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Abstract

Introduction: The renin—angiotensin system and epithelial-mesenchymal transition play crucial roles in the development
of kidney fibrosis. The connection between the renin—angiotensin system and transforming growth factor-f3 in epithelial—
mesenchymal transition remains largely unknown.

Materials and methods: We assessed oxidative stress, cytokine levels, renal morphology, profibrotic growth factor
and renin—angiotensin system component expression, and cell-specific E- and N-cadherin expression in the kidneys of
gerbils with streptozotocin-induced diabetes mellitus.

Results: Animals in the experimental group received an intraperitoneal injection of streptozotocin to induce diabetes.
The diabetic gerbil kidneys presented kidney injury, which was manifested as distorted glomeruli, necrosis of tubular
cells, dilated tubular lumen, and brush border loss. Additionally, the diabetic gerbil kidneys exhibited significantly
higher expressions of 8-hydroxy-2'-deoxyguanosine, nuclear factor-kB, toll-like receptor 4, tumor necrosis factor-a,
transforming growth factor-3, connective tissue growth factor, a-smooth muscle actin, and N-cadherin and higher
collagen deposition than did the control gerbil kidneys. Compared with the control kidneys, the diabetic gerbil kidneys
exhibited significantly lower E-cadherin expression. These epithelial-mesenchymal transition characteristics were
associated with an increase in renin—angiotensin system expression in the diabetic gerbils.

Conclusions: We demonstrate that hyperglycemia activated the renin—angiotensin system, induced epithelial—
mesenchymal transition, and contributed to kidney fibrosis in an experimental diabetes mellitus model.
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Introduction
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transition (EMT) is the conversion of epithelial cells into mes-
enchymal cells. During the EMT process, epithelial cells lose
polarity and adhesion and gain migratory capacity, thus
becoming mesenchymal cells.® A distinguishing characteristic
of EMT is the downregulation of E-cadherin to reinforce the
destabilization of adherens junctions.’

Angiotensin II (Ang II) is synthesized within the kidney
and is a mediator of progressive injury in diabetic nephropa-
thy. Although evidence suggests activation of the intrarenal
renin—angiotensin system (RAS) in diabetes,? the effect of
hyperglycemia on intrarenal RAS component expression
remains controversial.!:12 Day et al. reported that hyperglyce-
mia increased the synthesis of intrarenal angiotensin I (Ang I)
and Ang II and both Ang II type 1 receptor (AT1R) and Ang
II type 2 receptor (AT2R) in diabetic murine kidneys.!" Xue
et al. found that hyperglycemia increased the angiotensinogen
mRNA level and reduced both the angiotensin-converting
enzyme (ACE) and AT1R mRNA levels in the kidneys of dia-
betic rats.'> Hyperglycemia induced EMT in podocytes and
renal tubular epithelial cells and led to renal fibrosis and dys-
function in experimental animals with diabetic nephropathy
and patients with DM.!3 However, the connection between
the RAS and transforming growth factor (TGF)- in EMT
remains largely unknown. We hypothesized that hyperglyce-
mia activates the RAS and induces EMT and renal fibrosis in
an animal model of DM. In the present study, we assessed
oxidative stress, cytokine levels, renal morphology, profi-
brotic growth factor and RAS component expressions, and
cell-specific E- and N-cadherin expressions in the kidneys of
gerbils with streptozotocin (STZ)-induced DM.

Materials and methods

Animals

This study was approved by the Animal Care and Use
Committee of Taipei Medical University (LAC-2017-
098). Adult male Mongolian gerbils (Meriones unguicula-
tus), weighing 50-60 g, were obtained from the Research
Animal Center, National Taiwan University. Animals were
maintained under a 12-hour light-dark cycle with free
access to food and water.

Measurement of blood glucose levels

Before starting the experiments, we measured the blood
glucose level of each gerbil by using the OneTouch II blood
glucose meter (Lifescan, Milpitas, California, USA). After
six hours away from chow, the fasting blood glucose level
was obtained from the tail vein of each animal. The blood
glucose levels of the gerbils ranged from 55-86 mg/dl.

