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The glomerulus is a highly specialized capillary tuft, which under pressure filters large amounts of water and small
solutes into the urinary space, while retaining albumin and large proteins. The glomerular filtration barrier (GFB) is a
highly specialized filtration interface between blood and urine that is highly permeable to small and midsized solutes in
plasma but relatively impermeable to macromolecules such as albumin. The integrity of the GFB is maintained by
molecular interplay between its 3 layers: the glomerular endothelium, the glomerular basement membrane and
podocytes, which are highly specialized postmitotic pericytes forming the outer part of the GFB. Abnormalities of
glomerular ultrafiltration lead to the loss of proteins in urine and progressive renal insufficiency, underlining the
importance of the GFB. Indeed, albuminuria is strongly predictive of the course of chronic nephropathies especially that
of diabetic nephropathy (DN), a leading cause of renal insufficiency. We found that high glucose concentrations
promote autophagy flux in podocyte cultures and that the abundance of LC3B II in podocytes is high in diabetic mice.
Deletion of Atg5 specifically in podocytes resulted in accelerated diabetes-induced podocytopathy with a leaky GFB and
glomerulosclerosis. Strikingly, genetic alteration of autophagy on the other side of the GFB involving the endothelial-
specific deletion of Atg5 also resulted in capillary rarefaction and accelerated DN. Thus autophagy is a key protective
mechanism on both cellular layers of the GFB suggesting autophagy as a promising new therapeutic strategy for DN.

Introduction

Glomerular kidney diseases are a major public health issue.
Indeed, these diseases are highly prevalent and are a major inde-
pendent risk factor for cardiovascular morbidity and mortality,
especially in the context of metabolic syndrome. Diabetic nephrop-
athy (DN) is a serious microvascular complication of diabetes and
is the leading cause of end-stage renal disease (ESRD) in industrial-
ized countries.1 Next to mesangial extracellular matrix deposition
and a thickening of basement membranes, progressive loss of
podocytes and microvascular alterations appear to most closely cor-
relate with the functional renal decline in DN.2-4 Progressive and
irreversible microvascular damage and loss are observed in the dia-
betic kidney, and a decrease in the function and density of

intrarenal microvessels has been reported in several studies.5-8 Fur-
thermore, progressive podocyte injury, characterized by low micro-
vessel density and number, hypertrophy, and foot process
effacement, plays a central role in the development of DN in both
type 1 and type 2 diabetes.4,9-11 Despite the crucial importance of
the kidney, both as therapeutic target and as determinant of the
prognosis of patients with DN, little is known about the mecha-
nisms underlying kidney damage associated with diabetes. In par-
ticular, few studies have investigated the endogenous factors that
slow down or prevent the development of complications. Thus, it
is important to better understand the pathogenesis of DN and to
identify novel therapeutic target molecules.

Autophagy has recently emerged as an interesting potential
novel target for the treatment of nondiabetic glomerular
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diseases.12,13 Autophagy is a highly regulated lysosomal protein
degradation pathway that removes protein aggregates and damaged
or excess organelles to maintain intracellular homeostasis and cell
integrity.14-16 The formation of autophagosomes depends on sev-
eral genes including Map1lc3B/LC3B, Becn1/Beclin 1, and other
autophagy-related (Atg) genes.14 Dysregulation of autophagy is
involved in the pathogenesis of a variety of metabolic and age-
related diseases.17-23 The function of autophagy in the kidneys is
currently under investigation and it has been shown to have a
renoprotective effect in several animal models of aging and acute
kidney injury, especially in glomeruli.12,24-26 Importantly, postmi-
totic podocytes exhibit high levels of basal autophagy as a key regu-
lator of podocyte and glomerular maintenance.13

Additionally, a strong body of evidence supports the role for
maintenance of endothelial function in diabetes to limit DN pro-
gression involving homeostasis of multiple systems 7,27-30 such as
NOS3/eNOS (nitric oxide synthase 3 [endothelial cell]) activity,
31 glycocalyx production, 32,33 EDN/endothelin actions 34-38 and
balanced VEGF (vascular endothelial growth factor) 33,39,40 and
ANGPT/angiopoietin systems.41 Endothelial cells may also use
autophagy as a coping mechanism to metabolic stress. However,
there are currently no data on the role of endothelial autophagy
in cardiovascular diseases.

Autophagy is regulated by the major nutrient-sensing pathways,
including MTOR (mechanistic target of rapamycin), AMP-
activated protein kinase (AMPK), and SIRT1 (sirtuin 1).14,42-46

Studies suggest that alteration of these nutrient-sensing pathways
under diabetic conditions impairs the autophagic stress response,
which may exacerbate organelle dysfunction and lead to the devel-
opment of diabetic nephropathy.24 Autophagy can also be induced
by high glucose levels in various cell types, partly through hyper-
glycemia-mediated reactive oxygen species production, and has
protective effects in vitro.47-49 In fact, activation of MTOR was
associated with an accelerated glomerular injury of DN- or puro-
mycin models potentially suggesting an involvement of autophagy
in these disease models 50,51

Nevertheless, the direct role of autophagy in diabetic nephropa-
thy is not fully understood. Thus, the objective of this study was
to investigate the precise involvement of podocyte and endothelial
autophagy in the pathogenesis of diabetic nephropathy in vivo.

Results

High glucose concentrations induce autophagy in primary
podocytes in vitro

We first analyzed the effect of high glucose concentration on
podocyte autophagy using a podocyte primary culture. Purity
was verified by western blot and immunofluorescence analysis
(Fig. S1A, B). Microtubule-associated protein 1 light chain
3A/B (LC3A/B) was used as a marker of autophagy. LC3 is a
soluble protein that is proteolytically modified by a C-terminal
cleavage to generate a form (LC3-I) that is subsequently conju-
gated to phosphatidylethanolamine (PE) to produce LC3–PE
(or LC3-II), which is recruited to phagophore membranes.
Meanwhile, the high conversion of LC3-I into LC3-II reflects

either a high autophagic flux, or a blockade in autolysosomal
degradation.52 Thus, autophagic flux can be measured by infer-
ring LC3 turnover by western blot in the presence or absence of
lysosomal degradation. The difference between the amount of
LC3-II in the presence or absence of lysosomal inhibitors will
allow to determine if the autophagic flux is increased or
blocked; indeed, if the flux is occurring, the amount of LC3-II
will be higher in the presence of the inhibitor. 53,54 The ratio of
LC3B-II/a-tubulin (TUBA) was higher in primary podocytes
treated for 24 h with high glucose concentrations (33 mM)
than those treated with physiological glucose concentrations
(5 mM), suggesting that hyperglycemia induces autophagy in
primary podocytes (Fig. 1A, B). Addition of bafilomycin A1

