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Abstract

Background: Autophagy is a catabolic mechanism that involves lysosomal-dependent degradation of unnecessary in-
tracellular components and responsible for normal cellular homeostasis. Autophagy pathway and its key participant ATG5/
LC3 are associated with several pathologies such as diabetes mellitus and its complications.
Methods: Levels and expression of autophagy key components ATG5 and LC3B were analyzed in both human model and
murine tissues. One hundred and twenty human subjects were divided into four groups: Healthy (control), diabetes
mellitus without complications, diabetic nephropathy, and diabetic retinopathy. Additionally, we used kidneys from WT
healthy and diabetic nephropathy mice. Lysate derived from human peripheral blood mononuclear cells and murine renal
cortex lysates were subjected to western blot and immunohistochemical analysis.
Results: Western blot and immunohistochemical analysis demonstrate that ATG5 protein levels were significantly
decreased in diabetes mellitus, diabetic nephropathy (DN), and diabetic retinopathy patients versus healthy controls and in
DNmice compared to healthy mice (0.65 ± 0.04; 1.15 ± 0.13 A.U. units, respectively). Quantification of staining area (%) of
ATG5 mice tissue expression also decreased in DN versus healthy mice (4.42 ± 1.08%; 10.87 ± 1.01%, respectively).
LC3B levels and expression: Significant reduction in peripheral blood mononuclear cells in diabetic patients (with or without
complications) vs. healthy controls. Renal LC3B levels were lower in DN versus healthy mice (0.36 ± 0.03; 0.68 ± 0.07 A.U. units).
Renal LC3B staining quantification revealed significant reduction in DN versus healthy mice (1.7 ± 0.23%; 8.56 ± 1.7%).
Conclusion: We conclude that ATG5, as well as LC3B, are down regulated in diabetic patients with or without
complications. This diminution contributes to deficiencies in the autophagy process.
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Introduction

Diabetes mellitus (DM) is a metabolic disease character-
ized by chronic hyperglycemia, resulting from insulin
deficiency, insulin resistance, or both.1 Chronic hyper-
glycemia is associated with disruption and alterations in
carbohydrate, lipid, and protein metabolism.2,3 Hyper-
glycemia is responsible for increased production of reactive
oxygen species (ROS) with cellular damage and alters the
protective basal autophagy, especially in the kidney.4

Hyperglycemia is commonly responsible for the acute,
short functional changes and the long-term complications
of diabetes that cause irreversible damage to the heart,
kidneys, and eyes.5–9 40% of diabetic patients are likely to
develop microvascular and macro vascular complications
over a period of 20 years.5–7

Microvascular complications include diabetic retinop-
athy (DR) that may lead to blindness.5 DR is a very
common long-term complication of DM. The frequent
proliferative DR is characterized by growth of small ab-
normal blood vessels, increased synthesis of vascular en-
dothelial growth factor (VEGF), vitreous hemorrhages which
culminate in retinal detachment, and loss of vision.8–12

DN is characterized by hyper filtration and increased
glomerular filtration rate (GFR) and irreversible structural
changes including thickening of glomerular and tubular
basement membranes, glomerular hypertrophy, mesangial
expansion, and an accumulation of extracellular matrix
(ECM) materials with diffuse glomerulosclerosis.5,6,13 These
early changes are associated with a microalbuminuria and
normal plasma creatinine, with progression to proteinuria,
decreased GFR, arterial hypertension, and progressive ele-
vation in plasma creatinine, and finally end stage renal
disease (ESRD) development.5,6

Numerous risk factors are associated with the devel-
opment and progression of DN such as the degree of hy-
perglycemia, extended duration of diabetes, HbA1C, arterial
hypertension, obesity, and hyperlipidemia, with most being
modifiable by appropriate treatment. Other contributing
factors, such as genetic factors including Haptoglobin ge-
notype, cannot be modified.14 Among the risk factors men-
tioned above, hyperglycemia was identified as a factor of
great importance in the development and progression of DN.

