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Aims/hypothesis: Inflammation has amajor role in diabetic kidney disease.We thus investigated the role of the IL-
8-CXCR1/2 axis in favoring kidney damage in diabetes.
Methods: Urinary IL-8 levels were measured in 1247 patients of the Joslin Kidney Study in type 2 diabetes (T2D).
The expression of IL-8 and of its membrane receptors CXCR1/CXCR2was quantified in kidney tissues in patients
with T2D and in controls. The effect of CXCR1/2 blockade on diabetic kidney diseasewas evaluated in db/dbmice.
Results: IL-8 urinary levels were increased in patients with T2D and diabetic kidney disease, with the highest uri-
nary IL-8 levels found in the patients with the largest decline in glomerular filtration rate, with an increased
albumin/creatine ratio and the worst renal outcome. Moreover, glomerular IL-8 renal expression was increased
in patients with T2D, as compared to controls. High glucose elicits abundant IL-8 secretion in cultured human
immortalized podocytes in vitro. Finally, in diabetic db/dbmice and in podocytes in vitro, CXCR1/2 blockademit-
igated albuminuria, reduced mesangial expansion, decreased podocyte apoptosis and reduced DNA damage.
Conclusions/interpretation: The IL-8- CXCR1/2 axis may have a role in diabetic kidney disease by inducing
podocyte damage. Indeed, targeting the IL-8-CXCR1/2 axis may reduce the burden of diabetic kidney disease.

© 2021 Elsevier Inc. All rights reserved.
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1. Introduction

Diabetic kidney disease (DKD) is the primary cause of renal failure in
the western world and is associated with an increased mortality rate in
patients with type 2 diabetes [1], while the biological drivers of diabetic
kidney disease are still far from being fully characterized [2,3]. We have
recently underlined the role that inflammation plays in kidney damage
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during diabetic kidney disease [2,4–6]; previous reports have suggested
a dysregulation of the pro-inflammatory chemokine IL-8 in type 1 and
type 2 diabetes [7–9]. More recently, IL-8 levels have been correlated
with levels of some biomarkers of both glomerular and tubular dysfunc-
tion in patients with type 2 diabetes [10]. However, the mechanism be-
hind IL-8 action, as well as its targeting, has never been fully addressed.
IL-8 is released by both immune and non-immune cells [11,12], includ-
ing podocytes [13]. IL-8 is associated with insulin resistance and meta-
bolic diseases [14] and its serum levels are increased in patients with
type 2 diabetes [15]. IL-8 acts as a chemotactic factor that, in humans,
strongly binds two membrane receptors: CXCR1 and CXCR2 [16,17].
Both receptors are expressed by several cell types, including immune
cells [18] and podocytes [13]. We hypothesize that hyperglycemia trig-
gers podocyte IL-8 production in patientswith type 2 diabeteswhich, in
turn, autocrinally activates death signals in CXCR1/CXCR2-expressing
podocytes, thus favoring the development of diabetic kidney disease.
We further hypothesize that pharmacological blockade of the IL-8-
CXCR1/2 axis may prevent IL-8-mediated podocyte damage and pro-
gression of diabetic kidney disease.

2. Materials and methods

For a full description of the methods, please refer to the online elec-
tronic supplementary materials (ESM).

2.1. Human studies

This study included a cohort of 1247 patients from the Joslin Kidney
Study in type 2 diabetes [1,19,20], 30 patients with type 2 diabetes from
the Ospedale San Carlo (Milan, Italy) and 25 healthy subjects. Urinary
IL-8 levels were measured by the Luminex® xMAP® technology.
Morpho-pathological and immunofluorescence studieswere performed
with standard methods using antibodies listed in ESM Table 1.

