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Abstract
Aims/hypothesis Successful outcomes have been obtained
by exploiting adipose-derived stem cells (ASCs) in regen-
erative medicine. NADPH oxidase (NOX)-generated reac-
tive oxygen species (ROS) are known to control stem cell
self-renewal. Several high glucose (HG)-mediated effects
depend on NOX-generated ROS. In this study, we investi-
gated whether, and how mechanistically, HG concentrations
control ASC fate in patients with diabetes.
Methods ASCs from the visceral adipose tissue of non-
diabetic (N-ASCs) and diabetic participants (D-ASCs),
identified by surface markers, were counted and evaluated
for ROS generation and stem cell properties. Their ability to
release soluble factors was assessed by BioPlex analysis. To
reproduce an invitro diabetic glucose milieu, N-ASCs were
cultured in HG (25 mmol/l) or normal glucose (NG) concen-
tration (5 mmol/l), as control. ASC pluripotency was assessed
by in vitro study. The p47phox NOX subunit, AKT and
octamer-binding transcription factor 4 (OCT4; also known
as POU5F1) were knocked down by small-interfering RNA

technology. Stem-cell features were evaluated by sphere clus-
ter formation.
Results The ASC number was higher in diabetic patients
than in non-diabetic controls. Production of OCT4 and
NANOG, stem-cell-specific transcription factors, was upre-
gulated in D-ASCs compared with N-ASCs. Moreover, we
found that ROS production and AKT activation drove D-
ASC, but not N-ASC, secretion. When N-ASCs were cul-
tured in vitro in the presence of HG, they also expressed
OCT4/NANOG and formed spheres. By knock-down of the
p47phox NOX subunit, AKT and OCT4 we demonstrated
that NOX-generated ROS and their downstream signals are
crucial for HG-mediated ASC de-differentiation and proin-
flammatory cytokine production.
Conclusions/interpretation We herein provide a rationale
for exploiting D-ASCs in regenerative medicine and/or
exploiting HG preconditioning to increase ASCs ex vivo.
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qRT-PCR Quantitative real-time PCR
ROS Reactive oxygen species
siRNA Small interfering RNA

Introduction

Human adult mesenchymal stem cells (MSCs), owing to
their useful properties, have become of increasing interest
to clinicians [1–4]. Indeed, their ability to differentiate into
several mesenchymal lineages has spurred clinicians to ex-
ploit these cells in tissue engineering and in regenerative
medicine to repair damaged organs [1–4]. Different tissues
have been discovered as sources of adult stem cells and
recently adipose tissue has been considered a novel promising,
abundant and accessible resource of adipose-derived stem
cells (ASCs) [5–7]. Successful outcomes have been reported
from a number of clinical trials exploiting ASCs, mainly in
regeneration or repair of failing organs [8], although a number
of relevant issues remain to be clarified. In particular, whether
the therapeutic effect of ASCs depends merely on their en-
graftment and differentiation is still debated [9]. Moreover,
very few data are as yet available on the molecular mecha-
nisms that regulate their self-renewal and differentiation, both
in physiological and pathological settings [10].

The stem cell microenvironment, the ‘stem cell niche’, in
adipose tissue is crucial for preserving ASC self-renewal,
denoting ‘stemness’ potential and controlling differentiation
[11]. To date, data have been provided on the negative effects
of obesity on the adipogenic niche [10]. However, how mech-
anistically abnormal metabolic conditions act on niches to
control ASC fate is still poorly understood. Likewise, whether
and how abnormal metabolic conditions might alter the ability
of ASCs to release soluble mediators, a mechanism required
for their therapeutic potential [12], is still unknown.

Stem cell pluripotency and differentiation are strictly
controlled by a coordinated network of transcription factors
[13]. Among them, octamer-binding transcription factor 4
(OCT4) and NANOG, the levels of which are strictly con-
trolled by OCT4 and SRY-box 2 (SOX2) [14], have been
long recognised as crucial transcriptional regulators of stem
cell self-renewal during embryogenesis [15]. More recently,
it has been shown that both OCT4 and NANOG are also
produced by adult undifferentiated MSCs and can be recov-
ered from bone marrow, human cord blood and umbilical
cord matrix [15–19].

The ability to reciprocally de-differentiate, re-differentiate
or trans-differentiate in response to a specific stimulus is
defined as cell plasticity [20–22]. OCT4 overexpression has
been shown to induce de-differentiation of ASCs into a more
immature status by activating the AKT/phosphoinositide 3-
kinase (PI3K) and extracellular signal-related kinase (ERK1/

2) signalling pathways [23]. As in developmental processes,
in adult tissues several factors are engaged to modulate and
maintain the balance between self-renewal and differentiation
[21, 22]. Indeed, it has been reported that ASCs possess their
own multipotency to reprogramme into more primitive stem
cells [23]. However, how this process takes place mechanisti-
cally is still controversial.

NADPH oxidase (NOX)-mediated reactive oxygen species
(ROS) production [24] has been reported to be involved in the
control of stem and progenitor cell fate [25], as well as in
neural cell reprogramming [26]. Likewise, ROS generation in
response to hypoxia seems to control ASC proliferation [27].

