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Abstract
Purpose: 2-deoxy-2-[18F]fluoro-D-glucose ([18F]FDG) uptake is a marker of metabolic activity
and is therefore used to measure the inflammatory state of several tissues. This radionuclide
marker is transported through the cell membrane via glucose transport proteins (GLUTs). The
aim of this study is to investigate whether insulin resistance (IR) or inflammation plays a role in
[18F]FDG uptake in adipose tissue (AT).
Procedures: This study consisted of an in vivo clinical part and an ex vivo mechanistic part. In
the clinical part, [18F]FDG uptake in abdominal visceral AT (VAT) and subcutaneous AT (SAT)
was determined using PET/CT imaging in 44 patients with early type 2 diabetes mellitus (T2DM)
(age 63 [54–66] years, HbA1c [6.3 ± 0.4 %], HOMA-IR 5.1[3.1–8.5]). Plasma levels were
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measured with ELISA. In the mechanistic part, AT biopsies obtained from 8 patients were
ex vivo incubated with [18F]FDG followed by autoradiography. Next, a qRT-PCR analysis was
performed to determine GLUT and cytokine mRNA expression levels. Immunohistochemistry
was performed to determine CD68+ macrophage infiltration and GLUT4 protein expression in
AT.
Results: In vivo VAT [18F]FDG uptake in patients with T2DM was inversely correlated with
HOMA-IR (r = − 0.32, p = 0.034), and positively related to adiponectin plasma levels (r = 0.43, p =
0.003). Ex vivo [18F]FDG uptake in VAT was not related to CD68+ macrophage infiltration, and
IL-1ß and IL-6 mRNA expression levels. Ex vivo VAT [18F]FDG uptake was positively related to
GLUT4 (r = 0.83, p = 0.042), inversely to GLUT3 (r = − 0.83, p = 0.042) and not related to GLUT1
mRNA expression levels.
Conclusions: In vivo [18F]FDG uptake in VAT from patients with T2DM is positively correlated
with adiponectin levels and inversely with IR. Ex vivo [18F]FDG uptake in AT is associated with
GLUT4 expression but not with pro-inflammatory markers. The effect of IR should be taken into
account when interpreting data of [18F]FDG uptake as a marker for AT inflammation.
Key Words: [18F]FDG, GLUT, Adipose tissue, Diabetes, Insulin resistance

Introduction
Abdominal obesity is strongly associated with the development of type 2 diabetes mellitus (T2DM), cardiovascular
disease (CVD) and premature mortality, and therefore
represents a rapidly growing threat for public health [1, 2].
Adipose tissue (AT) does not only provide storage of lipids
but also functions as an endocrine organ with adipocytes that
are able to secrete pro-inflammatory (e.g., interleukin (IL)-6,
IL-1ß) and anti-inflammatory (e.g., adiponectin) cytokines,
mediators also known as adipokines [3]. Also, macrophages
and other immune-cells are distributed throughout the AT,
and able to produce pro-inflammatory cytokines. Inflammatory processes are an important component of the development of CVD and, therefore, pro- and anti-inflammatory
adipokines play a major role in the relation of AT and CVD
risk [4]. Abdominal AT can be subdivided into visceral AT
(VAT) and subcutaneous AT (SAT). Adiponectin levels are
decreased in subjects with high VAT volume and T2DM [5].
The production of adipokines is influenced by the degree of
influx of inflammatory cells, predominantly proinflammatory macrophages [6]. AT macrophage infiltration
plays an important role in the development of insulin
resistance (IR) and, therefore, T2DM [7]. Accordingly, an
increased VAT inflammatory state with exaggerated
adipokine production might contribute to an increased risk
for developing CVD in T2DM [8–11]. Although inflammation is suspected to play a central role in AT dysfunction, to
our knowledge, no validated in vivo method to assess the
local inflammatory state of AT is currently available.
2-deoxy-2-[ 18 F]fluoro- D -glucose ([ 18 F]FDG) is a
radiolabeled glucose analogue that enters the cell through
glucose transporter (GLUT)-mediated uptake and is clinically used to assess metabolic activity performed on PET
[12, 13]. In addition, [18F]FDG uptake in AT has been
assessed as a marker of the AT inflammatory state in