2.1.1. Pathology and immunohistochemistry
Morpho-pathological studies and protein expression analysis on

both human and murine tissues were performed by periodic acid Schiff
staining (PAS) and immunohistochemistry evaluation respectively and
following standard procedures. Briefly, 3 μm-thick sections of each
paraffin-embedded biopsy were mounted on poly-L-lysine coated
slides, deparaffinized andprocessed for antigen retrieval by dipping sec-
tions in 0.01 M citrate buffer, pH 6 for 10 min in a microwave oven at
650 W and for endogenous peroxidase activity inhibition by dipping
sections in 3% (v/v) hydrogen peroxide for 10 min. Sections were then
incubated with primary antibody at 4 °C for 18–20 h and processed
for avidin-biotin complex procedure. Developing of immunoreactions
was performed by 0.03% (v/v) 3,3’diaminobenzidine tetrahydrochloride
and sections were then counterstained with Harris' hematoxylin. Path-
ological evaluation and Semiquantitative assessment of IL-8, CXCR1 and
CXCR2 expression on tissue sections was performed by an expert pa-
thologist and based on a grade scale from 0 to 4.

2.1.2. Immunofluorescence analysis
Immunofluorescence samples obtained from kidney biopsies were

observed using a confocal system (LSM 510 Meta scan head integrated
with the Axiovert 200 M inverted microscope; Carl Zeiss, Jena,
Germany) equipped with a 63x/1.47 N.A. oil objective. Images were ac-
quired in multitrack mode, using consecutive and independent optical
pathways.

2.1.3. Real time PCR
Homogenized tissueswere lysed using TRIzol® (Thermo Fisher Scien-

tific) and total RNA was extracted using Direct-zol RNA Miniprep (Zymo
Research, Irvine, California, USA). The cDNA was synthesized from 1 μg
of total RNA using SuperScript IV (Thermo Fisher Scientific) according
to the manufacturer's instructions. Twenty nanograms of each cDNA
2

samplewere used as template for the amplification reaction thatwas per-
formed using SYBR® Green Mastermix (Bio-Rad, Hercules, California,
USA) on a QuantStudio S6 Real Time System (Thermo Fisher Scientific).
PCR amplifications were performed in triplicates and the 2-ΔΔCT method
was used to calculate the relative amount of IL-8 (Taqman assays ID:
hs00174103_m1), CXCR1 (Taqman assays ID: hs174146_m1) and
CXCR2 (Taqman assays ID: hs174304_m1) using GAPDH expression
(Taqman assays ID: Hs02758991_g1) as endogenous gene reference.
2.2. Murine studies

D2.BKS(D)-Leprdb/J (db/db) mice were obtained from Jackson
Laboratory (Bar Harbor, ME, USA). All mice were male and were cared
for and used following the guidelines for animal care and housing of
Boston Children's Hospital and Harvard Medical School. Institutional
Animal Care and Use Committee approved the protocol. Blockade of
CXCR2 in db/db mice was performed via intraperitoneal injection of a
CXCR1/2 blocker [21], (Reparixin, kindly provided by Dompé Farmaceutici
SpA) at a dose of 15mg/kg bid fromweek 7 toweek 25 of age as perman-
ufacturer's instructions. The specific activity of Reparixin (formerly
repertaxin), the CXCR1/2 non allosteric antagonist used in our study, has
been already tested and demonstrated in other studies [21,22]. Twenty
db/db mice were included in the reparixin-treated group, while ten db/
db mice were used as controls. All control mice were treated twice per
day by i.p. vehicle injections for 18 weeks, thus paralleling the schedule
of interventions followed for mice of the CXCR1/2 antagonist-treated
group. Fasting blood glucose was monitored twice per week starting
when db/db mice were 7–8-week-old in order to confirm diabetes onset
and permanence. At the designated time point, fasting glycemiawasmea-
sured andmicewere then anaesthetized to obtain blood samples to collect
serum/plasma and kidneys for histology studies. Kidney function was
assessed by measuring creatinine through the Adaltis PCHEM-1 technical
instrument. KC urinary and serum levels were assessed by Luminex Bio-
Plex Pro Mouse KC/CXCL1 (#12002246 Bio-Rad).

