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Abstract
Aims/hypothesis We aimed to elucidate the impact of fat cell
size and inflammatory status of adipose tissue on the develop-
ment of type 2 diabetes in non-obese individuals.
Methods We characterised subcutaneous abdominal adipose
tissue by examining stromal cell populations by 13 colour
flow cytometry, measuring expression of adipogenesis genes
in the progenitor cell fraction and determining lipolysis and
adipose secretion of inflammatory proteins in 14 non-obese
men with type 2 diabetes and 13 healthy controls matched for
age, sex, body weight and total fat mass.
Results Individuals with diabetes had larger fat cells than the
healthy controls but stromal cell population frequencies, adi-
pose lipolysis and secretion of inflammatory proteins did not
differ between the two groups. However, in the entire cohort
fat cell size correlated positively with the ratio of M1/M2
macrophages, TNF-α secretion, lipolysis and insulin resis-
tance. Expression of genes encoding regulators of adipogene-
sis and adipose morphology (BMP4, CEBPα [also known as
CEBPA], PPARγ [also known as PPARG] and EBF1) correlat-
ed negatively with fat cell size.
Conclusions/interpretation We show that a major phenotype
of white adipose tissue in non-obese individuals with type 2

diabetes is adipocyte hypertrophy, which may be mediated by
an impaired adipogenic capacity in progenitor cells. Conse-
quently, this could have an impact on adipose tissue inflam-
mation, release of fatty acids, ectopic fat deposition and insu-
lin sensitivity.
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Abbreviations
7AAD 7-Aminoactinomycin D
ATM Adipose tissue macrophages
EBF1 Early B cell factor 1
FSC Forward scatter
MCP-1 Monocyte chemotactic protein 1
PPARγ Peroxisome proliferator-activated receptor γ
scWAT Subcutaneous WAT
SVF Stroma vascular fraction
T-reg T regulatory
WAT White adipose tissue

Introduction

White adipose tissue (WAT) inflammation is an important
contributor to the development of obesity-associated type 2
diabetes. Obesity promotes changes in adipose tissue metab-
olism, such as increased rate of spontaneous (basal) lipid
mobilisation (lipolysis) from fat cells, as well as alterations
in populations of adipose tissue-residing immune cells. Data
in both animal models [1, 2] and human obese WAT [3, 4]
have suggested an increased recruitment and/or differentiation
of pro-inflammatory immune cell types (predominantly M1
macrophages) and also, albeit to a less pronounced degree,
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CD8+ T cells, B cells, neutrophils, dendritic cells and mast
cells [5, 6]. The overall consequence of these changes is alter-
ation of adipokine and cytokine secretion, which contributes
to the development of systemic insulin resistance and type 2
diabetes [7, 8]. The mechanisms promoting WAT inflamma-
tion are not fully understood but it is well-established that a
WAT phenotype characterised by large but few fat cells
(hypertrophy) associates with a pro-inflammatory adipose
state and detrimental metabolic features [9].

Several lines of evidence suggest that differences in adipo-
cyte size could be an important feature or even a predisposing
factor for type 2 diabetes. Thus, increased fat cell size is asso-
ciated with increased risk of developing type 2 diabetes inde-
pendently of BMI [10, 11]. Moreover, non-obese individuals
with heredity for type 2 diabetes display WAT hypertrophy
and insulin resistance [12]. Although type 2 diabetes in lean
individuals is most often linked to beta cell dysfunction [13],
an important contributing factor could be impaired expansion
of WAT resulting in ectopic fat accumulation. This notion is
convincingly illustrated by lipodystrophies caused by dis-
turbed function of genes that regulate adipogenesis or lipid
storage (e.g. PPARγ [also known as PPARG], PLIN1) [14,
15]. Thus, WAT hypertrophy may cause similar metabolic
alterations in both the non-obese and obese state.

While increased adipocyte size correlates with both insulin
resistance and impaired adipogenesis in obesity [16], the impact
of fat cell size and differentiation as well as the proportion of
immune cell populations on the development of type 2 diabetes
in non-obese individuals remains elusive. The essential question
of whether the changes in WAT that have been observed in
obesity are similar to those occurring in non-obese patients with
type 2 diabetes is yet unanswered. Therefore, we set out to com-
pare subcutaneous WAT (scWAT) cell populations by flow cy-
tometry, expression of adipogenesis genes in the progenitor cell
fraction, scWATsecretion of inflammatory proteins, lipolysis and
fat cell size in non-obese men with or without type 2 diabetes.

