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ABSTRACT
Diabetes is the main cause of CKD and ESRD worldwide. Chronic activation of Janus kinase and signal
transducer and activator of transcription (STAT) signaling contributes to diabetic nephropathy by inducing
genes involved in leukocyte infiltration, cell proliferation, and extracellularmatrix accumulation. This study
examined whether a cell-permeable peptide mimicking the kinase-inhibitory region of suppressor of cy-
tokine signaling-1 (SOCS1) regulatory protein protects against nephropathy by suppressing STAT-mediated
cell responses to diabetic conditions. In a mouse model combining hyperglycemia and hypercholesterolemia
(streptozotocin diabetic, apoE-deficient mice), renal STAT activation status correlated with the severity of
nephropathy. Notably, compared with administration of vehicle or mutant inactive peptide, administration
of the SOCS1 peptidomimetic at either early or advanced stages of diabetes ameliorated STAT activity and
resulted in reduced serum creatinine level, albuminuria, and renal histologic changes (mesangial expansion,
tubular injury, and fibrosis) over time. Mice treated with the SOCS1 peptidomimetic also exhibited reduced
kidney leukocyte recruitment (T lymphocytes and classic M1 proinflammatory macrophages) and decreased
expression levels of proinflammatory and profibrotic markers that were independent of glycemic and lipid
changes. In vitro, internalized peptide suppressed STAT activation and target gene expression induced by
inflammatory and hyperglycemic conditions, reduced migration and proliferation in mesangial and tubuloepi-
thelial cells, and altered the expression of cytokine-induced macrophage polarization markers. In conclusion,
our study identifies SOCS1 mimicking as a feasible therapeutic strategy to halt the onset and progression of
renal inflammation and fibrosis in diabetic kidney disease.
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Diabetic nephropathy (DN) is a relevant, chronic,
microvascular complication in terms of morbidity
and mortality for patients with diabetes mellitus in
Western countries.1 The progression of DN is char-
acterized by an increase in urinary albumin excre-
tion, hypertension, glomerulosclerosis, and an
eventual reduction in GFR, leading to ESRD. These
functional changes are related to a remodeling of
the renal structure, including glomerular and tu-
bular hypertrophy, inflammation, and extracellu-
lar matrix accumulation.2 Although hyperglycemia
is the driving force for diabetic complications,
mounting evidence suggests that dyslipidemia
and chronic inflammation are contributory factors

to the progression of diabetic kidney disease. In
fact, high-glucose conditions lead to activation of
inflammatorymediators in glomerular and tubular
cells, which triggers leukocyte infiltration, renal
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cell proliferation, and extracellular matrix expansion.3 Cur-
rent treatments for diabetic complications based on the in-
tegrated control of glycemia, BP, and lipids are insufficient
to prevent the progression of CKD in a large proportion of
patients1,4,5; as such, there is a clear need
for new strategies to slow the decline of
renal function in DN.

The Janus kinase (JAK)/signal trans-
ducers and activators of transcription
(STAT) signaling pathway regulates a
broad range of mediators implicated in
cell proliferation, differentiation, recruit-
ment, and fibrosis and is an important
mechanism through which hyperglycemia
and inflammation contribute to chronic
and acute kidney diseases.6–8 Four kinases
(JAK1–3 and TYK2) and seven transcrip-
tion factors (STAT1–4, 5A, 5B, and 6) con-
stitute the family, and cell-specific JAK/
STAT combinations have been paired
with each receptor type.9 Upon ligand
binding, activated JAK phosphorylates
the receptor cytoplasmic domain to allow
recruitment and tyrosine phosphorylation
of latent STATs, causing them to form
homo- or heterodimers and translocate
to the nucleus, where they activate gene
expression.10

SOCS proteins are key negative regula-
tors that control the magnitude and dura-
tion of JAK/STATsignaling through several
mechanisms, including kinase inhibition,
STAT binding, and targeting for proteaso-
mal degradation.11–13 SOCS family mem-
bers (CIS and SOCS1–7) contain a variable
N-terminal domain, a central SH2 domain,
and a conserved C-terminal SOCS box
involved in proteasomal targeting. The
most relevant members (SOCS1 and
SOCS3) also contain a 12-amino acid
N-terminal kinase inhibitory region (KIR)
essential for inhibition of JAK tyrosine
kinase activity.11,13

Dysregulated JAK/STAT contributes to
the pathogenesis of autoimmune diseases,
inflammation, and cancer,12 and also plays
an important role in the onset and progres-
sion of diabetes and its chronic vascular
complications (e.g., nephropathy, retinop-
athy, neuropathy, and atherosclerosis).5,8,14

Different strategies based on the regula-
tory role of the SOCS family have been
proposed as potential anti-inflammatory
therapy for these conditions.13 Accord-
ingly, the present work investigates the

renoprotective properties of a cell-permeable peptide mimick-
ing the activity of the SOCS1 KIR region to impair pathologic
JAK/STAT activity in a mouse model of DN and in cultured
renal cells under diabetic conditions.

Figure 1. SOCS1 peptide inhibits STAT activation in diabetic kidneys. (A) Stat1, Stat3,
and Socs1 gene expression in renal cortex from nondiabetic and diabetic mice in early
(aged 16 weeks) and late (aged 34 weeks) disease checkpoints was analyzed using
real-time PCR, normalized by 18S endogenous control and expressed in arbitrary
units (a.u.). (B–D) Immunostaining of P-STAT1 and P-STAT3 in kidney sections from
nondiabetic and diabetic mice (early model). Representative micrographs (B) and
quantification of positive cells in glomeruli (C) and tubulointerstitium (D) are shown.
Horizontal dotted lines represent the mean values for nondiabetic mice. (E) Western
blot of P-STAT1 and P-STAT3 in renal cortical lysates in the early and late models of
diabetes. Shown are representative images and the summary of normalized quantifi-
cation, expressed in a.u. Diab, diabetic; ND, nondiabetic; Veh, vehicle. *P,0.05,
**P,0.01, and ***P,0.001 versus Veh (16 weeks); †P,0.05 and ††P,0.01 versus Veh
(34 weeks); #P,0.05 and ##P,0.01 versus Mu. Original magnification, 3200 in B.
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RESULTS

SOCS1 Peptide Inhibits JAK/STAT Activation in
Diabetic Kidneys
The therapeutic potential of SOCS1 peptidomimetic was
investigated in streptozotocin-induced diabetic and apoE-
deficient mice, an experimental model of DN that combines
hyperglycemia and hypercholesterolemia, two important
risk factors of this disease.15 Biodistribution and pharmaco-
kinetic studies of rhodamine-labeled SOCS1 peptide (ad-
ministered via the intraperitoneal route) revealed efficient
accumulation in kidney (glomerular and tubular localiza-
tion), spleen, and liver of mice (Supplemental Figure 1, A
and B). Maximal fluorescence in plasma and urine were
reached at 4 and 6 hours, respectively (Supplemental Figure
1C), with a plasma elimination t1/2 of 4.5 hours (Supplemental
Figure 1D).

