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INTRODUCTION

ABSTRACT

Aims/Introduction: Blockade or reversal the progression of diabetic nephropathy is a
clinical challenge. The aim of the present study was to examine whether recombinant
human glucagon-like peptide-1 (hGLP-1) has an effect on alleviating urinary protein and
urinary albumin levels in diabetic rats.

Materials and Methods: Streptozotocin-induced diabetes rats were treated with
rhGLP-1 insulin and saline. Using immunostaining, hematoxylin—eosin, electron microscopy
and periodic acid-Schiff staining to study the pathology of diabetic nephropathy, and we
carried out quantitative reverse transcription polymerase chain reaction, western blot and
immunohistochemistry to identify the differentially expressed proteins. The mechanism
was studied through advanced glycation end-products-induced tubular epithelial cells.
Results: rhGLP-1 inhibits protein kinase C (PKCO)-B, but increases protein kinase A (PKA),
which reduces oxidative stress in glomeruli and in cultured glomerular microvascular
endothelial cells. In tubules, rhGLP-1 increased the expression of two key proteins related
to re-absorption — megalin and cubilin — which was accompanied by downregulation of
PKC-B and upregulation of PKA. On human proximal tubular epithelial cells, rhGLP-1
enhanced the absorption of albumin, and this was blocked by a PKC activator or PKA
inhibitor.

Conclusions: These findings suggest that rhGLP-1 can reverse diabetic nephropathy by
protecting both glomeruli and tubules by inhibiting PKC and activating PKA.

oxidative stress, and different inflammatory, chemokines and

Diabetic nephropathy (DN) is the leading cause of end-stage
renal disease worldwide'. The development of DN involves
complex pathological mechanisms, including interaction among
inflammatory, metabolic, oxidative stress and hemodynamic
factors®. The exact reason for DN currently remains unknown,
but accumulated evidence has shown that hyperglycemia-
induced renal hyperfiltration and renal injury play an important
role in DN. Furthermore, protein kinase C (PKC)-induced
cytokines, advanced glycation end-product (AGE)-induced
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apoptotic signals might also be involved in the pathology of
DN°.

At present, tight glycemic and blood pressure control are
used for the prevention of DN, but the efficacy is unsatisfac-
tory®. Finding a new method of treatment for DN is urgent
and important. Glucagon-like peptide-1 (GLP-1) is one of the
two primary incretin hormones produced mostly by intestinal
L cells that can stimulate insulin secretion and inhibit glucagon
secretion dependent on glucose’. GLP-1 can be broken down
by dipeptidyl peptidase-4 within 2 min in vivo. Some GLP1
analogs with a longer half-life were recently developed, such as
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GLP-1 receptor agonists® or GLP-1 analogs and dipeptidyl
peptidase-4 inhibitors’, which are clinically applied for the
treatment of type 2 diabetes.

GLP-1-induced insulin secretion is mediated by the high-
affinity GLP-1 receptor (GLP-1R) in pancreatic [B-cells’.
GLP-1R agonists ameliorate DN in both type 1 and type 2
DN animal models by activating GLP-1R on glomerular
endothelial and infiltrating inflammatory cells®”. GLP-1R
agonists can reduce AGE receptor expression, and act as
anti-inflammatory agents against AGEs through activation
of the cyclic adenosine monophosphate (cAMP) pathway
on mesangial cells®. GLP-1-based drugs were also reported
to prevent glomerular macrophage infiltration in glomeruli,
and reduce oxidative stress and inflammation in tubular
cells in streptozotocin (STZ)-induced diabetic animals’.
GLP-1 receptor agonists, liraglutide, semaglutide, lixisen-
atide and extended-release exenatide, were reported to pre-
vent the inflammatory response in diabetic kidneys, they
have shown cardiovascular safety and have the potential to
be chosen for the treatment of DN'>'".

In addition, exendin-4 — a GLP-1 analog — can also attenuate
renal tubular injury in a STZ-induced diabetes model'*. These
data suggest that GLP-1 protects the kidney in multiple path-
ways. In the present study, we investigated the actions and
underlying mechanism of recombinant human GLP-1 (rhGLP-
1) on the glomerular filtration barrier and on renal tubular pro-
tein reabsorption by using STZ-induced Wistar rats with DN
and in cultured cells.