previous studies [13–15] which showed that [18F]FDG
uptake was higher in VAT compared with SAT [14, 16].
Obesity has shown to decrease VAT [18F]FDG but not SAT
[18F]FDG uptake, indicating that AT expansion affects
glucose metabolism in VAT [16]. In fact, the presence of
IR and diabetes increased SAT glucose uptake [17, 18].
The expression level of GLUT1 and GLUT3 was shown
to be positively correlated with [18F]FDG uptake in tumour
tissue [19]. Also, GLUT1 and GLUT3 are shown to play a
role in immune responses [20, 21]. GLUT1 is mainly
expressed in the brain, by erythrocytes and endothelial
cells, whereas GLUT3 is mainly expressed in neurons and
placenta [22]. In addition, GLUT1 and GLUT3 are
generally insulin independent [23, 24]. AT, however, is
characterized by the expression of insulin-dependent
GLUT4 [25, 26]. Since AT expresses GLUTs, it is
reasonable to assume that adipocytes are able to absorb
[18F]FDG. GLUTs are dysregulated by IR in patients with
T2DM [27]. Inflammatory cells play an additional important role in IR. Therefore, we hypothesise that IR affects
[18F]FDG uptake, by affecting GLUTs, in relation to AT
inflammation. The aim of this translational study was to
characterize the relation of [18F]FDG uptake with IR and
inflammation in AT.

Materials and Methods
Study Design
This study consisted of 2 parts: an in vivo clinical part in
which a single-centre cross-sectional study was performed
using [18F]FDG-PET data from the previously conducted
RELEASE trial [28, 29], and a mechanistic validation study
part in which ex vivo [18F]FDG uptake in AT was associated
with GLUT expression and inflammatory state. The protocols of the in vivo [18F]FDG-PET/CT scan in patients with
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T2DM, and the ex vivo imaging of [18F]FDG incubated
VAT and SAT biopsies were both reviewed and approved
by the Medical Ethical Institutional Review Board of the
UMCG (METC numbers 2013-080 and 2017-581, respectively). These studies were performed in compliance with
the principles of the Declaration of Helsinki.

Informed Consent
Informed consent was obtained from all individual participants included in the study.

Study Population
Eligibility criteria for the in vivo imaging study were
described in detail previously [28]. In short, 44 eligible
patients with early T2DM without glucose-lowering drug
treatment and aged between 30 and 70 years were included.
T2DM was defined according to the American Diabetes
Association criteria [30]. Exclusion criteria were current
glucose-lowering drug use, uncontrolled hypertension (SBP
9 160 mmHg or DBP 9 100 mmHg) and history of CVD
defined as stable coronary artery disease or acute coronary
syndrome, stroke or transient ischemic attack or peripheral
arterial disease.
Clinical characteristics were presented in Table 1. In
summary, 61 % was male and median age was 63 years. The
participants were obese (median BMI 30 [28-36]), but
glycaemic indices were relatively low for a population with
T2DM. The pre-scan fasting glucose level was 7.4 ±
0.97 mmol/l (133 ± 18 mg/dl).

To investigate which type of cells within AT might be
responsible for the uptake of [18F]FDG based on GLUT
expression, and correlation with inflammatory profile
markers, AT biopsies were obtained. For this indirect
validation, 8 patients undergoing intestinal laparotomy
surgery (for colorectal carcinoma) were included (4 with
T2DM [75 % male] and 4 without T2DM [100 % male]).
The main aim of this ex vivo study was to evaluate the
association between [18F]FDG uptake and GLUT- and
inflammatory marker expression rather than comparing
T2DM with non-T2DM. Furthermore, this group was
suitable for the VAT and SAT biopsies because of the
negligible extra invasive actions. Exclusion criteria were
presence of inflammatory diseases and T1DM. From each
patient, a biopsy of ~ 1 cm3 from the mesenteric AT, as part
of VAT, was taken from the extracted bowel part. A ~ 1 cm3
SAT biopsy was obtained at the end of the operation during
wound closure.

