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Introduction
Patients with T2DM have an increased risk of infectious diseases 

and sepsis and the overall mortality due to infection is nearly twice as 
high when compared to non-diabetic patients [1]. We have previously 
characterised the inflammatory response in plasma and skeletal muscle 
of patients with T2DM to a low-dose bolus of E. coli LipoPolySaccharide 
(LPS), a human-experimental model of systemic inflammation [2,3]. 
Thus, when compared to control subjects with Normal Glucose 
Tolerance (NGT), patients with T2DM exhibit attenuated Tumour 
Necrosis Factor-Alpha (TNF) and InterLeukin (IL)-6 responses. 
The LPS-induced increase in skeletal muscle NF-κB binding activity 
and JNK phosphorylation are furthermore enhanced, whereas the 
gene expression of cytokines was unchanged. The phosphorylation 
of Adenosine Monophosphate-Activated Protein Kinase (AMPK), 
a major player in the regulation of cellular glucose uptake, was 
furthermore increased in the NGT group, but not in T2DM patients 
[3]. Compared to control subject’s patients with T2DM may thus have 
both an impaired ability to respond to pathogen-associated molecular 
patterns, such as LPS, and be more prone to develop dysregulated 
glucose disposal in the context of systemic inflammation [3].

A mounting volume of evidence suggests that adipose tissue 
functions as an endocrine organ that is capable of secreting mediators 
that act both locally and systemically [4,5]. However, the inflammatory 
response of subcutaneous adipose tissue has been only scarcely 
investigated, but adipose tissue dysfunction may contribute to obesity-
induced chronic inflammation, which in turn results in metabolic 
disorders such as impaired glucose tolerance and type 2 diabetes [4]. 
Moreover, since acute inflammation triggers the release of free fatty 
acids from adipocytes, which involves the paracrine and endocrine 
secretome within adipose tissue [6], free fatty acids may modify the 
inflammatory response and contribute to the development of insulin 
resistance during systemic inflammation [7]. In addition, cytokines/
adipokines released from adipose tissue may affect lipid metabolism, 
glucose storage and inflammation. Apart from resident macrophages 
in adipose tissue, adipocytes per se may be able to produce cytokines 
upon proinflammatory stimuli [6,8]. 
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Abstract
Aim: Inflammation is thought to play a major role in impaired metabolism. However, the metabolic and 

inflammatory response of adipose tissue, to a pro-inflammatory stimulus is poorly defined in patients with Type 
2 Diabetes Mellitus (T2DM). We therefore aimed to investigate whether adipose tissue in T2DM would display an 
altered response to E. coli LipoPolySaccharide (LPS). 

Materials and methods: Twelve patients with T2DM and 12 control subjects received an intravenous bolus 
injection of LPS (0.3 ng/kg). Abdominal subcutaneous adipose tissue biopsies, serum and plasma were obtained 
at 0, 2, 4, 6 and 8 hours after LPS. The gene expression of Tumour Necrosis Factor-α (TNF), InterLeukin-6 (IL-6), 
lipoprotein lipase (LPL), hormone sensitive lipase (HSL), fatty acid synthase (FASN), adiponectin and peroxisome 
proliferator-activated recptor γ (PPARγ) was analysed by real time reverse transcription Polymerase Chain Reaction 
(PCR).

Results: The expression of TNF and IL-6 in adipose tissue increased after LPS administration without any 
difference between groups (2-way ANOVA, effect of time: p<0.001 and p=0.0001, respectively). In contrast, the 
expression of LPL, HSL and adiponectin in adipose tissue increased only in control subjects (2-way ANOVA, effect 
of time X group: p=0.03; p=0.02 and p=0.02, respectively). There was no effect of LPS on FASN or PPARγ in either 
group.

Conclusion: Patients with T2DM demonstrate a resistance to LPS in terms of inducing important mediators of 
lipolysis and lipogenesis, although the expression of TNF and IL-6 in adipose tissue increased in both groups. And 
thus, adipose tissue may contribute to the acute inflammation-related metabolic complications seen in T2DM.
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In the present study we hypothesized that the adipose tissue response 
to a pro-inflammatory stimulus may influence whole-body metabolism 
and that this response is specifically impaired in patients with T2DM. 
We thus expected patients with T2DM to exhibit an attenuated LPS-
induced increase in the gene expression of inflammatory, lipolytic, and 
lipogenic mediators within adipose tissue when compared to NGT 
control subjects.