Methods

Clinical cohort Twenty-seven non-obese (BMI<30 kg/m2)
men were selected for this study: 14 patients with type 2 dia-
betes and 13 controls matched for age, sex, body weight and
total fat mass. Control individuals were recruited by local
advertising. We could obtain data for diabetes duration from
12 patients: seven with short duration (1–3 years) and the
remainder with long duration (6–15 years). Age of diabetes
onset varied between 38 and 66 years among our patients.
This criterion implies that it is highly unlikely that any of the
patients had MODY as this form of diabetes usually debuts
before 25 years of age.

The participants came to the laboratory after an overnight
fast and were instructed not to take their glucose-lowering

drugs (insulin treatment was an exclusion criterion) in the
morning on the day of examination. Height, weight, waist
and hip circumferences and body fat (Tanita TBF-305,
Tanita, Arlington Heights, IL, USA) were measured. Venous
blood samples were collected for analysis of insulin, glucose
and HbA1c. HbA1c values were missing for two control indi-
viduals. In vivo insulin resistance was assessed by HOMA-IR
with the following formula: HOMA-IR=[fasting insulin
(pmol/l)×fasting glucose (mmol/l)]/135 [17]. An abdominal
scWAT biopsy was taken as previously described [18]. In a
subset of seven diabetic patients and ten controls, a
hyperinsulinaemic–euglycaemic clamp procedure was per-
formed as described previously [19] (see also electronic sup-
plementary material [ESM] Methods and ESM Fig. 1).

Characterisation of adipose tissue The adipose tissue was
washed in physiological saline (154 mmol/l NaCl) and 200–
300 mg of tissue was immediately frozen for later analysis of
gene expression. The rest of theWATwas cut into small pieces
(~10 mg) and 300 mg was incubated in media for protein
secretion and determination of lipolysis (see ESM Methods)
and ~1 g was subjected to collagenase isolation and mean fat
cell weight and volume were determined as described previ-
ously [20] and discussed elsewhere [21] (see also ESM
Methods). Since >95% of adipose lipids are triacylglycerols,
the density of triolein (0.915) was used for the calculation of
lipid weight [22]. Measurement of glycerol release as an index
of lipolysis is described in ESM Methods. Determination of
secretion and fat cell size could not be performed for one
control patient due to a very small biopsy size.

Flow cytometry The stroma vascular fraction (SVF) was iso-
lated after collagenase digestion of scWAT as described [23],
and was suspended in FCS supplemented with 10% DMSO
and stored in liquid nitrogen. Upon analysis, the SVF of
scWAT from the 27 participants was thawed, washed with
PBS–0.5% BSA–2 mmol/l EDTA buffer (BSA A4503;
Sigma-Aldrich, St Louis, MO, USA) and passed through a
70 μm cell mesh (BD Biosciences, San Diego, CA, USA).
Subsequently, the SVF was stained for 30 min at 4°C with
fluorophore-conjugated antibodies (listed in ESM Methods)
in 50 μl BD Horizon Brilliant Stain Buffer (BD Biosciences).
After staining, cells were washed, filtered again and re-
suspended in PBS–0.1% BSA–2 mmol/l EDTA buffer. Via-
bility of the cells was assessed using 7-aminoactinomycin D
(7AAD) dye (BD Biosciences), which was added to the sam-
ples 15 min before the sorting procedure and constituted a
13th colour in the FACS sorting. Freezing did not affect the
viability or frequency of SVF cell fractions (ESM Fig. 2).
Cells were sorted using a FACSAria III equipped with
488 nm, 633 nm, 405 nm and 561 nm lasers and the Diva
software (BD Biosciences). The purity of the sorted popula-
tion was confirmed to be typically >95% by post-sort analysis.
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The viability of the cells was typically 75%–85%. The viabil-
ity of the SVF cells was very low in one patient (25%) and
thus cytometry data obtained in this sample was excluded
from analysis. Data analysis was performed with FlowJo ver-
sion 10.0.7.2 software (Tree Star, Ashland, OR, USA).

