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Abstract

MicroRNAs (miRNAs), a class of small non-protein-encoding RNAs, regulate gene expression via suppression of
target mRNAs. MiRNAs are present in body fluids in a remarkable stable form as packaged in microvesicles of
endocytic origin, named exosomes. In the present study, we have assessed miRNA expression in urinary exosomes
from type 1 diabetic patients with and without incipient diabetic nephropathy. Results showed that miR-130a and
miR-145 were enriched, while miR-155 and miR-424 reduced in urinary exosomes from patients with
microalbuminuria. Similarly, in an animal model of early experimental diabetic nephropathy, urinary exosomal
miR-145 levels were increased and this was paralleled by miR-145 overexpression within the glomeruli. Exposure of
cultured mesangial cells to high glucose increased miR-145 content in both mesangial cells and mesangial cells-
derived exosomes, providing a potential mechanism for diabetes-induced miR-145 overexpression. In conclusion,
urinary exosomal miRNA content is altered in type 1 diabetic patients with incipient diabetic nephropathy and
miR-145 may represent a novel candidate biomarker/player in the complication.
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Introduction

Diabetic nephropathy (DN) is a major cause of renal
replacement therapy in the Western World. Microalbuminuria is
widely used as a biomarker for DN; however, its clinical
relevance as a surrogate outcome in chronic kidney disease
has not been confirmed and recent studies suggest that
microalbuminuria is a less precise predictor of nephropathy risk
than originally thought [1-3]. There is, thus, an increasing quest
to find novel biomarkers to identify and treat individuals at high
risk. In addition, early biomarker discovery may also help to
identify new players in the pathogenesis of the glomerular
injury in diabetes.

Urine is an ideal source of biomarkers for renal diseases [4]
and urinary mRNA profiling has been proposed as a tool for
biomarker discovery. However, urinary mRNAs are labile as
easily degraded by urinary RNase and they often originate from

apoptotic/necrotic cells with a scarcely representative
transcriptional profile [4]. Urine also contains cup-shaped
vesicles, known as exosomes, which derive from the cellular
endocytic compartment [5]. Exosomes carry RNAs that can
deliver to distant target cells and represent an important way of
cell-to-cell communication [6]. At variance with free urinary
RNAs, exosomal nucleic acids are in a remarkable stable form
as microvesicles protect them from endogenous RNase
activity. Furthermore, they derive from viable cells from all
nephron segments and may thus provide valuable insight on
renal pathophysiology [4].

Exosomes contain microRNA (miRNA), a class of small non-
protein-encoding RNAs that regulate gene expression via
suppression of target mRNAs [7]. Specifically, miRNAs bind
through canonical base pairing to a complementary site in the
3’ untranslated region of their target mRNAs and can direct the
degradation or translational repression of these transcripts [7].
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MiRNAs are critically involved in many biological processes
and accumulating evidence also points to an important role of
miRNAs in the pathogenesis of both diabetes and diabetes-
related complications [8,9]. Moreover, miRNAs, present in body
fluids, can display unique expression profiles in pathological
conditions and it has been proposed that distinctive miRNA
signatures may be exploited as innovative diagnostic/
prognostic tools [10-12]. Despite the growing interest in
miRNAs, urinary exosomal miRNAs have never been studied in
either normal or pathological conditions.

In this study, we have assessed miRNA expression in urinary
exosomes from type 1 diabetic patients (DM1) with and without
incipient DN. Furthermore, pathophysiological relevance of
miR-145, which was enriched in urinary exosomes from
microalbuminuric patients, was explored in both streptozotocin-
induced diabetic mice and cultured mesangial cells.

Materials and Methods

Materials
All materials were purchased from Sigma-Aldrich (St Louis,

USA) unless otherwise stated.

Subjects
The study was approved by the Ethical Committee of Turin

University, the procedures were in accordance with the Helsinki
Declaration, and informed written consent was obtained from
all subjects. Twelve DM1 with persistent microalbuminuria and
normal renal function and 12 normoalbuminuric DM1
comparable for age, sex, and diabetes duration were
consecutively enrolled in the study. Ten non-diabetic subjects
similar for demographic characteristics (age: 56.3 ± 2.8; sex:
10/0 M/F; hypertension Y/N: 5/5) served as control group.
Patients with cardiovascular diseases, non-diabetic kidney
diseases, or renal tract pathological conditions were excluded.
Microalbuminuria was defined as either an albumin excretion
rate (AER) value of 20-200 μg/min or an urinary albumin/
creatinine ratio (ACR) of 2.5-25 mg/mmol in males and 3.5-35
mg/mmol in females in two out of three overnight urine
collections. ACR values were converted in AER values using a
conversion formula previously developed in DM1 [13].
Hypertension was defined as systolic blood pressure >140
mmHg and/or diastolic blood pressure >90 mmHg or treatment
with antihypertensive drugs. Diabetic retinopathy was assessed
by direct funduscopic examination. Urinary albumin was
measured by nephelometry, urinary creatinine concentration by
the modified Jaffe method, and HbA1C by ion-exchange liquid
chromatography.

Urinary exosomes isolation
Overnight urine collections (~450 mL/subject) were obtained

from all recruited subjects. Urines were pre-cleared by both
centrifugation (300 g 10 min at 4 °C and 17,000 g 20 min at 4
°C) and filtration (0.8 μm) to remove cellular debris. Then,
exosomes were isolated by two consecutive ultracentrifugation
steps (200,000 g 75 min at 4 °C; 70.1 Ti rotor, Beckman
Instruments, Fullerton, CA) as previously described [14].

Pellets were suspended in phosphate buffer and exosome
quality and purity assessed by electron microscopy and
immunoblotting. Exosome quantity was determined by
measuring the rate of Brownian motion using a NanoSight
LM10 system, which is equipped with a fast video capture and
particle-tracking software (NanoSight Ltd, Wiltshire, UK). In
selected experiments, exosomes were treated with RNase A
(1U/ml, Fermentas, Glen Burnie, MD) prior to RNA extraction.