Induction of DM by streptozotocin

Immediately prior to the injection, STZ (Sigma) was dis-
solved in 0.01 M citrate buffer (pH 4.5). Animals in the

experimental group received an intraperitoneal injection of
STZ at a dose of 75 mg/kg/day for three days to induce
DM. The control group received an equivalent volume of
saline. For the three days following the treatment, the
blood glucose levels of all animals were measured daily
from the blood sample obtained from the tail vein. Blood
glucose levels ranging from 240-435 mg/dl in STZ-treated
gerbils indicated that they were diabetic; thus, they were
used for further experiments. Prior to sacrifice, the weights
and blood glucose levels of the gerbils were measured to
confirm the persistence of DM.

Tissue preparation

A total of 10 STZ-treated and 10 control gerbils survived
for 12 weeks after the injections. Animals from each group
were deeply anesthetized intramuscularly with a combina-
tion of zoletil (4 mg/100 g), xylazine (2 mg/100 g), and
atropine (0.16 mg/100 g) and sacrificed by perfusion
through the left ventricle with 4% paraformaldehyde in 0.1
M phosphate buffer (pH 7.4). The kidneys were excised
and fixed in the same solution at 4°C for 24 h. The tissues
were then dehydrated in alcohol, cleared in xylene, and
embedded in paraffin. Five-micrometer sections were cut
for further processing.

Histological examination

After deparaffinization and rehydration, the kidney sec-
tions were stained with hematoxylin and eosin, periodic
acid-Schiff (PAS), and Masson’s trichrome; examined
using light microscopy; and assessed for kidney morphol-
ogy and fibrosis. The histological analysis of kidney tubu-
lar injury was modified according to suggestions provided
by Kurus et al.;'# tubular injury was defined as tubular
dilation, tubular atrophy, vacuolization, the degeneration
and sloughing of tubular epithelial cells, or the thickening
of the tubular basement membrane. The scoring system
for tubular injury was as follows: O=no tubular injury,
1=<10% of tubules injured, 2=10-25% of tubules injured,
3=26-50% of tubules injured, 4=51-75% of tubules
injured, and 5=75% of tubules injured. The histological
analyses of the proportion of the kidney occupied by the
cortex, proportion of the cortex occupied by glomeruli,
and size of an individual glomerulus were modified
according to suggestions provided by Toledo-Rodriguez
et al.l> The sizes of individual glomeruli located in the
middle cortex and juxtamedullary zone were calculated as
the average of the largest and smallest glomerular diame-
ters within a field of view; the calculations involved 105
glomeruli per kidney. To evaluate the degree of glomeru-
lar damage, PAS-stained sections were detected and
examined using a semiquantitative scoring system, which
was modified from that used in the study of Raij et al.!
Twenty glomeruli in each kidney were examined, and the
severity of lesions was graded from 0-4+ according to
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the percentage of glomerular involvement, where 0 indi-
cated no glomerular damage (normal) and 1+, 2+, 3+,
and 4+ indicated that 25%, 50%, 75%, and 100% of glo-
meruli were damaged, respectively; in other words, an
increase in the mesangial matrix material or glomerulo-
sclerosis was present. A glomerular injury score was then
obtained by multiplying the degree of damage (0—4+) by
the percentage of glomeruli with the same degree of
injury. For example, if five of 20 glomeruli had a lesion of
1+, three of 20 glomeruli had a lesion of 2+, and five of
20 glomeruli had a lesion of 3+, the final injury score for
the specimen would be

((1x5/20)+(2x3/20)+(3x5/20))x100 =130.

