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Recent studies have suggested that renal Nox is important in the progression of diabetic nephropathy. Therefore, we
investigated the effect of a novel pan-NOX-inhibitor, APX-115, on diabetic nephropathy in type 2 diabetic mice. Eight-
week-old db/m and db/db mice were treated with APX-115 for 12 weeks. APX-115 was administered by oral gavage at a
dose of 60 mg/kg per day. To compare the effects of APX-115 with a dual Nox1/Nox4 inhibitor, db/db mice were treated
with GKT137831 according to the same protocol. APX-115 significantly improved insulin resistance in diabetic mice, similar
to GKT137831. Oxidative stress as measured by plasma 8-isoprostane level was decreased in the APX-115 group compared
with diabetic controls. All lipid profiles, both in plasma and tissues improved with Nox inhibition. APX-115 treatment
decreased Nox1, Nox2, and Nox4 protein expression in the kidney. APX-115 decreased urinary albumin excretion and
preserved creatinine level. In diabetic kidneys, APX-115 significantly improved mesangial expansion, but GKT137831 did
not. In addition, F4/80 infiltration in the adipose tissue and kidney decreased with APX-115 treatment. We also found that
TGF-β stimulated ROS generation in primary mouse mesangial cells (pMMCs) from wild-type, Nox1 KO, and Duox1 KO
mice, but did not induce Nox activity in pMMCs from Nox2 knockout (KO), Nox4 KO, or Duox2 KO mice. These results
indicate that activating Nox2, Nox4, or Duox2 in pMMCs is essential for TGF-β-mediated ROS generation. Our findings
suggest that APX-115 may be as effective or may provide better protection than the dual Nox1/Nox4 inhibitor, and pan-
Nox inhibition with APX-115 might be a promising therapy for diabetic nephropathy.
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Reactive oxygen species (ROS) are constitutively generated in
cells and are required to sustain numerous physiologic
processes.1 Generally, ROS mediate cellular signaling; how-
ever, when the balance between ROS production and
scavenging is disrupted, they cause oxidative stress resulting
in tissue injury.2 Excessive ROS production has been
implicated in various renal disease processes, including
diabetic nephropathy, hypertensive nephropathy, acute kid-
ney injury, and immune-mediated glomerulonephritis.3

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases (Noxs) catalyze electron transfer from NADPH to
molecular oxygen and are the major sources of ROS in the
kidney.4 There are seven Nox isoforms (Nox1–5, Duox,
Duox2), and Nox1, Nox2, Nox4, and Nox5 are widely
expressed throughout renal tissues.5 Nox4 is the most

abundant Nox in the kidney and has been reported to have
a central role in oxidative stress induced by type 1 and 2
diabetes.

Several lines of evidence suggest that Nox4 may also have a
protective role. Overexpression of Nox4 in endothelial cells
promotes angiogenesis and recovery from hypoxia in an
eNOS-dependent manner.6 In addition, Nox4-transgenic
mice showed cardiac protective effect by Nox4-mediated
activation of vascular endothelial growth factor in chronic
load-induced stress in mouse hearts.7 Moreover, endogenous
Nox4 protects the vasculature during ischemic or inflamma-
tory stress.8 These results suggest that adequate constitutive
production of H2O2 by this enzyme could maintain a basal
anti-oxidative tone and thus desensitize organs against acute
redox challenges.
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However, a large body of literature suggest that oxidative
stress is increased and Nox4 has been proposed as a major
source of ROS in diabetic nephropathy. Accordingly, several
studies have focused on Nox4 as a potential therapeutic target
for diabetic kidney disease.9–12 A study by Gorin et al13

showed that administering antisense oligonucleotides for
Nox4 to rats with streptozotocin-induced diabetes prevented
renal hypertrophy and matrix expansion. Also, systemically
knocking out Nox4 in mice with streptozotocin-induced
diabetes protected the kidneys from glomerular injury.9

As all components of Nox isoforms are expressed in
various parts of the kidney, including renal vessels, glomeruli,
and tubulointerstitial tissues, ROS generation can be induced
in different renal tissues by many pathologic stimuli such as
high glucose, angiotensin II, advanced glycation end products,
and aldosterone.4 In addition to Nox4, Nox1 and Nox2 are
also involved in the development of diabetic nephropathy.14

Therefore, targeting all the Nox components may be a
promising therapeutic strategy to ameliorate renal damage
from ROS in diabetic nephropathy. Recently, pharmacologi-
cally inhibiting Nox4 and Nox1 with dual inhibitors
GKT136901 and GKT137831 in mouse models of type 1
and type 2 diabetic nephropathy effectively reduced systemic
oxidative stress, albuminuria, and kidney fibrosis.15,16 These
previous studies suggested the potential protective effect of
dual Nox1/Nox4 inhibition in diabetic kidney disease. In this
study, we investigated the effect of a recently developed pan-
Nox-inhibitor, APX-115, compared with a dual Nox1/Nox4
inhibitor, GKT137831, in a mouse model of type 2 diabetic
kidney disease.

MATERIALS AND METHODS
Animal Studies
Six-week-old male diabetic db/db mice (C57BLKS/J-leprdb/
leprdb) were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). The mice had free access to food and tap
water and were caged individually under controlled tempera-
ture (23± 2 °C) and humidity (55± 5%) with an artificial
light cycle. The mice were fed standard chow (Cargill Agri
Purina Korea, Korea). APX-115 and GKT137831 were
designed and manufactured as described previously.17