METHODS

rhGLP-1

For the present study, thGLP-1 (7-36; beinaglutide) was pur-
chased from Shanghai Benemae Pharmaceutical Corporation
(Shanghai, China). thGLP-1 is an analog of native GLP-1, and
its half-life in blood is approximately 2 h'?,

Animals

All animal experiments followed the national guidelines and
the relevant national laws on the protection of animals. Rats
were housed under specific pathogen-free conditions in strict
accordance with the guidelines of the care and use of labora-
tory animals established by the Beijing Association of Labora-
tory Animal Science. All rat experiments were carried out in
accordance with the protocols and guidelines approved by the
Animal Ethics Committee of the China-Japan Friendship
Hospital (permit No: 130401). Eight-week-old male/female
Wistar rats weighing 300 + 10 g were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd (Beijing,
China). A diabetic model was induced by administration of
12 g/lL STZ (fresh diluent with 0.1 mol/L citrate buffer at
pH 4.5) intraperitoneally (30 mg/kg) twice with a 1-week
interval. Blood was taken from the caudal vein, and blood
glucose of >16.7 mmol/L for three consecutive days after the
second STZ injection is considered the standard of a diabetic
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model. All the diabetic rats were fed with conventional chow
for an additional 8 weeks'>. Then, 24 diabetic rats were
divided into the three groups according to a random number-
generating table (n = 8) as follows. For the rhGLP-1 group,
rhGLP-1 (dissolved in 0.9% saline, 1.5 pmol/kg/min) was
administered as a continuous intravenous infusion for
12 weeks by osmotic pumps (type 2004; Alzet; Alza Corp,
Palo Alto, CA, USA). The pump was placed in the abdominal
cavity and replaced with a new pump at 4-weeks. For the
vehicle group, diabetic rats were treated with isotonic 0.9%
NaCl. For the insulin group, diabetic rats were treated with
glargine insulin (2.5 U/day; LANTUS®, Paris, France) subcuta-
neously. Eight normal Wistar rats of comparable age and
weight were used as controls (normal group).

Detection of 24-h Urinary Protein and 24-h Urinary Albumin
At 0, 2, 4, 6, 8, 10 and 12 weeks after treatment, all rats were
placed in metabolic cages (Suzhou Fengshi Laboratory Animal
Equipment Co, LTD, Suzhou, China) for 24 h, and excretion
of urine was measured individually. Urine samples were col-
lected for analysis of albumin and total protein. The AssayMax
Rat Albumin Elisa Kit (Assaypro, St Charles, MO, USA) was
used to measure urinary albumin. The urinary proteins were
measured by a BCA Protein Assay Kit (Beyotime Institute of
Biotechnology, Nanjing, China).

Measurement of Serum C-peptide

Rat blood was collected from the femoral vein under anesthesia
into BD Vacutainer® Rapid Serum Tubes, left for 30 min at
room temperature, then centrifuged and serum was collected.
The concentration of C-peptide was measured with rat
C-peptide ELISA kit (ALPCO Diagnostics, Salem, NH, USA).

Histology and Immunohistochemistry

Rat pancreatic tissue was fixed in 4% formaldehyde. Sections
were stained with rabbit anti-rat insulin antibody (1:100;
Sigma, Shanghai, China) and horseradish peroxidase-conjugated
secondary antibody.

Freshly dissected kidneys were fixed overnight in 4% formalde-
hyde, and periodic acid-Schiff staining was carried out according
to standard procedures. Semi-quantitative scoring of glomerular
sclerosis in periodic acid-Schiff-stained slides was carried out'>'*
using a masked protocol of >25 tissue sections for each group.
Section immunostaining was carried out using primary antibody
against PKC-P2 (Abcam, Shanghai, China, ab32026), protein
kinase A (PKA; Abcam, ab75991), nitric oxide (NO) synthase
(iNOS; Abcam, ab15323), superoxide dismutase 1 (SODI;
Abcam, ab13498), megalin (Abcam, ab184676), cubilin (Abcam,
ab191073), GLP-1R (Abcam, ab218532), insulin (Abcam,
ab7842), podocin (Abcam, ab50339), nephrin (Abcam, ab58968)
and collagen IV (ThermoFisher, Shanghai, China, PA1-36001).
Antigen signals were detected with horseradish peroxidase-
conjugated secondary antibody and visualized by 3,3'-diamino-
benzidine or immunofluorescence.
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Electron Microscopy

Kidney cortex was fixed in 2.5% glutaraldehyde for 1 h at room
temperature, and glomerular basement membrane (GBM)
thickness was determined as previously described'®. Briefly,
GBM thicknesses were measured with a ruler in the Adobe
PDF file at >50 sites, and the results are presented as
mean * standard error of the mean.

Isolation of Glomeruli and Tubules

After 12-week treatment, the rats were euthanized by CO,, the
renal cortex was separated and homogenized, the lysis was
passed through a 100-mesh metal sieve, then using a 300-mesh
metal sieve to filtrate the lysis, the glomeruli and tubules were
saved for the experiment.

