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Background: Obesity and type 2 diabetes mellitus (T2DM) are among the most important morbidity factors. In
this study we tested the hypothesis that low proliferative potential of adipose derived stromal cells (ADSC) asso-
ciateswith reduced formation of new fat depots, excess accumulation of fat in the functional adipocytes and their
hypertrophy, resulting in fat inflammation and insulin resistance.
Methods:Wescreened twogroups of obese patientswith orwithout T2DM,matched for BMI, age, and duration of
obesity to test the hypothesis that hypertrophy and decreased renewal of adipocytes may underlie transition
from obesity to T2DM. All patients were matched for carbohydrate metabolism (fasting blood glucose level,
glycated hemoglobin, HOMA-IR index and M-index). The subcutaneous and omental fat tissue biopsies were
obtained during bariatric surgery from obese individuals with or without T2DM. The morphology and
immunophenotype of subcutaneous and omental fat was assessed in frozen tissue sections. ADSC were isolated

from both types of fat tissue biopsies and screened formorphology, proliferative potential and inflammatory status.
Results: The non-diabetic patients had normal carbohydrate metabolism andmoderate insulin resistancemeasured
byHOMA-IR andhyperinsulinemic clamp (M-index),while T2DMpatientswere extremely insulin resistant by both
indexes. The average size of diabetic adipocytes was higher than that of non-diabetic in both subcutaneous and
omental fat tissues, indicating adipocyte hypertrophy in T2DM. Both these tissues contained higher level of macro-
phage infiltration and increasedM1-like toM2-like ratio ofmacrophage subpopulations, suggesting increased fat in-
flammation in T2DM. This was confirmed by increased activatory phosphorylation of stress-induced JNK1/2 in
diabetic ADSC.
Conclusion: These results suggest that blunted proliferation and increased hypertrophy of diabetic ADSCmay
lead to reduced insulin sensitivity via increased inflammation mediated by M1 macrophages and JNK1/2
pathway.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity and metabolic disorders contribute to the health risk and
morbidity in the contemporary society. Obesity closely associates
with, and increases the risk of type 2 diabetes mellitus (T2DM), how-
ever not all of the obese individuals develop T2DM.1 The mechanisms
linking obesity to T2DM have been extensively studied including
distorted lipid metabolism, oxidative stress, unfolded protein response,
and inflammation, which appear to be a hallmark of all these events.2–7

Latent inflammation is critical to the onset of insulin resistance, par-
ticularly in adipose tissue. Cells exposed to nutrient excess such as high-
fat diet become overfed and hypoxic, increase adipocyte size, exhibit
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oxidative stress and unfolded protein response, leading to activation of
inflammatory NF-kB pathway.8–10 These experimental results are in
agreement with clinical studies that demonstrated high levels of differ-
ent blood inflammatory cytokines such as TNFα, IL-1β, IL-6, IL-8,11–13

and high infiltration of adipose tissue by immune cells.14–16 However,
as in the case of T2DM, obesity does not always precede inflammation
in clinical observations.14,17

We hypothesized that inflammation and insulin resistance may
occur independently of morbid obesity due to dysfunction of
adipose-derived stromal cells (ADSC) in both subcutaneous and vis-
ceral fat. These cells have immune-privileged status and immuno-
modulatory capacity.18–20 Systemic injection of ADSC from healthy
animals to animals with diet-induced insulin resistance improved
insulin sensitivity predominantly via phenotype modulation of adi-
pose resident immune cells.21–24 On the contrary, insulin resistance
alters properties of ADSC to promote development of T2DM.25,26

Thus, we expect that insulin resistance can be associated with dis-
turbed function of ADSC. It has been shown that insulin resistance
in obese subjects indeed associates with increased ADSC
inflammation,27 but other mechanisms linking ADSC to insulin re-
sistance remain unclear.

In this study we tested the hypothesis that low proliferative poten-
tial of ADSC from obese patients associates with disturbed formation
of new fat depots, resulting in excess accumulation of fat in functional
fat depots, subsequent hypertrophy of adipocytes and inflammation of
adipose tissue, leading to insulin resistance.

2. Materials and methods

The study was approved by Endocrinology Research Centre ethics
committee (protocol #9 from 10 May 2017). Written informed consent
was obtained from each of the volunteers.