APX-115 was originally named as Ewha-18278 before it was
transferred to Aptabio Therapeutics, and these two drugs
were same compounds. To investigate the effect of APX-115
compared with GKT137831, 8-week-old mice were divided
into five groups: (1) nondiabetic control db/m mice (n= 7),
(2) db/m mice treated with APX-115 (n= 10) (3) control db/
db mice treated with vehicle (n= 8), (4) db/db mice treated
with GKT137831 (n= 9), and (5) db/db mice treated with
APX-115 (n= 10). APX-115 and GKT137831 were adminis-
tered by oral gavage at a dose of 60 mg/kg per day for
12 weeks. As the IC50s for GKT137831 was 110–140 nM, and
that for APX-115 was 100–150 nM, we used the same dosage
of 60 mg/kg per day in this study. Food and water intake,
urine volume, body weight, fasting blood glucose

concentration, and HbA1c level were measured every month.
Plasma glucose level was measured with glucose oxidase
method, and HbA1c level was calculated with the IN2IT
system (Bio-Rad Laboratories, Hercules, CA, USA). Plasma
levels of aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels were determined using the
ELISA kit (BioVision, Milpitas, CA, USA), following the
manufacturers’ instructions. The homeostasis model assess-
ment index of insulin resistance (HOMA-IR) was calculated
as fasting glucose (mmol/l) × fasting insulin (mU/l)/22.5.
Plasma triglyceride and cholesterol analyses were performed
with a GPO-Trinder kit (Sigma-Aldrich, St Louis, MO, USA).
Plasma lipoprotein profiles were measured with a fast protein
HPLC system. Insulin tolerance testing was conducted in db/
dbmice after an 8 h fast, and the blood samples were collected
from the tail vein. The mice received 0.75 U/kg regular insulin
by i.p. injection, and blood glucose was subsequently
measured at 0, 30, 60, 90, and 120 min. Individual mice
were separated in a metabolic cage where urine was collected
and measured for a 24 h period every month. Urinary
albumin excretion was determined with a competitive ELISA
(ALPCO, Westlake, OH, USA). Plasma and urinary levels of
8-isoprostane were measured with an ELISA kit (Cayman
Chemical, Ann Arbor, MI, USA), and urinary levels were
corrected according to urine creatinine concentrations. Lipids
from hepatic, adipose, and renal cortex tissues were extracted
with the Bligh and Dyer method.18 Total cholesterol and
triglyceride content were measured with a commercial kit
(Wako Chemicals, Richmond, VA, USA). The extent of
peroxidative reaction in hepatic tissue, adipose tissue, and
kidney tissue was determined by directly measuring lipid
hydroperoxide (LPO) with an LPO assay kit (Cayman
Chemical) as described previously.19 At the end of the study
period, systolic blood pressure (BP) was measured by tail-cuff
plethysmography (LE 5001-Pressure Meter, Letica SA,
Barcelona, Spain). All ELISA analyses were performed in
triplicate, and the results were averaged. The mice were killed
under anesthesia with i.p. injections of tribromoethanol
(Avertin; 50 mg/kg) and epididymal fat, liver, and kidney
tissues were weighed and snap frozen in liquid nitrogen. All
the experiments were conducted in accordance with NIH
guidelines and with the approval of the Korea University
Institutional Animal Care and Use Committee.

Histological and Immunohistochemical Analysis
Kidney, hepatic, and adipose tissues were fixed for 48 h with
10% paraformaldehyde at 4 °C, dehydrated, embedded in
paraffin, cut into 4 μm thick slices, and stained with periodic
acid-Schiff (PAS), Masson’s trichrome (MT), and hematox-
ylin and eosin. For immunohistochemical staining, the
sections were microwaved for 10–20 min to retrieve antigens
for TGF-β1, nephrin, α-SMA, nitrotyrosine, WT-1, and F4/80
staining. Alternatively, the sections were transferred to
Biogenex Retrievit buffer (pH 8.0; InnoGenex, San Ramon,
CA, USA) and microwaved for 10–20 min to retrieve antigens

Pan-NOX inhibitor and diabetic nephropathy
JJ Cha et al

420 Laboratory Investigation | Volume 97 April 2017 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


for plasminogen activator inhibitor (PAI)-1 staining, or
treated with trypsin (Sigma-Aldrich) for 30 min at 37 °C to
detect type IV collagen. To block endogenous peroxidase
activity, 3.0% H2O2 in methanol was applied to the tissue
sections for 20 min. The samples were then incubated at room
temperature for 60 min in 3% BSA/3% normal goat serum
(type IV collagen, α-SMA nitrotyrosine, WT-1, and F4/80),
30 min with 5% normal goat serum (nephrin), 15 min with
10% powerblock (PAI-1), or 30 min with 20% normal sheep
serum (TGF-β1). The slides were incubated overnight at 4 °C
with rabbit polyclonal anti-TGF-β1 antibodies (1:200; Santa
Cruz Biotechnology, CA, USA), mouse monoclonal anti-
F4/80 antibodies (1:100; Serotec, Raleigh, NC, USA), rabbit
polyclonal anti-type IV collagen antibodies (1:150; BioDesign
International, Sarco, ME, USA), guinea pig polyclonal anti-
nephrin antibodies (1:50; PROGEN Biotechnik GmbH,
Heidelberg, Germany), rabbit polyclonal anti-PAI-1 antibo-
dies (1:60; American Diagnostica, Stamford, CT, USA), rabbit
polyclonal anti-WT-1 antibodies (1:400, Santa Cruz Biotech-
nology), mouse monoclonal anti-nitrotyrosine antibodies
(1:400; Santa Cruz Biotechnology), or rabbit polyclonal
anti-α-SMA antibodies (1:100; Santa Cruz Biotechnology).
After incubating overnight, the slides were incubated with
secondary antibodies for 30 min. The immunoreactive areas
were detected via incubation at room temperature in 0.05%
3,3-diaminobenzidine containing 0.01% H2O2 followed by
counterstaining with Mayer’s hematoxylin. Negative control
sections were stained under identical conditions but with a
buffer solution instead of primary antibody. Glomerular
mesangial expansion was scored semiquantitatively, and the
percentage of mesangial matrix occupying each glomerulus
was rated from 0 to 4 as follows: 0, 0%; 1, o25%; 2, 25–50%;
3, 50–75%; and 4, 475%. To evaluate immunohistochemical
staining for type IV collagen, TGF-β1, nitrotyrosine, WT-1,
and PAI-1, glomerular fields were graded semiquantitatively
under a high-power field containing 50–60 glomeruli, and an
average score was calculated.19 All histologic examinations
were conducted by a trained pathologist in a blinded manner.

