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RESEARCH ARTICLE

The selective NOX4 inhibitor GLX7013159 decreases blood glucose 
concentrations and human beta-cell apoptotic rates in diabetic NMRI nu/nu 
mice transplanted with human islets

Andris Elksnisa, Nils Welsha, Per Wikstr€omb, Joey Laua and Per-Ola Carlssona,c 

aDepartment of Medical Cell Biology, Uppsala University, Uppsala, Sweden; bGlucox Biotech AB, Stockholm, Sweden; cDepartment of 
Medical Sciences, Uppsala University, Uppsala, Sweden 

ABSTRACT 
NADPH oxidase 4 (NOX4) inhibition has been reported to mitigate diabetes-induced beta-cell 
dysfunction and improve survival in vitro, as well as counteract high-fat diet-induced glucose 
intolerance in mice. We investigated the antidiabetic effects of the selective NOX4 inhibitor 
GLX7013159 in vivo in athymic diabetic mice transplanted with human islets over a period of 
4 weeks. The GLX7013159-treated mice achieved lower blood glucose and water consumption 
throughout the treatment period. Furthermore, GLX7013159 treatment resulted in improved 
insulin and c-peptide levels, better insulin secretion capacity, as well as in greatly reduced apop-
totic rates of the insulin-positive human cells, measured as colocalization of insulin and cleaved 
caspase-3. We conclude that the antidiabetic effects of NOX4 inhibition by GLX7013159 are 
observed also during a prolonged study period in vivo and are likely to be due to an improved 
survival and function of the human beta-cells.
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1. Introduction

Oxidative stress is proposed to play a pivotal role both 
in the development of diabetes and in many of the dis-
ease’s long-term complications [1]. The NADPH-oxidase 
(NOX) enzymes serve as sources of reactive oxygen spe-
cies (ROS), which contribute to various physiological 
processes [2], but may also be a source for oxidative 
stress, with deleterious effects when excessively acti-
vated [3]. Among the seven identified NOX isoforms 
(NOX1-5 and DUOX1-2), several have been studied for 
their potential role in diabetes [4], with particular atten-
tion being given to NOX4 due to its potential involve-
ment in renal and cardiovascular complications in 
diabetes [5,6].

NOX4 shares a common catalytic core with NOX1-3, 
but differs from other NOX isoforms in that it predom-
inantly generates hydrogen peroxide (H2O2) rather than 
significant amounts of superoxide [7]. NOX4 is 
expressed in most tissues [8–11] and its activity has 
been observed to be regulated by altered gene expres-
sion [12], hypoxia [7], direct ATP binding [13], and 

protein–protein interactions [14,15]. As diabetic condi-
tions, such as elevated levels of cytokines, palmitate 
and glucose, may alter the activity of NOX4 in islet cells 
[16–18], it is possible that NOX4 plays a harmful role in 
metabolic disease by impairing beta-cell function. 
Besides diabetes, NOX4 is also thought to participate in 
the pathogenesis of diseases such as cancer [19], hyper-
tension [20], cardiac infarction [21], Parkinson’s disease 
[22], and kidney fibrosis [23]. Interestingly, NOX4 has 
been reported to promote not only detrimental, but 
also beneficial effects [24], indicating that NOX4-medi-
ated effects are highly cell type- and situation-specific.

Excessive ROS production by NOX4 has the potential 
to disrupt redox balance within the beta cells, trigger-
ing oxidative stress-induced signaling cascades and 
ultimately contributing to beta-cell dysfunction and 
apoptosis [4,25,26]. NOX4-mediated alterations in mito-
chondrial function and redox balance also have the 
potential to be important in the development of beta- 
cell dysfunction and death in type 2 diabetes [27]. We 
previously demonstrated that selective NOX4 inhibition 
can protect human islets from cytokine as well as 
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metabolic stress in vitro and that NOX4 inhibition coun-
teracts high-fat diet-induced glucose intolerance in 
mice [28,29]. Furthermore, we recently demonstrated 
that NOX4 plays a role in beta-cell mitochondrial regu-
lation, with inhibition of this enzyme improving the sur-
vival and function of human beta-cells in short-term 
in vitro-induced stress conditions [30]. These findings 
are however yet to be assessed on human beta-cells 
in vivo and for a longer time period than hours or a 
couple of days. In the present study, we aimed to inves-
tigate the potential antidiabetic effects of NOX4 inhib-
ition in an in vivo model of type 2 diabetes, using 
athymic diabetic mice transplanted with human islets 
and studied over a period of 4 weeks.