2.1. Subjects

Five obese but otherwise healthy patients (normal glucose tol-
erance, NGT) and five obese T2DM patients were included in the
study. All patients had long (N15 years) and morbid
(BMI N 35 kg/m2) obesity. Subjects b18 years old, with any other
type of diabetes, pregnancy, cancer or inflammation were ex-
cluded from the study. The NGT patients were not taking any anti-
diabetic medicine. The T2DM patients were taking metformin
(n = 4); dipeptidyl peptidase type 4 inhibitors (n = 4); sulfonyl-
urea (n = 2); and sodium-glucose cotransporter type 2 inhibitors
(n = 1). Subcutaneous (sWAT) and omental (oWAT) white adi-
pose tissue biopsies, and the venous blood samples for standard
clinical tests were obtained from patients during bariatric surgery
after overnight fast.

2.2. Clinical characterization

Fasting glucose wasmeasured with Architect c4000 clinical chemis-
try analyzer (Abbott Diagnostics, Abbott Park, IL, USA) using standard
kits offered by the manufacturer. Glycated hemoglobin (HbA1c) was
assessed with high-performance liquid chromatography (D-10 Hemo-
globin Testing System, BioRad, France). All the patients also had body
composition measurements taken (Tanita MC-780MA Body Composi-
tion Analyzer, TANITA Corporation, Japan). Adiponectin and leptin
serum levels were measured by ELISA kits (Mercodia, Sweden) and op-
tical densitywas revealed bymicroplate reader 1420Multilabel Counter
Victor2 (PerkinElmer, USA).

2.3. Insulin resistance

Insulin resistancewasmeasured by twomethods: HOMA-IR calcula-
tor and hyperinsulinemic-euglycemic clamp test. The HOMA-IR was
calculated by the formulae:

Insulin resistance ¼ FI� G=22;5
FI ¼ fasting insulin level μIU=mlð Þ
G ¼ fasting glucose level mmol=lð Þ

The classic DeFronzo hyperinsulinemic-euglycemic clamp test was
used to assess insulin resistance (IR).30 Briefly, insulinwas continuously
infused at 100 μU/ml to inhibit systemic insulin secretion by the pan-
creas and liver. Simultaneously, 20% glucose was intravenously infused
to reach normal blood level that was subsequently maintained by con-
trolled infusion rate using Infusomat FMS volumetric infusion pump
(B. Braun, Germany). The insulin infusion rate was set to 1 mU/kg/min
using Perfusor compact syringe pump (B. Brown, Germany). Blood glu-
cose was measured each 5–10 min with One Touch Verio Pro+
glucometer (Life Scan, Switzerland). The euglycemic option was chosen
in order to mitigate the effects of hyperglycemia on glucose uptake. The
target blood glucose levels were 5.1–5.6 mmol/l. If blood glucose de-
creased, glucose infusion was accelerated, and vice versa. In about
120–180 min, a dynamic equilibrium was achieved meaning that
glucose infusion rate was equal to glucose uptake by the tissues. The
glucose infusion rate at a dynamic equilibriumover 30–40minwas con-
sidered to be the glucose uptake by tissues and used to calculate glucose
consumption (М value) as a mean of 6–8 glucose infusion rate readings
per kg of bodymass perminute. The results were expressed asМ values
(mg/kg/min) and classified as follows: M = 0–2, severe IR, M = 2–4,
moderate IR, M = 4–6, mild IR, M N 6, no IR.

2.4. ADSC isolation and cell culture

ADSC were isolated from subcutaneous and omental white adipose
tissue biopsies as previously described.21 Briefly, the stromal vascular
cell fraction was isolated by collagenase I (200 U/ml, Sigma-Aldrich,
USA) and dispase (30 U/ml, Gibco, USA) digestion for 1 h at 37 °C. The
cells were seeded and cultured overnight in complete DMEM supple-
mented by 10% FBS (HyClone, USA), PenStrep and 2 mM glutamine
(Gibco, USA) followed by exchange of the medium to remove non-
adherent cells. Experiments for cell proliferation assay were performed
at 3rd passage. All experiments were performed using independent
ADSC cultures from five obese non-diabetic patients and five obese pa-
tients with T2DM.

2.5. MTT assay

MTT was used in ADSC proliferation assay. The assay is based on
conversion of water soluble MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) compound to an insoluble formazan
product by viable cells. Optical absorbance by formazan at 590 nm is
proportional to the number of cells. Proliferative index was determined
as (number of cells (+FBS sample)/number of cells (−FBS sample)).
ADSC were plated in 96-well culture plates (5 ∗ 103 cells per well) in
complete DMEM supplemented with 10% FBS in a final volume of
0.1 ml. The cells were serum-deprived in complete DMEM and 0.1%
BSA overnight prior to experiments and cultured for 24, 48, 72 and
96 h in complete DMEM with or without 10% FBS. Then МТТ was
added at 0.5 mg/ml for 4 h. Formazan crystals were solubilized by
0.1 N HCl in isopropanol. Absorbance was measured at 595 nm using
Multiscan Microplate Reader (Labsystems, USA) and number of cells
per well was calculated using standard curves. The standard calibration
curves (absorbance against the number of cells)were generated using 6
serial dilutions from 620 to 20,000 cells/well.