Diabetic mice were treated with SOCS1 peptide (S1 group),
mutant inactive peptide (Mu group), and vehicle at either an
early (10–16weeks of age) or later (24–34 weeks of age) disease
stage. We first analyzed the time course of STAT1, STAT3, and
SOCS1 mRNA expression during the progression of DN. In
contrast to the gradual rise in STATs over time, SOCS1 expres-
sion showed an initial increase followed by a significant
decrease at later stage of DN (Figure 1A). Furthermore, im-
munohistochemistry to detect the activation status of STAT
proteins in the kidney revealed an intense nuclear staining of
phosphorylated STAT1 (P-STAT1) and P-STAT3 in glomeruli
and tubulointerstitium of diabetic mice receiving vehicle, a
significant reduction (approximately 50%) in SOCS1-treated
mice (Figure 1, B–D), and also a positive correlation between
the two variables in the experimental groups (Supplemental
Figure 2). Western blot analysis (Figure 1E) further confirmed
attenuated P-STAT1/3 levels by SOCS1 peptide both at early

and late treatment stages, whereas the mutant sequence (Mu
group) was ineffective.

SOCS1 Peptide Ameliorates Diabetic Kidney Disease
Diabetes was associated with a progressive renal decline, as
demonstrated by an increased urine albumin-to-creatinine
ratio (UAC; Supplemental Figure 3, B and C) and serum cre-
atinine (Table 1). These parameters were significantly im-
proved in S1 groups compared with respective vehicle groups
both at early and late treatment stages, with percentages of
decrease ranging from 33% to 42% (Figure 2A, Table 1).
SOCS1 peptide also ameliorated kidney/body weight
ratio (Table 1) and the renal expression of kidney injury
molecule-1 (Figure 2B). By contrast, no significant differences
were observed between the vehicle and Mu groups, thus ex-
cluding any off-target effects. Neither early nor late treatments
affected hyperglycemia (blood glucose and glycated hemoglo-
bin), lipid profile, or body weight in diabetic mice (Supple-
mental Figure 3, D–G, Table 1). Furthermore, no signs of
toxicity or hepatic or splenic damage were observed in the
treated groups (not shown).

Histologic assessment of periodic acid–Schiff (PAS)–stained
kidney samples revealed that SOCS1 peptide attenuated several
morphologic changes within the glomerulus (hypercellularity,
mesangial matrix expansion, and capillary dilation), tubules (at-
rophy and degeneration), and interstitium (fibrosis and inflam-
matory infiltrate) of diabetic mice (Figure 2C, Table 2). Digital
quantification further confirmed that SOCS1 intervention de-
creased glomerular size (percent reduction versus vehicle: 16
weeks, 4162; 34 weeks, 3663; Figure 2D) and PAS+-mesangial
area (percent reduction: 16 weeks, 5164; 34 weeks, 3366;
Figure 2E). Furthermore, Pearson test showed significant cor-
relations between P-STAT1/P-STAT3 levels and indicators of
renal damage (Table 3).

Table 1. General and metabolic variables of nondiabetic and diabetic mice at the end of the experimental models

Variables

Early Model (Age, 16 wk) Late Model (Age, 34 wk)

Nondiabetes
(n=5)

Diabetes Diabetes

Veh (n=10) S1 (n=8) Veh (n=8) S1 (n=6) Mu (n=5)

DBody wt, g 3.260.2a 2(2.360.5) 2(2.060.3) 2(2.860.6) 2(2.360.5) 2(2.660.2)
KBWR, g/kg 14.060.4a 17.960.4 16.160.3b 19.060.3 16.360.8d,e 18.460.3
SCr, mmol/L 0.2860.08a 1.1160.06 0.6860.06c 1.3060.12 0.7360.07d,e 1.2060.14
BG, mmol/L 7.760.6a 27.861.3 28.260.6 27.561.0 27.361.0 28.161.4
HbA1c, mg/ml 12062a 490637 504645 52265 510614 515618
Chol, mmol/L 8.060.2a 14.060.3 14.760.6 22.761.9 21.961.8 22.961.6
LDL-chol, mmol/L 7.860.5a 14.460.4 15.160.5 20.862.7 19.762.5 21.060.6
HDL-chol, mmol/L 0.3260.02 0.2860.05 0.2660.02 0.5160.05 0.5560.06 0.5360.03
TG, mmol/L 0.5560.06 0.8960.05 0.9360.14 1.3260.20 1.3660.21 1.3160.06
Results from the different groups of nondiabetic and diabetic are reported as mean6SEM and analyzed by two-way ANOVA followed by Bonferroni post hoc test.
Veh, vehicle; DBody wt, body weight change (final2initial); KBWR, kidney/body weight ratio; SCr, serum creatinine; BG, blood glucose; HbA1c, glycated he-
moglobin; Chol, cholesterol; TG, triglyceride.
aP,0.001.
bP,0.01.
cP,0.05 versus Veh (16 weeks).
dP,0.01 versus Veh (34 weeks).
eP,0.05 versus Mu.
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Antifibrotic and Anti-Inflammatory Effects of SOCS1
Peptide
Overproductionof extracellularmatrix is ahallmarkofDNand
leads to glomerular sclerosis and interstitial fibrosis.5,16 Anal-
ysis of picrosirius red staining (Figure 3A) in diabetic kidneys

revealed a progressive accumulation of col-
lagen in glomeruli and tubulointerstitium.
Furthermore, S1 groups of diabetic mice ex-
hibited a 44%–38% reduction (P,0.01) of
renal fibrosis over time compared with age-
matched vehicle mice, whereas mutant
peptide had no antifibrotic effect (Figure
3, A–C). Accordingly, SOCS1 peptide atten-
uated the mRNA (Figure 3D) and protein
(Figure 3E) expression levels of fibrotic
markers (type I collagen, fibronectin, and
TGFb), which positively correlated with
P-STAT1/3 activation (Table 3).