2. Materials and methods

2.1. Materials

The NOX4 inhibitor GLX7013159 was kindly provided 
by Glucox Biotech AB, Stockholm, Sweden. Compared 
to the previously characterized GLX7013114 [22], 
GLX7013159 similarly inhibits NOX4 in the submicromo-
lar range, with some cross-selectivity for NOX2, but has 
superior solubility in water and better metabolic stabil-
ity. Alloxan was obtained from Sigma-Aldrich (Irvine, 
UK) and Carprofen from Norbrook Laboratories 
(Monaghan, Ireland). Isoflourane was obtained from 
Baxter (Lessines, Belgium). Glucose (300 mg/ml) and 
saline (9 mg/ml) solutions were purchased from 
Fresenius-Kabi (Uppsala, Sweden).

2.2. Animals

Male NMRI nu/nu mice, chosen to be used as their lack 
of thymus allows for xenotransplantation of human tis-
sue without the need for immunosuppressants, were 
purchased from Taconic, Denmark. The mice were 
housed until 8–16 weeks-of-age before transplantation. 
All animal experimental procedures were approved by 
the local animal ethics committee, Uppsala, Sweden 
(ethical permission numbers C83/15 and 12150/2020).

2.3. Islet culture and transplantation

Human pancreatic islets were kindly provided by the 
Nordic Network for Clinical Islet Transplantation. Only 
donors who had agreed to donate for scientific pur-
poses were included. The use of human islets in the 
studies was approved by the regional ethics committee, 
Uppsala, Sweden (ethical permission number 2017- 
283). Islets were cultured free-floating in Sterilin dishes 
in CMRL 1066 medium (Gibco 21530-027), containing 

5.6 mmol/L glucose, 10% (vol/vol) fetal bovine serum, 
and 2 mmol/L L-glutamine. Human islet recipient mice 
were injected with alloxan (75 mg/kg) in the tail vein 2– 
3 days before being transplanted. Alloxan was freshly 
prepared immediately before the rapid intravenous 
injection. Blood glucose concentrations were monitored 
daily from blood withdrawn from the tip of the tail and 
analyzed using FreeStyle Lite (Abbott, Alameda, CA) 
test reagent strips. Mice with P-glucose >12.2 mmol/L 
on two consecutive days were considered to have dia-
betes. Diabetic mice were transplanted with 200 hand- 
picked and, between animals, size-matched islets to the 
left subcapsular kidney space. The islets were individu-
ally hand-picked from each donor to account for size 
variation and ensure equal proportions of islets of dif-
ferent shape and size between the different mice and 
donors. Islets from each donor (5 donors) were trans-
planted to multiple mice (2–4 mice), after transplant-
ation the mice were randomized into the different 
treatment groups so that both control and experimen-
tal groups received islets from each donor and kept 
simultaneously. Donor characteristics can be found in 
the supporting information Table S1. Carprofen (5 mg/ 
kg s.c.) was administered preoperatively and 24 h post-
operatively for analgesia. Half of the mice were supple-
mented with 2 mg/kg/day GLX7013159 in their drinking 
water for 4 weeks (amount continuously adjusted 
according to water intake and body weight), whereas 
the remaining mice received drinking water with no 
additives. Mice were housed separately or together in 
groups of 2 per cage. Water consumption, food con-
sumption, weight, health scoring, and blood glucose 
concentrations were monitored daily for the first 5 days 
and bi-weekly throughout the rest of the experiment. 
Blood for blood glucose measurements was sampled 
from the tip of the tail vein, while larger quantities of 
blood for other analysis were withdrawn from the 
saphenous vein. Mice reaching a score of 0.3 p or more 
on the Uppsala university extended assessment tem-
plate (available in the supporting information) were ter-
minated as a humane endpoint. After 26–28 days, the 
animals were subjected to an intravenous insulin toler-
ance test and intravenous glucose tolerance test. After 
28–30 days, the animals were killed during isoflourane 
anesthesia, with both islet grafts and blood-samples 
being collected for further analysis.