Immunoblotting
Pellets obtained after ultracentrifugation was dissolved in

100 μl of Laemmli buffer. Total protein concentration was
determined using the RC DC Protein Assay Kit (Bio-Rad,
Milan, Italy). Proteins (~70µg) were separated by SDS-PAGE
and transferred to nitrocellulose membranes (Amersham
Pharmacia, Freiburg, Germany). Following blocking,
membranes were incubated with primary antibodies against
Hsp70 (StressGen, Victoria, BC Canada), alix, or calnexin
(SantaCruz, Glostrup, Denmark) overnight at 4°C. After
washing, secondary HRP-linked (SantaCruz) antibodies were
added. Detection was performed using either the ECL
chemiluminescence substrate (Amersham) or the super signal
PICO/FEMTO (Euroclone, Milan, Italy) and visualised on a Gel-
Doc system (Bio-Rad, Milan, Italy). Total protein extracts from
mesangial, HeLa, and 293T cells were used as positive control
for Hsp70, alix, and calnexin, respectively. GAPDH was used
as loading control for calnexin.

Trasmission Electron Microscopy
Pellets resuspended in PBS were loaded onto formwar

carbon coated grids, fixed in 4% paraformaldehyde, and
washed. Microvesicles were post-fixed in 2.5% glutaraldehyde,
washed, contrasted in 2% uranyl acetate, embedded in a
mixture of uranyl acetate (0.8%) and methyl cellulose (0.13%),
and examined with a Philips CM 10 electron microscope.
Microphotographs were taken using a SIS Megaview II digital
camera.

Total RNA extraction and miRNA expression profiling
Total RNA was extracted using the Trizol reagent (Invitrogen,

Milan, Italy) and quantified by spectrophotometry (Nanodrop
ND-1000 Wilmington DE). On average 1-2 μg of total RNA
were obtained from each subject. RNA quality was assessed
by capillary electrophoresis on an Agilent-2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). MiRNAs were reverse
transcribed using the Megaplex Primer Pool A, Human Pool A
v2.1 (Applied Biosystems), which contains RT primers for 377
miRNAs, 3 endogenous controls, and a negative control. RT
reaction products were pre-amplified using the Megaplex
PreAmp Primers (Primers A v2.1) and the TaqMan® PreAmp
Master Mix. MiRNA expression profile was performed in 2 pairs
of micro/normoalbuminuric DM1 patients tightly matched for
HbA1c (1st pair: 8.1 vs. 8.1, 2nd pair: 8.7 vs. 8.7) by Human
TaqMan miRNA Array A on an 7900HT Fast Real-Time PCR
System. Raw Ct values were calculated using the SDS
software and standardized to U6 snRNA. MiRNAs were
excluded if both samples within a pair had Ct values ≥ 35/
undetermined. Relative expression was calculated using the
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comparative Ct method (2-ΔΔCt). MiRNAs were considered
differentially expressed if they exhibited greater than twofold
expression differences in both pairs. Data are publicly available
at the NCBI Gene Expression Omnibus repository (accession
number: GSE48318). Interrogation of the www.microrna.org
database was performed to identify differentially expressed
miRNA known to be expressed by glomerular cells (in silico
analysis).

Taqman qPCR
Expression of a subset of miRNAs (miR-145, miR-424,

miR-155, miR-130a) was quantitated in both DM1 and control
subjects,using specific Taqman microRNA Assays. Diluted pre-
amplification products were combined with Taqman miRNA
Assay and Taqman Universal PCR Master Mix No AmpErase
UNG, then a qPCR was performed on an Applied Biosystems
7900HT thermocycler. All samples were run in triplicates and
standardized to U6 snRNA using the SDS2.2 software.

Animals and diabetes induction
The study was approved by the Ethical Committee of the

Turin University, and both housing and care of laboratory
animals were in accordance with Italian law (D.L.116/1992).
Male C57BL6/J mice from Jackson Laboratories (Bar Harbor,
ME) were maintained on a normal diet under standard animal
house conditions. Diabetes was induced by intraperitoneal
injection of streptozotocin (55 mg/kg body wt/day), delivered in
five consecutive daily doses. Mice that were sham injected with
sodium citrate buffer were used as controls. Diabetes onset
was confirmed by blood glucose levels >250 mg/dL 4 weeks
after the first dose of STZ. Animals were killed ten weeks after
diabetes onset. Prior to sacrifice, blood samples were taken via
saphenous vein puncture on alert 4-hours–fasted animals and
urine collected. Glucose levels were measured using a
glucometer (Roche, Milan, Italy) and glycated hemoglobin by
quantitative immunoturbidimetric latex determination (Sentinel
Diagnostic, Milan, Italy).

Urine collections and exosomal isolation
Urine was collected over 18 hours, with each mouse

individually housed in a metabolic cage and provided with food
and water ad libitum. Urinary albumin concentration was
measured by a mouse albumin ELISA kit (Bethyl Laboratories,
Milan, Italy). Urinary exosomes were isolated from pooled urine
from both diabetic and non-diabetic mice (n=30 per group) as
described above.

Glomerular isolation.  Both non-diabetic (n=5) and diabetic
(n=5) mice were anesthetized and perfused with 8x107 surface-
inactivated Dynabeads (Invitrogen, Milan, Italy), the glomeruli
were isolated using a modified Takemoto et al method [15,16].

Glomerular and urinary exosomal miR-145 expression
Total RNA was extracted from both urinary exosomes and

isolated glomeruli of diabetic and control mice using the Trizol
reagent, then miR-145 expression quantitated by Taqman qRT-
PCR as described above.

Mesangial Cell Culture
Cultures of immortalised human mesangial cells were

established and characterized as previously described [17].
Cells were cultured in Dulbecco’s Modified Eagle’s Medium
(Invitrogen, Milan, Italy), containing L-glutamine, 6.8 mM
glucose, 20% exosomes-depleted foetal calf serum (FCS,
Euroclone Milan, Italy) (17), 100 U/ml penicillin, and 100 µg/ml
streptomycin in a humidified 5% CO2 incubator at 37°C.

Mesangial Cell Transfection of miR-145
Mesangial cells were transfected with either a pre-miR-145

precursor (Life Technology) or a negative control using
Lipofectamine 2000 (Invitrogen). After 24 hours, cells were
lysed and STAT-1 protein expression by immunoblotting using
a specific rabbit anti-STAT-1 antibody (Cell Signalling, Milan,
Italy). Tubulin was used as loading control.