Analysis of Gene Expression by Real-Time Quantitative
PCR
Total RNA was extracted from renal cortex tissues and
experimental cells with Trizol reagent. The primers were
designed with Primer 3 software, while the secondary
structures of the templates were examined and excluded
using mfold software. The nucleotide sequences of all primers
used in this study are shown in Supplementary Table 1.
Quantitative gene expression was performed on a LightCycler
1.5 system (Roche Diagnostics Corporation, Indianapolis, IN,
USA) using SYBR Green technology. Thermocycling condi-
tions consisted of 22–30 cycles of denaturation for 10 s at
95 °C followed by annealing and extension for 30 s at 60 °C.
The expression of each gene relative to β-actin (relative gene
expression) was calculated by subtracting the threshold cycle
number (Ct) of the target gene from that of β-actin and

taking 2 to the power of that number. The specificity of each
PCR product was evaluated by melting curve analysis,
followed by agarose gel electrophoresis.

Protein Extraction and Western Blot Analysis
Nuclear and cytoplasmic proteins from renal cortex tissues or
cells were extracted with a commercial nuclear extraction kit
according to the manufacturer’s instructions (Active Motif,
Carlsbad, CA, USA). Protein concentration was determined
with the bicinchoninic acid method (Pierce Pharmaceuticals,
Rockford, IL, USA). For western blotting, 40 μg of protein
was electrophoresed on a 10% SDS-PAGE minigel. The
proteins were transferred onto polyvinylidene difluoride
membrane, which was hybridized in blocking buffer over-
night at 4 °C with goat polyclonal anti-TLR4 (1:500, Santa
Cruz Biotechnology), rabbit polyclonal anti-NF-kB p65
antibody (1:1000, Cell Signaling Technology, USA), rabbit
monoclonal anti-phospho IκBα antibody (1:1000, Cell
Signaling Technology), rabbit polyclonal anti-Nox1 (1:1000,
Abcam Plc, Cambridge, MA, USA), rabbit polyclonal anti-
Nox2 (1:1000, Bioworld Technology, St Louis Park, MN,
USA), rabbit polyclonal anti-Nox4 (1:1000, Bioworld Tech-
nology), mouse monoclonal anti-β actin antibody (1:5000,
Sigma-Aldrich) or TATA binding protein (1:2000, Abcam
Plc). The membrane was subsequently incubated with
horseradish peroxidase-conjugated secondary antibody
diluted 1:1000 for 60 min at room temperature. The signals
were detected with the enhanced chemiluminescence method
(Amersham, Buckinghamshire, UK).

Analysis of Antibody Against Nox Isozyme
We generated rabbit polyclonal antibodies against Nox1,
Nox2, and Nox4, respectively. Nox1 antibody (Nox1 Ab)
detected 63 kDa Nox1 in smooth muscle cells from wild-type
mice, whereas the antibody failed to recognize the protein in
Nox1 KO mice (Supplementary Figure 1A). Nox2 antibody
(Nox2 Ab) detected 65 kDa Nox2 in macrophages from wild-
type mice, whereas the antibody failed to recognize the
protein in Nox2 KO mice (Supplementary Figure 1B). Nox4
antibody (Nox4 Ab) detected 62 kDa protein in kidney from
wild-type mice. However, the antibody did not recognize the
protein in Nox4 KO mice (Supplementary Figure 1C).

Nox1, Nox2, Nox4, and Duox2 Knockout Mice
Nox1 KO mice (B6.129X1-Nox1tm1Kkr/J, stock number
018787), Nox2 KO mice (B6.129S-Cybbtm1Din/J, stock num-
ber 002365), and Duox2 KO mice (B6.129-Duox2thyd/J, stock
number 005543) were purchased from Jackson Laboratory.
Generation of Nox4 KO mice was described in a previous
report.20

Generation of Duox1 Knockout Mouse using CRISPR-
Cas9
C57BL/6J female mouse was superovulated with intrap-
eritoneal (IP) injection of 5 I.U. pregnant mare serum
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gonadotropin (Merck KGaA, Darmstadt, Germany) followed
by human chorionic gonadotropin (Merck KGaA) 48 h later,
then bred to C57BL/6J male mice. Next morning, one-cell
embryos were obtained from the oviduct and cultured in the
microdrop of KSOM media (Merck KGaA) under the mineral
oil (Merck KGaA) until microinjection as described else-
where. Cas9 mRNA and Duox1 sgRNA were purchased from
ToolGen (Seoul, South Korea). The target sequence for
Duox1 sgRNA is 5′-CTTAGTAACAGGGTCATGAGAGG-3′
(underline indicates PAM sequence). Cas9 mRNA (10 ng/μl)
and sgRNA (16 ng/μl) dissolved in 10 mM Tris-HCl, pH 7.4,
0.25 mM EDTA were microinjected into the cytoplasm of one-
cell embryos and the embryos that survived microinjection
were further cultured overnight as described above. Two-cell
embryos were transferred into the oviducts of pseudopreg-
nant ICR females anesthetized with IP injection of 2.5%
Avertin (Merck KGaA). Initial screening of Indel mutation
was performed with PCR using DNA extract from F0 mice
and agarose gel electrophoresis. Only the mutant mice were
bred to C57BL/6J mice and the nature of Indel mutation was
further characterized with PCR using DNA extract from F1
heterozygotes mice. The PCR product was subcloned into TA
cloning vector as per the manufacturer’s protocol (Promega,
Fitchburg, WI, USA) and analyzed by sequencing. The primer
sequences for PCR are 5′-CTCTCCTATGCCAGGCTCTC-3′
(sense), 5′-TGTACGGTTCCGAAGAGATG-3′ (antisense). All
mice experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at Ewha Womans
University (Permit number: 2015-01-072). We have obtained
two F1 heterozygotes mice having 20 bp deletion. A 20 bp
deletion (276–295 bp) provided premature stop codon
generation. The heterozygotes mice with 11 bp deletion
(Duox1em1Bys) were maintained by backcrossing with
C57BL/6J mice two to three more generations before
obtaining the homozygous mutant mice. The primer
sequences for PCR genotyping are as follows. Duox-S: 5′-CT
CTCCTATGCCAGGCTCTC-3′ (sense), Duox-AS: 5′-TGTAC
GGTTCCGAAGAGATG-3′ (antisense). Genotyping with
Duox-S/Duox-AS resulted in 160 bp and 140 bp for wild-
type allele and mutant-type allele, respectively (Supple-
mentary Figure 2).