2.4. Intravenous insulin and glucose tolerance test

1–2 days prior to termination, the transplanted mice 
were subjected to intravenous glucose and insulin tol-
erance tests (IVGTT and IVITT). An intravenous injection 
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was administered to a tail vein, consisting of D-glucose 
(100 mg/ml) at a dose of 2 g/kg or insulin (Novorapid 
100 U/ml; Novo Nordisk Bagsvaerd, Denmark) at a dose 
of 2 U/kg. For the IVGTT, blood samples were collected 
from all mice 10 min after glucose injection for insulin 
analysis. For both the IVGTT and IVITT, blood glucose 
was measured at 0, 10, 30, 60, and 120 min.

2.5. Perifusion analysis of human islet grafts

The graft-bearing kidneys were transferred to cold 
KRBH, and the islet grafts dissected free. Individual islet 
grafts were taken to glucose perifusion to investigate 
their glucose responsiveness. The grafts were inserted 
into filter-covered perifusion chambers (Suprafusion 
1000, 6-channel system, Brandel, Gaithersburg, MD) and 
perifused (200 ml/min) with KRBH buffer. To obtain 
baseline secretion, the samples were perifused at 
2 mmol/l glucose for 30 min. Perifusion was then per-
formed with 20 mmol/l glucose for 26 min. Released 
insulin concentrations were analyzed by a Human 
Insulin ELISA kit (Mercodia).

2.6. Immunohistochemical analysis of human islet 
grafts

After perifusion, the grafts were fixated for 24 h in 4% 
(vol/vol) paraformaldehyde and thereafter frozen in 
Tissue Tech (Sakura Finetech, CA, USA) at −80 �C. The 
frozen grafts were cryosectioned (8 mm thickness) and 
stained with guinea pig anti-insulin (Fitzgerald, Acton, 
MA, Cat No. 20-IP30) and rabbit anti-cleaved caspase-3 
(Cell Signaling Technology, MA, Cat No. #9661). 
Immunostaining was performed with overnight incuba-
tion of primary antibodies, followed by one-hour incu-
bation of secondary antibodies, Alexa 594 conjugated 
donkey anti-guinea pig (Jackson ImmunoResearch 
Laboratories, West Grove, PA, Code No. 706-585-148) 
and Alexa 488 conjugated donkey anti-rabbit (Jackson 
ImmunoResearch Laboratories, West Grove, PA, Code 
No. 711-545-152). Incubation for another 5 min was car-
ried out in DAPI solution. Images were acquired using a 
Zeiss LSM 780 (Zeiss, Jena, Germany) confocal.

Image analysis was performed in ZEISS ZEN lite, and 
ImageJ. Cells co-expressing insulin and caspase-3, as 
well as the total amount of insulin-expressing cells, 
were manually counted in nonconsecutive sections 
from each graft. Quota of caspase-3 expressing insulin- 
positive cells was calculated both by manual counting 
and signal quantification.

2.7. DCFH-DA fluorescence

EndoC-betaH1 cells were labeled with 10 mM 
Dichlorodihydrofluorescein Diacetate (DCFH-DA), a 
probe that is oxidized in response to ROS (including 
H2O2) production, for 45 min at room temperature. 
Cells were then trypsinized at room temperature and 
resuspended in Hank’s calcium-free buffer to prevent 
reaggregation of the cells, containing 22 mM glucose 
and increasing concentrations of GLX7013159. After 
15 min preincubation at 37 �C, to allow uptake of the 
inhibitor, basal DCF-fluorescence was recorded by flow 
cytometry. The cells were then incubated for another 
60 min at 37 C and analyzed again by flow cytometry. 
Changes in DCF fluorescence during the 60 min incuba-
tion period were expressed as ratio to control cells 
(0 mM GLX7013159).