Clinical and Laboratory Assessments
The following demographic data were evaluated: age, sex,
weight, BMI and blood pressure. All blood samples for the
in vivo imaging study were obtained in the morning after at
least 8 h of overnight fasting. Plasma glucose, insulin,
HbA1C, lipid profile and high sensitive C-reactive protein
(hs-CRP) were measured with routine automated assays.
Adiponectin and leptin plasma levels were determined with
enzyme-linked immunosorbent assay (ELISA) kits (respectively EZHADP-61 K and EZHL-80SK, Linco Research, St
Charles, Mo, USA). IR was estimated with the HOMA-IR:
fasting insulin × (fasting glucose / 22.5) [31].

Table 1. Characteristics of both study populations

Male gender (n)
Age (years)
Diabetes duration (years)
Weight (kg)
BMI (kg/m2)
Systolic blood pressure (mmHg)
HbA1C (%)
HOMA-IR
Fasting insulin (mU/l)
Total cholesterol (mmol/l)
HDL (mmol/l)
LDL (mmol/l)
Triglycerides (mmol/l)
Fasting glucose (mmol/l)
Adiponectin (ng/ml)
High sensitive C-reactive protein (mg/l)
Visceral adipose tissue volume (dm3)
Subcutaneous adipose tissue volume (dm3)
VAT-SUVmean
SAT-SUVmean

18

In vivo PET/CT type 2 diabetes mellitus cohort (n = 44)

Ex vivo

27 (61 %)
63 [54–66]
1 [0–4]
97 ± 15
30 [28–36]
137 [127–147]
6.3 ± 0.43
5.1 [3.1–8.5]
15.3 [9.40–23.6]
4.8 ± 0.95
1.3 [1.1–1.5]
3.1 ± 1.0
1.4 [0.91–2.0]
7.4 ± 0.97a
7.9 [6.3–10.5]
1.2 [0.70–3.1]
7.97 [6.55–10.58]
8.86 [5.57–13.31]
0.62 [0.56–0.72]
0.36 [0.32–0.39]

7 (88 %)
75 [60–77]
10 [4–19]b
87 [77–95]
28 [24–32]
140 [132–147]
7.1 [6.5–9.6]

F-FDG uptake cohort (n = 8)

Data are presented as mean ± SD (when normally distributed) or as median with [IQR] (when not normally distributed). an = 43, bn = 4
BMI body mass index, IR insulin resistance, HDL high-density lipoprotein, LDL low-density lipoprotein, VAT visceral adipose tissue, SAT subcutenous
adipose tissue, SUV standardized uptake value, FDG fluordeoxyglucose
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In Vivo [18F]FDG-PET/CT Imaging
All [18F]FDG-PET/CT scans were performed on a Siemens
Biograph 64 slice PET/CT scanner (Siemens Medical
Systems, Knoxville, TN, USA) according to the European
Association of Nuclear Medicine (EANM) procedure guidelines for [18F]FDG imaging [32]. Participants fasted for a
minimum of 8 h, and blood glucose concentrations were
ensured to be less than 11 mmol/l before 3 MBq [18F]FDG/
kg body weight was administered intravenously. A low dose
(LD)CT was performed before the PET emission for
anatomic localization and attenuation correction. PET
emission data were acquired from the skull to knee, 3 min
per bed position, 60 min post-injection [18F]FDG.