Gene expression analysis Total RNA from FACS-sorted cell
fractions was extracted with the RNeasy Micro Kit (Qiagen,
Hilden, Germany) and RNA from scWATwas extracted with
RNeasy Lipid tissue (Qiagen) in accordance with the manu-
facturer’s recommendations. RNA concentration was mea-
sured using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Lafayette, LA, USA). The reverse transcrip-
tion and quantitative PCR (RT-qPCR) analysis is described in
ESM Methods. Some samples were excluded from gene ex-
pression analysis if duplicate samples (technical duplicates
from the same cDNA) showed higher than 0.5 threshold Ct

differences.

ELISACytokine secretion was measured in samples of buffer
removed from incubated scWAT pieces (100mg of tissue/1 ml
of medium) (see above section ‘Characterisation of adipose
tissue’ and ESM Methods). For TNF-α protein secretion, the
QuantiGlo ELISA (R&D Systems, Minneapolis, MN, USA)
based on chemiluminescence quantification was employed
according to the manufacturer’s instructions. For IL-6 and
monocyte chemotactic protein 1 (MCP-1) detection the
Quantikine ELISA Human IL-6 Immunoassay (R&D Sys-
tems) and Quantikine ELISAHuman CCL2/MCP-1 Immuno-
assay (R&D Systems) was used, respectively. The secretion of
proteins was normalised per 1 g of lipid in the incubated tissue
as described above.

Statistical analysis Prior to study recruitment, a power calcu-
lation was made based on differences in fat cell volume. We
used data obtained from non-obese men taking part in a pre-
vious study of a very large study population [24]. The mean
value and standard deviation for this subgroup was used. We
had 84% power to detect a 20% difference in fat cell volume
between 13 controls and 13 diabetic individuals at a p value of
<0.05. As we included 27 individuals, power increased to
85%. These results suggested that we had a sufficient power
to detect even small differences in fat cell size between the
groups. IBM SPSS Statistics 22 software was used for statis-
tical analysis (SPSS, Chicago, IL, USA). Data were assessed
by Student’s t test, Pearson correlation analysis and
ANCOVA. Where indicated, values were log10 transformed
to achieve normality of distribution. Spearman correlation
analysis was applied when values were not normally distrib-
uted. A p value <0.05 was considered to be statistically sig-
nificant in all analyses. Data in the tables are presented as
mean±SD.

Results

Non-obese patients with type 2 diabetes have larger fat
cells than healthy controls as a major adipose phenotype
The diabetes and control groups were matched for age and
anthropometric measures. As expected, the two groups dif-
fered in M values, HOMA-IR and plasma glucose levels
(Table 1). Adipose tissue lipolysis (glycerol release) and se-
cretion of IL-6 and MCP-1 exhibited no difference between
diabetic individuals and controls. Interestingly, adipocyte cell
volume was markedly larger in diabetic individuals than in
controls (Table 1). In the entire cohort, fat cell volume corre-
lated positively and significantly with HOMA-IR (Fig. 1a),
glycerol release (Fig. 1b) and TNF-α secretion (Fig. 1c). Fur-
ther, glycerol release correlated positively with HOMA-IR
(Fig. 1d). TNF-α secretion correlated positively with
HOMA-IR (Fig. 1e) and glycerol release (Fig. 1f). Whole-
body insulin sensitivity, M value (expressed as mmol infused
glucose/kg body weight/minute needed to maintain
euglycaemia during a hyperisulinaemic clamp) correlated
negatively with fat cell volume (r=−0.62, p=0.007) and with
TNF-α (r=−0.586, p=0.017) (data not shown). The men-
tioned correlations were not influenced by type 2 diabetes
status as judged by ANCOVA (Fig. 1).

