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Abstract 

Background: Infiltration and activation of adipose tissue immune cells contribute to low 
grade inflammation in obesity. Whether the expression profiles of inflammatory markers in 
different adipose tissue compartments contribute to disturbed metabolic fluxes in insulin 
target tissues in obese humans is unclear. 
Methods: mRNA expression profiles of both pro- and anti-inflammatory macrophage and T 
cell markers as well as mRNA expression of glucose transporter (GLUT) 4 were determined in 
subcutaneous (SAT) and visceral adipose tissue (VAT) in 20 morbidly obese women undergoing 
bariatric surgery. Expression profiles were compared to 6 lean controls undergoing elective 
cholecystectomy. In obese women, insulin sensitivity and insulin-mediated suppression of 
lipolysis were determined using a hyperinsulinemic euglycemic clamp with stable isotopes. 
Results: The obese women were insulin resistant, characterized by lower adipose tissue 
GLUT 4 expression and reduced peripheral insulin sensitivity. Circulating levels of C-reactive 
protein (CRP) were increased in the obese subjects. Overall, the expression of both pro- and 
anti-inflammatory markers were increased in SAT and VAT in the obese compared to the 
lean controls. SAT displayed a predominant pro-inflammatory phenotype, whereas VAT 
showed higher expression of anti-inflammatory markers. In addition, obese subjects showed 
higher influx of T cells in both adipose tissue compartments with higher expression of CD25, 
a marker of activated T cells, in VAT. Despite these distinct inflammatory phenotypes of 
adipose tissue in obesity, no correlations were observed between any of the inflammatory 
markers and insulin sensitivity.
Conclusions: Compared to lean healthy controls, morbidly obese and insulin resistant women 
show  marked inflammation in both SAT and WAT reflected by increased expression of pro- 
and anti-inflammatory markers. Analysis of adipose tissue extracted CD11b+  macrophages 
in the obese subjects further revealed higher VAT expression of anti-inflammatory CD163 and 
mannose receptor and higher SAT expression of CD11c+.  This mixed pattern of activated 
immunity in obesity was not associated with reduced insulin sensitivity of muscle or adipose 
tissue.
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Introduction

Obesity is associated with a state of low-grade inflammation and activation of inflammatory 
pathways within adipose tissue (AT) is known to interfere with insulin signalling (1, 2, 3, 4). 
Lean healthy AT displays an anti-inflammatory environment, characterized by high IL4 and 
IL10 levels (5, 6) while in obesity, AT shows a change towards a more inflammation prone 
environment. Adipose tissue macrophages (ATM) are crucial mediators of adipose tissue 
inflammation and have been connected to AT inflammation in obesity over a decade ago (7, 
8). In obesity, the number of ATM is positively correlated with BMI and adipocyte size (7, 9) 
and ATM are predominantly present in so-called crown-like structures, surrounding necrotic 
adipocytes where they  are supposed to scavenge cell debris and free lipids (10). In obese AT, 
ATM content can increase approximately 4-fold up to 40-50% of total cell numbers  (7) and 
undergo a phenotypic switch from an alternatively activated anti-inflammatory phenotype 
towards a more classically activated pro-inflammatory phenotype (11). Moreover, obese ATM 
show an increase in lysosomal biogenesis (8). Inflammation of adipose tissue is associated 
with insulin resistance in several rodent obesity models and reduction of inflammation 
either by genetic manipulations in mice or weight loss show reversal of the insulin resistant 
state (9, 12). More recently, other immune cells besides ATM including T cells, have been 
connected to the inflammatory AT phenotype as well. Numbers of regulatory T cells (Tregs), 
which are of an immuno suppressive nature are reduced in adiposity (13, 14). Tregs are 
CD4+ cells that express CD25+ and FOXp3, a forkhead transcription factor required for their 
specific development and function (CD4+CD25+FOXp3 regulatory T cells) (15) and secrete 
the anti-inflammatory cytokine IL10, which inhibits TNF-α production by macrophages, 
thereby preventing local tissue damage and dampening inflammation. From murine studies 
it became clear that depletion of Tregs worsens adipose tissue inflammation and thus 
insulin resistance (16), whereas expansion of the number of Tregs attenuates inflammation 
and insulin resistance (14). It has been  hypothesized that in lean adipose tissue Tregs are 
keeping chronic inflammation under control, but  during adiposity the influx of inflammatory 
macrophages and other immune cells outnumbers the Tregs, leading to an inflammatory 
prone environment. 
In humans it remains largely unknown whether adipose tissue inflammation in either 
subcutaneous (SAT) or visceral adipose tissue (VAT) directly contributes to systemic insulin 
resistance. Therefore, we studied the inflammatory expression profiles of SAT and VAT and of 
extracted ATM in morbidly obese women undergoing bariatric surgery and in lean controls 
undergoing elective cholecystectomy. In addition, we assessed insulin sensitivity of muscle 
(insulin-mediated glucose uptake) and adipose tissue (insulin-mediated suppression of 
lipolysis) in the obese women using a hyperinsulinemic euglycemic clamp and stable isotope 
tracers.
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Subjects and methods
Subjects

