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Abstract
Oxidative stress resulting from excessive production of reactive oxygen species (ROS) or impaired antioxidant defenses is
closely related to the development of diabetic vascular complications, including nephropathy and atherosclerosis. Chronic
activation of Janus kinase/Signal transducer and activator of transcription (JAK/STAT) signaling pathway contributes to
diabetic complications by inducing expression of genes involved in cell proliferation, fibrosis, inflammation, and oxidative
stress. Suppressors of cytokine signaling (SOCS) family of endogenous JAK/STAT regulators is an attractive target for
therapeutic intervention. We investigated the beneficial effect of two different SOCS1-targeted therapies (adenovirus-
mediated gene transfer and kinase-inhibitory region peptidomimetic) to combat oxidative stress injury in an experimental
diabetes model of concomitant renal and macrovascular disease (streptozotocin-induced diabetic apolipoprotein E-deficient
mouse). Diabetes resulted in progressive alteration of redox balance in mice, as demonstrated by increased ROS levels and
decreased antioxidant activity, which ultimately led to renal dysfunction and vascular injury. The molecular and pathological
alterations in early diabetes were partially reversed by preventive intervention with SOCS1-targeted therapies. Importantly,
SOCS1 peptidomimetic provided reno- and atheroprotection in diabetic mice even in a setting of established disease.
Compared with untreated controls, kidney and aorta from SOCS1-treated mice exhibited significantly lower levels of
superoxide anion, DNA oxidation marker and NADPH oxidase (Nox) subunits, along with higher expression of antioxidant
enzymes. These trends correlated with a reduction in parameters of renal damage (albuminuria, creatinine and tubular
injury), atherosclerosis (lesion size) and inflammation (leukocytes and chemokines). Mechanistic studies in renal, vascular
and phagocytic cells exposed to cytokines and high-glucose showed that SOCS1 blocked ROS generation by inhibiting both
Nox complex assembly and Nox subunit expression, an effect mediated by inactivation of JAK2, STAT1, and PI3K
signaling pathways. This study provides evidence for SOCS1-targeted therapies, especially SOCS1 peptidomimetic, as an
alternative antioxidant strategy to limit the progression of diabetic micro- and macrovascular complications.

Introduction

Diabetes-related vascular complications, including athero-
sclerosis and kidney disease, are the major causes of mor-
bidity and mortality among diabetic patients [1].
Accelerated atherosclerosis in large arteries increases the
risk of cardiovascular disease in diabetic patients, while
diabetic nephropathy largely contributing to end-stage renal
disease is also an important risk factor for macrovascular
complications [2]. Besides the interactions between meta-
bolic, hemodynamic, genetic, and environmental factors,
increased inflammation and oxidative stress are considered
critically important to the progression of atheroma plaques
and kidney injury in type 1 and type 2 diabetes [3]. In fact,
chronic hyperglycemia in combination with growth factors,
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hormones and cytokines act on cells to impair redox balance
due to either increased generation of reactive oxygen spe-
cies (ROS) or insufficient antioxidant defense systems, thus
resulting in oxidative damage of biological macromolecules
(lipids, proteins, and DNA) and tissue injury [4–6].

Potential sources of ROS include mitochondrial respira-
tory chain, xanthine oxidase, several hemoproteins,
uncoupled NO synthase, and NADPH oxidase (Nox). Nox
is a multi-subunit enzyme that catalyzes generation of O2•

−

by reduction of O2 using either NADPH or NADH as a
substrate [4, 6]. Collectively known as the Nox family,
seven isoforms are expressed in mammals: Nox1, Nox2
(formerly known as gp91phox), Nox3, Nox4, Nox5, and
Dual oxidase proteins (Duox1 and Duox2). Other compo-
nents of the enzyme complex, including the transmembrane
protein p22phox, and the regulatory subunits p40phox,
p47phox, p67phox, Nox organizer protein 1 (NoxO1), Nox
activator protein 1 (NoxA1), small GTPase Rac, and poly-
merase δ-interacting protein 2 (Poldip2), are also char-
acterized [7–9]. Nox1, Nox2, and Nox4 subunits are
predominantly expressed in the vasculature and kidney,
while other homologs have not been found or are expressed
at very low levels [6, 8]. In phagocytes, Nox2 catalytic
activity is initiated by translocation to the membrane of
cytosolic subunits p47phox and p67phox. In vascular and renal
cells, Nox1 and Nox2 are similarly regulated by the p47phox

and p67phox homologs NoxO1 and NoxA1, while Nox4
activity predominantly requires Poldip2 [6, 9, 10]. In the
setting of diabetes, previous studies in animal models
identified a major pathological role for Nox1-derived ROS
in diabetes-accelerated atherosclerosis [6, 11], whereas
Nox4 and Nox1 are the main isoforms involved in kidney
disease in type 1 and type 2 diabetes [12–15].

Multiple ways are involved in assembly, activation, and
expression of Nox complex, including the phosphorylation
of cytosolic regulatory subunits (e.g. by protein kinase C,
phosphatidylinositol 3-kinase (PI3K), mitogen-activated
protein kinases, and Janus tyrosine kinase (JAK)) and the
transcriptional regulation of Nox subunits (e.g. by nuclear
factor-κB, activator protein-1, and signal transducers and
activators of transcription (STAT)) [7, 8]. Conversely,
excess amounts of Nox-derived ROS have been demon-
strated to directly or indirectly modulate activation of
kinases and transcription factors in various cell types fol-
lowing the exposure to diabetic conditions, which even-
tually cause inflammation, proliferation, fibrosis,
endothelial dysfunction, and aberrant angiogenesis [4, 16].

The JAK/STAT pathway is an essential intracellular
mechanism activated by cytokines and diabetic factors that
regulates cell activation, proliferation, recruitment, migra-
tion, and differentiation [17]. JAK/STAT members are
composed of four kinases (JAK1-3 and TYK2) and seven
transcription factors (STAT1-4, 5A, 5B, and 6), which are

controlled in a classical negative-feedback loop by the
suppressors of cytokine signaling (SOCS) family (SOCS1-7
and CIS) [18, 19]. Dysregulated JAK/STAT/SOCS pathway
contributes to the pathogenesis of cancer, autoimmune and
inflammatory disorders including diabetes, and has been
claimed as a novel molecular target for anti-inflammatory
therapy in chronic diseases [19–21].