Cell population frequencies do not differ in SVF of non-
obese healthy and type 2 diabetes patientsWe developed a
13 colour flow cytometry antibody panel to quantify major
cell populations present in the SVF of scWAT. First, live single
cells within the SVF fraction were identified using a combi-
nation of 7AAD as a dead cell marker and forward scatter
(FSC) gating for doublet exclusion. Haematopoietic cells were
identified using CD45 marker, where the monocyte/
macrophage population was defined as CD14-positive cells.
M1 and M2 adipose tissue-resident macrophages (ATMs)
were subsequently defined as CD45+CD14+CD3−CD206+

[25] and CD11c+ or CD11c−, respectively [4]. The CD3-
positive T cells were further divided into CD4+ T helper cells
and CD8+ T cytotoxic cells. Within the CD4+ T cell popula-
tion T regulatory (T-reg) cells were defined and quantified as
CD45+CD14−CD3+CD4+CD127−CD25+ cells [26]. Addi-
t i o n a l l y , t h e f r e q u e n c y o f B l ym p h o c y t e s
(CD45+CD14−CD3−CD19+) was determined. Endothelial
cells were defined as CD45−CD31+CD34+ while adipose pro-
genitor cells were identified as CD45−CD31−CD34+. The lat-
ter population was collected for further analysis (Fig. 2).
When cell frequencies of the above-described populations
were analysed in each individual and normalised to the total
number of viable cells in each sample, no significant differ-
ences were observed between diabetes and control patients
(Table 2). Although the average of M1 ATMs was twice as
high and the T cell-to-B cell ratio approximately 1.5-fold
higher in diabetic patients compared with controls, the
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difference was not significant due to large inter-individual
variations and possibly too small a sample size. However, this
extensive characterisation of adipose tissue is not feasible in
larger groups of patients.

Effect of type 2 diabetes duration on fat cell size and SVF
composition We compared all clinical variables, fat cell size,
lipolysis and adipose protein secretion in diabetic patients
with short-term (1–3 years) or long-term (6–15 years) disease
duration and observed that fat cell size was significantly larger
in patients with both short-term and long-term diabetes dura-
tion (Table 3) than in healthy controls. Furthermore, there
were elevations in SVF populations of M1 ATMs and total
ATMs in patients with type 2 diabetes of short duration. Inter-
estingly, no significant change in SVF cell populations was
identified in patients with long-term type 2 diabetes compared
with healthy controls.

Secretion of TNF-α andM1/M2macrophage ratio correlate
positively with fat cell size in non-obese individuals with or
without type 2 diabetesWe further analysed the association of
cell population frequencies with adipose tissue metabolic fea-
tures and fat cell size. Population frequencies were not

normally distributed according to the Shapiro–Wilk test and
therefore a Spearman correlation analysis was applied. The
results showed a positive association between the M1/M2
macrophage ratio and adipocyte cell size (Fig. 3a). Further-
more, the M1/M2 macrophage ratio correlated positively with
TNF-α secretion as well as glycerol release from scWAT tis-
sue pieces incubated in vitro (Fig. 3b, c). In addition, while the
frequency of M1 macrophages correlated positively with
TNF-α secretion (Fig. 3d), the M2 macrophage frequency
showed no significant correlation with any of the clinical var-
iables (data not shown). Interestingly, the frequency of T-reg
cells correlated positively with TNF-α secretion (ρ=0.46,
p = 0 .020 ) and w i t h g l y c e ro l r e l e a s e (ρ = 0 .51 ,
p=0.007) (data not shown). None of the other cell populations
displayed any correlations with metabolic variables or adipo-
cyte cell size.

Gene expression analysis indicates an impairment of adi-
pogenesis in non-obese diabetic or non-diabetic individ-
uals with enlarged fat cells As fat cell size constituted the
major difference between non-obese type 2 diabetes patients
and healthy controls, we investigated whether there were qual-
itative differences in adipose tissue progenitor populations

Table 1 Characteristics of non-obese patients with type 2 diabetes and healthy controls

