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A B S T R A C T   

Islet transplantation is a promising treatment strategy for type 1 diabetes mellitus (T1DM) patients. However, 
oxidative stress-induced graft failure due to an insufficient revascularization is a major problem of this thera
peutic approach. NADPH oxidase (NOX)2 is an important producer of reactive oxygen species (ROS) and several 
studies have already reported that this enzyme plays a crucial role in the endocrine function and viability of 
β-cells. Therefore, we hypothesized that targeting islet NOX2 improves the outcome of islet transplantation. To 
test this, we analyzed the cellular composition and viability of isolated wild-type (WT) and Nox2− /− islets by 
immunohistochemistry as well as different viability assays. Ex vivo, the effect of Nox2 deficiency on superoxide 
production, endocrine function and anti-oxidant protein expression was studied under hypoxic conditions. In 
vivo, we transplanted WT and Nox2− /− islets into mouse dorsal skinfold chambers and under the kidney capsule 
of diabetic mice to assess their revascularization and endocrine function, respectively. We found that the loss of 
NOX2 does not affect the cellular composition and viability of isolated islets. However, decreased superoxide 
production, higher glucose-stimulated insulin secretion as well as expression of nuclear factor erythroid 2-related 
factor (Nrf)2, heme oxygenase (HO)-1 and superoxide dismutase 1 (SOD1) was detected in hypoxic Nox2− /−

islets when compared to WT islets. Moreover, we detected an early revascularization, a higher take rate and 
restoration of normoglycemia in diabetic mice transplanted with Nox2− /− islets. These findings indicate that the 
suppression of NOX2 activity represents a promising therapeutic strategy to improve engraftment and function of 
isolated islets.   

1. Introduction 

Pancreatic islet transplantation is a promising approach to restore 
glucometabolic control in type 1 diabetes mellitus (T1DM) patients and 
in diabetic patients suffering from chronic pancreatitis or following 
pancreatectomy [1]. However, this approach is still not frequently 
applied in clinical practice, which is mainly caused by hypoxia-induced 
graft failure during the initial post-transplant phase [2–7]. 

It is well known that hypoxia induces the generation of reactive 
oxygen species (ROS), which directly modify amino acid residues, 

resulting in covalent oxidative posttranslational modifications of 
various proteins [8]. These modifications can increase or decrease 
signaling processes depending on the cellular system used [9]. ROS can 
have a particularly damaging effect on pancreatic β-cells due to their low 
expression of anti-oxidant enzymes, such as catalase, superoxide dis
mutase, and glutathione peroxidase (GPX) [10]. In fact, it has been 
shown that catalase and GPX levels during isolation and transplantation 
are relatively lower in human β-cells when compared to α-cells, which 
makes β-cells more vulnerable to oxidative stress and cell death [11]. 
Therefore, anti-oxidative strategies are considered a promising 
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therapeutic approach to improve the outcome of islet transplantation 
[12–14]. Kim et al. [5] have recently shown that the anti-oxidant 
molecule NecroX-7 inhibits mitochondrial ROS production and, thus, 
increases the viability of isolated islets as well as ameliorates islet 
transplantation. However, beside mitochondrial ROS, the effects of 
cytosolic/extracellular ROS on islet transplantation remain elusive. 

It has been demonstrated that members of the NADPH oxidase (NOX) 
family (NOX1-5) mainly generate cytosolic/extracellular ROS, such as 
superoxide and hydrogen peroxide (H2O2) [15,16]. These oxidative 
molecules function as mediators of signal transduction related to 
growth, angiogenesis and apoptosis [8,17–19]. NOXs are widely 
distributed among different species and tissues [20–22]. Of interest, 
NOX2 was found to be highly expressed in pancreatic β-cells [23,24]. We 
and others have previously shown that NOX2 is involved in pancreatic 
islet failure under lipotoxicity and cytokine exposure [25–28] and more 
importantly, this enzyme acts as a negative regulator of glucose-induced 
insulin secretion [23,24]. 

Based on these findings, the aim of the present study was to analyze 
the effect of pancreatic NOX2 deficiency on islet transplantation. For 
this purpose, we first investigated whether the loss of NOX2 influences 
islet viability and composition as well as insulin secretion and the 
expression of anti-oxidant proteins under hypoxia. In addition, wild- 
type (WT) and Nox2− /− islets were transplanted and their engraftment 
as well as the restoration of normoglycemia was analyzed in the mouse 
dorsal skinfold chamber model and the kidney capsule model in diabetic 
mice. 

2. Materials and methods 

2.1. Materials 

Roswell Park Memorial Institute (RPMI) 1640 medium and Dulbec
co’s Modified Eagle’s Medium (DMEM) were purchased from Thermo 
Fisher Scientific (Karlsruhe, Germany). Fluorescein isothiocyanate 
(FITC)-labeled dextran 150,000, glycerine gelatine, Hoechst 33,342, 
neutral red solution, penicillin, rhodamine 6G, streptozotocin (STZ) and 
Tween20 were purchased from Sigma-Aldrich (Taufkirchen, Germany). 
Bovine serum albumin (BSA) and fetal calf serum (FCS) were purchased 
from Santa Cruz Biotechnology (Heidelberg, Germany). Cell lysis re
agent QIAzol was purchased from Qiagen (Hilden, Germany). The 
qScriber cDNA Synthesis Kit and ORA SEE qPCR Green ROX L Mix were 
purchased from HighQu (Kraichtal, Germany). Collagenase NB 4G was 
purchased from SERVA GmbH (Heidelberg, Germany). HepatoQuick® 
was purchased from Roche (Basel, Switzerland). Polyvinylidene 
difluoride (PVDF) membrane was purchased from Bio-Rad (Feldkirchen, 
Germany). Propidium iodide was purchased from BD Biosciences (San 
Jose, CA, USA). Calcein was purchased from Molecular Probes (Eugene, 
OR, USA). Ketamine (Ursotamin®) was purchased from Serumwerke 
Bernburg (Bernburg, Germany) and xylazine (Rompun®) was purchased 
from Bayer (Leverkusen, Germany). Poly-L-lysine solution and tempol 
(4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl; (56,516) were pur
chased from Sigma-Aldrich (Taufkirchen, Germany). The spin probe 
CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine 
(NOX-02.1)) was purchased from Noxygen, diluted in oxygen-depleted 
water (containing 25 μM Deferoxamine methanesulfonate salt/5 μM 
Diethyldithiocarbamic acid sodium salt) and stored in 10 mM aliquots at 
− 20 ◦C. 