Hyperglycemia-mediated renal proximal convoluted tu-
bule cell (PCT) damage (Proximal tubule theory) and po-
docytes (Glomerular theory) are triggered by increased
production of free radicals, accumulation of AGEs, activation
of protein kinase C, and the renin-angiotensin-aldosterone
system (RAAS). These structural changes in the PCT and
glomerular cells (podocytes) result in tubule-interstitial fi-
brosis and glomerulosclerosis leading to ESRD.15–18

Autophagy is a protective pathway involved in the normal
homeostasis of glomeruli and tubules under metabolic stress
and has an important role in human health and diseases such

as DM. Impairment of autophagy is implicated in various
inflammatory diseases, and particularly in the pathogenesis
and progression of DN and DR.13,19,20 Hyperglycemia-
induced alterations in intracellular metabolism and cellular
events, especially PCT and podocytes, increased oxidative
stress and endoplasmic reticulum stress.21

Autophagy degrade damaged proteins and macromol-
ecules, through a lysosome-dependent mechanism classi-
fied as macro-autophagy, a well-coordinated multi-step
process regulated by autophagy-related gene (Atg) prod-
ucts. Initially, a phagophore forms around cytoplasmic
components that are then sequestered by a double mem-
brane, which forms the autophagosome. The autophago-
some subsequently fuses with the lysosome to form an
autolysosome; the enclosed contents are then degraded.

Several ATG proteins regulate autophagosome
formation.13,20–23 The initiation of hyperglycemia-induced
autophagy is regulated by the phosphorylation of ATG1 via
the intracellular mammalian target of rapamycin (mTORC1)
and adenosine monophosphate (AMP)-activated protein
kinase (AMPK). Two ubiquitin-like conjugation systems,
namely, the ATG12 and ATG5 with ATG16L1 tetrameric
complex and the microtubule-associated protein 1 light
chain 3 (LC3)/ATG8, are required for autophagosomal
elongation.22,23

The conjugation of LC3-I, the mammalian homolog of
Atg8, to Atg7 and Atg3, to form LC3-II, is a critical step in
autophagosome formation. The Atg12-Atg5-Atg16 complex
regulates this LC3 conjugation reaction positively.Atg5, Atg16,
Atg7, Atg8, and Atg10 have a significant role in the autophagy
process, specifically in autophagosome formation.23–27

We opted for ATG5/LC3 proteins because they are the
most important ATGs involved in the autophagosome
formation. A number of previous studies have shown that
alterations in ATG5 protein levels induce pathological con-
ditions by influencing the level of autophagy pathway.26,27

Thus, this study was designed to determine the role of the
alteration of ATG5 and LC3 levels and Atg5 gene expression
in DM with and without vascular complications.

Methods

Human study design

The study included 141 subjects, age >18 years old. 50
healthy subjects (Control) were recruited from the medical
staff at the nephrology and ophthalmology divisions. 91
patients were randomly recruited from the ophthalmology
(n = 30, DR) and nephrology (n = 61 DN and DM) out-
patient clinics at Baruch Padeh Medical Center Poriya,
Israel. Recruitmentwas conducted according to the following
inclusion criteria: subjects diagnosed with type 1 or 2 dia-
betes mellitus; patients diagnosed with diabetic nephropathy
were classified as part of the DN group (n = 30) and were
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treated with their chronic medications and followed by the
nephrologist. The eGFR was calculated according to the
NKF equation used to calculate GFR values. Specifically,
eGFR =141 x (SCr/κ)

α x0.993Age x 1.018 [if female], where
SCr (standardized serum creatinine) =mg/dL, κ = 0.7 (females)
or 0.9 (males), α = �0.329 (females) or �0.411 (males), and
Age = years. The rest were classified as DM patients (n = 31).
Ophthalmologist diagnosed DR using fundoscopy and was
under conservative treated by their physician. The Helsinki
Committee of Baruch Padeh Poriya Medical Center and the
Israel Ministry of Health approved human study design;
participation was voluntary and subjects signed informed
written consent forms. Age and plasma creatinine were col-
lected from patients file at Klalit Health services.

Subjects were divided into the following groups:
healthy subjects (control); subjects with diabetes mellitus
without complications (DM); diabetic nephropathy patients
(DN); and diabetic retinopathy patients (DR), n = 30 for
each group. In cases of pregnancy, malignancy, any other
systemic kidney diseases, and subjects with incomplete
laboratory data or those receiving dialysis treatment were
all excluded from the study.