Kidney sections stained with Masson’s trichrome were
assessed using a scoring system (scores ranged from 0-3)!7
for the presence of collagen in 10 systematically sampled
areas per section, where 0=no change, 1=mild fibrosis,
2=moderate fibrosis, and 3=severe fibrosis with severe
interstitial thickening between tubules. The optical density
values of Masson’s trichrome—stained renal sections were
determined to evaluate the presence of collagen in 13 non-
overlapping microscopic fields per animal, which were
processed using Image Pro Plus 6.0 (Media Cybernetics;
Bethesda, Maryland, USA).!8 Histological examinations,
including general morphological observations and mor-
phometric analysis, were performed in a single-blind man-
ner by a pathologist.

Immunohistochemistry

After routine deparaffinization, heat-induced epitope
retrieval was performed by immersing slides in 0.01 M
sodium citrate buffer (pH 6.0). To block endogenous per-
oxidase activity and nonspecific antibody binding, sections
were first preincubated in 0.1 M phosphate-buffered saline
(PBS) containing 10% normal goat serum and 0.3% H,0,
for one hour at room temperature before being incubated
with rabbit polyclonal anti-TGF-[3, anti-nuclear factor-xB
(NF-kB; 1:100; Abcam, Cambridge, Massachusetts, USA),
anti-connective tissue growth factor (CTGF; 1:100;
Proteintech, Rosemont, Illinois, USA), anti-Ang II (1:50;
GeneTex Inc., Irvine, California, USA), anti-tumor necro-
sis factor-a (TNF-a; 1:100; GeneTex Inc.), anti-E-cadherin
(H-108; 1:50; Santa Cruz Biotechnology, Santa Cruz,
California, USA), anti-AT1R (N-10; 1:50; Santa Cruz
Biotechnology), goat polyclonal anti-N-cadherin (1:50;
Santa Cruz Biotechnology), mouse monoclonal anti-a-
smooth muscle actin (a-SMA; 1:50; Abcam), anti-8-
hydroxy-2'-deoxyguanosine (8-OHdG; 1:100; Abcam),
anti-angiotensin  (1-7) (Ang-(1-7)) (1:50; Biomatik,
Wilmington, Delaware, USA), toll-like receptor 4 (TLR4;
1:50; Santa Cruz Biotechnology), ACE (2E2; 1:50; Santa

Cruz Biotechnology), and ACE2 (E-11; 1:50; Santa Cruz
Biotechnology) antibodies as primary antibodies for 20 h
at 4°C. The sections were then treated for one hour at
37°C with biotinylated goat anti-rabbit immunoglobulin
G (IgG; 1:200, Vector Laboratories, Burlingame,
California, USA) for TGF-B, NF-kB, CTGF, TNF-«, Ang
II, and AT1R antibodies and with biotinylated rabbit anti-
mouse IgG  (1:200; Jackson ImmunoResearch
Laboratories, West Grove, Pennsylvania, USA) for a-
SMA, 8-OHdG, Ang-(1-7), ACE (2E2), and ACE2 (E-11)
antibodies. The fluorochrome-conjugated secondary anti-
bodies used were anti-mouse IgG (whole molecule)-fluo-
rescein isothiocyanate (FITC) for the anti-TLR4 antibody
(1:200; Sigma), FITC-AffiniPure goat anti-rabbit IgG
(H+L) for the anti-E-cadherin antibody, rhodamine-con-
jugated donkey anti-goat IgG for the anti-N-cadherin anti-
body (1:200; GeneTex Inc.), and rhodamine-conjugated
goat anti-rabbit IgG for the anti-NF-«kB antibody (1:200;
Jackson ImmunoResearch Laboratories). Nuclei were
detected using 4',6-diamidino-2-phenylindole (DAPI,
1:1000; Sigma). The sections were reacted with fluoro-
chrome-conjugated secondary antibodies and then washed
with PBS, mounted, and examined under a fluorescence
microscope. The sections were treated with biotinylated
1gG followed by a reaction with reagents from an avidin—
biotin complex kit (Vector Laboratories), and the reaction
products were brown and visualized using a diaminoben-
zidine substrate kit (Vector Laboratories) according to
manufacturer’s recommendations. All immunostained
sections were viewed and photographed using a Nikon
Eclipse E600.