(10 nM), which blocks lysosome acidification and prevents
autophagosome degradation, further confirmed the accumula-
tion of LC3B-II elicited by a high glucose concentration
(Fig. 1A, B). We also isolated podocytes from GFP-LC3 mice
and analyzed LC3 expression in cells treated for 24 h with low
or high glucose concentrations. The number of GFP-LC3
puncta (LC3–PE associated with autophagosome membranes)
was higher in podocytes treated with a high glucose concentra-
tion than in those treated with a low glucose concentration,
thus confirming that high glucose induces autophagy in podo-
cytes (Fig. 1C). We then analyzed the effect of hyperglycemia
on SVI cells, a stable podocyte cell line, and found that high-
glucose treatment for 48 h induces autophagy in SVI cells
(Fig. 1D, E), thus confirming short-term effect of high-glucose
as an inducer of autophagy in podocytes. On the other hand,
LC3B-II expression was reduced in SVI podocytes when treated
with high glucose for 15 days, thus showing a long-term repres-
sive effect of high glucose on podocyte autophagy (Fig. S2).
We also confirmed that hyperglycemia induces autophagy in
glomeruli in vivo, and particularly in podocytes, by examining
LC3 staining in an induced model of diabetes. Indeed, LC3
staining in podocytes was stronger in GFP-LC3 mice at 4 wk
post-STZ injection, when mice were hyperglycemic but had
not developed glomerular lesions, than in GFP-LC3 control
mice. LC3 staining was also stronger at 4 wk post-STZ injec-
tion than at 1 wk post-STZ injection (Fig. S3A). At 8 wk post-
STZ injection, when mice exhibited glomerular lesions, LC3
staining was decreased, supporting the hypothesis of a short-
term induction followed by a long-term repression of the auto-
phagic flux in glomeruli under hyperglycemia stimuli
(Fig. S3A). To confirm that increased LC3 expression repre-
sents increased autophagic flux, we treated mice with chloro-
quine (50 mg/kg) for 4 d before sacrifice, in order to block
lysosomal acidification and consequently autolysosome degra-
dation. Western blot analysis revealed LC3B-II accumulation
in glomeruli from mice at 4 wk post-STZ injection treated with
chloroquine compared to control mice treated with chloroquine
(Fig. S3B), thus confirming hyperglycemia-induced autophagic
flux in glomeruli at 4 wk post-STZ injection. Finally, we also
analyzed SQSTM1/p62 expression in glomeruli. We found
that SQSTM1 almost exclusively colocalized with LC3 in auto-
phagosomes in glomeruli from control mice and at 4 wk post-
STZ injection, while SQSTM1 was accumulated in the
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cytoplasm of glomerular cells at 8
wk post-STZ injection (Fig. S4).
These results confirmed an active
autophagic flux in glomeruli in
early stage diabetes.

Podocyte-specific Atg5 deficiency
results in diabetes-induced
podocytopathy, a leaky filtration
barrier, and glomerulosclerosis

We sought to define the role of
the autophagy pathway specifi-
cally in podocytes. We thus gener-
ated podocyte-specific Atg5
knockout mice by mating Atg5-
floxed mice (Atg5lox/lox) 55 with
mice expressing Cre recombinase
under the control of the podocin
promoter Nphs2 (Table S1).56

We confirmed that Nphs2.Cre-
atg5lox/lox mice had normal kidney
function and no glomerular histo-
logical lesions until 20 mo of age,
as previously reported.13

We first analyzed the effect of
autophagy deficiency on podocyte
cell apoptosis in vitro upon high
glucose stimulation. We con-
firmed the deletion of Atg5 in pri-
mary podocytes by western
blotting using an anti-ATG5 anti-
body. Furthermore, primary
podocytes from Nphs2.Cre
atg5lox/lox mice showed accumula-
tion of LC3-I, SQSTM1, and
ubiquitinated proteins, thus con-
firming efficient autophagy deple-
tion in Atg5-deleted podocytes
(Fig. S1C, D). Flow cytometry
analysis demonstrated that high
glucose concentrations induced
apoptosis in control primary
podocytes (Fig. 2A, B). However,
the proportion of apoptotic cells
was higher in primary podocytes
from Nphs2.Cre-atg5lox/lox mice
than in those from Atg5lox/lox control littermate mice, both at
physiological and high glucose concentrations (Fig. 2A, B). We
confirmed these results by western blot analysis, which showed a
high abundance of cleaved CASP3 in primary podocytes from
Nphs2.Cre-atg5lox/lox mice treated with high glucose concentra-
tion (Fig. 2C, D). Thus, this suggests that autophagy protects
podocytes from apoptosis induced by high glucose concentra-
tions in vitro.

We then examined the role of the autophagy pathway in
podocytes after the experimental induction of diabetes mellitus

(DM). Nphs2.Cre-atg5lox/lox mice were made diabetic by strepto-
zotocin (STZ) injection. Ten wk after the induction of diabetes,
mice presented typical polyuria and weight loss (data not shown).
Diabetic mice developed features of mild DN, as shown by
increased kidney-to-body weight ratio, increased blood urea
nitrogen (BUN) levels and microalbuminuria (Table 1). Impor-
tantly, kidney-to-body weight ratio and BUN levels were higher
and microalbuminuria was more severe in Nphs2.Cre-atg5lox/lox

diabetic mice than in their control diabetic littermates (Table 1).
We next sought to investigate the structure and number of