Preparation of Primary Mouse Mesangial Cells
To further define the role of various Nox isoforms in
glomerular sclerosis, the experiments were performed with
mouse mesangial cells. A part of the renal cortex was obtained
immediately after surgical nephrectomy from wild-type mice
and mice with various Nox isoforms knocked out. Glomeruli
were isolated by the differential sieving method with some
modifications.21 Isolated glomeruli were plated on a 100 mm
culture dish and maintained at 37 °C under 5% CO2

condition in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) supplemented with 20% (v/v) fetal bovine serum
(FBS; PAN BIOTECH, Aidenbach, Germany,) and 1%
antibiotic-antimycotic solution (Welgene, Daegu, Korea LS

203-01). Migrated mesangial cells from isolated glomeruli
transferred onto collagen-coated culture dish. Purity of
primary mesangial cells was examined with antibody against
α-SMA as a marker of mesangial cell. Immunohistochemistry
of primary mesangial cells with antibody against α-SMA
resulted in a positive signal. However, the primary cells failed
to react with antibody to WT-1. Therefore, purified cells from
mice turned out to be mesangial cells (Supplementary
Figure 3).

Podocyte Culture Experiments
The mouse podocyte cell line was obtained from Peter
Mundel at the Albert Einstein College of Medicine, NY, USA.
The cells were cultured in RPMI medium supplemented with
10% FCS. To evaluate the effect of high glucose on NF-κB,
NOX2, NOX4, MCP-1, and fibrotic molecules such as
TGF-β1, PAI-1, and type IV collagen, subconfluent cells were
serum starved for 24 h. Then the medium was replaced
with fresh medium containing 30 mM D-glucose and cultured
for 72 h, and harvested for measurement of each molecules.
To test the effects of APX-115, APX-115 (5 μM) was
added to cells 60 min before treatment with high glucose.
All the experiments were performed with three technical
replicates.

Measurement of Intracellular ROS by DCF-DA
Primary mouse mesangial cells (pMMCs) from wild-type and
Nox knockout mice were serum starved for 6 h and then
stimulated with recombinant human TGF-β1 (10 ng/ml) for
10 min. The cells were washed with Hank’s balanced salt
solution (HBSS) and incubated for 10 min in the dark at
37 °C in HBSS containing 10 μM DCF-DA (2',7'-dichloro-
fluorescindiacetate, Molecular Probes). Fluorescence from
oxidized DCF was detected by a Zeiss LSM510 confocal
microscope (version 2.3 Minneapolis, MN, USA) at excitation
and emission wavelengths of 488 nm and 515–540 nm,
respectively. Five fields were randomly selected for fluores-
cence measurements and the mean relative fluorescence
intensity was used. All the experiments were repeated at least
three times.

Statistical Analysis
Nonparametric analyses were used due to the relatively small
number of samples. The results were expressed as mean± s.e.
m. Comparisons were performed using Wilcoxon rank-sum
tests and Bonferroni correction. A Kruskal–Wallis test was
used to compare more than two groups, followed by a Mann–
Whitney U-test. The values of Po0.05 were considered
statistically significant. Statistical analyses were performed
using IBM SPSS for Windows, version 20.0 (IBM Corpora-
tion, New York, NY, USA).
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RESULTS
Physical and Biochemical Parameters in Experimental
Animals
Table 1 shows the physical and biochemical results of each
group. The db/db mice had significantly higher body weights,
blood glucose levels, and HbA1c levels than did db/m
controls, as expected. These parameters did not differ among
the treated groups and vehicle group in diabetic mice. Food
and water intake at 12 weeks in the APX-115 group and water
intake during the treatment period in the GKT137831 group
were significantly increased. However, these differences did

not affect the body weight or urine volume. Systolic blood
pressure was significantly lower in diabetic mice than in db/m
controls, and the diabetic groups did not differ. Kidney, liver,
and fat tissue mass were significantly increased in db/db mice,
and did not change with Nox inhibitor treatments (Table 2).

Effect of APX-115 on Lipid Peroxidation and Oxidative
Stress in Experimental Animals
APX-115 and GKT137831 target Noxs and are expected to
reduce oxidative stress. Therefore, the plasma and urine
8-isoprostane levels as an oxidative stress marker in mice were