Current treatment of diabetes based on the integrated
control of glycemia, blood pressure, and lipids is insuffi-
cient to prevent the progression of chronic complications in
a significant proportion of patients [22], and hence new
strategies are needed to retard cardiovascular disease or
renal function decline. Because the relationship between
oxidative stress and JAK2/STAT1 pathway is a common
mechanism of diabetic tissue damage [20, 21], this study
aimed to establish the role of SOCS1, one of the most
relevant SOCS family members, on redox regulation during
development of diabetic complications. Previous animal
studies from our group demonstrated that therapeutic tar-
geting of SOCS family prevents tissue injury in both non-
diabetic [23–25] and diabetic conditions [26–28]. There-
fore, this work investigates the antioxidant effects of two
different SOCS1-based strategies (adenovirus-mediated
gene transfer and peptidomimetic of the kinase-inhibitory
region) in the setting of diabetic micro- and macrovascular
complications. We therefore analyzed the ability of SOCS1
to blunt diabetes-induced oxidative stress in vivo using a
model of combined hyperglycemia and hyperlipidemia
(streptozotocin (STZ)-induced diabetic apolipoprotein E
(apoE)-deficient mice) characterized by accelerated renal
and vascular injury with similarities to human diabetic
nephropathy and atherosclerosis [29], and also in vitro
in cultured cells under inflammatory/hyperglycemic
conditions.

Material and methods

Diabetes mouse models and treatments

Animal studies conform to the Directive 2010/63/EU of the
European Parliament and were approved by the Institutional
Animal Care and Use Committee (FIIS-Fundacion Jimenez
Diaz) and Comunidad de Madrid (Ref. PROEX 116/16).

Study I: Early intervention model

ApoE-deficient mice (8-week-old males; Jackson Labora-
tory, Bar Harbor, ME) were rendered diabetic by two
intraperitoneal injections of STZ (125 mg/kg/day in citrate
buffer pH 4.5; Sigma-Aldrich, St. Louis, MO) on con-
secutive days, resulting in a model of insulin deficiency
[26–28]. Animals were maintained on standard diet without
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water restriction and were monitored every 2–3 days for
body weight and non-fasting blood glucose. Severely
hyperglycemic mice (glucose > 29 mmol/L) received insulin
(1–1.5 IU) to maintain blood glucose levels within a more
tolerable range. Mice with overt diabetes (glucose > 19.4
mmol/L) were randomized to receive: (i) a single intrave-
nous injection of recombinant adenovirus encoding mouse
SOCS1 (Ad-S1 group, 1×1012 viral particles/kg; n= 8),
empty vector (Ad-null group, 1×1012 viral particles/kg; n=
8) or saline (Control group; n= 6); (ii) multiple intraper-
itoneal injections of peptidomimetic of SOCS1-kinase-
inhibitory region (miS1 group, 3 mg/kg/day; n= 6) or
vehicle (0.1% DMSO; Veh group, n= 6) every second day.
All diabetic groups and age-matched non-diabetic mice (n
= 6) were analyzed after 6 weeks of intervention. Cloning
and production of SOCS1-encoding adenovirus, synthesis
of SOCS1 peptidomimetic and their biodistribution in
mouse tissues including kidney and aorta were previously
described [24, 26, 27].

Study II: Late intervention model

Diabetes was induced in 22-week-old apoE-deficient mice
(same protocol as described for study I). After 2 weeks of
STZ injection, overtly diabetic mice were randomized to
receive SOCS1 peptidomimetic (miS1 group, 3 mg/kg/day;
n= 10), mutant inactive peptide (Mut group, 3 mg/kg/day;
n= 7) or vehicle (0.1% DMSO; Veh group, n= 10) via
intraperitoneal every second day for 10 weeks.

Sample preparation and histology

At the study endpoint, 16-h-fasted mice were anesthetized
(100 mg/kg ketamine and 15 mg/kg xylazine), saline-per-
fused, and killed. Blood and urine samples were collected
for measurements of oxidative DNA damage marker (8-
hydroxy-2′-deoxyguanosine, 8-OHdG; ELISA StressMarq
Biosciences Inc. Victoria, Canada), total antioxidant capa-
city (OxiSelect TAC colorimetric assay; Cell Biolabs Inc.,
San Diego CA), urine albumin/creatinine ratio (UACR) and
serum creatinine (ELISA Abcam, Cambridge, UK). Mouse
peritoneal macrophages were collected by peritoneal lavage
as described previously [24] and processed for RNA iso-
lation. Dissected kidneys were snap-frozen for RNA isola-
tion or formalin-fixed, paraffin-embedded and sectioned for
histological analysis. The aortic root embedded in OCT
medium (Sakura Finetek, Flemingweg, The Netherlands)
was sectioned into 8 μm slices for histological analysis; the
thoracoabdominal aorta was processed for RNA isolation.

Kidney sections were stained with Masson’s trichrome
for quantitative assessment of extracellular matrix deposi-
tion within glomeruli and tubulointerstitium. Aortic sections
were stained with Oil-red-O/hematoxylin and Masson’s

trichrome for quantification of the atherosclerotic lesion
areas. Intracellular superoxide anion (O2•

−) in renal and
aortic sections was visualized using the oxidation-sensitive
fluorescent probe dihydroethidium (DHE; 2 μmol/L; Life
Technologies, Carlsbad, CA) followed by 4′,6-diamidino-2-
phenylindole (DAPI) nuclear counterstain [30]. As negative
control, adjacent sections were pretreated with cell-
permeable polyethylene glycol-superoxide dismutase
(PEG-SOD; 500 U/mL) to determine the specificity of the
fluorescence signal. Immunodetection of total macrophages
(Moma-2; Serotec, Oxford, UK), 8-OHdG (Abcam), Nox1,
and Nox4 (Santa Cruz Biotechnology, Santa Cruz, CA) was
assessed by indirect immunoperoxidase. Positive staining
was quantified using Image Pro-Plus software (Media
Cybernetics, Bethesda, MD) and expressed as percentage of
total area and number of positive cells (per glomerular
cross-section or per mm2).

