold
(dSAT; P < 0.03) lower levels in obese, correlating to BMI
(r = —0.6423, P = 0.007) and HOMA-IR (r = —0.5882,
P = 0.017). Exclusive sSAT-specific differences were
observed for adiponectin, leptin, and 11HSD1. Both sSAT
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11BHSD1 and leptin increased in obese, with 11BHSD1 2.5-
fold (P = 0.052) and leptin 3.3-fold (P < 0.008) higher,
with 11BHSD1 correlating to HOMA-IR (r = 0.5203,
P = 0.0323) and leptin to BMI (r = 0.5810, P = 0.01). In
contrast, obese had 7-fold (P < 0.02) lower sSAT adipo-
nectin, correlating to BMI (r = —0.5178, P = 0.027) and
HOMA-IR (r = —0.4570, P = 0.049). Overall, sSAT and
dSAT are distinct abdominal adipose tissue depots with
independent metabolic functions. Between the two, sSAT
shows clear independent effects that associate to obesity and
its metabolic complications.
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Introduction

Back in the 1950s, it was first proposed that the anatomical
distribution of the adipose tissue (AT) was fundamental to
the regulation of endocrine and metabolic functions, with
android obesity more directly associating to diabetes and
atherosclerosis [1]. It is now clear that this anatomical dis-
tribution is dependent on the division of abdominal AT into
the visceral adipose tissue (VAT) and subcutaneous adipose
tissue (SAT) depots, which show subject-to-subject varia-
tion, dependent on age, gender, ethnicity, nutritional intake,
and the autonomic regulation of energy homeostasis [2—4].
While the emphasis has been given to the importance of VAT
for metabolic disruption, a growing number of studies are
now highlighting the potential impact of SAT accumulation.
While early clinical evidence implicated SAT with insulin
sensitivity and insulin resistance [5], recent studies on met-
abolic syndrome (MetS) and nascent MetS have demon-
strated a role for SAT in early metabolic disruption [6, 7].
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One explanation to the discrepant findings for SAT in
obesity-associated complications resides in the anatomical
notion that SAT is a homogenous compartment. It should
rather be considered that SAT is two subcompartments,
anatomically distinguished by Scarpas’s fascia: superficial
SAT (sSAT), which lays below the epidermal layers, and
deep SAT (dSAT), which is adjacent to the preperitoneal AT
[8]. These compartments show subject-to-subject variations
particularly in association to obesity and insulin resistance
[8, 9]. Studies from AT subcompartments in lean subjects
and animal models have identified depot-specific expression
patterns of key proteins namely associated to obesity and its
complications, raising the possibility that SAT subcom-
partments yield distinct metabolic effects [10—12].

To explore if the SAT subcompartments may differen-
tially contribute to obesity and its comorbidities, this study
aimed at evaluating the expression of proteins key to adi-
pocyte activity and metabolism from AT biopsies obtained
from lean subjects and severely obese yet otherwise heal-
thy subjects showing key features of obesity related
complications.

Methods and procedures
Patients and tissue sampling

Adipose tissue samples from the anterior SAT-subcom-
partments, sSAT and dSAT, were obtained as previously
described [10] from the peri-umbilical level in 10 healthy
normal-weight subjects (Lean: SF/5M, mean £+ SEM, BMI
21.8 + 0.8 kg/m?, age 44.5 & 2.9 years) and 11 otherwise
healthy, severely obese subjects (Obese: 5F/6M, BMI
44.0 + 2.1 kg/m?, age 38 + 2.6 years). Briefly, at the time
of the procedure, fasting blood samples were collected for
biochemical analyses. All hormonal determinations were
performed using commercially available assays, as
described previously [10]. The study protocol was
approved by the individual Institution Ethics Committees,
with the aim and design of the study explained to each
subject, who in turn gave their informed consent.