Statistical analysis

The data are presented as the meanz*standard deviation
(SD). The significance between two groups was deter-
mined using Student’s ¢ test. Differences were considered
significant at p<<0.05.

Results

Body weight and blood glucose levels

Ten STZ-treated and 10 control gerbils survived for 12
weeks after the injections. Before the start of the experi-
ments, the mean body weight and blood glucose level were
respectively 58.3+3.5 g and 72.9%13.1 mg/dl in control
animals and 56.6*2.7 g and 70.7£15.6 mg/dl in DM ani-
mals. The values were comparable between control and
DM animals. Within two days after STZ injection, the
blood glucose levels of animals with induced DM had
increased to 306-333 mg/dl. At sacrifice, the mean body
weight and blood glucose level were respectively 75.2+4.1
g and 76.1+9.6 mg/dl in control animals and 60.3+3.8 g
and 319.5+13.8 mg/dl in DM animals. The body weight
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Figure |. (a) Representative hematoxylin and eosin staining, (b) the proportion of the kidney occupied by the cortex, (c) the
proportion of the cortex occupied by glomeruli, (d) the glomerular size, and (e) tubular injury score in control gerbils (control) and
gerbils with streptozotocin-induced diabetes mellitus (DM). Diabetic kidneys exhibited tubular atrophy, dilatation of the tubular
lumen, brush border loss, and increased space (asterisks) between renal tubules. Acidophilic and swollen tubular cells and enlarged
podocytes (arrows) were observed in the DM group. Streptozocin-treated gerbils exhibited significantly a larger proportion of the
cortex, a smaller proportion of the cortex occupied by glomeruli, larger glomerular size, and higher tubular injury scores than did
control gerbils (*p<<0.001). Data are expressed as mean*standard deviation (SD).

and blood glucose levels at sacrifice were significantly
lower and higher, respectively, in DM animals than in con-
trol animals.

Kidney morphology

Figure 1(a) shows representative hematoxylin and eosin—
stained kidney sections obtained from the control and STZ-
treated diabetic gerbils. The diabetic kidneys exhibited
atrophic tubular cells, dilated tubular lumen, brush border
loss, and tubular necrosis, as demonstrated by the acido-
philic and swollen nucleus and cytoplasm. The swollen
nucleus disintegrated into small pieces, tubule integrity was
destroyed, and epithelial cells degenerated and desquamated
into the lumen of renal tubules. The renal corpuscle showed
expanded renal glomeruli, proliferated mesangial cells,
bulged podocyte nuclei, accumulated extracellular matrix in
the mesangium, and a thickened glomerular basement

membrane. The intertubular space was increased and filled
with connective tissue; the connective tissue replaced the
space left from degenerated tubules and renal corpuscles.
The STZ-treated gerbils exhibited a significantly larger
proportion of the cortex (Figure 1(b)), a smaller proportion
of the cortex occupied by glomeruli (Figure 1(c)), larger
glomerular size (Figure 1(d)), and higher tubular injury
scores (Figure 1(e)) than did the control gerbils.

Hyperglycemia induces oxidative stress and
inflammation

The immunohistochemistry results for 8-OHdG, TLR4,
NF-kB, and TNF-« are presented in Figure 2. The oxida-
tive stress marker 8-OHdG was apparently observed at the
nuclei of podocytes and tubular cells in the kidneys of the
diabetic gerbils, and a few 8-OHdG-positive nuclei were
found in the control gerbils. The immunofluorescence of
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Figure 2. Immunohistochemistry of anti-8-hydroxy-2'-deoxyguanosine (8-OHdG), toll-like receptor 4 (TLR4), anti-nuclear factor-
kB (NF-kB), image merged of TLR4 and NF-kB, and anti-tumor necrosis factor-a (TNF-a) in the kidney sections of control and
diabetes mellitus (DM) gerbils. To compare DM gerbils with control gerbils, a DM gerbil was expected to express these proteins.
The 8-OHdG immunoreactivity was detected in the nuclei of podocytes and tubular cells (black arrows). Immunofluorescence
reactivity of TLR4 and NF-«kB was identified in the cytoplasm of podocytes and tubular cells (white arrows). NF-kB expression was
observed in the nuclei of podocytes and tubular cells (white arrowheads), which were purple after treatment with DAPI (for the
nucleus in blue). The immunofluorescence of TLR4 and NF-kB was colocalized in the cytoplasm of podocytes and tubular cells and
demonstrated a color change from yellow to orange. The immunoreactivity of TNF-a (black arrows) was detected in the nuclei and