2.2.1. Murine kidney pathology
Kidney tissue was collected from db/db mice at 8, 15 and 25 weeks

and fixed in 4% (w/v) buffered paraformaldehyde, dehydrated and paraf-
fin embedded. Immunohistochemistry was performed with 5-μm-thick
formalin-fixed, paraffin-embedded tissue sections as described above.
AxioVision software 4.3was used to record images (Carl Zeiss). PAS stain-
ing was employed to detect mesangial volumewhile Van Gieson staining
was used to detectmatrix deposition. Evaluation ofmesangialmatrixwas
performedelectronically by amacro built on theAxioVision analysismod-
ule (Carl Zeiss SpA, Thornwood, NY). Briefly, glomeruli were identified as
region of interest (ROI) andmesangiumhighlighted by a colour threshold
procedure. Binary imageswere then generated andmesangium automat-
ically calculated as percentage of the glomerular area. A semiquantitative
morphometric analysis was performed by a blinded pathologist in at least
40 glomeruli per sample. Each glomeruluswas given a score from1 to4 as
following: 1, nomesangialmatrix expansion; 2, increase inmesangialma-
trix and/or cellularity; 3,the expandedmesangial area exceeded themean
area of a capillary lumenwith distorted/compressed capillaries; and4, the
mesangium is expanded and/or sclerosed and/or with capillary lumens
completely collapsed. Podocyte apoptosiswas evaluated indeparaffinized
db/db kidney tissue sections by the Click-iT Plus TUNEL Assay (Thermo
Fisher Scientific, Waltham, MA USA) using an Alexa Fluor® picolyl azide
fluorescent dye and following manufacturer's protocol. Apoptosis was
also assessed by using a polyclonal antibody against Caspase 3 (Novus
Biologicals, Littleton, CO) for immunohistochemistry analysis on 4% buff-
ered PFA-fixed, paraffin-embedded samples. At least 40 glomeruli per
sample were analyzed and number of positive nuclei per glomerulus
was assessed by using a score from 0 (absence) to 3 [5]. Images were ac-
quired by confocal scanning laser microscopy (Leica TCS SP8; Leica
Microsystems, Wetzlar, Germany) with a 40× objective.
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2.3. In vitro studies

Immortalized podocytes cells were kindly provided by Dr. M. A.
Saleem and cultured as previously described [23]. Podocytes were cul-
tured and allowed to grow to 80% confluence at 33 °C. Cells were then
thermoshifted to 37 °C and incubated for 14 days before starting exper-
iments. Recombinant IL-8 protein (rIL-8, ChinaPeptides, Shanghai,
China) challenge was performed by adding rIL-8100 ng/ml to the cul-
turing medium. Podocyte CXCR1/2 blockade was achieved by incubat-
ing the cells in a medium containing Reparixin 100 nM. Glucose
challenge was performed by culturing cells in high glucose (30 mM),
low glucose (5 mM), mannitol (18.9 mM plus glucose 11.1 mM).

2.3.1. Transcriptome profiling
Total RNA was isolated from podocytes cultured with/without rIL-8

or with/without 35mM glucose using the RNeasy Mini Kit (Qiagen, Va-
lencia, CA) with on-column DNase I digestion. Next, 3 μg total RNA from
each sample was reverse-transcribed using the RT2 First Strand kit (C-
03; SABiosciences, Frederick, MD). We used the Human Nephrotoxicity
RT2 Profiler PCR Arrays (PAHS-094ZA).

2.4. Statistical analysis

Prism v. 7.0 (GraphPad Software, La Jolla, CA, USA) was used as sta-
tistical software for data analysis. A D'Agostino & Pearson normality test
was performed, and parametric t-test or non-parametric Mann-
Whitney test were performed according to data distribution. Chi-
square test with Yates' correction was performed for the analysis of cat-
egorical variables. Albumin/creatine ratios and glomerular filtration rate
slopes were compared by a Kolmogorov-Smirnov test. All data are pre-
sented as mean ± SEM. All p values <0.05 were considered significant.

