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Background: TNF-related apoptosis-inducing ligand (TRAIL) has attracted attention not
only as an anti-cancer agent, but also as a potential treatment for diabetes. Animal studies
have shown that TRAIL delivery ameliorated glucose control in type 1 and type 2 diabetes.
It is currently unknown whether TRAIL positive effects are maintained in more severe forms
of type 2 diabetes, and whether they include renoprotection. Our study aimed at evaluating
TRAIL effects in a severe form of type 2 diabetes with nephropathy.
Materials and methods: A total of 20 db/db mice were treated with saline or TRAIL twice
per week for 12 weeks. In parallel, renal tubular epithelial cells were cultured with TGF-β1
in the presence and absence of TRAIL, with and without silencing TRAIL-specific receptor
(DR5) and leptin receptor.
Results: TRAIL did not improve glucose control, but it significantly reduced circulating inter-
leukin (IL)-6 and resistin. In the kidney, TRAIL treatment significantly ameliorated glomerular
and tubular morphology with an improvement in kidney function, but no effect on proteinuria.
Our in vitro studies on TGF-β1-treated cells, showed that by binding to DR5, TRAIL rescued
normal tubular cell morphology, increasing E-cadherin and reducing α-smooth muscle actin
(SMA) expression, with no effects on cell viability. Interestingly, both in vivo and in vitro, TRAIL
reduced the accumulation of the autophagy substrate p62.
Conclusions: Our data confirm TRAIL protective effects against organ damage and shed
light on to promising anti-fibrotic actions, which are independent of glucose control. TRAIL
anti-fibrotic actions might be due to the rescue of autophagy in diabetes.

Introduction
TNF-related apoptosis-inducing ligand (TRAIL) is a type II transmembrane protein that can be cleaved
to form a circulating ligand, which belongs to the TNF family of apoptosis-inducing ligands. Both
membrane-bound and circulating TRAIL are able to induce apoptosis of transformed cell lines but not of
normal cells by binding to the specific receptors, TRAIL-R1 (DR4) and TRAIL-R2 (DR5) [1,2]. During
the last two decades, TRAIL and its specific receptors have attracted attention as a pathway to target for
cancer therapy [3,4].

A few recent studies suggest that TRAIL might protect not only against tumor development and pro-
gression, but also against non-neoplastic conditions, such as diabetes mellitus and its associated diseases.
In particular, animal studies have shown that TRAIL deficiency was associated with the development of
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heightened autoimmune responses and worsening of type 1 diabetes [5,6], while TRAIL delivery attenuated disease
severity, with partial preservation of islets morphology in streptozotocin-diabetic mice [7]. Likewise, we have recently
documented that TRAIL delivery significantly attenuated the metabolic abnormalities induced by a high-fat diet [8,9],
while TRAIL deficiency was found associated with worsening of glucose control in type 2 diabetes [10].

Although these studies have shown that TRAIL treatment was able to attenuate early forms of type 2 diabetes, such
as the one induced by a high-fat diet, it is currently unknown what would be the effect of TRAIL treatment on a more
severe form of type 2 diabetes. In addition, the effects of TRAIL on the diabetic kidney have not been clarified yet
[11].

Based on this background, the aim of the present study was to evaluate TRAIL effects on a severe form of type 2
diabetes associated with diabetic nephropathy. For this reason, TRAIL effects were tested on the db/db mouse, which
is one of the most widely used genetic models for the study of type 2 diabetes and diabetic nephropathy [12]. In
particular, the db gene encodes for a G-to-T point mutation of the leptin receptor, leading to a defect in leptin signal-
ing [13]. Lack of leptin signaling causes persistent hyperphagia and obesity, with subsequent insulin resistance and
hyperglycemia. Overt hyperglycemia appears by the 6–10th week of age, peaking by the 14–16th week of age, when
db/db mice become dependent on insulin to control their increasing glucose levels to survive. Albuminuria increases
by 8- to 62-fold at the age of 8 weeks, and remain persistently elevated regardless of glucose control. Renal structural
changes become evident after 16 weeks of age, including glomerular enlargement, mesangial matrix expansion and a
marked increase in fibronectin and type IV collagen. Overall, given that db/db mice exhibit progressive glomerular
changes in the setting of severe hyperglycemia, this is considered an appropriate mouse model for the study of diabetic
nephropathy [14].

Materials and methods
Recombinant human TRAIL
Recombinant histidine-6-tagged human TRAIL (114-281) was produced in transforming bacteria BL21 with a
pTrc-His6 TRAIL vector, as previously described [15].

Human TRAIL shares approximately 65% amino acid sequence homology with mouse TRAIL. It is active on mouse
cells, without toxic effects, where it binds to DR5 [1,2], which is the only death receptor for TRAIL in mice. When
injected into mice, human recombinant TRAIL is detectable for 6 h and then it decreases over time, disappearing by
24 h [9].

In vivo studies
Experimental protocol
A total of 15 db/H male mice (BKS.CG-M DB/+) and 20 db/db male mice (BKS.CG-M+/+LEPRDB/J, purchased from
Charles River Laboratories) at 8 weeks of age were randomly allocated to saline (NaCl 0.9%) or TRAIL (rh-TRAIL) for
12 weeks. Mice were divided into the following four groups: db/H (db/H + saline, n=10); db/H + T (db/H + TRAIL,
n=5); db/db (db/db + saline, n=10); db/db + T (db/db + TRAIL, n=10). TRAIL was given at the dose of 15 μg/200
μl twice per week for 12 weeks. Insulin was administered for the last 2 weeks of the study (after the intraperitonal
insulin tolerance test (IPITT)).