Twenty morbidly obese women scheduled for Roux-en-Y gastric bypass surgery (RYGB) 
and six matched healthy lean women scheduled for elective cholecystectomy for benign 
gallbladder disease were included. Subjects were recruited from the outpatient clinics of the 
Rijnstate Hospital in Arnhem, the Slotervaart Hospital in Amsterdam and the Medical Center 
Alkmaar in Alkmaar. 
The obese patients were eligible for the study if they were scheduled to undergo RYGB surgery, 
were older than 18 years, understood the objective of the study, and were competent to give 
informed consent. Exclusion criteria were: childhood onset obesity, insulin dependent DM2, 
coagulation disorders, a recent history (6 months or less) of substantial alcohol or drug abuse; 
the use of antipsychotic medication or antidepressant medication; any somatic illness except 
for obesity-related conditions (hypertension, dyslipidemia and DM2 treated with oral anti-
diabetics). Inclusion criteria for the lean controls were: BMI < 25 kg/m2, scheduled for elective 
cholecystectomy for benign gallbladder disease. Exclusion criteria were any somatic disease, 
coagulation disorders, glucose intolerance and use of medication. Glucose tolerance was 
assessed during a 75 gr oral glucose tolerance test. 
The study was approved by the Medical Ethical Committee of the Academic Medical Center 
(AMC) of the University of Amsterdam. After a complete description of the study had been 
given, written informed consent was obtained.

Analytical procedures
Hyperinsulinemic euglycemic clamp  

The obese women participated in a study on the short term metabolic effects of bariatric 
surgery (17).  Insulin sensitivity was measured using a two-step hyperinsulinemic euglycemic 
clamp after an overnight fast as described previously (17). In short, intravenous glycerol 
and glucose isotope tracers were infused after drawing a blood sample for measurement 
of background enrichments. After equilibration, blood was drawn for glucose and glycerol 
enrichments to calculate basal endogenous glucose production (EGP) and lipolysis as well 
as FFA and insulin. Thereafter insulin was infused at a rate of 20 mU∙m-2∙min-1 for two hours 
and a rate of 60 mU∙m-2∙min-1 for another two hours. After each step of the clamp, blood 
was drawn for glucose and glycerol enrichments to calculate suppression of basal EGP and 
lipolysis (step 1) and the rate of glucose disposal (Rd) (step 2) as well as FFA and insulin. To 
keep euglycemia, exogenous glucose enriched with the glucose isotope tracer was infused 
simultaneously. The detailed experimental protocol has been published earlier (17).

Body composition

Body composition was measured using bioelectrical impedance analysis (Maltron BF-906, 
Rayleigh, UK).
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Laboratory analysis

Plasma glucose was measured with a glucose oxidase method (EKF Diagnostics, Barleben /
Magedeburg, Germany). Free fatty acids (FFA) were measured by an enzymatic colorimetric 
method (Nefa-C test kit; Wako Chemicals, Neuss, Germany) with an intra-assay variation of 
1%, inter-assay variation of 4-15% and a detection limit of 0.02 mmol/L. [6,6-2H2]glucose 
enrichment (tracer-to-tracee ratio) and [1,1,2,3,3-2H5]glycerol enrichment (tracer-to-tracee 
ratio) were measured as described earlier (18). Insulin was determined on an Immulite 2000 
system (Diagnostic Products, Los Angeles, CA, USA) using a chemiluminescent immunometric 
assay with an intra-assay variation of 4–5%, inter-assay variation of 5% and detection limit 
of 15 pmol/l. C-reactive protein (CRP, ng/mL) was determined using ELISA (R&D systems 
Europe, Ltd. Abingdon, UK), according to the manufacturer’s instructions.

Adipose tissue biopsies 

The surgical procedures were carried out in three medical centers (Rijnstate Hospital, 
Arnhem, Slotervaart Hospital, Amsterdam and Medical Center Alkmaar, Alkmaar) and 
performed by experienced surgeons. Adipose tissue biopsies were taken from two adipose 
tissue compartments (visceral and abdominal subcutaneous) during RYGB surgery in the 
obese and during laparoscopic cholecystectomy in the lean controls. Samples were taken 
from similar tissue locations in all patients and at the same time point during surgery after a 
comparable overnight fast. Haemostasis was checked directly after the biopsies and at the 
end of the surgical procedure. A part of the adipose tissue samples was collected in DMEM 
media (DMEM with glutamine, 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) and kept at 
room temperature for a maximum period of 3 hours. Another part was snapfrozen in liquid 
nitrogen and stored in -80ºC for subsequent analysis. 

Extraction of macrophages from adipose tissue biopsies 

Adipose tissue collected in DMEM was thoroughly chopped with a sterile surgical blade and 
resuspended in 10 ml digestion solution (7 ml Hanks’ Solution, 3 ml 7.5 % BSA, and 20 mg 
Collagenase type II, Sigma). The digestion was performed at 37 °C using a shaker at 100 rpm 
for 20 min. After digestion, the adipocyte fraction was passed through a filter: cell strainer 
100uM from falcon (ref 352360) and the remaining solution was centrifuged at 1500 rpm, 4 
°C for 5 min. This pellet was resuspended in 2 ml of selection buffer (PBS, 2 mM EDTA, 0.5 % 
BSA). CD11b positive cells were subsequently selected using CD11b micro-beads (Miltenyi 
Biotec) according to the manufacturer’s instructions. The negative fraction from this isolation 
was collected and referred to as the stroma vascular fraction (SVF). 