Mesangial Cell Exposure to High Glucose
Concentration

After serum deprivation for 24 hours, human mesangial cells
were exposed to increasing (6.8 mM, 15 mM, and 25 mM)
glucose concentrations for various time period (4, 6, 12, and 24
hours). Media were made iso-osmolar with the addition of
mannitol. Total RNA was extracted and miR-145 levels
measured as described above. At the 24 hours time point
mesangial cell supernatants were also collected and exosomes
isolated by differential centrifugations. Briefly, supernatants
were centrifuged at 300 g for 10 min then at 20,000 g for 20
min, followed by filtration through a 0.22 µm filter. Exosomes
were then pelleted by ultracentrifugation at 120,000g for 70 min
and total RNA extracted for miR-145 measurement as
described above. An aliquot of the exosomal preparation was
used for exosome counting by NanoSight LM10 system
followed by normalization to total cell number.

Data presentation and statistical analysis
Data were expressed either as mean ± SEM or as geometric

mean (25th-75th percentile). Results were analyzed by t test or
ANOVA, as appropriate. Variables with skewed distribution
were analyzed after logarithmic transformation. Values for
P<0.05 were considered statistically significant.

Results

Patients characteristics
Clinical and laboratory characteristics of recruited subjects

are shown in Table 1. Micro- and normoalbuminuric patients
were comparable for age, sex, diabetes duration, and renal
function. HbA1c values were greater in micro- than in
normoalbuminuric patients, but this did not reach statistical
significance. As expected, AER was higher in patients with
incipient DN than in normoalbuminuric subjects.

Characterization of urinary exosomes
Vesicles, isolated from overnight urine collections, were <100

nm in size and showed a characteristic cup-shaped
morphology at the electron microscopy (Figure S1A).
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Immunoblotting analysis demonstrated expression of both
Hsp70 and alix, which are well-established exosomal markers
[18]. On the contrary, vesicles were negative for calnexin, an
endoplasmatic reticulum protein, confirming the absence of
contamination from other cellular compartments (Figure S1B).

Exosome quantity in overnight urine collections was similar
in diabetic patients [335 x 108 (303-562), geometric mean
(25th-75th percentile)] as compared to controls [251 x 108

(128-700)], a reduction in urinary exosome number was
observed in microalbuminuric DM1 [175 x 108 (112-245)],
though this did not reach statistical significance.

Urinary exosomes contains small RNA
Total RNA, extracted from isolated exosomes, was analyzed

on an Agilent 2100 Bioanalyzer and the resulting
electropherogram showed that urinary exosomes were
enriched in small RNA species, including miRNAs, but did not
contain ribosomal RNA (Figure S1C). RNA was confined within
exosomes as it was still found when intact microvesicles were
pre-treated with RNase (Figure S1D).

MiR-130a, miR-424, miR-155, miR-145 are differentially
expressed in urinary exosomes from microalbuminuric
DM1

Two hundred and twenty six miRNAs were detectable in the
urinary exosomes from normoalbuminuric DM1 patients.
Differential miRNA profiling showed that expression of 22
miRNAs differed in both matched pairs of micro/
normoalbuminuric patients. Out of them 4 miRNAs were
chosen for further analysis by qRT-PCR in all recruited
subjects. MiR-130a, miR-424, miR-155 were selected as they
are expressed by cultured human podocytes
(www.microrna.org); miR-145 was chosen because is a known
marker of glomerular mesangial cells (19,20). Consistent with
profiling results, qRT-PCR analysis showed that miR-155 and
miR-424 levels were significantly lower, while miR-130a and
miR-145 levels significantly higher in micro- than in
normoalbuminuric patients. MiR-155 and miR-424 were similar
in normoalbuminuric diabetic patients and non-diabetic

Table 1. Clinical and Laboratory Parameters of Type 1
Diabetic Patients.

 Normoalbuminuric DM1 Microalbuminuric DM1
N 12 12

Age (years) 57.9 ± 3.7 58.0 ± 2.7

Sex (male/female) 12/0 12/0

Diabetes duration (years) 33.8 ± 3.5 30.7 ± 2.8

HbA1C (%) 7.8 ± 0.3 8.2 ± 0.3

Serum creatinine (mg/dl) 0.8 ± 0.02 0.9 ± 0.04

Retinopathy (y/n) 8/4 12/0

Hypertension (y/n) 7/5 7/5

AER (μg/min) 8.00 (6.62-7.67) 72.30 (62.18-89.90)*

Data are means ± SEM; DM1: type 1 diabetic patients, AER: albumin excretion
rate; *p<0.001 microalbuminuric vs normoalbuminuric patients.
doi: 10.1371/journal.pone.0073798.t001

controls, while levels of miR-145 and miR-130 were greater in
normoalbuminuric diabetic patients than in controls, though this
did not reach statistical significance (Table 2).

Previous studies in mesangial cells have shown that
miR-145 is a target of TGF-β1 (21), a prosclerotic cytokine
playing a key role in diabetic nephropathy; therefore, this
miRNA was chosen for subsequent both in vivo and in vitro
studies.

Urinary exosomes from diabetic mice are enriched for
miR-145

After 10 weeks of STZ-induced diabetes, both blood glucose
and glycated hemoglobin levels were significantly higher in
diabetic than in non-diabetic mice. Furthermore, compared with
sham-injected control animals, diabetic mice showed a
significant rise in albumin excretion rate (Table 3). Urinary
exosomes were isolated from pooled urine from both diabetic
and non-diabetic mice and miR-145 levels measured by qRT-
PCR. Results showed that miR-145 levels were twice higher in
diabetic than in non-diabetic animals (Figure 1A), indicating
that urinary exosomes have a greater miR-145 content not only
in human, but also in experimental DN.

miR-145 is overexpressed in the glomeruli from
diabetic mice

To investigate if enhanced urinary exosomal miR-145 levels
mirror a parallel change within the glomeruli, we studied
miR-145 expression in glomeruli isolated from both diabetic
and control mice. As shown in Figure 1B, miR-145 was weakly
expressed in the glomeruli from non-diabetic mice, but highly
expressed in the glomeruli from diabetic mice. Quantitatively,
diabetic animals showed a significant nine-fold increase in
glomerular miR-145 levels.