2.2. Antibodies 

The anti-β-actin (sc81178) and the anti-nuclear factor erythroid 2- 
related factor (Nrf)2 antibodies (sc-365,949) were purchased from 
Santa Cruz Biotechnology (Dallas, Texas). The anti-CD31 antibody 
(DIA310) was purchased from Dianova (Hamburg, Germany). The anti- 
somatostatin (Ab30788), anti-insulin (Ab181547) and anti-glucagon 
(Ab92587) antibodies were purchased from Abcam (Cambridge, UK). 

The anti-heme oxygenase (HO)-1 antibody (ADISPA895F) was pur
chased from ENZO (New York, USA). The peroxidase-labeled anti-rabbit 
antibody (NIF 824) and the peroxidase-labeled anti-mouse antibody 
(NIF 825) were purchased from GE Healthcare (Freiburg, Germany). The 
anti-SOD1 (TA321133) and anti-SOD2 (TA321189) antibodies were 
purchased from OriGene (Rockville, USA). 

2.3. Animals 

All experiments were performed according to the German legislation 
on protection of animals and the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals (Institute of Labora
tory Animal Resources, National Research Council, Washington DC, 
USA). The experiments were approved by the local governmental animal 
protection committee (permission number: 45/2018). 

Animals were maintained on a standard 12/12 h day/night cycle. 
Water and standard pellet chow (Altromin, Lage, Germany) were pro
vided ad libitum. C57BL/6J (referred from now on as WT), transgenic 
Nox2− /− (B6⋅129S-Cybbtm1Din/J Strain 002365, Jackson Laboratory; 
Bar Harbor, USA) and transgenic cyto-roGFP2-Orp1 mice (expressing 
cytosolic/nuclear H2O2 sensor) [29] with an age of 8–10 weeks and a 
body weight of 25–30 g served as donors for islet isolation. C57BL/6J 
WT mice with a body weight of 20–25 g were used for the dorsal skinfold 
chamber model. Diabetes was induced in 6-8-week-old male C57BL/6J 
WT mice with a body weight of 25–28 g. 

2.4. Isolation of pancreatic islets 

Mouse pancreatic islets were isolated by collagenase-induced enzy
matic digestion and purified by hand picking, as described previously in 
detail [30]. Isolated islets were cultivated in RPMI 1640 (Thermo
Fischer, cat. Number: 11875093), supplemented with 10% (v/v) FCS, 
100 U/mL penicillin and 0.1 mg/mL streptomycin for 24 h at 37 ◦C and 
5% CO2. 

2.5. Hypoxia induction 

Isolated WT and Nox2− /− islets were cultivated in RPMI (1 g/L 
glucose) under hypoxic conditions (5% CO2 and 5% O2) for 7 or 18 h. 
Subsequently, the islets were harvested for further experiments. 

2.6. Electron paramagnetic resonance spectroscopy (EPR) measuring 
parameters 

All EPR measurements were performed using a Bruker ESP300e 
spectrometer with a standard X-Band cavity (4102ST9010). First de
rivative of absorption spectra were recorded with a scan time of 60 s and 
stored consecutively to track the kinetic behavior of the sample. The 
following settings were applied for all measurements: microwave power: 
20 mW, modulation amplitude: 0.71 G, modulation frequency: 100 kHz, 
receiver gain: 60 dB; conversion time: 60 ms, time constant: 20.5 ms, 
center magnetic field: 3399 G, sweep width: 60 G, microwave frequency: 
9.53 GHz. 

2.7. EPR superoxide measurements 

After isolation and overnight culture in RPMI1640 (37 ◦C and 5% 
CO2), superoxide production from WT and Nox2− /− islets were 
measured by means of EPR. In the beginning of each experiment day, the 
EPR settings were optimised with a reference measurement of a 100 μM 
tempol sample. The spin probe for superoxide CMH allows real-time 
recording of superoxide production [31,32]. 

Groups of 50 pancreatic islets were either cultured in normoxia or 
hypoxia for 7 h or then transferred into a poly-L-lysine coated glass 
capillary. Islets were measured in Krebs Ringer buffer containing 2.8 or 
10 mM ultrapure glucose as well as 100 μM CMH. The capillary was 
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inserted into the sample holder of a constant gas-temperature controller 
(TGC-III, Noxygen) within the cavity and measured at 37 ◦C. After 15 
min of recording, the measurement was briefly stopped and 2 μl of high 
glucose solution (final concentration: 20 mM) were added by a Hamilton 
syringe in close proximity to the islets. Then, the capillary was re- 
inserted and measured for another 20 min. Before and after each EPR 
measurement, the capillary was inspected with a stereomicroscope and 
the islets were counted in the measured area to allow for (semi-)quan
tification of the EPR signal. Additionally, control measurements without 
samples but same preparation and buffer with various glucose concen
trations have been performed to exclude unspecific signals. 