In Vivo Adipose Tissue Analysis
All PET/LDCT measurements were performed with
MATLAB software (version R2015b the MathWorks, Inc.,
Natick, MA, USA). In order to analyse the entire abdomen,
all slices from lumbar vertebral levels L1 to L5 were
manually selected. AT (dm3) was initially segmented by
thresholding the CT images between − 174 and − 24
Hounsfield units (HU) [14, 33]. This semi-automated
method was previously described in more detail [34].
[18F]FDG uptake in AT was determined in PET images
based on the CT volumes [34], and expressed as mean
standardized uptake value VAT-SUVmean and SAT-SUVmean
respectively.

Ex Vivo [18F]FDG Uptake in Adipose Tissue
The AT biopsies were incubated in 0.99 [0.93–1.04] MBq/
ml [18F]FDG for 60 min at room temperature. Different
incubation concentrations of unlabeled (cold) glucose were
used in order to investigate if [18F]FDG uptake was
mediated by GLUTs. The following 3 conditions were
tested: no glucose, 0.25 % glucose and 2.5 % glucose. After
incubation, the AT biopsies were rinsed with phosphatebuffered saline (PBS).
In order to determine [18F]FDG uptake ex vivo, autoradiography with a GE Amersham™ Typhoon™ and gamma
counter with WIZARD2® 2480 Automatic were performed.
As assessed by autoradiography, [18F]FDG uptake was
expressed as percentage of incubated dose per area in mm2
(%Inc./mm2), calculated with OptiQuant® version 3.00. In
addition, gamma counter expressed [18F]FDG uptake as
percentage of incubated dose per gram tissue (%Inc./g).
Both uptake values were corrected for background radiation.

Immunohistochemistry
Parts of the ex vivo imaged AT biopsies were formalin-fixed
and embedded in paraffin to study CD68+ macrophage

infiltration and GLUT4 expression using immunohistochemistry. Sections of 3 μm thickness were cut using a microtome
(RM2245, Leica Biosystem, Germany) and mounted on
glass slides.
Sections were deparaffinised in xylene and rehydrated in
a graded series of ethanol and heat-induced antigen retrieval
was performed by incubation overnight in Tris HCL pH 9 at
80 °C (CD68) or sub-boiled for 10 min in 10 mM sodium
citrate buffer pH 6 (GLUT4). After cooling down, endogenous peroxidase activity was blocked in H2O2 0.03 % for
30 min and sections were then incubated with Monoclonal
Mouse Anti-Human CD68 (PMG1, 1:250 DAKO) for
60 min at room temperature or with anti-GLUT4 antibody
(Novus, pAb no. NBP1-49533, 1:100) overnight at 4 °C.
Incubation with primary antibody CD68 was followed by
incubation for 30 min with Rabbit Anti-Mouse (RAM)-HRP
(P0260, DAKO Denmark) and 30 min Goat Anti-Rabbit
(GAR)-HRP (P0448, DAKO, Denmark) polyclonal antibodies in 1 % human serum/1%BSA/PBS. GLUT4 primary
antibody incubation was followed by incubation for 30 min
with Goat Anti-Rabbit (GAR)-HRP (P0448, DAKO, Denmark) and 30 min Rabbit Anti-Goat (RAG)-HRP (P0449,
DAKO, Denmark) polyclonal antibodies in 1 % human
serum/1%BSA/PBS. After incubation with the chromogen
3,3′-diaminobenzidine, haematoxylin counterstaining was
performed followed by dehydration with ethanol and
covered with Tissue-Tek Film (Sakura Coverslipper).
Stained sections were digitalized with a NanoZoomer
S360 (Hamamatsu, Japan) slide scanner. Digitalized sections
were analysed with the ImageScope software package
(Aperio, Leica Biosystems Imaging, USA). The standard
algorithm Positive Pixel Count 2004-08-11 version 8.100
was used for quantification of positive staining. Only strong
positive pixels were counted as representation of CD68+
macrophages and were corrected for surface area. GLUT4
staining was analysed qualitatively.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction
To determine expression of GLUTs and cytokines IL-1ß and
IL-6, real-time quantitative Reverse TranscriptionPolymerase Chain Reaction (qRT-PCR) was performed. No
AT biopsies of 2 of the 8 patients with intestinal laparotomy
surgery were snap-frozen and, therefore, 6 of the 8 patients
were included in real-time qRT-PCR analysis. AT biopsies
of these 6 patients were snap-frozen in − 80 °C and lysed in
QIAzol Lysis Reagent. Chloroform was added to extract
RNA, followed by precipitation with 100 % ethanol and
washing with Buffer RWT, DNase, Buffer RPE, 80 %
ethanol and RNase-free water. cDNA was synthesized using
SuperScript II and 80 ng of input RNA. Real-time qRT-PCR
was performed with SYBR Green using 1 ng cDNA per
sample. Expression of the following genes was determined:
solute carrier family 2 member (SLC2A)1 (GLUT1),
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SLC2A3 (GLUT3), SLC2A4 (GLUT4), IL-1ß, IL-6 and AT
housekeeping genes phosphoglycerate kinase 1 (PGK1) and
peptidylprolyl isomerase A (PPIA) [35]. Within a given
cDNA sample, all genes were tested in triplicate. Results
were expressed relative to AT housekeeping genes PGK1
and PPIA (delta crossing point (Cp) value) and expressed as
2-dCp. All (intron spanning) primers were designed with
Primer-BLAST and UCSC Genome Browser. Primer sequences and amplicon size were shown in Supplementary
Table 1.