Material and Methods 

Ethical approval

This study was approved by the scientific ethical committee of 
Copenhagen and Frederiksberg Municipalities (KF 01-320695). The 
trial was registered with ClinicalTrials.gov (Registration Number: 
NCT 00412906) and the study conformed to the latest revision of the 
Declaration of Helsinki.

Subjects

From a larger intervention study [2], a subset of 12 male subjects 
with T2DM and 12 age-matched male subjects with normal glucose 
tolerance (controls) were retrospectively selected. After ethical approval 
and informed consent, each subject underwent a physical examination 
including blood sampling for general medical screening and a fitness 
test. The presence or absence of T2DM was determined by a 2-hour 
Oral Glucose Tolerance Test (OGTT) in accordance with the WHO 
classification criteria [9]. Exclusion criteria were symptoms or medical 
history of cardiovascular, pulmonary, renal or autoimmune diseases, as 
well as treatment with insulin, systemic anti-inflammatory drugs, anti-
coagulants, ACE-inhibitors or angiotensin II-antagonist. Diabetes-
related medications, including statins, were withheld for seven days 
prior to the study; all other types of medication were withheld for 24 h 
before the study day [2]. No volunteer experienced fever or any other 
symptom of infection during the 14 days preceding the study day.

Oral glucose tolerance test 

Following baseline venous blood samples, subjects drank 500 
ml of water containing 75 g of dissolved glucose, and blood samples 
for measurement of plasma glucose were collected after 60 and 120 
minutes.

LPS administration

The LPS experimental design has been described previously [10]. 
Briefly, peripheral IV catheters were placed in an antecubital vein 
bilaterally for blood sampling and the administration of LPS and 
fluids. Heart rate, noninvasive blood pressure and peripheral oxygen 
saturation were continuously monitored. An intravenous bolus 
injection of E. coli LPS was administered at a dose of 0.3 ng/kg after 
baseline blood samples and a subcutaneous adipose tissue biopsy had 
been obtained. 

Blood samples

Blood samples for measurement of adiponectin and free fatty acids 
were drawn at baseline and hourly until 8 h after LPS administration 
by spinning of whole blood, drawn into tubes either containing EDTA 
or Serum Sep Clot Activator, at 3500 rpm for 15 min at 4°C. Plasma 
and serum samples were stored at -80°C until further analyses. Total 
adiponectin serum concentrations were determined in duplicate by 
using an MSD Human ElectroChemiLuminescent (ECL) assay (MESO 
Scale Discovery, USA, Maryland, cat. No.K151BXC-1) and mean 
concentrations were calculated. Plasma free fatty acids concentrations 

were determined by a commercially available kit (Wako Chemicals, 
Germany, cat. No. 999-75406). 

Subcutaneous adipose biopsy

After anaesthetising (2 ml Lidocain 2%) the skin on the abdomen 
near the umbilicus, ~100 mg subcutaneous adipose tissue was extracted 
with a Bergstrom biopsy needle under sterile conditions at time points 
0, 2, 4, 6 and 8 hours post LPS administration. Subcutaneous adipose 
tissue biopsies were rinsed with sterile saline, removed of any visible 
vasculature, frozen in liquid nitrogen, and stored at -80°C until 
analyzed. 