RNA isolation and semi-quantitative RT-PCR

The extraction of total RNA from AT biopsies and the
semi-quantitative RT-PCR analysis was performed
according to methods previously described [10]. Briefly, all
the samples were analyzed in duplicate with each primer
set and quantified by densitometry using QuantityOne
software (Bio-Rad, Hercules, CA). Results are presented as
arbitrary units (AU) relative to the expression of the
internal control hypoxanthine phosphoribosyl transferase
(HPRT).
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Protein evaluation

Cell lysates (CL) from AT biopsies were isolated and
analyzed according to methodologies previously described
[10]. Results from western immunoblot (WIB) analyses
were quantified by densitometry using QuantityOne soft-
ware and normalized to total protein and are presented as
AU.

Statistical evaluation

Data are expressed as mean =+ standard error of the mean
(SEM). Differences between depots and between lean and
morbid obese subjects were evaluated using Student’s # test
and Mann and Whitney test. Relationships between sSAT
and dSAT expression profiles with HOMA-IR and serum
concentrations of adiponectin, resistin, leptin, and TNFa
were analyzed using Pearson’s regression analysis. Skewed
variables were logarithmically transformed before the
analysis, where appropriate. Statistical significance was set
at P < 0.05. Analyses were performed using Prism
(Graphpad Sofware, Inc., San Diego, CA).

Results

Study groups consisted of 10 healthy lean and 11 severely
obese subjects (Table 1). According to previous investi-
gations, anthropometric differences that contribute to
obesity comorbidities were observed between the two
groups, with BMI being positively correlated to HOMA-IR
(r =0.67, P = 0.002) and insulin (» = 0.93, P = 0.0001),
leptin (r = 0.84, P = 0.0001) and TNFa levels (0.76,
P = 0.0001). Oppositely, there was a negative correlation
between BMI and adiponectin levels (r = —0.52,
P = 0.02). HOMA-IR was positively correlated to TNFa
serum levels (r = 0.73, P = 0.004) and negatively corre-
lated to adiponectin (r = —0.46, P = (0.049).

Glucose metabolism

Adiponectin mRNA expression was similar between SAT
subcompartments within both study groups (Fig. 1), while
it was 1.4-fold higher in obese subjects for both sSAT
(P <0.002) and dSAT (P < 0.001), when compared to
controls (Fig. 1). At the protein level, adiponectin expres-
sion was increased by 16-fold in sSAT of lean subjects
when compared to dSAT (P < 0.008; Fig. 1), while dif-
ferences were negligible within the obese group. In the
obese group, however, adiponectin was 7-fold lower in
sSAT than in lean subjects (P < 0.02; Fig. 1).

Our analysis of GLUT4 mRNA expression within or
between groups demonstrated no significant change
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between SAT subcompartments, although a trend toward
higher expression levels was evident in sSAT for both
obese and leans (Fig. 2). This was paralleled by the finding
that the intracellular expression of GLUT4 in sSAT was
8-fold higher (P < 0.05) than in dSAT from lean subjects
and, albeit non-significantly, in samples from obese
patients (Fig. 2). As a consequence, lean subjects had a
5.5- (P < 0.03) and 7-fold (P < 0.03) higher endogenous
GLUT4 expression in sSAT and dSAT, than in obese
subjects (Fig. 2).

With respect to resistin, we demonstrated 10-fold higher
(P < 0.04) mRNA Ievels in dSAT of lean subjects com-
pared to sSAT (Fig. 2), while differences between SAT-
subcompartments were not significant in the obese group.

Table 1 Mean baseline characteristics of lean versus obese subjects

Lean Obese
(n = 10) n=11)
Age (year) 445+ 29 37.9 + 2.63 ns
Female/male 5/5 5/6
BMI (kg/mz) 21.8 £ 0.8 44.0 £ 2.1 P < 0.0001
Body Weight (kg) 578 £24 133.6 £ 7.9 P < 0.0001
Glucose (mg/dl) 81355 100.6 £+ 12.7 ns
Insulin (mU/1) 32 +0.75 23.5 + 6.1 P = 0.003
HOMA-IR 0.76 + 0.23 597+ 1.6 P =0.012
Adiponectin 159 + 3.2 72 4+02 P =001
(pg/ml)
Leptin (ng/ml) 6.1 £19 40.6 £ 5.2 P = 0.0001
TNFa (pg/ml) 0.95 + 0.1 1.54 £+ 0.1 P = 0.0002
Resistin (ng/ml) 152 +24 169 + 3.2 ns
ns non significant
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Compared to lean subjects, however, resistin mRNA
expression in obese patients was 15-fold (P < 0.02) higher
in the sSAT and 5-fold (P < 0.03) higher in the dSAT
(Fig. 2). A similar pattern of expression was also observed
at the endogenous protein level. In fact, dSAT from lean
subjects expressed 3-fold (P < 0.05) higher endogenous
resistin levels than sSAT, while the expression level
between SAT depots was comparable in obese subjects
(Fig. 2). Of note, sSAT and dSAT from obese patients
expressed 33- (P < 0.006) and 18.5-fold (P < 0.003)
higher endogenous resistin than controls (Fig. 2).