Table 1 Physical and biochemical parameters in experimental animals

Parameters Week db/m db/m +APX-115 db/db db/db +GKT db/db +APX-115

Body weight (g) 0 25.7 ± 1.4 25.9 ± 1.4 35.1 ± 3.5a 34.5 ± 3.5a 36.1 ± 2.8a

4 29.7 ± 0.7 28.8 ± 1.3 44.0 ± 4.9a 38.3 ± 5.1a 43.4 ± 3.7a

8 30.4 ± 1.4 30.8 ± 1.8 50.7 ± 7.6a 42.2 ± 7.5a 49.2 ± 4.8a

12 32.1 ± 1.1 31.2 ± 1.8 53.8 ± 8.9a 42.4 ± 7.7a 52.2 ± 6.4a

Food intake (g/d) 0 3.4 ± 0.3 3.1 ± 0.2 6.4 ± 0.2a 6.7 ± 0.4a 6.6 ± 0.5a

4 3.7 ± 0.3 3.2 ± 0.1 6.1 ± 0.6a 6.1 ± 0.9a 6.4 ± 0.3a

8 3.4 ± 0.1 3.3 ± 0.2 5.8 ± 1.1a 5.5 ± 0.9a 5.9 ± 0.6a

12 2.8 ± 0.1 2.8 ± 0.1 5.5 ± 1.0a 5.7 ± 0.5a 6.3 ± 0.5a,

Water intake (g/d) 0 4.7 ± 0.2 4.4 ± 0.4 12.2 ± 2.1a 13.6 ± 1.4a 12.0 ± 1.4a

4 4.2 ± 0.1 3.6 ± 0.2 18.1 ± 1.2a 24.9 ± 4.0a, b 21.6 ± 2.9a

8 3.6 ± 0.3 3.7 ± 0.7 20.7 ± 1.6a 23.8 ± 4.3a, b 20.7 ± 4.9a

12 3.3 ± 0.5 2.5 ± 0.3 17.5 ± 4.6a 24.2 ± 5.5a, b 21.1 ± 4.3a, b

Urine volume (ml/d) 0 1.2 ± 0.4 1.1 ± 0.5 2.4 ± 1.1a 2.3 ± 0.6a 2.5 ± 0.7a

4 1.8 ± 0.5 1.7 ± 0.6 4.9 ± 2.9a 4.0 ± 1.8a 4.5 ± 1.5a

8 1.6 ± 0.6 1.5 ± 0.7 5.1 ± 1.3a 5.2 ± 2.1a 7.7 ± 2.6a, b

12 1.8 ± 0.6 1.7 ± 0.4 5.1 ± 3.5a 6.3 ± 2.1a 5.7 ± 2.3a

Fasting 0 133 ± 19 140 ± 11 411 ± 73a 421 ± 104a 409 ± 99a

blood glucose 4 146 ± 27 134 ± 17 554 ± 94a 478 ± 180a 514 ± 57a

(mg/dl) 8 146 ± 15 119 ± 12 536 ± 155a 462 ± 152a 535 ± 48a

12 152 ± 17 154 ± 4 497 ± 195a 612 ± 249a 612 ± 156a

HbA1c 0 4.3 ± 0.3 4.4 ± 0.3 7.8 ± 0.9a 8.1 ± 1.5a 7.7 ± 1.3a

4 4.6 ± 0.4 4.5 ± 0.2 8.6 ± 0.5a 8.9 ± 2.5a 8.7 ± 0.4a

8 4.5 ± 0.4 4.5 ± 0.4 11.0 ± 1.8a 10.1 ± 2.8a 10.4 ± 1.2a

12 4.6 ± 0.3 4.5 ± 0.4 9.7 ± 2.8a 9.6 ± 2.7a 10.0 ± 1.5a

Systolic BP (mm Hg) 12 107 ± 8 102 ± 10 94± 5a 97 ± 10a 94 ± 7a

aPo0.05 vs db/m mice.
bPo0.05 vs db/db mice.
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examined. The plasma and urine 8-isoprostane levels
increased significantly in db/db mice. APX-115 significantly
reduced plasma but not urine 8-isoprostane levels.
GKT137831 did not affect plasma or urine 8-isoprostane
levels (Figure 1a and b). Tissue lipid peroxidase levels in the
kidney, liver, and adipose tissue did not differ significantly
among the groups (Figure 1c–e). We next measured ROS
generation in the kidney tissues of db/m and db/db mice with
dihydroethidium (DHE). Kidney tissues in control db/dbmice
showed a significant increased DHE staining, compared with
that in db/m mice. Treatment of db/db mice with APX-115 or
GKT137831 resulted in inhibited DHE production in kidney
tissues (Figure 1f and g). Furthermore, nitrotyrosine expres-
sion was markedly increased in the diabetic kidney, treatment

with APX-115 showed significant reduction in nirotyrosine
levels in the diabetic kidney (Supplementary Figure 4). Taken
together, these results indicate that urine isoprotane produc-
tion was mediated by DHE generation and nitrotyrosine
production in db/db mice (Figure 1f and g, Supplementary
Figure 4).

Effect of APX-115 on Insulin Resistance in Experimental
Animals
We examined whether reduced oxidative stress changed the
metabolic profiles. Blood glucose and HbA1c levels did not
differ among diabetic groups, but insulin resistance improved
significantly after 12 weeks of Nox inhibition. Insulin
resistance was determined by the insulin tolerance test. Both

Table 2 Tissue mass change in experimental animals

Parameters week db/m db/m +APX-115 db/db db/db +GKT db/db +APX-115

Kidney (g) 12 0.34 ± 0.04 0.35 ± 0.01 0.45 ± 0.02* 0.43 ± 0.04* 0.44 ± 0.02*

Heart (g) 12 0.15 ± 0.01 0.15 ± 0.01 0.14 ± 0.01 0.13 ± 0.01 0.13 ± 0.01

Fat (g) 12 0.92 ± 0.09 0.93 ± 0.05 2.91 ± 0.11*** 2.61 ± 0.20*** 2.32 ± 0.22***

Liver (g) 12 1.48 ± 0.05 1.45 ± 0.06 3.19 ± 0.27*** 2.91 ± 0.18** 3.13 ± 0.22***

*Po0.05, **Po0.01, ***Po0.001 vs db/m mice.

Figure 1 Effect of APX-115 on oxidative markers. (a) Plasma 8-isoprostane level. (b) Urine 8-isoprostane level. (c) Kidney tissue lipid peroxidase (LPO)
level. (d) Fat tissue LPO level. (e) Liver tissue LPO level among groups. (f) Kidney tissues from untreated or APX-115 group of db/m or db/db mice were
embedded and freshly cut at 10 μm thickness. Tissue slides were stained with dihydroethidium (DHE, 5 μM, Molecular Probes) for 10 min at 37 °C to
evaluate superoxide production with red fluorescence (585 nm) by Carl Zeiss vision system (LSM510 meta). (g) Quantification of DHE level in (f).
*Po0.05, **Po0.01, ***Po0.001 vs db/m groups. ##Po0.01, ###Po0.001 vs db/db control.
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the APX-115 and GKT137831 groups had a larger decrease in
blood glucose concentration at 60 min after insulin injection
than did control mice (Figure 2a). This result was consistent
with plasma insulin and HOMA-IR, another index of insulin
resistance (Figure 2b and c).

Effect of APX-115 on Lipid Profile in Experimental
Animals
Considering the remarkable improvement in insulin resis-
tance, we examined the systemic lipid profile and tissue lipid
profile. Lipid abnormalities improved significantly with
APX-115 treatment. Plasma lipid concentrations improved
significantly with both APX-115 and GKT137831 treatment
(Figure 2d). Cholesterol content in the kidney, fat, and liver
tissues was significantly reduced with APX-115 or
GKT137831 treatment (Figure 2e). Triglyceride content in
the kidney decreased significantly with APX-115, but not
GKT137831, whereas triglyceride content in the liver
decreased significantly with GKT137831 (Figure 2f).
Supplementary Figure 5 shows the representative liver
pathology in the experimental groups at the end of the study
period. In accordance with improved tissue lipid

abnormalities, both GKT137831 and APX-115 treatment
improved the liver function and hepatic steatosis
(Supplementary Figure 5).