In the diabetic setting, hyperglycaemia, via NOX enzy-
matic activity, upholds the production of ROS, which in turn
acts as a second messenger [28]. Collectively, this might
suggest that high glucose (HG) levels, a common feature in
diabetes, might also regulate the fate or functional behaviour
of stem cells in visceral adipose tissue by activating down-
stream signals. The present study aimed to investigate whether
HG might dictate the balance between self-renewal and dif-
ferentiation of ASCs in the ‘niche’ and, if so, how HG acts. In
particular, this study aimed to investigate the potential clinical
application of ASCs in diabetic patients.

Methods

Patients and controls A total of 25 type 2 diabetic patients
and 15 non-diabetic participants who underwent abdominal
surgery (gallbladder removal, in situ colorectal cancer) in
our clinic were included. Non-diabetic participants were
used as controls. Biometric data from the participants are
reported in the electronic supplementary material (ESM)
Table 1. Ethics approval was obtained from the Institutional
Review Board of S. Giovanni Battista Hospital, Turin, Italy.
Informed consent was obtained according to the Helsinki
Declaration. We also declare that for the present study, we
had no direct contact with the participants.

Isolation of human visceral-derived ASCs Human visceral
adipose tissue samples were recovered from 20 type 2
diabetic patients (D-ASCs) and 10 non-diabetic controls
(N-ASCs) and processed as detailed in the ESM Methods.
To select the ASC subpopulation from the stromal vascular
fraction, cells obtained from an additional five patients and
five controls were subjected to CD31 and CD45 negative
selection by magnetic cell sorting and characterised as de-
tailed in the ESM Methods [29]. Alternatively, visceral N-
ASCs were maintained in normal glucose (NG) DMEM
(5 mmol/l D-glucose), HG DMEM (25 mmol/l D-glucose)
or high mannitol (HM) DMEM (19 mmol/l D-mannitol, as
osmotic control) and processed. Cell viability was evaluated at
the end of each experiment using Trypan Blue or MTT assay.
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ASC proliferation Cell proliferation was assayed at different
time intervals by direct cell count or FACS analysis (FACS-
Calibur flow cytometer; BD Biosciences, San Jose, CA,
USA) using the proliferating cell nuclear antigen (PCNA)
antibody [30]. Alternatively, cell proliferation was per-
formed at day16 after 48 h apocynin treatment or p47phox

silencing on HG-cultured N-ASCs [31].

Detection of apoptosis Apoptosis was evaluated as indicated
by a Cell Death Detection ELISAPLUS kit (Roche, Mannheim,
Germany), following the manufacturer’s instructions.

Senescence assay Senescence was evaluated by measuring
the acidic β-galactosidase activity of N-ASCs that were
differently cultured, as previously described [32].

ASC characterisation Freshly isolated ASCs, before or after
magnetic cell-sorting selection, were characterised by FACS
analysis.

Endothelial and adipogenic ASC differentiation Cell multi-
potency was assessed under appropriate culture conditions.

RNA isolation and quantitative real-time PCR Total RNA
was isolated as previously described [31] from freshly or
cultured ASCs, differently treated, and from ‘spheroids’, as
indicated. IL6, IL8, TNFα (also known as TNFA) and IL1β
(also known as IL1B) mRNA quantification was performed
by quantitative real-time PCR (qRT-PCR).

Western blot Cells were lysed and 50 μg of protein was
subjected to SDS-PAGE, and processed as described [33].

Endogenous p47phox, OCT4 and AKT silencing by small
interfering RNA To transiently knock down p47phox, OCT4
or AKT duplex small-interfering RNA (siRNA) (Qiagen,
Valencia, CA, USA) was used.

Sphere cluster (spheroid) formation ASC de-differentiation
status was evaluated by a sphere cluster formation and
clonogenic assay. Sphere cluster formation was evaluated
by three different operators counting 10 fields at ×20 mag-
nification and reported as number±SD of spheres per field.

ROS detection Cellular ROS level detection on ASCs, cul-
tured and treated as indicated, was performed by using
DCF-DA (5-[and-6]-carboxy-2′,7′-dichlorofluorescein diac-
etate, 0.5 μmol/l final concentration) (Molecular Probes,
Invitrogen, Carlsbad, CA, USA) assay.

Mitochondria isolation and measurement of complex I–III
activity Cells incubated in the absence or presence of rote-
none (50 μmol/l for 18 h) were lysed and treated, as detailed

in the ESM Methods, to recover cytoplasmic mitochondria
and measure complex I–III activity.

Cytokine detection Conditioned media from 14 days of NG
or HG cultures were collected and processed to detect the
levels of cytokines by a BioPlex Array Reader (Bio-Rad
Laboratories, Hercules, CA, USA).