Table 2. MiR-130a, miR-424, miR-155, miR-145 content in
urinary exosomes from diabetic patients and non-diabetic
control subjects.

 
Non-diabetic
Controls

Normoalbuminuric
DM1

Microalbuminuric
DM1

miR-145
0.66
(0.26-1.73)

1.14 (0.73-1.71) 3.11 (2.09-5.10)*#

miR-130a
0.44
(0.27-1.32)

0.91 (0.49-1.81) 2.54 (2.30-3.47)*#

miR-155
2.38
(1.45-3.15)

1.90 (1.22-2.54) 0.79 (0.39-1.82)*°

miR-424
2.58
(2.49-3.13)

2.22 (1.74-3.26) 1.05 (0.80-2.31)§#

Data are shown as geometric mean (25th-75th percentile). *p<0.01; §p<0.05
microalbuminuric diabetic patients vs non-diabetic controls. ° p<0.01; #p<0.05
micro- vs normoalbuminuric diabetic patients.
doi: 10.1371/journal.pone.0073798.t002
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Exposure to high glucose induces miR-145 expression
in cultured mesangial cells

Having established that diabetes induces glomerular
miR-145 expression, we investigated the underlying cellular
mechanism in vitro in mesangial cells. Hyperglycaemia is a key
determinant in the pathogenesis of DN; therefore, we assessed
if exposure to high glucose affected miR-145 expression in
mesangial cells. MiR-145 was expressed by mesangial cells
cultured in a normal glucose milieu. Furthermore, miR-145 was
functionally active in this cell type as miR-145 transfection
suppressed STAT-1 protein expression modestly, but
significantly (Figure 2A). Exposure to both 15 and 25 mM
glucose concentrations for 4 hours induced a significant three-
fold rise in miR-145 levels and this effect was sustained up to
24 hours, suggesting that hyperglycemia may be implicated in
glomerular miR-145 overexpression in diabetic mice (Figure
2B).

Table 3. General assessment parameters in diabetic and
non-diabetic mice.

 Non-Diabetic Diabetic
N 30 30

Body weight (g) 28.9 ± 0.41 24.9 ± 0.40*

Blood Glucose (mg/dl) 107.6 ± 4.21 347.5 ± 16.7*

Glycated Hb (%) 4.5 ± 0.12 11.6 ± 0.32*

Systolic BP (mmHg) 118 ± 2.98 120 ± 3.60

AER (μg/18h) 76.5 (60.4-89.2) 322.7 (218.9-348.1)*

Data are shown as mean ± SEM or geometric mean (25th-75th percentile). BP:
blood pressure; AER: albumin excretion rate; *p<0.001 diabetic vs. non-diabetic
mice.
doi: 10.1371/journal.pone.0073798.t003

Figure 1.  Expression of miR-145 in experimental
diabetes.  MiR-145 levels were measured by qRT-PCR in both
urinary exosomes (A) and isolated glomeruli (B) from diabetic
(DM) and control (ND) mice as described in the Methods.
Results, corrected for the expression of housekeeping U6
snRNA, are shown in the graphs (*p<0.001 DM vs ND).
doi: 10.1371/journal.pone.0073798.g001

MiR-145 is enhanced in exosomes released by
mesangial cell exposed to high glucose

To clarify if high glucose exposure also affects exosomal
miR-145 content, exosomes were isolated from the
supernatants of mesangial cells exposed for 24 hours to either
high or normal glucose concentrations. Exposure to high
glucose reduced the quantity of exosomes released by
mesangial cells [NG: 1.28 107/100000 cells (1.06-1.49)
geometric mean (25th-75th percentile); HG: 0.59 x
107(0.58-0.60), p<0.05 NG vs HG], but significant enhanced
exosomal miR-145 content (Figure 2C). Moreover, the high
glucose-induced rise in exosomal miR-145 levels was
comparable in magnitude to that observed in parent mesangial
cells.

Figure 2.  Expression of miR-145 in human mesangial
cells.  (A) Expression of STAT-1, a known miR-145 target, was
assessed by immunoblotting in total protein extracts from
mesangial cells transfected with either miR-145 mimic or
scramble oligonucleotides. Tubulin was used as loading
control. Results are depicted in the graph (*p<0.05) and a
representative immunoblot is shown. (B) Human mesangial
cells were exposed to increasing (6.8, 15, and 25 mM) glucose
concentrations for 4,6,12 and 24 hours. Total RNA was
extracted and levels of miR-145 measured by qRT-PCR
(*p<0.01) 15 and 25 mM glucose vs. 6.8 mM glucose at all time
points). (C) Human mesangial cells were exposed to either
normal (6.8 mM-NG) or high (25 mM-HG) glucose
concentrations for 24 hours. Exosomes were isolated from the
supernatants by ultracentrifugation as described in the
Methods. Total RNA was extracted and levels of miR-145
measured by qRT-PCR (*p<0.001 HG vs. NG).
doi: 10.1371/journal.pone.0073798.g002
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Discussion

This study provides the first evidence that urinary exosomes
contain a vast array of miRNAs. Urinary exosomes were
obtained by a two-step differential ultracentrifugation process
that is regarded as the gold standard method for exosomal
isolation from biological fluids, including urine [14]. This method
allows efficient isolation of exosomes with a high degree of
purity, though it is laborious and time-consuming. Other larger
types of vesicles may co-isolate with exosomes using most
isolation methods; however, larger vesicles are unlikely to
contribute significantly to our findings as isolated microvesicles
were positive for specific exosomal markers and displayed both
the size and shape characteristic of exosomes at the electron
microscopy.

MiRNA expression profiling revealed a differential exosomal
miRNA expression in two pairs of tightly matched micro/
normoalbuminuric DM1 patients. Although these results are
preliminary, they provide a proof of concept of the feasibility of
this novel approach for biomarker discovery. Further studies
are warranted to establish whether a distinctive urinary
exosomal miRNA signature exists in DN and may be exploited
as diagnostic/prognostic tool. It is noteworthy in this regard that
our patients had low degree of microalbuminuria and normal
renal function, suggesting that abnormalities in urinary
exosomal miRNA expression may occur in an early stage of
the disease.

In diabetic patients with microalbuminuria there was also a
trend toward a reduction in urinary exosome quantity. Although
the difference did not reach statistical significance, this finding
may be of potential relevance and worth of further
investigations in larger series of patients as exosome count
may represent an additional aspect of the potential use of
exosome as DN biomarker.