3. Results

3.1. IL-8 urinary levels are elevated in patients with type 2 diabetes and
DKD

In order to understand if the IL-8-CXCR1/2 axis is overactive in DKD,
wefirst quantified IL-8 in the urine of patients included in the Joslin Kid-
ney Study that were affected by type 2 diabetes at different stages of
DKD. IL-8 levels resulted increased in patients with type 2 diabetes as
compared to healthy subjects (Fig. 1A). Of note, IL-8 was higher in the
urine of microalbuminuric or proteinuric as compared to
normoalbuminuric patients (Fig. 1B) without any correlation observed
with IL-8 serum levels (ESM Fig. 1A–B). Importantly, in a sub-group of
368 randomly selected patients with type 2 diabetes and DKD that
were followed for a period of 5 years (ESM Table 2), those with detect-
able urinary IL-8 manifested a worse renal outcome, with significantly
increased albumin-to-creatinine ratio (ACR) (Fig. 1C) and faster decline
in glomerular filtration rate (GFR) over time (Fig. 1D). Furthermore, 41
patients (~20%) that had a IL-8 positive urine showed a composite renal
outcome as defined by the Food and Drug Administration (ESRD – End
Stage Renal Disease – death for any cause, or 30% of kidney function
loss), while only 14 (9%) of patients with no urinary IL-8 experienced
a composite renal outcome (Fig. 1E and ESM Table 3). Among patients
with type 2 diabetes, those microalbuminuric with a detectable urinary
IL-8 showed higher ACR values and a higher GFR slope as compared to
urinary IL-8 negative patients (Fig. 1F and G), while 36 (20%) and 14
(11%) of microalbuminuric patients with positive and negative urines
for IL-8, respectively, suffered of a composite renal outcome (Fig. 1H
and ESM Table 3). Finally, normoalbuminuric patients whose urine
was positive for IL-8 had increased ACR (Fig. 1I) and unchanged GFR
(Fig. 1J) as compared to urinary IL-8 negative patients. Remarkably, no
urinary IL-8 negative normoalbuminuric patients suffered from a
composite renal outcome, as compared to 5 (13%) subjects that resulted
positive for urinary IL-8 (Fig. 1K and ESM Table 3). Patients enrolled
3

in this study were on antidiabetic medications and RAAS inhibitors
(ESM Table 4), with no particular association between IL-8 levels and
medications received (e.g., RAAS inhibitors p = 0.5, anti-diabetic oral
agents p=0.5). No significant associationswere foundbetween urinary
IL-8 and worse renal outcome, increased ACR and faster decline in GFR
after adjusting for demographic factors and clinical parameters (age,
gender, ethnicity, duration of diabetes and ongoing treatments) (ESM
Table 5). Overall, these findings suggest a potential link between IL-8
urinary levels and DKD in patients with type 2 diabetes.