Cell cultures

Primary vascular smooth muscle cells (VSMC) were iso-
lated from mouse thoracic aorta by enzymatic digestion
with collagenase type II and maintained in Dulbecco’s
modified Eagle medium (DMEM) containing 10% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL
streptomycin, and 2 mmol/L glutamine (Life Technologies,
Rockville, MD) [23, 27]. VSMC were characterized by
phase-contrast microscopy and immunostaining (positive
for α-actin and negative for factor VIII) and used between
the second and seventh passage. SV-40 immortalized
murine kidney proximal tubular epithelial (MCT) cells
(originally provided by Dr. E.G. Neilson, Northwestern
University, Evanston, IL) were grown in DMEM containing
10% heat inactivated FBS [25, 26]. Murine bone marrow-
derived macrophages (BMDM) were obtained following
7 days in culture with DMEM containing 10% FBS and
10% L929-cell conditioned medium as a source of macro-
phage colony-stimulating factor [27, 30]. Serum-starved
cells were treated with SOCS1 peptidomimetic (100 μg/mL
miS1), Nox inhibitors (3 mmol/L apocynin and 5µmol/L
VAS2870; Sigma-Aldrich) or PI3K inhibitors (1 μmol/L
wortmannin and 10 μmol/L LY294002; Calbiochem) for 90
min prior to stimulation with cytokines (103 U/mL
interferon-γ (IFNγ) plus 102 U/mL interleukin-6 (IL6);
PeproTech, Rocky Hill, NJ) or high-glucose concentration
(HG, 30 mmol/L D-glucose). For SOCS1 overexpression
experiments, cells were incubated with recombinant ade-
novirus (Ad-null or Ad-S1; multiplicity of infection= 40)
for 24 h before cytokine stimulation [26]. For silencing
experiments, cells grown to 60–70% confluence were
transfected with 10–20 nmol/L of small interfering
RNA (siRNA) targeting STAT1, PI3K or negative
control scramble siRNA (Ambion, Austin, TX) using
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Lipofectamine RNAiMAX reagent (Life Technologies).
The knockdown of STAT1 and PI3K expression was con-
firmed by western blot.

Measurement of ROS generation in vitro

Cells seeded on glass coverslips were loaded with 2 μmol/L
DHE in Krebs-Ringer-HEPES buffer (10 mmol/L HEPES
pH 7.4, 119 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L
MgCl2, 2.5 mmol/L CaCl2, 1.2 mmol/L KH2PO4, 25 mmol/
L NaHCO3 and 2 mmol/L glucose) for 30 min at 37 °C in
the dark, then rinsed and exposed to different stimulation
conditions. After DAPI nuclear staining, samples were
mounted and analyzed with confocal microscope (Leica,
λexc= 488 nm, λem= 570–600 nm). Nox-dependent ROS
generation was measured by lucigenin chemiluminescence
assay as described [30]. Briefly, cell homogenates in 50
mmol/L phosphate buffer containing 0.01 mmol/L EDTA,
0.32 mol/L sucrose and 0.1% protease inhibitor cocktail
were transferred to Röhren tubes and then 5 μmol/L luci-
genin and 100 μmol/L NADPH (Sigma-Aldrich) were
added. Chemiluminiscence was measured with a lumin-
ometer (Berthold Technologies, Bad Wildbad, Germany)
by counting the photon emission at 10-s intervals over
5–10 min and values were normalized per mg of cell
protein.

mRNA expression analysis

Total RNA from mouse tissues (kidney and aorta) and
cultured cells was extracted with TRIzol (Life Technolo-
gies). Target gene expressions (Socs1, Kim1, Ccl2, Nox1,
Nox2, Nox4, p22phox, p47phox, p67phox, NoxA1, NoxO1,
Sod1, Cat, Hmox1) were analyzed by real-time PCR
(Applied Biosystems, Foster City, CA). The mRNA levels
were normalized to endogenous control 18S rRNA, and
then expressed as relative increases vs non-diabetic mice
(in vivo studies) or basal conditions (in vitro studies).

Western blot assay

Total proteins were homogenized in buffer containing 1%
Triton X-100, 0.5% NP-40 and protease inhibitors. Cytosol,
membrane, and nuclear fractions were separated using a
compartment protein extraction kit (Millipore). Proteins (25
µg) were electrophoresed and then immunoblotted with
antibodies against Nox1, Nox4, NoxA1, NoxO1, PI3K/
p85α, phosphorylated-PI3K (P-PI3K)/p85α (Tyr467) (Santa
Cruz Biotechnology), JAK2, P-JAK2 (Tyr1007/1008), P-AKT
(Ser473) (Cell Signaling), STAT1, P-STAT1 (Tyr701) (Invi-
trogen), using epidermal growth factor receptor (EGFR), β-
actin (Santa Cruz Biotechnology) and α-tubulin (Sigma-
Aldrich) as loading controls. For immunoprecipitation, total
cell lysates (400 μg) were incubated with PI3K antibody (5
μg, 16 h, 4 °C) followed by protein A/G-Agarose (20 μL, 2
h, 4 °C; Santa Cruz Biotechnology); immunoprecipitates
were collected by centrifugation, then electrophoresed and
immunoblotted for JAK2 and PI3K. Bands were visualized
by enhanced chemiluminescence system and quantified
(Quantity One, Bio-Rad, Hercules, CA).

Statistics

Results are presented as individual data points and mean ±
SEM of duplicate/triplicate determinations. Differences across
groups were considered significant at P < 0.05 (ANOVA with
Bonferroni’s post-hoc test). Pearson’s correlation analysis was
performed for normally distributed parameters.

Results

SOCS1-based therapies attenuate oxidative stress in
the kidney and aorta of diabetic mice

To test the antioxidant effects of two delivery systems for
SOCS1 induction in an in vivo setting, we induced insulin-

Table 1 Non-fasting glucose levels in non-diabetic and diabetic mice

Days post-STZ Non-diabetes
(n= 6)

Diabetes (early intervention) Diabetes (late intervention)

Control
(n= 6)

Ad-null
(n= 8)

Ad-S1
(n= 8)

Vehicle
(n= 6)

miS1
(n= 6)

Vehicle
(n= 10)

Mut
(n= 7)

miS1
(n= 10)

0 7.1 ± 0.4 7.2 ± 0.4 5.1 ± 0.6 7.3 ± 0.6 6.5 ± 0.6 6.3 ± 0.7 6.9 ± 0.9 6.2 ± 0.4 6.4 ± 0.6

10 6.8 ± 0.9 25.4 ± 2.7* 22.8 ± 2.0* 23.0 ± 1.4* 22.4 ± 1.9* 22.8 ± 2.0* 23.2 ± 3.7* 21.6 ± 2.0* 22.1 ± 3.9*