Glucocorticoid Metabolism

A small yet significant 1.6-fold (P < 0.04) lower 11BHSDI1
mRNA expression was observed in sSAT than dSAT from
lean subjects (Fig. 3). Between groups, obese had 2.2-fold
(P <0.006) and 3.5-fold (P < 0.007) higher mRNA
11BHSD1 expression for sSAT and dSAT, respectively.
The pattern of endogenous 11BHSDI protein reflected that
of mRNA in lean subjects, while obese subjects had 4-fold
(P < 0.04) higher sSAT levels when compared to dSAT
(Fig. 3). Interestingly, between groups only sSAT expres-
sion showed near significant variations, exhibiting 2.5-fold
higher levels in obese (Fig. 3).

Adipocytokines

At the mRNA level, a small but significant 1.2-fold
(P < 0.04) decrease in leptin mRNA synthesis between
sSAT and dSAT was observed in lean subjects, while no
differences were observed between depots in the obese
subjects (Fig. 4). Furthermore, no significant differences in

Endogenous Protein Expression

Lean Obese
sSAT dSAT SSATdASAT
45

o EEEENS— @D @ 502 Adiponectin

—~ 20 - P<0.02

)

< 154 P<0.008

g 10

DS_’ 05+

c 037

£ i

o 024

5 il

% 0.1 4

< g0 HT I
SSAT dSAT SSAT dSAT

Lean Obese

Fig. 1 Adiponectin: sSAT-specific alteration in expression with obesity. a Expression of adiponectin mRNA analyzed by a semi-quantitative
RT-PCR. b Endogenous adiponectin protein analyzed by WIB in 10 pug of CL
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Fig. 2 Glucose tolerance and insulin action: dramatic change in
SSAT and dSAT expression with obesity. a Expression of GLUT
mRNA. b Intracellular expression GLUT4 analyzed by WIB in 15 pg

leptin mRNA expression were observed between groups. In
obese patients, a 26-fold (P < 0.003) higher level of
endogenous leptin was found in sSAT compared to dSAT
which also accounted for a significant difference in sSAT
leptin expression between groups, being 6-fold (P < 0.008)
higher in obese subjects.

Our analysis documented very low TNFo mRNA levels
in all biopsies (Fig. 4) with no significant differences in
TNFo mRNA expression between SAT-subcompartments
or between lean and obese subjects for dSAT. Conversely,
a 1.8-fold (P < 0.03) increase in TNFa mRNA was
observed in SSAT of obese subjects compared to controls
(Fig. 4). While endogenous TNFa protein was expressed in
SAT from obese subjects, it was generally below the limits
of detection in the leans, clear evidence of AT TNFo
overexpression developing with obesity (Fig. 4).
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Correlation studies

Correlation studies for tissue-expressed molecular vari-
ables were primarily, but not exclusively related to sSAT.
Markers related to glucose metabolism were associated
as follows: BMI (r = 0.58, P = 0.015) and HOMA-IR
(r =0.49, P = 0.047) correlated positively to sSAT
adiponectin mRNA and negatively to sSAT adiponectin
protein (r = —0.54, P =0.032; and r = —046, P =
0.049; respectively), while a stronger correlation was evi-
dent between serum levels of adiponectin and its protein
expression in dSAT (r = 0.68, P = 0.0021) compared to
SSAT (r = 0.52, P = 0.027); sSAT GLUT4 protein was
negatively correlated to both BMI (r = —0.64, P = 0.007)
and HOMA-IR (r = —0.58, P = 0.017); completing glu-
cose metabolism analysis, resistin mRNA expression was
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Fig. 3 Glucocorticoid metabolism: sSAT-specific alteration in expression with obesity. a Expression of 113-HSD1 mRNA. b Endogenous 11§-