2.8. Statistical analysis

Prism 9.0 for Macintosh, Graphpad Software, LLC, was 
used for all statistical computations. Results are pre-
sented as means ± SEM. Average blood glucose levels, 
water, and food consumption were calculated using 
AUC. Student’s unpaired t-test was used for compari-
sons between two groups. For multiple comparisons, 
repeated measurements one- and two-way ANOVA fol-
lowed by Holm–Sidak post hoc test were used.

3. Results

3.1. Synthesis and characterization of GLX7013159

GLX7013159 is a further development of GLX7013114, 
which has been previously described [28]. For method-
ology on the development and pharmacological meth-
odology of GLX7013114 and GLX7013159, please refer 
to the previous paper. Selected hits from the high- 
throughput screen (HTS) were processed by medicinal 
chemistry (structure–activity relationship (SAR)) to mod-
ify the primary hits, and new efficient NOX4 inhibitors 
were identified. One of these, the highly selective and 
specific NOX4 inhibitor GLX7013114, was further SAR 
developed to improve solubility and metabolic stability. 
The SAR campaign resulted into the selection of 
GLX7013159 with similar inhibiting quality as 
GLLX7013114, but more water soluble and with some 
improved metabolic stability (Tables S2 and S3, Figures 
S1 and S2). It was observed however that NOX4 select-
ivity was slightly changed in this process to be a com-
bination of NOX4/NOX2 selectivity in GLX7013159, 
while other isoforms still not affected, including XO 
(Figures S3, S4, S6) [31,32]. Of note is that GLX7013159 
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is still preferential for inhibiting NOX4 over NOX2 by a 
factor of five (IC50 0.3 mM NOX4, 1.5 mM NOX2). 
GLX7013159 did not display any redox activity, as 
assessed by the DPPH assay (Figure S5) [33]. The results 
of the characterization of the novel NOX inhibitor 
GLX7013159 are given in Table 1. The different cell 
types used for IC50 analysis for Nox1-5 are described in 
Table S4.

To verify that the NOX4 inhibitor GLX7013159 
reduces H2O2 production in EndoC-betaH1 cells in vitro, 
we studied DCFH-DA oxidation during 60 min at a high 
glucose concentration (22 mM) and in response to 
increasing concentrations of the inhibitor. As DCFH-DA 
allows for superior detection of intracellular ROS in beta 
cells, it was chosen over Amplex Red. We observed that 
a low concentration of GLX7013159 (0.2 mM) did not 
significantly decrease ROS production (Figure S7). 
However, at 1 and 5 mM, the inhibitor reduced DCF 
fluorescence by 15 and 25%, respectively.

3.2. Effects of GLX7013159 on diabetic athymic 
mice

A total of 24 mice were included. Six mice were 
excluded prior to transplantation for failing to reach 
diabetic blood glucose levels (>12.2 mmol/L) after 
alloxan injection, whereas two mice perished in peri-
operative complications to transplantation. The remain-
ing 16 mice were successfully transplanted (8 in 
treatment group and 8 in control group), with 14 mice 
completing the four-week trial. One mouse from each 
group was terminated during the experiment for reach-
ing the humane endpoint. Treatment with GLX7013159 
was well tolerated, with no observations of increased 
complications or adverse effects in the treated mice.