3.2. IL-8, CXCR1 and CXCR2 glomerular expression is dysregulated in pa-
tients with type 2 diabetes and DKD

We then assessed IL-8, CXCR1 and CXCR2 expression on 30 renal bi-
opsies from patients with type 2 diabetes at different stages of DKD and
on healthy renal tissue obtained from 10 renal cancer nephrectomies
used as controls. Quantitative RT-PCR revealed enhanced expression
of IL-8, but not of CXCR1 or CXCR2, in kidney samples of patients with
type 2 diabetes and DKD as compared to the controls (Fig. 2A–C).
Among the samples, a positivity for IL-8 and CXCR1, but not of CXCR2,
protein immunostaining was evident in biopsies of patients with type
2 diabetes and DKD, as compared to controls (Fig. 2D–F). More interest-
ingly, when kidney samples obtained from T2D patients were stratified
according to their DKD stage and compared to the control samples, we
observed a marked increase of IL-8 protein expression in biopsies with
mesangial expansion, while a progressive decrease was evident with
the advancing of the DKD stage, following the loss of cellularity of the
kidney parenchyma, the onset of fibrosis and the late-stage scarring
(Fig. 2G1–G4, H). CXCR1 displayed a similar pattern, with protein
beingmore expressed in the glomeruli affected bymesangial expansion
than in those of controls, while CXCR2 expression did not show any dif-
ference (Fig. 1I1–I4, J, K1–K4, L). The increase of both IL-8 and CXCR1
was not paralleled by an increase in glomerularmacrophage infiltration
(Fig. 2:M1-M4, N). A dysregulation of IL-8 and CXCR1 expression seems
to be evident at glomerular level in patients with type 2 diabetes at the
early stages of DKD.

3.3. Blockade of the IL-8-CXCR1/2 axis reduces progression of DKD in dia-
betic db/db mice

To establish the blueprint for the relevance of targeting the IL-8-
CXCR1/2 axis, we first investigated the status of the aforementioned
axis in db/db mice, which develop experimental DKD. Db/db mice lack
the expression of a CXCR1 homologue receptor and KC is themurine ho-
mologue of IL-8 [24]. First, we tested the expression of both KC and
CXCR2 in kidney of db/db mice and found that both proteins, mainly
expressed by podocytes (ESM Fig. 2A), are detectable in the kidney of
db/db mice at 8 weeks of age and that their expression increased with
the development of DKD (Fig. 3A1–A3, B and D1–D3, E), including
that of circulating KC (Fig. 3C). We then investigated the effect of an
IL-8-CXCR1/2 axis blockade on renal function in-vivo by administering
a non-competitive blocker of human and murine IL-8 receptors that al-
losterically binds to CXCR1/CXCR2 (e.g. Reparixin), thus preventing
their activation by IL-8/KC. After 18 weeks of treatment, CXCR2 block-
ade remarkably reduced urinary albumin excretion in treated mice as
compared to the untreated group, used as controls (Fig. 3F). A decrease
in themesangial volume/expansionwas also evident in the glomeruli of
db/dbmice treatedwith the CXCR2 blocker after 18weeks (Fig. 3G1–G2
and H) and it was associated although to a lesser degree with a reduc-
tion in matrix deposition (Fig. 3I1–I2 and 3J). Interestingly, no differ-
ences were observed in glycemic levels, body weight and renal
function between treated mice and controls (ESM Fig. 2B and C–D), al-
though body weight showed a slight reduction after 9 weeks of treat-
ment with CXCR2 blocker, indicating that the observed improvement
in renal function is notmediated by glycometabolic ormorphological al-
terations. Indeed, blood glucose levels, urinary albumin excretion and
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Fig. 1. Urinary IL-8 levels are increased in patients with type 2 diabetes and DKD.
Urinary IL-8 levels were increased in patients with T2D as compared to healthy controls (A). Among T2D patients, those withmicroalbuminuria or proteinuria showed higher urinary IL-8
levels than normoalbuminuric patients (B). IL-8 presence in urine (IL-8Pos) was associated to impaired renal function – as expressed by increased urinary albumin-to-creatinine ratio and
by a more negative glomerular filtration rate slope – and to worse outcomes in patients with type 2 diabetes and DKD (C–E). Data were confirmed in patients with type 2 diabetes and
micro- (F–H) or normo-albuminuria (I–K).
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bodyweight were significantly increased in db/dbmice with DKD at 25
weeks of age as compared to those of 8 weeks of age without signs of
DKD (ESMFig. 2E–H).We then assessed the effect of the CXCR1/2 block-
ade on in-vivopodocyte viability by a TUNEL assay and Caspase 3 immu-
nostaining performed on renal tissues of diabetic db/db mice. A
decreased apoptosis was observed in the glomeruli obtained from
treated db/db mice as compared to the controls (Fig. 3K1–K2, L and
M1–M2, N). These results suggest a protecting role of the CXCR2 block-
ade on renal morphology/function and podocyte viability in db/db dia-
betic mice.