The induction of diabetes was associated
with the recruitment, retention, and acti-
vation of leukocytes in mouse kidney, as
evidenced by increased expression of leu-
kocytemarkers andproinflammatory genes
(Figure 4). SOCS1-treated mice exhibited a
significant reduction (approximately 50%)
in the number of infiltrating CD3+ T lym-
phocytes and F4/80+ macrophages (Figure
4, A–C), in good correlation with STATac-
tivation levels (Table 3). Furthermore, pep-
tide treatment decreased the gene and/or
protein expression levels of monocyte and
T cell chemokines (CC chemokine ligand
[CCL] 2 and CCL5) and cytokine TNFa in
diabetic kidneys (Figure 4, D and E).

To further evaluate whether SOCS1
peptide modulates the functional stage of
kidney macrophages, expression levels of
arginase isoforms (ArgII and ArgI) were
analyzed to distinguish between proinflam-
matory M1 and anti-inflammatory M2
phenotypes, respectively. Bothmacrophage
phenotypes are present in diabetic kidneys,
ArgII (M1) being the most abundantly
expressed in the vehicle group and ArgI
(M2) the predominantmacrophagemarker
in the S1 group (Figure 4, F and G). Con-
sistently, SOCS1-treated mice displayed a
decreased Ly6Chigh/Ly6Clow ratio of circu-
lating monocytes (Figure 4H).

In Vitro Effects of SOCS1 Peptide
To corroborate the experimental model
we assessed, in vitro, the effect of SOCS1
peptide on murine mesangial cells (MC),
tubuloepithelial cells (MCT), and macro-

phages stimulated with either inflammatory cytokines (IFNg-
plus IL-6) or high-glucose concentrations (HG) in an attempt
to mimic the diabetic milieu. Efficient cytoplasmic uptake
of rhodamine-labeled peptide was visualized via confocal
microscopy (Supplemental Figure 4). Internalized SOCS1

Figure 2. SOCS1 peptide protects from diabetes-associated renal injury in apoE-
deficient mice. (A) Albuminuria levels in apoE-deficient mice at early (age 16 weeks) and
late (age 34 weeks) diabetes. (B) Gene expression of kidney injury molecule (Kim-1) in
renal cortex was analyzed by real-time PCR, normalized by 18S endogenous control,
and expressed in arbitrary units (a.u.). (C) Representative images of PAS-stained kidney
sections from mice in the early (age 16 weeks; a–c) and late (age 34 weeks; d–f) di-
abetes models: nondiabetes (a), diabetes+vehicle (b and d), diabetes+S1 (c and e),
and diabetes+Mu (f). Diabetic mice exhibited glomerular hypertrophy/PAS+ area ex-
pansion (arrows) and tubular atrophy/glycogen deposition (arrowheads). Milder
damage was observed in S1 groups. (D) Glomerular area quantification in the experi-
mental groups. (E) PAS+ mesangial area analysis. Veh, vehicle. *P,0.05, **P,0.01, and
***P,0.001 versus Veh (16 weeks); †P,0.05 and †††P,0.001 versus Veh (34 weeks);
#P,0.05 and ##P,0.01 versus Mu. Horizontal dotted lines represent the mean values for
nondiabetic mice in A, B, D, and E. Original magnification, 3200 in C.
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peptide, but not the Mu sequence, further inhibited phos-
phorylation (Figure 5, A and B) and nuclear translocation
(Supplemental Figure 4) of STAT1/3, and also prevented
proinflammatory and profibrotic gene expression (Figure 5,
C and D, Supplemental Figure 5A) in renal cells exposed to
diabetic stimulation. Likewise, SOCS1 peptide attenuated the
secretion of CCL2, CCL5 (Figure 5E, Supplemental Figure
5B), and fibronectin (Figure 5F) induced by cytokines in renal
cells. In these experiments, the inhibitory effect of SOCS1
peptide was very similar to that observed after the silencing

of STAT1 with specific small interfering RNA, used as positive
control (Supplemental Figure 6).

To evaluate the functional consequences of inflammatory
gene reduction,wenext examined the effect of SOCS1peptide on
cell migration, proliferation, and differentiation—important
processes involved in renal damage during DN. In vitro
wound-healing assay with MC demonstrated the antimigratory
effect of SOCS1, but not mutant peptide (Figure 6A). SOCS1
peptide was also able to prevent themitogenic effect of cytokines
(Figure 6, B and C) and high-glucose levels (Figure 6D) on renal
cells, without affecting cell viability. Furthermore, in cytokine-
inducedmacrophages, SOCS1 peptide inhibited M1 in favor of
M2 phenotype, as evidenced by significantly downregulated
ArgII and increased expression of ArgI (Figure 6E, Supplemen-
tal Figure 5C).

DISCUSSION

Delaying the progression of nephropathy toward end-stage
renal failure remains a primary goal in the treatment of
diabetes. Beyond current therapies with limited improvement
of renal function,1,4,5 novel approaches involving the inhibi-
tion of pathologic factors and the promotion of protective/
reparative mechanisms are of clinical interest. Herein, we
report that a peptide mimicking the endogenous regulatory
protein SOCS1 counteracts DN with overactive JAK/STATsig-
naling by reducing renal inflammation and fibrosis, manifes-
ted by an improvement in albuminuria and renal function.