Animals were kept in a pathogen-free environment at the Animal House of the Cluster in Biomedicine (CBM
S.c.r.l. Area Science Park, Trieste, Italy). They were housed five per cage in ventilated cabinets (Tecniplast Spa) in
a temperature-controlled room (22◦C), with relative humidity of 50–70%, on a 12-h light/12-h dark cycle with free
access to food and water. All the mice were fed with a standard diet, providing 22% of calories from protein, 66% of
calories from carbohydrate and 12% of calories from fat, and a digestible energy of 3.0 kcal/g (Tekland Global 16%
Protein Rodent Diet).

During the 12-week study period, body weight and food intake were measured every week, while glucose, insulin
and albuminuria were measured every 4 weeks. Tolerance tests were performed at the end of the study. At the end
of the study, animals were anesthetized by an IP injection of tiletamine/zolazepam (80 mg/kg). Blood was collected
from the left ventricle, centrifuged and serum was stored for further analyses.

All the experimental procedures were performed in strict accordance with the recommendations of the Guide for
the Care and Use of the Laboratory Animals of the National Institutes of Health and in compliance with the European
(86/609/EEC) and Italian (D.L.116/92) laws. The present study was approved by the Institutional Animal Care and Use
Committee of the Cluster in Biomedicine (CBM) and by the Italian Ministry of Health (DM 17/2001 – 712/2016-PR).
The study period was from January 2017 to July 2019.
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General parameters and biochemistries
Food intake was measured by placing the pellets in the cages previously weighed in total. The food left over was col-
lected and weighed to find the amount eaten. Fasting glucose was measured by glucometer (GlucoMen LX Plus,
Menarini). Fasting insulin was measured by ELISA (#EZRMI-13K; Millipore). Urinary albumin/creatinine ratio
(ACR) was evaluated on spot urines [16] with Albuwell M ELISA kit (#1011 Exocell) coupled with the Creatinine
Companion kit (#1012 Exocell). Creatinine and plasma urea nitrogen were measured by autoanalyzer (Beckman
Coulter). Leptin, resistin, interleukin (IL)-6 and monocyte chemoattractant protein (MCP)-1 were measured with a
multiplex assay (#MADCYMAG-72K, Millipore).

Tolerance tests
The intraperitoneal insulin tolerance test (IPITT) was performed on day 1 of week 11 by injecting insulin (1 unit/kg)
intraperitoneally after a 6-h fast and measuring glucose by glucometer at baseline, 30, 60 and 120 min. The intraperi-
tonal glucose tolerance test (IPGTT) was performed on day 1 of week 12 by injecting glucose (1 g/kg) intraperitoneally
after an overnight fast and then measuring glucose and collecting blood at baseline and at 15, 60 and 120 min. Blood
samples were then centrifuged to collect the sera, where insulin was measured.

In vitro studies
Induction of epithelial-to-mesenchymal transition on NRK-52E cells
Normal rat kidney tubular epithelial cells (NRK-52E) were purchased from Sigma–Aldrich. Cells were maintained in
DMEM that contained 25 mM glucose with 5% new born calf serum (NBCS), penicillin (100 μg/ml), streptomycin
(100 mg/ml) and l-glutamine (2 mM; Gibco BRL), in a 5% CO2 atmosphere and they were passaged twice a week. In
order to induce epithelial-to-mesenchymal transition (EMT) [17], cells were seeded at a density of 5.5 × 103/cm2 and
treated twice with either TGF-β1 (10 ng/ml, R&D Systems), or vehicle, with or without TRAIL (1 ng/ml) for 6 days.
In order to evaluate cell viability and their size, cells were cultured in 96-well plates and assessed with the MTT assay
according to manufacturer’s instructions (Merck) and the Countess™ II Automated Cell Counter (Thermo Fisher
Scientific), respectively. Then, in order to evaluate TRAIL effects on TGF-β1-induced EMT, cells were cultured in 6-
or 12-well plates for 6 days (with a medium change). Morphologic changes were evaluated under a light microscope
before harvesting for mRNA or fixing for immunofluorescence.

DR5 and Lepr siRNA transfection
In order to evaluate if TRAIL effects were mediated by DR5 and blunted in the absence of LEPR, siRNA sequences
directed to two different regions of the Dr5 and Lepr gene were purchased from Life Technologies. For transfection,
NRK-52E cells were seeded at a density of 5 × 103/cm2 in 6- or 12-well plates and allowed to recover for 24 h.
Then, they were transfected with 100 nM of Dr5, Lepr and CTR siRNA (Life Technologies) using RNAiMAX (Life
Technologies) for 5 h.

Stainings
Renal histomorphology
Four-micrometer-kidney sections were stained with Hematoxylin and Eosin (H/E) and with Periodic acid–Schiff
(PAS) reagent. Glomerular cross-sectional area was calculated by tracing the outline of the glomerular tuft [18]. The
glomerulosclerosis index was scored on 50 glomeruli from each section with a range from 0 to 4 (0 is for no change;
1 is for changes affecting <25%; 2 is for changes affecting 25–50%; 3 is for changes affecting 50–75%; 4 is for changes
affecting >75% of the glomerulus) [19].