3.4. The IL-8-CXCR1/2 axis is activated by high glucose in human podocyte
cells in vitro

We then aimed at characterizing the IL-8-CXCR1/2 axis activity in
human podocytes by using a conditionally immortalized human
podocyte cell line in vitro. Both CXCR1 and CXCR2 expressions were
clearly noticeable in cultured podocytes following immunofluorescence
staining (Fig. 4A). At flow cytometric analysis, both receptors showed a
weak but consistent expression in immortalized podocytes (ESM
Fig. 3A). To investigate the role of the IL-8-CXCR1/2 axis in diabetic-
4

like conditions, podocytes were cultured under high glucose concentra-
tions (30mM) and the podocytes CXCR1/2 expression or podocytes IL-8
release into culturing medium were measured. Normal glucose (10
mM) or equiosmolar mannitol (30 mM) concentrations were used as
controls during 72 h of culture. We observed a remarkable increase in
IL-8 release from podocytes cultured in high-glucose as compared to
those grown in normal glucose or with mannitol (Fig. 4B). A persistent
though unchanged expression of CXCR1 and CXCR2 was observed on
cultured cells by either flow cytometric evaluation or western blot anal-
ysis (ESM Fig. 3B–H). Finally, wemechanistically addressed the effect of
the IL-8-CXCR1/2 axis activity on podocyte DNA stability. To this aim,
we exposed podocyte cells in-vitro to a recombinant IL-8 protein (rIL-
8) alone or in combination with a CXCR1/2 blocker and evaluated the
induced cell DNA injury as revealed by increased levels of the phosphor-
ylated histone H2A.X variant (γ-H2A.X), used as a DNA strand marker
break occurrence. An increase in the γ-H2A.X/H3 histone ratio was
found when podocytes were challenged with rIL-8 as compared to un-
treated cells through western blot analysis and the addition of a
CXCR1/2 blocker to the culture restored the γ-H2A.X/H3 histone ratio
that was observed in untreated cells (Fig. 4C and D). This effect was
also visible at the immunofluorescence analysis, where the generation

Image of Fig. 1


C
XC

R
1 

ex
pr

es
si

on
 

(A
.U

.)

C
XC

R
2 

ex
pr

es
si

on
 

(A
.U

.)

IL
-8

 
ex

pr
es

si
on

 
(A

.U
.)

H

IL
-8

C
XC

R
1

C
XC

R
2

Mesangial Expansion Nodular Transformation Global SclerosisControl

T2D

J

L

*

C
IL

-8
 m

R
N

A
(fo

ld
 in

cr
ea

se
) 

A B FD E

G1

I1

K1

G2

I2

K2

G3

I3

K3

G4

I4

K4

T2DCTRL

C
XC

R
2 

m
R

N
A

(fo
ld

 in
cr

ea
se

)

C
XC

R
1 

m
R

N
A

(fo
ld

 in
cr

ea
se

)

Pa
tie

nt
s 

w
ith

 IL
8+  

ki
dn

ey
 b

io
ps

y 
(%

)

C
D

16
3

C
D

16
3 

ex
pr

es
si

on
 

(A
.U

.)