Leptin levels were inversely related with SAT-SUVmean (r =
− 0.31, p = 0.041) but not with VAT-SUVmean.

Statistical Analysis

[18F]FDG Uptake in Adipose Tissue Since no differences
in [18F]FDG uptake between T2DM and non-T2DM were
observed, data from both groups were pooled for subsequent
analyses. In contrast to clinical in vivo PET scan measurements, ex vivo VAT and SAT [18F]FDG uptake did not
differ significantly when quantified using either autoradiography (p = 0.58) or the gamma counter (p = 0.26). As
expected, the gamma counter results were in line with
autoradiography data. Pre-incubation of AT with 0.25 %
glucose demonstrated significantly lower [18F]FDG uptake
compared with no glucose pre-incubation in both VAT (p =
0.012) and SAT (p = 0.017) based on quantification of the
autoradiography data (Fig. 2). Incubation in the presence of
a 10-fold higher glucose concentration (2.5 %) did not
further decrease [18F]FDG uptake (Fig. 2).

Data from all included participants were used in the analysis
and missing values were not imputed. Spearman’s correlation coefficient (r) was calculated for bivariate correlations.
Medians from not-normally distributed variables were
compared with the Mann-Whitney U test. Related samples
were compared using the Wilcoxon signed-rank test. All
statistical analyses were performed with IBM Statistical
Package for Social Sciences (SPSS) version 23. P G 0.05 was
considered statistically significant.

Results
In Vivo Clinical Imaging Study
Adipose Tissue [18F]FDG Uptake In patients with T2DM,
VAT-SUVmean was significantly higher than SAT-SUVmean
(0.62 [0.56–0.72] vs 0.36 [0.32–0.39], p G 0.001). VATSUVmean was inversely associated with HOMA-IR (r = −
0.32, p = 0.034), while SAT-SUVmean was not associated
with HOMA-IR (r = − 0.13, p = 0.40) (Fig. 1a). VATSUVmean and SAT-SUVmean were both significantly correlated with plasma adiponectin levels (r = 0.43, p = 0.003 and
r = 0.37, p = 0.014, respectively, Fig. 1b). Adiponectin was
inversely correlated with HOMA-IR (r = − 0.51, p G 0.001).
Both VAT- and SAT-SUVmean did not correlate with prescan fasting glucose (r = 0.088, p = 0.569 and p = 0.19, r =
0.223, respectively), HbA1C levels and plasma hs-CRP.