21 7.1 ± 1.0 27.6 ± 0.8* 26.5 ± 1.4* 29.8 ± 2.1* 23.1 ± 2.7* 26.4 ± 3.1* 23.1 ± 2.8* 22.9 ± 2.8* 26.1 ± 0.7*

41 8.5 ± 1.1 28.3 ± 1.0* 29.6 ± 0.8* 31.5 ± 1.1* 26.8 ± 2.3* 26.0 ± 1.2* 27.2 ± 2.7* 29.9 ± 2.2* 28.7 ± 2.1*

63 8.0 ± 0.7 –- – – – – 28.3 ± 1.7* 26.4 ± 2.7* 26.4 ± 4.1*

83 6.5 ± 0.2 – – – – – 30.1 ± 2.2* 31.3 ± 1.7* 28.8 ± 1.8*

Blood glucose values are expressed as mmol/L

*P <0.05 vs day 0
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deficient diabetes mellitus using STZ in apoE-deficient
mice. This is a well-established mouse model of con-
comitant renal and macrovascular disease, whereby diabetic
mice develop accelerated renal injury and complex vascular
lesions that resemble the morphology seen in patients with

diabetes [29]. At the onset and progression of diabetes, we
analyzed markers of oxidative stress, renal dysfunction, and
atherosclerosis as major read-outs. In the early intervention
model, young diabetic mice (8 weeks of age) were treated
with SOCS1-encoding adenovirus (Ad-S1) and SOCS1

Fig. 1 SOCS1-targeted therapies attenuate oxidative stress damage in
diabetic kidneys. a Representative micrographs (scale bar, 20 μm) of
O2•

− production (DHE fluorescence), oxidative DNA damage (8-
OHdG immunoperoxidase), and renal morphology (Masson’s tri-
chrome staining) in paraffin-embedded kidney sections from diabetic
apoE-deficient mice after early intervention with SOCS1-recombinant
adenovirus (Control, Ad-null, and Ad-S1 groups) and SOCS1 pepti-
domimetic (Veh and miS1 groups) and late intervention with pepti-
domimetic (Veh, Mut, and miS1 groups). White dashed lines and
asterisks denote DHE staining in glomeruli and tubules, respectively.
b, c Quantification of DHE- (b) and 8-OHdG- (c) positive cells and in
renal compartments. d Measurement of 8-OHdG levels in serum and

urine samples. e Quantitative assessment of renal fibrosis in Masson-
stained sections from diabetic mice at early and late diabetes. f Serum
creatinine and albuminuria (UACR) levels in the experimental model.
g Real-time PCR analysis of tubular injury marker Kim1 in diabetic
kidneys; values were calculated after normalization to 18S and
expressed as relative mRNA level compared with non-diabetic mice.
Horizontal dotted lines represent the mean values for non-diabetic
mice. Bars represent the mean ± SEM of 6–8 (early model) and 7–10
(late model) mice per group. Groups were analyzed separately using
ANOVA with Bonferroni post-hoc test. *P < 0.05 vs Control, #P <
0.05 vs Ad-null, $P < 0.05 vs respective Veh (early or late model), and
&P < 0.05 vs Mut
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peptidomimetic (miS1) and killed 6 weeks later, using sal-
ine (Control), empty vector (Ad-null), and vehicle (Veh) as
reference groups. In the late intervention model, older mice
(22 weeks of age) were treated with SOCS1 peptidomimetic
(miS1) for a total of 10 weeks starting at 2 weeks after STZ
injection, using vehicle (Veh) and mutant inactive peptide
(Mut) as reference groups. Neither early nor late treatments
affected hyperglycemia in diabetic mouse groups (Table 1).

Diabetes induction caused progressive oxidative stress in
mouse kidney, as demonstrated by increasing O2•

− pro-
duction in glomerular and tubulointerstitial cells (PEG-
SOD-inhibitable DHE fluorescence) and rising levels of
DNA oxidation marker in the kidney, serum, and urine
(8-OHdG immunodetection) compared with non-diabetic
mice (Fig. 1a–d). Masson’s trichrome staining results also
confirmed glomerular hypertrophy and increased matrix
deposition in glomeruli and tubulointerstitium of diabetic
mice (Fig. 1a, e).

During the early phase of diabetes, SOCS1 gene therapy
mitigated renal oxidative damage, with lower levels of O2•

−

and 8-OHdG present in Ad-S1 group compared with Con-
trol and Ad-null groups (Fig. 1b–d). Notably, both early and
late interventions with SOCS1 peptidomimetic have a
potent antioxidant action in diabetic mice, as evidenced by
approximately a 50% decrease of O2•

− staining in glomeruli
and tubulointerstitium of miS1 group compared with Veh or
Mut groups (Fig. 1b) and significant reductions of renal and
systemic levels of oxidative DNA damage marker 8-OHdG
(Fig. 1c, d). Moreover, compared with early-stage gene
therapy, SOCS1 peptide treatment at initial and advanced
stages showed a more pronounced renoprotective effect in
terms of reducing the histological lesions (Masson’s quan-
tifications, % of decrease vs respective controls: Ad-S1, 28
± 7; early-miS1, 36 ± 8; late-miS1, 37 ± 7; Fig. 1e) and
improving renal function (serum creatinine, % of decrease:
Ad-S1, 27 ± 5; early-miS1, 47 ± 6; late-miS1, 37 ± 5;
Fig. 1f), albuminuria (UACR, % of decrease: Ad-S1, 32 ± 3;
early-miS1, 42 ± 4; late-miS1, 46 ± 7; Fig. 1f), and tubular
damage marker (Kim1 mRNA, % of decrease: Ad-S1, 30 ±
4; early-miS1, 41 ± 6; late-miS1, 49 ± 3; Fig. 1g) which is
consistent with our previous reported effect of peptide
therapy in diabetic nephropathy [28]. Further Pearson’s
analysis in diabetic groups revealed significant correlations
between DHE and 8-OHdG staining in both glomeruli and
tubulointerstitium, and a positive association with different
parameters of kidney damage such as albuminuria, creati-
nine, fibrosis score, tubular injury, and inflammatory gene
expression (Table 2).