Variable Healthy controls Type 2 diabetes patients p value

n 13 14 –

Age, years 57±11.2 60.5±9.1 0.37

BMI, kg/m2 25.9±1.4 26.6±1.6 0.27

Total body fat, % 21.7±5.0 23.5±3.6 0.30

Waist circumference, cm 92.7±6.0 96.8±6.1 0.09

Hip circumference, cm 98.1±2.5 100.2±3.9 0.11

Waist-to-hip ratio 0.9±0.0 1.0±0.0 0.20

Plasma glucose, mmol/l 5.2±0.5 7.1±1.3 <0.001

Plasma insulin, pmol/l 43.2±22.3 54.2±29.3 0.29

HbA1c, mmol/mol 35.8±3.4a 49.4±8.7b <0.001

HbA1c, % NGSP 5.4±0.3a 6.7±0.8b <0.001

Adipocyte volume, pl 451.0±109.5 586.6±117.0 <0.01

Log10 HOMA-IR 0.174±0.016c 0.395±0.191 0.01

M value, mmol kg−1 min−1 0.034±0.012d 0.020±0.012e 0.03

TNF-α, pg(2 h)−1(g lipid)−1 1,893.4±1,246.8c 3,016.2±1,681.6 0.07

IL-6, ng(2 h)−1(g lipid)−1 17.4±18.1c 15.5±8.6 0.72

MCP-1, ng(2 h)−1(g lipid)−1 7.7±5.9c 8.0±3.8 0.84

Adipose lipolysis, μmol glycerol(2 h)−1(107 cells)−1 0.7±0.2c 0.6±0.4 0.62

Data are mean±SD
aClinical variables were measured in 11 patients
b Clinical variables were measured in 13 patients
c Clinical variables were measured in 12 patients
d Clinical variables were measured in 10 patients
e Clinical variables were measured in 7 patients
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between the two groups. BMP4,DKK1 andWISP2, key genes
involved in the regulation of adipogenesis, were selected for
mRNA expression analysis since previous reports indicated
that expression of these genes is altered with impaired adipo-
genesis [16]. BMP4 expression in the progenitor cell fraction
(CD45−CD34+CD31−) correlated negatively and significantly
with fat cell size in the entire group of individuals (Fig. 4a).
DKK1 expression showed a negative correlation trend (r=
−0.366, p=0.086; Fig. 4b) and WISP2 a positive correlation
trend (r=0.383, p=0.065; data not shown) with fat cell size. In
addition, we quantified the expression of four genes involved
in the later stages of adipogenesis, the expressions of which
have been shown to have an impact on WAT morphology—
EBF1, PPARγ, CEBPα and SLC2A4 (GLUT4). Due to the
strong upregulation of these genes during adipogenesis, we
chose to investigate their expression in adipose tissue, which
contains mature adipocytes. In scWAT, adipocyte size corre-
lated significantly and negatively with expression of all four
genes (Fig. 5a–d).

Discussion

To the best of our knowledge, data on adipose inflammation,
fat cell size and lipolysis have not been reported before in the
non-obese type 2 diabetes state. Quite surprisingly we ob-
served no differences in lipolysis and secretion of inflamma-
tory proteins when non-obese type 2 diabetes patients were
compared with age-, weight- and body fat mass-matched
healthy individuals. However, fat cell size was markedly larg-
er in diabetic patients, suggesting that scWAT is hypertrophic
in non-obese type 2 diabetes. It is very likely that scWAT
hypertrophy per se, rather than diabetes status, is important
for the observed link between fat cell size and adipose or
clinical variables. Thus, in the entire cohort, fat cell size cor-
related positively with lipolysis, insulin resistance and secre-
tion of inflammatory proteins. TNF-α could be a driving force
in these relationships since scWAT secretion of this cytokine
correlated with lipolysis and insulin resistance. This notion is
further supported by previous findings demonstrating a
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Fig. 1 An inter-relationship
between fat cell volume, insulin
sensitivity, lipolysis and TNF-α
secretion. Associations between
fat cell volume and HOMA-IR
(r=0.67, p=0.0002; F=0.43,
p=0.52) (a), glycerol release
(r=0.65, p=0.0004; F=2.8,
p=0.11) (b) and TNF-α secretion
(r=0.48, p=0.016; F=1.4,
p=0.25) (c) in the subcutaneous
fat depot as well as between
glycerol release and HOMA-IR
(r=0.62, p=0.001; F=0.29,
p=0.6) (d), TNF-α secretion and
HOMA-IR (r=0.57, p=0.003;
F=0.29, p=0.6) (e) and TNF-α
and glycerol release (r=0.78,
p<0.0001; F=0.14, p=0.71) (f)
were determined in an entire
cohort of 27 individuals using
Pearson correlation analysis.
F values represent an ANCOVA
of the influence of type 2 diabetes
diagnosis. White circles, healthy
controls; black circles, individuals
with type 2 diabetes
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correlation between scWAT fat cell size and TNF-α secretion
in healthy lean young women [9].