Figure 1. High glucose concentrations induce autophagy in podocytes. (A) Western blot analysis of the abun-
dance of LC3B in primary podocytes treated with low glucose (LG, 5 mM D-glucose) or high glucose (HG,
33 mM D-glucose) concentrations for 24 h in the absence or presence of bafilomycin A1 (10 nM). (B) Quantifi-
cation of western blot bands showing LC3B-II normalized to TUBA band intensity. Values are means§ SEM of
at least 9 mice. * # P<0.05, *** ### P<0.001, * different conditions of bafilomycin A1 treatment, same glucose
concentration, # same conditions of bafilomycin A1 treatment, different glucose concentration. (C) Represen-
tative images of the expression of LC3 assessed by immunofluorescence in primary podocytes treated with
low glucose (LG, 5 mM D-glucose) or high glucose (HG, 33 mM D-glucose) concentrations for 24 h. Scale bar:
50 mm (upper panel) and 15 mm (lower panel). (D) Western blot analysis of the abundance of LC3B in SVI
podocytes treated with low glucose (LG, 5 mM D-glucose) or high glucose (HG, 33 mM D-glucose) concentra-
tions for 48 h in the absence or presence of bafilomycin A1 (100 nM, 4 h). (E) Quantification of western blot
bands showing LC3B-II normalized to TUBA band intensity. Values are means § SEM of 3 experiments. *#P <

0.05, * different conditions of bafilomycin A1 treatment, same glucose concentration, # same conditions of
bafilomycin A1treatment, different glucose concentration.
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Figure 2. For figure legend, see page 1134.
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podocytes in diabetic mice. Immunofluorescence showed that the
abundance of PODXL/Podocalyxin and the slit diaphragm protein
NPHS2 were lower in glomeruli from Nphs2.Cre-atg5lox/lox dia-
betic mice than in those from nondiabetic Nphs2.Cre-atg5lox/lox

mice, thus demonstrating that podocyte structure is altered in
Nphs2.Cre-atg5lox/lox mice during diabetes. These alterations
were specific to the diabetic condition of Nphs2.Cre-atg5lox/lox

mice because the pattern and intensity of PODXL and NPHS2
immunostaining were similar in control diabetic Atg5lox/lox mice
and nondiabetic Nphs2.Cre-atg5lox/lox mice (Fig. 3A). Western
blot analysis of NPHS2 and NPHS1/Nephrin expression in iso-
lated glomeruli further confirmed the alteration of podocyte
structure in Nphs2.Cre-atg5lox/lox mice during diabetes
(Fig. 3B). We also examined podocyte density by immunohisto-
chemical staining of WT1 (Wilms’ tumor 1). The number of
podocytes per glomerular section was significantly lower in
Nphs2.Cre-atg5lox/lox diabetic mice compared to diabetic and
nondiabetic controls, demonstrating the progressive loss of
autophagy deficient podocytes in a diabetic environment
(Fig. 3A, C). In addition, transmission electron microscopy
(TEM) analyses revealed more pronounced glomerular base-
ment membrane (GBM) thickening and podocyte foot process
broadening and effacement in Nphs2.Cre-atg5lox/lox diabetic glo-
meruli, whereas few ultrastructural defects were found in podo-
cytes from control diabetic mice (Fig. 4).

Interestingly, mesangial thickening and glomerulosclerosis
was more severe in glomeruli from Nphs2.Cre-atg5lox/lox diabetic
mice than in glomeruli from their control diabetic littermates
(Fig. 5A, B). Moreover, the deposition of COL4A (collagen,
type IV, a) was higher in glomeruli from Nphs2.Cre-atg5lox/lox

diabetic mice (Fig. 5A, C). Finally, TEM ultrastructure analyses
confirmed that substantial mesangial expansion and glomerular
sclerosis was present in Nphs2.Cre-atg5lox/lox diabetic mice only

(Fig. 5D). Of note, Nphs2.Cre-atg5lox/lox mice and their control
littermates (Atg5lox/lox) were on a pure C57BL6/J genetic back-
ground, which is known to be relatively resistant to DN. This
may explain why only a small number of glomerular lesions were
observed in the control diabetic mice.

Taken together, these results demonstrate that podocyte
autophagy exerts protective effects in glomeruli during diabetes
mellitus, maintaining podocyte integrity and limiting glomerular
sclerosis.

Endothelial-specific Atg5 deficiency results in mild
alterations to the GFB at baseline

The maintenance of GFB integrity requires the proper func-
tion of podocytes and glomerular endothelial cells, which lie on
either side of the GBM. Thus, we next investigated the role of
autophagy in endothelial cells in our model. We first generated
endothelial-specific Atg5 knockout mice by crossing Atg5-floxed
mice (Atg5lox/lox) with the Cdh5.Cre strain (Table S1 and
Fig. 6A).57 We also crossed the Cdh5.Cre strain with a
ROSA26R-LacZ reporter line (Table S1) and found b-galactosi-
dase staining in most, but not all (around 75%), of the glomeru-
lar endothelial cells and in interstitial capillaries in the kidneys of
Cdh5.Cre ROSA26R-LacZ mice (Fig. S5A). Furthermore,
Cdh5.Cre ROSA26R-Eyfp mice (Table S1) demonstrated cos-
taining between YFP and PECAM1/CD31 (Fig. S5B) and CRE
immunofluorescence also confirmed the selective expression of
CRE recombinase in endothelial cells of the kidneys of Cdh5.Cre
mice including in glomerular capillaries (Fig. S5C). Thus, effi-
cient but not complete, endothelial-selective CRE recombination
occurs in glomerular endothelial cells of Cdh5.Cre mice. Cdh5.
Cre-Atg5lox/lox mice were born at a Mendelian ratio and were
indiscernible from their Atg5lox/lox control littermates regarding
weight, size, albuminuria and BUN levels, up to 20 wk of age

Figure 2 (See previous page). Autophagy deficiency promotes apoptosis in podocytes under high glucose concentrations. (A) Representative flow
cytometry results for primary podocytes from Atg5lox/lox control and Nphs2.Cre-atg5lox/lox mice after treatment for 48 h with a low glucose (LG, 5 mM D-
glucose) or a high glucose (HG, 33 mM D-glucose) concentration. The horizontal axis shows the fluorescence intensity of DAPI and the vertical axis shows
that of ANXA5/annexin V-PE. (B) Quantification of the percentage of apoptotic (Q1: ANXA5-positive DAPI-negative) and necrotic (Q2: ANXA5-positive
DAPI-positive) cells. Values are means§ SEM of at least 5 mice in 2 independent experiments. * # P<0.05, * same genotype, different glucose concentra-
tion, # different genotype, same glucose concentration. (C) Western blot analysis of the abundance of CASP3 and cleaved CASP3 in primary podocytes
from Atg5lox/lox control and Nphs2.Cre-atg5lox/lox mice after treatment for 48 h with a low glucose (LG, 5 mM D-glucose) or a high glucose (HG, 33 mM D-
glucose) concentration. (D) Quantification of western blot bands showing CASP3 and cleaved CASP3 (17-KDa form) normalized to TUBA band intensity.
Values are means§ SEM of 4 mice. * # P<0.05, * same genotype, different glucose concentration, # different genotype, same glucose concentration.