The JAK2/STAT1/3-dependent axis is preferentially active
in diabetes6,8 and mediates the effects of diabetic factors in
renal cells by inducing the transcription of inflammatory

Table 2. Renal scores of nondiabetic and diabetic mice at 16
weeks of age

Histological Lesions
Nondiabetes

(n=5)

Diabetes

Veh (n=10) S1 (n=8)

Glomerular lesions
Hypercellularity 0.2060.19a 2.0060.23 0.2160.15a

Mesangial matrix expansion 0.2060.20a 2.3060.21 0.3860.18a

Capillary dilation 0.0060.00a 1.7060.30 0.6360.18c

Tubular lesions
Degeneration 0.4060.24a 2.0060.26 0.5060.19a

Atrophy 0.2060.20a 1.9060.28 0.6360.26b

Interstitial lesions
Fibrosis 0.0060.00b 1.2060.33 0.2560.16c

Inflammation 0.1060.14a 1.8060.23 0.3860.20a

PAS-stained renal samples were semiquantitatively graded (0–3 scale) in a
blinded manner according to the extent of glomerular, tubular, and in-
terstitial damage. Results from the different groups of mice are reported as
means6SEM and analyzed by two-way ANOVA followed by Bonferroni post
hoc test. Veh, vehicle.
aP,0.001.
bP,0.01.
cP,0.05 versus Veh.

Table 3. Correlation of STAT activation levels and renal function in diabetic mice.

Variables

Glomeruli Tubulointerstitium

P-STAT1+ Cells P-STAT3+ Cells P-STAT1+ Cells P-STAT3+ Cells

Pearson r (P Value) Pearson r (P Value) Pearson r (P Value) Pearson r (P Value)

KBWR, g/kg 0.6055 (,0.01) 0.7109 (,0.001) 0.4717 (,0.05) 0.5995 (,0.01)
UAC, mg/mmol 0.5991 (,0.01) 0.7149 (,0.001) 0.7423 (,0.001) 0.6723 (,0.01)
SCr, mmol/L 0.7719 (,0.01) 0.6587 (,0.01) 0.6646 (,0.01) 0.5635 (,0.05)
Glomerular area, mm2 0.9058 (,0.001) 0.8097 (,0.001) N.D. N.D.
Mesangial area, % PAS 0.6822 (,0.01) 0.4587 (NS) N.D. N.D.
Fibrosis, % sirius red 0.6608 (,0.01) 0.6963 (,0.01) 0.6185 (,0.01) 0.7312 (,0.001)
T cells, CD3+ 0.7011 (,0.01) 0.7621 (,0.001) 0.6417 (,0.01) 0.6082 (,0.01)
Macrophages, F4/80+ 0.6793 (,0.01) 0.7954 (,0.001) 0.6847 (,0.01) 0.5603 (,0.02)
Kim-1 mRNA, a.u. 0.6886 (,0.01) 0.4226 (NS) 0.5866 (,0.01) 0.5592 (,0.02)
Ccl2 mRNA, a.u. 0.8077 (,0.001) 0.7229 (,0.001) 0.7942 (,0.001) 0.8257 (,0.001)
Ccl5 mRNA, a.u. 0.7662 (,0.001) 0.6541 (,0.01) 0.6608 (,0.01) 0.5621 (,0.02)
Tnfa mRNA, a.u. 0.6726 (,0.01) 0.7607 (,0.001) 0.6502 (,0.01) 0.6262 (,0.01)
Col I mRNA, a.u. 0.7594 (,0.001) 0.6959 (,0.01) 0.7824 (,0.001) 0.8384 (,0.001)
Fn mRNA, a.u. 0.8198 (,0.001) 0.7768 (,0.001) 0.8386 (,0.001) 0.7230 (,0.001)
Tgfb mRNA, a.u. 0.7893 (,0.001) 0.6412 (,0.01) 0.6869 (,0.01) 0.6777 (,0.01)

Pearson correlation analysis between P-STAT1/3 immunostaining and renal variables in diabetic mice at 16 weeks of age. KBWR, kidney/body weight ratio; SCr,
serum creatinine; N.D., not determined; a.u., arbitrary units.
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genes, growth factors, and extracellular matrix proteins.7,17–19

Consistent with previous studies in renal biopsies from
patients with early and progressive DN,14,20,21 our results in a
well established model of combined hyperglycemia and

hyperlipidemia (diabetic apoE-deficient
mice) demonstrate that enhanced expres-
sion/activation of STAT1/3 and decreased
SOCS1 expression are associated with the
duration of diabetes, thus confirming the
key role of the JAK/STAT/SOCS axis in
the pathogenesis of DN. Remarkably, this
is the first evidence of a successful and safe
peptide-based approach for the specific in-
hibition of JAK/STAT-mediated responses
in DN. This adds to the list of emerging
inhibitors of JAKs (AG-490, tofacitinib,
baricitinib, Janex-1) and STATs (fludarabine,
antisense oligonucleotides) that improve re-
nal damage in experimental models,22–26

among which only baricitinib is under clin-
ical evaluation in diabetes.5,8

The SOCS family stands at the crossroad
of multiple signaling mechanisms and has
emerged as an interesting therapeutic target
with anti-inflammatory actions.10,11,13 In
particular, SOCS1/3 expression pattern is
altered in inflammatory diseases12,18,27,28

and correlates with cardiovascular risk
and progressive loss of renal function in
CKD.29,30 Our reports in diabetic patients
and animals17,31 proposed SOCS1 induc-
tion as a compensatory mechanism not
sufficient to suppress JAK/STAToveractiva-
tion in renal disease. Accordingly, SOCS1
gene therapy using local and systemic de-
livery routes mitigates proteinuria, renal
inflammation, and fibrosis in diabetic
mice.19,31,32 However, gene therapy limita-
tions (e.g., transfection efficiency, dura-
tion, and vector toxicity) are critical for
long-term use in chronic diseases. Alterna-
tive technologies such as peptide drugs
have gained interest as therapeutics, with
approximately 140 peptides currently in
clinical trials.33 In this regard, several mi-
metic/antagonist peptides targeting JAK/
STAT/SOCS axis are under preclinical eval-
uation as immunomodulators.34,35

Given the importance of SOCS1 in
regulating the JAK/STAT-mediated activi-
ties of diabetic factors, we have studied the
renal effects of a peptidomimetic of SOCS1
KIR region. This sequence has been shown
to inhibit all four JAKs by binding to the
activation loop (JAK2 residues 1001–

1013), thus suppressing STAT activation independently of
SOCS box-mediated proteasomal degradation.36 Consistent
with our previous findings that SOCS1 peptide is easily syn-
thesized, tends to adopt an a-helical structure, and becomes