Statistical analysis Data are representative of at least three
independent experiments, performed in triplicate, unless
otherwise indicated. Densitometric analysis was used to
calculate the differences in the fold induction of protein
levels and normalised, with a statistically significant differ-
ence between experimental and control values indicated by
p<0.05. Western blot panels and relative densitometric his-
tograms reported as ‘relative units’ in the figures are repre-
sentative of the results obtained by experiments performed
in triplicate (n03, n04 or n05). The significance of differ-
ences between experimental and control values (indicated
by p<0.05) was calculated using ANOVA with Newman–
Keuls and Tukey multicomparison tests. ANOVA multi-
comparison testing was also used.

All of the methods described above are fully detailed in
the ESM Methods. Reagents and antibodies are also
reported in the ESM Methods.

Results

Characterisation of ASCs derived from diabetic patients To
investigate whether environmental cues such as hypergly-
caemia can control the fate of visceral-derived ASCs, D-
ASCs were compared with N-ASCs. ASC availability was
first evaluated. An average (mean±SEM) of 9.16×104±
9.2×104 and 5.95×104±7.5×104 ASCs per gram of visceral
adipose tissue were isolated from patients and controls,
respectively (Fig. 1a). However, as such a population also
contains the stromal vascular fraction, to attain purified
ASCs, cells recovered from additional patients and controls
(five of each) were subjected to CD31 and CD45 negative
selection by magnetic cell sorting [29] and counted. An aver-
age (mean±SEM) of 4.58×104±3.2×104 and 1.9×104±2.8×
104 ASCs per gram of visceral adipose tissue were isolated
from patients and controls, respectively (ESM Fig. 1a). Cell
viability was evaluated by Trypan Blue staining and by MTT
assay (data not shown).

Freshly isolated or purified ASCs were subsequently char-
acterised for their expression profile. N-ASCs and D-ASCs,
before or after magnetic cell sorting, expressed similar levels
of mesenchymal cell markers, such as CD29 and CD44. By
contrast, levels of the stemness markers CD105 and CD90
were higher in ASCs from diabetic patients compared with
those from non-diabetic controls (Fig. 1b and ESM Fig. 1b).
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ASCs maintain their multipotency, as demonstrated by their
ability to differentiate into mature endothelial cells and adipo-
cytes [5, 34], as shown by the levels of specific differentiating
markers (ESM Fig. 2). The finding that freshly recovered
ASCs subjected to magnetic cell sorting did not produce
KDR (kinase insert domain receptor, also known as vascular
endothelial growth factor receptor 2 [VEGFR2]) (ESM
Fig. 2b) further supports the conclusion that ASC purification
was successfully performed. The observation that CD90 lev-
els were higher in D-ASCs than in N-ASCs led us to investi-
gate the content of OCT4 and NANOG, two crucial stemness
regulators [13–15]. We found that OCT4 and NANOG produc-
tion was upregulated in D-ASCs in comparison with N-ASCs
(Fig. 1c). The result was further confirmed on the CD31−/
CD45− ASC subpopulation (ESM Fig. 1c), suggesting that
the number of de-differentiated ASCs is increased in diabetic
patients.

HG induces NOX-mediated ROS production To investigate
the involvement of ROS production in mediating ASC
expansion in the diabetic condition, DCF-DA fluorescence
assay was performed. As shown in Fig. 2a, ROS levels were

higher in freshly recovered D-ASCs than in N-ASCs. To
further confirm these results, DCF-DA-fluorescence was also
performed on the CD31−/CD45−ASC population. Again,
ROS generation was higher in D-ASCs than in N-ASCs
(ESM Fig. 1d). As hyperglycaemia is a common feature of
diabetes, we hypothesised that ASC de-differentiation status
could be reproduced in vitro by culturing N-ASCs in HG
conditions. A total of 14 days of culture are required to select
a CD31−/CD45−ASC population (ESM Fig. 3a) [6]. Thus, the
impact of HG in mediating ROS generation was evaluated on
freshly recovered ASCs cultured in HG-containing media for
14 days. The results reported in Fig. 2b, obtained by N-ASCs
cultured with HG or NG, demonstrated that ROS production
increased in response to HG, but not to NG. Hydrogen per-
oxide (H2O2)-treated cells were used as controls. To investi-
gate the involvement of NOX in ROS generation, HG or NG
cultures were subjected to apocynin treatment. Apocynin
treatment was able to prevent HG-generated ROS (Fig. 2c).
As apocynin is known to act as a radical scavenger [35] and
the assembly of p47phox and p67phox subunits is required for
NOX enzymatic activity [36], N-ASCs endogenously deplet-
ed of p47phox (ESM Fig. 4a) were evaluated for ROS

Fig. 1 Characterisation of ASCs derived from diabetic patients and
non-diabetic controls. (a) The number of visceral ASCs (mean±SEM)
per gram of fat tissue at isolation. Data refer to type 2 diabetic patients
(n020 samples) or non-diabetic controls (n010). *p<0.05, D-ASCs vs
N-ASCs. (b) Representative FACS analysis of visceral-derived D-
ASCs and N-ASCs soon after isolation. Isotype controls were included
(black peaks). The percentage of expression±SD of CD44, CD29,
CD90 and CD105 markers was obtained by analysing 20 D-ASC and