cytoplasm of podocytes and tubular cells.

TLR4 and NF-kB was colocalized in the cytoplasm of
podocytes and tubular cells, and nuclei with positive
NF-kB immunostaining were observed in the podocytes
and tubular cells of the diabetic gerbils. No discrete immu-
noreactivity of TLR4 and NF-kB was observed in the con-
trol group. The expression of TNF-a protein was detected
in the nuclei and cytoplasm of podocytes and tubular cells,
and immunoreactivity was more intense and extensive in
the kidneys of the diabetic gerbils than in those of the con-
trol gerbils.

Hyperglycemia activates the RAS

Figure 3 shows the protein expression patterns of the RAS.
All RAS components were observed in the endothelial
cells of the kidneys. The immunoreactivity of Ang II,
AT1R, and ACE was detected in podocytes and proximal
and distal tubules cells, and the immunoreactivity of Ang
II, AT1R, and ACE was markedly displayed in the diabetic
gerbils. The control gerbils exhibited prominent Ang-(1—
7) and ACE2 immunoreactivity compared with the dia-
betic gerbils. In addition to detection in endothelial cells,
Ang-(1-7) was observed in distal tubule cells and ACE2
was observed in the top of tubular cells (coincident with
the brush border) in the control gerbils.

Hyperglycemia increases TGF-3 and CTGF
expression

The immunoreactivity of TGF-3 and CTGF was detected
in the cytoplasm and nuclei of renal tubule cells, podo-
cytes, and mesangial cells of glomeruli (Figure 4). The
STZ-treated hyperglycemic gerbils exhibited higher num-
bers of TGF-$3- and CTGF-positive cells than did the control
gerbils.

Hyperglycemia induces an E-cadherin and
N-cadherin switch

The immunofluorescence of E-cadherin and N-cadherin
was detected in renal tubule cells (Figure 5). We observed
E-cadherin-positive cells, but not N-cadherin-positive
cells, in the renal tubules of the control gerbils. By con-
trast, decreased E-cadherin and increased N-cadherin
expressions were prominently detected in the tubular cells
of the diabetic gerbils.

Hyperglycemia induces kidney fibrosis

Masson’s trichrome staining revealed that collagen fibers
were mainly deposited in the glomerular mesangium and
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Figure 3. Representative photomicrographs of renin—angiotensin system (RAS) protein expression. The immunoreactivity of
angiotensin Il (Ang Il) and Ang Il type | receptor (AT IR) is extensively displayed in endothelial cells (white arrows), tubular cells
(black arrows), and podocytes (black arrowheads) in diabetic gerbils (diabetes mellitus (DM)). Angiotensin (1-7) (Ang-(1-7))-
positive staining cells were discovered in the endothelial cells (white arrows) of control and diabetic gerbils. The immunoreactivity
of Ang-(1-7) was observed in the cells of distal tubules (black arrows) of control gerbils. Angiotensin-converting enzyme (ACE)
expression was observed in endothelial cells (white arrows) and tubular cells (black arrows); the immunoreactivity was stronger
in the diabetic gerbils than in the control gerbils. The control gerbils exhibited prominent ACE2 immunoreactivity, which was
exhibited in endothelial cells and in the top of tubular cells (coincident with the brush border) (white arrows) compared with the
diabetic gerbils.