Figure 3. Effect of SOCS1 peptide on diabetes-induced renal fibrosis. (A) Repre-
sentative images of picrosirius red–sensitive collagen staining in renal sections from
mice in the early (age 16 weeks; a–c) and late (age 34 weeks; d–f) diabetes models:
nondiabetes (a), diabetes+vehicle (b and d), diabetes+S1 (c and e) and diabetes+Mu
(f). Quantification of fibrosis (% picrosirius red area) in glomerular (Glom.) (B) and
tubulointerstitial (TI) (C) compartments. Horizontal dotted lines represent the mean
values for nondiabetic mice. (D) Real-time PCR analysis of type I collagen (Col I),
fibronectin (Fn), and Tgfb in renal cortex. Normalized values are expressed in arbitrary
units (a.u.). (E) Western blot analyses of fibronectin (FN) and TGFb expression in renal
cortical lysates from diabetic mice. Shown are representative blots and the summary
of normalized densitometric quantification. Bars represent the mean6SEM of 5–10
animals per group. Veh/V, vehicle. *P,0.05 and **P,0.01 versus Veh (16 weeks);
†P,0.05, ††P,0.01, and †††P,0.001 versus Veh (34 weeks); #P,0.05 and ##P,0.01
versus Mu. Original magnification, 3100 in A.
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cell-permeable and proteolytically stable by N-terminal pal-
mitoylation,20 we show here efficient peptide delivery into
renal cells, in vivo and in vitro, and cytoplasmic localization.
Internalized peptide further suppressed STAT1/3 activation,
reduced the expression of a broad range of mediators

induced by hyperglycemic and inflamma-
tory conditions, and also prevented cell
proliferation and migration processes
without affecting cell viability. By con-
trast, a phenylalanine-substituted analog
peptide failed to block STAT activation
and cell responses to cytokines, which is
compatible with previously identified KIR
critical residues (Phe56 and Phe59) for JAK
inhibition.12,13

Different SOCS-like molecules have
been reported to dampen cytokine receptor
activities and further downstream signal
transduction events in cancer cells, leuko-
cytes, keratinocytes, and smooth muscle
cells.20,36–40 In vivo, SOCS-derived pep-
tides improve outcome in experimental
multiple sclerosis, peripheral nerve injury,
and infection.35,36,38–40 Likewise, and con-
sistent with our previous findings on the
atheroprotective effect of SOCS1,20,41 this
study demonstrates that a SOCS1 peptido-
mimetic suppresses STAT1/3 activation in
diabetic kidneys and retards development
and progression of experimental DN.
These effects occur independently of im-
proved glucose control and lipid profile,
suggesting the use of SOCS1 peptide in
diabetic complications rather than in the
disease process.

Diabetes-associated inflammation pro-
motes a progressive accumulation of T cells
and macrophages in the kidney, which
further contribute to diabetic renal injury
either by direct interaction/activation of
intrinsic renal cells or by releasing proin-
flammatory and profibrotic factors in-
volved in cell proliferation, migration,
and fibrosis .3 ,42 Our study demon-
strates that systemic administration of
SOCS1 peptide in diabetic mice im-
proved renal function parameters (serum
creatinine and UAC) and glomerular le-
sions (hypertrophy, mesangial expan-
sion, glomerulosclerosis, and infiltrating
T lymphocytes and macrophages) without
any observable toxicity. SOCS1-treated
mice were also protected from the devel-
opment of tubular atrophy and interstitial
fibrosis and inflammation. These obser-

vations, in conjunction with a reduced expression of cyto-
kines, growth factors, and extracellular matrix proteins
suggest that SOCS1 peptide effectively attenuated renal in-
flammation and fibrosis, two hallmarks of progressive renal
disease.16

Figure 4. SOCS1 peptide decreases inflammation in diabetic mice. (A–C) Histologic
analysis of T lymphocytes and macrophages in kidney sections from diabetic mice
(early model). (A) Representative micrographs. Quantification of CD3+ and F4/80+

cells in glomeruli (B) and interstitium (C). Horizontal dotted lines represent the mean
values for nondiabetic mice. (D) Real-time PCR analysis of inflammatory genes in renal
cortex. Normalized values are expressed in arbitrary units (a.u.). (E) Kidney chemokine
levels measured by ELISA. (F) Gene expression levels of arginase isoforms (ArgII and
ArgI) in diabetic kidneys. Real-time PCR data normalized by 18S are expressed in a.u.
(G) Representative immunoblots and summary of the relative levels of ArgII and ArgI
protein expression in renal lysates from diabetic mice. (H) Flow cytometry analysis of
relative CD115+ monocyte population (Ly6Chigh and Ly6Clow) in peripheral blood. Bars
represent the mean6SEM of 5–10 animals per group. Veh/V, vehicle. *P,0.05,
**P,0.01, and ***P,0.001 versus Veh (16 weeks); †P,0.05 versus Veh (34 weeks);
#P,0.05 versus Mu. Original magnification, 3200 in A.
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The heterogeneity of macrophage phenotype and function
ultimately determines the outcome of DN.43 The majority of
kidney injury–associatedmacrophages are derived from a subset
of recruited “inflammatory”monocytes (Ly6Chigh-expressing in
mice) which then undergo differentiation into: (1) classically

activated M1 macrophages mediating in-
flammation and tissue damage, or (2) alter-
natively activated M2 macrophages mainly
involved in renal tissue repair.43We observed
that SOCS1 peptide reduced circulating Ly6-
Chigh monocytes and kidney-infiltrating M1
macrophages, which is compatible with the
reported function of SOCS1 as a negative
regulator of M1 inflammatory responses.44

Evidence indicates a complex role for
SOCS family in the pathophysiology of di-
abetes. In type 1 diabetes, SOCS1 overex-
pression improves hyperglycemia-induced
b cell damage and prevents diabetes de-
velopment in nonobese mice.45,46 In type
2 diabetes, SOCS1 protects mice against
systemic inflammation47 and prevents
high fat–induced insulin resistance48 but,
paradoxically, SOCS1 inhibition amelio-
rates insulin resistance and metabolic syn-
drome in obese diabetic db/db mice.49 It
has been reported that SOCS1 can disturb
insulin signaling by targeting receptor and
adapter proteins for proteasomal degrada-
tion, thus contributing to glucose intolerance
and insulin resistance.50 Unlike whole pro-
tein, our SOCS1 peptide lacks the conserved
SOCS box required to promote degradation
of insulin-signaling proteins, which may ex-
plain its renoprotective effect in diabetic
mice without affecting glucose metabolism.