Real-Rime Reverse Transcription Polymerase Chain Reaction

First-strand ~ complementary  deoxyribonucleic acid  was
synthesized from 2 pg of total ribonucleic acid (RNA) in a 40-
pL reaction system using avian myeloblastosis virus reverse
transcriptase (Invitrogen, Shanghai, China) and oligo-dT pri-
mers (Invitrogen). Real-time polymerase chain reaction (PCR)
was carried out by a SYBR green PCR reagent kit (Toyobo,
Osaka, Japan), then run by Applied Biosystems 7500 (Applied
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Biosystems, Foster City, CA, USA). The change in messenger
RNA levels was determined by the formula 224", The PCR
primers used in the present study are listed in Table 1.

Western blot

The total protein of 100 pg was fractionated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis, and then transferred
to polyvinylidene fluoride membranes. B-Actin (A5316), CD2AP
(PA5-51894), NEPHI1 (ABS1511) and PKC-B, (P3203) pur-
chased from Sigma; GLP-1R (ab186051), a-actinin4 (ab108198),
nephrin (ab58968), podocin (ab50339), PKA (ab75991), megalin
(ab184676), iNOS (ab15323) and SOD1 (ab13498) purchased
from Abcam; and xc ubilin (sc-20609) purchased from Santa
Cruz, Santa Cruz, CA, USA) were used in western blotting
Horseradish peroxidase-conjugated rabbit anti-mouse, goat anti-
rabbit or donkey anti-goat immunoglobulin G (Sigma) was used
at a 1:30,000 dilution. The antigens were visualized using the
ECL System purchased from Millipore (Bedford, MA, USA). For
kidney tissue, eight samples in each group were pooled. For cul-
tured cells, the experiment was carried out independently three
times. Images from one experiment are shown in the figures. The
gray scale was analyzed with Image J (National Institutes of
Health, Bethesda, MD, USA), and the data are presented as a

Table 1 | Primer sequences for polymervase chain reaction amplification of rat genes

Genes Primer sequences

Product length (bp)

PKC-B

sense: 5'-GAGACAAGCGAGACACCTCC3 192

antisense; 5'-CAGCCTTACACACAGGCTCA-3
PKA sense: 5'-TAAACCGGTTCACAAGGCGTG-3 326
antisense; 5'-GTTACCAACGCATCTTCCAAC-3!

sense: 5'-AGGACACTTCGCACTGCGCC3 215

sense; 5'-CCCGTGTCGCCAGTGTGTGT-3! 121

sense: 5'-GACATCCGTAAAGACCTCTATGC3 173

sense: 5'-ACGAACTGGAACTGACCGTG-3 168

sense: 5'-GGCTGACATCTGGGATGACC-3 294

sense: 5'-GGATTCAAACATGGTCCTGAGTA-3 216

sense: 5'-TGCTACTACCGCATGGAAAATG-3 178

sense: 5'-CCAGGAGGATGACTGGGAC-3 106

sense: 5'-CCTTGCACTGCCAAGAATTTG-3 95

sense: 5'-AACCAGTTGTGTTGTCAGGAC-3 139

Megalin

antisense; 5'-CCACTGCGGGATGCAACGGT-3
Cubilin

antisense; 5'-TCAGCCCGGAAGCCCCTGTT-3!
B-actin

antisense: 5'-ATAGAGCCACCAATCCACACAG-3
CD2AP

antisense: 5'-CTGATTCCTCCTGAGCGTCG-3
Nephrin

antisense; 5'-AGAGCTGGAATGACAGTGATGG-3
NEPH1

antisense: 5'-CCGATGAAGCACTCCACCTT-3
Podocin

antisense; 5'-CTGCATCTAAGGCAACCTTTACA-3'
o-Actinin 4

antisense: 5'-GCCAGCCTTCCGAAGATGA-3
iNOS

antisense: 5'-CATTGCGTCACTGGATAGTAGTT-3
SOD1

antisense; 5'-CCACCATGTTTCTTAGAGTGAGG-3'
GLP-1R

sense: 5'-ACGGTGTCCCTCTCAGAGAC-3 117

antisense: 5'-ATCAAAGGTCCGGTTGCAGAA-3

GLP-1R, glucagon-like peptide-1 receptor; iNOS, nitric oxide synthase; PKA, protein kinase A; PKC-, protein kinase CB; SOD, SOD1, superoxide

dismutase 1.
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ratio of target protein : actin (mean * standard error of the
mean).