Subjects’ demographic data were gathered: Age, geo-
graphic residence, gender, diabetic status, co-morbidities,
and medications. In addition, we gathered clinical data of
laboratory parameters: blood glucose, serum levels of cre-
atinine, and HbA1c concentration. The data were recorded
directly from the patients or from their medical files.

DN mice model

DBA/2J mice were selected due to their high susceptibility
to develop diabetic nephropathy.28 Mice were divided
randomly into two study groups: Control group (wild type)
mice without any treatment (n = 23, females); Diabetic
mice group (n = 23, females). DM mice group: DM was
induced in 8-week-old DBA/2J mice (n = 71) by intra-
peritoneal (IP) injection, once daily, for five consecutive
days, of freshly prepared streptozotocin (STZ) (35 mg/kg
body weight, dissolved in 10 mM citrate buffer pH 4.5).
STZ is a chemical toxin for pancreatic β-cells and is a
widely used model for diabetes induction. As we published
in previous study, DMmice group demonstrate histological
features of DN.28

Isolation of peripheral blood mononuclear cells
(PBMCs) of human subjects: Given the limitations sur-
rounding experiments in renal or retinal samples from
human subjects, we chose to examine alterations in ATG5
protein levels in the PBMCs of human subjects. Previous
studies demonstrated that PBMCs are good candidates for
investigating proteins involved in autophagy.28,29 Separation
of PBMCs from whole blood was performed using the BD
Vacutainer® CPT� Cell Preparation Tube (Health Care
Equipment and Supplies Ltd, Stains, UK).

Protein extraction

Proteins were extracted from PBMCs pellets using NP-40
lysis with Phosphatase Inhibitor Cocktail (Sigma Aldrich)
in a ratio of 1:100 (cocktail solution/lysis buffer) and
phenylmethylsulfonyl fluoride (PMSF) (Sigma Aldrich).
Proteins were kept at �80 C for western blot analysis.

Western blot analysis

In order to evaluate ATG5 and LC3 protein levels in human
subjects and in mouse kidneys, protein-extract samples
from human PBMCs and mouse kidney tissue lysate were
separated with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE).

These were transferred to polyvinylidene difluoride
(PDVF) membranes using a Trans-Blot Turbo System (Bio-
Rad) blocked with 5% dry skim milk (Bio-Rad) in Tris-
buffered saline with Tween 20 (TBST) at room temperature,
and then washed and incubated with primary antibodies at
4oC overnight. TBST was used to wash the membranes
followed by incubation with horseradish peroxidase (HRP)-
conjugated secondary antibody at room temperature fol-
lowed by TBSTwashes. Bandswere visualized using Clarity
Enhanced chemiluminescence (ECL) (Bio-Rad, CA, USA)
and were analyzed using Bio-Rad image Lab software.

Immunohistochemistry (IHC). Xylene and graded alcohol
were used for deparaffinization. Sectionswere then subjected to
citrate buffer 30% pH 6, (ZyToMED systems, Berlin, Ger-
many) for antigen retrieval. 3% H2O2 was used to block non-
specific antibody binding followed by incubation with primary
antibodies (diluted in blocking solution (CAS-block, In-
vitrogen) at 4°C, overnight). HRP-conjugated anti-rabbit
(NICHIREI Biosciences INC.) were used as secondary anti-
body. Immunoreactive signals were developed upon incubation
with 3,3-diaminobenzidine (DAB) (Thermo Scientific). Slides
were counter-stained with hematoxylin, dehydrated, and
mounted with quick hardening mounting (Sigma). Images
were captured with Axiocam 503 color (ZEISS) and analyzed
with ZEISS ZEN software.

Immunohistochemistry and western blot antibodies. Primary
antibodies used were as follows: anti-β-actin (Sigma), glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) (Abcam),
anti-APG5L/ATG5 (Abcam), and anti LC3A/B (D3U4C)
XP® Rabbit mAb (Cell Signaling, Israel). Secondary antibody
used was goat anti-rabbit (Jackson Immunoresearch).