How could fat cell size play a role in type 2 diabetes? A
phenotype characterised by smaller adipocytes, as well as in-
creased adipocyte number in scWAT, correlates with increased
insulin sensitivity [27] and a beneficial metabolic profile [28].
Furthermore, genetic predisposition for type 2 diabetes asso-
ciates with adipocyte hypertrophy in non-obese first-degree
relatives [29]. Finally, several studies show that enlarged fat
cell size confers an increased risk of developing type 2 diabe-
tes [10, 11, 30]. When these findings are put together it is

tempting to speculate that scWAT hypertrophy independent
of excess body fat is an important defect, which triggers local
inflammation and impaired lipolysis and these, in turn, facil-
itate the development of type 2 diabetes. Whether fat cell
enlargement is an early defect in the development of diabetes
remains to be demonstrated in long-term prospective studies
of non-obese patients.

Our study on SVF corroborates previous findings that there
were no significant differences in cell populations when com-
paring the scWAT of lean individuals and metabolically
healthy obese individuals with that of metabolically unhealthy
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obese patients [31]. In the present cohort, cell populations in
scWAT SVF of type 2 diabetes patients and healthy controls
did not differ significantly. However, the M1/M2 macrophage
ratio correlated with fat cell volume in the whole cohort. Fur-
thermore, correlations between the M1/M2 macrophage ratio
and TNF-α secretion as well as with glycerol release suggest
that a switch of the macrophage phenotype towards M1 pro-
inflammatory macrophages might contribute to the develop-
ment of an unfavourable insulin-resistant metabolic pheno-
type in non-obese WAT in a similar way to that reported for
obeseWAT [3, 4, 32–34]. An increase in the Tcell populations
in WAT, as well as inflammatory T cell predominance in the

circulation, has been associated with obesity [35–37]. In con-
trast to previous reports in obesity, the major T cell popula-
tions (CD4+ and CD8+) did not associate with any of the
adipose tissue phenotypes in our non-obese participants. Al-
though T-reg cells and their subtypes are suggested to regulate
inflammatory and metabolic phenotype of murine WAT, there
are no previous reports on WAT-resident T-reg cells in human
WAT. An inverse correlation between FOXP3 (a T-reg specific
marker) mRNA expression in visceral WAT vs scWAT and
BMI in morbidly obese individuals has been reported [38].
We show that T-reg frequency is similar in the scWAT of
non-obese type 2 diabetes patients and healthy controls.

Table 2 Frequency of cell
populations in subcutaneous SVF
determined by flow cytometry