2.6. Cell cycle assay

A flow cytometry based cell cycle assay was performed using
Propidium Iodide Flow Cytometry Kit (ab139418, Abcam, UK) to



Table 1
Sequences of primers for RT PCR.

Gene Forward primer 5′-3′ Reverse primer 5′-3′

hGLUT4 CGTCTCCATTGTGGCCATCT CCCATAGCCTCCGCAACATA
hPPARg TCAAAGTGGAGCCTGCATCT TGAGACATCCCCACTGCAAG
hFABP4 GCACCATAACCTTAGATGGGGG GTGACGCCTTTCATGACGC
hGAPDH CTCATTTCCTGGTATGACAACGA CTTCCTCTTGTGCTCTTGCT
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evaluate distribution of ADSC over cell cycle. Cellswere cultured for 24 h
in complete DMEM with or without 10% FBS, detached and fixed in an
ice-cold 70% ethanol for 4 h. DNA was denaturated by 2 N HCl with
0.5% Triton-X100, and solutionwas neutralized to pH 8.5with 0.1M bo-
rate buffer. The cells were washed and resuspended in 50 mg/ml
propidium iodide (Abcam, UK) supplemented with 550 U/ml RNase A
(Abcam, UK). FACS Canto II (BD Pharmingen, USA)was used for flow cy-
tometry. FCS Express 9 software (De Novo Software, Canada) was used
to analyze cell distribution over the phases of the cell cycle based on in-
tensity of propidium iodide fluorescence.

2.7. Adipocyte area measurements

The average area covered by adipocytes was determined by the
bright field microscopy of frozen sections of sWAT and oWAT biopsies.
The biopsies were immersed in freezing medium (O.C.T. Tissue Tek,
Sakura, Japan) and frozen in vapor of liquid N2. Theywere cut into series
of 30 μm thick sections that were transferred onto glass slides and fixed
in ice-cold acetone. The sections were dehydrated in 96% ethanol and
xylene and visualized on a microscope Zeiss Axio Observer A1 (Zeiss,
Germany). The images were analyzed using ImageJ software (SetScale
plugin). The average adipocyte area were determined from 4 random-
ized microscopic fields and counted as total area covered by adipocytes
divided by the number of cells examined.

2.8. Immunohistochemistry

Frozen Tissue Tek blocks of sWAT and oWAT were cut into 12 μm
thick sections and fixed in ice-cold acetone. All sections were blocked
by10%normal donkey serumand incubated overnightwithprimary an-
tibodies (anti-CD68-antibody, #ab955, Abcam, USA; anti-CCR7-
antibody, #ab32527, Abcam, USA; anti-CD206-antibody, #ab64693,
Abcam, USA). The conjugated AlexaFluor488 (#A21206, Molecular
Probes, USA) or AlexaFluor594 (#A21203, Molecular Probes, USA)
were used as secondary antibody; all sections were counterstained
with DAPI (Sigma-Aldrich, USA). The images were obtained on a
fluorescent microscope Zeiss AXIO Observer A1 (Zeiss, Germany) and
analyzed using ImageJ software. Percentage of macrophages was
determined as number of CD68+-cells among general number of cells.
Percentage of M1-M2 macrophages was determined as number of
CD68+M1-M2 marker+ cells among CD68+-cells.

2.9. Adipogenic differentiation

Adipogenic differentiation was performed according to Zebisch
et al.28 Briefly, ADSC were cultured to 90% confluency in DMEM as
above; the medium was then replaced with DMEM+10% newborn
calf serum (NBCS) (days 0–2 of differentiation). On day 3, the medium
was replaced with DMEM supplemented with 10% FBS, 0.5 mM dexa-
methasone, 0.25 μM isobutylmethylxanthine, 2uM rosiglitazone and
1 μg/ml insulin (days 3–5 of differentiation). The cells were cultured
for another two days (days 5–7 of differentiation) in DMEM supple-
mented with 10% FBS and 1 μg/ml insulin. Then mediumwere replaced
according to scheme: 2 days DMEM + full inductors, 2 days DMEM
+ insulin. On day 21, the cells were lysed and used inWestern blotting.
Control of adipogenic differentiation was performed by OilRedO stain-
ing, almost 80% of cells were OilRedO-positive.