Collectively, this study emphasizes the
pivotal role of the JAK/STAT/SOCS axis
in regulating proinflammatory and pro-
fibrotic factors in the diabetic kidney,
and proposes SOCS1 peptidomimetic as a
useful approach to dampen renal inflam-
mation and fibrosis, thus decreasing albu-
minuria and preserving renal function
during the course of DN.

CONCISE METHODS

A complete description of the methods are

available in Supplemental Material.

Diabetes Mouse Model and
Treatments
Animal studies conformed to theDirective 2010/

63/EU of the European Parliament and were approved by the

Institutional Animal Care and Use Committee (IIS-Fundacion

Jimenez Diaz). Diabetes was induced in male apoE-deficient mice

by consecutive intraperitoneal streptozotocin injections (125 mg/kg

per day for 2 days).15,41 Diabetic mice (glycemia$19.4mmol/L) were

Figure 5. SOCS1 peptide inhibits STAT activation and target gene expression in vitro.
Western blot analysis for P-STAT1 and P-STAT3 proteins in total cell extracts from MC
and MCT stimulated with cytokines (60 minutes) (A) and HG (6 hours) (B) in the
presence or absence of peptides (100 mg/ml). Representative immunoblots are shown
and densitometry data expressed as fold increases over basal conditions (arbitrarily set
to 1). Real-time PCR analysis of indicated genes in MCT at 24 hours of stimulation with
cytokines (C) and HG (D). (E) CCL2 and CCL5 concentrations in MC supernatants
measured by ELISA. (F) Western blot of fibronectin (FN) levels in culture supernatants.
Bars represent the mean6SEM of 4–7 independent experiments. *P,0.05 versus
basal; †P,0.05 versus stimulus; #P,0.05 versus Mu.
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randomized to receive vehicle (n=18), SOCS1 peptide (n=14), or

mutant inactive peptide (n=5) intraperitoneally once every second

day for a total of 6–10 weeks starting at 10 weeks of age (early treat-

ment) or at 24 weeks of age (late treatment) (Supplemental Figure

3A). Age-matched nondiabetic mice (n=5) were used as controls.

At the end of the study, blood samples were collected for

biochemistry and flow cytometry; urine samples for UAC calculation;

and dissected kidneys for histology, RNA, and protein expression.

Histologic scoring (0–3 scale), glomerular size, and mesangial area

were quantified in PAS-stained paraffin sections. Collagen content

was examined by picrosirius red staining. Macrophages (F4/80), T

lymphocytes (CD3), and STAT proteins were detected by immuno-

peroxidase. Positive staining was expressed as percentage of total area

and number of positive cells (per glomerular

cross-section [gcs] or per mm2).

In Vitro Studies
Mouse glomerular MC, tubular MCT, and

bone marrow–derived macrophages were

treated for 90 minutes with peptides (S1 and

Mu sequences) before stimulation with cyto-

kines (103 U/ml IFNg plus 102 U/ml IL-6) or

HG (30 mmol/L D-glucose). Gene and protein

expressions were analyzed by real-time PCR,

Western blot, and ELISA. Cell migration and

proliferation/viability were assessed by in vitro

wound healing and 3-(4, 5-dimethylthiazol-

2-yl)-2, 5-diphenyltetrazolium bromide

(MTT) assay.41

Statistical Analyses
Results are presented as individual data points

and mean6SEM of duplicate/triplicate deter-

minations. Differences across groups were con-

sidered significant at P,0.05 (ANOVAwith the

Bonferroni post hoc test). Pearson correlation

analyses were performed for normally distrib-

uted parameters.
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Figure 6. In vitro effects of SOCS1 peptide on cell migration, proliferation, and dif-
ferentiation. (A) Analysis of MC migration by scratch-wound-healing assay. Repre-
sentative phase-contrast images of cells migrating into the wounded area (dotted
lines) at 0 hours and 16 hours of cytokine incubation in the absence or presence of
peptides (S1 and Mu sequences, 100 mg/ml). The graph shows the results from
quantification of covered healing areas over time. (B) Dose-dependent curves of
peptides on cell viability (basal conditions) and proliferation (cytokine stimulation) in
MCT (MTT assay, 48 hours). (C) Effect of peptides (100 mg/ml) on MC growth. (D)
Antiproliferative effect of S1 peptide on HG-stimulated MCT. (E) Real-time PCR
analysis of arginase isoforms (ArgII and ArgI) in bone marrow–derived macrophages.
Data expressed as percentage or fold increases over basal conditions are mean6SEM
(n=4–6 experiments). *P,0.05 versus basal; †P,0.05 versus stimulus; #P,0.05 versus Mu.
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COMPLETE METHODS 

Suppressor of cytokine signaling-1 (SOCS1) peptidomimetic limits 

progression of diabetic nephropathy 

C. Recio, I. Lazaro, A. Oguiza, L. Lopez-Sanz, S. Bernal, J. Blanco, J. Egido, and C. Gomez-Guerrero.   

Peptide synthesis 

Palmitoylated peptides derived from mouse SOCS1 KIR sequence1,2 (residues 53-68; mutant inactive 

FA) were synthesized and rhodamin-labeled (ProteoGenix), then dissolved in 1% DMSO in saline 

solution and filter-sterilized.  

Diabetes model and treatments 

All animal studies were performed according to the Directive 2010/63/EU of the European Parliament 

and were approved by the Institutional Animal Care and Use Committee (IIS-Fundacion Jimenez Diaz). 

Experimental diabetes model of insulin deficiency2,3 was induced in male Apolipoprotein E (ApoE)-

deficient mice (Jackson Laboratory) by two daily intraperitoneal injections of streptozotocin (STZ, 125 

mg/kg/day; Sigma-Aldrich) in 10 mmol/L citrate buffer. Animals maintained on standard diet were 

monitored every 2-3 days for body weight and non-fasting blood glucose (glucometer strips). Diabetes 

was defined as blood glucose >19.4 mmol/L. Severely hyperglycemic mice (glucose>29 mmol/L) were 

given subcutaneous intermittent low dosages of long acting insulin (1–1.5 IU) to maintain blood glucose 

levels within a more tolerable range3,4.  