Statistical analysis. Results are presented as mean ± standard
error of the means (SEM) and all experiments were in-
dependently repeated at least three times. Student’s t-test
and ANOVA were performed to compare between study
groups, using Graph Pad Prism version 5.00 for Windows
(Graph Pad Software, La Jolla, California USA) with a p
value <0.05 considered statistically significant.
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Results

Demographic and clinical characteristics of
human subjects

A total of 120 subjects (61% females and 59% males) who
were outpatients at the Baruch Padeh Medical Center were
recruited to the study after meeting the inclusion criteria.
Age range and means of subjects from all groups were
57.3±7.2 years healthy controls; 61.2 ± 13.7 years DM
patients; 65.1 ± 11.2 years DN patients; and 67.6± 7.8 years

DR patients. A majority of the patients were diagnosed
with type 2 DM (82 patients diagnosed with type 2 DM,
and 8 with type 1 DM). Hemoglobin A1C (HbA1C), a gold
standard test for monitoring glycemic control in patients
with DM, was higher in DN patients versus those with DM
and DR (8.18 ± 2.04, 7.95 ±1.67, and 7.86 ± 1.53, re-
spectively). The overall mean estimated GFR (eGFR) using
MDRD formula was 53.32 ± 14.4 mL/min/1.73 m2 (range
35–82 mL/min/1.73 m2) with reduced GFR levels in all of
the DN patients (Table 1). eGFR was not available in the
sheets of DM and DR patients.

Decreased ATG5 protein levels in PBMCs of
human subjects

ATG5 levels were decreased significantly in DM patients, with
and without complications (Figure 1(a)). Quantification of total
western blot results present significant reduction in PBMCs
ATG5 protein levels in diabetic patients (with or without
complications) compared with the healthy controls (0.59 ± 0.07
A.U in DM patients, n = 20 p < 0.001, 0.67 ± 0.06 A.U in DN,
n=23p<0.01, 0.72± 0.06A.U. inDRpatients,n=24p<0.05,
vs. 0.96 ± 0.16 A.U. in healthy controls, n = 18) (Figure 1(b)).
No substantial difference was found between ATG5 protein
levels in DM patients compared with DN or DR patients.

Decreased ATG5 protein levels in mouse kidney
tissue lysate

Western blot analysis of ATG5 protein level in mouse
kidneys was performed in order to examine ATG5 alteration
in a tissue-specificmanner during diabetic nephropathy. Similar
to the results obtained from DN patients, ATG5 protein levels
decreased in DN mouse kidneys compared with WT mice
(Figure 2(a)). Quantification of total western blot results

Table 1. Demographic and Clinical Characteristics of Study subjects.

Group

Healthy control DM DN DR RemarksParameter

n 50 31 30 30
Male/female (n/n) ratio 19/31

0.61
16/15
1.07

11/19
0.58

11/19
0.58

Mean age (years) [range] 57 ± 7 [24–78] 61 ± 14*** [31–84] 65 ± 11*** [36–85] 68 ± 8*** [54–84]
DM type T1DM:T2DM N/A 5:25† 0:30 1:25†

Hb1Ac (%) [range] N/A 7.38 ± 1.96 [1.2–11.5] 8.19 ± 2.09 [5.2–12.6] 7.45 ± 1.10 [5.8–9.4]
Creatinine (mg/dl) 0.8 ± 0.1 0.9 ± 0.3 1.9 ± 0.9***### 1.7 ± 0.6**##
eGFR (MDRD)
(ml/min/1.73 m2) [range]

101 ± 14 [82–128] 86 ± 13** [58–112] 67 ± 13***### [42–98] 67 ± 12***## [52–89]

Values presented as means ± standard deviation. Abbreviation: DM diabetes mellitus, DN diabetic nephropathy, DR diabetic retinopathy, HbA1c
Hemoglobin A1c, GFR Glomerular filtration rate, MDRD Modification of Diet in Renal Disease study formula, N/A not available. ** p < 0.01 vs. healthy
control, *** p < 0.001 vs. healthy control, ## p < 0.01 vs. DM, ### p < 0.001 vs. DM. †One patient of the DM group and four patients of the DR are missing
for their DM type.