RNA isolation and qPCR 

Adipose tissue samples were homogenised (approximately 60 mg 
subcutaneous adipose tissue) in 1 mL of Trizol (Invitrogen, USA) 
using a Tissuelyzer (Qiagen, Retsch GmbH, Germany). Total RNA 
was isolated from adipose tissue according to the manufacturer’s 
protocol (Invitrogen, Carlsbad, CA, USA). Total RNA was dissolved 
in elution buffer (10 mM Tris) and quantified using a Nanodrop 
1000 spectrophotometer Thermo Scientific (Saveen Werner ApS, 
Denmark). Equal amounts of RNA were reverse transcribed using the 
High Capacity Reverse Transcription kit (Applied Biosystems, Foster 
City, CA) according to manufactures protocol. qPCR was performed 
in triplicate on 10 µL reactions containing 15 ng of cDNA and SYBR 
green master mix (Applied Biosystems, Carlsbad, CA, USA) using 
384-well plates loaded on an ABI-PRISM 7900 Sequence Detection 
system (Applied Biosystems, Foster City, CA), with 40 cycles (two 
steps: 95°C for 15 s followed by 60°C for 30 s). Standard curves and 
dissociation curves for each primer set were done to ensure for equal 
efficiencies and single product formation. Primer sequences are listed 
in table 1. IL-6 and TNF cDNA were amplified using molecular 
primer/probe assays with the TaqManH Universal PCR Master Mix 
(Applied Biosystems, Branchburg, NJ, US) and normalised to an 18S 
pre-developed Taqman assay from Applied Biosystems, Branchburg, 
NJ, US (catalog # 4310893E) as previously described [3] and all other 
genes were normalised to 18S SYBR as previously described [11]. The 
18S values showed no difference between the groups in the two analysis 
techniques. Genes of interest were normalised to 18S using the 2-ΔΔCt 
method (User Bulletin No. 2, ABI PRISM 7700 Sequence Detection 
System) [12] and was used to calculate the relative changes in mRNA 
abundance. 

Statistical analysis 

Data for subject characteristics (age, body mass index BMI, 
fasting glucose, HbA1c, HOMA2-IR) are presented as mean and 95% 
confidence interval (95% CI). A one-way ANOVA was performed 
for the between-group comparisons (patients with T2DM vs. control 
subjects) at baseline. Between-group variation over time were analyzed 
with a two-way ANOVA for longitudinal measurements (SAS 9.1 proc 
mixed) investigating the effect of time (hours post LPS), the effect 
of diabetes, and the effect of time in interaction with diabetes on the 
outcome variable. A correlation was performed (GraphPad Prism) to 
calculate the relation between HOMA2-IR and baseline glucose levels 
to delta gene expression changes (from baseline and 4 hours post 
LPS). Models were fitted by backward regression, and goodness-of-fit 
was assessed by evaluating the distribution of the residuals. Dunnett-
adjusted post-hoc t-tests were performed if the ANOVA indicated a 
significant effect of time, in order to identify significant differences 
from baseline. P<0.05 was considered statistically significant, in the 
post-hoc t-tests. 
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Results
Subject characteristics

Baseline characteristics of the participants are shown in table 
2. Patients with T2DM had higher baseline levels of fasting plasma 
glucose, HOMA2-IR and HbA1c and lower VO2max (p<0.05), but were 
otherwise comparable to control subjects.

The adipose tissue cytokine expression increases after LPS
At baseline there were no differences in the expression of TNF and 

IL-6 between patients and controls. After LPS administration, both 
groups demonstrated increased TNF and IL-6 expression in adipose 
tissue (Figures 1A and 1B), but with no difference between groups. 

Adipose tissue from patients with T2DM is resistant to LPS 
induced increases in lipolytic gene expression

The expression of LPL, HSL and FASN were not different between 
the two groups at baseline. LPS administration increased adipose tissue 
gene expression of the lipolytic proteins, LPL and HSL in healthy 
controls, but not in patients with T2DM (Figures 1C and 1D). In 
contrast, there was no effect of LPS on the expression of the lipogenic 
marker, Fatty Acid Synthase in either group (FASN) (Figure 1E).

Adipose tissue from patients with T2DM is resistant to LPS 
induced increases in adiponectin expression

There was no difference between the expression of adiponectin 
and PPARγ between groups at baseline. Adiponectin expression 
increased in the control subjects, but not in patients with T2DM after 
LPS administration (Figure 1F). However, despite this difference in 
gene expression, there was no difference in serum levels of adiponectin 

between groups in response to LPS (data not shown). Moreover, there 
was no effect of LPS administration on the expression of PPARγ, 
an adipogenic transcription factor that increases the expression of 
adiponectin (Figure 1G).