RNA extraction

Total RNA was extracted from the biopsies using TRIzol reagent (Invitrogen), followed by further 
extraction using the NucleoSpin RNA II kit according to the manufacturer’s recommendations 
(Macherey-Nagel GmbH, Duren, Germany). This protocol included a RNase-free DNase step. 
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RNA concentrations were determined using a Nanodrop Spectrophotometer (Nanodrop 
Technologies, Wilmington, DE, USA). RNA integrity was investigated by assessing the RNA 
integrity number (RIN), using an Agilent 2100 Bioanalyzer (Agilent Technologies, Waldbronn, 
Germany).  The mean RIN was 7. Equal amounts of RNA were used to synthesize cDNA, using 
oligo-(dT)12–18 and random hexamers as primers, and Superscript II reverse transcriptase, 
according to the manufacturer’s method (Invitrogen). Gene-specific analysis was performed 
on an iCycler MyiQ single-color real-time PCR detection system using iQ SYBR Green Supermix 
(Bio-Rad Laboratories). Gene expression levels were normalized to acidic ribosomal protein 
36B4, also referred to as P0. Specificity of the primers was verified by evaluation of the 
amplifications with the use of gel electrophoresis and melting curve analysis. The primers 
used on adipose tissue were CD68, Macrophage Inflammatory Protein (MIP) Il1beta (IL1-b), 
Mannose receptor (MR), GLUT4 and T cell markers (CD25 and CD4), leptin, adiponectin and 
PPARy. Primers used on macrophages were IL1b, IL18, MIP1beta, CD11c, MR and CD163. The 
number of analyzed tissue samples of the obese subjects slightly differ per measurement 
(between N= 16 and N =20) because of poor quality of some samples.

Calculations and statistical analyses

Data were analysed using parametric and non-parametric tests. For the statistical analyses 
of mRNA expression, the unpaired Mann Whitney U test was used. Correlations were 
determined using the Spearman’s Rho test. Patient characteristics are presented as mean ± 
SD. SPSS version 20.0 (SPSS, Chicago, IL, USA) was used for statistical analyses. Comparisons 
were considered statistically significant if the p value was <0.05 and p < 0.1 was considered 
a trend. Clamp data are presented as median [minimal - maximum]. Endogenous glucose 
production (EGP) and insulin-mediated peripheral glucose uptake (rate of disappearance 
[Rd) were calculated using the modified form of the Steel equation as described previously 
(19, 20). EGP is expressed as μmol/kg fat-free mass (FFM)*min−1 and, Rd as μmol/kg*min-1 
and µmol/kg.min. Hepatic and adipose tissue insulin sensitivity were expressed as % insulin-
mediated suppression of basal EGP and lipolysis, respectively, during step 1 of the clamp. 
HOMA-IR was calculated as fasting glucose x fasting insulin divided by 22.5 and quantitative 
insulin sensitivity check index (QUICKI) as 1/[log(I0) + log(G0)]. 

Results
Study participants

We included 6 lean and 20 obese women. Their baseline characteristics are shown in Table 
1(17). The lean women had a normal fasting glucose and normal HOMA-IR.
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Table 1. Subject characteristics. Data are presented as mean ±SD. BMI=Body mass index.
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Table 1. Subject characteristics. 

CHARACTERISTIC LEAN (N=6) OBESE (N=20) P 

AGE (YEARS) 36 ± 6.6 41 ± 8.5 0.203 

WEIGHT (KG) 69.7 ± 5.0 127.5 ± 21.5 < 0.001 

BMI (KG/M2) 22.1 ± 1.4 45.3 ± 6.2 < 0.001 

HOMA-IR 1.0 ± 0.7 2.8 ± 1.2 0.002 

QUICKI 0.39 ± 0.09 0.33 ± 0.03 < 0.002 

INSULIN (PMOL/L) 31.1 ± 19.8 83.1 ± 32 <0.002 

GLUCOSE (MMOL/L) 5.0 ± 0.4 5.6 ± 1.1 0.169 

Data are presented as mean ±SD. BMI=Body mass index. 
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Table 1. Demographic and metabolic characteristics 

 LEAN (N=6) OBESE (N=20) P 

AGE (YEARS) 36 [26-45] 41 [26-58] 0.120 

BMI (KG/M2) 22.1 [20-24.3] 45.3 [38.7-61.3] < 0.001 

FASTING GLUCOSE (MMOL/L) 5.0 [4.5-5.6] 5.7 [4.4-8.8] 0.200 

FASTING INSULIN (PMOL/L) 31.1 [14-63] 83.1 [20-142] 0.002 

QUICKI 0.39 [0.34-0.44] 0.33 [0.30-0.41] 0.002 

 

Data are presented as mean [range]; QUICKI: quantitative insulin sensitivity check index with a higher 
index indicating higher insulin sensitivity. 

 

 

 

 
 
 

Glucose metabolism and lipolysis 

As expected, HOMA-IR and QUICKI significantly differed between the lean and obese group 
showing lower insulin sensitivity in the obese group (table 1). Basal glucose metabolism 
was assessed in 19 and insulin sensitivity in 17 obese women due to technical difficulties 
with iv lines. Insulin-mediated peripheral glucose uptake (Rd), which is a measure for skeletal 
muscle glucose uptake (21), was decreased (24.6 (11.5-42.5) μmol kg−1 min−1) in 89% of our 
subjects (i.e. Rd < 37.3 μmol kg−1 min−1 which is our recently reported cut off for normal insulin 
sensitivity) (22). Basal endogenous glucose production (EGP) was 13.7 [10.3- 18.1] µmol/
kgFFM*min. Lipolysis measured with labeled glycerol was 3.01 [1.92-5.05] µmol/kg.min in the 
fasted state and 1.48 (0.76-3.31) µmol/kg.min during the first step of the hyperinsulinemic 
euglycemic clamp. The mean suppression of lipolysis, a measure for insulin sensitivity of 
adipose tissue, was 51.5% (12.8 – 67.1). 