Renal immunostaining
For immunohistochemical staining, 4-μm-paraffin kidney sections were incubated overnight at 4◦C with the fol-
lowing primary antibodies: rabbit anti-collagen IV (1:400, #2150–1470, Bio-Rad), rabbit anti-nitrotyrosine (1:100,
#06-284, Millipore), rabbit anti-TRAIL (1:400, #GTX11700, GeneTex) and rabbit anti-DR5 (1:500, #LS-B136/142896,
LifeSpan Biosciences). Then, all sections were incubated with goat anti-rabbit biotinylated secondary antibodies (Vec-
tor Laboratories), followed by the standard avidin–biotin complex (Vector Laboratories) method. The final detection
step was carried out using 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma Chemical), and after counterstain-
ing with Hematoxylin, all the sections were examined by light microscopy (Carl Zeiss-Jenaval) and digitized with a
high-resolution camera (Q-Imaging Fast 1394). The percentage of stained area was evaluated in 50 glomeruli from
each section using Image-Pro Plus 6.3 (Media Cybernetics). For immunofluorescence staining, 4-μm-paraffin kid-
ney sections were subjected to antigen retrieval with citrate buffer (pH 6) before incubation with primary antibody
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anti-synaptopodyn (1:10, #61094, Progen) overnight at 4◦C. All sections were incubated with goat anti-mouse (1:300,
Alexa Fluor 488, Invitrogen) for 30 min. Images were captured on a Leica DM-2000 microscope (Leica Microsystems),
and they were quantified with Image-Pro Plus 6.3 (Media Cybernetics).

NRK-52 immunostaining
To detect E-Cadherin, NRK-52E cells were fixed with 4% paraformaldehyde for 20 min at room temperature. After
permeabilization and rehydration with 0.1% Triton-X 100 for 5 min and 1.5% BSA/PBS for 30 min, they were in-
cubated with a rabbit anti-E-Cadherin antibody (1:100, #PA5-85088, Invitrogen) overnight at 4◦C and then with a
fluorescent goat anti-rabbit antibody (1:300, Alexa Fluor 568, Invitrogen) for 45 min at room temperature. To detect
α-smooth muscle actin (SMA), cells were fixed with ice-cold acetone for 20 min at −20◦C. After permeabilization
and rehydration, cells were incubated with a mouse anti-α-SMA antibody (1:250, #M0851, Dako) for 1 h, and then
with the secondary goat anti-mouse (1:300, Alexa Fluor 488, Invitrogen) for 45 min at room temperature. Images
were captured on a Leica DM-2000 microscope (Leica Microsystems), and they were quantified with Image-Pro Plus
6.3 (Media Cybernetics).

Gene expression quantification by real-time RT-PCR
In vivo study
Renal tissue was homogenized with 1 ml of Trizol (Invitrogen) per 100 mg of tissue. In order to isolate mRNA, 200
μl of chloroform/isoamyl alcohol were added to each tube and the samples were vortexed for 15 s and left at room
temperature for 5 min. Then samples were centrifuged at 13000 rpm for 20 min and the upper aqueous phase was
carefully removed to new tubes. In order to precipitate RNA, 500 μl of isopropanol were added to each tube, the tubes
briefly vortexed and left at −20◦C overnight. The day after, samples were centrifuged at 13000 rpm for 15 min at 4◦C
to pellet the RNA precipitate. The supernatant was then carefully discarded by inversion and 1 ml of 75% ethanol was
added per tube and the tubes left at room temperature and then centrifuged for 15 min at 13000 rpm. The supernatant
was entirely removed, the RNA was resuspended in 45μl of RNAse-free water and incubated at 55◦C for 5 min, before
quantifying RNA. RNA was treated with DNAse to eliminate DNA contamination (#AM-1906, Ambion DNA-free
product), and 3μg of treated RNA were subsequently used to synthesize cDNA with Superscript First-Strand synthesis
system for RT-PCR (Gibco BRL). The gene expression of Col1a1, Col3a1, Ccn2 (CTGF), Fn1 (fibronectin), Mmp9,
Tgfβ, Vim (vimentin), Il-1β, Il-6, Ccl2 (MCP1), Bax/Bcl2, Cdkn1a (P21), Tnfsf10 (Trail), Tnfrsf10b (Dr5), Atg7,
Atg5 and Becn1 was analyzed by real-time quantitative RT-PCR using the SYBR Green system. The fluorescence for
each cycle was analyzed quantitatively by StepOnePlus real-time PCR system (Applied Biosystems). Gene expression
of the target sequence was normalized in relation to the expression of an endogenous control, Rps9.

In vitro study
RNA was extracted, processed and treated as it was specified before. Gene expression of Tnfrsf10b (Dr5), Lepr,
Acta2 (α-SMA), Col1a (Collagen Type I), Col4a (Collagen Type IV) were analyzed by RT-PCR using the SYBR
Green System (Life Technologies). Gene expression of Fn1 (fibronectin), CTGF, TGF-β, Nos2 (iNos) and Nox4 was
analyzed by RT-PCR using the TaqMan system (Life Technologies). The fluorescence for each cycle was analyzed
quantitatively by StepOnePlus real-time PCR system (Applied Biosystems). Gene expression of the target sequence
was normalized to Gapdh or 18s. Results are reported as a ratio compared with the level of expression in untreated
controls, which were given an arbitrary value of 1. Primers are reported in Supplementary Table S1.