For analysis, the peak-to-peak height of the first derivative of the 
absorption spectrum for CMH was measured for each time series. The 
rise of CM radical intensity was plotted and analyzed with a linear fit 
function (y = m⋅x+ b) using OriginPro 2018 (OriginLab). The slope of 
the linear fit for CMH (mCMH) represent the rate of superoxide produc
tion. The superoxide production rate of WT and Nox2− /− was compared 
by calculating the percentual change in hypoxia related to normoxia for 
each animal: 

|mCMH(hypoxia)| − |mCMH(normoxia)|
|mCMH(normoxia)|

*100  

2.8. Qualitative H2O2 and NAD(P)H measurements 

Islets from cyto-roGFP2-Orp1 mice were transferred into a 96-well- 
plate (25 islets per well) containing 200 μL RPMI medium (without 
phenol red, 11.1 mM glucose). The plate was then incubated in a 
microplate reader (CLARIOstar Plus, BMG Labtech, Ortenberg, Ger
many) under normoxia for 1 h followed by hypoxia (5% O2) for 18 h. 
During incubation, islets were excited every 2 min at 400-10 nm and 
482-16 nm, emission 530-40 nm to calculate the ratio 405/482 nm and 
the initial ratio was normalized to 1. In parallel to H2O2 measurements, 
NAD(P)H autofluorescence was detected after excitation at 340-10 nm 
and emission at 450-10 nm, as previously described [33]. Islets culti
vated under normoxia for 19 h served as control. Fluorescence from 
cyto-roGFP2-Orp1 islets was normalized by subtracting the background 
fluorescence emitted from the WT islets (without the sensor) at the 
respective conditions. At the end of the experiment, supernatant was 
collected for insulin measurement. 

2.9. Ca2+ measurements 

After 16 h of hypoxia (5% CO2 and 5% O2), islets were loaded with 5 
μM Fura-2 AM in RPMI 1640 and further incubated for 2 h under hyp
oxia. Afterwards, islets were washed twice in pre-warmed, glucose-free 
Krebs buffer and measurement was performed in CLARIOstar Microplate 
Reader (BMG LABTECH, Ortenberg, Germany) under hypoxic condi
tions using excitation 340–10/380-12 nm and emission 510-30 nm. 

2.10. Quantitative real time-polymerase chain reaction (qRT-PCR) 

Total RNA from hypoxic WT and Nox2− /− islets was isolated using 
QIAzol lysis reagent (Qiagen). The corresponding cDNA was synthesized 
from 1 μg of total RNA by QuantiNova Reverse Transcription Kit (Qia
gen) according to the manufacturer’s instructions. ORA qPCR Green 
ROX L Mix (highQu) was used for qRT-PCR. The data analysis was 
performed by the MiniOpticon Real-Time PCR System (Bio-Rad). TBP 
served as internal control for mRNA detection. Forward and reverse 
primers were used in a concentration of 700 nM solved in RNase/DNase- 
free H2O. Primer sequences for NOX2 qPCR were coded as follow: sense 
TGCCCAGTACCAAAGTTTGCC, antisense GACCCACGATCCATTTC
CAAG. TBP primers were purchased from Qiagen (Number: 
QT00198443). 

2.11. Western blot analysis 

Hypoxic WT and Nox2− /− islets were harvested and whole cell ex
tracts were generated, as described previously in detail [34]. Protein 
extracts were then separated through a 12.5% SDS polyacrylamide gel 
and transferred onto a PVDF membrane. The membrane was incubated 
in 5% dry milk in phosphate-buffered saline (PBS) (0.1% Tween20) for 
1 h and exposed to anti-Nfr2, anti–HO–1, anti-SOD1 and SOD2, 
anti-insulin and anti-β-actin antibodies, which were diluted (1:500) in 
PBS (0.1% Tween20) containing 1% dry milk. After incubation of the 
membrane with a peroxidase-coupled secondary antibody (anti-rabbit 
1:2000 or anti-mouse 1:2000) for 1 h, the protein expression was visu
alized by the incubation of the membrane with enhanced chem
iluminescence (ECL) Western blotting substrate (GE Healthcare, 
Solingen, Germany) in a Chemocam device (Intas, Göttingen, Germany). 
The intensity of the measured signals was quantified using ImageJ 
software and normalized by the corresponding housekeeping protein. 

2.12. Insulin measurements 

Insulin secretion was performed, as previously described [28]. 
Briefly, WT and Nox2− /− islets were incubated in normoxia (18% O2) for 
1 h followed by hypoxia (5% O2) for 18 h. The supernatant was collected 
and kept at - 20 ◦C until measurement. Insulin was measured by a Förster 
Resonance Energy Transfer (FRET) using the Insulin Ultra-Sensitive 
Assay kit (Cisbio, cat. Number 62IN2PEG). Briefly, insulin was detec
ted in a sandwich assay format with two specific monoclonal anti-insulin 
antibodies: donor and acceptor. When the two antibodies bind to the 
insulin in the sample, the close proximity between them generates a 
FRET. The signal intensity represents the antigen-antibody complexes 
and therefore the insulin concentration, which was measured at 665-10 
nm and 620-10 nm at the CLARIOstar Microplate Reader (BMG LAB
TECH, Ortenberg, Germany). Insulin concentration was expressed as 
ng/ml. 

For the glucose-stimulated insulin secretion (GSIS) assay, 10 islets 
per condition were cultivated under hypoxic conditions for 18 h. Sub
sequently, they were washed with KRB (115 mM NaCl, 4.7 mM KCl, 
1.28 mM CaCl2, 1.2 mM MgSO4, 0.1% BSA) and cultivated for 1 h under 
hypoxia. The supernatants were discarded and the islets were cultivated 
for 40 min in KRB containing 1.1 mM glucose under hypoxia. The su
pernatants were collected, and the islets were additionally cultivated for 
20 min in KRB containing 16.5 mM glucose under hypoxia. The super
natants were collected again and the amount of secreted insulin was 
determined by using an insulin ELISA kit according to the manufac
turer’s protocol [35]. The data were normalized to the corresponding 
DNA concentration of isolated islets. For this purpose, islets were har
vested after glucose-stimulated insulin secretion and the DNA was iso
lated by using the PureLink Genomic DNA kit according to the 
manufacturer’s protocol (ThermoFischer catalogue number K182001). 
The DNA concentration was measured by means of a NanoDrop 
(DeNovix, Biozym). The secreted insulin (SI) was calculated by dividing 
the insulin values (μU/mL) measured from the samples by the total DNA 
(ng/μL) of islets in the corresponding well. 