A recent paper by Argyropoulos C et al has reported
changes of urinary miRNA spectrum in DM1 patients with
different stages of albuminuria and nephropathy [22].
Differentially expressed miRNAs identified in this report do not
overlap with those found in our study. This is, however, not
surprising because Argyropoulos C et al. compared urine
miRNAs from DM1 patients with persistent and intermittent
microalbuminuria and profiled total urinary miRNAs rather than
exosomal miRNAs. Although total urine miRNA profiling is
easier to perform and less time-consuming with consequent
advantages for translation in clinical practise, the analysis of
exosomal urinary miRNAs is likely to be more accurate as total
urine miRNAs can also originate from apoptotic/necrotic cells
facing the urinary tract. In addition, as plasma miRNAs have a
small molecular weight and can pass the glomerular filtration
barrier, a substantial portion of total urine miRNAs is likely of
plasma rather than of renal origin and this diminishes the
relevance of total urinary miRNA analysis for biomarker
discovery in renal pathophysiology.

Our profiling results did not reveal significant difference in
miR-192 expression between micro and normoalbuminuric
DM1 patients, though miR-192 has been implicated in the
pathogenesis of DN and is induced by TGF-β1 in mesangial
cells [23]. Opposing modulation of miR-192 in mesangial cells

[23] and tubular epithelial cells in DN [24], resulting in an
overall null effect on urinary miRNA levels may be a potential
explanation. Alternatively, we cannot exclude the possibility
that cells overexpressing miR-192 release exosomes with
normal miR-192 content as exosomes carry exclusively
miRNAs that need to be deliver to distant target cells.

Validation of profiling results in all recruited patients
confirmed that urinary exosomal miR-145 levels were
significantly enhanced in microalbuminuric as compared to
normoalbuminuric DM1 patients and control non-diabetic
subjects. This finding is of potential pathophysiological
relevance as miR-145 is a glomerular marker of mesangial
cells [20] and is induced by TGF-β1 in this cell type [21]. In
keeping with this hypothesis, our in vivo study showed that
miR-145 levels were increased in both the urinary exosomes
and the glomeruli isolated from streptozotocin-induced diabetic
mice. This is the first report of glomerular miR-145
overexpression in an experimental model of DN and together
with previous studies, reporting altered miRNA expression in
DN [25,26], support the hypothesis of a miRNA involvement in
the development of the complication.

In vitro in cultured mesangial cells miR-145 was expressed
and functionally active as its overexpression resulted in
suppression of STAT-1, a known miR-145 target [27].
Exposure to high glucose induced a rapid and sustained
increase in miR-145 expression in human mesangial cells,
suggesting hyperglycaemia as a possible insult inducing
glomerular miR-145 overexpression. TGF-β1 is a likely
mediator because high glucose is a well established TGF-β1
inducer in mesangial cells [28] and TGF-β1 rises miR-145
expression in both mesangial [21] and vascular smooth muscle
cells through a SMAD-dependent pathway [29]. Recent studies
in vascular muscle cells have proven that miR-145 is a key
determinant in the switching from a proliferative to a
differentiated/contractile phenotype [19,30], raising the
hypothesis of a miR-145 role in high glucose-induced
mesangial cell both hypertrophy and cytoskeleton remodelling.

In diabetic mice, glomerular miR-145 overexpression was
paralleled by an increase in urinary exosomal miR-145 content.
In addition, mesangial cell exposure to high glucose induced
the release of exosomes enriched in miR-145, mirroring the
overexpression observed in parent cells. This raises the
attractive possibility of a mesangial cell origin of urinary
exosomes carrying enhanced miR-145 content. Although
exosome size is over the cut-off value for glomerular filtration, a
recent study has proven that exosomes can cross physiological
barriers, such as the brain blood barrier [31]. The underlying
mechanism is unclear; however, a process of transcytosis,
possibly through the multivesicular bodies (MVB) compartment,
has been proposed [32,33].

In various cell types exosome release is enhanced by
cellular stresses [34]; however, in our study the quantity of
exosomes released by mesangial cells exposed to high
glucose, a known inducer of oxidative stress, was significantly
diminished and could not account for the rise in miR-145 levels.
The underlying mechanism is unknown; however, it is tempting
to speculate that high glucose may interfere in the complex
process leading to exosome formation/release from the MVB.
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Although our in vivo and in vitro work points to
hyperglycaemia as a likely miR-145 inducer; HbA1c levels
were similar in DM1 with and without microalbuminuria and do
not justify the greater miR-145 exosomal content seen in
patients with incipient DN. However, we cannot exclude the
possibility that serum glucose levels differ in the two groups at
the time of urine sampling. In addition, in the microalbuminuric
group greater blood glucose fluctuation in the period prior to
sampling and/or enhanced formation of advance glycation end-
products/TGF-β1 may provide explanation for a glucose-
dependent effect despite similar HbA1c levels. Finally, patients
in the microalbuminuric group are likely to have experienced in
the past poor metabolic control and a metabolic memory-
related effect cannot be rule out. Consistent with the
hypothesis of a glucose-related effect, miR-145 values were
also enhanced in the urinary exosomes from normoalbuminuric
DM1 patients as compared to controls, though this did not
reached statistical significance.

Urinary exosomal miR-130a was also up-regulated in DM1
patients and further increased in subjects with
microalbuminuria. On the contrary, miR-155 and miR-424 were
downregulated and this effect was observed specifically in DM1
with incipient DN. These miRNAs are known to be expressed,
though not exclusively, by podocytes and podocyte-derived
exosomes can be easily found into urine as this cell type faces
the urinary space. Of interest, recent studies have shown that
miR-155 and miR-424 negatively modulate the signalling of
cytokines, such as angiotensin II [35,36], TGF-β1 [37,38], and
VEGF [39], that play a key role in the pathogenesis of DN.
Whether changes in the urinary exosomal content of miR-130a,
miR-155, miR-424 mirror parallel changes in parent cells
remains, however, to be established.

In conclusion, in this study we have identified miR-145 as a
new potential player in diabetic glomerulopathy and

demonstrated the feasibility of the study of urinary exosomal
miRNA for candidate biomarker discovery in diabetic and other
renal diseases. Further studies on larger series of patients are
warranted to confirm our findings and assess their clinical
relevance.