N

CTRL ME NT GS

3

2

1

0

*

CTRL ME NT GS

3

2

1

0

**

CTRL ME NT GS

3

2

1

0

Pa
tie

nt
s 

w
ith

C
XC

R
1+  

ki
dn

ey
 b

io
ps

y 
(%

)

Pa
tie

nt
s 

w
ith

C
XC

R
2+  

ki
dn

ey
 b

io
ps

y 
(%

)

100

75

50

*

25

0

100

75

50

25

0

100

75

50

25

0
T2DCTRL T2DCTRL

*

Low/absent expression
High expression

15

10

5

0

4

2

0

6

3

0
T2DCTRLT2DCTRLT2DCTRL

M1 M2 M3 M4

CTRL ME NT GS

3

2

1

0

Fig. 2. IL-8-CXCR1/2 axis is dysregulated in patients with type 2 diabetes and DKD.
IL-8 mRNA, but not that of CXCR1 or CXCR2, was more expressed in the renal samples of patients with type 2 diabetes than in controls, while no differences in IL-8, CXCR1 or CXCR2
expression were observed at the immunohistochemical staining (A–C). A higher percentage of patients with type 2 diabetes showed high expression of IL-8, CXCR1 and CXCR2, the
latter to a lesser extent, in kidney biopsies as compared to controls (D–F). When comparing different stages of DKD at protein level, both IL-8 and its receptors resulted more abundant
in glomerular tissues of patients with type 2 diabetes and mesangial expansion as compared to controls (G–L). More advanced stages of DKD were associated to reduced levels of IL-8,
CXCR1 and CXCR2 protein expression, in conjunction with the loss of cellularity of the kidney parenchyma and the onset of fibrosis (scale bar, 25 μm) (G1–G4, H, I1–I4, J, K1–K4, L).
No difference was observed with regard of macrophage infiltration (CD163 staining) in glomerular tissues of patients with type 2 diabetes and mesangial expansion as compared to
controls (M1–M4, N). Data are expressed as mean ± SEM. (*p < 0.05, **p < 0.01, ***p < 0.001).
Abbreviations. T2D: type 2 diabetes; CTRL: healthy controls; ACR: albumin-to-creatinine ratio; GFR: glomerularfiltration rate slope; IL-8Pos: IL-8 positive urine; IL-8Neg: IL-8 negative urine;
ME: mesangial expansion; NT: nodular transformation; GS: global sclerosis; A.U.: arbitrary unit.
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of DNA damage-associated γ-H2A.X-containing nuclear structures (γ-
H2A.X foci) were found to be increased in the nuclei of rIL-8-cultured
podocyte cells as compared to untreated cells and to the cells treated
with rIL-8 in combination with the CXCR1/2 blocker (ESM Fig. 4A–C).
A transcriptome profile of the rIL-8-cultured podocyte cells revealed a
two-fold upregulation of transcripts related to inflammatory/oxidative
stress injury (CCL3, CXCL10, NOX4) and podocytes dysfunction/apopto-
sis (NPHS2, EGF, BMP4, KLK1), while a downregulation was evident for
transcripts with nephroprotective effects (GSTK1, SOD2 and TIMP1),
(Fig. 4E). This pattern was only in part paralleled in high glucose-
cultured podocytes, with gene expression of BMP4 being upregulated
and that of SOD2 being downregulated (Fig. 4E). Despite this, a unique
transcriptome profile was evident in rIL-8-cultured podocytes, which
5

confirms an IL-8 independent effect on podocytes and may represent
an IL-8 specific signature (Fig. 4E). Overall, these findings suggest a
glucose-dependent IL-8-CXCR1/2 axis activation in podocytes that
may autocrinally exert a detrimental and toxic effect on podocytes
(Fig. 4F).