Figure 1. Alterations in ATG5 protein levels isolated from
PBMCs of healthy controls and DM, DN, and DR patients. (a)
Representative western blots of ATG5 protein level. PBMCs
protein samples of one subject from each group were randomly
selected and subjected to western blot analysis. Proteins were
detected by immunoblotting using antibodies against ATG5
(ATG5-ATG12 conjugate) and GAPDH as a loading control. (b)
Quantification of total western blot analysis. ATG5 protein
levels were significantly higher in healthy controls versus DM
patients with and without complications (AU, arbitrary units). The
results represent the mean ± SEM. One-way ANOVA and
subsequent Tukey test were used to derive the p value indicated
on the graph *p < 0.05 **p < 0.01, ***p < 0.001.
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presented significant reduction in renal ATG5 with average
levels decreased by nearly 2-fold in the DN mice (0.65± 0.04
AU, n = 7) vs. WT mice (1.15± 0.13 A. U, n = 7 p < 0. 01)
(Figure 2(b)).

Decreased ATG5 protein expression in renal tissue
of WT and DN mice

Renal tissue fromWTand DNmice were subjected to IHC
staining for ATG5 by using DAB staining. Corresponding
to western blot analysis results, ATG5 expression in renal
tubules of DN mice was lower than in WT mice (Figure
2(c)). Quantification of total renal tissue staining showed
dramatic decrease (nearly a 2.5-fold) in the percentage of
ATG5-stained areas in the tubules of DN mice (4.42 ±
1.08%) vs. WT mice (10.87 ± 1.01%) (Figure 2(d)).

Lower ATG5 levels is associated with lower level of
autophagy in diabetes

To determine whether reduced levels of ATG5 may be as-
sociated with reduced basal autophagy among diabetic pa-
tients with andwithout complication, we examined the protein
level of LC3B, a specific marker for autophagy.

Low levels of LC3B in PBMCs of patients with DM
and without complication

PBMCs lysates from DM, DN, and DR patients, as well as
from healthy controls, were subjected to western blot
analysis using antibodies against LC3B. Results indicated
substantial reduction of LC3B levels in DM patients com-
pared with healthy controls (Figure 3(a)). Quantification of

Figure 2. Renal ATG5 levels and expression in WT and DN mice. (a) Representative western blot of ATG5 protein levels in randomly
selected mouse renal lysates. Proteins were detected by immunoblotting using antibodies against ATG5 (ATG5-ATG12 conjugate) and
GAPDH as a loading control. (b) Quantification of total Western blot. Renal ATG5 level was significantly reduced in DN renal lysate
versus WT (AU, arbitrary units). The results represent the mean ± SEM. Unpaired student’s t-tests were performed to obtain the
p values indicated on the graph **p < 0.01. (c) Renal section from randomly selectedWT andDNmice. Images show decrease of ATG5
expression (brown) in the tubules of DN mice versusWT. (d) Quantification of total ATG5 staining. The percentage of the stained area
of ATG5 is significantly decreased in the renal tubules of DN mice versus WT mice. Areas were measured using Image Pro software. All
results are shown as mean ± SEM. and compared by unpaired Student’s t-test with p < 0.001 considered statistically significant.
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total western blot analysis showed significant decrease of
LC3B levels in DM patients with or without complications
(0.44 ± 0.05AU, n = 18 p < 0.001 DMpatients; 0.42 ± 0.035
AU, n = 19 p < 0.001 DN patients; 0.48 ± 0.06 AU, n = 18
p < 0.001 DR patients and 0.81 ± 0.05 AU, n = 19 healthy
controls) (Figure 3(b)). There was no significant difference
between DM patients and DR or DN patients.

Low levels of LC3B in DN mouse kidneys

To support the western bolt results in the PBMC lysates of the
patients and healthy controls, we analyzed the protein levels of
LC3B in renal kidney lysates ofWTandDNmice.We subjected
the lysates to Western blot analysis, using antibodies against
LC3B. Results indicated a nearly 2-fold decrease in renal LC3B
levels in DN mice compared with WT (Figure 4(a)). Quanti-
fication showed significant differences between LC3B levels
shown in WT mice (0.68 ± 0.07 AU n = 6) compared to DN
mice (0.36 ± 0.03 AU, n = 6 p < 0.01) (Figure 4(b)).