Supporting Information

Figure S1.  Identification and characterisation of
exosomes. (A) Urinary exosomes were isolated from overnight
urine collections by differential ultracentrifugation as describe in
the Methods. Urinary vesicles, showing the characteristic
exosomal cup-shape and size, are shown in the representative
electron micrograph; scale bar = 200nm. (B) Expression of
both exosomal (Hsp70, alix) and endoplasmatic reticulum
(calnexin) specific markers was assessed by immunoblotting in
total protein extracts from isolated urinary exosomes and
positive controls (MC: mesangial cells). GAPDH was used as
loading control for calnexin. Representative immunoblots are
shown. Total RNA, extracted from urinary exosomes, was
analyzed on an Agilent 2100 Bioanalyzer using either a RNA
6000 Pico Kit (C) or a small RNA kit (D). The representative
electropherogram shows that urinary exosomes contain small
RNA species (<150 nt), including microRNAs (10-40 nt).
(TIF)

Author Contributions

Conceived and designed the experiments: FB GG PCP.
Performed the experiments: FB MT AC LA SP SG MCD.
Analyzed the data: FB GB. Contributed reagents/materials/
analysis tools: DC DT MPR. Wrote the manuscript: FB GG.

References

1. Stevens LA, Greene T, Levey AS (2006) Surrogate end points for
clinical trials of kidney disease progression. Clin J Am Soc Nephrol 1:
874-884. doi:10.2215/CJN.00600206. PubMed: 17699300.

2. Lambers Heerspink HJ, de Zeeuw D (2010) Debate: PRO position.
Should microalbuminuria ever be considered as a renal endpoint in any
clinical trial? Am J Nephrol 31: 458-461. doi:10.1159/000292501.
PubMed: 20413960.

3. Glassock RJ (2010) Debate: CON position. Should microalbuminuria
ever be considered as a renal endpoint in any clinical trial? Am J
Nephrol 31: 462-465. doi:10.1159/000313553. PubMed: 20413961.

4. Wang G, Szeto CC (2007) Quantification of gene expression in urinary
sediment for the study of renal diseases. Nephrology (Carlton) 12:
494-499. doi:10.1111/j.1440-1797.2007.00836.x.

5. van Balkom BW, Pisitkun T, Verhaar MC, Knepper MA (2011)
Exosomes and the kidney: prospects for diagnosis and therapy of renal
diseases. Kidney Int 80: 1138-1145. doi:10.1038/ki.2011.292. PubMed:
21881557.

6. Ludwig AK, Giebel B (2012) Exosomes: small vesicles participating in
intercellular communication. Int J Biochem Cell Biol 44: 11-15. doi:
10.1016/j.biocel.2011.10.005. PubMed: 22024155.

7. He L, Hannon GJ (2004) MicroRNAs: small RNAs with a big role in
gene regulation. Nat Rev Genet 5: 522-531. doi:10.1038/nrg1379.
PubMed: 15211354.

8. Shantikumar S, Caporali A, Emanueli C (2012) Role of miRNA in
diabetes and its cardiovascular complications. Cardiovasc Res 93:
583-593. doi:10.1093/cvr/cvr300. PubMed: 22065734.

9. Kantharidis P, Wang B, Carew RM, Lan HY (2011) Diabetes
complications: the miRNA perspective. Diabetes 60: 1832-1837. doi:
10.2337/db11-0082. PubMed: 21709278.

10. Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK et al. (2008)
Circulating miRNAs as stable blood-based markers for cancer
detection. Proc Natl Acad Sci U S A 105: 10513-10518. doi:10.1073/
pnas.0804549105. PubMed: 18663219.

11. Tanaka M, Oikawa K, Takanashi M, Kudo M, Ohyashiki J et al. (2009)
Down-regulation of miR-92 in human plasma is a novel marker for
acute leukemia patients. PLOS ONE 4: e5532. doi:10.1371/
journal.pone.0005532. PubMed: 19440243.

12. Laterza OF, Lim L, Garrett-Engele PW, Vlasakova K, Muniappa N et al.
(2009) Plasma miRNAs as sensitive and specific biomarkers of tissue
injury. Clin Chem 55: 1977-1983. doi:10.1373/clinchem.2009.131797.
PubMed: 19745058.

13. Mangili R, Deferrari G, Mario U, Giampietro O, Navalesi R et al. (1992)
Prevalence of hypertension and microalbuminuria in adult type 1
(insulin-dependent) diabetic patients without renal failure in Italy. 1.
Validation of screening techniques to detect microalbuminuria. Acta
Diabetol 29: 156–166. doi:10.1007/BF00573481.

14. Pisitkun T, Shen RF, Knepper MA (2004) Identification and proteomic
profiling of exosomes in human urine. Proc Natl Acad Sci U S A 101:
13368–13373. doi:10.1073/pnas.0403453101. PubMed: 15326289.

15. Tarabra E, Giunti S, Barutta F, Salvidio G, Burt D et al. (2009) Effect of
the monocyte chemoattractant protein-1/CC chemokine receptor 2
system on nephrin expression in streptozotocin-treated mice and
human cultured podocytes. Diabetes 58: 2109-2118. doi:10.2337/
db08-0895. PubMed: 19587356.

16. Takemoto M, Asker N, Gerhardt H, Lundkvist A, Johansson BR et al..
(2002) (20029 A new method for large scale isolation of kidney
glomeruli from mice. Am J Pathol 161: 799-805. doi:10.1016/
S0002-9440(10)64239-3. PubMed: 12213707.