Adipose tissue mRNA expression of key metabolic genes associated with metabolic 
health 

Downregulation of adipose GLUT4 in obesity is a hallmark of insulin resistance (23). Indeed, 
in the obese subjects expression of GLUT4 mRNA in SAT and VAT was significantly lower 
compared to the lean controls (figure 1 a) and correlated with insulin action in muscle SAT (r 
= 0.58; p = 0.014;) and VAT (r = 0.576; p 0.016). mRNA expression of leptin, a hormone involved 
in food intake and energy metabolism and known to be higher in obesity in relation to body 
weight (24) was significantly higher in both adipose compartments in the obese subjects 
(figure 1 b). Next we measured mRNA expression of adiponectin, an insulin sensitizing and 
anti-inflammatory adipokine that has been shown to be downregulated in insulin resistant 
obese people (25) and expression of peroxisome proliferator-activated receptor ɣ(PPARɣ), 
a transcription factor crucial for adipogenesis (26). Adiponectin was significantly lower in 
SAT in the obese subjects (figure 1c) while expression of PPARɣ, was similar in both groups 
(figure 1d). These data show distinct features associated with obesity and insulin resistance 
in adipose tissue of the obese subjects.
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Figure 1. Relative mRNA expression levels of GLUT4 (1a), leptin (1b), adiponectin (1c) and PPARɣ (1d) 

in obese (N=20) and lean (N=6) subjects in subcutaneous (SAT) and visceral (VAT) adipose tissue (* p< 

0.05 and # p < 0.001). Data are presented as mean ± SD. 

Figure 1. Relative mRNA expression levels of GLUT4 (1a), leptin (1b), adiponectin (1c) and PPARɣ (1d) in obese 
(N=20) and lean (N=6) subjects in subcutaneous (SAT) and visceral (VAT) adipose tissue (* p< 0.05 and # p < 
0.001). Data are presented as mean ± SD.

Inflammatory profiles in SAT and VAT in obese versus lean subjects

First we measured circulating CRP as a measure of whole body low grade inflammation and 
found CRP to be increased in the obese subjects (obese 9489±6144 ng/mL and lean 1419±521 
ng/mL; p < 0.001). To assess the inflammatory phenotype of adipose tissue we measured 
mRNA expression levels of several pro- and anti-inflammatory markers. Expression of the 
macrophage marker (CD68) (figure 2a) was significantly increased in SAT  in the obese 
subjects, while the pro-inflammatory chemokine (MIP1beta) (figure 2b), the macrophage 
marker mannose receptor (MR), which increased expression has been shown on alternative 
activated macrophages and the anti-inflammatory cytokine IL10 (figures 2c and 2d) were 
significantly increased in the obese subjects in both SAT and VAT. None of the inflammatory 
markers  correlated with insulin action in muscle or adipose tissue.
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Figure 2. Relative mRNA expression levels of CD68 (a) , MIP1beta (b), Mannose Receptor (MR) (c) and 

IL10 (d) in subcutaneous (SAT) and visceral (VAT) adipose tissue in obese (N=20) and lean (N=6) 

subjects (* p < 0.05 and # p < 0.001). Data are presented as mean ± SD. 

 

Figure 2. Relative mRNA expression levels of CD68 (a) , MIP1beta (b), Mannose Receptor (MR) (c) and IL10 (d) in 
subcutaneous (SAT) and visceral (VAT) adipose tissue in obese (N=20) and lean (N=6) subjects (* p < 0.05 and # p 
< 0.001). Data are presented as mean ± SD.

Inflammatory profiles of adipose tissue macrophages (ATM)

To further analyze the  inter-compartment differences in inflammatory state of the  SAT 
and VAT resident macrophages in the obese subjects, we isolated CD11b+ macrophages 
and measured expression levels of M1 and M2 markers. IL1b and IL18 are produced by M1 
activated macrophages, but were not differentially expressed between SAT and VAT (figure 
3 a and b) while CD11c (figure 3 c) showed a higher and MIP1beta (figure 3 d) a lower gene 
expression in extracted macrophages from SAT. Expression of the anti-inflammatory marker 
CD163 (figure 3 e) was significantly higher in ATM in VAT, finally the M2 marker MR (figure 
3 f) shows a trend towards higher expression in VAT (p=0.071). These data show a more M2-
like phenotype in VAT and higher expression of the pro-inflammatory marker CD11c in SAT. 
ATM expression of M1 and M2 markers were not associated with insulin-mediated peripheral 
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glucose uptake or suppression of lipolysis, indicative for muscle and adipose tissue insulin 
sensitivity, respectively. 
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Figure 3. Relative mRNA expression levels of the M1 markers Il1b (a), IL18 (b), CD11c (c) and 

MIP1beta (d) and the M2 markers Mannose Receptor (MR) (e) and CD 163 (f) in extracted 

macrophages from subcutaneous (SAT) and visceral (VAT) adipose tissue from 19 obese subjects (* 

p< 0.05 and # p < 0.001). CD11c in VAT, MR in SAT and CD163 in SAT: N=18. Data are presented as 

mean ± SD.  

 

Figure 3. Relative mRNA expression levels of the M1 markers Il1b (a), IL18 (b), CD11c (c) and MIP1beta (d) and 
the M2 markers Mannose Receptor (MR) (e) and CD 163 (f) in extracted macrophages from subcutaneous (SAT) 
and visceral (VAT) adipose tissue from 19 obese subjects (* p< 0.05 and # p < 0.001). CD11c in VAT, MR in SAT and 
CD163 in SAT: N=18. Data are presented as mean ± SD. 
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T- cell markers in SAT and VAT of obese and lean subjects