Decreased renal LC3B expression in renal tissue of
DN mice

Renal tissue IHC staining for LC3Bby using DAB staining
showed a dramatic reduction in renal tubules. LC3B protein
levels of DN mice versus WT mice (Figure 4(c)) demon-
strated a nearly 5-fold decrease in the percentage of LC3B-
stained areas in the tubules of DN mice (1.7 ± 0.23 %) vs.
WT mice (8.56 ± 1.7 %) (Figure 4(d)).

Discussion

Autophagy is an important mechanism involved in the
pathogenesis of diabetic nephropathy.13,18,19 Several studies
have suggested that the autophagy pathway is crucial for cell
survival, differentiation, development, and homeostasis

under stress conditions such as hyperglycemia.20–22 In many
cases, dysfunction in autophagy mechanisms that results in
accumulation of damaged proteins and organelles has been
linked with the loss of cell function, leading to diverse
pathologies and disease such as DN and its progression to
ESRD, and proliferative DRwith blindness.13,23,24 Evidence
suggests that enhancing autophagy in such diseases may
have beneficial therapeutic effects in the future.20

Previous studies have suggested that alterations in
ATG5 protein levels induce pathological conditions by
influencing the levels of autophagy pathway.23,24 In light of
these reports, we aimed to underline the possible role of
ATG5 in the pathogenesis of DN and DR.

Various studies have provided evidence suggesting that
autophagy-related protein 5 (ATG5) has a crucial role in a
variety of disease processes, but few studies have examined
the possible role of ATG5 in the development of diabetes
mellitus complications.24–27

Here, we report that patients with diabetes mellitus and
without complications exhibit significantly decreased
levels of ATG5 compared with healthy controls. Similar to
this result, DN mice also showed a substantial reduction in
kidney ATG5 protein levels compared with wild type mice.
Low expression of ATG5 in DN mouse kidney tissue also
supports the low ATG5 levels found in mouse kidney
lysate. Retinas from diabetic mice were not available for
measurement of ATG5 and LC3 proteins.

It is important to mention that we examined ATG5
protein levels in PBMCs of diabetic patients with or
without complications (nephropathy or retinopathy) and
compared them with healthy individuals. Since we
could not obtain renal or retinal samples from these
patients,27,28 we evaluated the alteration of ATG5
protein levels in their PBMCs. Our results show

Figure 3. Reduced LC3B protein levels in PBMCs of healthy controls, DM, DN, and DR. (a) Representative western blots of LC3B
protein were randomly selected and represent one subject from the different groups. Proteins were detected by immunoblotting with
antibodies against LC3B and GAPDH as a loading group. (b) Quantification of total Western blot. LC3B protein levels were significantly
reduced in DM patients with and without complication versus healthy controls (AU, arbitrary units). Data are reported as mean ±
SEM.one-way ANOVA analysis used to derive the p value indicated on the graph ***p < 0.001.
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significant reduction of ATG5 levels and expression in
kidneys of DN mice versus WT healthy mice. These
finding resemble the results from human PBMCs and
therefore support our interpretation.28

Considering ATG5 dissociates from the membrane
immediately before or after completion of autophagosome
formation, it cannot serve as an autophagy marker and is
unsuitable to measure changes in autophagy. Hence, we
analyzed the protein levels of LC3B, one of the most
frequently used biomarkers for autophagy. LC3B is a gold-
standard marker for tracing changes in the autophagy
process. It is specifically localized to autophagy structures

throughout the process, from phagophore to lysosomal
degradation.