Variable Healthy controls Type 2 diabetes patients p value

n 12 14

Total CD45+ 63.6±18.8 69.3±17.5 0.43

Progenitor cell fraction 19.5±13.5 18.8±15.7 0.90

B cells 5.7±3.0 4.9±2.6 0.48

T cells 32.6±9.0 36.9±12.4 0.32

CD4+ T cells 19.1±6.1 21.3±9.1 0.48

T-reg cells 1.3±0.4 1.4±0.8 0.59

CD8+ T cells 11.4±6.1 13.6±8.3 0.47

CD4+/CD8+ ratio 2.1±1.1 2.1±1.5 0.98

T cell/B cell ratio 6.5±2.2 9.4±4.8 0.07

Total ATM 2.2±1.9 3.8±4.0 0.20

M1−MΦ 0.9±0.9 2.0±2.2 0.12

M2−MΦ 1.3±1.3 1.8±1.9 0.41

M1/M2 ratio 0.8±0.8 1.2±0.7 0.28

Endothelial cells 0.8±0.6 1.0±0.9 0.70

Data are mean±SD

Cell frequencies are expressed as % of live cells

MΦ, macrophages

Table 3 Effect of type 2 diabetes on fat cell size and SVF composition

Variable Short-term type 2 diabetes p value Long-term type 2 diabetes p value

n 7 – 5 –

Plasma glucose, mmol/l 7.3±1.4 <0.001 7.1±1.1 <0.001

Adipocyte volume, pl 586.1±123.2 0.03 597.8±145.2 0.04

Log10 HOMA-IR 0.4±0.2 0.27 0.3±0.2 0.63

M value, mmol glucose(kg)−1(min)−1 0.019±0.014a 0.62 0 020±NAa 0.31

TNF-α, pg(2 h)−1(g lipid)−1 2,433.1±1,263.6 0.38 2,874.2±1,815.8 0.21

MCP-1, ng(2 h)−1(g lipid)−1 9.0±4.0 0.60 5.6±3.2 0.48

Total ATM 5.6±4.7 0.04 2.5±2.6 0.77

M1−MΦ 2.9±2.6 0.02 1.3±1.4 0.42

Data are mean±SD

Cell frequencies are expressed as % of live cells
aM value measurements were available for five patients with short-term diabetes and one patient with long-term diabetes

p values are calculated against healthy controls as displayed in Table 1 and Table 2

MΦ, macrophages
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Furthermore, FOXP3 expression in the CD4+ T cell popula-
tion, as well as in scWAT samples, did not differ between the
groups. Although the T-reg population correlated positively
with TNF-α and glycerol secretion, we could not confirm this
finding by quantification of FOXP3 expression in the CD4+

T cell fraction (data not shown). In a previous human study,
T-reg cells were found to be increased in the peripheral blood
of morbidly obese patients, although no correlation with insu-
lin resistance was observed [39]. Clearly the role of this im-
portant cell population in type 2 diabetes needs further
investigation.

Which molecular events cause scWAT hypertrophy in type
2 diabetes? Defective subcutaneous fat mass expandability
has been proposed as a mechanism explaining ectopic fat ac-
cumulation and development of type 2 diabetes. In line with
this, previous studies suggest that impaired adipogenesis
linked to WNT-signalling and peroxisome proliferator-
activated receptor γ (PPARγ) activation may play a role

[40, 41]. Bone morphogenetic protein 4 plays a critical part
in early adipogenesis by dissociatingWNT1-inducible signal-
ling pathway protein 2 (a negative regulator of adipogenesis)
and zinc finger protein 423 (ZNF423), thus allowing ZNF423
to relocate to the nucleus and start the adipogenesis pro-
gramme [16, 40, 41]. In addition, early B cell factor 1
(EBF1) is a well-described regulator of adipogenesis [42],
and we recently observed that reduced EBF1 levels and activ-
ity promote scWAT hypertrophy in part via interactions in-
volving PPARγ [43]. We observed a trend towards higher
expression of WISP2 and lower expression of its inhibitor
DKK1 in progenitor cells of non-obese hypertrophic scWAT.
Furthermore, the negative correlation of BMP4 expression in
the progenitor cell fraction with fat cell size and the inverse
relationship between adipocyte size and the expression of
EBF1, CEBPα and PPARγ in scWAT are indicative of a re-
duced differentiation capability of enlarged fat cells in our
cohort. However, due to the small tissue sample sizes, we

0

1

2

3

4

200 400 600 800

M
1/

M
2 

m
ac

ro
ph

ag
e 

ra
tio

Fat cell volume (pl)

a

0

1

2

3

4

2 4 6 8

M
1/

M
2 

m
ac

ro
ph

ag
e 

ra
tio

Glycerol (µmol [2h]-1 [107 cells]-1)

c

0

1

2

3

4

0 1 2 3 4 5 6

M
1/

M
2 

m
ac

ro
ph

ag
e 

ra
tio

TNF-α (ng [2h]-1 [g lipid]-1)

b

d

0

1

2

3

4

5

6

0 1 2 3 4 5 6

M
1 

m
ac

ro
ph

ag
es

(%
 o

f 
liv

e 
ce

lls
) 

TNF-α (ng [2h]-1  [g lipid]-1)