Since it has been shown recently that T-cells are involved in obesity- associated inflammation, 
we studied a marker of general T cell influx as well as markers of activated T cells in SAT 
and VAT by measuring gene expression levels of CD4, CD25 and FOXp3 respectively. CD4 was 
significantly higher in SAT in the obese subjects compared to the lean controls but it was 
not differentially expressed between AT compartments (figure 4 a). CD25, a surface marker 
of activated T cells showed higher expression in both adipose compartments in the obese 
versus the controls  (figure 4 b) and additionally showed higher expression in VAT within the 
obese group (p=0.001). FOXp3, a marker of regulatory T cells, expression was not different 
between lean and obese subjects or between compartments in both groups (data not shown). 
These data show an overall increased influx of CD4 positive T cells in SAT and VAT in obesity 
as well as an increase of activated T cells, the latter having the highest expression in obese 
VAT. Importantly, the expression levels of the different T cell markers were not correlated with 
insulin sensitivity of muscle or adipose tissue. 
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Figure 4. Relative mRNA expression levels of CD4 (a) (Obese SAT: N=16, VAT: N=18; lean SAT: N=6) 

and CD25 (b) (Obese: SAT: N=20, VAT: N=19; lean SAT: N=6) subcutaneous (SAT) and visceral (VAT) 

adipose tissue in obese and lean subjects. (* p< 0.05 and # p < 0.001). Data are presented as mean ± 

SD. 
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Table 1. Demographic and metabolic characteristics 

 Lean (N=6) Obese (N=20) P 

Age (years) 36 [26-45] 41 [26-58] 0.120 

BMI (kg/m2) 22.1 [20-24.3] 45.3 [38.7-61.3] < 0.001 

Fasting glucose (mmol/l) 5.0 [4.5-5.6] 5.7 [4.4-8.8] 0.200 

Fasting Insulin (pmol/l) 31.1 [14-63] 83.1 [20-142] 0.002 

QUICKI 0.39 [0.34-0.44] 0.33 [0.30-0.41] 0.002 

Data are presented as mean [range]; QUICKI: quantitative insulin sensitivity check index with a 

higher index indicating higher insulin sensitivity. 

Figure 4. Relative mRNA expression levels of CD4 (a) (Obese SAT: N=16, VAT: N=18; lean SAT: N=6)
and CD25 (b) (Obese: SAT: N=20, VAT: N=19; lean SAT: N=6) subcutaneous (SAT) and visceral (VAT) adipose tissue 
in obese and lean subjects. (* p< 0.05 and # p < 0.001). Data are presented as mean ± SD.

Discussion

In this study we show that in obese and insulin resistant women, subcutaneous and visceral 
adipose tissue is characterized by lower expression of GLUT4 as well as influx and activation 
of macrophages and activated T cells. Lower GLUT4 expression in adipose tissue was 
associated with insulin sensitivity while the inflammatory, T cell and macrophage markers 
were not correlated with peripheral glucose uptake, insulin-mediated suppression of lipolysis 
and endogenous glucose production, i.e. insulin action in muscle, adipose tissue and liver 
respectively. More detailed analyses of the expression levels of pro- and anti-inflammatory 
markers in CD11b+ enriched ATM isolated from the VAT and SAT  compartments revealed that 
subcutaneous ATM display a predominant pro-inflammatory phenotype, whereas visceral 
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ATM are of a more anti-inflammatory nature. Finally, we show that the influx of activated 
T cells in adipose tissue in obese subjects is more pronounced in VAT  which is in line with 
the  presence of higher anti-inflammatory markers in that compartment since T cells play a 
pivotal role in reducing inflammation. 