10N-ASC samples (for N-ASCs: CD44, 96±2%; CD29, 96±2%;
CD90, 18±1%; CD105, 48±3%; for D-ASCs: CD44, 95±3%;
CD29, 93±1%; CD90, 62±2%; CD105, 62±4%). (c) Cell extracts
from N-ASCs and D-ASCs were analysed by western blot for OCT4
(white bars) and NANOG (black bars) content by densitometry. Protein
levels were normalised to tubulin content. The results are representa-
tive of three different experiments, each performed in triplicate (n03).
***p<0.001 vs equivalent group in N-ASCs
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generation. As shown in Fig. 2c, knock-down of p47phox

prevented ROS production in HG-cultured N-ASCs. To ex-
clude the possibility that mitochondria could contribute to
ROS production, the mitochondrial complex I–III inhibitor
rotenone [37] was added and ROS generation was evaluated.
As shown in ESMFig. 3b, HG-dependent ROS production was
not affected by rotenone treatment. These data were confirmed
by measuring complex I–III activity (ESM Fig. 3c). Cell via-
bility was evaluated by MTT assay (data not shown).

NOX-generated ROS are crucial for HG-mediated ASC
proliferation To evaluate whether increased ROS levels trans-
late into increased cell proliferation, NG- or HG-cultured

N-ASCs were analysed for their proliferative capability. Data
reported in Fig. 2d, obtained by directly counting cells or
analysing the abundance of a DNA-polymerase-δ auxiliary
protein such as PCNA (ESM Fig. 5a), revealed the rate of cell
proliferation was higher in HG-cultured N-ASCs than in those
that were cultured with NG. HM (19 mmol/l), used as osmotic
control, had no effect (Fig. 2d and ESM Fig. 5a). MTT assay
as well as the cell death detection ELISA assay, used as an
index of DNA fragmentation (ESM Fig. 6), revealed that non-
toxic ROS levels were generated in response to HG treatment.
To investigate the role of ROS in HG-mediated N-ASC pro-
liferation, HG-cultured N-ASCs were treated with apocynin
for 48 h and evaluated for their ability to undergo cell

Fig. 2 NOX-mediated ROS production controls ASC proliferation. (a)
DCF-DA assay was performed soon after isolation on ASCs freshly
recovered from the visceral adipose tissue of type 2 diabetic patients
(D-ASCs; black line) or non-diabetic controls (N-ASCs; grey line), to
evaluate intracellular ROS levels. The intracellular DCF fluorescence
levels, generated by the presence of ROS, varied linearly with increas-
ing concentrations of oxidants and for this reason were used as a
marker to quantify intracellular ROS production. The result is repre-
sentative of three different experiments, each performed in triplicate
(n03). (b) DCF-DA assay was performed on N-ASCs cultured for
14 days in the presence of NG (dark-grey line) or HG (black line), to
evaluate ROS generation. H2O2-treated cells (light-grey line) were
used as a positive control for ROS generation. HG-cultured N-ASCs
were also treated with apocynin (light-grey line) or depleted of p47phox

by siRNA (grey line) and analysed for ROS generation. HG, black line.

(c) Proliferation of visceral N-ASCs, cultured with NG (white squares),
HG (black squares) or HM (black circles) (19 mmol/l, as osmotic
control), was evaluated at different time intervals (as indicated) by a
direct cell count. ***p<0.001, N-ASCs cultured in NG or HM vs HG.
(d) HG-cultured N-ASC proliferation was evaluated after apocynin
treatment (48 h) or in cells depleted of p47phox at day 16 by direct cell
count (black squares, HG; white squares, HG+apocynin; black circles,
HG+p47phox siRNA). **p<0.01, HG+apocynin and HG+p47phox

siRNA vs HG. Data reported in (c) and (d) are expressed as number
±SD cells per field (×10 magnification). (e) An aliquot of N-ASCs
cultured in NG or treated as indicated in panel (d) was analysed by
western blot for cyclin D1 (white bars), p21waf (black bars) and β-actin
content; the graph shows densitometric data. The results are represen-
tative of three different experiments performed in triplicate (n03).
***p<0.001 vs equivalent protein in NG
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proliferation. As reported in Fig. 2e and ESM Fig. 5b, the
addition of apocynin led to a reduction of N-ASC prolifera-
tion. The inhibitory effect exerted by apocynin was further
confirmed by analysing the content of cyclin D1 (a member of
the cyclin protein family that drives the G1/S phase transition)
and p21waf (a cyclin-dependent kinase inhibitor acting as a
negative regulator of cell cycle progression at G1) (Fig. 2f).
Similar results were obtained in N-ASCs silenced for p47phox

(Fig. 2e, f and ESM Fig. 5b). The finding that, when depleted
of their signalling machinery, ASCs underwent cell senes-
cence could provide an explanation for the reduced numbers
of cells detected in these experimental conditions (ESM
Fig. 5e). Conversely, both apocynin treatment and p47phox

depletion did not affect N-ASC proliferation when cultured
in the presence of NG (ESM Fig. 5c and 5d).