Urinary Exosomal MicroRNAs and Microalbuminuria

PLOS ONE | www.plosone.org 7 November 2013 | Volume 8 | Issue 11 | e73798

http://dx.doi.org/10.2215/CJN.00600206
http://www.ncbi.nlm.nih.gov/pubmed/17699300
http://dx.doi.org/10.1159/000292501
http://www.ncbi.nlm.nih.gov/pubmed/20413960
http://dx.doi.org/10.1159/000313553
http://www.ncbi.nlm.nih.gov/pubmed/20413961
http://dx.doi.org/10.1111/j.1440-1797.2007.00836.x
http://dx.doi.org/10.1038/ki.2011.292
http://www.ncbi.nlm.nih.gov/pubmed/21881557
http://dx.doi.org/10.1016/j.biocel.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22024155
http://dx.doi.org/10.1038/nrg1379
http://www.ncbi.nlm.nih.gov/pubmed/15211354
http://dx.doi.org/10.1093/cvr/cvr300
http://www.ncbi.nlm.nih.gov/pubmed/22065734
http://dx.doi.org/10.2337/db11-0082
http://www.ncbi.nlm.nih.gov/pubmed/21709278
http://dx.doi.org/10.1073/pnas.0804549105
http://dx.doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://dx.doi.org/10.1371/journal.pone.0005532
http://dx.doi.org/10.1371/journal.pone.0005532
http://www.ncbi.nlm.nih.gov/pubmed/19440243
http://dx.doi.org/10.1373/clinchem.2009.131797
http://www.ncbi.nlm.nih.gov/pubmed/19745058
http://dx.doi.org/10.1007/BF00573481
http://dx.doi.org/10.1073/pnas.0403453101
http://www.ncbi.nlm.nih.gov/pubmed/15326289
http://dx.doi.org/10.2337/db08-0895
http://dx.doi.org/10.2337/db08-0895
http://www.ncbi.nlm.nih.gov/pubmed/19587356
http://dx.doi.org/10.1016/S0002-9440(10)64239-3
http://dx.doi.org/10.1016/S0002-9440(10)64239-3
http://www.ncbi.nlm.nih.gov/pubmed/12213707


17. Giunti S, Tesch GH, Pinach S, Burt DJ, Cooper ME et al. (2008)
Monocyte chemoattractant protein-1 has prosclerotic effects both in a
mouse model of experimental diabetes and in vitro in human mesangial
cells. Diabetologia 5: 198-207.

18. Simpson RJ, Lim JW, Moritz RL, Mathivanan S (2009). Expert. Rev
Proteomics 6: 267–283. doi:10.1586/epr.09.17. PubMed: 19489699.

19. Rangrez AY, Massy ZA, Metzinger-Le Meuth V, Metzinger L (2011)
miR-143 and miR-145: molecular keys to switch the phenotype of
vascular smooth muscle cells. Circ Cardiovasc Genet 4: 197-205. doi:
10.1161/CIRCGENETICS.110.958702. PubMed: 21505201.

20. Harvey SJ, Jarad G, Cunningham J, Goldberg S, Schermer B et al.
(2008) Podocyte-specific deletion of dicer alters cytoskeletal dynamics
and causes glomerular disease. J Am Soc Nephrol 19: 2150-2158. doi:
10.1681/ASN.2008020233. PubMed: 18776121.

21. Denby L, Ramdas V, McBride MW, Wang J, Robinson H et al. (2011)
miR-21 and miR-214 are consistently modulated during renal injury in
rodent models. Am J Pathol 179: 661-672. doi:10.1016/j.ajpath.
2011.04.021. PubMed: 21704009.

22. Argyropoulos C, Wang K, McClarty S, Huang D, Bernardo J et al.
(2013) Urinary microRNA profiling in the nephropathy of type 1
diabetes. PLOS ONE 8: e54662. doi:10.1371/journal.pone.0054662.
PubMed: 23358711.

23. Kato M, Zhang J, Wang M, Lanting L, Yuan H et al. (2007)
MicroRNA-192 in diabetic kidney glomeruli and its function in TGF-
beta-induced collagen expression via inhibition of E-box repressors.
Proc Natl Acad Sci U_S_A 104: 3432–3437. doi:10.1073/pnas.
0611192104. PubMed: 17360662.

24. Krupa A, Jenkins R, Luo DD, Lewis A, Phillips A et al. (2010) Loss of
MicroRNA-192 Promotes Fibrogenesis in Diabetic Nephropathy. J Am
Soc Nephrol 21: 438–447. doi:10.1681/ASN.2009050530. PubMed:
20056746.

25. Kato M, Park JT, Natarajan R (2012) MicroRNAs and the glomerulus.
Exp Cell Res 318: 993-1000. doi:10.1016/j.yexcr.2012.02.034.
PubMed: 22421514.

26. Natarajan R, Putta S, Kato M (2012) MicroRNAs and diabetic
complications. J Cardiovasc Transl Res 5: 413-422.

27. Lu MC, Lai NS, Chen HC, Yu HC, Huang KY et al. (2013) Decreased
microRNA(miR)-145 and increased miR-224 expression in T cells from
patients with systemic lupus erythematosus involved in lupus
immunopathogenesis. Clin Exp Immunol 171: 91-99. doi:10.1111/j.
1365-2249.2012.04676.x. PubMed: 23199328.

28. Yevdokimova N, Wahab NA, Mason RM (2001) Thrombospondin-1 is
the key activator of TGF-b1 in human mesangial cells exposed to high
glucose. J Am Soc Nephrol 12: 703-712. PubMed: 11274231.

29. Long X, Miano JM (2011) Transforming growth factor-beta1 (TGF-
beta1) utilizes distinct pathways for the transcriptional activation of
microRNA 143/145 in human coronary artery smooth muscle cells. J
Biol Chem 286: 30119-30129. doi:10.1074/jbc.M111.258814. PubMed:
21712382.

30. Cordes KR, Sheehy NT, White MP, Berry EC, Morton SU et al. (2009)
miR-145 and miR-143 regulate smooth muscle cell fate and plasticity.
Nature 460: 705-710. PubMed: 19578358.

31. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S et al. (2011) Delivery
of siRNA to the mouse brain by systemic injection of targeted
exosomes. Nat Biotechnol 29: 341-345. doi:10.1038/nbt.1807.
PubMed: 21423189.

32. El Andaloussi S, Lakhal S, Mäger I, Wood MJ (2012) Exosomes for
targeted siRNA delivery across biological barriers. Adv Drug Deliv Rev;
[Epub ahead of print]. PubMed: 22921840.

33. Record M, Subra C, Silvente-Poirot S, Poirot M (2011) Exosomes as
intercellular signalosomes and pharmacological effectors. Biochem
Pharmacol 81: 1171–1182. doi:10.1016/j.bcp.2011.02.011. PubMed:
21371441.