Association of Ex Vivo [18F]FDG Uptake with
Inflammation
Patient Characteristics For the ex vivo part of the study,
AT biopsies of 8 patients undergoing intestinal laparotomy
surgery (88 % male, median age 75 years [60–77]), and
median BMI 28 [24-32] were included.

Adipose Tissue Inflammation To investigate if [18F]FDG
uptake was related to the AT inflammatory state, several
markers of inflammation were studied. CD68+ macrophages
were found in a scattered and heterogeneous distribution
throughout the AT. No crown-like structures [i.e. CD68+
macrophages surrounding apoptotic adipocytes] were found.
No relation was found between CD68+ macrophage influx
and autoradiography analysed [18F]FDG uptake in both
VAT (r = − 0.048, p = 0.91) and SAT (r = 0.33, p = 0.42).
Gamma counter results were in line with autoradiography
data.
In VAT, a trend towards an inverse relation between
[18F]FDG uptake and IL-1ß (r = − 0.60, p = 0.21) and IL-6

Fig. 1. [18F]FDG uptake in VAT is negatively related to HOMA-IR and [18F]FDG uptake in adipose tissue is positively related to
adiponectin. Relation between in vivo [18F]FDG uptake in mean visceral adipose tissue standardized uptake value (VATSUVmean) and mean subcutaneous adipose tissue standardized uptake value (SAT-SUVmean) with HOMA-insulin resistance (a)
and plasma adiponectin levels (b).

Reijrink M. et al.: [18F]FDG and Adipose Tissue Inflammation in Diabetes Mellitus

Fig. 2. Incubation with glucose decreases [18F]FDG uptake in adipose tissue. Autoradiography visualized effect of ex vivo
incubation of AT with different concentrations of glucose (0 %, 0.25 % and 2.5 %) on [18F]FDG uptake in subcutaneous
adipose tissue (SAT) (a) and visceral adipose tissue (VAT) (b). Quantification of [18F]FDG uptake (in percentage of incubated
dose per area in mm2 (%Inc./mm2)) in VAT and SAT, determined with autoradiography (c).

(r = − 0.71, p = 0.11) mRNA expression was observed (Fig.
3a). In SAT, this inverse association between IL-1ß and IL-6
expression, and [18F]FDG uptake was significantly (IL-1ß
(r = − 0.90, p = 0.037), IL-6 (r = − 0.90, p = 0.037) (Fig. 3b)).
Expression of the glucose transporters GLUT1 and
GLUT3 in VAT was positively related to IL-6 expression
(r = 0.81, p = 0.05 and r = 0.94, p = 0.005, respectively) and
this pattern was also shown with IL-1ß expression levels in
VAT (r = 0.41, p = 0.43 and r = 0.43, p = 0.40 respectively).

[18F]FDG Uptake and Glucose Transporter Expression
Autoradiography assessed VAT [18F]FDG uptake was
positively related to GLUT4 expression (r = 0.83, p =
0.042, Fig. 4c), negatively to GLUT3 expression (r = −
0.83, p = 0.042, Fig. 4b) and no significant relation was
found with GLUT1 expression (r = − 0.70, p = 0.13, Fig. 4a).
SAT [18F]FDG uptake showed the same trend with respect

to its relation to glucose transporter (GLUT) expression
levels (GLUT1 r = − 0.20, p = 0.75, Fig. 4d; GLUT3 r = −
0.70, p = 0.19, Fig. 4e and GLUT4 r = 0.80, p = 0.10, Fig.
4f).
To determine spatial distribution of GLUT4 expression in
AT, immunohistochemistry was performed. Cell surface
GLUT4 expression was most strongly detected on adipocytes and on arteriolar medial vascular smooth muscle cells
(Fig. 5 and Fig. 6).