FFA levels in plasma 

Based on the mRNA data, we hypothesized that we would detect a 
more pronounced LPS-induced increase in plasma FFA levels in control 
subjects compared to patients with T2DM. However, although LPS 
increased plasma FFA in both groups, there was no difference between 
groups (Figure 2). The relation between LPS-induced gene expressions 
changes to insulin resistance and glucose levels, respectively. The affect 
of LPS on gene expression changes was defined as delta fold change in 
gene expression from baseline and 4 hours post LPS administration 
for HSL, LPL and adiponectin. Both HOMA2-IR and baseline glucose 
levels for each subject was respectively related to the delta fold change in 
gene expression. There were no significant correlations between either 
insulin resistances (HOMA2-IR) (P>0.5) or glucose levels (P>0.5) to 
the delta change in gene expression of HSL, LPL or adiponectin from 
baseline to 4 hours post LPS administration.  

Discussion
The present study showed that subcutaneous adipose tissue from 

patients with T2DM exhibits an altered metabolic response to a pro-
inflammatory stimulus when compared to that from non-diabetic 
controls. Although a bolus of LPS elicited an increase in TNF and IL-6, 
both in the control and the T2DM group, the adipose tissue in patients 
with T2DM appeared to be resistant to activation of lipolytic genes as 
well as adiponectin.

The intravenous infusion of LPS is a well-characterized model to 

Gen Primer Sequence Probe
18s Fwd 5’ GCAATTATTCCCCATGAACG 3’

Rev 5’ GGCCTCACTAAACCATCCAA 3’
TNF Fwd 5’ GGAGAAGGGTGACCGACTCA 3’

Rev 5’ TGCCCAGACTCGGCAAAG 3’
CGCTGAGATCAATCGGCCCGACTA

IL-6 Fwd 5’ CCAGGAGCCCAGCTATGAAC 3’
Rev 5’ CCCAGGGAGAAGGCAACTG 3’

CCTTCTCCACAAGCGCCTTCGGT

LPL Fwd 5’ CCATGGCTGGACGGTAACAGGA 3’
Rev 5’ GCCCGCGGACACTGGGTAAT 3’

HSL Fwd 5’ CTCAGTGTGCTCTCCAAGTG 3’
Rev 5’ CACCCAGGCGGAAGTCTC 3’

FASN Fwd 5’ TGGTCACGGACGATGACCGTC 3’
Rev 5’ GGTTGATGCCTCCGTCCACGAT 3’

Adiponectin Fwd 5’ AAAACCTCCCCCAAGCAGAGCTTC 3’
Rev 5’ TGAGGAACAGGGATGAGTTCAGCA 3’

PPARγ Fwd 5’ CTTATCTATGACAGATGTGATCTT 3’
Rev 5’ GCTGGTCGATATCACTGGAGA 3’

Table 1: qPCR Primer sequences.

Subjects are age-matched males from a larger cohort [2]. Data are presented as means and 95% confidence intervals (95% CI)

Table 2: Subject characteristics.

Baseline T2DM (n=12)
Mean                      95% CI

Controls (n=12)
Mean                      95% CI

P-values

Median Age 56.2 48-65 58 52-65 NS
BMI 29.4 25-34 27.7 24.7-30.7 NS
HbA1c (%) 8.1 6.5-9.7 5.7 5.4-6.0 0.003
Fasting plasma glucose (mmol/l) 11.5 8,6-14,4 5.5 5,1-5,9 0.0002
VO2max/kg
(ml kg-1 min-1)

19.6 16.4-22,8 37.3 28.6-45.9 0.004

FFA (μmol/L) 578 466-690 477 388-567 NS
HOMA2-IR 2.2 1.1-3.2 1.0 0.8-1.2 <0.0001
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Figure 1: A-G: TNFα, IL-6 LPL, HSL, FASN, adiponectin and PPARγ mRNA levels in adipose tissue after LPS administration.