Culture of Rat Glomerular Endothelial Cells

Rat glomerular microvascular endothelial cells (RGECs) were
cultured in M199 (Gibco, Grand Island, NY, USA) medium
that was supplemented with 100 pg/mL endothelial cell growth
factor, 20% fetal calf serum (Hyclone; Fisher Scientific, South
Longan, UT, USA), 2 mmol/L 1-glutamine, 100 U/mL peni-
cillin and streptomycin.

Effects of rhGLP-1 on AGE-Induced Reactive Oxygen Species
and NO Production

RGECs were cultured in 96-well plates for 24 h, followed by a
pre-incubation with PKC-B  specific inhibitor LY-333531
(10 nmol/L; Axon Ligands, Groningen, the Netherlands), PKC
agonist phorbol-myristate-acetate (PMA; 10 pmol/L; Sigma),
PKA inhibitor H-89 (10 pmol/L; Sigma) or PKA agonist 8-
bromo-adenosine 3,5 -cyclic monophosphate  (8-Br-cAMP;
100 umol/L; Sigma) for 30 min. Then RGECs were treated
with AGEs (200 pg/mL; Abcam), AGEs (200 pg/mL) + insulin
(1 IU/mL, Lantus Solostar, Sanofi, Beijing, China) or AGEs
(200 pg/mL) + rhGLP-1 (1.0 mg/mL; Shanghai Benemae Phar-
maceutical Corporation) for another 24 h according to a previ-
ously used method detect of reactive oxygen species (ROS)
production®.

RGECs were seeded in 24-well plates and pre-incubated with
PKC inhibitor LY-333531, PKC agonist PMA, PKA inhibitor
H-89 or PKA agonist 8-Br-cAMP for 30 min, and then treated
with AGEs (200 pg/mL), AGEs (200 pg/mL) + insulin or
AGEs (200 pg/mL) + rhGLP-1 for 24 h. Detection of NO pro-
duction followed a previous study'®.

Culture of Human Proximal Tubular Epithelial Cells

For maintain the cells, we used Dulbecco’s modified Eagle’s
medium/F12 medium (Gibco) that contains 10% fetal bovine
serum and 100 U/mL penicillin and streptomycin to culture
human proximal tubular epithelial cells (HK-2). HK-2 cells
were treated with medium containing AGEs (200 pg/mL),
AGEs (200 pg/mL) + insulin, AGEs (200 pg/mL) + rhGLP-1,
rhGLP-1 + (200 pg/mL) + LY33531 (10 nmol/L), rhGLP-
1 + AGEs (200 pg/mL) + 8-Br-cAMP (100 pmol/L), rhGLP-
1 + AGEs (200 pg/mL) + PKC agonist PMA (20 nmol/L) or
rhGLP-1 + AGEs (200 pg/mL) + PKA  inhibitor =~ H-89
(100 pmol/L) for 24 h. Albumin absorption was evaluated as
described previously"”.

PKC/PKA Activity Assays
PKC/PKA activity were measured as shown previously'®.

Measurement of Total Diacylglycerol Contents

The total renal DAG contents were measured as shown previ-
ously'”. The DAG ELISA kit (Product No. ABIN5524780) was
purchased from antibodies-online Inc. (Atlanta, GA, USA).

http://wileyonlinelibrary.com/journal/jdi

Statistical Analysis

Data are presented as mean * standard error of the mean.
One-way ANovAa (Tukey’s) and two-way anova (Bonferroni
post-tests) analysis were used. A value of P < 0.05, P < 0.01 or
P < 0.001 was indicated by one (*) and (), two (**) and (**)
or three asterisks (***) and (*%), respectively.

RESULTS
rhGLP-1 Alleviates DN in Rats
After treatment for 12 weeks, the blood glucose in the rhGLP-1
group was slightly lower than that in the vehicle group (Fig-
ure la); however, treatment with insulin reduced blood glucose
greatly (Figure la). Urinary protein as an indicator of diabetic
nephropathy was increased in the vehicle group over time com-
pared with the normal group (Figure 1b). After treatment by
GLP-1 for 6 weeks, urinary protein was lower in the rhGLP-1
group compared with the vehicle and insulin groups (Fig-
ure 1b). Furthermore, we observed a diminution in 24-h uri-
nary albumin excretion compared with the vehicle and insulin
groups after treatment with rhGLP-1 for 6 weeks (Figure 1c).
Analysis of serum C-peptide concentration showed that
rhGLP-1 increased serum C-peptide in the diabetic rats, but
insulin treatment had no effect on serum C-peptide concentra-
tion (Figure 1d). By immunohistochemical staining and quanti-
tative analysis, we found that insulin decreased in the diabetic
pancreas compared with the normal group, and rhGLP-1 can
increase the insulin production in the islet (Figure le). All the
aforementioned results suggest that rhGLP-1 alleviates diabetic
nephropathy in rats.