34. Fang DY, King HW, Li JY, Gleadle JM (2013) Exosomes and the
kidney: blaming the messenger. Nephrology (Carlton) 18: 1-10. doi:
10.1111/nep.12005. PubMed: 23113949.

35. Martin MM, Lee EJ, Buckenberger JA, Schmittgen TD, Elton TS (2006)
MicroRNA-155 regulates human angiotensin II type 1 receptor
expression in fibroblasts. J Biol Chem 281: 18277-18284. doi:10.1074/
jbc.M601496200. PubMed: 16675453.

36. Martin MM, Buckenberger JA, Jiang J, Malana GE, Nuovo GJ et al.
(2007) The human angiotensin II type 1 receptor +1166 A/C
polymorphism attenuates microrna-155 binding. J Biol Chem 282:
24262-24269. doi:10.1074/jbc.M701050200. PubMed: 17588946.

37. Louafi F, Martinez-Nunez RT, Sanchez-Elsner T (2010) MicroRNA-155
targets SMAD2 and modulates the response of macrophages to
transforming growth factor-beta. J Biol Chem 285: 41328-41336. doi:
10.1074/jbc.M110.146852. PubMed: 21036908.

38. Rai D, Kim SW, McKeller MR, Dahia PL, Aguiar RC (2010) Targeting of
SMAD5 links microRNA-155 to the TGF-beta pathway and
lymphomagenesis. Proc Natl Acad Sci U S A 107: 3111-3116. doi:
10.1073/pnas.0910667107. PubMed: 20133617.

39. Chamorro-Jorganes A, Araldi E, Penalva LO, Sandhu D, Fernández-
Hernando C et al. (2011) MicroRNA-16 and microRNA-424 regulate
cell-autonomous angiogenic functions in endothelial cells via targeting
vascular endothelial growth factor receptor-2 and fibroblast growth
factor receptor-1. Arterioscler Thromb Vasc Biol 31: 2595-2606. doi:
10.1161/ATVBAHA.111.236521. PubMed: 21885851.

Urinary Exosomal MicroRNAs and Microalbuminuria

PLOS ONE | www.plosone.org 8 November 2013 | Volume 8 | Issue 11 | e73798

http://dx.doi.org/10.1586/epr.09.17
http://www.ncbi.nlm.nih.gov/pubmed/19489699
http://dx.doi.org/10.1161/CIRCGENETICS.110.958702
http://www.ncbi.nlm.nih.gov/pubmed/21505201
http://dx.doi.org/10.1681/ASN.2008020233
http://www.ncbi.nlm.nih.gov/pubmed/18776121
http://dx.doi.org/10.1016/j.ajpath.2011.04.021
http://dx.doi.org/10.1016/j.ajpath.2011.04.021
http://www.ncbi.nlm.nih.gov/pubmed/21704009
http://dx.doi.org/10.1371/journal.pone.0054662
http://www.ncbi.nlm.nih.gov/pubmed/23358711
http://dx.doi.org/10.1073/pnas.0611192104
http://dx.doi.org/10.1073/pnas.0611192104
http://www.ncbi.nlm.nih.gov/pubmed/17360662
http://dx.doi.org/10.1681/ASN.2009050530
http://www.ncbi.nlm.nih.gov/pubmed/20056746
http://dx.doi.org/10.1016/j.yexcr.2012.02.034
http://www.ncbi.nlm.nih.gov/pubmed/22421514
http://dx.doi.org/10.1111/j.1365-2249.2012.04676.x
http://dx.doi.org/10.1111/j.1365-2249.2012.04676.x
http://www.ncbi.nlm.nih.gov/pubmed/23199328
http://www.ncbi.nlm.nih.gov/pubmed/11274231
http://dx.doi.org/10.1074/jbc.M111.258814
http://www.ncbi.nlm.nih.gov/pubmed/21712382
http://www.ncbi.nlm.nih.gov/pubmed/19578358
http://dx.doi.org/10.1038/nbt.1807
http://www.ncbi.nlm.nih.gov/pubmed/21423189
http://www.ncbi.nlm.nih.gov/pubmed/22921840
http://dx.doi.org/10.1016/j.bcp.2011.02.011
http://www.ncbi.nlm.nih.gov/pubmed/21371441
http://dx.doi.org/10.1111/nep.12005
http://www.ncbi.nlm.nih.gov/pubmed/23113949
http://dx.doi.org/10.1074/jbc.M601496200
http://dx.doi.org/10.1074/jbc.M601496200
http://www.ncbi.nlm.nih.gov/pubmed/16675453
http://dx.doi.org/10.1074/jbc.M701050200
http://www.ncbi.nlm.nih.gov/pubmed/17588946
http://dx.doi.org/10.1074/jbc.M110.146852
http://www.ncbi.nlm.nih.gov/pubmed/21036908
http://dx.doi.org/10.1073/pnas.0910667107
http://www.ncbi.nlm.nih.gov/pubmed/20133617
http://dx.doi.org/10.1161/ATVBAHA.111.236521
http://www.ncbi.nlm.nih.gov/pubmed/21885851

	Urinary Exosomal MicroRNAs in Incipient Diabetic Nephropathy
	Introduction
	Materials and Methods
	Materials
	Subjects
	Urinary exosomes isolation
	Immunoblotting
	Trasmission Electron Microscopy
	Total RNA extraction and miRNA expression profiling
	Taqman qPCR
	Animals and diabetes induction
	Urine collections and exosomal isolation
	Glomerular and urinary exosomal miR-145 expression
	Mesangial Cell Culture
	Mesangial Cell Transfection of miR-145
	Mesangial Cell Exposure to High Glucose Concentration
	Data presentation and statistical analysis

	Results
	Patients characteristics
	Characterization of urinary exosomes
	Urinary exosomes contains small RNA
	MiR-130a, miR-424, miR-155, miR-145 are differentially expressed in urinary exosomes from microalbuminuric DM1
	Urinary exosomes from diabetic mice are enriched for miR-145
	miR-145 is overexpressed in the glomeruli from diabetic mice
	Exposure to high glucose induces miR-145 expression in cultured mesangial cells
	MiR-145 is enhanced in exosomes released by mesangial cell exposed to high glucose

	Discussion
	Supporting Information
	Author Contributions
	References