Effect of APX-115 on Renal Function in Experimental
Animals
Twenty-four hour urinary albumin excretion was significantly
higher in db/db mice than in db/m controls throughout the
study period, indicating overt kidney injury in db/db mice.
APX-115 markedly decreased urinary albumin excretion at
the end of the study compared with diabetic controls and the
GKT137831 group (Figure 3a). Serum creatinine levels were
significantly lower in the Nox inhibitor groups (Figure 3b).
Renal histology findings were consistent with improved
urinary albumin excretion and creatinine levels (Figure 4).
APX-115 treatment significantly attenuated mesangial expan-
sion in diabetic mice, but GKT137831 did not (Figure 3c).
Immune reactivity to profibrotic and proinflammatory
molecules improved significantly with both APX-115 and
GKT137831 in diabetic mice. As expected, nephrin and WT-1
expression was markedly decreased in diabetic kidneys, and

Figure 2 Effect of APX-115 on insulin resistance and lipid profiles. (a) Insulin tolerance test after 12-week treatment with Nox inhibitors. (b) Plasma
insulin level. (c) Homeostasis model assessment of insulin resistance (HOMA-IR) level. (d) Plasma lipid concentrations. (e) Tissue cholesterol
concentrations. (f) Tissue triglyceride concentrations among groups. *Po0.05, **Po0.01, ***Po0.001 vs db/m groups, #Po0.05, ##Po0.01, ###Po0.001 vs
db/db control.
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APX-115 attenuated the reduction (Figure 4,Supplementary
Figure 6C).

Effect of APX-115 on Inflammatory and Profibrotic
Processes in Experimental Animals
As shown in Figure 5a, macrophage infiltration, as measured
by F4/80 staining, was remarkably increased in the glomeruli
of db/db mice. APX-115 and GKT137831 treatment amelio-
rated macrophage infiltration of diabetic glomeruli. Fat tissue
of diabetic mice had significantly increased F4/80 staining
with adipocyte enlargement. APX-115-treated mice had
reduced macrophage infiltration. Because the renal effects of
APX-115 were remarkable, we analyzed Nox protein expres-
sion in the kidney. Expression of Nox2 and Nox4 protein was
significantly increased in db/db controls (Figure 5b). TLR4
and NF-κB p65 expression also increased, which was
consistent with Nox protein expression. In addition,
APX-115 treatment significantly suppressed the expression
of inflammatory molecules including MCP-1, IL-6, and TNFα
in the diabetic kidney (Figure 5c). APX-115 significantly
attenuated Nox1, Nox2, and Nox4 protein expression,
whereas GKT137831 attenuated only Nox1 and Nox4
expression. Both TLR4 and NF-κB p65 expression was
reduced in both APX-115- and GKT137831-treated kidneys.
The improved lipid profile and insulin resistance and reduced
F4/80-positive cells in fat tissue indicate that APX-115 exerts

certain effects on fat tissue. Therefore, we examined gene
expression in fat tissue. Moreover, mRNA expression of the
inflammatory chemokines MCP-1 and PAI-1 decreased
significantly with both Nox inhibitors in diabetic mice
(Figure 5d).

Effects of APX-115 on Proinflammatory and Profibrotic
Molecule Synthesis in Cultured Podocytes
Finally, we performed an in vitro experiment to further
evaluate the direct effect of APX-115 treatment in terms of
anti-inflammatory and anti-fibrotic effects in cultured
podocytes. As shown in Supplementary Figure 6A, B and D,
stimulation with high glucose-induced significant increases in
the expression of NF-κB p65, NOX2, NOX4, MCP-1, and
profibrotic molecules such as TGF-β1, PAI-1, and collagen
IV. Prior treatment with APX-115 almost completely
suppressed this high glucose-induced proinflammatory and
profibrotic molecule expression. Taken together, these results
suggested the direct renoprotective effects of APX-115 in
diabetic condition.

Effect of Knocking out Nox Isoforms on TGF-β-Induced
ROS Generation in Primary Cultured Mesangial Cells
It has been well known that diabetic nephropathy (DN) can
be induced by NADPH oxidase (Nox)-dependent reactive
oxygen species (ROS). To investigate whether TGF-β, as a

Figure 3 Effect of APX-115 on renal function. (a) Twenty-four hour urine albumin excretion after 12 weeks of treatment. (b) Plasma creatinine level. (c)
Semi-quantitative scoring of the kidney as described in the ‘Materials and Methods’. *Po0.05, **Po0.01, ***Po0.001 vs db/m groups, #Po0.05,
##Po0.01, ###Po0.001 vs db/db control.
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fibrogenic factor in renal disease, stimulates Nox isozymes in
glomeruli, we prepared primary mouse mesangial cells
(pMMCs) from wild-type and Nox knockout mice (Nox1
KO, Nox2 KO, Nox4 KO, Duox1 KO, and Duox2 KO). TGF-
β stimulated ROS generation in pMMCs from WT, Nox1 KO,
and Duox1 KO mice, but did not induce Nox activity in
pMMCs from Nox2 KO, Nox4 KO, or Duox2 KO mice
(Figure 6). These results indicate that activating Nox2, Nox4,
or Duox2 in pMMCs is essential for TGF-β-mediated ROS
generation. Therefore, these Nox isozymes serve as potential
therapeutic targets for treating diabetic nephropathy. Thus, a
Nox2/Nox4/Duox2 inhibitor is likely to be a more effective
agent for treating diabetic nephropathy. Recently, we reported
that APX-115 had Ki values for Nox2, Nox4, and Duox2 of
0.86, 2.04, 1.66 μM, respectively. These results indicate that
APX-115 is a good inhibitor of Nox2/Nox4/Duox2
isozymes.17 We validated the inhibitory function of

APX-115 on HG-mediated ROS and fibronectin production.
Treatment of mesangial cells with APX-115 as a pan-Nox
inhibitor resulted in suppressed ROS and fibronectin (FN)
production (Supplementary Figure 7).

DISCUSSION
Our study provides evidence that a novel compound,
APX-115 exerts a renoprotective effect in type 2 diabetic
mice. In diabetic mice, APX-115 treatment significantly
improved systemic oxidative stress, insulin sensitivity, and
lipid profile. In the kidney, APX-115 attenuated Nox gene
upregulation and protein expression while improving inflam-
matory and fibrotic processes. Broad inhibition of Nox
isoforms by APX-115 was similar or superior to selective
inhibition by GKT137831 in reducing albuminuria and
preserving renal function.