rhGLP-1 Upregulates GLP-1R Expression in Kidneys of Diabetic
Rats

GLP-1 is a potent vasodilator, and is associated with improve-
ment of endothelial function in animal models and in type 2
diabetes patients'®'®, GLP-1 acts through the GLP-1 receptor, a
G-coupled-protein receptor that is abundantly present in the
gastrointestinal tract, and has also been detected at lower levels
in vascular smooth muscle and endothelial cells*®** To explore
whether GLP-1 alleviatess DN through GLP-1R, we evaluated
the expression of GLP-1R. The results showed that GLP-1R
was reduced in both glomeruli and renal tubules in the vehicle
group and insulin group, but it can be increased by rhGLP-1
(Figure Sla). Furthermore, this result was confirmed in isolated
glomeruli (Figure S1b) and tubules (Figure Slc) by western
blotting.

rhGLP-1 Improves the Glomerular Lesion

Podocyte injury plays a key role in the development of albu-
minuria in DN, To explore the mechanism of GLP-1 under-
lying the prevention of proteinuria, we examined sclerosis in
glomeruli, and the structure of the glomerular filtration barrier
using periodic acid-Schiff staining and electron microscopy.
Histological examination of the kidney revealed the increased
glomerular sclerosis in the vehicle group compared with the
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Figure 1 | The efficacy of recombinant human glucagon-like peptide-1 (GLP-1) in diabetic nephropathy. (@) Blood glucose, (b) urinary protein and
(©) urinary albumin were measured at different time-points after treatment for up to 3 months. (d) Serum C-peptide levels were measured by
enzyme-linked immunosorbent assay at the end of the experiment. (e) Insulin level in islets were detected by immunohistochemical staining in
pancreatic tissue. Scale bar, 20 um. Data are presented as mean + standard error the mean (*P < 005, **P < 001 and ***P < 0001; one-way
ANOVA test). G, diabetic rats treated with recombinant human glucagon-like peptide-1 (n = 8; 5 male, 3 female); |, diabetic rats treated with insulin
(n = 8; 3 male, 5 female); N, normal rats (n = 8l; 4 male, 4 female); V, diabetic rats treated with saline (n = 8; 4 male, 4 female).

normal group (Figure 2a). Glomerular sclerosis could be
improved by rhGLP-1, but not by insulin (Figure 2a). By elec-
tron microscopy, we found that the thickness of GBM was nor-
mal and podocyte foot processes were well arranged in normal
rats (Figure 2b). Chronic hyperglycemia caused a marked
increase in GBM thickness and severe foot process effacement
in vehicle-treated diabetic rats (Figure 2b), consistent with the
dramatic albuminuria and proteinuria observed. Treatment with
rhGLP-1 maintained the normal thickness of the GBM and
normal podocyte structure (Figure 2b). However, insulin treat-
ment showed a negligible effect on reducing GBM thickness
and foot process effacement (Figure 2b).

The slit diaphragm is the key structure that controls
protein filtration through the glomerular filtration

barrier”. We therefore quantified the expression of key
proteins within the slit diaphragm using real-time reverse
transcription PCR, IF and western Blot. As shown in
Figure 2c-h and Figure S2a—c, compared with the normal
controls, the messenger RNA and protein levels of
a-actinin4, CD2AP, nephrin, NEPHI and podocin were
all dramatically reduced in the vehicle group, and rhGLP-
1 treatment partially restored their expression. However,
there were no significant differences between the insulin
and vehicle groups both in messenger RNA expression
and protein level (Figure 2c-h, Figure S2a—c). Overall, the
present results showed that rhGLP-1 exerts a protective
effect on the glomerular filtration barrier and glomerular
sclerosis in rats with diabetic nephropathy.

© 2018 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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of urinary protein. We thus evaluated in isolated tubular tissue
the expression of megalin and cubilin by reverse transcription
PCR (Figure S3a), and western blotting and quantification anal-
ysis (Figure S3b). The results showed that megalin and cubilin
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Figure 2 | Recombinant human glucagon-like peptide-1 protects the glomerular filtration barrier in diabetic rats. After treatment for 12 weeks, the
animals in all groups were euthanized and the kidneys were harvested for structural evaluation of the glomerular filtration barrier. (@) Glomerular
morphology was carried out by periodic acid—-Schiff staining. Glomerulosclerosis scores were semiquantified in the normal group (N), vehicle group
(\), recombinant human glucagon-like peptide-1 group (G), and insulin group (). ***P < 0001 (vs V). (b) Transmission electron microscopy for the
structure of the glomerular basement membrane (GBM) and foot processes of podocytes. Scale bars, 2 um. The GBM thicknesses were measured
with a ruler in Adobe PDF files at >50 sites, and the results are presented as mean * standard error of the mean. (c) Real-time polymerase chain
reaction, (d) western blot and (e) immunofluorescence imaging was used to measure the expression of podocin in the glomeruli. (f) Western blot,
(g) real-time polymerase chain reaction and (h) immunofluorescence imaging was used to measure the expression of nephrin in the glomeruli.
Data are presented as mean = standard error of the mean, n = 8 (*P < 005, **P < 001 and ***P < 0001; one-way ANOvA test).