2.10. Western blotting

Cell lysates were separated by Laemmli SDS-PAGE29 and proteins
were transferred on PVDF membranes at 1 A/h. The membranes were
blocked for 5% fat-free milk in TBS containing 0.1% Tween 20 (TBST)
and incubated with primary (anti-pJNK1/2 T183/Y185 antibody, cat.
#AF1205, R&D, USA; anti-total JNK1/2 antibody, cat.#AF1387, R&D,
USA; anti-vinculin antibody, cat.#ab129002, Abcam, USA) and
secondary (horseradish peroxidase-conjugated secondary antibody
against rabbit IgG, cat.#6721, Abcam, USA) antibodies according to
manufacturer recommendations. The protein bands were visualized
using Clarity ECL reagent kit (BioRad, USA) and Fusion FX gel-
documenting system (Vilber Lourmat, France). Quantitation was per-
formed in GelAnalyzer2010 software.

2.11. Gene expression studies

Expression of the key adipogenic markers GLUT4, PPARgamma and
FABP4wasmeasured by quantitative RT-PCR (PCR-system StepOnePlus,
Applied Biosystems, USA) in the lysates of adipocytes derived from
ADSC. Total RNA was purified from cell lysates using RNEasy Mini Kit
(Qiagen, USA). The purified RNA was treated with DNase (Abcam,
USA) and cDNA synthesis was performed using RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Scientific, USA). A SYBR-
green based gene expression assaywas performed byRT PCR Kit (Sintol,
Russia). All samples were assayed in triplicates and values were com-
pared against the housekeeping gene GAPDH. The mRNA level was
quantified by 2^(−ΔΔCt) method (Table 1).

2.12. Statistical analysis

The data in Table 2 were expressed as median [max.; min.]. After
that, all data were expressed as mean ± standard error of the mean
(SEM) and analyzed using “Statistica 8.0” software. Statistically significant
differences between two groups were evaluated by the Mann-Whitney
rank sum U test. The p-values b0.05 were considered significant.

3. Results

3.1. Clinical characteristics of patients

General characteristics of the patients enrolled in the study are sum-
marized in Table 2. The median fasting glucose was 8.56 [6.87; 11.57]
mmol/l and median HbA1c was 7.40 [6.65; 8.10] % in T2DM patients;
the median fasting glucose was 4.98 [4.77; 5.83] mmol/l and median
HbA1c was 5.40 [5.20; 5.80] % in NGT patients, p b 0.05. The body
mass index values did not differ between the two groups being 42.26
[34.83; 46.75] kg/m2 in obese diabetic (T2DM) vs. 44.25 [36.27; 53.46]
kg/m2 in obese non-diabetic (NGT) patients. The groups differed in
body composition as assessed by the adipose tissue vs. muscle tissue
ratio. NGT patients had more adipose tissue (44%) than T2DM patients
(41%). There was more visceral fat in T2DM patients (20.0 level [red
area]) than in NGT patients (16.0 level [yellow area], p = 0.032). This
suggests that fat was somewhat distributed towards the metabolically
inactive form in T2DM patients.

The blood serum levels of adipokines have been also assessed. The
T2DM patients had reduced adiponectin levels (NGT vs. T2DM: 6.67
[5.63; 9.00] vs. 4.36 [3.55; 5.24], p=0.016) and a tendency to increased
leptin level (NGT vs. T2DM: 26.53 [13.85; 40.00] vs. 41.25 [34.68; 53.50],
p = 0.151) (Table 2).

3.2. Insulin resistance in patients

IR was measured by clamp test in all patients enrolled in the study.
The M value was 1.23 [0.61; 1.57] mg/kg/min in T2DM patients vs. 4.14



Table 2
Characteristics of carbohydrate metabolism in obese patients with and without T2DM
(median [25,75 percentile]).

Characteristic NGT patients T2DM patients

Sex 4 females + 1 male 4 females + 1 male
Age, years 33 [29; 44] 42 [35; 59]
BMI, kg/m2 44.25 [36.27; 53.46] 42.26 [34.83; 46.75]
Fasting blood glucose, mmol/l 4.98 [4.77; 5.83] 8.56 [6.87; 11.57]
HbA1c, % 5.40 [5.20; 5.80] 7.40 [6.65; 8.10]
HOMA-IR index 4.21 [1.64; 8.23] 13.23 [8.36; 20.33]
M-index, mg/kg/min 4.14 [3.44; 5.75] 1.23 [0.61; 1.57]
Serum adiponectin, μg/ml 6.67 [5.63; 9.00] 4.36 [3.55; 5.24]
Serum leptin, ng/ml 26.53 [13.85; 40.00] 41.25 [34.68; 53.50]
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[3.44; 5.75] mg/kg/min in NGT patients, p = 0.009. This corresponds to
severe IR in T2DM patients and mild to moderate IR in NGT patients.
3.3. Adipocytes are hypertrophied in obese diabetic vs. non-diabetic patients