2.13. Calcein/propidium iodide staining 

Isolated WT and Nox2− /− islets were incubated for 20 min at 37 ◦C 
with calcein (1 μg/mL) and propidium iodide (5 μg/mL). Cell nuclei 
were stained for 10 min at 37 ◦C with Hoechst 33,342 (2 μg/mL). The 
islets were washed with PBS, resuspended in glycerin gelatin and sealed 
by a cover slide. Isolated WT islets cultivated for 24 h in 0.2% H2O2 
served as positive control. The cellular stainings were visualized by 
using fluorescence microscopy (BX60F fluorescence microscope, 
Olympus). 
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2.14. Neutral red/trypan blue staining 

Isolated WT and Nox2− /− islets were incubated for 2 min at RT with 
neutral red (1:100) or trypan blue (1:100) and washed with PBS. Iso
lated WT islets cultivated for 24 h in 0.2% H2O2 served as positive 
control. The cellular stainings were visualized by bright field micro
scopy using a 20x objective of a B×60F microscope (Olympus). 

2.15. Immunohistochemistry 

For the preparation of histological sections, dorsal skinfold chamber 
tissue and pancreatic tissue were fixed for 24 h in 4% formalin. In 
addition, isolated islets were incubated for 45 min at 37 ◦C in 100 μL 
HepatoQuick®, 50 μL human citrate plasma and 10 μL 10% CaCl2 so
lution. The resulting clot was also fixed for 24 h in 4% formalin. The 
formalin-fixed specimens were embedded in paraffin and 3-μm-thick 
sections were cut. 

The sections were stained with antibodies against insulin (1:300), 
glucagon (1:300), somatostatin (1:300) and CD31 (1:300) and visual
ized by their corresponding secondary antibodies. Cell nuclei were 
stained with Hoechst 33,342. The sections were analyzed by means of 
fluorescence microscopy (BX60F, Olympus). The number of positively 
stained cells was determined by FIJI software (NIH) and is given in 
percentage (%) of all islet cells. 

2.16. Preparation of the dorsal skinfold chamber and islet transplantation 

The dorsal skinfold chamber was prepared, as described previously 
in detail [36]. Briefly, two symmetrical titanium frames were implanted 
on the extended dorsal skinfold of anesthetized mice, resulting in the 
doubling of the skin in two layers. One layer, including skin, subcutis 
and the retractor muscle, was completely removed in a circular area of 
15 mm in diameter. This area was then covered by a removable cover 
slip and a snap ring, providing direct microscopic access to the micro
circulation of the chamber. After the procedure, the animals were 
allowed to recover for 48 h. 

After recovery, the cover glass was removed and the tissue washed 
with saline. Subsequently, 8 isolated islets were transplanted onto the 
exposed striated muscle tissue. Finally, the chamber was sealed with a 
new cover slip for further intravital fluorescence microscopic analyses. 

2.17. Intravital fluorescence microscopy 

Dorsal skinfold chamber-equipped mice were anesthetized and 
received a retrobulbar, intravenous injection of 0.05 mL FITC-labeled 
dextran (5%) for plasma staining and 0.05 mL rhodamine 6G (2%) for 
the visualization of microvessel fenestration [37] on days 3, 6, 10 and 14 
after islet transplantation. Thereafter, the dorsal skinfold chamber was 
positioned under a fluorescence microscope with a 100 W mercury lamp 
attached to a blue (excitation wavelength: 450–490 nm/emission 
wavelength: >515 nm) and a green (530–560 nm/>585 nm) filter block. 
The microscopic data were recorded for off-line evaluation. 

Microscopic images were analyzed by the computer-assisted image 
analysis system CapImage (Zeintl, Heidelberg, Germany). The func
tional microvessel density (cm/cm2) and the rhodamine 6G-positive 
area (cm2) of the islets were assessed, as previously described [38,39]. 
In addition, we measured the diameter (μm) and the centerline red blood 
cell (RBC) velocity (μm/s) of 4–8 individual microvessels within the 
grafts [38,39]. Moreover, the take rate (%), i.e. the fraction of engrafted 
islets in relation to the number of transplanted islets per group on day 
14, was determined. 

2.18. Diabetes induction and islet transplantation under the kidney 
capsule 

Diabetic phenotypes were induced by a single intraperitoneal 

injection of 180 mg/kg STZ 8 days prior to islet transplantation. Body 
weights and non-fasting blood glucose levels of STZ-injected mice were 
measured twice a week during the entire observation period of 28 days. 
Blood samples were taken from the tail vein and analyzed by a portable 
blood glucose monitoring system (GL50, Breuer). Mice with a non- 
fasting blood glucose level ≥350 mg/dL served as recipients for islet 
transplantation [40]. Two hundred, 250, 300, 350 and 400 isolated is
lets were injected under the kidney capsule of diabetic mice using a 10 
μL Hamilton syringe, as described previously in detail [41]. Normogly
cemia was defined by blood glucose levels below 200 mg/dL. 
Non-diabetic animals served as negative control. 

2.19. Intraperitoneal glucose tolerance test (IPGTT) 

The IPGTT was performed on day 28 after islet transplantation under 
the kidney capsule of diabetic mice. After 16 h of fasting, the mice were 
intraperitoneally injected with 2 mg of glucose (20% [w/v] solution) per 
gram of body weight. The blood glucose levels were determined 0, 15, 
30, 45, 60, 120, and 180 min after glucose injection from the tail vein 
and analyzed by a portable blood glucose monitoring system (GL50; 
Beurer). 

2.20. Statistical analysis 

All in vitro experiments were reproduced at least three times. For the 
in vivo studies, we used at least 8 animals per group and no mice were 
excluded from the statistical analysis. After testing the data for normal 
distribution and equal variance, differences between two groups were 
assessed by the unpaired Student’s t-test. To test differences between 
multiple groups, one-way ANOVA was applied. This was followed by the 
Tukey post-hoc test by means of Prism software 8 (GraphPad). All values 
are expressed as Mean ± SEM. Statistical significance was accepted for 
P < 0.05. 