Blood glucose levels were during the 4-week period 
overall lower in the GLX7013159-treated group, as was 
water consumption (Figure 1). Treatment with 
GLX7013159 affected neither food consumption nor the 
weight of the animals (results not shown). Intravenous 
glucose tolerance tests and insulin sensitivity tests were 
performed on the different study groups in the final 
treatment days (Figure S8). While these showed no dif-
ferences between the groups, analyzing stimulated 
human insulin levels in blood gathered 10 min after 
glucose injection revealed higher levels of insulin in the 
GLX7013159 treated mice (Figure 2A). Human C-pep-
tide levels were also assessed in the terminal blood 
samples of all mice, with the results again showing 
greater levels in the GLX7013159 treated mice 
(Figure 2B). Ta
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Figure 1. GLX7013159 treatment decreases blood glucose levels and water consumption in athymic diabetic mice with human 
islet transplants. 
(A) Average blood glucose values for GLX7013159-treated and control mice, following alloxan injection on day 0, and human islet transplantation on 
days 2 and 3. Values of HI (>27.8 mmol/L) were registered as 27.8 mmol/L. Mean AUC (post-transplantation) for control and GLX7013159-treated mice 
(GLX mice) were 752 ± 8 and 684 ± 21 mmol/L � 30 days, respectively (p¼ 0.01, n¼ 7–8 animals in each group). All values are given as means ± SEM. (B) 
Water consumption was lower throughout the treatment period for GLX7013159-treated mice, with AUC 1113 ± 83 mL for control and 888 ± 51 mL for the 
treatment group (p< 0.05). All values are given as means ± SEM.
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3.3. Perifusion analysis

We next studied the functional insulin secretion cap-
acity of the isolated islet grafts using glucose perifusion. 
A constant flow of KRBH containing 2 mM or 20 mM 

glucose perifused the islet grafts, and buffer samples 
were collected at multiple time points and analyzed for 
human insulin using an ultrasensitive insulin ELISA 
(Mercodia). To account for different baseline insulin 
secretion, stimulation indexes were calculated by divid-
ing the AUCs of the high glucose perifusion with the 
low glucose perifusion for each islet graft. Grafts from 
GLX7013159 treated mice were more responsive to 
changes in glucose levels, displaying a significantly 
higher stimulation index compared to control grafts 
(Figure 3).

3.4. Effects of GLX7013159 on caspase-3 
expression in transplanted human islets

There was no difference in the number of total insulin- 
positive cells between groups (Figure 4A). However, the 
human islet grafts of GLX7013159-treated mice had an 
almost threefold decrease in the frequency of cells with 
colocalized insulin and cleaved caspase-3 when com-
pared to control (15.5% vs 44.7%, p< 0.001) (Figure 4B). 
Caspase-3 staining in insulin-positive cells was lower in 
GLX7013159-treated mice, while non-insulin-positive 
islet cells were unaffected by treatment (Figure 4C,D).

4. Discussion

We have previously shown that selective NOX4 inhib-
ition counteracts human islet cell death after in vitro- 
induced stress, seemingly by modulating mitochondrial 
activity and altering cellular redox status through both 
increased mitochondrial ROS and decreased general 
ROS [28,30]. Here, we demonstrate that the human 
beta-cell protective effects of NOX4 inhibition persist 
over a longer time period in an in vivo setting. In the 
present study, a marginal mass of 200 islets, which is 
insufficient to restore normoglycemia [34], was trans-
planted to each mouse in order to examine the effects 
of prolonged severe hyperglycemia. Thus, an improve-
ment in blood glucose, but not a cure for diabetes, was 
an anticipated outcome. Our results indicate that NOX4 
inhibition protects against hyperglycemia-induced 
beta-cell dysfunction, with NOX4 inhibition improving 
glycemic control and lowering water consumption 
throughout the 4-week treatment period. As alloxan- 
injected mice are almost completely devoid of 
endogenous beta cells [35–37], the lowered glucose 
levels likely reflect an improved function of the trans-
planted human beta-cells. The greater insulin levels 
during the IVGTT, higher human C-peptide levels in the 
final plasma as well as the improved islet graft stimula-
tion index in the GLX7013159-treated mice further 