decreased in the rats with diabetic nephropathy, and expression
was restored by rhGLP-1, but not by insulin (Figure S3a, b).
This finding was further confirmed by immunohistochemical
staining on kidney tissue from four groups (Figure S3c). These
results suggested that thGLP-1 positively affected megalin and
cubilin expression.

rhGLP-1 Inhibits PKC-f and Activates PKA in Both Glomeruli
and in Tubules

It is well known that hyperglycemia induces the activation of
PKC, leading to renal injury". By immunohistochemistry stain-
ing, we found that PKC-B was increased in the vehicle group
and insulin group in both the glomerular and tubular regions
as compared with the normal group (Figure 3a); however,
rhGLP-1 treatment reduced PKC-f levels in the glomerular
and tubular regions. These results were confirmed in isolated
glomeruli (Figure 3b,c) and tubule tissue (Figure 3d) by real-
time PCR and western blotting analysis. Furthermore, the activ-
ity of PKC-P was increased in the glomeruli and tubules in the
vehicle group compared with the normal group, but the activity
of PKC-P was decreased in the rhGLP-1 group compared with
the vehicle or insulin group (Figure 3e).

Activation of the GLP-1 receptor can trigger the generation
of the second messenger cAMP, followed by activation of PKA
on endothelial cells®®. Thus, we evaluated the PKA levels
8 weeks after thGLP-1 treatment. Compared with normal rats,
the expression of PKA was markedly reduced in renal glomer-
uli and tubules of diabetic rats treated with either vehicle or
insulin (Figure S4a); whereas rhGLP-1 treatment upregulated
PKA expression in the glomeruli (Figure S4b and c¢) and
tubules (Figure S4d). In addition, PKA activity was decreased
in the glomerular and tubular regions in vehicle-treated rats
compared with normal rats, and there is an increased activity
of PKA in the rhGLP-1 group, but not in insulin group (Fig-
ure S4e). Collectively, these results indicated that rhGLP-1 regu-
lates PKC and PKA in both glomeruli and tubules.

rhGLP-1 Reduces Oxidative Stress in Glomeruli Through PKC
and PKA

Oxidative stress is implicated in the pathogenesis of diabetic
nephropathy. By immunohistochemical staining, we observed
increased expression of iNOS and decreased SODI in the glo-
meruli of vehicle-treated rats compared with normal rats (Fig-
ure 4a). Downregulated iNOS and upregulated SOD1 were

observed in the rhGLP-1 group, as compared with the vehicle
group. Insulin did not influence the expression of iNOS and
SODL1 significantly in glomeruli (Figure 4a). This finding was
confirmed by reverse transcription PCR (Figure 4b) and west-
ern blotting (Figure 4c). Because the DAG-PKC pathway was
suggested to be responsible for glomerular dysfunction in dia-
betic rats®, we also examined whether rhGLP-1 could prevent
an increase of DAG content in DN rats; it was possible to
reduce the DAG content in the kidneys of diabetic rats after
treatment with GLP-1, but insulin has no effect on the decrease
of the DAG content in DN rats (Figure 4d). We also quantified
the collagen IV level in the kidney and found that the rhGLP-1
can inhibit DN-induced collagen IV upregulation (Figure 4e).

Microvascular endothelial cells are key components of the
glomerular filtration barrier. Thus, we studied the possible roles
of rhGLP-1 in oxidative stress using cultured RGECs. RGECs
were cultured with AGEs, perhaps to stipulate that elevated AGE
is present in the diabetic milieu and is believed to contribute to
DN development. By western blotting and real-time PCR (Fig-
ure 5a,b), we found that iNOS was upregulated in RGECs by
AGEs, and downregulated by rhGLP1, but SOD1 was the oppo-
site to iNOS. Furthermore, the PKC activator (PMA) and PKA
inhibitor (H-89) weakened this effect of rhGLP-1 (Figure 5a).
These results showed that oxidative stress was reduced by
rhGLP-1, maybe by inhibiting PKC and activating PKA.