3. Results 

3.1. Loss of NOX2 does not affect the cellular composition of isolated 
islets 

In a first set of experiments, we analyzed the fraction of β-, α-, δ- and 
endothelial cells in WT and Nox2− /− islets within the pancreas. We 
detected fractions of ~70% insulin-, ~15% glucagon-, 7.5% somato
statin- and ~5% CD31-positive cells, which did not differ between the 
two groups (Fig. 1A–E). In isolated islets, we observed similar fractions 
of endocrine and endothelial cells (Fig. 1F–J). To exclude that the loss of 
NOX2 induces cell death, we further performed calcein/propidium io
dide and neutral red/trypan blue stainings (Figs. S1A and B). As ex
pected, we detected neither in WT nor in Nox2− /− islets a substantial 
number of apoptotic or necrotic cells when compared to H2O2-treated 
positive controls. 

3.2. Loss of NOX2 decreases superoxide production and improves the 
function of hypoxic islets 

Next, we first tested if ROS are produced in the cytosol of isolated 
islets under hypoxia. For this purpose, we made use of islets isolated 
from transgenic mice expressing the genetically-encoded H2O2 sensor 
cyto-roGFP2-Orp1 [28,29,33]. Using a microplate reader (ClarioStar, 
BMG) we determined dynamic, real time H2O2 levels during 18 h of 
normoxia and hypoxia in isolated islets. The highest level of H2O2 was 
detected ~7 h after induction of hypoxia when compared to normoxia 
(Fig. 2A and B). This result demonstrates that cytosolic H2O2 is produced 
during hypoxia. NOX2 is one of the main sources of cytosolic ROS. To 
test if NOX2 is upregulated during hypoxia, we performed mRNA ana
lyses after 7 h of hypoxia, which corresponds to the peak of H2O2 pro
duction seen in our dynamic measurements. We found an increased gene 
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expression of NOX2 under hypoxia when compared to normoxia 
(Fig. 2C). Furthermore, we analyzed superoxide production using EPR 
and the spin probe CMH after incubation under normoxic or hypoxic 
conditions (Fig. 2D). In line with the H2O2 measurements, we observed 
an increased superoxide production for WT islets exposed to 10 and 20 
mM glucose upon hypoxic incubation. Interestingly, Nox2− /− islets 
exposed to 10 and 20 mM glucose exhibited a significantly reduced 
superoxide production when compared to WT islets, suggesting that 
NOX2 is an important source of ROS during hypoxia. 

We next investigated whether NOX2 plays an important role for islet 
function under hypoxia. For this, we first determined amount of insulin, 
released in the cultivation medium of WT and Nox2− /− islets after 18 h 
of hypoxia. We found a higher amount of insulin in the medium of 
Nox2− /− islets when compared to WT islets (Fig. 2E). In addition, we 
performed a GSIS assay. Interestingly, we observed that Nox2 − /− islets 
secrete more insulin after stimulation with 1.1 mM as well as 16.5 mM 
glucose, when normalized by DNA content (Fig. 2F). Increase in insulin 
secretion was not due to increased Ca2+ influx, as we did not observe any 
differences between WT and Nox2 − /− islets (Fig. 2G). However, the loss 

of NOX2 resulted in elevated basal NAD(P)H levels (Fig. 2H). 

3.3. The loss of NOX2 increases the expression of insulin and 
antioxidative proteins in hypoxic islets 

To further study the origin of the increased insulin secretion, we 
examined the expression of this protein under hypoxia by means of 
Western blot analyses. As expected, we measured an upregulated insulin 
protein expression in Nox2− /− islets exposed to hypoxia (Fig. 3A and B). 
It is known that the downregulation of NOX2 is associated with an 
upregulated expression of Nrf2 [42,43]. This transcription factor, in 
turn, induces the expression of anti-oxidant enzymes, such as HO-1 and 
SOD1 and SOD2 [44]. In fact, an increased protein expression of Nrf2, 
HO-1 and SOD1 was detected in hypoxic Nox2− /− islets when compared 
to hypoxic WT controls (Fig. 3A–E and F). However, the loss of NOX2 did 
not affect the protein expression of SOD2 under hypoxia (Fig. 3A and D). 

Taken together, these data show that cytosolic ROS are produced in 
isolated islets during ex vivo hypoxia and NOX2 gene expression is 
increased in parallel. In addition, ablation of NOX2 improves insulin 

Fig. 1. Loss of NOX2 does not affect the cellular 
composition of islets. (A) Representative immuno
fluorescence stainings of insulin/glucagon, insulin/ 
somatostatin and insulin/CD31 in WT and Nox2− /−

islets within the pancreas. Cell nuclei were stained 
with Hoechst 33,342 (blue). Scale bar: 50 μm. (B-E) 
Quantitative analysis of insulin- (B), glucagon- (C), 
somatostatin- (D) and CD31-positive cells (E) in WT 
and Nox2− /− islets within the pancreas in % of all 
islet cells (n = 15 each). Mean ± SEM. (F) Repre
sentative immunofluorescence stainings of insulin/ 
glucagon, insulin/somatostatin and insulin/CD31 in 
isolated WT and Nox2− /− islets. Cell nuclei were 
stained with Hoechst 33,342 (blue). Scale bar: 50 μm. 
(G-J) Quantitative analysis of insulin- (G), glucagon- 
(H), somatostatin- (I) and CD31-positive cells (J) in 
isolated WT and Nox2− /− islets in % of all islet cells 
(n = 20 each). Mean ± SEM. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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secretion and protein expression as well as Nrf2-related anti-oxidant 
defense during hypoxia, demonstrating a promising role of NOX2 inhi
bition in protecting islets under hypoxic conditions, such as islet 
transplantation. 