Evaluation of diabetic mouse aorta demonstrated that
SOCS1-based therapies, and more prominently SOCS1
peptidomimetic, abated oxidative stress in atheroma pla-
ques. Indeed, aortic sections from miS1 groups exhibited
lower levels of O2•

− and 8-OHdG (Fig. 2a–c) than their

respective Veh groups, alongside concomitant reductions in
atherosclerotic lesion size (Fig. 2a, d), and macrophage
content (Moma-2 staining, % of decrease: Ad-S1, 44 ± 7;
early-miS1, 63 ± 8; late-miS1, 70 ± 4, P < 0.05 vs respective
controls; not shown), which is compatible with our previous
findings [27]. Furthermore, Pearson’s test revealed statis-
tical correlations of oxidative stress and atherosclerosis
parameters such as lesion area (Fig. 2e, f) and inflammatory
content (Table 3), thus confirming ROS as a marker of
diabetes-driven atherosclerosis.

SOCS1-targeted therapies decrease Nox expression
and increase antioxidant activity in diabetic mice

As NADPH oxidase activity in resident tissue cells and
inflammatory cells plays a role in the progression of diabetic
vascular complications, we aimed to analyze the effect of
SOCS1 treatment on the expression of Nox family mem-
bers, namely the catalytic subunits (Nox1, Nox2, and Nox4)

Table 2 Correlation of oxidative stress markers with parameters of
renal injury in diabetic mice

ROS PRODUCTION
DHE fluorescence (%)

DNA OXIDATION
8-OHdG staining (%)

GLOM
Pearson’s r
(P value)

TUB-INT
Pearson’s r
(P value)

GLOM
Pearson’s r
(P value)

TUB-INT
Pearson’s r
(P value)

UACR
(μg/μmol)

0.7293
(<0.0001)

0.8162
(<0.0001)

0.3498
(0.0290)

0.5745
(0.0002)

srCre
(mmol/L)

0.7753
(<0.0001)

0.7716
(<0.0001)

0.7759
(<0.0001)

0.7521
(<0.0001)

Fibrosis (%) 0.7823
(<0.0001)

0.7145
(<0.0001)

0.8085
(<0.0001)

0.6824
(<0.0001)

Kim1
mRNA (a.u.)

0.8177
(<0.0001)

0.8235
(<0.0001)

0.7830
(<0.0001)

0.8003
(<0.0001)

Ccl2 mRNA
(a.u.)

0.743
(<0.0001)

0.7826
(<0.0001)

0.7675
(0.0003)

0.7769
(0.0002)

8-OHdG (%) 0.8743
(<0.0001)

0.8314
(<0.0001)

– –

Nox1 (%) 0.6680
(<0.0001)

0.8125
(<0.0001)

0.6052
(<0.0001)

0.7897
(<0.0001)

Nox4 (%) 0.8115
(<0.0001)

0.8064
(<0.0001)

0.8135
(<0.0001)

0.7787
(<0.0001)

Sod1 mRNA
(a.u.)

–0.6436
(0.0053)

−0.6436
(0.0053)

−0.4463
(n.s.)

−0.4392
(n.s.)

Hmox1
mRNA (a.u.)

−0.6491
(0.0048)

−0.6491
(0.0048)

−0.0221
(0.0221)

–0.3956
(n.s.)

urTAC
(mmol/L)

−0.7037
(<0.0001)

−0.5677
(0.0001)

−0.5883
(0.0003)

−0.6360
(<0.0001)

Pearson’s correlation analysis of DHE and 8-OHdG staining and renal
variables in the early and late intervention models (n= 47 diabetic
mice)

GLOM glomeruli, TUB-INT tubulointerstitium, srCre serum creati-
nine, a.u. arbitrary units, urTAC urine total antioxidant capacity, n.s.
non-significant
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and their adaptor subunits (p22phox, p47phox, p67phox, NoxO1,
and NoxA1). Real-time PCR and immunohistochemical
analysis revealed an increased expression of Nox subunits
(mainly Nox1 and Nox4) in kidney and aorta of diabetic
groups compared with non-diabetic mice (Fig. 3). Moreover,
peritoneal macrophages isolated from diabetic mice exhibited
higher expression levels of phagocytic Nox2 subunits
(Fig. 3a). Remarkably, SOCS1-based gene and peptide ther-
apy caused a significant decrease in the mRNA (Fig. 3a, b)
and/or protein (Fig. 3c, d) expression levels of Nox1-4,
NoxO1/A1, and p67/p47phox subunits in diabetic mouse
samples, but had a minor effect on p22phox expression. As
expected, enhanced SOCS1 transgene expression was detec-
ted in kidney, aorta, and macrophages of Ad-S1 mice com-
pared with control and Ad-null groups (Fig. 3a).

To examine whether SOCS1 effectiveness is linked to
improved antioxidant response, we determined the expres-
sion levels of SOD1, catalase (Cat), and heme oxygenase-1
(Hmox1), three antioxidant enzymes that reduce redundant
ROS and are connected with the cellular anti-inflammatory
response [31]. Real-time PCR analysis showed that diabetes
increases the transcription of Sod1, Cat, and Hmox1 genes
in mouse samples, likely as a compensatory mechanism to
reduce oxidative stress (Fig. 4a, b). Notably, SOCS1 gene
transfer in early diabetes increased antioxidant gene
expression in mouse tissues (Fig. 4a), and this effect was
even more evident in the case of SOCS1 peptide adminis-
tration at both early and late stage of the disease (Fig. 4b).
Correspondingly, a parallel analysis of the total antioxidant
status revealed that SOCS1 therapies significantly recovered

Fig. 2 SOCS1 therapies reduce oxidative stress in diabetic mouse
aorta. a Representative images (scale bar, 40 μm; L Lumen) of O2•

−

production (DHE fluorescence; yellow dashed lines indicate ather-
oma), oxidative DNA damage (8-OHdG immunoperoxidase) and
atherosclerotic lesion (Masson’s trichrome staining) in aortic sections
from diabetic apoE-deficient mice after early intervention with
SOCS1-recombinant adenovirus (Control, Ad-null, and Ad-S1 groups)
and SOCS1 peptidomimetic (Veh and miS1 groups) and late inter-
vention with peptidomimetic (Veh, Mut, and miS1 groups). b, c

Summary of quantitative evaluation of DHE- (b) and 8-OHdG- (c)
positive cells per lesion area. d Quantitative analysis of atherosclerotic
lesion size. Bars are the mean ± SEM of 6–8 (early model) and 7–10
(late model) mice per group. *P < 0.05 vs Control, #P < 0.05 vs Ad-
null, $P < 0.05 vs respective Veh (early or late model), and &P < 0.05
vs Mut. e, f Pearson’s correlation analysis of DHE (e) and 8-OHdG (f)
staining with atherosclerotic lesion size in mice at early and late
intervention
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the impaired capacity of serum and urine to resist oxidation
(Fig. 4c). Finally, Pearson’s analysis in diabetic groups
revealed a strong, negative correlation, between ROS pro-
duction and antioxidant markers in kidney and aorta of
diabetic mice (Tables 2 and 3).