Discussion
With this translational study, we aimed to characterize IR
and inflammation in relation to AT [18F]FDG uptake in
patients with T2DM. In vivo [18F]FDG uptake in VAT was
higher compared with SAT [18F]FDG uptake. Furthermore,
VAT [18F]FDG uptake was inversely correlated with
HOMA-IR, and in vivo VAT and SAT [18F]FDG uptake

Fig. 3. SAT [18F]FDG uptake is negatively related to IL expression, VAT [18F]FDG uptake is not related to IL expression.
Association of ex vivo VAT (a) and SAT (b) [18F]FDG uptake (in percentage of incubated dose per area in mm2 (%Inc./mm2)) and
with qRT-PCR determined inflammatory marker IL-1ß and IL-6 expression (expressed as 2-dCP).
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Fig. 4. VAT [18F]FDG uptake is related to GLUT4 expression. Association of ex vivo visceral adipose tissue (VAT, panels a, b,
c) and subcutaneous adipose tissue (SAT, panels d, e, f) [18F]FDG uptake (in percentage of incubated dose per area in mm2
(%Inc./mm2)) with mRNA expression levels of different GLUcose Transporters (GLUTs) (expressed as 2-dCP).

were positively correlated with adiponectin. Ex vivo SAT
[18F]FDG uptake was inversely correlated with IL-1ß and
IL-6 mRNA expression levels, and a similar trend was
observed in VAT. Of the 3 GLUT’s analysed, only GLUT4
expression was positively associated with ex vivo [18F]FDG
uptake. Taken together, these results indicate that VAT
[18F]FDG uptake is insulin-dependent and not related to
markers of inflammation, and therefore not a reliable marker
of AT inflammation in patients with T2DM.
To our knowledge, this was the first time that [18F]FDG
uptake in AT was investigated both in vivo and ex vivo. As
expected, in vivo [18F]FDG uptake was higher in VAT
compared with SAT. This finding was also reported in
previous studies [16, 36]. Glucose uptake in AT was related

to IR and was affected by obesity, age and gender [37].
However, it was unknown if [18F]FDG uptake is a surrogate
marker of AT inflammation. [18F]FDG uptake was used as a
marker of metabolic activity since cells with a high
metabolic rate consume [18F]FDG. Low grade inflammation
in AT, as noticed in patients with obesity and T2DM, was
associated with increased AT metabolism [7–11]. However,
in this study, we show an inverse association between
inflammatory markers and ex vivo [18F]FDG uptake in AT.
Our data therefore challenge the current notion that
[18F]FDG is a marker of AT inflammation in patients with
T2DM.
HOMA-IR showed to be inversely related to in vivo
[18F]FDG uptake in VAT. The relation between glucose

Fig. 5. In visceral adipose tissue glucose transporter 4 (GLUT4) is expressed by adipocytes and arteriolar vascular smooth
muscle cells. a Negative control staining (no primary anti-GLUT4 antibody added), and b GLUT4 staining (in brown colour)
revealing cell surface expression in adipocytes and arteriolar vascular smooth muscle cells.
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Fig. 6. Serial sections of adipose tissue stained for CD68
and GLUT4. CD68+ macrophage expression with immunohistochemistry (a). CD68+ positive macrophages are brown
coloured (DAB) in a and detected using computerized
morphometry (red coloured as depicted in panel b, negative
cells depicted in blue). Green arrows indicate CD68+ macrophages. An algorithm was used to quantify the amount of
infiltrating macrophages. GLUT4 expression is brown
coloured on the cell surface of adipocytes (c).