HG drives OCT4 and NANOG expression by NOX-mediated
ROS generation FACS analysis was performed to

characterise HG- and NG-cultured N-ASCs. The data
reported in Fig. 3a demonstrate that while N-ASCs cultured
with HG for 14 days still contained CD90, those cultured
with NG retained only mesenchymal cell markers (CD105+,
CD29+ and CD44+). Similarly to D-ASCs, HG-cultured N-
ASCs produced OCT4 and NANOG (Fig. 3b). Undifferen-
tiated adult stem cells, unlike committed cells, grow in
suspension and form sphere clusters, in an anchorage-
independent fashion [38]. Consistent with OCT4/NANOG
content, only HG-cultured N-ASCs were able to form ‘sphe-
roids’ (Fig. 3c). To investigate the role of ROS in this
process, HG-cultured N-ASCs were subjected to apocynin
or depleted of p47phox and evaluated. Data reported in
Fig. 4a demonstrate that NOX-mediated ROS generation is
essential for spheroid formation. Moreover, the finding that
both approaches were able to decrease OCT4/NANOG con-
tent (Fig. 4b) further sustains the conclusion that ROS gener-
ation is crucial to promote ASC de-differentiation.

Fig. 3 HG induces OCT4 and NANOG production, as well as sphere
cluster formation. (a) Representative FACS analysis of N-ASCs cul-
tured for 14 days in NG or HG medium. Isotype controls were included
(black peaks). The percentage of expression±SD of CD44, CD29,
CD90 and CD105 markers was obtained by analysing 10 different
samples (NG-cultured N-ASCs: CD44, 96±2; CD29, 914; CD90, 19±
2; CD105, 30±2; HG-cultured N-ASCs: CD44, 95±3; CD29, 94±1;
CD90, 79±3; CD105, 76±3). (b) Cell extracts from N-ASCs culture
for 14 days with NG or HG were analysed by western blot for OCT4
(black bars) and NANOG (grey bars) content by densitometry. Protein
levels were normalised to tubulin content. ***p<0.001. (c) Sphere cluster
formation was evaluated 72 h after seeding N-ASCs cultured for 14 days
in NG or HG in semi-solid medium, as described in the ESM Methods.

Black bar, P1 HG; grey bar, P1 NG; white bar, P2 HG. **p<0.01, P1 NG
vs P1 HG. The clonogenic potential of HG-cultured N-ASCs was inves-
tigated by plating single cell suspension derived from P1 spheres for an
additional 48 h (P2 HG). ††p<0.01, P1 NG vs P2 HG. Sphere cluster
formation was evaluated by three different operators (each experiment
was performed in triplicate), counting 10 fields at ×20 magnification and
reporting as number±SD of spheres per field in the histogram. Scale bars
indicate 50 μm in P1 NG and P1 HG (×20 magnification) and 20 μm in
P2 HG (×40 magnification). The results are representative of four indi-
vidual experiments performed in triplicate (n04) P1 corresponds to
sphere cluster formation; P2 corresponds to sphere cluster formation of
P1-derived cells
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OCT4 is crucial for HG-mediated ASC de-differentiation ASCs
overexpressing OCT4 have been shown to undergo cell
reprogramming [23]. Thus, the involvement of OCT4 in
controlling HG-mediated ASC de-differentiation was fur-
ther investigated. As reported in Fig. 4a, knock-down of
OCT4 (ESM Fig. 4b) prevented HG-induced sphere cluster
formation. Consistently, decreased expression of cyclin D1
and increased expression of p21waf was detected (Fig. 4c) in
OCT4-silenced cells.

AKT activation is crucial for OCT4 and NANOG expression
and for spheroid formation in response to HG AKT is
crucial for OCT4-mediated de-differentiation [23], thus,
the role of AKT in HG-mediated ASC reprogramming was
investigated. As shown in Fig. 5a, AKT production could be
detected in HG-cultured N-ASCs, but not in NG-cultured
cells. To gain further insight into the role of AKT in regu-
lating this process, functional studies were performed in
AKT-silenced N-ASCs (ESM Fig. 4c). Data in Fig. 5b, c
show that, as in apocynin-treated and p47phox-silenced N-
ASCs, OCT4/NANOG content was reduced and spheroid
formation prevented in N-ASCs endogenously depleted of
AKT. Again, the content of cyclin D1 and p21waf validated
these data (Fig. 5d). To further confirm the role of ROS in
controlling AKT activation, N-ASCs were cultured in the
presence of apocynin or depleted of p47phox. As reported in
Fig. 5a in both culture conditions we failed to detect AKT
activation. The finding that ROS generation was still detect-
able in AKT-depleted cells (Fig. 5e) indicates that ROS
generation occurs upstream to AKT.