Western blot analyses
Proteins were extracted from whole-cell lysates or tissue with Ripa Lysis Buffer (Millipore), 40 μg of protein were
separated on SDS/PAGE and then transferred on to nitrocellulose membranes (GE Healthcare; Life Sciences) by
semidry transfer (Semi Dry Transfer Cell; Bio-Rad, Hercules, CA). Transfer quality was verified with Ponceau S
staining (Sigma–Aldrich). After transfer, all incubations were conducted on a rocking platform. The membrane
was blocked in 5% skim milk/PBS/0.1% Tween with anti-p62 (1:1000, #P0067, Sigma–Aldrich), with anti-DR5
(1:1000, #LS-B136/142896, LifeSpan Biosciences) or with anti-Vimentin (1:200, #sc-6260, Santa Cruz Biotechnol-
ogy), and in 5% BSA/PBS/0.1% Tween with anti-GAPDH (1:5000, #2118, Cell Signaling Technology) and then in-
cubated overnight at 4◦C. After washing, membranes were incubated with goat anti-rabbit HRP (#sc-2004, Santa
Cruz Biotechnology) or goat anti-mouse HRP (#sc-2005, Santa Cruz Biotechnology) for 1 h at room temperature.
Immunoreactivity was detected using an enhanced chemiluminescence kit (Bio-Rad) and exposure to Chemidoc
Imaging system (Bio-Rad).
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Statistical analysis
All statistical analyses were performed with Prism 5.0 (GraphPad Software, La Jolla, California, U.S.A.) or R.
Shapiro–Wilk test was applied to continuous variables to check for distribution normality. Values were expressed
as mean +− SEM and/or dot plots (horizontal bars are medians) according to statistical distribution (or number of
mice). In in vivo studies, two-way ANOVA was used to assess the statistical significance of genotype and treatment
over time (P-value adjusted with Bonferroni method). Comparisons between two groups were performed with t test
or Mann–Whitney test based on distribution/number of mice (Mann–Whitney test was used for groups <5 mice).
In in vitro studies, t test, one-way or two-way ANOVA were used. A P-value <0.05 was considered statistically sig-
nificant.

Results
TRAIL treatment did not change body weight and metabolic
abnormalities in db/db mice, but it reduced systemic inflammation
Due to the lack of leptin receptor, the db/db mouse model is characterized by the development of hyperphagia,
obesity, insulin resistance and hyperglycemia. In our study, from the age of 8 weeks onward, db/db mice exhibited
increased food intake and body weight as compared with their controls, which did not change after TRAIL treat-
ment (Figure 1A,B). In addition, db/db mice exhibited hyperinsulinemia from the beginning of the study, while hy-
perglycemia appeared a few weeks later (Figure 1C,D). TRAIL did not modify such parameters. At the end of the
study, db/db mice displayed significant hyperglycemia after an insulin and a glucose load, which did not change after
TRAIL treatment (Figure 1E,F). In addition, db/db mice exhibited hyperleptinemia, which was lowered—although
not significantly—by TRAIL treatment (Figure 1G). By contrast, TRAIL treatment significantly reduced circulating
IL-6 and resistin (Figure 1H–J).

TRAIL treatment did not change albuminuria, but it reduced creatinine
When looking at the kidney, total kidney weights did not differ between the groups. Nevertheless, db/db mice ex-
hibited lower kidney to body weight ratios, given their greater body weight. In particular, kidney/body weight was
7.01 +− 0.14 mg/g in db/H mice, 7.09 +− 0.2 in db/H + T mice, 4.43 +− 0.02 in db/db mice and 3.94 +− 0.19 in db/db +
T mice. From the age of 8 weeks onward, db/db mice exhibited a significant and progressive increase in the urinary
ACR (Figure 2A). TRAIL did not modify albuminuria in db/db mice (Figure 2A), it lowered plasma urea nitrogen in
db/db mice—although not significantly (median value was 16.57 mmol/l in db/db mice and 13.92 mmol/l in db/db
+ TRAIL), while it significantly reduced creatinine (Figure 2B).

TRAIL treatment significantly ameliorated renal histomorphology,
reducing kidney fibrosis
When looking at the kidney sections, db/db mice displayed glomerular hypertrophy, as assessed by H/E staining,
and glomerulosclerosis, as assessed by PAS staining. TRAIL significantly decreased both (Figure 2C,D). In addition,
db/db mice displayed tubular hypertrophy and the presence of a tubular inflammatory infiltrate, which were sig-
nificantly reduced by TRAIL (Figure 2E,F). The renal expression of vimentin, as well as the glomerular expression
of collagen IV and nitrotyrosine, which indicate the presence of fibrosis and oxidative stress, were all increased in
db/db mice, and they were significantly reduced by TRAIL (Figure 3A–C). Interestingly, TRAIL treatment increased
synaptopodin expression, which is a podocyte marker, as compared with db/db mice (Figure 3D). Consistent with
these data, our gene expression analysis showed that several markers of fibrosis, such as Col1a1, Fn1 (also known as
Fibronectin) and Vim (Vimentin) significantly increased in the kidneys of db/db mice, and they were reduced by
TRAIL treatment (Table 1). This also happened to proinflammatory cytokines, such as IL-1β and IL-6, whose gene
expression significantly increased in db/db mice and was significantly reduced by TRAIL (Table 1).