There is robust scientific evidence showing that obesity is associated with a state of low-
grade inflammation and that inflammatory changes negatively influence insulin sensitivity 
and adipose tissue function (1, 8, 27, 28) although most studies showing this direct link have 
been performed in rodents. In line with other published data (29, for review 30), CRP was 
markedly elevated in  the obese subjects compared to the matched lean controls. CRP is 
mainly produced by the liver, but adipose tissue also contributes to serum CRP levels (27). 
Whether circulating CRP has a direct impact on insulin sensitivity is unclear and in our cohort 
no correlation was present between insulin action and serum CRP (data not shown). 
Many rodent studies showed a switch from an anti-inflammatory towards a pro-inflammatory 
environment in adipose tissue during the course of obesity (31, 32). The underlying 
mechanism explaining this change in phenotype entails multiple pathways including tissue 
hypoxia, ER-stress, adipocyte necrosis, altered adipokine secretion, upregulation of MCP-
1 and abnormal extracellular matrix remodeling leading to fibrosis of adipose tissue (for 
review 33). In rodents, these inflammatory changes influence adipose tissue function with 
enhanced lipolysis leading to increased circulating fatty acids (34, 35). Ectopic uptake and 
accumulation of these fatty acids and their intermediates in insulin sensitive tissues such as 
liver and skeletal muscle and increased levels of circulating pro-inflammatory proteins (36) 
result in whole body insulin resistance. We here show that despite extensive inflammatory 
changes in both visceral and subcutaneous adipose tissue in obese compared to lean 
subjects no  correlation with lipolysis or insulin sensitivity was present. It has been shown 
that insulin resistance in obesity is mainly predicted by the amount of visceral fat mass (37) 
and therefore inflammatory changes in that adipose tissue compartment could contribute 
to this association (38, 39). In addition, in upper body obese women lipolysis rates are higher 
compared to lower body obese women, suggesting an independent effect of adipose tissue 
compartment on insulin action in adipose tissue (40).
Furthermore, it has been shown in mice that intra-abdominal transplantation of subcutaneous 
adipose tissue reversed high fat diet induced inflammation and glucose intolerance, 
suggesting that subcutaneous adipose tissue protects from metabolic deterioration in the 
setting of obesity by reducing inflammation (41). Surprisingly, the obese subjects in our study 
showed a more anti-inflammatory profile with more M2 markers and higher expression of 
T cell markers in visceral adipose tissue suggesting that as long as inflammation in visceral 
adipose tissue is predominantly anti-inflammatory in nature, no effect on adipose tissue 
or muscle insulin sensitivity occurs. On the other hand, lipolysis was assessed as whole 
body total triglyceride lipolysis and which makes it impossible to distinguish between 
subcutaneous and visceral adipose tissue lipolysis and, therefore, we cannot exclude a 
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direct effect of visceral adipose tissue inflammation on visceral adipose tissue lipolysis. 
Insulin sensitivity of skeletal muscle, reflected as insulin-mediated glucose uptake, was not 
correlated to any of the inflammatory markers assessed in adipose tissue. This is in line with 
a more recent study showing that the presence of crown-like structures, i.e. macrophages 
surrounding necrotic adipocytes in inflamed adipose tissue, in mesenteric but not omental 
or subcutaneous adipose tissue predicted insulin resistance. However these were elderly 
men with vascular disease and insulin sensitivity was measured using HOMA index (42). 
In  the obese subjects, both adipose tissue compartments showed influx of macrophages 
and activated T cells suggesting that attraction of immune cells into adipose tissue in 
obesity is not adipose tissue depot-specific. However, activation of the invaded immune cells 
showed a depot specific difference. Surprisingly, visceral adipose tissue showed less pro-
inflammatory features compared to the subcutaneous compartment. Studies on differences 
in inflammation between VAT and SAT show conflicting results. Secretome analyses in pre-
adipocytes from VAT compared to SAT from obese subjects revealed VAT pre-adipocytes 
having higher chemo-attractant properties (43) but the intracellular protein differences in 
between compartments were less prominent prominent suggesting an overlap in expression 
of intracellular inflammatory proteins between AT compartments. Another recent study 
in elderly men with aortic aneurysm and a broader range in BMI, showed that CD68 was 
lowest in SAT and that expression of many inflammatory proteins was similar for omental 
and subcutaneous adipose tissue except for Il-18 and MIF which were higher in omental 
AT (42). However the current study subjects were female, younger on average and without  
vascular disease. The more prominent pro-inflammatory profile in SAT in the obese subjects 
could be explained by lower adiponectin since it has been shown that adiponectin has 
anti-inflammatory properties (44) and adipose tissue expression levels are correlated to 
circulating CRP (45). Finally the higher expression levels of markers of activated T cells in 
VAT might explain the anti-inflammatory phenotype in that compartment because T cells 
exert anti-inflammatory actions (46). We did not perform FACS analyses, which would have 
allowed us to quantify the activated T cell regulatory fraction of CD4 positive cells. Future 
studies are needed to study the potential protective role of T regulatory cells in adipose 
tissue inflammation and insulin resistance.  Furthermore, a future therapy might be directed 
towards blunting the M1 response without affecting M2 polarization by targeting specific 
molecules.  Additional translational studies from rodents to humans are needed since their 
inflammatory responses may be substantially different. Moreover, it has yet to be established 
whether inhibition of the inflammatory response contributes to improvements in glucose 
homeostasis in humans. 
Since our data were analyzed in a cross-sectional manner, we cannot draw conclusions on 
how changes in degree and type of inflammation over time during further weight gain or 
weight loss would affect metabolic health. Thus,  follow up studies are needed to elucidate 
whether modulation of specific inflammatory markers or profiles over time predict changes 
in metabolic health. 
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We conclude that SAT and VAT of morbidly obese and insulin resistant women is characterized 
by influx of macrophages and T cells and that VAT is less pro-inflammatory compared to SAT. 
The latter might be explained by lower expression of adiponectin in SAT and the presence 
of higher anti-inflammatory T cells in VAT. Despite the presence of inflamed adipose tissue 
in these women, none of the inflammatory markers in adipose tissue correlated with insulin 
action in muscle, liver or adipose tissue. 

Acknowledgements

We thank Unga Unmehopa for her assistance with the PCR’s and Edo Aarts for his help in 
recruiting patients.

References
1. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor necrosis factor-α: 

direct role in obesity-linked insulin resistance. Science. 1993; 259:5091:87–91.

2. Tilg H, Moschen AR. Inflammatory mechanisms in the regulation of insulin resistance. Mol Med. 
2008; 14(3-4):222-31. 

3. Osborn O, Olefsky JM. The cellular and signaling networks linking the immune system and 
metabolism in disease. Nat Med. 2012 Mar 6;18(3):363-74. 

4. Carvalheira JB, Qiu Y, Chawla A. Blood spotlight on leukocytes and obesity. Blood. 2013; 
122(19):3263-7. 

5. Ricardo-Gonzalez RR, Red Eagle A, Odegaard JI, et al. IL-4/STAT6 immune axis regulates peripheral 
nutrient metabolism and insulin sensitivity. Proc Natl Acad Sci U S A. 2010; 107(52):22617-22. 

6. Cintra DE, Pauli JR, Araújo EP. Interleukin-10 is a protective factor against diet-induced insulin 
resistance in liver. J Hepatol. 2008 Apr;48(4):628-37. 

7. Weisberg S.P., McCann D., Desai M., Rosenbaum M., Leibel R. L., Ferrante A.W. Obesity is associated 
with macrophage accumulation in adipose tissue. J. Clin. Invest. 112:1796-1808 (2003).

8. Xu H, Barnes G.T., Yang Q., Tan G., Yang D., Chou C.J., Sole J., Nichols A., Ross J.S., Tartaglia L.A., 
Chen H. Chronic inflammation in fat plays a crucial role in the development of obesity-related 
insulin resistance. J. Clin. Invest. 112:1821-1830 (2003). 