3.4. Loss of NOX2 accelerates revascularization of transplanted islets 

In an additional set of in vivo experiments, we assessed the 

revascularization of transplanted WT and Nox2− /− islets by means of the 
dorsal skinfold chamber model in combination with intravital fluores
cence microscopy (Fig. 4A). Of note, the loss of NOX2 improved the take 
rate of the grafts on day 14 when compared to WT controls (Fig. 4B). 
Detailed analyses after the application of the plasma marker FITC- 
labeled dextran revealed a time-dependent increase of the functional 
microvessel density in both graft types throughout the 14-day observa
tion period (Fig. 4C and D). However, we detected a small but 

Fig. 2. Loss of NOX2 decreases superoxide pro
duction and improves the function of hypoxic is
lets. (A) Dynamic measurements of H2O2 levels in 
isolated islets from cyto-roGFP2-Orp1 mice during 
19 h of normoxia or 1 h normoxia followed by 18 h 
hypoxia analyzed by the ratio (405/482 nm) (n = 5 
each). Mean ± SEM. (B) 405/482 nm ratio after 7 h 
of hypoxia (peak of (A)) (n = 5 each). Mean ± SEM. 
*P < 0.05 vs. normoxia. (C) Analysis of NOX2/TBP 
mRNA expression in isolated WT islets cultivated in 
the presence of normoxia or hypoxia for 7 h. Data is 
presented as fold change, and WT for each experi
mental day was considered 1 (n = 5 each). Mean ±
SEM. *P < 0.05 vs. normoxia. (D) Superoxide pro
duction measurement of various glucose concentra
tions (2.8, 10 and 20 mM) using EPR spectroscopy 
with CMH. Data are displayed as percentual change of 
normoxia compared to hypoxia (n = 3–5 each). Mean 
± SEM. *P < 0.05 vs. WT. (E) Quantitative analysis of 
insulin concentration in the cultivation medium (ng/ 
μL) from isolated hypoxic WT and Nox2− /− islets (n 
= 20 each). Mean ± SEM. *P < 0.05 vs. WT. (F) 
Quantitative analysis of GSIS (μU/mL) from hypoxic 
WT and Nox2− /− islets exposed to 1.1 mM and 16.5 
mM glucose (n = 6 each), normalized by total DNA 
content. Mean ± SEM. *P < 0.05 vs. WT. (G) Dy
namic measurements of cytosolic Ca2+ influx using 
Fura 2-AM in isolated WT and Nox2− /− islets after 18 
h of hypoxia (n = 4 each). Mean ± SEM. (H) Dynamic 
measurements of NAD(P)H autofluorescence in iso
lated WT and Nox2− /− islets during 18 h of hypoxia 
(n = 9 each). Mean ± SEM.   

Fig. 3. The loss of NOX2 increases the expression 
of insulin and antioxidative proteins in hypoxic 
islets. (A) Representative Western blot analysis of 
(from top to bottom) Nrf2, β-actin, HO-1, SOD2, 
SOD1 and insulin from whole cell extracts of isolated 
hypoxic WT and Nox2− /− islets. (B) Quantitative 
analysis of insulin expression (Fold change) (n = 5 
each). Mean ± SEM. *P < 0.05 vs. WT. (C) Quanti
tative analysis of SOD1 expression (Fold change) (n 
= 3 each). Mean ± SEM. *P < 0.05 vs. WT. (D) 
Quantitative analysis of SOD2 expression (Fold 
change) (n = 3 each). Mean ± SEM. *P < 0.05 vs. 
WT. (E) Quantitative analysis of HO-1 expression 
(Fold change) (n = 5 each). Mean ± SEM. *P < 0.05 
vs. WT. (F) Quantitative analysis of Nrf2 expression 
(Fold change) (n = 5 each). Mean ± SEM. *P < 0.05 

vs. WT.   
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significantly higher functional microvessel density within transplanted 
Nox2− /− islets on day 6 when compared to WT controls (Fig. 4C and D). 
The endocrine tissue perfusion, assessed by the application of rhoda
mine 6G, showed no differences between the groups (Fig. 4E and F). The 
additional measurement of microhemodynamic parameters demon
strated that the loss of NOX2 does not affect the diameter and centerline 
RBC velocity of intra-islet blood vessels when compared to controls 
(Fig. 4G and H). 

To characterize the cellular composition of the grafts, the expression 
of insulin, glucagon, somatostatin and CD31 was assessed by immuno
histochemistry on day 14 after transplantation. As expected, we did not 
observe any differences in the fractions of endocrine and endothelial 
cells between transplanted WT and Nox2− /− islets (Fig. 5A–E). 

3.5. Loss of NOX2 in transplanted islets restores normoglycemia in 
diabetic mice 

To analyze whether the loss of NOX2 results in an improved resto
ration of normoglycemia in STZ-induced diabetic animals, first we 
transplanted different amount of WT islets (200, 250, 300, 350 and 400) 
under the kidney capsule to determine the critical mass of WT islets 
necessary to restore normoglycemia after 28 days (Fig. S2). No differ
ences were found in body weights throughout the experiment (Figs. S2A 
and B). We found that the transplantation of 400 WT islets restores 
normoglycemia and 350 WT islets partially reduced hyperglycemia, 
while the transplantation of 200–300 WT islets did not lead to normo
glycemia (Figs. S2C–E). In addition, the transplantation of 250 Nox2− /−

islets considerably decreases hyperglycemia but does not lead to 

Fig. 4. Loss of NOX2 accelerates revascularization 
of transplanted islets. (A) Schematic illustration of 
the experimental setting. Dorsal skinfold chambers 
were implanted on day − 2 followed by trans
plantation of WT and Nox2− /− islets on day 0. Intra
vital fluorescence microscopy was performed on days 
3, 6, 10 and 14 after islet transplantation. On day 14, 
the tissue was harvested for immunohistochemical 
stainings. (B) Take rate of WT and Nox2− /− islets (% 
of transplanted islets) on day 14 after islet trans
plantation onto the exposed striated muscle tissue (n 
= 10 each). Mean ± SEM. *P < 0.05 vs. WT. (C) 
Representative intravital fluorescent microscopic im
ages of transplanted WT and Nox2− /− islets within 
the dorsal skinfold chamber on day 14. The plasma 
marker FITC-labeled dextran 150,000 was used for 
the visualization of blood-perfused microvessels. The 
border of the grafts is marked by white broken lines. 
Scale bar: 50 μm. (D) Quantitative analysis of the 
functional microvessel density (cm/cm2) of WT and 
Nox2− /− islets (n = 8 each). Mean ± SEM. *P < 0.05 
vs. WT. (E) Representative intravital fluorescent 
microscopic images of transplanted WT and Nox2− /−

islets within the dorsal skinfold chamber on day 14. 
Rhodamine 6G was used to visualize endocrine tissue 
perfusion (bright signals). The border of the grafts is 
marked by broken lines. Scale bar: 50 μm. (F–H) 
Quantitative analysis of the rhodamine 6G-positive 
area (cm2) (F), the microvessel diameters (μm) (G) 
and the microvessel centerline RBC velocities (μm/s) 
(H) within transplanted WT and Nox2− /− islets (n = 8 
each). Mean ± SEM.   
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physiological blood glucose levels after 28 days (Figs. S3A–D). Based on 
these findings, a critical number of 300 WT or Nox2− /− islets were 
transplanted in diabetic mice. The body weights and the blood glucose 
levels were measured twice a week over 28 days and an IPGTT was 

performed at the end of the observation period (Fig. 6A). Non-diabetic 
animals served as negative control. We detected slightly reduced body 
weights in mice transplanted with WT and Nox2− /− islets when 
compared to non-diabetic controls (Fig. 6B and C). Of interest, mice 