TRAIL and DR5 renal expression
Gene expression analyses showed that Tnfsf10 (Trail) and Tnfrsf10b (Dr5) were down-regulated in the kidneys
of db/db mice as compared with db/H (Table 1). These changes were not affected by TRAIL treatment (Table 1).
To confirm these results, kidney sections were immunostained for TRAIL and DR5 (Figure 3E,F). Semiquantitave
analysis of TRAIL expression showed that TRAIL was significantly reduced in the glomeruli and tubuli of db/db
mice as compared with db/H, while DR5 did not change (Figure 3E,F).
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Figure 1. Body weight, food intake, glucose metabolism and inflammation

(A) Body weight and (B) food intake throughout the study. (C,D) Fasting insulin and glucose evaluated every 4 weeks (T0, T4, T8

and T12). (E) Blood glucose during an IPGTT. (F) Blood glucose during an IPITT. Results are presented as mean +− SEM; *P<0.05 vs

db/H; #P<0.05 vs db/db, two-way ANOVA. (G) Serum leptin (pg/ml), *P<0.001 vs db/H. (H) Serum IL-6 (pg/ml), *P<0.001 vs db/H

and #P=0.02 vs db/db. (I) Serum MCP-1 (pg/ml), *P=0.002 vs db/H. (J) Serum resistin (pg/ml), *P<0.001 vs db/H and #P<0.005

vs db/db.
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Figure 2. Renal functional and morphological changes

(A) Urine albumin/creatinine (μg/mg) ratio evaluated on spot urines during the study period. Data are expressed as box plots with

the maximum and minimum values displayed with vertical lines; *P<0.05 vs db/H, two-way ANOVA. (B) Serum creatinine (μmol/l);

*P<0.001 vs db/H and #P=0.02 vs db/db. (C) Representative images of glomeruli stained for H/E and evaluation of glomerular

surface area (hypertrophy); *P=0.014 vs db/H and #P=0.025 vs db/db. (D) Glomerular PAS staining and quantification of the

glomerulosclerosis index; *P=0.004 vs db/H; #P=0.004 vs db/db. (E) Representative images of renal tubules stained for H/E.

db/db mice presented areas of inflammatory infiltration. Scatter dot plot shows interstitial inflammatory infiltration. #P=0.038 vs

db/db. (F) Tubular PAS staining and quantification of the proximal tubular area. *P=0.007 vs db/H; #P=0.019 vs db/db. In all the

images the scale bar represents 50 μm.

TRAIL treatment prevented TGF-β-induced EMT of tubular cells
The effects of TRAIL were evaluated in vitro, on kidney tubular epithelial cells that were cultured with TGF-β1.
TRAIL did not affect cell viability (Figure 4A). As assessed by both light microscopy and immunofluorescence, the
untreated cells exhibited the typical cobblestone morphology of epithelial cells, with strong expression of E-cadherin
and little expression of α-SMA. Treatment with TGF-β1 led to the induction of morphological changes, including
elongation and hypertrophy (Figure 4B) and separation from neighboring cells (Figure 4C). Immunofluorescence
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Figure 3. Renal Western blots and immunostainings

(A) Representative blot and densitometric analysis of vimentin in the kidney. Data are normalized to GAPDH. *P=0.013 vs db/H;
#P=0.045 vs db/db. (B) Representative images of collagen IV and its quantification in the glomeruli. *P=0.005 vs db/H; #P=0.032

vs db/db. (C) Representative images of glomerular nitrotyrosine staining and its quantification in glomeruli. *P=0.037 vs db/H;
#P=0.044 vs db/db. (D) Representative images of synaptopodyn staining. #P=0.030 vs db/db. (E) Representative images of TRAIL

and its quantification in the glomeruli (*P=0.021 vs db/H) and tubuli (*P=0.005 vs db/H) (bottom left panels). (F) Representative

images for DR5 and its quantification in the glomeruli and tubuli (bottom right panels). In all the images scale bar represents 50 μm.
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Figure 4. Effects of TRAIL treatment on TGF-β-induced EMT of tubular cells

(A) Cell viability as assessed by MTT assay and (B) cell size. Data are normalized to Veh (vehicle). Results are expressed as mean +−
SEM. *P<0.05 vs Veh . (C) Representative images of NRK-52E cells after a 6-day treatment with TGF-β1 (10 ng/ml) and/or TRAIL

(1 ng/ml) with or without Dr5 silencing. Si-CTR indicates no silencing, while siDR5 indicates Dr5 silencing. Bright field (top panels),

E-cadherin immunofluorescence (red, middle panels), α-SMA immunofluorescence (green, bottom panels). Scale bar represents

100 μm. (D) Quantification of E-Cadherin positive red staining and (E) α-SMA positive green staining per area of NRK-52E fixed

cells. Results were obtained by three independent experiments and are presented as mean +− SEM. *P<0.05 vs Veh and #P<0.05

vs TGFβ in the siCTR group. ψP<0.05 vs Veh in the siDR5 group. Veh is for vehicle, T is for TRAIL.
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Table 1 Renal gene expression

db/H db/H+T db/db db/db+T

Col1a1 1.04 (0.52–1.48) 1.04 (0.90–1.38) 5.18 (1.46–10.68)* 0.86 (0.56–3.31)†

Col3a1 0.99 (0.67–1.40) 0.78 (0.62–0.90) 1.04 (0.67–9.92) 0.60 (0.41–1.46)†

Ccn2 (CTGF ) 1.10 (0.54–1.38) 0.94 (0.69–1.03) 1.32 (0.38–1.69) 1.06 (0.78–1.66)