SOCS1 suppresses ROS production and Nox
expression in cultured cells

To corroborate the experimental model, we assessed in vitro
the impact of SOCS1-based therapies on the functional
responses of vascular cells (primary VSMC), renal tubu-
loepithelial cells (MCT cell line), and macrophages (pri-
mary BMDM) after exposure to inflammatory cytokines
(103 U/mL IFNγ plus 102 U/mL IL6, 1–24 h) or hypergly-
cemic conditions (HG, 30 mmol/L glucose, 24 h), in an
attempt to mimic the diabetic milieu. Confocal microscopy
with DHE fluorogenic probe in VSMC and MCT showed
that cytokines and HG produced 3–4-fold intracellular O2•

−

compared with untreated cells, and that SOCS1 peptide
pretreatment significantly decreased this signal increase
(Fig. 5a). Lucigenin assay in cell homogenates further
confirmed a gradual increase of Nox-dependent O2•

− pro-
duction over time, with significant differences being
observed at 1, 3, 6 and 24 h after cytokine stimulation
(Fig. 5b). Notably, cytokine-induced ROS generation by
VSMC, MCT, and BMDM was clearly prevented by
SOCS1 peptide (Fig. 5b). Moreover, SOCS1 peptide caused
a dose-dependent inhibition of Nox activity in HG-
stimulated MCT (Fig. 5c). Similar results were found in
VSMC and macrophages infected with SOCS1-
overexpressing adenovirus. Indeed, compared with the
large amounts of ROS generated after cytokine stimulation

in empty vector-transfected cells, Nox activity was sig-
nificantly reduced by Ad-S1 transfection (Fig. 5d).

Because Nox activation occurs after assembly of the
cytosolic regulatory proteins at the plasma membrane, we
next analyzed the distribution of Nox subunits between
membrane and cytosol. In VSMC, cytokines rapidly pro-
moted membrane translocation of cytosolic NoxA1 and
NoxO1 adaptor proteins without altering Nox1 membrane
levels. Moreover, SOCS1 peptide blunted Nox complex
assembly, as evidenced by lower NoxA1 and NoxO1 levels
in the membrane fraction (Fig. 6a).

The expression levels of Nox genes in a scenario of
inflammation and hyperglycemia were further examined by
quantitative real-time PCR. In VSMC, cytokine stimulation
caused a significant but differential increase in Nox mRNA
expression, with NoxA1 and Nox4 peaking respectively at 6
and 16 h, Nox1 and Nox2 levels remaining elevated until
24 h (Fig. 6b), whereas p22phox and NoxO1 were unaffected
(not shown). In the presence of SOCS1 peptide, however,
the Nox components were notably restored, showing a
significant decrease compared with cytokines (Fig. 6b). In
macrophages, a sustained inhibition of Nox2, p47phox, and
p67phox mRNA expression over time was observed by
pretreatment with SOCS1 peptide (Fig. 6c). Similarly,
peptide was also able to prevent the mRNA expression of
Nox subunits induced by long-term exposure of MCT to
hyperglycemic conditions (Fig. 6d).

Inhibition of PI3K and STAT1 is involved in the
antioxidant effect of SOCS1 in vitro

Because SOCS1 peptidomimetic maintained a substantial
inhibition of cytokine-induced ROS generation over a wide
range of time (from 1 to 24 h), we postulated that this effect
might occur via two JAK2-dependent mechanisms: a
STAT1-independent PI3K-mediated activation of Nox
complex and a STAT1-dependent transcriptional regulation
of Nox genes.

We first evaluated the activation of JAK2/STAT1 and
JAK2/PI3K/AKT pathways by western blot using phospho-
specific antibodies. As shown in Fig. 7a, the Tyr/Ser
phosphorylation of JAK2, STAT1, PI3K and AKT induced
by cytokines in VSMC was prevented in the presence of
SOCS1 peptide. Further coimmunoprecipitation data
revealed that SOCS1 inhibited the molecular interaction
between JAK2 and PI3K in cytokine-stimulated cells
(Fig. 7b). In addition, gene silencing of PI3K and STAT1
employing specific siRNAs clearly demonstrated the
involvement of both pathways in Nox-dependent O2•

−

generation, with a similar inhibitory effect to that of SOCS1
peptide (Fig. 7c).

The contribution of PI3K to ROS production was also
tested using specific PI3K inhibitors such as wortmannin

Table 3 Correlation of oxidative stress and atherosclerosis parameters
in diabetic mice

ROS PRODUCTION
DHE (%)

DNA OXIDATION
8-OHdG (%)

Pearson’s r P value Pearson’s r P value

Macrophages (%) 0.8194 <0.0001 0.7157 <0.0001

Ccl2 mRNA (a.u.) 0.7458 0.0004 0.5649 0.0146

8-OHdG (%) 0.8295 <0.0001 – –

Nox1 (%) 0.8497 <0.0001 0.8153 <0.0001

Nox4 (%) 0.7356 <0.0001 0.6775 <0.0001

Sod1 mRNA (a.u.) −0.6187 0.0047 −0.3353 n.s.

Hmox1 mRNA (a.u.) −0.6043 0.0061 −0.3756 n.s.

srTAC (mmol/L) −0.7255 <0.0001 −0.5764 0.0002

Pearson’s correlation analysis of DHE and 8-OHdG staining and aortic
variables in the early and late intervention models (n= 41 diabetic
mice)

srTAC serum total antioxidant capacity, a.u. arbitrary units, n.s. non-
significant
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and LY294002. Lucigenin assay in MCT demonstrated that
wortmannin blunted Nox-dependent O2•

− generation in
response to cytokines and HG to the same extent than

SOCS1 peptide and Nox inhibitors (apocynin and
VAS2870) (Fig. 7d). Furthermore, time course studies
carried out in cytokine-stimulated VSMC (Fig. 7e) and
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macrophages (Fig. 7f) revealed that PI3K inhibitors inter-
fered with short-term (2 h) but not long-term (24 h) ROS
production, whereas either SOCS1 or apocynin caused
significant reductions at both time points. Correspondingly,
immunodetection of Nox subunits showed that wortmannin
and SOCS1 peptide attenuated short-term regulation of Nox
by reducing the amount of membrane-bound NoxA1
(Fig. 7g). However, only SOCS1 was capable to reduce the
expression levels of Nox1 and Nox4 proteins at longer
times (Fig. 7g).