Next, we measured the effect of rhGLP-1 on AGE-induced
ROS and NO production. The ROS (Figure 5b) and NO produc-
tion (Figure 5¢) in RGECs was significantly enhanced by AGEs;
but inhibited by thGLP1, PKA activator or PKC inhibitor. These
results show that inhibition of PKC and activation of PKA are
involved in the reduction in oxidative stress by rhGLP-1.

rhGLP-1 Enhances the Absorption of Albumin in HK-2 Cells
In cultured HK-2 cells, the expression of megalin and cubilin
was evaluated at the protein level (Figure 6a). The results
showed that megalin and cubilin were downregulated by AGEs,
but restored by rhGLP-1. The PKC inhibitor and PKA activator
also increased megalin and cubilin expression, but PKC activa-
tor and PKA inhibitor can abolish the enhancement effect by
rhGLP-1 (Figure 6a). These results showed that rhGLP-1 could
inhibit PKC and activate PKA in tubules, and then increase the
expression of megalin and cubilin.

Megalin and cubilin are two important receptors for
re-absorption. Next, we analyzed the effect of rhGLP-1 on
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Figure 3 | The effect of recombinant human glucagon-like peptide-1 treatment on the expression of protein kinase C (PKC) -B. (a—b) Eight weeks
after treatment, animals were euthanized and the PKC-B expression in kidneys was evaluated by immunohistochemistry and reverse transcription
polymerase chain reaction. (c,d) The expression level of PKC- was also measured in isolated glomerular tissue and tubular tissue by western
blotting (n = 8 each group, one-way ANova test). In addition, (e) PKC activity was evaluated by measuring the amount of phosphorylated PKC in
isolated glomerular tissue (left) and tubular tissue (right). Data are presented as means + standard error of the mean (*P < 005, **P < 001 and
kP 0,001, NS, not significant, by one-way anova test). G, recombinant human glucagon-like peptide-1 group; |, insulin group; N, normal group;

V, vehicle group.

albumin absorption. Cultured HK-2 cells can absorb fluores-
cein-labeled human albumin from culture medium; and after
incubation with AGEs, the HK-2 cells showed a decreased
intracellular fluorescence intensity compared with the normal
group. In the rhGLP-1+ AGEs group, the fluorescence

intensity was stronger than in the AGEs group (Figure 6b,c),
and the PKC inhibitor and PKA activator exerted an action
similar to that of thGLP-1. The action of rhGLP-1 on albumin
absorption could be weakened by the PKC activator and PKA
inhibitor (Figure 6¢). This result showed that megalin and
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Figure 4 | Recombinant human glucagon-like peptide-1 inhibits oxidative stress and diacylglycerol (DAG) in the glomeruli of diabetic nephropathy
rats. (a) The expression of nitric oxide synthase (INOS) and superoxide dismutase 1 (SOD1) was measured in kidneys by immunohistochemistry.
Scale bar, 20 um. In addition, the expression levels of INOS and SOD1 were also measured in isolated glomeruli by (b) reverse transcription
polymerase chain reaction and (c) western blotting. (d) DAG contents were measured by enzyme-linked immunosorbent assay in the isolated
glomerular tissue. (e) Immunofluorescence images of collagen IV in the diabetic nephropathy rat's kidney. G, recombinant human glucagon-like

peptide-group; |, insulin group; N, normal group; V, vehicle group.
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Figure 5 | Recombinant human glucagon-like peptide-1 inhibits oxidative stress in rat glomerular endothelial cells (RGECs). (a) The effects of
protein kinase C (PKC) and protein kinase A (PKA) on the expression of nitric oxide synthase (iNOS) were analyzed in by western blotting. RGEC
was incubated with advanced glycation end-products (200 ng/mL) to mimic diabetic injury, and the activator, inhibitor of PKC or PKA, was used to
analyze the effect of the two pathways. **P < 001, ***P < 0001. (b,c) Production of reactive oxygen species and nitric oxide was measured in
cultured RGECs under different conditions. Data are presented as mean + standard error of the mean (¥**P < 0001 vs normal; #P < 0.05,

###P < 0001 vs advanced glycation end-products group; one-way anova test; NS, not significant). A, advanced glycation end-products; G,
recombinant human glucagon-like peptide-1; I, insulin; iINOS, nitric oxide synthase; N, normal; PKAa, protein kinase A activator; PKCa, protein

kinase C activator; PKAI, protein kinase A inhibitor; PKCi, protein kinase C inhibitor; SOD1, superoxide dismutase 1.

cubilin could be upregulated through PKC inhibition and PKA  Analysis of the Action to Control Cardiovascular Risk in

activation, which might contribute to the action of rhGLP-1. Type 2 Diabetes study showed that intensive blood glucose
control did not reduce composite advanced microvascular out-

DISCUSSION comes, including renal complications™.