Figure 4 Immunohistochemistry findings of the kidney. (a1–a5) PAS, periodic acid-Schiff stain; (b1–b5) α-SMA, alpha-smooth muscle actin stain; (c1–c5)
PAI-1, plasminogen activator inhibitor-1 stain; (d1–d5) TGF-β, transforming growth factor beta-1 stain; (e1–e5) type IV collagen stain; (f1–f5) nephrin
stain. 1, db/m control; 2, db/m+APX-115; 3, db/db control; 4, db/db+GKT; 5, db/db+APX-115. Original magnification ×1000.
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Several lines of evidence indicate that reactive oxygen species
(ROS) seem to be essential mediators of normal cell
physiology.22–25 Intracellular ROS produced by Nox regulate
transcriptional factors either by forming disulfide bonds with
DNA-binding domains or by modulating redox signaling

pathways. Excessive ROS activate mitogen-activated protein
kinase (MAPK), extracellular signal-regulated kinase (ERK1/2),
c-Jun N-terminal protein kinases (JNKs), and NF-κB, thereby
inducing proinflammatory gene expression leading to an
inflammatory cascade.1,2 Moreover, under pathological

Figure 5 Effect of APX-115 on inflammatory and profibrotic processes in experimental animals. (a) F4/80 staining in the kidney and fat tissues. (b)
Protein expression of Noxs in kidney tissue. TLR4, Toll-like receptor 4, TBP, TATA binding protein. (c) mRNA expression of inflammatory cytokines in
kidney tissue. (d) mRNA expression of proinflammatory and profibrotic gene expressions in fat tissue. *Po0.05, **Po0.01 vs db/m groups, #Po0.05,
###Po0.001 vs db/db control.

Figure 6 Effect of knocking out Nox isoforms on TGF-β-induced ROS generation in primary cultured mesangial cells. Primary mouse mesangial cells
(pMMCs) from wild-type (WT), Nox1 knockout (KO), Nox2 KO, Nox4 KO, Duox1 KO, and Duox2 KO mice were serum starved for 6 h, stimulated with
TGF-β1 (10 ng/ml) for 10 min, and then incubated within 2', 7'-dichlorofluorescindiacetate (DCF-DA) for 10 min. ROS generation from each sample was
monitored by confocal microscopy (N= 3, data shown as mean ± s.d.).
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conditions, uncontrolled ROS formation is associated with the
upregulation of different Nox subtypes.24–27 Inhibition of Nox
isozymes by treatment of APX-115 reduced ROS generation
and then attenuated Nox isozymes expression. The result
suggests that Nox inhibitor regulated vicious cycle of oxidative
stress leading to downregulation of Nox isozymes expression
(Supplementary Figure 2). Pharmaceutical Nox inhibition is
expected to reduce ROS production, thereby reducing tissue
injury induced by oxidative stress. Recent studies in different
animal models of diabetes have shown that selective
Nox1/Nox4 inhibitors protect against glomerulosclerosis and
progressive renal injury.15,16

Of the seven Nox isoforms, Nox1, Nox2, Nox4, and
recently Nox5 have been found in glomerular cells (mesangial
and podocytes), glomerular endothelial cells, vascular smooth
muscle cells, and tubulointerstitial cells.28 Although Nox5 has
been recently identified in human diabetic kidneys, Nox5 is
absent from the mouse and rat genome, not that it has not
been identified there.29 Therefore, we did not address Nox5 in
our study. Growing bodies of evidence indicated that various
Nox isozymes including Nox1, Nox2, and Nox4 are involved
in pathogenesis of diabetic nephropathy.5,9,30,31 Nox4 is the
most abundant isoform in the kidney and has attracted the
most interest as a potential therapeutic target in diabetic
kidney disease. Although the role of Nox4 in the progression
of renal diseases, such as unilateral ureteral ligation (UUO)
and the 5/6 nephrectomy model, has been contested,32 a huge
body of evidence suggests a pathogenic role of Nox4 in
diabetic nephropathy. Recent studies demonstrate a major
pathological role of Nox1 in the progression of diabetic
atherosclerosis.33,34 In our results, Nox2, Nox4, and Duox2
were required for ROS generation in response to TGF-β. It is
likely that activity of three different Nox isozymes contributes
to TGF-β-mediated ROS generation in mesangial cells.
Regulation mechanisms of each Nox isozyme, Nox2, Nox4,
and Duox2 are different, whereas coordination of Nox
isozymes in the same cell is far from clear. Furthermore,
physiological signals emanating from Nox-dependent ROS
generation are integrated into a pathogenesis of inflamma-
tion, and fibrosis in kidney remains to be elucidated. Function
of Nox4 and Duox2 in Nox2 KO mice, Nox2 and Duox2 in
Nox4 KO mice, and Nox2 and Nox4 in Duox2 KO mice await
further studies. Therefore, these results imply that various
Nox isoforms have different roles in the pathogenesis of
diabetic vascular complications, and, more generally, that
inhibiting ROS generation may be a promising strategy to
improve diabetic vasculopathy.

In the present study, we found that APX-115 treatment
markedly improved insulin resistance, including reducing
insulin levels and HOMA-IR index scores. Improved insulin
resistance was further confirmed by an insulin tolerance test.
APX-115-treated animals exhibited much better lipid profiles,
including decreased total cholesterol and triglyceride levels
associated with improved lipid contents in various organs
such as kidney, adipose tissue, and liver. However, we did not

observe a significant decrease in tissue LPO levels, possible
due to the overtly diabetic, severely insulin-resistant state of
db/db mice. In addition, we also observed that APX-115
treatment markedly improved systemic oxidative stress as
reflected by plasma 8-isoprostane levels similar to a previous
report.16,34 However, APX-115 had a similar or larger effect
on oxidative stress than did a dual Nox1/Nox4 inhibitor,
GKT137831. The effect of APX-115 might have been
mediated by broadly inhibiting various Nox isoforms, since
different isoforms have potential ROS generation activity.