In a first experiment (early model), 8-week-old mice (n=18) were made diabetic and after 2 weeks of 

STZ injection were randomized to receive either vehicle (0.1% DMSO in saline solution, 200µL; n=10) 

or SOCS1-derived peptide (65 g/day in 200µL; n=8) administered intraperitoneally every second day 

for 6 weeks. Age-matched non-diabetic mice (n=5) receiving citrate buffer alone were used as control. 

In a parallel experiment (late model), 22-week-old ApoE mice (n=19) were made diabetic and after 2 

weeks of STZ injection were treated with vehicle (0.1% DMSO in saline solution, 200µL; n=8), SOCS1 

peptide (65 g/day in 200µL; n=6), and mutant inactive peptide (65 g/day in 200µL; n=5) administered 

intraperitoneally every second day for additional 10 weeks.  

Clinical signs of toxicity related to treatment such as weight gain/loss, abnormal behavior, discoloration 

of urine, stool and fur were monitored throughout the studies.  

At 16 and 34 weeks of age, 16 hour-fasted mice were anesthetized (100 mg/kg ketamine and 15 mg/kg 

xylazine) and saline perfused. After collection of blood and urine samples, the mice were killed and 

kidneys were harvested, then snap-frozen for RNA/protein expression studies or stored in 4% 

paraformaldehyde for histology.  
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Biodistribution and pharmacokinetics  

For localization experiments, mice received a single intraperitoneal injection of rhodamine-labeled 

SOCS1 peptide, then sacrificed at 0, 3, 6, 16 and 24 h after injection (n=3 animals each time point). The 

liver, kidneys and spleen were removed and immediately frozen until analysis. Tissue biodistribution 

was evaluated ex vivo by confocal microscopy. Additionally, fluorescence intensity in homogenized 

samples was measured (emission=540nm; excitation=570nm) and data normalized to the weight of 

organ/tissue. 

For pharmacokinetics, fluorescence in plasma and urine samples taken at different time points (0.5, 1, 2, 

3, 4, 6, 8, 16, 20 and 24 h; n=2 each) was measured. Plasma fluorescence data versus time were plotted, 

and the data were fitted into a straight line to calculate the plasma half-life of peptide.  

Blood and urine determinations 

Serum concentrations of total cholesterol, LDL, HDL and triglyceride were determined by autoanalyzer. 

ELISA kits were used to measure glycated hemoglobin A1c (Gentaur) and urine albumin (Cell Trend). 

Serum and urine creatinine values were determined by creatininase enzymatic method (Abcam). Single-

cell suspensions from EDTA-buffered blood were treated with erythrocyte lysis buffer, then stained with 

antibodies to CD115 and Ly6C (eBioscience) and analyzed by flow cytometry5,6. 

Histology and immunohistochemistry 

Paraffin-embedded kidney sections (3 µm) were stained with periodic acid-Schiff (PAS) to evaluate 

renal pathology. Renal lesions were and blindly graded (0-3 scale) according to the extent of glomerular 

changes (hypertrophy, hypercellularity, mesangial expansion and capillary dilation; 30 glomeruli), 

tubular lesions (atrophy and degeneration; 20 fields at 40X magnification), and interstitial damage 

(fibrosis and infiltration; 20 fields at 40X magnification)3,4. Glomerular area and PAS+ mesangial area 

were quantified by a computerized image analysis system (MetaMorph; Molecular Devices). Collagen 

content was examined by picrosirius red staining. Immunodetection of phosphorylated STAT1 (P-

STAT1 (Tyr701); Invitrogen), phosphorylated STAT3 (P-STAT3 (Ser727); Cell Signaling), 

macrophages (F4/80; Serotec) and T lymphocytes (CD3; DAKO) was performed by indirect 

immunoperoxidase technique. Positive staining (>20 fields at 20X magnification; 2-3 tissue slices/mice) 

were quantified using Image Pro-Plus analysis software (Media Cybernetics), and positive area was 

expressed as percentage of total area. P-STAT+, F4/80+ and CD3+ cells were expressed as number per 

glomerular cross-section and number of interstitial cells per mm2.  

Cell cultures 

The murine mesangial cell line SV40 MES 13 (CRL-1927; American Type Culture Collection) was 

maintained in 3:1 mixture of DMEM and Ham's F12 medium containing 14 mmol/L HEPES and 5% 

FBS (Life Technologies). The murine proximal tubuloepithelial MCT line4,7 was cultured in RPMI 1640 

containing 10% FBS. Bone marrow-derived macrophages were cultured for 7 days in DMEM with 10% 
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FBS and supplemented with 10% L929-cell conditioned medium as a source of macrophage colony 

stimulating factor5. All culture media were supplemented with 100 U/mL penicillin, 100 µg/mL 

streptomycin and 2 mmol/L L-glutamine (Life Technologies). 

Quiescent cells (24 h in medium without FBS) were treated for 90 min with different peptide 

concentrations (25-200 g/mL) before stimulation with murine recombinant cytokines (103 U/mL IFNγ 

plus 102 U/mL IL-6; PeproTech) and high-glucose concentration (30 mmol/L D-glucose).  

Transfection of small-interfering RNA  

MCT cells grown to 60-70% confluence were transfected with 30 nmol/L of small interfering RNA 

(siRNA) targeting STAT1 or negative control scramble siRNA (Ambion) using Lipofectamine 

RNAiMAX reagent (Life Technologies)4. Transfected cells (silencing efficiency 70%) were pretreated 

with SOCS1 peptide (100 μg/mL) for 90 min before 16 h of stimulation with high-glucose concentration.  

mRNA expression analysis 

Total RNA from mouse kidney and cultured cells was extracted with Tryzol (Life Technologies)3,7. 

Target gene expression (Stat1, Stat3, Socs1, Kim1, ColI, Fn, Tgfβ, Tnfα, Ccl2, Ccl5, Cxcl10, ArgI and 

ArgII) was analyzed by real-time quantitative PCR (Applied Biosystem) and normalized to 18S 

housekeeping gene. 

Protein expression analysis 

Total proteins from kidney tissue and cultured cells were homogenized in ice-cold buffer containing 1% 

Triton X-100, 0.5% NP-40 and protease inhibitors. Cell conditioned media were collected for chemokine 

and fibronectin expression.  