ROS production and AKT activation are required for IL-6
and IL-8 production by spheroids The role of ROS in me-
diating ASC paracrine action has been reported [39]. There-
fore, the contribution of ROS in mediating HG-induced
soluble factor secretion was investigated. BioPlex analysis
(on supernatant fractions) and qRT-PCR (on spheroids) were
performed. As reported in Fig. 6, the amount of IL-6 and IL-
8 produced by N-ASCs cultured in the presence of HG
(Fig. 6a) and spheroids (Fig. 6c,e) was higher than in NG-
cultured cells. Next, N-ASC cytokine production was ana-
lysed in p47phox and AKT-silenced cells. Data shown in
Fig. 6 clearly demonstrate that NOX-generated ROS and
AKT activation are required for IL-6 and IL-8 production in
response to HG only, indicating that different mechanisms
account for IL-6 and IL-8 production in NG-cultured N-
ASCs (ESM Fig. 7a). Moreover, the finding that preventing
spheroid formation by silencing p47phox and AKT led to
reduced cytokine production sustains the possibility that
N-ASC paracrine function is enhanced by their de-
differentiation status. Consistent with this possibility, we
found that the release of IL-6 and IL-8 was significantly
reduced when HG-containing media were removed and
replaced with NG (Fig. 6g). Finally, we failed to detect
TNFα and IL-1β in our samples (Fig. 6b,d,f).

ROS generation and AKT activation are required for D-ASC
cytokine production An increased level of proinflamma-
tory cytokines is a common feature in diabetes [40]. Thus,
we investigated whether D-ASC de-differentiation status
might contribute to this proinflammatory profile. Soon
after isolation, both freshly recovered and CD31−/CD45−

ASCs were evaluated for their ability to produce IL-6 and

Fig. 4 NOX-mediated ROS generation in response to HG is crucial for
both sphere cluster formation and OCT4/NANOG production. (a) N-
ASCs, subjected to the indicated treatments, were plated in semi-solid
medium, as described in the ESM Methods, to assess sphere cluster
formation. The histogram reports the number±SD of spheres per field,
counting10 fields at ×20 magnification. Black bar, HG; dark-grey bar,
HG+apocynin; light-grey bar, HG+p47phox siRNA; white bar, HG+
OCT4 siRNA. Scale bars indicate 50 μm. **p<0.01. The results are
representative of four different experiments performed in triplicate (n0
4). (b) HG-cultured N-ASCs in the presence or absence of apocynin or
depleted of p47phox were lysed and subjected to SDS-PAGE. White
bars, OCT4; black bars, NANOG. **p<0.01. The filters were immu-
noblotted with anti-OCT4, anti-NANOG and anti-tubulin antibodies.
(c) Cell extracts from HG-cultured N-ASCs, depleted or not of OCT4,
were analysed by western blot for cyclin D1 (white bars) and p21waf

(black bars) content. Protein levels were normalised to β-actin content.
***p<0.001, HG+OCT4 siRNA-treated cells vs HG for cyclin D1 and
p21waf content. The results are representative of three different experi-
ments performed in triplicate (n03)

Diabetologia (2013) 56:173–184 179



IL-8 by qRT-PCR. As reported in Fig. 7 and ESM Fig. 7b,
IL-6 and IL-8 production was higher in D-ASCs than in
N-ASCs in both conditions. To gain further insight into
the mechanisms regulating proinflammatory cytokine pro-
duction and to avoid long-term culture conditions, apoc-
ynin and the specific AKT inhibitor TCL110–24 were used
instead of siRNA technology. Indeed, by applying these
approaches, we demonstrated that ROS generation and
AKT activation are essential for IL-6 and IL-8 production
(Fig. 7 and ESM Fig. 7b). Again, we failed to detect either
TNFα or IL-1β.

Discussion

White adipose tissue, owing to the easy access by mini-
mally invasive methods, is currently considered an alter-
native and valuable source of ASCs for tissue regeneration
[5, 7, 41]. However, no data have been provided on how
mechanistically the balance between self-renewal and dif-
ferentiation in the ‘niche’ is regulated in pathological condi-
tions. Likewise, studies evaluating the potential impact of
ASCs in clinical settings where tissue regeneration is required
are still unavailable.

Fig. 5 ROS-mediated AKT activation is involved in sphere cluster
formation and OCT4/NANOG production in response to HG. (a) N-
ASCs cultured in different experimental conditions, as indicated, were
lysed and analysed by western blot for pAKT (black bars) and normal-
ised to total AKT content. (b) Cell lysates from HG-cultured N-ASCs
endogenously depleted of AKT were subjected to SDS-PAGE. The
filters were immunoblotted with anti-OCT4 and anti-NANOG anti-
bodies. Protein levels were normalised to tubulin content. White bars,
OCT4; black bars, NANOG. (c) Sphere cluster formation assay was
performed by seeding HG-cultured N-ASCs untreated or silenced for

AKT in semi-solid medium. Histogram reports the number±SD of
spheres per field, counting 10 fields at ×20 magnification. Scale bars
indicate 50 μm. **p<0.01, HG+AKT siRNA (black bar) vs HG (white
bar). (d) N-ASCs cultured and treated as indicated above were ana-
lysed by western blot for cyclin D1 (white bars), p21waf (black bars)
and β-actin content. (e) DCF-DA assay was performed on HG-cultured
N-ASCs, silenced or not for AKT, to evaluate cellular ROS levels. The
results are representative of three different experiments, each per-
formed in triplicate (n03). ***p<0.001