4. Discussion

Inflammation is a recognized key-player in driving the onset of and
in sustaining DKD [2,25,26]. IL-8 is a pro-inflammatory chemokine
that is increased in the serum of patients with type 2 diabetes [15,27].
Here, we show that IL-8 is also increased in urine of patients with type
2 diabetes and DKD that levels of urinary IL-8 are strongly associated
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with a reduced renal function, a faster GFR decline and worse clinical
outcomes. The small proportion of subjects analyzed within the “Joslin
Kidney Study” revealed an interesting role for IL-8 in DKD. This has
been recently confirmed in a small pilot study in which IL-8 urinary
and circulating levels were found to be associated with an increase in
markers of podocyte injury and tubular dysfunction in patients with
DKD [10]. However, these findings are preliminary and need to be con-
firmed in larger studies. We also detected the expression of IL-8 and of
its receptors in human and murine glomeruli, while immortalized
human podocyte cells showed CXCR1 and CXCR2 expression. Interest-
ingly, IL-8-release is strongly enhanced during high-glucose challenge
in vitro. These findings suggest a possible autocrine detrimental action
of the IL-8-CXCR1/2 axis on podocytes during hyperglycemia, which in
turn may boost the activation of the axis itself and, in addition to
other toxic and pro-inflammatory factors,may promote kidney damage.
Overall, the altered IL-8 urinary levels detected in patients with type 2
diabetes, the expression of IL-8 receptors CXCR1/2 in renal tissue and
the increased IL-8 release observed in high glucose-cultured podocytes
confirm a dysregulation of the IL-8-CXCR1/2 axis in DKD. However, we
6

acknowledge that activation of the IL-8-CXCR1/2 axis is not the sole fac-
tor involved in podocyte damage/loss in DKD, but a combination of sev-
eral factors, including high glucose toxicity, IL-8 and additional serum
factors may play a significant role. To test this hypothesis, we assessed
the effect of a CXCR1/2 blocker treatment on renal function in diabetic
db/db mice that spontaneously develop DKD. The blockade of the IL-8-
CXCR1/2 axis improved kidney function in diabetic db/db mice and re-
duced mesangial expansion, with no changes in glycemia levels, imply-
ing the occurrence of both a morphological and a functional effect. The
beneficial effects of inhibiting the IL-8-CXCR1/2 axis has been also con-
firmed in db/db mouse with diabetes treated with a CXCL8 antagonist
[28] and in another murine model of DKD, in which mice injected
with streptozotocin and fed a high-fat diet treated with the aforemen-
tioned CXCL8 antagonist, demonstrated protection from macrophage
renal infiltration, podocyte loss and glomerulosclerosis [29]. Indeed, a
protective effect on kidney function in a DSS-induced renal injury
model has been also observed in the CXCR2−/− mouse, in which the
IL-8-CXCR1/2 signaling is abrogated and circulating levels of IL-8 were
decreased [30]. Given that CXCR2 and – to a lesser extent – CXCR1
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may also act as receptors for CXCL1, CXCL2, CXCL3, CXCL4, CXCL5,
CXCL6 and CXCL7 to promote migration/recruitment of immunocytes
(macrophages, neutrophils) to inflammatory sites, CXCR1/2-blockade
may exert some positive effects by halting the CXCLs-CXCR1/2 signaling
in inflammation [31]. In particular, the CXCL7/CXCR2 axis may offer an
off-target effect of CXCR1/2 blockers in diabetic kidney disease [32]. Fi-
nally, when culturing in vitro podocytes with IL-8, DNA injuries oc-
curred, and these injuries were prevented by CXCR1/2 blockade.
Interestingly, high glucose exposure as well as IL-8 challenge partially
7

shared a podotoxic signature in human podocytes in vitro, with IL-8
showing an independent effect on several nephrotoxic pathways, thus
supporting a link between dysregulated IL-8 signaling and podocytes
loss in the onset of DKD. Mechanistically, we propose that hyperglyce-
mia stimulates IL-8 podocyte release and that the increased levels of
IL-8 may trigger CXCR1/2 signaling, thus generating an autocrine detri-
mental loop that induces podocyte DNA damage, cell death and renal
function impairment (Fig. 4F). In conclusions, our results suggest a
role for the IL8-CXCR1/2 axis in DKD onset and that IL-8-CXCR1/2 axis

Image of Fig. 4
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may represent a novel, therapeutic target to treat type 2 diabetes pa-
tients and prevent/treat DKD.
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