HSD1 analyzed by WIB in 15 pg of CL

correlated to BMI in both sSAT (r = 0.51, P = 0.025) and
dSAT (r = 0.61, P = 0.006), while HOMA-IR correlated
exclusively to sSSAT resistin mRNA (r = 0.64, P = 0.004).
No correlations were otherwise documented between BMI,
HOMA-IR or serum resistin levels to tissue protein pro-
duction. Analysis of 11BHSDI tissue expression resulted in
a positive association between SSAT protein expression
and HOMA-IR (r = 0.52, P = 0.032). Finally, analysis of
specific tissue adipocytokines, failed to reveal significant
correlations between leptin and HOMA-IR, while sSAT
protein expression was positively correlated both to BMI
(r=0.58, P =0.01) as well as serum leptin concentra-
tions (r = 0.69, P = 0.002); TNFa endogenous protein did
not correlate to HOMA-IR but was associated to BMI when
expressed in both sSAT (r = 0.67, P = 0.002) and dSAT
(r =0.56, P = 0.017), while a significant correlation was
evident between sSAT protein expression and circulating
TNFa concentrations (r = 0.54, P = 0.02).

Discussion

Abdominal SAT and VAT work, at least in part, to dif-
ferentially regulate the endocrine and metabolic functions
of AT. In a normal physiological state, the SAT subcom-
partments, sSAT and dSAT, exhibit independent expres-
sion profiles of important molecular markers of obesity and
its metabolic complications [10]. To evaluate the hypoth-
esis that SSAT and dSAT function as distinct mediators of
obesity and its comorbidities, we investigated paired
biopsies obtained from sSAT and dSAT for potential dif-
ferences in molecular markers of insulin resistance,

glucocorticoid metabolism, and adipokine production
between lean and obese subjects. Our results indicate that
SSAT and dSAT alterations in protein expression between
lean and obese subjects for GLUT4, resistin, and TNFa
were equivalent, while exclusive sSAT-specific differences
were observed for adiponectin, leptin, and 11BHSDI
protein.

In diabetes or obesity, circulating concentrations of
adiponectin are significantly decreased, and return to nor-
mal with weight loss and/or normalization of glucose levels
[13]. While the general consensus is adiponectin produced
by VAT is directly implicated [14], herein, we show that
adiponectin protein is remarkably decreased in sSAT from
obese subjects and correlates negatively to both BMI and
HOMA-IR. Although the possibility of altered adiponectin
trafficking from each compartment cannot be excluded,
there appears to be a dysregulation in adiponectin transla-
tion in obesity. This may likely be an early event. In fact,
Bremer and Jalial [7] have demonstrated a SAT-specific
downregulation of adiponectin with nascent MetS. Impor-
tantly, the present study shows that it is sSAT-specific
adiponectin that is dynamically changing with obesity.

Adipose tissue-specific GLUT4 over-expression in
muscle-specific GLUT4 knockout mice can restore whole
body insulin sensitivity [15]. In the lean state, the endog-
enous levels of GLUT4 were found to be lower in dSAT
than in sSSAT and VAT [10]. This pattern was confirmed in
the present study, with a further decrease in both SAT
subcompartments seen with obesity. In particular, SSAT
endogenous GLUT4 showed a significant correlation to
BMI and HOMA-IR. As this study exclusively examines
the intracellular expression of GLUT4, the results may be
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explained by a differential sub-cellular localization and/or
a decrease in protein synthesis/turnover of GLUT4 between
SAT subcompartments and between lean and obese sub-
jects. Preperitoneal adipocytes from obese subjects respond
better to insulin, proposed to be due to a higher GLUT4
and altered trafficking [16]. Our findings suggest that with
obesity, both SAT-subcompartments undergo dynamic
changes related to synthesis and/or the cellular distribution
of GLUT4.