Fn1 (fibronectin) 0.96 (0.76–1.45) 0.97 (0.61–1.05) 1.88 (1.21–4.74)* 1.11 (0.79–1.25)†

Mmp9 0.91 (0.74–1.66) 0.88 (0.61–1.60) 2.58 (0.59–4.08) 0.61 (0.52–1.08)†

Tgf-β 1.10 (0.67–1.24) 1.02 (0.92–1.10) 1.20 (0.91–2.48) 0.71 (0.49–1.02)†

Vim (vimentin) 1.00 (0.89–1.14) 1.03 (0.75–1.23) 1.60 (1.27–4.85)* 1.13 (0.81–1.32)†

Il-1β 0.81 (0.69–2.66) 1.25 (1.09–1.66) 14.68 (1.62–20.41)* 0.44 (0.25–4.79)†

Il-6 1.33 (0.37–2.09) 1.31 (0.69–4.66) 60.44 (1.40–92.81)* 0.60 (0.50–1.88)†

Ccl2 (MCP1) 0.92 (0.59–1.91) 0.80 (0.53–1.15) 1.21 (0.43–3.44) 0.48 (0.24–0.78)†

Bax/Bcl2 1.04 (0.83–1.19) 1.01 (0.97–1.27) 1.07 (0.98–9.43) 1.12 (1.03–1.32)

Cdkn1a (p21) 1.00 (0.67–1.63) 0.79 (0.64–0.89) 2.19 (1.51–7.44)* 1.74 (0.84–3.21)

Tnfrsf10b (Dr5) 1.03 (0.81–1.16) 1.00 (0.88–1.38) 0.66 (0.36–1.16) 0.53 (0.30–0.74)*

Tnfsf10 (Trail) 1.09 (0.65–1.24) 1.12 (0.74–1.23) 0.58 (0.48–0.85)* 0.48 (0.24–0.78)*

Atg7 1.16 (0.49–1.57) 1.32 (1.14–1.43) 1.23 (0.55–0.171) 1.25 (1.05–1.46)

Atg5 0.91 (0.62–1.41) 1.09 (0.64–1.38) 0.72 (0.45–0.96) 1.03 (0.93–1.18)†

Becn1 1.09 (0.56–1.47) 1.29 (1.23–1.31) 1.01 (0.32–1.36) 1.03 (0.66–1.26)

*P<0.05 vs db/H.
†P<0.05 vs db/db.

showed that TGF-β1 reduced E-Cadherin expression (Figure 4D), which is a marker of epithelial phenotype, and in-
creasedα-SMA expression (Figure 4E), which is a marker of the mesenchymal phenotype, indicating the induction of
EMT. The addition of TRAIL to TGF-β1-treated cells significantly ameliorated these morphological changes, restor-
ing cellular normal features and reducing EMT. In particular, TRAIL treatment significantly increased E-cadherin
and reduced α-SMA expression in TGF-β1-treated cells, with no effects on untreated cells (Figure 4C–E).

TRAIL effects are mediated by binding to DR5
To evaluate whether TRAIL effects on tubular cells were mediated by its binding to DR5, cells were transfected with
siRNA to Dr5. The efficiency of the siRNA knockdown was assessed by gene expression and Western blot analyses
(Figure 5), indicating that DR5 was significantly reduced by siRNA transfection (40% reduction). Going back to bright
field and immunofluorescence studies, the knockdown of Dr5 significantly prevented TRAIL effects on the changes
induced by TGF-β1, as the number of cells expressing E-Cadherin was reduced, while the number of cells expressing
α-SMA increased (Figure 4C–E). In addition, TGF-β1 alone significantly increased the expression of pro-fibrotic
Col1a1, CTGF, Fn1 (fibronectin), TGF-β and pro-oxidative Nos2 (iNos) and Nox4 genes, which were all reduced
by cotreatment with TRAIL (Figure 6). Dr5 silencing prevented TRAIL effects on TGF-β1-induced gene expression
(Figure 6).

The knockdown of leptin receptor does not affect TRAIL anti-fibrotic
effects
To evaluate whether TRAIL effects on tubular cells could be impaired by the deletion mutation of the leptin receptor,
which is the feature of db/db mice, tubular cells were transfected with siRNA to Lepr. In order to assess the efficiency
of the siRNA knockdown, the gene expression of Lepr was quantified by real-time RT-PCR, and it was significantly
reduced by siRNA transfection (Figure 7A). The knockdown of Lepr did not change TRAIL effects in terms of Acta2
(α-SMA) expression (Figure 7B).

TRAIL treatment significantly reduces p62 levels in the kidney of db/db
mice
Based on the observation that ATG5 was partially down-regulated in db/db mice and then restored by TRAIL treat-
ment (Table 1), we hypothesized that TRAIL might restore autophagy in the diabetic kidney, where authophagy seems
to be impaired [20]. For this reason, we quantified p62/SQSTM1, which is a substrate for authophagy degradation,
which decreases during autophagy progression, whereas it increases with the inhibition of autophagy. In the kidney

10



Figure 5. Dr5 silencing

(A) Representative immunofluorescence stainings of DR5 with and without Dr5 silencing (siDR5 and siCTR, respectively). (B) Dr5

gene expression reported as mRNA fold induction normalized to the mRNA level of siCTR + Veh. (C,D) Representative blot and

densitometric analysis of DR5 in NRK-52E cells with and without Dr5 silencing (siDR5 and siCTR, respectively). Data are normalized

to GAPDH. Results were obtained by three independent experiments and are presented as mean +− SEM. Two-way ANOVA showed

P<0.05 for silencing. Veh is for vehicle, T is for TRAIL. Scale bar represents 100 μm.

of db/db mice we found a significant increase in p62, which was significantly reduced by TRAIL treatment (Figure
8A,B). A similar trend was observed in TGF-β1-treated cells (Figure 8C,D).