Table 1. Nphs2.Cre atg5lox/lox animal phenotype

Atg5lox/lox Nphs2.Cre atg5lox/lox

Mice Control (nD11) Diabetes (nD10) Control (nD9) Diabetes (nD15)

Blood glucose (mg/dL) 168.9 § 12.1 484.7§ 25.7a 175.7§ 11.2 492.8 § 32.6a,b

Body weight (g) 30.1 § 1 25.2 § 1.2a 29.2 § 0.9 25.1 § 0.8a,b

Kidney to body weight ratio (%) 0.59 § 0.02 0.77 § 0.04a 0.65 § 0.01 0.89 § 0.03a,b,c

Urinary ALB to creatinine ratio (mg/mmol) 0.73 § 0.12 4.17 § 1.45a 2.27 § 0.72 16.33 § 4.86a,b,c

BUN (mmol/L) 18.6 § 1.3 23.9 § 1.2a 21.4 § 0.9 29.2 § 1.9a,b,c

aP< 0.05 vs. Atg5lox/lox control.
bP < 0.05 vs. respective non DM.
cP < 0.05 vs. Atg5lox/lox control DM.
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(Fig. 6B, Table 2 and data not shown). In histological sections,
glomeruli from Cdh5.Cre-Atg5lox/lox mice displayed slightly
dilated capillaries from 10 wk of age (Figs. 6C, D and 7A, B).

The intensity and pattern of
PECAM1 immunofluorescence
in 10-wk-old Cdh5.Cre-atg5lox/
lox mice was even, showing that
capillary dilatation was not asso-
ciated with marked endothelial
defects (Fig. 6D). Interestingly,
TEM analyses revealed discrete
podocyte foot process efface-
ments and loss of glomerular
endothelial fenestrations associ-
ated with endothelial cytoplasmic
thickening in around 60% of the
glomerular capillary loops from
Cdh5.Cre-atg5lox/lox mice
(Fig. 6E and Fig. S6A). These
data indicate that the deletion of
Atg5 specifically in vascular endo-
thelial cells induces mild mor-
phological lesions of the
glomerular filtration barrier
(GFB), not associated with func-
tional defects of the GFB.

Endothelial-specific Atg5
deficiency results in diabetes-
induced glomerular endothelial
lesions

We then examined the role of
the autophagy pathway in glo-
merular endothelial cells after the
experimental induction of DM.
Ten wk after the induction of
diabetes by STZ injection, Cdh5.
Cre-atg5lox/lox mice and their
control littermates presented
polyuria, weight loss, and devel-
oped features of mild DN
(Table 2 and data not shown).
Importantly, microalbuminuria
was more severe in Cdh5.Cre-
atg5lox/lox diabetic mice than in
their control diabetic littermates
(Table 2). Histological analyses
showed that capillary mean area
was increased in Cdh5.Cre-
atg5lox/lox diabetic mice when
compared to their Atg5lox/lox

control diabetic littermates
(Figs. 7A, B and Fig. 8). Immu-
nofluorescence analysis showed
that PECAM1 staining was less
intense and periluminal FN1/

fibronectin staining was higher in glomeruli from Cdh5.Cre-
atg5lox/lox diabetic mice than in those of control diabetic mice.
This indicates that glomerular capillaries are dilated and

Figure 3. Autophagy deficiency specifically in podocytes promotes diabetes-induced podocyte loss. (A) Rep-
resentative images of the expression of PODXL (upper panel) and NPHS2 (middle panel) by immunofluores-
cence in 20-wk-old Atg5lox/lox control, Atg5lox/lox control diabetic, Nphs2.Cre-atg5lox/lox control and Nphs2.Cre-
atg5lox/lox diabetic mice. Representative images of the expression of WT1 (lower panel) by immunohistochem-
istry in 20-wk-old Atg5lox/lox control, Atg5lox/lox control diabetic, Nphs2.Cre-atg5lox/lox control and Nphs2.Cre-
atg5lox/lox diabetic mice. Images are representative of at least 6 mice. Scale bar: 50 mm. (B) Western blot analy-
sis of NPHS2 and NPHS1 expression in glomerular extracts from 20-week-old Atg5lox/lox control, Atg5lox/lox con-
trol diabetic, Nphs2.Cre-atg5lox/lox control and Nphs2.Cre-atg5lox/lox diabetic mice. Protein concentrations were
normalized to TUBA expression. (C) Quantification of the number of WT1-positive cells per glomerular section
in 20-wk-old Atg5lox/lox control, Atg5lox/lox control diabetic, Nphs2.Cre-atg5lox/lox control and Nphs2.Cre-atg5lox/
lox diabetic mice. Data were normalized to Atg5lox/lox control and represent means § SEM of at least 6 mice.
##P <0.01, *** P<0.001, * same genotype, different treatment, # different genotype, same treatment.
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endothelial lesions are present
in diabetic mice with
endothelial cells deficient in
autophagy (Fig. 7A). Ultrastruc-
tural analysis revealed glomerular
endothelial cell cytoplasmic dis-
organization and vacuolization as
well as detached cells, most prob-
ably endothelial cells, in the
lumen of the capillaries, in glo-
meruli of Cdh5.Cre-atg5lox/lox

diabetic mice, further confirming
endothelial injury in glomeruli
from diabetic Cdh5.Cre-atg5lox/
lox mice (Fig. 7C and Fig. S6B).
Histological analyses also
revealed that mesangial thicken-
ing and glomerulosclerosis were
similar between Cdh5.Cre-
atg5lox/lox diabetic mice and their
control diabetic littermates
(Fig. 8A, B). Likewise, COL4A
deposition was similar in glomer-
uli from Cdh5.Cre-atg5lox/lox dia-
betic mice and their control
diabetic littermates (Fig. 8A, C).

Finally, we investigated podo-
cyte structure and number in dia-
betic mice. The intensity and
pattern of PODXL and NPHS2
expression were different between
glomeruli from Cdh5.Cre-
atg5lox/lox diabetic mice and those
of their control littermates,
whereas the podocyte density was
similar (Fig. S7A, B). TEM
observations revealed GBM
thickening and podocyte foot
process broadening and efface-
ment in Cdh5.Cre-atg5lox/lox dia-
betic glomeruli, whereas few
ultrastructural defects were found
in podocytes from control dia-
betic mice (Fig. S7C).