Figure 2. GLX7013159-treated mice display higher insulin lev-
els 10 min post IVGTT and higher human C-peptide. 
(A) An intravenous glucose tolerance test (2g glucose/kg BW) was con-
ducted 1-2 days prior to end of the experiment. Blood samples were 
withdrawn 10 minutes after glucose injection. Mice receiving GLX7013159 
(GLX) had higher serum insulin levels compared to control mice (p< 0.05 
using Student’s unpaired t-test; n¼ 7–8 animals in each group). All values 
are given as means ± SEM. (B) Plasma collected at the termination of the 
experiment was analyzed using an ultrasensitive human C-peptide ELISA 
(Mercodia), GLX7013159-treated mice (GLX) had higher levels of human 
C-peptide compared to controls (p< 0.05 using Student’s unpaired t-test; 
n¼ 7–8 animals in each group). All values are given as means ± SEM.

Figure 3. GLX70131159-treated mice grafts are more respon-
sive to glucose during perifusion. Directly after collection, the 
transplanted islet grafts were subjected to a glucose perifu-
sion analysis using KRBH containing 2 mmol/L and 20 mmol/L 
glucose. Buffer samples were collected at multiple time points 
and analyzed for human insulin using an ultrasensitive insulin 
ELISA (Mercodia). Stimulation indexes were calculated by 
dividing the AUCs of high glucose perifusion with low glucose 
perifusion for each islet graft. Grafts from GLX7013159 treated 
mice (GLX) displayed a higher stimulation index compared to 
control grafts (p< 0.05 using Student’s unpaired t-test; n¼ 7– 
8 grafts in each group). All values are given as means ± SEM.
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support this. While remaining mouse beta-cell mass 
after alloxan injection was not assessed, there were no 
notable differences in blood-glucose levels between 
the mice before transplantation (Figure 1A, day 2), and 
after islet transplantation, the mice were randomized 
between the treatment groups without preference. We 
also did not observe any signs of auto-reversion rever-
sion from the alloxan injections as all mice maintained 
high blood glucose levels throughout the experiment. 
So, any small remaining beta-cell mass, or beta-cell 
regeneration, should have been randomly distributed 

between the two groups. Nevertheless, this may pose 
as a potential limitation. Moreover, the potential effects 
of NOX4 inhibition on mouse and human beta-cell pro-
liferation remain to be studied. Another limitation is 
that exact concentrations of the compound were not 
measured in the treated mice; this would also be of 
interest regarding assessment of the potential impact 
of cross-NOX selectivity.

The used glucose monitoring device (Freestyle Lite) 
has an upper measuring range of 27.8 mmol/L. This 
maximum threshold was frequently reached within the 

Figure 4. GLX7013159 treatment decreased cleaved caspase-3 (green) expression in insulin-positive cells (red). Top: The retrieved 
islet grafts were sectioned and stained for Insulin (RED), Cleaved caspase-3 (GREEN) and DAPI (BLUE). Top left shows a section 
from a control mouse, whereas top right shows a section from a GLX7013159-treated mouse. Bottom: Immunohistochemistry was 
assessed both by manually counting, by an investigator not aware of the identity of the sections, of the number of cells positive 
for insulin and/or cleaved caspase 3, and by measuring signal intensity using the ImageJ software. GLX7013159 treatment did 
not affect the total amount of insulin-positive cells (A, y-axis¼ number of cells per graft), but resulted in a marked decrease of 
cells co-expressing cleaved caspase 3 and insulin when manually counted (B, p< 0.001). The total cleaved caspase-3/DAPI signal 
intensity was lower in GLX7013159 treated mice (C, p< 0.05), GLX7013159 treated mice expressed lower cleaved caspase-3 sig-
naling in insulin-positive areas (D, p¼ 0.01), no difference was observed in insulin negative areas (D). All images were analyzed 
blindly. All comparisons were performed by Student’s unpaired t test. Values are given as means ± SEM for 7–8 grafts in each 
group.
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control group, in contrast to in the GLX7013159-treated 
mice. In the statistical analysis, values above measuring 
range (HI) were however conservatively set as 
27.8 mmol/L. The difference in glycemic control was 
therefore probably even greater between the treated 
and nontreated mice than presently reported. Both our 
present results as well as our previous findings using 
GLX351322 indicate that NOX4 inhibition does not 
appear to affect insulin sensitivity [30], making it more 
likely that the observed difference in blood glucose 
indeed stems from an improved islet function with 
increased insulin production. As all mice were highly 
diabetic in the current study, the glucose tolerance test 
produced blood glucose measurements of “HI” for most 
of the IVGTT in both treatment groups, likely explaining 
why no significant differences could be observed here.