Fig. 5. Immunohistochemical stainings of grafted 
WT and Nox2¡/¡ islets (A) Representative immu
nofluorescence stainings of insulin, glucagon, so
matostatin and CD31 in WT and Nox2− /− islets on 
day 14 after transplantation. Cell nuclei were stained 
with Hoechst 33,342 (blue). Scale bar: 100 μm. (B-E) 
Quantitative analysis of insulin- (B), glucagon- (C), 
somatostatin- (D) and CD31-positive cells (E) in WT 
and Nox2− /− islets in % of all islet cells (n = 10 each). 
Mean ± SEM. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 6. Loss of NOX2 in transplanted islets re
stores normoglycemia in diabetic mice. (A) Sche
matic illustration of the experimental setting. A 
diabetic phenotype was induced by a single injection 
of STZ (180 mg/kg) 8 days prior to islet trans
plantation. On day 0, 300 islets were transplanted 
under the left kidney capsule of diabetic mice. Blood 
glucose levels and body weights were measured from 
day − 8 to day 28 twice a week. On day 28, an IPGTT 
was performed. (B) Body weights (g) of mice trans
planted with WT and Nox2− /− islets (n = 8 each). 
Non-diabetic mice served as negative control (n = 8 
each). Mean ± SEM. (C) Area under the curve (AUC) 
of the body weights from (B) (n = 8 each). Mean ±
SEM. *P < 0.05 vs. WT. (D) Blood glucose levels (mg/ 
mL) of diabetic mice transplanted with WT and 
Nox2− /− islets from day − 8 to day 28 (n = 8 each). 
Non-diabetic animals served as negative control (n =
8 each). Mean ± SEM. *P < 0.05 vs. WT; +P < 0.05 
vs. Nox2− /− . (E) AUC of the blood glucose levels from 
(D) (n = 8 each). Mean ± SEM. *P < 0.05 vs. WT; +P 
< 0.05 vs. Nox2− /− . (F) The proportion of mice (%) 
that achieved normoglycemia after transplantation 
with WT or Nox2− /− islets (n = 8 each). (G) Blood 
glucose levels (mg/dL) according to the IPGTT of 
diabetic mice transplanted with WT and Nox2− /− is
lets (n = 8 each). Non-diabetic animals served as 
negative control (n = 8 each). Mean ± SEM. *P <
0.05 vs. WT. (H) AUC of IPGTT from (G) (n = 8 each). 
Mean ± SEM. *P < 0.05 vs. WT.   
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receiving Nox2− /− islets exhibited significantly lower blood glucose 
levels 4 days after transplantation and normoglycemia was achieved on 
day 14 after transplantation when compared to WT controls (Fig. 6D and 
E). Even more importantly, the transplantation of Nox2− /− islets 
reversed diabetes in 50% of recipients on day 10 and 100% were nor
moglycemic on day 28, whereas all mice receiving WT islets were hy
perglycemic on day 28 (Fig. 6F). In line with these findings, an IPGTT 
demonstrated that the blood glucose levels of mice receiving Nox2− /−

islets were markedly lower when compared to WT controls (Fig. 6G and 
H). 

4. Discussion 

In the present study, we analyzed the importance of NOX2 on the 
outcome of islet transplantation. We found that the loss of NOX2 does 
not affect the endocrine and vascular cellular composition, as well as the 
viability of isolated islets. Additional mechanistic analyses revealed that 
the loss of NOX2 reduces superoxide production, induces protein 
expression and secretion of insulin as well as upregulates the expression 
of the anti-oxidant proteins Nrf2, SOD1 and HO-1 under hypoxia. By 
means of the mouse dorsal skinfold chamber model, we detected an 
early revascularization and a higher take rate of transplanted Nox2− /−

islets when compared to WT controls. The transplantation of Nox2− /−

islets under the kidney capsule of diabetic mice led to normoglycemia, 
whereas animals receiving WT islets remained hyperglycemic during the 
entire observation period. 

NOX enzymes are the major sources of extracellular ROS and NOX2, 
in particular, is a critical component of ROS generation [23,24]. Several 
studies already reported that oxidative stress resulting from the islet 
isolation procedure leads to islet cell damage, which in turn impairs the 
islets’ function after transplantation [10,45,46]. On the other hand, 
NOX2 deficiency is known to prevent oxidative stress due to reduced 
ROS production [23,47–49]. According to these findings, we first 
analyzed the cellular composition and the viability of isolated WT and 
Nox2− /− islets. We found that the global knockout of NOX2 does not 
affect the fraction of endocrine and vascular cells as well as the viability 
of isolated islets. 

Nrf2 is a crucial transcription factor mediating protection against 
ROS by upregulation of specific anti-oxidant genes. Under physiological 
conditions, the E3 ubiquitin ligase Keap1 binds to Nrf2 leading to its 
constant ubiquitination and degradation [50]. Under hypoxia, Nrf2 
dissociates from Keap1 and shuttles into the nucleus where its directly or 
indirectly upregulates the expression of gene, such as HO-1 and SOD1 
[50–52]. The latter one has also been shown to act as a transcription 
factor, regulating expression of oxidative response and repair mecha
nisms [53]. In addition, several studies reported that Nrf2 is also capable 
of repressing NOX2 expression [42,43,54]. However, whether the 
transcription factor binds directly to the promotor region of Nox2 or 
regulates NOX2 expression via associated pathways is still unknown. In 
the present study, we found an increased Nrf2, HO-1 and SOD1 
expression in hypoxic Nox2− /− islets when compared to controls. Hence, 
it is tempting to speculate that Nrf2 and Nox2 are regulated in a recip
rocal fashion. 