9. Cancello R, Henegar C, Viguerie N, et al. Reduction of macrophage infiltration and chemoattractant 
gene expression changes in white adipose tissue of morbidly obese subjects after surgery-
induced weight loss. Diabetes. 2005; 54(8):2277-86.

10. Cinti S, Mitchell G, Barbatelli G, et al. Adipocyte death defines macrophage localization and 
function in adipose tissue of obese mice and humans. J Lipid Res. 2005; 46(11):2347-55.

11. Lumeng CN,  Bodzin JL,  Saltiel AR. Obesity  induces  a  phenotypic  switch  in  adipose 
tissue macrophage polarization. J Clin Invest. 2007; 117(1):175-84.

12. Matsuki T, Horai R, Sudo K, et al. IL-1 plays an important role in lipid metabolism by regulating 
insulin levels under physiological conditions. J Exp Med. 2003; 198(6):877-88.

13. Shevach EM. Regulatory T cells in autoimmmunity. Annu Rev Immunol. 2000;18:423-49.

14. Feuerer M, et al. Lean, but not obese, fat is enriched for a unique population of regulatory T cells 
that affect metabolic parameters. Nat Med. 2009; 15:930–939.



Ch
ap

te
r 6

INFLUX OF MACROPHAGES AND T CELLS IN VISCERAL AND SUBCUTANEOUS ADIPOSE TISSUE  
OF MORBIDLY OBESE WOMEN IS NOT ASSOCIATED WITH INSULIN SENSITIVITY

97

15. Huh JY, Park YJ, Ham M, et al. Crosstalk between adipocytes and immune cells in adipose tissue 
inflammation and metabolic dysregulation in obesity. Mol Cells. 2014; 37(5):365-71.

16. Cipolletta D., Feuerer M., Li A., et al. PPAR-gamma is a major driver of the accumulation and 
phenotype of adipose tissue Treg cells. Nature. 2012; 486:549–553.

17. de Weijer BA, Aarts E, Janssen IMC, et al. (2013) Hepatic and peripheral insulin sensitivity do not 
improve 2 weeks after bariatric surgery. Obesity. 21:1143-7.

18. Ackermans MT,  Pereira Arias AM, Bisschop PH, Endert E, Sauerwein HP, Romijn JA.  The 
Quantification of Gluconeogenesis in Healthy Men by 2H2O and [2-13C]Glycerol Yields Different 
Results: Rates of Gluconeogenesis in Healthy Men Measured with 2H2O Are Higher Than Those 
Measured with [2-13C]Glycerol. J Clin Endocrinol Metab 2001;86:2220-6.

19. Matthews DR, Hosker JP, Rudenski AS, et al.  Homeostasis model assessment: insulin resistance 
and beta-cell function from fasting plasma glucose and insulin concentrations in man. 
Diabetologia. 1985; 28:412–419.

20. Steele R. Influences on glucose loading and of injected insulin on hepatic glucose output. Ann N 
Y Acad Sci 1959; 82:420-30:420-430.

21. DeFronzo RA, Jacot E, Jequier E, et al. The effect of insulin on the disposal of intravenous glucose. 
Results from indirect calorimetry and hepatic and femoral venous catheterization. Diabetes. 
1981; 30(12):1000-7.

22. Ter Horst KW, Gilijamse PW, Koopman KE, et al. Insulin resistance in obesity can be reliably 
identified from fasting plasma insulin. Int J Obes (Lond). 2015.

23. Shepherd PR, Kahn BB. Glucose transporters and insulin action--implications for insulin 
resistance and diabetes mellitus. N Engl J Med. 1999 Jul 22;341(4):248-57.

24. Friedman JM, Halaas JL. Leptin and the regulation of body weight in mammals. Nature. 1998; 
395(6704):763-770.

25. Ye R, Scherer PE. Adiponectin, driver or passenger on the road to insulin sensitivity? Mol Metab. 
2013; 2(3):133-41.

26. Tzameli I, Fang H, Ollero M, et al. Regulated production of a peroxisome proliferator-activated 
receptor-gamma ligand during an early phase of adipocyte differentiation in 3T3-L1 adipocytes. 
J Biol Chem. 2004; 279(34):36093-102. 

27. Ouchi N, Kihara S, Funahashi T, et al. Reciprocal association of C-reactive protein with adiponectin 
in blood stream and adipose tissue. Circulation. 2003;107(5):671-4.

28. Johnson AR, MilnerJJ, Makowski L. The inflammation highway: metabolism accelerates 
inflammatory traffic in obesity. Immunol. Rev. 2012; 249: 218–238.

29. Visser M, Bouter LM, McQuillan GM, Wener MH, Harris TB. Elevated C-reactive protein levels in 
overweight and obese adults. JAMA. 1999 Dec 8;282(22):2131-5.

30. Choi J, Joseph L. Pilote. Obesity and C-reactive protein in various populations: a systematic 
review and meta-analysis. Obes Rev. 2013; 14:232–244. 

31. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in adipose tissue 
macrophage polarization. J Clin Invest 2007; 117:175–84.

32. Patsouris D, Li PP, Thapar D, et al. Ablation of CD11c-positive cells normalizes insulin sensitivity in 
obese insulin resistant animals. Cell Metab. 2008. 8: 301–309.



CHAPTER 6

98

33. Rodríguez A,  Ezquerro S,  Méndez-Giménez L,  et al.Revisiting the adipocyte: a model for 
integration of cytokine signaling in the regulation of energy metabolism. Am J Physiol Endocrinol 
Metab. 2015 ; 309(8):E691-714. 

34. Suganami T,  Nishida J,  Ogawa Y. A paracrine loop between adipocytes and macrophages 
aggravates inflammatory changes: role of free fatty acids and tumor necrosis factor alpha. 
Arterioscler Thromb Vasc Biol. 2005; 25(10):2062-8. 