Proteins were resolved on SDS-PAGE gels, transferred onto polyvinylidene fluoride membranes and 

immunoblotted for P-STAT1 (Invitrogen), P-STAT3, STAT3 (Cell Signaling), fibronectin (Millipore 

Corporation), STAT1, TGFβ, arginase I and II (Santa Cruz Biotechnology), using α-tubulin (Sigma-

Aldrich) or β-actin (Santa Cruz Biotechnology) as loading controls and peroxidase/biotin conjugated 

secondary antibodies (Amersham). Immunoblots were quantified using Quantity One software (Bio-Rad 

Laboratories).  

CCL2 levels and CCL5 levels in renal samples and cell supernatants were measured using mouse ELISA 

kits (BD Biosciences and eBiosciences, respectively). 

Immunofluorescence analysis was performed in fixed, permeabilized cells by incubation with P-STAT1 

and P-STAT3 antibodies, followed by conjugated secondary antibodies (Alexa Fluor 488; Invitrogen) 

and nuclear counterstaining (4',6-diamidino-2-phenylindole; Sigma-Aldrich). Images were captured 

using a confocal fluorescent microscope (Leica).  
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Cell migration and proliferation assays 

Mesangial cell migration was measured by the wound-healing assay2,8. Briefly, cells in a confluent 

monolayer were serum-depleted, followed by a wound injury using a plastic pipette tip, and then 

preincubated with peptides before cytokine stimulation. Images were collected during the healing period 

(0-24 h) using a phase contrast microscope (Nikon), and the remaining wound areas were quantified and 

normalized to time 0 values.  

For cell viability/proliferation studies, cells were maintained for 48 h in culture medium alone (viability) 

and supplemented with either cytokines or high-glucose (proliferation) in the presence of different 

peptide concentrations, and then assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) colorimetric assay. 

Statistical analysis 

Results are presented as individual data points and mean±SEM. Each experimental condition was 

analyzed in duplicate/triplicate. Statistical analysis was performed using Prism 5 (GraphPad Software 

Inc). Data passed the D’Agostino and Pearson omnibus normality test and were tested for homogeneity 

of variance with the Bartlett test. Pearson's correlation analysis were performed for normally distributed 

parameters. Differences across groups were considered significant at P<0.05 using either unpaired 

Student’s t test or one-tail ANOVA followed by post-hoc Bonferroni pairwise comparison test. 
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Biodistribution and pharmacokinetics of SOCS1 mimetic peptide in ApoE-deficient

mice. (A) Ex vivo fluorescence microscopy images of mouse tissue sections at 6 h of

intraperitoneal injection of either vehicle or rhodamine-labeled SOCS1 peptide

(magnification x200; red, S1; blue, DAPI labeled nuclei). Dotted lines indicate glomerular

area; asterisks indicate tubular cells. (B) Quantification of red fluorescence in tissue samples

over time (n=4) was expressed as relative fluorescence per g of tissue. (C) Fluorescence in

plasma and urine at different time points (n=2-3 per time point). (D) Plasma fluorescence

data were normalized, plotted in a logarithmic scale versus time post-injection, and fitted by

nonlinear regression to a one-phase exponential decay function (R2=0.976).
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Experimental model of diabetes in ApoE-deficient mice and treatments. (A) Scheme of

experimental procedure. (B-G) Evolution of urine albumin-to-creatinine ratios (B, C), blood glucose

levels (D, E) and body weights (F, G) in the experimental groups of mice at early and late treatments.

Average values of 3-10 animals per group are represented. ND, non-diabetic; D, diabetic; Veh,

vehicle; S1, SOCS1 peptide; Mu, mutant peptide.
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SOCS1-derived peptide inhibits STAT activation in cultured renal cells. Cultured

mesangial cells (MC) (A, B) and tubuloepithelial cells (MCT) (C, D) were stimulated

with cytokines (103 U/mL IFNγ plus 102 U/mL IL-6; 60 min) in the absence or presence

of rhodamine-labeled peptide (S1, 100μg/mL). Cells were then fixed and stained for P-

STAT1 (A, C) and P-STAT3 (B, D). Representative confocal fluorescence images of four

separate experiments (red, S1; green, P-STAT1/P-STAT3; blue, DAPI stained nuclei).
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SOCS1 peptide inhibits cytokine mediated responses in vitro. Quiescent cells were

preincubated with SOCS1 peptide sequences (S1 and Mu; 100 μg/mL, 90 min) before

cytokine stimulation (103 U/mL IFNγ plus 102 U/mL IL-6). (A) Real-time PCR analysis

of indicated genes in MC at 24 h of stimulation. Values normalized by 18S are expressed

as fold increases over basal conditions (arbitrarily set to 1). (B) CCL2 and CCL5

concentrations in supernatants from cytokine-stimulated MCT measured by ELISA. (C)

Protein expression of arginase isoforms (ArgII and ArgI) in mouse macrophages.

Representative immunoblots and summary of the relative levels of M1 (ArgII) and M2

(ArgI) markers are shown. Bars represent the mean±SEM of duplicate determinations

from 4-6 independent experiments. *P<0.05 versus Basal, †P<0.05 versus Cytokines,

#P<0.05 versus Mu.
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STAT1 silencing and SOCS1 peptide similarly inhibit CCL2 expression in vitro.

MCT were transfected with vehicle (Control), scramble siRNA (Scr) and specific siRNA

for STAT1 (30 nmol/L, 24 h). (A) Gene expression levels of STAT1 in unstimulated

MCT. RT-PCR data normalized by 18S are expressed as fold increases versus Control.

(B) Representative immunoblot of STAT1 protein expression (n=3) in non-transfected

(NT) and transfected cells. (C) Real-time PCR analysis of CCL2 in MCT at 16 h of

stimulation with high-glucose (HG, 30 mmol/L D-glucose) in the presence or absence of

SOCS1 peptide (100 μg/mL, 90 min pretreatment). Bars represent the mean±SEM of

duplicate determinations from 3-5 independent experiments. ***P<0.001 versus Control

transfection; †P<0.05, †† P<0.01 versus Basal; #P<0.05, ## P<0.01versus HG.
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