Overall, these results demon-
strate that autophagy in endothe-
lial cells exerts a protective effect
on glomeruli during DM.
Indeed, autophagy preserves both
endothelial integrity and podo-
cyte ultrastructure to maintain
GFB homeostasis, which involves
crosstalk between glomerular
endothelial cells and surrounding
podocytes.

Figure 4. Autophagy deficiency specifically in podocytes promotes diabetes-induced podocyte ultrastructural
alterations. (A) Representative photomicrographs of transmission electron microscopy sections of podocytes
from 20-wk-old Atg5lox/lox control, Atg5lox/lox control diabetic, Nphs2.Cre-atg5lox/lox control and Nphs2.Cre-
atg5lox/lox diabetic mice showing GBM thickening (*) and foot process effacement (arrows) in Atg5lox/lox control
and Nphs2.Cre-atg5lox/lox diabetic mice. Scale bar: 1 mm. (B, C) Quantifications of mean GBM thickness and
mean foot process width in podocytes from 20-wk-old Atg5lox/lox control, Atg5lox/lox control diabetic, Nphs2.
Cre-atg5lox/lox control and Nphs2.Cre-atg5lox/lox diabetic mice. Data represent means § SEM of 3 mice. *P
<0.05, *** ### P<0.001, * same genotype, different treatment, # different genotype, same treatment.
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Discussion

In this study, we highlight that autophagic flux underlies glo-
merular maintenance in response to DN in both cellular com-
partments of the GFB, podocytes and glomerular endothelial
cells (GECs). Thus, our results indicate that autophagy protects
glomeruli against injury in a diabetic context. These results shed

light on the role of autophagy in
DN and have important implica-
tions for limiting cell stress due to
hyperglycemia.

Diabetes is the most common
cause of ESRD in developed
countries. Around 30% of
patients with type 1 or type 2 dia-
betes will develop proteinuria
after 25 y of diabetes.58 Diabetic

nephropathy is a slow progressive condition. Its clinical features
are an increase in urinary albumin excretion in combination with
rising blood pressure, both leading to a high risk of cardiovascu-
lar disease. A reduction in glomerular filtration rate occurs rela-
tively late, around the same time as capillary rarefaction and
sclerosis, and finally leads to ESRD. At the cellular level, both
sides of the GFB, podocytes and GECs, are damaged in diabetic

Figure 5. Deletion of Atg5 specifi-
cally in podocytes favors diabetes-
induced glomerulosclerosis. (A)
Representative images of hematox-
ylin/eosin stained sections (upper
panel), Masson trichrome stained
sections (middle panel) and COL4A
immunohistochemistry (lower
panel) of renal cortex from 20-wk-
old Atg5lox/lox control, Atg5lox/lox

control diabetic, Nphs2.Cre-atg5lox/
lox control and Nphs2.Cre-atg5lox/lox

diabetic mice. Images are represen-
tative of at least 6 mice. Scale bar:
50 mm. (B) Quantification of the
percentage of glomeruli with
mesangial expansion in renal cortex
from 20-wk-old Atg5lox/lox control,
Atg5lox/lox control diabetic, Nphs2.
Cre-atg5lox/lox control and Nphs2.
Cre-atg5lox/lox diabetic mice. Data
represent means § SEM of at least 5
mice. ## P < 0.01, *** P < 0.001, *
same genotype, different treatment,
# different genotype, same treat-
ment. (C) Quantification of the
COL4A staining per glomerular sec-
tion in 20-wk-old Atg5lox/lox control,
Atg5lox/lox control diabetic, Nphs2.
Cre-atg5lox/lox control and Nphs2.
Cre-atg5lox/lox diabetic mice. Data
represent means §SEM of 3 (nondi-
abetic) or 4 (diabetic) mice. *P <

0.05, ***, ### P < 0.001, * same
genotype, different treatment, # dif-
ferent genotype, same treatment.
(D) Representative photomicro-
graphs of transmission electron
microscopy sections of mesangial
cells from 20-wk-old Atg5lox/lox con-
trol, Atg5lox/lox control diabetic,
Nphs2.Cre-atg5lox/lox control and
Nphs2.Cre-atg5lox/lox diabetic mice.
Scale bar: 1 mm.
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patients. Epidemiologic studies have demonstrated that intensive
glycemic control significantly reduces the risk of developing
microalbuminuria in type 1 and type 2 diabetes.59-61 The effect
of glycemic control on the progression of microalbuminuria to
ESRD is less clear.62-64 However, several studies have demon-
strated that hyperglycemia has a deleterious effect on both podo-
cytes and GECs.

In the present study, we investigated the importance of
autophagy in podocytes and endothelial cells in the context of
diabetes. Indeed, autophagy is likely to play an essential role in
maintaining podocyte function, because these terminally

differentiated cells display high rates of autophagy even in the
absence of stress. 13,65-67

Because, endothelial dysfunction is associated with human
diabetic nephropathy,68 we also sought to investigate, for the first
time, the importance of endothelial autophagy in the mainte-
nance of specialized glomerular microcirculation in normal and
diabetic conditions.

Sustak et al. showed that high glucose levels lead to podocyte
apoptosis in vitro, mediated through CASP3 activation.69 High
glucose concentration (HG) also leads to podocyte hypertrophy
through the upregulation of the cyclin-dependent kinase

Figure 6. Endothelial autophagy is not required for kidney development or function. (A) Schematic representation of the generation of mice with
autophagy-deficient endothelial cells obtained by mating mice expressing the CRE recombinase under the VE-cadherin promoter (Cdh5.Cre mice) with
mice expressing Atg5 alleles with loxP sites flanking exon 3 (Atg5lox/lox mice). (B) Renal function assessed by BUN levels and microalbuminuria/creatinine
ratio in 10- to 14-wk-old Atg5lox/lox control and Cdh5.Cre-atg5lox/lox mice. Values are means§ SEM of at least 7 mice. (C) Representative images of Masson
trichrome (upper panel) and hematoxylin/eosin (lower panel) stained sections from 10- to 14-wk-old Atg5lox/lox control and Cdh5.Cre-atg5lox/lox mice.
Scale bar: 50 mm. (D) Representative images of the expression of PECAM1 (red) by immunofluorescence in 10-wk-old Atg5lox/lox control and Cdh5.Cre-
atg5lox/lox mice. Nuclei were counterstained with DAPI stain (blue). Scale bar: 50 mm. (E) Representative photomicrographs of transmission electron
microscopy sections of glomeruli from 10-wk-old Atg5lox/lox control and Cdh5.Cre-atg5lox/lox mice showing disappearance of endothelial fenestration
(arrow) and podocyte foot process effacements (arrow-head) in Cdh5.Cre-atg5lox/lox mice. Scale bar: 1 mm (upper panel) and 200 nm (lower panel).
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inhibitor CDKN1B/p27Kip
1 70

and MTOR activation.50,71

Therefore, HG is expected to
promote podocyte injury by per-
turbing cell cycle regulation, and
promoting hypertrophy, dedif-
ferentiation and apoptosis.