a. Fold changes (mean and 95% confidenceintervals) from baseline in mRNA gene expression of TNFα

b. IL-6, C) LPL, D) HSL, E) FASN, F) Adiponectin, G) PPARγ 

in abdominal subcutaneous adipose tissue biopsies obtained immediately before, 2; 4; 6 and 8 hours following LPS administration (0.3 ng/kg) in 12 volunteers with 
type 2 diabetes (T2DM) (filled squares) and 12 controls  (open circles). A two-way ANOVA was used to assess the main effect of time, group and their interaction 
(Time*Group).  If a significant effect of time was found, a post-hoc t test was applied whereby * indicates P <0.05 in controls and ¤ indicates P<0.05 in patient with 
T2DM when comparing each time point after LPS with baseline.
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study systemic inflammation and immune response, inducing cytokine 
release and pathway activation at virtually no risk to participants [13]. 
LPS administration is known to elicit lipolysis in adipocyte cell cultures 
as well as healthy humans [14,15], and lipolysis is similarly enhanced 
during sepsis and acute inflammation [16]. This may be triggered 
directly by LPS or indirectly by circulating cytokines [14,16-18].

Circulating LPS have previously been demonstrated in subjects 
without notable infection and in patients with T2DM [19,20]. It is 
possible that such chronic low-grade exposure to LPS may induce LPS 
tolerance, and thus explain the blunted response to LPS administration 
seen in patients with T2DM [21]. LPS tolerance has been suggested to 
involve epigenetic modifications that increase promoter methylation 
of pro-inflammatory cytokines, such as TNF-α [22]. This assertion 
is consistent with previously published data from a larger cohort, 
which showed that patients with T2DM fail to increase plasma levels 
of cytokines to a similar extent to that of control subjects in response 
to LPS [2]. The similar increase of LPS-induced expression of adipose 
tissue TNF and IL-6 observed in the present study may, however, 
suggest that patients with T2DM are not resistant to all effects of LPS. 
Hence, the expression of TNF and IL-6 in skeletal muscle tissue has 
previously been found to exhibit similar increases in patients with 
T2DM and control subjects in response to LPS [3]. One putative 
explanation is that the plasma cytokine response is principally elicited 
by intravascular immune cells, such as mono- and lymphocytes, which 
may be rendered tolerant by the chronically elevated plasma LPS levels 
in T2DM. In contrast, these very low levels of intravascular LPS may not 
affect skeletal muscle and subcutaneous adipose tissue, which therefore 
retain their ability to mount an inflammatory response to LPS.

In the present study, a peak increase in the expression of TNF 
in adipose tissue was observed 2 hours after LPS administration, in 
accordance with the observation that systemic circulating plasma levels 
of TNF peak at the same time point post LPS [2,23,24]. The expression 
of the lipolytic markers, HSL and LPL, peaked 4 hours after LPS 
administration in subcutaneous adipose tissue in controls, suggesting 
a possible effect by systemic and/or local cytokines on lipolysis. We 
observed that the increase in HSL and LPL gene expression was blunted 
in patients with T2DM, suggesting an inability of the diabetic adipose 

tissue to respond to LPS-induced metabolic challenge to the body. 
Thus, during sepsis and acute inflammation, an immediate increase in 
plasma FFA may act as a response to mobilize energy needed for the 
host to combat inflammation [25]. 

In contrast to other studies reporting a reduced lipolytic activity 
[26] and lower expression of HSL in subcutaneous adipose tissue 
from patients with insulin resistance and obese subjects [27,28], we 
found a similar mRNA expression of HSL and LPL in controls and 
patients with T2DM at baseline. However, we were unable to measure 
protein or activity levels. If LPS induced a similar increase in LPL and 
HSL expression, FFA could be expected to be higher in the diabetics 
compared to the control group, which was not the case; however, 
after LPS, FFA levels increased to a similar extent in both groups. 
We speculate, first, that other fat depots in the body may have been 
responsible for the increase in FFA levels after LPS in the diabetic 
group. Thus, while the abdominal subcutaneous fat depot is usually 
considered the main source of FFA into plasma [29], a small proportion 
arises from leg and intra-abdominal adipose tissue [30-32]. Secondly, 
we propose that the attenuated LPL and HSL expression response in 
the subcutaneous adipose tissue in patients with T2DM encompasses 
compensatory mechanism that serves to limit the systemic levels of FFA 
upon pro-inflammatory stimuli. Lastly, lipolysis driven by HSL, which 
is regulated either by induction of gene expression or by alteration in 
its phosphorylation state [6], may be more sensitive to phosphorylated 
HSL or thus compensate for the lack of response in gene expression in 
T2DM. 