180 Diabetologia (2013) 56:173–184



The ‘stem cell niche’ is a specialised microenvironment
containing stem cells [42]. As in developmental processes,
in adult tissues, the balance between self-renewal and dif-
ferentiation of stem cells is strictly controlled by environ-
mental cues [13–18, 21, 22]. In this study, we have
demonstrated that hyperglycaemic conditions induce and
maintain ASC pluripotency. Pluripotency factors, including
stemness genes, provide fundamental mechanisms underly-
ing the properties of stem cells [22]. OCT4, SOX2 and
NANOG are known regulators of genes encoding molecules
involved in the control of stem cell behaviours, including
proliferation and differentiation [18, 21, 22]. We provide
evidence that in D-ASCs, OCT4 and NANOG expression is
upregulated compared with N-ASCs. Consistently, we
found that HG-induced OCT4 and NANOG expression is
associated with an increased rate of cell proliferation and
with their de-differentiation status. siRNA-mediated gene

knock-down, used to extend our knowledge on D-ASC
stemness behaviour, further supports the role of OCT4 in
promoting ASC de-differentiation. This suggests that the
increased number of ASCs recovered from diabetic patients
may be the result of HG concentrations in the adipose ‘stem
cell niche’.

Fig. 7 IL6 and IL8 expression by CD31−/CD45− selected ASCs. IL6,
IL8, TNFα and IL1β mRNA quantification was performed by qRT-
PCR on CD31−/CD45− N-ASCs (grey bars) and D-ASCs (striped
bars). CD31−/CD45− D-ASCs were also treated for 6 h with apocynin
(dotted bars) or with the AKT inhibitor TCL110–24 (black bars). Fold
expression of the indicated cytokines, normalised to GAPDH, is rep-
resentative of five samples tested. ***p<0.001, D-ASCs vs N-ASCs;
†††p<0.001, D-ASCs+apocynin and D-ASCs+TCL110–24 vs D-ASCs
for IL6; ***p<0.01, N-ASCs, D-ASCs+apocynin and D-ASCs+
TCL110–24 vs D-ASCs for IL8; ***p<0.001, experimental vs control
value for TNFα and IL1β. mRNA from activated macrophages was
used as positive control (white bars, +). The results are representative
of five different experiments, each performed in triplicate (n05)

Fig. 6 ROS generation and AKT activation are required for IL-6 and
IL-8 production. (a, b) BioPlex analysis was performed, according to
the manufacturer’s instructions, to detect IL-6, IL-8 (a) and TNFα and
IL-1β (b) levels in sixfold-concentrated supernatant fractions, recov-
ered from the indicated cultures. White bars, NG; light-grey bars, HG;
grey bars, HG+p47phox siRNA; dark-grey bars, HG+AKT siRNA;
black bars, positive control. IL-6 or IL-8: ***p<0.001, HG-cultured
N-ASCs vs NG-cultured N-ASCs, †††p<0.001, HG+p47phox siRNA
and HG+AKT siRNA vs HG. TNFα and IL-1β: ***p<0.001, exper-
imental vs control value. (c–f) IL6 (c), IL1β (d), IL8 (e) and TNFα (f)
mRNA quantification was performed by qRT-PCR on N-ASCs pre-
treated as indicated and cultured in semi-solid medium (see sphere
cluster formation assay in the ESM Methods). Fold expression of the
indicated cytokines, normalised to GAPDH, is representative of ten
samples. ***p<0.001, HG-cultured N-ASCs vs NG-cultured N-ASCs;
††p<0.01, HG+p47phox siRNA and HG+AKT siRNA vs HG for IL6;
**p<0.01, HG-cultured N-ASCs vs NG-cultured N-ASCs; †p<0.05,
HG+p47phox siRNA and HG+AKT siRNA vs HG for IL8; ***p<
0.001, experimental vs control value for TNFα and ILIβ. (g) BioPlex
analysis was also performed to detect IL-6 and IL-8 levels on sixfold
concentrated supernatant fractions, recovered from 14 days’ NG (dark-
grey bars) and HG (white grey bars) cultures. Alternatively, HG me-
dium was replaced for 48 h with NG medium (light-grey bars) and then
collected to detect IL-6 and IL-8 (***p<0.001, NG and HG replaced
with NG vs HG-cultured N-ASCs). Black bars, positive control. In (a–
d), supernatant fractions or mRNA obtained from activated macro-
phages were used as positive controls (+). The results in a and d are
representative of three different experiments, each performed in triplicate
(n03)

�
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Although cellular accumulation of ROS has been consid-
ered a crucial driver of cell death in different pathological
settings [43], evidence has been provided that the reduction–
oxidation balance plays a far more complex role in stem cell
biology [26, 27, 44]. Our data demonstrated that HG chal-
lenge induces ‘non-toxic’ levels of ROS in ASCs. ROS
generation mainly relies on NOX enzymatic activity [28],
which in turn depends on its regulatory subunits, p47phox

and p67phox [28]. The finding that p47phox knock-down
prevented both ROS generation and ASC proliferation indi-
cates that NOX-mediated ROS generation in response to
HG acts as second messenger to drive ASC proliferation.
Moreover, the observation that interfering with the mito-
chondrial electron transport system did not affect ROS pro-
duction suggests that ROS generation in our experimental
conditions mainly depends on NOX activity. We could not
directly demonstrate the involvement of NOX in mediating
ROS production in freshly isolated ASCs (to obtain p47phox

endogenous depletion would require long-term culture con-
ditions). However, the percentage of HbA1c detected in our
patients leads us to speculate that, as in vitro, in D-ASC
NOX might be crucial in driving ROS generation, eventually
leading to the increased de-differentiation status.