We used immunohistochemistry onmouse tissue sections
as well as western blot analysis of mice kidney lysate and
human PBMCs lysate to asses LC3B levels and expres-
sion.28 Here, we report significant reduction in LC3B protein
levels in both diabetic patients with and without compli-
cation and in diabetic mice. Based on these results, we infer
that ATG5 aberrant levels affect the LC3-II conjugation
system. We suggest that reduction in ATG5 levels may lead
to significant impairment in the conversion of LC3-I to LC3-
II in patients and mice. Our results coincide with several

Figure 4. LC3B renal protein levels and expression in WT and DN mouse renal lysates. (a) Representative randomly selected western
blots of LC3B protein. Proteins were detected by immunoblotting with antibodies against LC3B and GAPDH as a loading group. (b)
Quantification of totalWestern blot. LC3B renal level was significantly reduced in DN renal lysate versusWT renal lysate (AU, arbitrary
units). The results represent the mean ± SEM. Unpaired student’s t-tests were performed to obtain the p values indicated on the graph
**p < 0.01. (c) Representative randomly selected LC3B immunostaining images of WT mice and DN. There was a significant decrease
in LC3B expression (brown) in the tubules of DN mice versus WT. (d) Quantification of total LC3B staining. Quantification of LC3B-
stained area percentage is markedly decreased in the renal tubules of DN mice versus WT mice. Areas were measured using Image Pro
software. All results are shown as mean ± SEM and compared by unpaired Student’s t-test with p < 0.01 considered statistically
significant.
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clinical studies that have been published, showing that Atg5,
Atg8, and LC3 mRNA level were found to be largely re-
duced in the renal tissue of DN patients.29,30

Autophagy is required to maintain normal cellular ho-
meostasis in both podocytes and proximal tubular cells.
Various studies have assessed the impact of diabetes on the
reno-protective autophagy processes in proximal tubular
cells exposed to hyperglycemia.31,32 Similar to results ob-
tained in our DN mice model, autophagy has been shown to
be significantly decreased in the kidneys of streptozotocin-
induced diabetic mice. Our IHC analysis revealed that the
proximal tubular cells in renal sections of DN mice express
lower levels of autophagy that were confirmed by lower
expression of both LC3B and ATG5 proteins compared with
wild typemice. Given that no differences were demonstrated
in patients with DM and DM with nephropathy, the results
imply that ATG5-mediated autophagy is altered in patients
with DM, relative to controls without DM.

In addition to diabetic nephropathy, an emerging role of
autophagy in pathogenesis of DR has been reported.11

Hyperglycemia enhances inflammation, advanced glyca-
tion end products (AGEs), and oxidative stress in the retina
and its capillary cells.33,34 Blood vessels and neurons of
diabetic patients are imperatively damaged by inflamma-
tion, ROS, and endoplasmic reticulum (ER) stress.35

A vast amount of evidence has demonstrated that oxi-
dative stress is involved in retinal cell damage and sub-
sequent development of DR pathogenesis. So, a large body
of evidence has revealed that abnormal autophagy has
important impacts on the pathobiology of retinal diseases
such as diabetic retinopathy.35

We believe that our data suggest that there is a link between
ATG5-LC3B dysregulation and diabetes mellitus. These results
correlate with previous studies, which indicated that alterations
in ATG5/LC3 expression are implicated in many pathological
conditions, including diabetes mellitus.29,30

Conclusions

In our study, the ATG5 and LC3 protein levels decreased in
diabetic patients with and without complications, leading to
lower level of autophagy. Given the prevalence of DM
worldwide, the relationship between this condition and
autophagy has received much attention in recent years. A
link has not been made between ATG5/LC3b and diabetes
complications and therefore they are not candidate
markers for DN/DR. Our study strength was the use of
new pathways such as autophagy and its key proteins
ATG5 and LC3 in the diabetes mellitus and its vascular
complications. Our findings may be translated into clin-
ical practice approach and may lead to further studies to
address diabetes mellitus and its vascular complications
by selective modulation of ATG5/LC3 expression. The
new anti-diabetes drugs, Sodium–glucose cotransporter 2

inhibitors, normalize not only glucose metabolism and
suppress oxidative stress and inflammation in the kidneys
of diabetic mice, but possess also other pleiotropic
effects.36

A key weakness of the study is the use of PBMCs to
examine changes in ATG5 protein that not necessarily
reflect alterations in cells predisposed to diabetes com-
plications. However, we were forced into such an approach,
given the practical difficulties encountered in investigating
human retinal and renal cells. Furthermore, not all patients’
blood samples were analyzed, again due to methodological
reasons. However, from the control group, we have ana-
lyzed ∼36% of the group, and from the DM, DR, and DN,
the percentages were >55% of each group of patients, and
the patients selection was blinded for each group.
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