Fig. 3 Inter-relationship between
frequencies of WAT M1/M2
macrophage ratio and fat cell
volume (ρ=0.45, p=0.026)
(a), TNF-α secretion (ρ=0.47,
p=0.019) (b) and glycerol release
(ρ=0.43, p=0.031) (c). (d)
Relation between percentage of
WATM1 macrophages (% of live
cells) and TNF-α secretion
(ρ=0.44, p=0.027). Associations
were analysed using Spearman’s
correlation test in an entire cohort
of 26 individuals. White circles,
healthy controls; black circles,
individuals with type 2 diabetes

ba

-1.0

-0.8

-0.6

-0.4

-0.2

0

0.2

200 400 600 800

L
og

10
 D
K
K
1/
L
R
P
10

Fat cell volume (pl)

-0.4

-0.2

0

0.2

0.4

0.6

200 400 600 800

L
og

10
 B
M
P
4/
L
R
P
10

Fat cell volume (pl)

Fig. 4 Inter-relationship between BMP4 expression in progenitor cell
fraction and fat cell volume. Expression of BMP4 (a) and DKK1 (b)
was analysed by RT-qPCR and association with fat cell size (r=−0.41,

p=0.045 for BMP4; r=−0.366, p=0.086 for DKK1) was analysed using
Pearson’s correlation test in 24 patients. White circles, healthy controls;
black circles, individuals with type 2 diabetes

Diabetologia (2016) 59:560–570 567



were not able to perform in vitro differentiation experiments to
further support this hypothesis. In addition, a strong associa-
tion between low expression of SLC2A4 and large cell size
(Fig. 5d) was observed, as well as low SLC2A4 expression and
insulin resistance (HOMA-IR [r=−0.58, p=0,002], M value
[r=0.697, p=0.002] [data not shown]), which corroborate
findings from an earlier study in non-obese individuals [44].

Although we have employed a highly complex protocol
with 13 colour FACS sorting of adipose SVF to characterise
WAT residing cell populations, the study has some methodo-
logical limitations, among which the amount of patient mate-
rial and small cohort size are most important. Although the
number of participants included in the study (n=27) matches
well a number reported in many other studies where in-depth
characterisation of adipose tissue has been performed [44–46],
the current dataset should be considered as a pilot report and
further studies in larger independent cohorts need to be per-
formed to further strengthen key results. Furthermore, samples
obtained by needle biopsies were too small (2.33±1.05 g) and
obtained yields of SVF cells (243,500±142,325 cells) were
not sufficient to enable analyses of immune cell activation or
cytokine secretion as well as differentiation of sorted progen-
itor cells. Also, we could not examine the visceral adipose
depot in these individuals for obvious ethical reasons. There-
fore, the phenotype of visceral WAT cell populations in non-
obese patients with type 2 diabetes needs to be established by
future studies. In addition, the patients received different
forms of oral glucose-lowering pharmacotherapy, including

metformin. Metformin can inhibit human lipolysis both
in vivo and in in vitro adipocyte cultures [47, 48]. However,
the anti-lipolytic effect of metformin is observed only upon
stimulated lipolysis, and should not affect the presently inves-
tigated spontaneous rate.

Our data support earlier findings that fat cell size may pre-
dispose the progression of type 2 diabetes. The observation
that patients with short-term, but not those with long-term,
diabetes duration had elevated numbers of M1 as well as total
ATMs suggests that adipose tissue is inflamed already at early
stages of non-obese type 2 diabetes, but that compensatory or
adaptive mechanisms might counteract adipose tissue inflam-
mation during disease progression. Alternatively, our patient
group who had long-term diabetes and who did not require
insulin treatment might represent a group of individuals with a
milder form of disease and non-inflamed adipose tissue. Ad-
mittedly, the number of individuals in each group was very
small and this limits the possibility of drawing firm conclu-
sions. It would nevertheless be interesting to follow up pro-
gression of diabetes in patients with small and large propor-
tions of M1 ATMs and determine whether less-inflamed adi-
pose tissue at early time points of the disease is connected with
better prognosis.

Taken together, the results of our study indicate that non-
obese patients with type 2 diabetes have larger subcutaneous
adipocytes compared with healthy control individuals and that
this could be due to the attenuated differentiation capacity of
adipocyte progenitor cells. Adipose hypertrophy rather than
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type 2 diabetes per se is associatedwith alterations in lipolysis,
scWAT inflammation and impaired insulin sensitivity in
scWAT.
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