Both subcutaneous and omental fat tissue biopsy were obtained
from 5 each of NGT and T2DM patients. The average adipocyte area of
subcutaneousWAT adipocytes in histological sections of T2DM biopsies
was 1.5-fold larger than that of NGT biopsies (Fig. 1A–B) (2812 μm2 ±
209 μm2 for T2DM patients and 2003 μm2 ± 128 μm2 for NGT patients,
*p b 0.01, Mann-Whitney U test). Similarly, average adipocyte area of
omental WAT adipocytes was 1.2-fold larger in diabetic biopsies than
in the control group (Fig. 1C–D) (2224 um2 ± 142 μm2 for T2DM pa-
tients and 1897 um2 ± 100 μm2, ** 0.01 b p b 0.05, Mann-Whitney U
Fig. 1. Both subcutaneous (sWAT) and omental (oWAT) diabetic adipocytes (T2DM) are large
images of sWAT cryosections; B, average adipocyte areas for sWAT; C, representative images
Mean ± SEM, n = 20, Mann-Whitney U test. * - p b 0.01, ** - 0.01 b p b 0.05. Scale bar = 20 μ
test). This indicates that both sWAT and oWAT diabetic adipocytes of
are hypertrophied as compared to non-diabetic adipocytes.

3.4. Diabetic ADSC display lower proliferative activity than non-diabetic ADSC

Because adipocyte hypertrophy may results from a deficit of lipid
stores due to compromised proliferation and renewal of adipocytes in
disease, we used MTT to assess proliferation activity of ADSCs. Upon
stimulation by FBS, diabetic ADSC displayed shallow growth dynamics
in culture and the number of cells was always 2–5-fold less than in cor-
responding non-diabetic control cells (Fig. 2A,B). Consistent with this
observation, FBS significantly increased the number of non-diabetic
subcutaneous ADSC in G2/S phase of the cell cycle, whereas it had no
such effect on diabetic cells 24h after the stimulation (Fig. 2C). Although
no significant difference was found for the omental ADSC in G2/S phase
(Fig. 2D), this may reflect a considerable lag-phase in their growth
curves that start to separate only at 45–72 h post-stimulation (Fig. 2B).

3.5. Diabetic ADSC display lower adipogenic activity than non-diabetic
ADSC

The blunted proliferation of diabetic ADSC may be associated with
their lower adipogenic activity. Therefore we compared the adipogenic
capacity of ADSC from the NGT and T2DM patients. First, we analyzed
the ADSC adipogenic activity by OilRedO staining of the resulting adipo-
cytes. While the adipocytes derived from ADSC of the NGT patients
demonstrated N80% of differentiated cells containing small lipid droplets,
the adipocytes derived from ADSC of the T2DM patients demonstrated
only 40–50% differentiated cells with hypertrophied morphology and
r than non-diabetic adipocytes (NGT) in white adipose tissue biopsies. A, representative
of oWAT cryosections, D, average adipocyte areas for oWAT. The data in histograms are
m.



Fig. 2.Diabetic ADSC (T2DM) proliferates slower than non-diabetic ADSC (NGT). A, Growth curves for subcutaneous ADSC; B, growth curves for omental ADSC; C, number of subcutaneous
ADSC present in G2/S phase of the cell cycle before (without FBS) and after (with FBS) stimulation by FBS for 24 h, D, number of omental ADSC present in G2/S phase before and after 24-
hour stimulation by FBS. Shown are Means ± SEM, n = 15, Mann-Whitney U test. * - p b 0.01.
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big lipid droplets (the data not shown). This trend was observed for both
subcutaneous and omental adipocytes. Secondly, the ADSC adipogenic
potential was measured quantitatively by the expression of adipogenic
Fig. 3. Expression of adipogenic markers is lower in adipocytes derived from diabetic (T2DM) than n
derived fromsubcutaneousADSC;B, relativeexpressionofGLUT4,PPARgammaandFABP4 inadipocytes
markers, GLUT4, PPARgamma and FABP4. The mRNA levels of these
adipogenic markers were significantly 3–5-fold lower in both subcutane-
ous and omental adipocytes derived from diabetic ADSC than in non-
on-diabetic (NGT) ADSC. A, relative expression of GLUT4, PPARgamma and FABP4 in adipocytes
derived fromomentalADSC.ThedataareMean±SEM,n=15,Mann-WhitneyUtest. * -pb 0.01.