We first examined the effect
of HG treatment in vitro and
found that acute HG induces
autophagy in primary cultured
podocytes and stimulates apo-
ptosis. These results are in line
with those of a recent study
showing that HG promotes the
production of reactive oxygen
species, which results in autoph-
agy in a conditionally immortal-
ized murine podocyte cell line.49

We then observed that long-term
exposure to HG in vivo induces
autophagy in podocytes. Fur-
thermore, we found that autoph-
agy deficiency in primary
cultured podocytes under HG
stimulation impaired cell sur-
vival. Similarly, indirect pharma-
cological autophagy inhibition in
a conditionally immortalized
murine podocyte cell line also
induced apoptosis.72 Unlike this
latter study, we used a genetic
approach to study the effect of
autophagy deficiency in primary
podocytes in vitro and in vivo;
therefore, our model is more
physiologically relevant.

An important theme of this
study was to target both cellular
compartments of the GFB in the
context of one disease. In fact,
the results indicate that certain
pathways act synergistically in

Table 2. Cdh5.Cre atg5lox/lox animal phenotype

Atg5lox/lox Cdh5.Cre atg5lox/lox

Mice Control (nD10) Diabetes (nD11) Control (nD10) Diabetes (nD13)

Blood glucose (mg/dL) 165.3§ 9.7 521.9 § 30.5a 150.6 § 9.8 535.5 § 16.1a,b

Body weight (g) 29.7 § 0.6 26.9 § 1.3a 28.2 § 0.7 24.7 § 0.7a,b

Kidney to body weight ratio (%) 0.59 § 0.02 0.83 § 0.02a 0.69 § 0.03 0.78 § 0.02a,b

Urinary ALB to creatinine ratio (mg/mmol) 0.81 § 0.18 3.07 § 0.36a 1.32 § 0.21 5.03 § 1.27a,b,c

BUN (mmol/L) 24.3 § 0.9 29.5 § 1.7a 26.3 § 1.5 35.2 § 3.1a,b,c

aP< 0.05 vs. Atg5lox/lox control.
bP < 0.05 vs. respective non DM.
cP < 0.05 vs. Atg5lox/lox control DM.

Figure 7. Deletion of Atg5 specifically in endothelial cells favors the development of glomerular endothelial
lesions during diabetes. (A) Representative images of the expression of PECAM1 (red, upper panel) and FN1
(red, lower panel) by immunofluorescence in 20-wk-old Atg5lox/lox control, Atg5lox/lox control diabetic, Cdh5.
Cre-atg5lox/lox control and Cdh5.Cre-atg5lox/lox diabetic mice. Nuclei are counterstained with DAPI stain (blue).
Scale bar: 50 mm. (B) Quantification of the mean capillary area. Values are means § SEM of 3 (nondiabetic) or
4 (diabetic) mice. # P <0.05, ** ## P<0.01, *** P<0.001, * same genotype, different treatment, # different geno-
type, same treatment. (C) Representative photomicrographs of transmission electron microscopy sections of
glomeruli from 20-wk-old Atg5lox/lox control diabetic and Cdh5.Cre-atg5lox/lox diabetic mice showing cell
detached in the lumen of the capillaries, most probably endothelial cells (*) and cytoplasmic vacuolization
(arrows) in endothelial cells (EC) of Cdh5.Cre-atg5

lox/lox diabetic mice. Scale bar: 1 mm.
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both compartments, which iden-
tifies promising targets for novel
treatment approaches.

In this respect, it is interesting
that autophagy has protective
properties in glomeruli during
diabetes on both sides of the
GFB. Furthermore, it appears
interesting that the loss of
autophagy in podocytes affects
the ultrastructure and function of
these cells but also that of nearby
mesangial cells, which become
sclerotic. These data underline
the communication between
podocytes and mesangial cells. In
a similar manner, the loss of
autophagy in endothelial cells
alters the phenotype of GECs in
addition to that of neighboring
podocytes in diabetic conditions.
Interestingly, crosstalk between
endothelial cells and podocytes
appears to involve a complex
paracrine signaling network that
is essential for glomerular devel-
opment and homeostasis. This
network is altered in disease and
manifests as the abnormal excre-
tion of albumin. However, it is
unclear how autophagy may
influence GEC-derived soluble
factor(s) that signal to podocytes.

In the kidney, indirect evi-
dence from experiments with
well-known inducers of autoph-
agy also suggest that autophagy
has protective properties during
the development of DN.24 Rapa-
mycin, resveratrol, and caloric
restriction induce autophagy in
many cell types and organs.
Although they affect many path-
ways besides autophagy, several
studies have shown that these
treatments have positive effects
on inflammation, tubular injury,
glomerulosclerosis, and podocyte
injury in rodent models of
DN.73-80 Interestingly, Wen
et al. show that the treatment of
diabetic mice with resveratrol
impairs intraglomerular capillary
rarefaction, suggesting that res-
veratrol attenuates diabetic
nephropathy by modulating