To increase stem cell proliferation and self-renewal poten-
tial, physiological levels of ROS are required [25, 26, 45].
Consistently, data provided by our study (demonstrating that
by silencing p47phox, ASCs failed to form spheroids and did
not expressOCT4) indicate that NOX-generated ROS are also
crucial for HG-driven ASC de-differentiation. Moreover, the
possibility that a decrease in ROS cellular levels has a nega-
tive impact on ASC self-renewal is supported by the finding
that NG-cultured N-ASCs were unable to form spheroids.

Beside phagocytes, other cell types use NOX-generated
ROS as a second messenger [46]. The activation of the
MAPK and PI3K/AKT signalling pathways has been
reported to be the result of NOX-generated ROS [27]. Le
Belle et al have demonstrated that in neural stem cell pop-
ulations, self-renewal is associated with the ROS-mediated
PI3K/AKT signalling pathway [26]. In addition, it has been
shown that ASC reprogramming induced by OCT4 over-
expression engages the PI3K/AKT and JAK/STAT3 path-
ways [23]. By applying siRNA technology to knock-down
NOX and AKT, we have demonstrated that AKT activation
is also essential for HG-mediated OCT4/NANOG produc-
tion and for spheroid formation. Moreover, data provided by
knock-down AKT demonstrate that AKT is downstream to
ROS and upstream to OCT4. Again, further support for the
biological relevance of the AKTsignalling pathway in driving
HG-mediated ASC de-differentiation is provided by data
obtained from NG-cultured N-ASCs.

ASCs, besides possessing the ability to regenerate dam-
aged tissue, also secrete soluble mediators [12, 39, 47]. A
great deal of interest in adipose tissue has been generated by

the finding that ASCs, by means of their paracrine function,
influence the inflammatory response [39, 47]. We demon-
strate that microenvironmental cues, by inducing ASC
de-differentiation, influence ASC functional behaviour,
resulting in increased proinflammatory cytokine production.
This suggests that ASCs, exposed to hyperglycaemic condi-
tions via NOX-generated ROS and AKT activation, might
actively participate in dysfunctional proinflammatory cyto-
kine production. Epidemiological studies have described a
clear link between the C-reactive protein-mediated inflamma-
tory response, its inducer IL-6 and an increased cardiovascular
risk profile [48]. Interventions aimed at ameliorating the met-
abolic profile lead to a reduction in proinflammatory protein
plasma levels, including that of IL-6 [49]. Consistently, our
results show that restoring glucose concentrations leads to
decreased IL-6 and IL-8 production. Therefore, as particular
attention has been dedicated to the detrimental consequences
of hyperglycaemia, our data suggest that targeting hypergly-
caemia could also represent a rational approach to interfering
with the ASC dysfunctional cytokine profile.

Adipose tissue transplantation has been proposed as a
potential tool to provide favourable metabolic effects in
diabetes [3]. Data provided herein open new perspectives
for the clinical application of visceral ASCs in diabetic
patients. The potential clinical impact is supported by the
following observations. First, the number of ASCs recovered
from the visceral adipose tissue of diabetic patients is in-
creased compared with that of non-diabetic controls. Second,
ASCs obtained from these patients have high content of
OCT4/NANOG, and thus possess a wider therapeutic poten-
tial. Third, visceral adipose tissue could be an ideal source
of autologous ASCs obtainable with minimally invasive
procedures. Finally, consistent with data provided by
omentectomy in humans [50], the removal of visceral
adipose tissue, besides providing favourable metabolic
effects, might also offer an additional advantage such as
the possibility of exploiting ASCs to repair failing organs.
However, we cannot exclude that as in hematopoietic
systems, where a high ROS level is associated with a
high proliferation rate and premature exhaustion of the
self-renewal potential [25], HG concentrations in the vis-
ceral adipose tissue of diabetic patients could lead to a
rapid exhaustion of ASC stemness capability, eventually
translating in an accelerated impairment of the regenera-
tive potential. Further studies are required to resolve this
issue.

Data have indicated that multipotent stem cells can be
recovered from the adipose tissue of adults [8]. However,
how metabolic conditions can modulate the balance between
self-renewal and differentiation in the ‘niche’ is still unclear.
In this study, we provide evidence that environmental cues
impact ASC biological properties and significantly affect their
stemness and secretion profile. Moreover, these results
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provide the rationale to develop therapeutic strategies exploit-
ing adipose tissue as an easily accessible source of MSCs to
repair failing organs in diabetic patients.
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