The mechanisms behind the blunted LPS stimulated metabolic 
response in patients with T2DM are not fully understood. In the 
present study, insulin resistance or high glucose levels do not seem 
to affect the LPS-resistance observed in patients with T2DM, as LPS-
induced changes in gene expression of HSL, LPL and adiponectin were 
not related to HOMA2-IR or glucose. However, further studies are 
necessary to fully investigate these responses in model systems. 

In vitro studies have shown that catecholamines induce lipolysis 
in adipocytes; furthermore, preadipocytes isolated from obese 
subjects have significantly reduced HSL gene expression, suggesting 
that obesity is associated with an impaired intrinsic lipolytic activity 
[26,33,34]. As an alternative explanation, we cannot exclude a possible 
drug-induced anti-lipolytic effect in the T2DM subjects, even though 
they had stopped their anti-diabetic medication one week prior to the 
study. For example, a recent cell culture study showed that the anti-
diabetic drug, metformin, reduces lipolysis stimulated by LPS and 
TNF in human adipocytes via HSL [35]. Moreover, the expression of 
HSL has been related to the degree of lipolysis in human fat cells [36]. 
Finally, alternative lipolytic pathways may be activated in patients with 
T2DM; hence, HSL deficient mice were lean and resistant to genetic 
and diet-induced obesity, indicating that other lipases were involved 
in controlling the mobilization of fatty acids from fat depots [37,38].

Adiponectin

Although studies show that adiponectin levels are decreased in 
obese and T2DM patients [39], we found no such difference between 
control and T2DM subjects at baseline. In response to LPS, the 
expression of adiponectin increased in controls, but not in patients 
with T2DM; this finding in control subjects, as well as the finding that 
plasma adiponectin levels were unchanged after LPS, is supported by 
previous studies [23,24]. The adipose expression of adiponectin was 
increased, and plasma levels remained relatively constant in control 
subjects. With regard to the expression of PPARγ, we found the same 
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Figure 2: Free fatty acid (FFA) levels in plasma measured immediately before 
and during the 8 hours following LPS administration (0.3ng/kg) in 12 patients 
with T2DM (filled squares) and 12 controls (open circles). Data are presented as 
μmol/L and 95% confidence interval. A two-way ANOVA was used to assess the 
main effect of time, group and their interaction (Time*Group). A significant main 
effect of time was found and a post-hoc t test was applied whereby * indicates 
p<0.05 in controls and ¤ indicates P<0.05 in patients with T2DM versus time 
point 0 hr.
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trend as adiponectin, although not statistically significant. PPARγ is 
usually considered a major transcriptional activator of adiponectin [40]; 
the absence of an increase in the mRNA of this enzyme may thus be due 
to a type 2 statistical error, or, alternatively, additional activators may 
exist. In the present study, we hypothesized that patients with T2DM 
would display an attenuated increase in gene expression of lipogenic 
mediators within adipose tissue following LPS administration. As an 
insulin sensitizing and anti-inflammatory hormone, the increased 
expression of adiponectin in adipose tissue of control subjects may 
represent a compensatory mechanism to counteract insulin resistance 
during an inflammatory stimulus. However, patients with T2DM do 
not appear to be able to respond adequately to the metabolic effects 
of inflammation by increasing expression of adiponectin, which may 
have implications for the degree of insulin resistance during an acute 
inflammation.

Conclusion
In conclusion, patients with T2DM demonstrate an attenuation of 

LPS-induced metabolic changes in adipose tissue, which is compatible 
with an impaired homeostatic reaction to a pro-inflammatory stimulus. 
This reduced response may cause dysmetabolic changes as part of a 
complex pattern of pathophysiological mechanisms that contribute to 
the poor prognosis associated with infection in patients with T2DM. 
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