Fig. 4.Diabetic subcutaneous (sWAT, A and B) and omental (oWAT, C and D) fat is more infiltrated by CD68-positive macrophages than non-diabetic. The histological sections of diabetic
(T2DM) and non-diabetic (NGT) white adipose biopsies were immunostained for CD68 and DAPI. A and C, representative images of sWAT and oWAT cryosections, respectively, B and D,
corresponding statistical histograms of the number of CD68-positive cells; the data are Mean ± SEM, n = 20, Mann-Whitney U test. *p b 0.01, ** 0.01 b p b 0.05. Scale bar = 40 μm.
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diabetic ADSC (Fig. 3A,B). Thus, diabetic ADSC appear to have lower
adipogenic activity as compared to healthy ADSC.

3.6. Diabetic fat is more infiltrated by CD68-positive macrophages

Adipocyte hypertrophy may be associated with increased inflamma-
tion. To test this possibility,wedeterminedmacrophage infiltration of sub-
cutaneous and omental WAT biopsies of NGT and T2DM patients. Both
T2DM tissues were found twice more infiltrated by CD68-positive
cells as compared to non-diabetic NGT controls. The differences were
about 2-fold for subcutaneous WAT (21.6% ± 2.5% vs. 10.3% ± 1.2% of
CD68+-positive cells, *p b 0.01, Mann-Whitney U test) (Fig. 4A,B), and
2.6-fold for omental WAT (18.4% ± 1.8% CD68+-cells vs. 7.1% ± 1.5%
CD68+-cells, *pb 0.01,Mann-WhitneyU test) (Fig. 4C,D). These results sug-
gest that bothdiabetic fat tissues have increased inflammatory background.

3.7. Pro-inflammatory M1-like macrophages are similar in diabetic and
non-diabetic fat

Because the in-tissuemacrophages develop a spectrumof phenotypes
ranging from thepro-inflammatoryM1 type to the anti-inflammatoryM2
type, we used commonmarkers forМ1-like andM2-like macrophages to
assess their presence in diabetic and non-diabetic fat. Cryosections of sub-
cutaneous and omental fat biopsieswere immunostained for CCR7,which
is one of the classic markers of pro-inflammatory M1-macrophages,31,32

and CD68 to match the signal to macrophages. As shown in Fig. 5, the
fraction of CD68+/CCR7+ M1-like macrophages was about 60% of all
CD68+-positivemacrophages in both diabetic, and non-diabetic subcuta-
neous fat. In the omental fat, the M1-like macrophage content was about
80% and also did not differ between diabetic and non-diabetic biopsies.
Thus, regardless of fat location infiltration by M1-like macrophages is
similar in diseased and non-diabetic states.

3.8. Fraction of anti-inflammatory M2-like macrophages is less in diabetic
than non-diabetic fat

To visualize M2-like macrophages in cryosections of fat biopsies
we used CD206 marker, which is one of the classic markers of anti-
inflammatory M2-macrophages.31,32 Almost all CD68-positive macro-
phages were also positive for CD206 in both subcutaneous and omental
non-diabetic fat of NGT patients indicating they have M2-like pheno-
type. The CD68+/CD206+ fraction of M2-like macrophages was less in
diabetic biopsies, amounting for 85% in the subcutaneous and nearly
70% in the omental fat biopsies (Fig. 6). It should be noted that consid-
ering the increased total number of macrophages in diabetic fat (c.f.
Fig. 4) the M2/M1 ratio is shifted towards inflammatory state (refer to
Discussion for the details).

3.9. Increased activation of stress-activated kinases JNK1/2 in diabetic fat

Because activation of stress-activated MAP-kinases JNK1/2 reports
inflammation and insulin resistance in obesity,33 we measured phos-
phorylation of JNK1/2 on activatory sites in diabetic and non-diabetic
adipocytes differentiated from both subcutaneous and omental ADSC.