ROS derived from NOX family members are involved in vascular 
endothelial growth factor receptor (VEGFR)2 autophosphorylation, and 
diverse redox signaling pathways lead to the induction of transcription 
factors and genes involved in angiogenesis [17,18,55]. For instance, 
Tojo et al. [56] reported that neovascularization in ischemic hindlimbs 
of mice is associated with a robust increase in ROS as well as upregu
lation of NOX2. Further analyses demonstrated that this pro-angiogenic 
effect is abolished in NOX2 deficient mice, indicating that NOX2-derived 
ROS are important mediators of neovascularization triggered by tissue 
ischemia [56]. In the present study, we also detected a higher NOX2 
mRNA expression in isolated hypoxic islets when compared to normoxic 
ones. Hence, we assumed that the loss of NOX2 may prevent the 
revascularization and, thus, the engraftment of transplanted islets. 

However, we detected a significantly higher take rate and earlier 
revascularization (day 6) of transplanted Nox2− /− islets. These contra
dictory findings can be explained by the negative effect of NOX2 on 
insulin secretion. Li et al. [23] reported that NOX2 deficiency in isolated 
islets promotes insulin secretion by increasing cAMP/PKA signaling, 
which is negatively modulated by NOX2. Insulin, in turn, binds to in
sulin receptor (IR) and insulin-like growth factor receptor (IGFR) on 
endothelial cells, which stimulates their proliferation [57,58]. In line 
with these findings, we also measured an enhanced GSIS in hypoxic 
Nox2− /− islets, indicating that this beneficial insulin effect is likely su
perior to the negative effect of the reduced ROS levels on graft revas
cularization. In addition, Weaver et al. [59] demonstrated that the 
inhibition of NOX1 also significantly improves insulin secretion. The 
role of NOX4 for insulin secretion is still contradictory, with data 
showing that it improves function and survival of human β-cells, while 
others demonstrate that NOX4-derived H2O2 is essential for insulin 
secretion [60,61]. Overall, it is clear that the NOX family plays an 
important role in the regulation of the islets’ endocrine function. 
Interestingly, NOX2 seems to improve insulin secretion either modu
lating the amplifying pathway or at distal steps of exocytosis down
stream of calcium influx [23,24]. Increased NAD(P)H levels in Nox2− /−

islets could play an important role, as NADPH was shown to be involved 
in the amplification of insulin exocytosis via sentrin/SUMO-specific 
protease-1 [62]. 

Finally, we analyzed whether the improved islet function of Nox2− /−

islets under hypoxia results in an improved restoration of normoglyce
mia in STZ-induced diabetic mice. It has been shown that the trans
plantation of 100–200 islets leads normoglycemia in diabetic animals 
[63–65]. However, this number crucially depends on the body weights 
of the recipient mice. Zmuda et al. [66] reported that the transplantation 
of 150–250 islets under the kidney capsule of diabetic mice with body 
weights of 18–20 g only slightly improves glycemia. In contrast, the 
transplantation of 300 islets restores normoglycemia. In the present 
study, we used diabetic animals with a body weight of ~26 g. Accord
ingly, a higher number of islets was required to restore physiological 
blood glucose levels. Our results show that the transplantation of 400 
WT islets reverse hyperglycemia. Based on these findings, we trans
planted a critical mass of 300 WT or Nox2− /− islets under the kidney 
capsule of diabetic animals. We could show that 300 Nox2− /− islets 
significantly lowered the blood glucose levels 4 days after trans
plantation and normoglycemia was detected on day 14. Whereas, the 
equal number of WT islets did not restore normoglycemia during the 
entire observation period of 28 days. Importantly, a lower number of 
transplanted Nox2− /− islets were needed to reach normoglycemia 
(~100 islets less) compared to WT islets. 

It is well known that multiple islet stress events may contribute to 
elevated cytokine levels in transplanted islets that may exacerbate islet 
inflammation [67]. We have recently shown that Nox2-deficient mice 
are more glucose tolerant when compared to WT controls [28]. More
over, isolated islets from these mice were partially protected against 
cytokine-induced cell death [28]. Hence, the favorable effect of NOX2 
deficiency on islet transplantation can be explained not only by our 
results showing an elevated endocrine function as well as accelerated 
engraftment but also by the protection against cytokine-induced islet 
failure. 

Ischemia/reperfusion has been reported to lead to increased ROS 
production in a wide-range of different tissues [68,69]. Accordingly, 
inhibition of ROS production may be a suitable strategy to improve the 
outcome of islet transplantation [70]. Indeed, it has been reported that 
mitochondrial antioxidants or SOD mimetics can improve islet trans
plantation [71–73]. For instance, Sklavos et al. have shown that treat
ment of isolated islets with FBC-007, a catalytic antioxidant manganese 
(II) tetrakis (N-ethylpyridium-2-yl) porphyrin, preserves mitochondrial 
function and improves islet transplantation [71]. However, targeting 
mitochondrial ROS with antioxidants may be challenging, as mito
chondria derived-H2O2 was shown to be an obligatory signal for 
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glucose-induced insulin secretion [74]. NOXs stand out as their sole 
function is to produce ROS, which qualifies NOXs as the main potential 
drug-target candidates in diseases [15,75,76]. Recently, the WHO 
approved NOXs inhibitors, such as Setanaxib, as a new therapeutic class, 
which has significant potential in fibrotic, inflammatory, neurodegen
erative, and oncology disorders [77]. Of note, isolated islets from human 
pancreata are commonly cultured before transplantation to reduce 
isolation induced-cellular stress [78–80]. Hence, the exposure of iso
lated islets to NOX2 inhibitors during pre-transplant cultivation may 
represent an easy and promising strategy to improve clinical islet 
transplantation. 
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