Discussion

The SOCS family of endogenous regulators sits at the
crossroad of multiple signaling mechanisms, making them
attractive targets for the treatment of inflammatory diseases
[18, 19]. In diabetes-mediated pathologies, alterations of
SOCS1 expression associate with cardiovascular risk and
progressive renal disease in patients [32, 33]. Animal stu-
dies performed by a number of groups, including ours, have
shown convincingly that SOCS1 gene absence, leading to
sustained STAT activation, aggravates immune and
inflammatory responses [23, 25, 34, 35]. Contrarily, SOCS1
induction suppresses pathological JAK/STAT activity and
alleviates inflammation, cardiovascular disease and renal
dysfunction [24, 26–28, 34, 36]. The present results extend
these findings and define a hitherto unknown therapeutic
role of SOCS1 in reducing oxidative stress in diabetic
micro- and macrovascular complications. We successfully
showed that (i) SOCS1-targeted therapies (recombinant
adenovirus and peptidomimetic) attenuates O2•

− produc-
tion, DNA oxidative damage, and Nox expression in kidney
and aorta of diabetic mice, and also boosts local and sys-
temic antioxidant activity; (ii) SOCS1 peptidomimetic
rather than gene transfer partially reverses the renal and
vascular pathological changes in diabetic mice even in a
setting of established disease; (iii) in vitro, SOCS1 pepti-
domimetic blocks cytokine- and hyperglycemia-induced
ROS generation by inhibiting the activation and expression
of Nox; (iv) this antioxidant effect is mediated by con-
comitant inactivation of PI3K- and STAT1-dependent
mechanisms.

Many of the key pathogenic processes of type 1 and type
2 diabetes are intimately associated with both oxidative
stress and JAK/STAT-dependent signal transduction, ran-
ging from the failure of pancreatic β islet cells to the
development of the inflammatory response that contributes
to the progression of micro- and macrovascular complica-
tions [4, 16]. Nox family is a major source of ROS pro-
duction and critical mediator of redox signaling in cells
from different organs afflicted by the diabetic milieu [4, 6].
There is increasing evidence that Nox-derived ROS for-
mation plays a key role in the development and progression
of micro- and macrovascular complications of diabetes [5].
In mice, total and cell-specific deletion of either Nox1 or
Nox4 genes attenuates diabetic kidney disease and athero-
sclerosis [6, 11–15], whereas lack of Nox2 does not seem to
protect against diabetic nephropathy despite a reduction in
infiltrating macrophages [37]. In addition, pharmacological
targeting of Nox1 and Nox4 using selective and combined
inhibitors effectively prevents diabetes-induced damage
[5, 11, 14, 38, 39]. In line with this, our results demonstrate
upregulated expression of Nox catalytic (Nox1, Nox2,
Nox4) and regulatory (NoxA1 and NoxO1) subunits,

Fig. 3 Effect of SOCS1-based therapies on the expression of Nox
subunits in diabetic mice. a, b Gene expression analysis of Nox iso-
forms in kidney, aorta, and peritoneal macrophages (MΦ) from dia-
betic mice treated with SOCS1-recombinant adenovirus (a) and
SOCS1 peptidomimetic (b). Real-time PCR values were normalized to
18S rRNA and expressed as relative mRNA level compared with non-
diabetic mice (horizontal dotted lines). c Representative micrograph
showing immunodetection of Nox1 and Nox4 isoforms in kidney
(scale bar, 20 μm) and aorta (scale bar, 20 μm; L lumen) of diabetic
mice at early and late disease checkpoints. d Quantification of positive
cells in kidney (GLOM glomeruli, TUB-INT tubulointerstitium) and
aorta. Bars are the mean ± SEM of 6–10 mice per group. *P < 0.05 vs
Control, #P < 0.05 vs Ad-null, $P < 0.05 vs respective Veh (early or
late model), and &P < 0.05 vs Mut

Fig. 4 Antioxidant status of SOCS1-treated mice. a, b Real-time PCR
analysis of antioxidant genes in tissue samples and peritoneal mac-
rophages (MΦ) from diabetic mice treated with SOCS1-recombinant
adenovirus (a) and SOCS1 peptidomimetic (b). Real-time PCR values
were calculated after normalization to 18S rRNA and expressed as
relative mRNA level compared with non-diabetic mice. c Measure-
ment of total antioxidant capacity (TAC) in serum and urine samples.
Bars are the mean ± SEM of 6–10 mice per group. Horizontal dotted
lines represent the mean values for non-diabetic mice. *P < 0.05 vs
Control, #P < 0.05 vs Ad-null, $P < 0.05 vs respective Veh (early or
late model), and &P < 0.05 vs Mut
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concurrent with intense staining of superoxide-sensitive
probe and oxidative DNA damage marker in the aorta,
glomeruli, and tubulointerstitium of untreated diabetic mice.
These indicators were attenuated by both early and late
treatment with SOCS1-based therapies, a condition that was
associated with significant reduction of atherosclerosis and
kidney damage.

Our study also shows that preventive intervention with
the synthetic peptidomimetic corresponding to the kinase
inhibitory region of SOCS1 confers superior protection in
diabetic mice compared with the adenovirus-mediated
overexpression of full-length SOCS1 protein. Consistent
with previous reports showing that local and systemic
delivery of SOCS genes mitigates early diabetic injury [26,
40], we observed that SOCS1 gene therapy reduced albu-
minuria in diabetic mice when administered as a preventive
intervention (starting immediately after STZ injection),
although serum creatinine levels and tubulointerstitial
damage were not significantly affected. Noteworthy,
SOCS1 peptide was able to improve renal function and
attenuate renal and vascular injury in early and established
diabetes, which is a more clinically relevant result. The
superior activity of SOCS1 peptide therapy over SOCS1
gene therapy in diabetic mice was mirrored by a greater

antioxidant effect both systemically and locally, and a sig-
nificant reduction of inflammatory markers in kidney and
aorta. Given the limitations of gene therapy (transfection
efficiency, delivery system, short-term expression, and
immune complications) that preclude its long-term use in
chronic diseases, breakthroughs in other biotechnologies
such as peptide drugs are growing in significance during
recent years [41]. Several peptide candidates with high
specificity, biological activity, and less immunogenic
response are already being tested in cancer and inflamma-
tory diseases and also as potential antibiotics and enzyme
inhibitors [41]. It is important to highlight that, among the
different peptides tested in the last years to modulate JAK/
STAT/SOCS pathway [42], only the cell-permeable SOCS1
peptidomimetic used in this study has been demonstrated to
prevent diabetic vascular complications [27, 28].