Discussion
During the last decade, TRAIL has attracted attention not only for its therapeutic effect as an anti-cancer agent, but
also as a potential treatment for diabetes and its associated diseases [21]. In particular, in vivo studies have shown
that TRAIL delivery ameliorated type 1 [7] and type 2 diabetes [8,9], while TRAIL deficiency was associated with
worsening of glucose control [6,10]. In this scenario, this is the first study evaluating TRAIL effects on an animal
model of severe type 2 diabetes complicated with nephropathy.

With respect to diabetes and glucose control, in the present study, TRAIL treatment did not modify food intake,
body weight, hyperinsulinemia and hyperglycemia. These results differ from our previous reports where we showed
that TRAIL treatment significantly reduced the metabolic abnormalities induced by a high-fat diet [8,9], with reduc-
tion in liver steatosis [9,22] and body fat mass and improvement of skeletal muscle fat oxidation [8]. However, it has to
be taken into account that in the present study, TRAIL effects were tested in a genetic model of type 2 diabetes, whose
metabolic phenotype is extreme as compared with the one induced by a high-fat diet. In particular, the phenotype
of db/db mice is due to the lack of the full-length Ob-Rb receptor, which leads to unresponsiveness to leptin in the
hypothalamus and elevate leptin concentration, unlimited food appetite, morbid obesity and diabetes.

As expected, male db/db mice exhibited hyperleptinemia, which was only slightly reduced by TRAIL. By contrast,
TRAIL was able to significantly reduce circulating IL-6 and resistin. These data are consistent with previous obser-
vations that TRAIL has anti-inflammatory actions [8,9]. Nevertheless, the reduction in IL-6 and resistin might point
to additional (indirect) mechanisms of TRAIL actions, such as an amelioration of kidney function, as suggested by
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Figure 6. Effects of TRAIL treatment on tubular cell gene expression

The gene expression of Col1a1 (A), CTGF (B), Fn1 (fibronectin) (C), TGF-β (D), Nos2 (iNos) (E) and Nox4 (F) were reported as mRNA

fold induction normalized to the mRNA level of siCTR + Veh. Results were obtained by three independent experiments and are

presented as mean +− SEM. *P<0.05 vs Veh and #P<0.05 vs TGFβ in the siCTR group; ψP<0.05 vs Veh in the siDR5 group. Veh

is for vehicle, T is for TRAIL.
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Figure 7. Silencing of Leptin receptor (Lepr) does not affect TRAIL anti-fibrotic effects

(A) Lepr, (B) Acta2 (α-SMA) gene expression reported as mRNA fold induction normalized to the mRNA level of siCTR + Vehicle.

Results were obtained by three independent experiments and are presented as mean +− SEM. *P<0.05 vs Veh and #P<0.05 vs

TGFβ in the siCTR group; ψP<0.05 vs Veh and ιP<0.05 vs TGF-β in the siLEPR group.

Figure 8. TRAIL reduces p62 levels in the kidneys of db/db mice

(A,B) Representative blot and densitometric analysis of p62 in the kidneys of db/H and db/db mice with and without TRAIL treatment.

*P=0.017 vs db/H and #P=0.016 vs db/db, Mann–Whitney test. (C,D) Representative blot and densitometric analysis of NRK-52E

cells with TGF-β1 alone and in combination with TRAIL. Results were obtained by three independent experiments and are presented

as mean +− SEM. Veh is for vehicle, T is for TRAIL.

the reduction in creatinine levels. It has been demonstrated that both IL-6 and resistin are inversely related to renal
function [23,24].

The db/db mouse is one of the models that are appropriate for the study of diabetic nephropathy, as they develop
glomerular hypertrophy, mesangial matrix expansion and albuminuria [12,14,25]. In the present study, we found that
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TRAIL treatment significantly ameliorated the morphological changes of diabetic nephropathy as it reduced glomeru-
lar hypertrophy and glomerulosclerosis, and in the tubulum-interstitium it significantly reduced tubular hypertrophy
and the area of interstitial inflammatory infiltrates. In addition, in the kidney, TRAIL significantly reduced vimentin
expression, while in the glomeruli, it significantly reduced the glomerular expression of collagen IV and nitrotyro-
sine, which are markers of fibrosis and oxidative stress, while the expression of synaptopodin which is a podocyte
marker, increased in the db/db mice treated with TRAIL as compared with the db/db mice. Also the gene expression
analysis showed that TRAIL significantly down-regulated several profibrotic genes, such as Col1a1, Fibronectin and
Vimentin, as well as proinflammatory genes such as IL-1β and IL-6, whose gene expression was significantly in-
creased in db/db mice. These results indicate that TRAIL has significant anti-fibrotic actions and are consistent with
the data reported by Cartland et al. [26], who found that TRAIL deficiency worsened diabetic nephropathy. In partic-
ular, TRAIL/ApoE-knockout mice fed a high-fat diet for 20 weeks displayed more glomerular matrix accumulation,
as assessed by PAS and vimentin staining, and more glomerular fibrosis, as assessed by collagen IV staining. These
changes were associated with a significant increase in albuminuria.