DN is a long-term complication of diabetes mellitus, and effec- Microalbuminuria is a major risk factor in the pro-

tive blockade of its progression remains a clinical challenge. gressive decline observed in renal function in DN, and

Figure 6 | Recombinant human glucagon-like peptide-1 promotes the absorption of albumin in advanced glycation end-product (AGE) -induced
tubular epithelial cells through protein kinase C (PKC) -f and protein kinase A (PKA). (a) HK-2 cells were cultured with AGEs to mimic diabetic
nephropathy. The effects of PKC and PKA on the expression of megalin and cubilin were detected by western blotting (*P < 005, **P < 001,
***p < 0001). (b) PKC and PKA regulate the absorption of fluorescein-labeled albumin by HK-2 cells observed under microscopy. (c) Quantitative
fluorescence intensity was measured with a fluorescence plate reader and cell numbers were normalized to total protein. Data are presented as
means * standard error of the mean (*P < 005, **P < 001, ***P < 0001; NS, not significant vs advanced glycation end-products group; one-way
ANOVA test). A, advanced glycation end-products; G, recombinant human glucagon-like peptide-1; GLP-1, glucagon-like peptide-1; |, insulin; N, normal;
PKAa, protein kinase A activator; PKAI, protein kinase A inhibitor; PKCa, protein kinase C activator; PKC, protein kinase C inhibitor.
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microalbuminuria is thought to be the first step in an inevitable
progression to proteinuria and renal failure. Thus, a reduction
in albuminuria is a key marker of the efficacy of renoprotective
therapy in type 2 diabetes”. The most profound effect of
rhGLP-1 therapy is the prevention of albuminuria in diabetic
rats, without significant changes in blood glucose.

The lesions in the glomerular filtration barrier constitute one
of the main causes of proteinuria. Toyoda et al* described sev-
ere disruption and detachment of podocyte foot processes in
patients with type 1 diabetes that lead to denuded areas of
GBM™. The occurrences of proteinuria were related to injury
of the glomerular filtration barrier and tubular reabsorption of
protein. In DN, one of the major contributors to proteinuria is
attenuated function of tubular protein reabsorption®’. In the
proximal tubules, the reabsorption of albumin is primarily
through megalin and cubilin®.

Oxidative stress mediated by PKC activation and PKA inhi-
bition is a key factor in diabetic nephropathy. Some studies
showed that PKC-B-null mice with STZ-induced diabetes
showed improvements in renal abnormalities, including albu-
minuria, renal hypertrophy and mesangial expansion™ *°. Here,
we found that the PKC-f level was statistically higher, and that
PKA was lower in both renal glomeruli and in tubules in the
DN group compared with the normal group.

GLP-1 might protect against microvascular outcomes.
Recently, Julia et al® reported that GLP-1 (7-37Mut8) can sig-
nificantly reduce tubule interstitial renal damage, but it cannot
improve glucose metabolism. GLP-1 can also activate the
AMPK and prevent the nicotinamide adenine dinucleotide
phosphate oxidase activation to stimulate ROS production, and
then it inhibits the PKC activation in mouse cardiomyocytes™.
The conventional PKCs (a, I, BII and ) require Ca®>*, DAG
and a phospholipid, such as phosphatidylserine, for activation.
We quantified the DAG content in the kidney, and we found it
was highly expressed in the DN rats and it can be inhibited
when treated with rhGLP-1, which means rhGLP-1 decreases
PKC expression in the kidneys of DN rats through DAG.
Phospholipase C is a class of membrane-associated enzymes
that cleave phospholipids, such as PIP2 (phosphatidylinositol
bisphosphate), to IP3 and DAG. GLP-1R is the GLP-1 receptor,
it belongs to G protein-coupled receptor, so it might through
the G protein-mediated signaling pathway that phospholipase C
is activated, then PIP2 can be digested to IP3 and DAG, and
the high content of DAG can induce PKC activation in DN.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the Supporting Information section at the end of the article.

Figure S1 | The glucagon-like peptide-1 receptor levels were increased in the glomeruli and tubules after treatment with recombi-
nant human glucagon-like peptide-1.

Figure S2 | Recombinant human glucagon-like peptide-1 protects the glomerular filtration barrier in diabetic rats.

Figure S3 | Recombinant human glucagon-like peptide-1 regulates the expression of megalin and cubilin in the diabetic nephropa-
thy kidney.

Figure S4 | Enhance of protein kinase A expression when treated by recombinant human glucagon-like peptide-1 in the diabetic
nephropathy rat kidney.
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