Concomitant with the reduction of oxidative stress mar-
kers, our work also shows that SOCS1-based therapies,
independent of treatment period, activates antioxidant
defense mechanisms in vivo, as evidenced by increased
total antioxidant capacity and higher aortic and renal
expression of main antioxidant enzymes, namely SOD1 (the
cytosolic CuZn-SOD isoform for superoxide removal), Cat
(hydrogen peroxide degrading enzyme), and Hmox1

Fig. 5 SOCS1 prevents Nox-
mediated ROS generation
in vitro. a Intracellular detection
of O2•

− in VSMC and MCT
pretreated with SOCS1 peptide
(100 μg/mL, 90 min) before
stimulation with either cytokines
(103 U/mL IFNγ plus 102 U/mL
IL6, 1 h) or HG (30 mmol/L D-
glucose, 24 h). Representative
fluorescence images (red, DHE
staining; blue, DAPI nuclear
staining) and summary of
quantification are shown. b
Time-response effect of SOCS1
peptide on Nox-dependent ROS
generation in VSMC, MCT and
BMDM was assessed by
lucigenin chemiluminiscence
assay. c Dose-dependent curve
of SOCS1 peptide on HG-
stimulated Nox activity in MCT.
d Effect of adenovirus-mediated
SOCS1 overexpression on Nox
activity in cytokine-stimulated
VSMC and BMDM. Data
expressed as fold increases over
basal conditions (arbitrarily set
to 1) or lucigenin relative units
are the mean ± SEM of 3–6
independent experiments. *P <
0.05 vs Basal, #P < 0.05 vs
Cytokines, and $P < 0.05 vs HG
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(inducible isoform of heme-degrading enzyme). Clinical
studies demonstrate that reduced activity of antioxidant
enzymes associates with the progression of chronic kidney
disease and cardiovascular events in diabetes [43, 44]. In
mice, lack of SOD1, Cat, or Hmox1 worsens the diabetic
tissue injury by enhancing oxidative stress, while transgenic
expression is renoprotective and retards cardiovascular
disease [45–47]. Furthermore, sustained activation of
STATs in leukemia cells represses antioxidant gene
expression [48], whereas either hepatic deletion of JAK2 or
SOCS1 overexpression in lymphocytes protect against
oxidative damage by increasing detoxifying enzymes [49,
50]. In agreement, our findings evidence the antioxidant
properties of SOCS1-mediated JAK/STAT inhibition
through a coordinated cytoprotective response to restore
redox balance, although additional studies are needed to
delineate the detail mechanism underlying this process.

Evidence indicates that, in addition to direct activation of
Nox complex by phosphorylation-dependent pathways,
other mechanisms regulating Nox subunit expression (e.g.
transcription factors, mRNA stabilization, epigenetic reg-
ulation, and post-translational modifications) are involved
in excessive ROS generation [7, 8]. In fact, JAK/STAT is
proposed as a redox sensitive pathway that participates in
the regulation of Nox expression and function in cells under

pro-inflammatory conditions, thus constituting a positive
feedback loop whereby Nox-derived ROS generation con-
tributes to self-upregulation [8, 16]. Previous in vitro studies
demonstrated that intracellular ROS generation regulates
JAK/STAT signaling and that Nox inhibition prevents
cytokine-mediated phosphorylation of JAK2, STAT1, and
STAT3 [16, 51]. Moreover, STAT1/STAT3 transcription
factors physically interact with the gene promoter region of
Nox1 and Nox4 for positive upregulation [52]. In vascular
cells and macrophages, either JAK2 inhibitor or STAT1/
STAT3 knockdown blunted Nox activity and expression and
subsequently hampered ROS production [52–54]. In the
context of diabetes, our in vitro results indicate that hyper-
glycemia and a combination of pro-inflammatory cytokines
act on renal, vascular, and phagocytic cells to generate ROS
and maintain cell injury, and effect blocked by Nox inhibitors.
Furthermore, SOCS1 peptide was able to prevent ROS gen-
eration by inhibiting the immediate Nox complex assembly
and also the secondary transcriptional activation of Nox gene
expression, thus confirming the relationship between JAK/
STAT signaling and Nox-mediated ROS production. Note-
worthy, we also observed that PI3K inhibitors blocked short-
term Nox membrane translocation and ROS production but
failed to decrease Nox expression, and that SOCS1 peptide
blocks JAK2–PI3K interaction and PI3K phosphorylation.

Fig. 6 SOCS1 blunts assembly
and expression of Nox subunits
in cultured cells. a Effect of
SOCS1 peptide on cytokine-
induced membrane translocation
of Nox1A and NoxO1
regulatory subunits in VSMC.
Membrane and cytosolic
fractions were obtained after 2 h
of stimulation and then
immunoblotted for NoxA1,
NoxO1, Nox1, α-tubulin
(cytosolic loading control), and
EGFR (membrane loading
control). Shown are
representative immunoblots and
the summary of normalized
quantification. b, c Real-time
PCR analysis of Nox subunits
(normalized to 18S) in cytokine-
stimulated VSMC (b) and
BMDM (c) over time. d Nox
mRNA expression levels
(normalized to 18S) in MCT at
24 h of HG incubation. Data
expressed as fold increases over
basal conditions are the mean ±
SEM of 4–7 independent
experiments. *P < 0.05 vs Basal,
#P < 0.05 vs Cytokines, and $P
< 0.05 vs HG
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These results indicate a requirement for PI3K in Nox acti-
vation, as previously reported in other cell systems [55].
Therefore, we postulate that the inhibition of Nox complex

assembly by SOCS1 is the result of PI3K inactivation,
whereas downregulated expression of Nox subunits is medi-
ated by STAT1 blockade.
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In conclusion, this study shows that SOCS1-targeted
therapies have a protective role against increased oxidative
stress under chronic hyperglycemia by altering the expres-
sion of enzymes associated with the induction and resolu-
tion of oxidative stress in diabetic mice. Approaches based
on SOCS1 repletion are worthy of further investigation as
an alternative therapeutic antioxidant strategy to limit the
progression of diabetic vascular complications.
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