With obesity, we observed a dramatic increase of resi-
stin production in both SAT subcompartments, suggesting
that they are equal contributors. While resistin has been
proposed to be the link between obesity and insulin resis-
tance [17], low resistin levels detected in other studies and
the lack of significance between serum levels, questions its
role [10, 18]. Interestingly, adipose-specific GLUT4 over-
expression in muscle-specific GLUT4 knockout mice
which restored whole body insulin sensitivity, altered
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resistin but not leptin or adiponectin levels, suggesting that
crosstalk may exist between the protein regulation of
GLUT4 and resistin [17]. While resistin secretion was not
evaluated in the present study, it appears that in the normal
population, dSAT is the more important contributor to
resistin production [10]. With obesity, the balance changes
with both the SAT subcompartments appearing to con-
tribute equally to resistin protein production, perhaps reg-
ulated in part by the dynamics of depot-specific GLUT4
expression.

Both 11BHSDI1 expression and activity are positively
correlated to obesity and insulin resistance with adipocyte-
specific glucocorticoid inactivation protecting against diet-
induced obesity [19, 20]. Consistent with this, 113-HSD1
knockout (11B-HSD1~7) mice chronically fed a high-fat
(HF) diet resist MetS in part by preferentially accumulating
peripheral rather than visceral fat [21], with distinct depot-
specific mechanisms driving this healthier fat pattern and
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function [22]. Herein, we observed that the augmentation
of 11BHSD1 SAT expression in obesity is specific to the
SSAT subcompartment of the SAT depot.

With obesity, serum leptin levels are significantly ele-
vated with the SAT-specific expansion contributing
directly to the increase in fasting circulating leptin levels
[23]. While SAT has been implicated as being responsible
for serum leptin levels, Kelley et al, [9] observed that sSSAT
area correlates strongly to serum leptin levels. While leptin
secretion from sSAT and dSAT were not evaluated in the
present study, the results are in accordance with the study
by Kelley et al, [9], where significantly higher endogenous
leptin levels were present in sSAT subcompartment as
opposed to dSAT, with sSAT leptin synthesis correlating to
obesity.

In the present study, endogenous TNFa protein expres-
sion in both SAT-subcompartments correlated positively to
BMI with sSAT expression correlating to serum TNFo.
Previously, we observed a correlation between dSAT
TNFo mRNA and HOMA-IR in lean subjects [10]; how-
ever, with the incorporation of obese subjects, this corre-
lation was lost being that TNFo was more tightly
associated to BMI. While the emphasis is on the impor-
tance of VAT TNFa expression in obesity [24], the dra-
matic increase in endogenous TNFo expression we
observed with obesity in both SAT-subcompartments,
cannot exclude a role. TNFa is known to directly regulate
the expression and secretion of adiponectin and leptin [25].
Based on this and a negative association between TNFa
and adiponectin serum levels, it has been proposed that
TNFa and adiponectin serve to antagonize each other and
regulate insulin sensitivity [26]. As such, both sSAT and
dSAT-specific TNFa may contribute to altered insulin
sensitivity and the development of insulin resistance.

In summary, an evaluation of proteins key for AT
activity and metabolism in the abdominal SAT depots of a
normal and severely obese subjects has revealed that the
sSAT and dSAT-subcompartments are molecularly dis-
tinct, supporting independent metabolic functions. With
obesity, equivalent sSAT and dSAT changes were
observed for GLUTA4, resistin, and TNFa, with resistin and
TNFa increasing, while endogenous GLUT4 expression
decreased, results which correlated to HOMA-IR and/or
BMI. More significantly, however, was sSAT-specific
regulation of adiponectin, leptin, and 11BHSD1, with leptin
and 11BHSDI1 increasing with obesity while adiponectin
decreased, correlating to HOMA-IR and/or BMI. Overall,
SSAT and dSAT are clearly distinct abdominal AT depots
that undergo dynamic changes with the development of
obesity; however, importantly between the two, sSAT
shows clear independent effects that associate to obesity.
These results further emphasize the importance of now
considering SAT as two independent depots.
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