uptake in AT with obesity, insulin sensitivity and diabetes
was already demonstrated before [16–18]. To substantiate
these in vivo findings, we also performed additional ex vivo
analyses. [18F]FDG uptake ex vivo showed to be significantly lower in AT biopsies when incubated in the presence
of 0.25 % or 2.5 % glucose. Even though glucose
concentrations in vivo were lower compared with the high
concentrations in our ex vivo experiments, it can be

suggested that glucose competes with [18F]FDG in the
process of uptake by GLUTs.
IR was also shown to be related to the expression of
several pro- and anti-inflammatory mediators. In line with
previous studies [38–40], we here showed that levels of the
anti-inflammatory protein adiponectin were inversely associated with IR. In addition, this study showed that
adiponectin levels were positively correlated with
[18F]FDG uptake in both VAT and SAT. An inverse
association between pro-inflammatory markers with ex vivo
SAT [18F]FDG uptake and no association with ex vivo VAT
[18F]FDG uptake were found. Furthermore, we did not find
an association between CD68+ macrophage infiltration and
[18F]FDG uptake in both VAT and SAT. Based on these
results, we suggest that, contrary to other tissues such as
atherosclerotic plaques [41], [18F]FDG uptake in AT is not
related to local pro-inflammatory cytokine expression and
macrophage influx.
To investigate via which glucose transporter [18F]FDG is
most likely taken up by cells residing within AT, the
expression of GLUT1, GLUT3 and GLUT4 was investigated. Contrary to earlier research [19], only GLUT4, but
not GLUT1 and GLUT3 mRNA expression, showed a
positive association with [18F]FDG uptake in both VAT
and SAT. Therefore, GLUT4 is most likely the most
important glucose transporter for [18F]FDG uptake in AT.
GLUT4 staining showed most intense positivity on the cell
surface of adipocytes and arteriolar vascular smooth muscle
cells, whereas GLUT4 expression on CD68+ macrophage
was not unequivocally demonstrated. Therefore, it is
unlikely that the positive association between increased
GLUT4 mRNA expression and [18F]FDG uptake was due to
CD68+ macrophage infiltration. It has been shown that
macrophages express GLUT1 [21]. Our study also showed
the correlation of GLUT1 and GLUT3 with inflammatory
marker IL-6. However, an inverse correlation was demonstrated between GLUT3 and [18F]FDG uptake, and no
correlation was observed between GLUT1 and [18F]FDG
uptake. This indicates again that [18F]FDG uptake is at least
not related to macrophage-driven AT inflammation. In order
to evaluate AT macrophage infiltration, specific targeting of
active macrophages, such as folate receptor-ß fluorescence
imaging, or other markers which were independent of
glucose metabolism are probably more accurate [42, 43].
Besides, GLUT4 is the only insulin-dependent glucose
transporter in AT [26]. Increased volume of AT and
increased insulin levels both result in upregulation of
GLUT4 by increasing GLUT4 storage vesicles [26, 27].
However, in development of obesity, the GLUT4 recruitment to the plasma membrane reduces after a certain time
[26, 44, 45]. Berger et al. showed that IR results in decreased
expression of insulin-responsive glucose transporters [46].
This decreased GLUT4 expression in T2DM may also play a
role in reduced [18F]FDG uptake in AT.
This study has some limitations. First, the study population of the ex vivo experiments was relatively small, and

Reijrink M. et al.: [18F]FDG and Adipose Tissue Inflammation in Diabetes Mellitus

therefore, we did not assess differences between T2DM and
non-T2DM. Including a larger number of subjects may result
in significant findings in future studies. Despite these small
groups, we did find significant associations between IL-1ß,
IL-6 and GLUT4 with [18F]FDG uptake. Second, these
participants were oncology patients and the oncogenic
change can induce an inflammatory microenvironment
[47]. Possibly, this effect explains the fact that we could
not confirm the higher [18F]FDG uptake in VAT compared
with SAT in the ex vivo experiments. Differences in tissue
perfusion could also play a role in vivo, since SAT was
located more peripherally compared with VAT [15]. Finally,
IR was assessed by HOMA and not directly by the more
precise glucose clamping technique.
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