By contrast, in our study, TRAIL protective effects were not associated with a significant reduction in albuminuria.
It has to be noted that our data did not show any constitutive reason as to why the db/db mouse should not respond
to TRAIL treatment. When we looked at the renal expression of DR5, which is TRAIL-specific receptor, this was
unchanged in the glomeruli and tubuli of db/db mice. Second, when we silenced the leptin receptor, we did not find
a difference in the cell response to TRAIL, indicating that the deletion mutation of leptin should not impair TRAIL
signaling in the db/db mouse. Interestingly, the discrepancy that we found between the morphological improvements
induced by TRAIL and albuminuria unresponsiveness are consistent with the data of other Authors, who reported
that even the administration of an anti-TGFβ antibody did not attenuate the degree of albuminuria in the db/db
mouse despite its beneficial effects on glomerular matrix expansion and creatinine levels [27].

A possible reason for TRAIL not lowering albuminuria, is that TRAIL did not have metabolic effects and did not
lower glucose and leptin. Beside hyperglycemia and insulin resistance, also hyperleptinemia might promote kidney
damage. This is supported by the observation that, although both ob/ob and db/db share an impairment of leptin sig-
naling, ob/ob mice, which are leptin-deficient rarely develop renal disease, while db/db mice that are hyperleptinemic
usually develop diabetic nephropathy [28]. Several studies have found a direct correlation between leptin and protein-
uria [29–31]. The possibility that leptin had direct actions against the kidney was shown by Han et al. demonstrating
that, even though db/db mice do not express the full-length leptin receptor, they exhibit the short Ob-Ra isoform in
many tissues, which can mediate local actions that seem to differ from those of the long isoform activation [28]. In
particular, in these experiments, leptin stimulated collagen production in db/db mesangial cells [28].

In the present study, TRAIL anti-fibrotic actions were further confirmed by in vitro experiments, where we found
that TRAIL significantly ameliorated the morphological changes induced by TGF-β1, as it significantly reduced the
EMT in epithelial tubular cells, by binding to its specific receptor DR5. This was associated with similar changes in the
expression of Col1a1, CTGF, fibronectin, TGF-β, as well as iNos and Nox4, which increased after TGF-β1 stimu-
lation and were reduced by TRAIL cotreatment. Many studies have described an increased expression and activation
of TGF-β in progressive forms of human kidney disease [32]. In particular, TGF-β signaling has been implicated
in myofibroblasts recruitment, which are considered the dominant collagen-producing cells in many pathologies in-
cluding kidney fibrosis, and which derive through differentiation not only from EMT but also from bone marrow
and endothelial-to-mesenchymal transition [33].

Although TRAIL is an inducer of apoptosis, in our study it did not affect cell viability, possibly due to the dose
that was used, which was lower than the dose-inducing apoptosis in other studies [34]. In the kidney, we did not
see an effect on BAX/Bcl2 ratio. By contrast, in db/db mice, TRAIL increased the expression of ATG5, which is
an autophagy-related gene, suggesting a possible up-regulation of autophagy. Authophagy is a degradation system
that regulates intracellular homeostasis. Animal models lacking autophagy-related genes have demonstrated that au-
tophagy is implicated in the development of kidney disease due to an impaired removal of damaged proteins, and
production of cytokines and autoantibodies. Interestingly, it has been demonstrated that TRAIL signaling can lead
either to apoptosis or to autophagy [35]. Consistent with this concept, in the present study we found that TRAIL
treatment was able to reduce the levels of p62 in db/db mice. p62 is a substrate for authophagy degradation, which
decreases during autophagy progression, whereas it increases with the inhibition of autophagy. Therefore, a possible
mechanism underlying TRAIL anti-fibrotic actions is that TRAIL might promote autophagy in type 2 diabetes, where
it is generally reduced [20].

In conclusion, in a mouse model of severe type 2 diabetes and diabetic nephropathy, TRAIL treatment significantly
ameliorated glomerular morphological changes and this was associated with a significant reduction in the EMT in-
duced by TGF-β1. These data confirm TRAIL protective effect against organ/kidney damage and shed light on to its
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promising anti-fibrotic actions, which are independent of glucose control. TRAIL anti-fibrotic actions might be due
to the rescue of autophagy in diabetes.

Clinical perspectives
• TRAIL has attracted attention not only for its therapeutic effects as an anti-cancer agent, but also as

a potential treatment for diabetes. It is currently unknown whether TRAIL-positive effects are main-
tained in more severe forms of type 2 diabetes, and whether they include renoprotection.

• Our study shows that in the db/db mouse, which is a mouse model of diabetic nephropathy, TRAIL
treatment significantly ameliorated glomerular morphological changes and this was associated with
a significant reduction in the EMT induced by TGF-β1 in vitro. In the db/db mouse, creatinine, as
well as circulating IL-6 and resistin were significantly lowered by TRAIL treatment. Proteinuria did not
change—possibly due to the fact that TRAIL did not have metabolic effects.

• These data confirm TRAIL protective effects against organ damage and shed light on to promising
anti-fibrotic actions, which are independent of glucose control and might rely on the promotion of
autophagy.
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