Figure 8. Deletion of Atg5 specifically in endothelial cells does not promote diabetes-induced glomeruloscle-
rosis. (A) Representative images of hematoxylin and eosin stained sections (upper panel), Masson trichrome
stained sections (middle panel) and COL4A immunohistochemistry (lower panel) of renal cortex from 20-wk-
old Atg5lox/lox control, Atg5lox/lox control diabetic, Cdh5.Cre-atg5lox/lox control and Cdh5.Cre-atg5lox/lox diabetic
mice. Scale bar: 50 mm. (B) Quantification of the percentage of glomeruli with mesangial expansion in renal
cortex from 20-week-old Atg5lox/lox control, Atg5lox/lox control diabetic, Cdh5.Cre-atg5lox/lox control and Cdh5.
Cre-atg5lox/lox diabetic mice. Data represent means§ SEM of at least 5 mice. ** P< 0.01, * same genotype, dif-
ferent treatment. (C) Quantification of the COL4A staining per glomerular section in 20-wk-old Atg5lox/lox con-
trol, Atg5lox/lox control diabetic, Cdh5.Cre-atg5lox/lox control and Cdh5.Cre-atg5lox/lox diabetic mice. Data
represent means §SEM of 3 (nondiabetic) or 4 (diabetic) mice. *** P < 0.001, * same genotype, different
treatment.
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angiogenesis. We show that autophagy deficiency in endothelial
cells leads to intraglomerular capillary rarefaction in diabetic ani-
mals, which suggests that resveratrol acts at least in part through
this pathway. It is still unclear how autophagy in endothelial cells
affects the permeability of the GFB to albumin in diabetic mice.
There is a strong relationship between endothelial dysfunction
and diabetic nephropathy in humans68,81 and vascular autophagy
was recently shown to be important for NO production caused
by the exposure of endothelial cells to shear stress in vitro.82 In
addition, full NOS3 deficiency sensitizes mice to type I31 or type
II DN.83,84 Furthermore, the ¡786C NOS3 gene variant is asso-
ciated with a high urine albumin-to-creatinine ratio and a high
risk of albuminuria in European American families.85 The low
expression of NOS3 in mice, comparable to that associated with
human NOS3 variants, promotes diabetic nephropathy indepen-
dent of its effects on blood pressure.86 In summary, such a link
between autophagy and endothelial function is consistent with
our data. Little is known about the direct effects of HG on GECs
and glomerular permselectivity. The permeability of GEC mono-
layers to bovine albumin is high after incubation with HG
medium,87 and this may be linked to degradation of the glomer-
ular endothelial glycocalyx.88,89 However, autophagy has not
been reported to affect endothelial glycocalyx. Further studies
will be needed to decipher the complex role of autophagy in
endothelial function in vivo.

The new murine models of diabetic nephropathy that we
developed in this study reveal the direct protective role of autoph-
agy in glomeruli during the progression of DN and suggest that
pharmacological induction of autophagy during diabetes has
promising therapeutic potential to improve kidney function.
This may also apply to other target organ damage and cardiovas-
cular complications such as retinopathy, pancreas alteration, and
diabetic heart disease in patients.

Materials and Methods

Animals
Mice with a podocyte-specific disruption of the Atg5 gene

(Nphs2.Cre-atg5lox/lox) were generated by crossing Nphs2.Cre
mice 56 with Atg5lox/lox mice.55 Mice with an endothelial-specific
disruption of the Atg5 gene (Cdh5.Cre-atg5lox/lox) were generated
by crossing Cdh5.Cre mice 57 with Atg5lox/lox mice.55 Mice were
bred on pure C57BL/6J genetic background. Littermates Atg5lox/
lox mice with no Cre gene were used as controls in all studies.
GFP-LC3 mice were described previously.90

Characterization of Cdh5.Cre activity in glomerular endothe-
lial cells in vivo was performed using 2 reporter mouse lines. The
B6;129S4-Gt(ROSA)26Sortm1Sor/J strain91 in which Cre
expression results in the removal of a loxP-flanked DNA segment
that prevents expression of a lacZ gene. When crossed with a Cre
transgenic strain, lacZ is expressed in cells/tissues where Cre is
expressed. The B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J
that have a loxP-flanked STOP sequence followed by the
enhanced yellow fluorescent protein gene (EYFP) inserted into
the Gt(ROSA)26Sor locus.92 When bred to mice expressing Cre

recombinase, the STOP sequence is deleted and EYFP expression
is observed in the Cre-expressing tissue(s) of the double-mutant
offspring. These mutant mice were useful in monitoring the
CDH5-cre expression in kidneys.

For the assessment of autophagic flux in glomeruli, mice were
subjected to intraperitoneal injection with chloroquine diphos-
phate (50 mg/kg body weight; Sigma-Aldrich, C6628) every
24 h for 4 d.93 All mice were given free access to water and stan-
dard chow. Experiments were conducted according to French
veterinary guidelines and those formulated by the European
Commission for experimental animal use (L358–86/609EEC)
and were approved by INSERM.

Induction of diabetes mellitus with streptozotocin (STZ)
Twelve-wk-old males were rendered diabetic by STZ (Sigma-

Aldrich, S-0130) (100 mg/kg in sodium citrate buffer pH D 4.5)
intraperitoneal injection on 2 consecutive d. Control mice
received citrate buffer alone. Mice with fasting glycemia above
300 mg/dL were considered diabetic. Mice were killed 10 wk
after the induction of diabetes.

Assessment of renal function and albuminuria
Urinary creatinine and BUN concentrations were quantified

spectrophotometrically by colorimetric methods. Urinary
albumin excretion was measured with a specific ELISA assay
(Cusabio, CSB-E13878m).

Isolation of glomeruli and primary podocyte cultures
Decapsulated glomeruli were isolated as described previ-

ously.94,95 Briefly, freshly isolated renal cortex was mixed and
digested by collagenase I (2 mg/mL; Gibco, 17100–017) in
RPMI 1640 (Life Technologies, 61870–044). Tissues were then
passed through 70 mm and 40 mm cell strainers (BD falcon,
352350 and 352340). Glomeruli, which adhere to the 40 mm
cell strainer, were removed with phosphate-buffered saline (PBS;
Life Technologies, 10010023) C 0.5% BSA (Sigma Aldrich,
A7906) injected under pressure, and were then washed twice in
PBS. Freshly isolated glomeruli were plated in 6-well dishes in
RPMI 1640 supplemented with 10% fetal calf serum and 1%
penicillin/streptomycin (Life Technologies, 15140–122) to allow
podocytes to exit from glomeruli and grow. Each mouse was rep-
resented by one independent podocyte primary culture. Every
experiment was reproduced at least 3 times using 3 different
mice in order to obtain n D 3 independent primary podocyte
cultures. Podocytes were detached and suspended in RIPA extrac-
tion buffer and frozen at ¡80�C for protein extraction or in RLT
extraction buffer (Qiagen, 79216) and frozen at ¡80�C for total
RNA extraction. In order to adjust various glucose concentra-
tions, RPMI 1640 without glucose (Life Technologies 11879–
020) was supplemented with D-glucose (Sigma Aldrich, G8644).
Purity of culture of differentiated primary podocytes was verified
as previously described.34