The most important finding of this study was that APX-115
treatment decreased the urinary excretion of albumin and
plasma creatinine levels. In addition, APX-115 decreased
mesangial expansion in renal tissues, accompanied by
suppressed synthesis of profibrotic and proinflammatory
molecules. Nox2 and Nox4 expression increased significantly
in db/db mice, associated with increased TLR4 and NF-κB p65
expression and macrophage infiltration. APX-115 signifi-
cantly attenuated Nox1, Nox2, and Nox4 protein expression,
whereas GKT137831 attenuated only Nox1 and Nox4
expression. Metabolic endotoxemia is associated with release
of endotoxin such as lipopolysaccharide (LPS) into blood
stream and causes a chronic low-grade inflammation in
chronic kidney injury and cardiovascular disease.35,36 HFD in
db/db mice was known to trigger chronically elevated
circulating gut-generated LPS contributing to the develop-
ment of hepatic insulin resistance and diabetes.37 Previously,
we reported that interaction of TLR4 with Nox4 is involved in
LPS-mediated ROS generation and NF-κB activation. The
result suggested that Nox4-dependent ROS generation
mediates TLR4-induced inflammation processes including
activation of NF-κB and proinflammatory cytokines.
Recently, we showed that APX-115 suppressed phosphoryla-
tion of IκBα in response to RANKL resulting in attenuated
NF-κB activation.17 Taken together, these results suggest that
APX-115 in DN inhibited TLR4/NFkB cascade through
reduced Nox activity and ROS generation.

Although Nox4 is the most widely characterized Nox
isoform in diabetic nephropathy, recent evidence implies that
Nox2 may also have a role in diabetic nephropathy. Fukuda
et al38 demonstrated that Nox2 expression is upregulated in
the kidneys of diabetic mice. Treatment with candesartan and
pioglitazone inhibited Nox2 expression in the kidney,
associated with decreased oxidative stress and reduced renal
fibrosis.38 In addition, Oudit et al39 showed increased Nox2
gene expression in diabetic kidneys. Treatment with human
recombinant angiotensin converting enzyme 2 decreased
Nox2 expression accompanied by reduced renal oxidative
stress, urinary albumin, and renal fibrosis in type I diabetic
Akita mice.39 In further support of the possible role of
Nox2 in diabetic nephropathy, a high dose of valsartan or
probucol treatment slows the progression of diabetic
nephropathy in db/db mice by reducing renal Nox2 expres-
sion associated with decreased renal oxidative stress, inflam-
mation, and fibrosis.40,41 Furthermore, Nagasu et al14 recently
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demonstrated that transgenic Akita overexpressing Nox2 in
the endothelium exhibited high levels of Nox activity in
glomeruli, developed glomerular endothelial perturbations,
increased glomerular permeability, and exacerbated diabetic
nephropathy.14 Taken together, these findings suggest a
possible role of Nox2 in the development of renal oxidative
stress and diabetic nephropathy. APX-115 significantly
attenuated Nox1, Nox2, and Nox4 protein expression,
whereas GKT137831 attenuated only Nox1 and Nox4
expression. These findings suggest that APX-115 may be as
effective or may provide better renoprotection than
GKT137831.

One of the interesting findings in this study was that broad
Nox inhibition with APX-115 significantly changed adipose
tissue. Recent studies showing the results of dual Nox1/Nox4
inhibitor in a type 2 diabetic nephropathy model have
primarily demonstrated the potential therapeutic effects in the
kidney but not in adipose tissue.15,16 Chronic insult from a
diabetic milieu triggers and accelerates renal injury, but also
directly influences adipose tissue.42,43 Adipose tissue in
obesity has been proposed to be a pivotal organ in insulin
resistance, where inflammatory processes such as macrophage
infiltration and increased cytokine synthesis occur, inducing
systemic insulin resistance.44 In the adipocytes, Nox4 is the
main source of ROS, and Nox4 expression in adipose tissue is
thought to be linked to insulin resistance and adipocyte
differentiation.45 However, recent studies have identified that
Nox2 is also present in adipose tissue. Pepping et al46

demonstrated that visceral adipocyte hypertrophy and
macrophage infiltration were attenuated in Nox2-deficient
mice in a diet-induced obesity model. Our study demon-
strated that APX-115 suppresses Nox1 and Nox2 mRNA
expression in adipose tissue, in concordance with reduced
expression of inflammatory chemokines MCP-1 and PAI-1.
Moreover, APX-115 significantly reduced adipocyte hyper-
trophy and inflammatory cell accumulation in adipose tissue.
All of these anti-inflammatory effects on adipose tissue may
explain why APX-115 exerts similar or superior effects to
GKT137831 in diabetic renal injury.

The above-mentioned APX-115-induced improvements in
renal function are further supported by the in vitro experi-
ments that demonstrated the role of Nox2, Nox4, or Duox2
in TGF-β-mediated ROS generation in primary mouse
mesangial cells (pMMCs) from wild-type and Nox knockout
mice (Nox1 KO, Nox2 KO, Nox4 KO, Duox1 KO, and Duox2
KO). TGF-β stimulated ROS generation in pMMCs from WT,
Nox1 KO, or Duox1 KO mice, but failed to induce Nox
activity in pMMCs from Nox2 KO, Nox4 KO, or Duox2 KO
mice. These results indicated that activating Nox2, Nox4, or
Duox2 is essential for TGF-β-mediated ROS generation in
pMMCs, and these Nox isozymes serve as potential
therapeutic targets for reducing ROS. Thus, pan-NOX
inhibition, including Nox2/Nox4/Duox2, is likely to be
similar or more effective than dual Nox1/Nox4 inhibition
for treating diabetic nephropathy.

As expression of functional Nox2 in monocytes/macro-
phages protects against bacterial infection, infection due to
Nox2 inhibition is a serious concern.47 In our experimental
model, APX-115 did not increase the susceptibility to
infections and had no lethality. Our experiments demon-
strated that broad inhibition of Nox isoforms may be a
potential therapeutic approach for type 2 diabetic nephro-
pathy by targeting adipose tissue as well as the kidney. In
conclusion, our findings provide evidence that pan-Nox
inhibition by APX-115 may be as effective or may provide
better renoprotection than GKT137831 in diabetic nephro-
pathy. These findings suggest that APX-115 may be a useful
new therapeutic agent in treating type 2 diabetes and diabetic
nephropathy. An agent that simultaneously inhibits various
Noxs therefore holds a considerable promise as a new
antidiabetic drug.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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