Loss of beta-cell mass is believed to occur already 
before the onset of type 2 diabetes, with a substantial 
decrease present at the time of diabetes diagnosis [38]. 
Caspase-3 is recognized as a main effector in the apop-
totic cascade both in autoimmune-driven islet apoptosis 
in type 1 diabetes and in type 2 diabetes [39]. In the pre-
sent study, we found a substantial decrease in cleaved 
caspase-3 and insulin co-expression in the islet grafts of 
GLX7013159-treated mice, possibly suggesting that the 
anti-diabetic effects observed from NOX4 inhibition 
could also origin from an increased survival of beta-cells. 
However, it is not clear why the total beta-cell numbers 
were not improved in the NOX4-inhibited mice. First, 
retrieving grafts from under the kidney capsule is tech-
nically challenging, so we might have obtained partial 
grafts from some of the mice that confounded the 
quantification of the number of beta-cells. Second, it 
may be that NOX4 inhibition protects against beta-cell 
death but also stimulates beta-cell dedifferentiation, 
which combined could explain the rather low beta-cell 
number/caspase-3 staining. Third, it is also possible 
beta-cells with lowered caspase-3 staining might even-
tually die by necrosis or some other non-caspase-3- 
dependent mechanism. This third alternative implies 
that NOX4 improves glucose homeostasis via a better 
beta-cell function rather than lowering beta-cell death.

The role of ROS, and the NOX enzymes in particular, 
in beta-cell function and dysfunction and the develop-
ment of diabetes is complex, and it is likely that a deli-
cate redox balance between beneficial physiological 
processes and the detrimental effects of oxidative stress 
exists. Moderate levels of ROS are inevitable and neces-
sary in normal beta-cell functioning and have been 
found to stimulate cell proliferation [1]. Furthermore, 
NOX4 has recently been shown to have fundamental 
roles in glucose-stimulated insulin secretion [40], as well 

as in skeletal muscle insulin sensitivity [41]. Furthermore, 
we have recently observed that NOX4-produced mito-
chondrial ROS may function as a negative feedback sys-
tem to reduce mitochondrial respiration and ATP 
production [30]. Nevertheless, excessive NOX4 activation 
and oxidative stress can be detrimental to islet function-
ing and survival and a driving force toward both the 
development of type 2 diabetes [30, 42], and diabetes 
complications such as diabetic nephropathy [5, 43]. The 
present findings on GLX7013159 are in line with our pre-
vious results, where two-week treatment with the NOX4 
inhibitor GLX351322 decreased blood glucose levels in 
high-fat-diet-fed mice [29]. In that study, NOX4 inhib-
ition also improved glucose tolerance with no significant 
effects on insulin sensitivity. While knock-out models 
have suggested both protective and harmful roles of 
NOX4 in different diseases [44–47], the nontotal 
pharmacological inhibition used in the present study, in 
lieu of total gene deletion likely translates better into a 
potential future clinical setting. Moreover, the highest 
GLX7013159 plasma concentrations should have coin-
cided with feeding, as mice consume most of their water 
immediately before and after food intake [48].

This study is the first to show that pharmacological 
NOX4 inhibition has beneficial effects on human beta- 
cells in vivo using an athymic mouse model of type 2 
diabetes. The anti-diabetic effect persisted over the 
four-week study period and were likely due to an 
improved function of the beta-cells.
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