Fig. 5. Detection of M1-like macrophages in cryosections of subcutaneous (sWAT) and omental (oWAT) adipose biopsies. A, panel of images representing immunostaining of serial
cryosections for CCR7 (green), CD68 (red), and nuclei (DAPI). B and C, statistical histograms of the fraction of CCR7+ cells among all CD68+-cells in the examined sWAT or oWAT
images, respectively. The data in are Mean ± SEM, n = 20, Mann-Whitney U test. * - p b 0.01, ** - 0.01 b p b 0.05. Scale bar = 20 μm.
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The results of western blot are shown in Fig. 7. They demonstrate that
activation JNK1/2 phosphorylation is significantly increased in both
groups of diabetic adipocytes as compared to non-diabetic adipocytes.
Thus, adipocytes grown fromdiabetic ADSC in culture seem to retain in-
creased JNK1/2 phosphorylation, suggesting their upregulated stress/
inflammatory state.
4. Discussion

The main question we asked in this study is what may drive IR
development in people with long and morbid obesity, and why some
of them do not develop T2DMwhile the others do. We compared biop-
sies from their subcutaneous and omental fat with regard to adipocyte



Fig. 6. Detection of M2-like macrophages in cryosections of subcutaneous (sWAT) and omental (oWAT) adipose biopsies. A, panel of images representing immunostaining of serial
cryosections for CD206 (green), CD68 (red), and nuclei (DAPI). B and C, statistical histograms of the fraction of CD206+-cells among all CD68+-cells in the examined images of sWAT
or oWAT, respectively. The data in are Mean ± SEM, n = 20, Mann-Whitney U test. * - p b 0.01, ** - 0.01 b p b 0.05. Scale bar = 20 μm.
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morphology, macrophage infiltration, inflammation state, and prolifer-
ation ability of the adipocyte precursor cells. We found that diabetic ad-
ipocytes are larger, their ADSC precursors proliferate slower and have
decreased adipogenic potential, the diabetic fat is infiltrated by macro-
phages twice as much as non-diabetic along with increased M2/M1
macrophage ratio, and increased activity of the stress/inflammatory
JNK1 pathway in diabetic vs. non-diabetic ADSC. We conclude that
diabetic disease may be at least in part due to impaired renewal of
healthy adipocytes, hypertrophy of the existing fat depots, increased
macrophage infiltration and inflammation of the fat tissue, resulting in
loss of insulin sensitivity and progression of T2DM, as summarized
in Fig. 8.

We found that both subcutaneous and omental diabetic adipocytes
are apparently hypertrophic because that display larger size than their



Fig. 7. Increased JNK1/2 phosphorylation in adult diabetic adipocytes. Both subcutaneous (A and B), and omental (C and D) adipocytes derived from the non-diabetic (NGT) and diabetic
(T2DM) ADSCwere assayed. Shown are the representativewesternmembranes (A and C), and their quantified results (B andD). The data areMean±SEM, n=9,Mann-Whitney U test. *
- p b 0.01.

Fig. 8. Summary of the hypothesis and results obtained in this study. While overfeeding generally results in increased fat deposition in subcutaneous and visceral adipose tissues, the
diabetic adipocytes are hypertrophied and proliferation of their precursor ADSC is compromised. This increases hypoxia and macrophage infiltration of diabetic fat, resulting in latent
inflammation and insulin resistance, which is prerequisite for T2DM development.
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non-diabetic counterparts (Fig. 1). The diabetic fat had less adipocytes
in the same volume compared to metabolically healthy fat. It could
have been because of a lower proliferative activity of adipogenic precur-
sors in diseased fat. Therefore we tested this possibility and found that
while serum stimulated proliferation of non-diabetic subcutaneous
ADSC, it almost failed to increase proliferation of diabetic subcutaneous
ADSC (Fig. 2A). Omental ADSC displayed similar trend, although the dif-
ference between diabetic and non-diabetic cells was delayed and less
pronounced, reaching statistical significance after 72 h of stimulation.
To justify these results, we analyzed cell distribution between phases
of the cell cycle. After 24 h of stimulation, FBS significantly increased
the number of healthy subcutaneous ADSC in the active G2/S state,
whereas it had no effect on diabetic subcutaneous ADSC (Fig. 2C). This
suggests that the differences seen in ADSC growth curves are due to re-
duced responsiveness of diseased cells to growth factors and cell cycle
progression. Again, the increase in the omental cells being in G2/S
phase was not significantly different between NGT and T2DM cells at
24 h of FBS stimulation (Fig. 2D), which is consistent with the delayed
bifurcation of the cell growth curves (c.f. Fig. 2B).

The blunted proliferation of diabetic ADSC, lower adipogenic activity
and expression of the key adipogenicmarkers (Fig. 3) are likely to result
in a reduced capacity of new fat depot formation. It could be expected
that under such circumstances the existing adipocytes become
hypertrophied and resistant to insulin action.Whether intrinsic cellular
mechanisms additional to those identified so far exist to govern the loss
of insulin sensitivity due to exhaustion of lipid stores in hypertrophied
adipocytes requires the future studies.