35. Shi H,  Kokoeva MV,  Inouye K,  et al. TLR4  links  innate immunity  and  fatty  acid-
induced insulin resistance. J Clin Invest. 2006; 116(11):3015-25. 

36. Coll T, Eyre E, Rodríguez-Calvo R, et al. Oleate reverses palmitate-induced insulin resistance and 
inflammation in skeletal muscle cells. J Biol Chem. 2008; 283(17):11107-16. 

37. Preis SR, Massaro JM, Robins SJ, et al. Abdominal subcutaneous and visceral adipose tissue and 
insulin resistance in the Framingham heart study. Obesity (Silver Spring). 2010; 18(11):2191-8. 

38. Catalán V, Gómez-Ambrosi J, Rodríguez A, et al. Expression of S6K1 in human visceral adipose 
tissue is upregulated in obesity and related to insulin resistance and inflammation. Acta Diabetol. 
2015; 52(2):257-66. 

39. Lumeng CN, AR Saltiel.  Inflammatory links between obesity and metabolic disease. J. Clin. 
Invest. 2011; 121: 2111–2117.

40. Jensen MD, Haymond MW, Rizza RA, et al. Influence of body fat distribution on free fatty acid 
metabolism in obesity. J Clin Invest. 1989; 83(4):1168-73.

41. Hocking SL, Stewart RL, Brandon AE, et al. Subcutaneous fat transplantation alleviates diet-
induced glucose intolerance and inflammation in mice. Diabetologia. 2015; 58(7):1587-600. 

42. Kranendonk ME, van Herwaarden JA, Stupkova T, et al. Inflammatory characteristics of distinct 
abdominal adipose tissue depots relate differently to metabolic risk factors for cardiovascular 
disease: distinct fat depots and vascular risk factors. Atherosclerosis. 2015; 239(2):419-27. 

43. Zhu Y, Tchkonia T, Stout MB, et al. Inflammation and the depot-specific secretome of human 
preadipocytes. Obesity (Silver Spring). 2015; 23(5):989-99. 

44. Tilg H, Moschen AR. Adipocytokines: mediators linking adipose tissue, inflammation and 
immunity. Nat Rev Immunol. 2006; 6(10):772-83. 

45. Litvinova L, Atochin D, Vasilenko M, et al. Role of adiponectin and proinflammatory gene 
expression in adipose tissue chronic inflammation in women with metabolic syndrome. Diabetol 
Metab Syndr. 2014; 6(1):137. 

46. Zhong  J, Rao X, Braunstein Z, et al. T-Cell Costimulation Protects Obesity-Induced Adipose 
Inflammation and Insulin Resistance. Diabetes. 2014; 63:1289–1302.



Ch
ap

te
r 6

INFLUX OF MACROPHAGES AND T CELLS IN VISCERAL AND SUBCUTANEOUS ADIPOSE TISSUE  
OF MORBIDLY OBESE WOMEN IS NOT ASSOCIATED WITH INSULIN SENSITIVITY

99

Supplemental data

The following primers were used: CD68 forward primer 5’-GCTGGCTGTGCTTTTCTCG-3’, 
reverse primer 5’-GTCACCGTGAAGGATGGCA-3’ (NM_001251; 197–307); MR forward primer 
5’-TGCAGAAGCAAACCAAACCT-3’, reverse primer 5’-CAGGCCTTAAGCCAACGAAACT-3’;  
MIP-1β/CCL4 forward primer 5’-GCGTGACTG-TCCTGTCTCTCC-3’, reverse 
primer 5’-ACCACAAAGTTGCGAGGAAGC-3’; human GLUT4 forward primer 
5’-TGCTTCACTGCAAGCTGTCT-3’, reverse primer  5’-TAACATGGTGAAACCGCGTA-3’.
Human CD4 forward primer 5´ CAGATCAAGAGACTCCTCAGTGAG AA-3´; reverse primer 
5’-GCCTCGTGCCTCAAATGG-3’; human CD25 forward primer 5’- CCTGGGACAACCAATGTCAAT-3’, 
reverse primer TTCTTCAGGTTGAGGTGTCACTTG-3’; human ITGAX/CD11c 5’-GGAGAAAACG-
TCTTGCTTGG-3’, reverse primer 5’-GTCAAGTCCTTTGGGGAACA-3’; IL10 forward primer 
5’-TGCCTTCAGCAGAGTGAAGACTT-3’, reverse primer 5’-TCCTCCAGCAAGGACTCCTTTA-3’ 
(NM_000572; 197–277); CD163 forward primer 5’-ACATAGATCATGCATCTGTCATTTG-3’, 
reverse primer 5’-ATTCTCCTTGGAATCTCACTTCTA-3’, Human PPARy forward 
primer 5’-GCTGTGCAGGAGATCACAGA-3’; reverse  5’- GGGCTCCATAAAGTCACCAA-3’; 
human adiponectin forward primer 5’-CTGGAACTACAGGCTCATGC-3’; 
reverse 5’-AAGTTGACCAGGTGTGATGG-3’; human leptine forward primer 
5’-AAGGTCACTAGATGGCGAGC-3’; reverse 5’-TTGGCT CACTGTACTCTCCG-3’; IL-1b forward 
primer 5’-AGCAAAAAAGCTTGGTGATGTCT-3’, reverse 5’ –GGACATGGAGAACACCACTTGTT-3’; 
IL18 forward primer 5’-CCAAGGAAATCGGCCTCTATT-3’, reverse 5’- 
CTTCACAGAGATAGTTACAGCCATACCT-3’.