Histopathology and immunohistochemistry
Kidneys were immersed in 10% formalin and embedded in

paraffin. Sections (4-mm thick) were stained with hematoxylin/
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eosin or Masson’s trichrome and processed for histopathology or
immunohistochemistry. For immunohistochemistry, paraffin-
embedded sections were stained with the following primary anti-
bodies: rabbit anti-WT1 (Abcam, ab89901, 1:100), goat anti-
PODXL (R&D systems, BAF1556, 1:200), rabbit anti-FN1
(Millipore, AB2033, 1:100), rat anti-PECAM1 (Dianova, clone
SZ31, 1:50), rabbit anti-COL4A (Abcam, ab19808, 1:100).
WT1 and COL4A staining was revealed with Histofine� reagent
(Nichirei Biosciences, 414141F). For NPHS2 immunofluores-
cence, fresh cryostat sections (4-mm thick) were immediately
fixed in 4% paraformaldehyde (Sigma-Aldrich, 158127) then
incubated with a goat anti-NPHS2 antibody (Santa Cruz Bio-
technology, G-20; 1:100). For GFP immunofluorescence, cells
grown on Lab-Tek� chamber slides were fixed in 4% paraformal-
dehyde then incubated with a rabbit anti-GFP antibody (Abcam,
ab290; 1:1000). For immunofluorescence, the following second-
ary antibodies were used: rabbit anti-goat IgG AF594-conjugated
antibody (A-11008), donkey anti-rabbit IgG AF488-conjugated
antibody (A-21206), donkey anti-rat AF594-conjugated anti-
body (A-21209) (all from Invitrogen; 1:400). The nuclei were
stained with DAPI. Photomicrographs were taken with an Axio-
phot Zeiss photomicroscope (Jena, Germany).

For LacZ staining, kidneys were fixed for 45 min at 4�C in
4% paraformaldehyde in PBS. They were then extensively rinsed
in PBS, and incubated at 4�C in PBS, 15% sucrose (Sigma
Aldrich, S0389) for at least 24 h. Tissues were then embedded in
PBS, 15% sucrose, 7.5% gelatin (Sigma Aldrich, 48723) and fro-
zen at ¡80�C and stored at ¡20�C. Frozen sections (7 to 10
mm) were cut with a cryostat (Leica, CM1850) and stored at
¡20�C until use. After thawing and hydration in PBS, sections
were stained at 37�C in X-gal coloration buffer: PBS containing
1 mg/ml X-gal (Euromedex, EU0012-D), 5 mM potassium fer-
rocyanide (Sigma Aldrich, P3289), 5 mM potassium ferricyanide
(Sigma Aldrich, 702587), 2 mM MgCl2, 0.01% Triton X-100
(Sigma Aldrich, X100). The color formation was stopped by
washing in PBS, and slides were counterstained with
hematoxylin.

Histopathology
ImageJ software (NIH) was used for assessment of capillary

area, GBM thickness, foot process width and COL4A surface.
Capillary area was measured randomly in 5 capillary loops per
glomerulus in 5 different glomerular sections per animal for 4
different animals per condition. Capillary area was measured on
immunofluorescence pictures for costaining of PODXL,
PECAM1 and DAPI allowing to clearly identify capillary
contours.

COL4A staining surface was quantified on 5 glomerular sec-
tions per mice in 3 nondiabetic and 4 diabetic mice and normal-
ized to glomerular surface.

The proportion of pathologic glomeruli was evaluated by
examination of at least 50 glomeruli per cortex section for each
mouse, by an examiner (P.-L.T.) who was blinded to the experi-
mental conditions. Mesangial expansion is defined as increase in
extracellular material in the mesangium such that the width of

the interspace exceeds 2 mesangial cell nuclei in at least 2 glomer-
ular lobules.96

Electron microscopy
Small pieces of renal cortex were fixed in trump’s fixative

(EMS, 11750) and embedded in Araldite M (Sigma Aldrich,
10951). Ultrathin sections were counter-stained with uranyl ace-
tate and lead citrate and examined with a transmission electron
microscope (JEM, JEOL 1011, Peabody, MA, USA).

Western blot analysis
Glomerular and podocyte lysates were prepared with RIPA

extraction buffer. Equal amounts of proteins were loaded onto
sodium dodecyl sulfate-polyacrylamide electrophoresis gels for
separation and transferred onto poly(vinylidenedifluoride) mem-
branes. The membranes were blocked with milk and probed with
different antibodies: rabbit anti-LC3B (Cell Signaling Technol-
ogy, clone D11, 3868; 1:1000), rabbit anti-CASP3 (Cell Signal-
ing Technology, 9662; 1:1000), rabbit anti-cleaved CASP3 (Cell
Signaling Technology, 9661; 1:1000), rabbit anti-ATG5
(Cell Signaling Technology, 2630; 1:1000), rabbit anti-ubiquitin
(Cell Signaling Technology, 3936; 1:1000), guinea-pig anti-
SQSTM1 (Progen, GP62-C, 1:10000), rabbit anti-NPHS2
(Santa Cruz Biotechnology, 22298; 1:1000), rabbit anti-NPHS1
(Sigma Aldrich, PR52265; 1:1000), rabbit anti-GFP (Abcam
ab290; 1:5000) and rat anti-TUBA/a-tubulin (Abcam, ab6160;
1:5000). The membranes were then probed with horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling
Technology, 7074 and 7076; 1:2000; Jackson Immunoresearch,
706-036-148; 1:1000) and the bands were visualized by
enhanced chemiluminescence (Clarity Western ECL substrate;
Bio-Rad, 170–5061). An LAS-4000 imaging system (Fuji,
LAS4000, Burlington, NJ, USA) was used to reveal bands and
densitometric analysis was used for quantification.

Statistical analyses
Data are expressed as mean § SEM. Statistical analyses were

calculated with Graph Pad Prism (GraphPad software). Compar-
ison between 2 groups was performed with a 2-tailed Student
t test. Comparisons between multiple groups were performed
with one-way ANOVA followed by Newman-Keuls test. A
P value < 0.05 was considered statistically significant.
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