The adipocyte hypertrophy is a risk factor for hypoxia and latent in-
flammation in the fat tissue9,10,34 via recruitment of macrophages and
their differentiation into the pro-inflammatory phenotype.6,35,36. In
turn, latent inflammation may also stimulate the adipocyte hypertro-
phy. Activation of inflammatory cascades during oxidative and endo-
plasmic reticulum stress in response to overnutrition may cause
recruitment of M1-macrophages and other immune cells, which re-
model extracellular matrix to create a niche for hypertrophied cell
growth. Thus, the level of cathepsin K protease, which degrades fibro-
nectin and collagens I and II, is found to be increased in obesity.37 In ad-
dition, adipocyte hypertrophy is associatedwith altered levels of matrix
metalloproteinase inhibitors.38,39

Macrophages are themost downstream immune cells which inflam-
matory profile reflects that of the upstream cells such as T-lymphocytes
and innate lymphoid cells.40–44 However, assessment of total macro-
phage infiltration gives only a rough estimate of fat inflammation be-
cause macrophages develop into either pro-, or anti-inflammatory
phenotype.45–48 Therefore we assessed whether the diabetic fat tissues
contain more pro-inflammatory (M1-like) and/or less anti-
inflammatory (M2-like) macrophages.

Using CCR7 as a marker of M1 macrophages we found that diabetic
and non-diabetic adipose biopsies were not different in M1-like macro-
phage population, which was about 60% for subcutaneous and about
80% for the omental specimen. Almost all macrophages in non-
diabetic fat biopsies displayed CD68 and CD206 markers of the M2
phenotype regardless of the fat origin, whereas only 85% and 70% of
macrophages were M2-positive in diabetic subcutaneous and omental
fat biopsies, respectively. However, taking into account that total num-
ber of macrophages is twice increased in diseased fat (Fig. 4), the frac-
tion of pro-inflammatory M1-like macrophages is thus increased to
1.2 and 1.6 in diabetic subcutaneous and omental fat as compared to
0.6 and 0.8 in non-diabetic, respectively. Similarly, the fraction of anti-
inflammatory M2-like macrophages is increased to 1.7 and 1.4 in dia-
betic subcutaneous and omental specimen, respectively, versus remain-
ing 1 in the healthy fats. If to take theM1/M2 ratio as an estimate of the
pro-inflammatory environment, it is 0.6/1= 0.6 in non-diabetic subcu-
taneous fat versus 1.2/1.7 = 0,7 in diabetic subcutaneous fat. However,
this difference is much bigger for the omental fat, where the M1/M2
ratio is 0.8/1 = 0.8 in non-diabetic vs. 1.6/1.4 = 1.14 in diabetic
condition. Although rough, these estimates illustrate an increased pro-
inflammatory background in diabetic patients, consistent with the
well-established role of inflammation in IR development and T2DM
progression.49–53 In addition, these estimates are also consistent with
the key pathogenic role of the omental fat, as it demonstrates much
higher difference in the pro-inflammatory background (1.14/0.8 =
1.43) than subcutaneous fat (0.7/0.6 = 1.17). This is also consistent
with clinical observations54–57 and results of experimental studies.58–60

The inflammatory pathway mediated by stress-activated JNK1/2
MAP-kinases is upregulated in hypoxic environment and critically con-
tributes to IR development in the fat tissue.33,61–63 We assessed activa-
tion of JNK1/2 by phosphorylation level of its activatory T183/Y185
sites. It was significantly higher in both subcutaneous and omental adi-
pocytes differentiated from ADSC of diabetic patients as compared to
non-diabetic adipocytes (Fig. 7). This is consistent with the increased
pro-inflammatory background in diabetic fat and higher IR as deter-
mined by the hyperinsulinemic-euglycemic clamp test in diabetic
patients.

5. Conclusions

We report here that diabetic ADSC have impaired proliferation asso-
ciatedwith the in situ hypertrophy of adult adipocytes and increased in-
flammatory background in subcutaneous and omental fat. In the
context of T2DM pathogenesis, these conditions not only favor in-
creased IR, which was confirmed by hyperinsulinemic-euglycemic
clamp test in diabetic patients, but also likely prevent formation of
new fat depots from ADSC, which could be capable of counteracting IR
(Fig. 8). This is consistent with altered expression of adipogenic genes
and adipogenesis associated with pathogenesis of T2DM,64–67 which
may provide still amissing linkbetween theADSCdysfunction observed
in this study, and T2DM progression in obese individuals.
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