Figure 4. Immunohistochemistry of transforming growth factor-f3 (TGF-3) and anti-connective tissue growth factor (CTGF) in
the kidney sections of control and diabetes mellitus (DM) gerbils. The immunoreactivity of TGF-3 and CTGF was detected in the
cytoplasm and nuclei of renal tubule cells, podocytes, and mesangial cells of glomeruli (black arrows). The streptozocin-treated
diabetic gerbils exhibited higher numbers of TGF-3- and CTGF-positive cells than did the nondiabetic gerbils.
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Figure 5. Immunofluorescence staining for E-cadherin (green), N-cadherin (red), and 4',6-diamidino-2-phenylindole (DAPI)
(blue). The immunofluorescence of E-cadherin and N-cadherin was detected in renal tubule cells. The renal tubules of the control
gerbils (control) exhibited abundant E-cadherin and few N-cadherin immunopositive cells. By contrast, the immunofluorescence
of N-cadherin was more widely distributed and few E-cadherin immunofluorescent cells were found in the diabetic gerbils. The
colocalized E-cadherin and N-cadherin is indicated as yellow to orange in the merged image.

extracellular tissue of renal tubules in the diabetic gerbils
(Figure 6(a)). The hyperglycemic gerbils exhibited a sig-
nificantly higher grade of interstitial fibrosis and a higher
optical density of collagen than did the control gerbils
(Figure 6(b) and (c)).

Hyperglycemia increases o-SMA expression
and extracellular matrix production

The expression of a-SMA protein was detected in the
podocytes and tubular cells of the diabetic gerbils but was
nonsignificant in the control gerbils (Figure 7(a)). The dia-
betic gerbils showed larger PAS-positive areas than did the
control gerbils. The diabetic gerbils also exhibited
expanded mesangium between the capillaries of the glo-
meruli, thickened Bowman’s capsules, and degenerated
tubules, as evidenced by loss of nuclei and cell boundaries.
PAS staining was used to assess the degree of glomerular
sclerosis and damage; the glomerular damage score was
significantly higher in the diabetic gerbils than in the con-
trol gerbils (Figure 7(b)).

Discussion

Hyperglycemia induces EMT in podocytes and renal tubu-
lar epithelial cells and leads to renal fibrosis in diabetic
nephropathy.!® The effect of hyperglycemia on intrarenal
RAS component expression remains controversial.'! In
the experimental gerbil model of DM, we found that
hyperglycemia resulted in distortion and disruption of kid-
ney morphology, increased oxidative stress and inflamma-
tory markers, and increased profibrotic growth factor and
RAS component expression. Activation of the RAS was
associated with the characteristics of EMT (decreased
E-cadherin expression and increased N-cadherin expres-
sion) and kidney fibrosis in the diabetic gerbils. These
results suggest that hyperglycemia induces oxidative
stress, activates the RAS, induces EMT, and contributes to
kidney fibrosis in an experimental DM model.

Oxidative stress is a well-known pathogenic mechanism
of hyperglycemia, which triggers diabetic complications.
The development of diabetes-related complications occurs
with the production of oxygen species (ROS).!” In this
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Figure 6. (a) Representative photomicrographs of Masson’s trichrome staining; (b) grade of interstitial fibrosis; and (c) optical
density of collagen in the control gerbils (control) and gerbils with streptozotocin-induced diabetes mellitus (DM). Collagen
fibers were mainly deposited in the glomerular mesangium and extracellular tissue of renal tubules in the diabetic gerbils. The
streptozocin-treated diabetic gerbils exhibited a significantly higher grade of interstitial fibrosis and a higher optical density of
collagen than did the control gerbils (¥p<<0.001). Data are expressed as mean=standard deviation (SD).
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Figure 7. (a) Representative photomicrographs of immunohistochemistry of anti-a-smooth muscle actin (a-SMA) and the periodic
acid-Schiff (PAS) staining and (b) semiquantitative scoring of the glomerular damage in the control gerbils (control) and gerbils with
streptozotocin-induced diabetes mellitus (DM). The diabetic kidneys exhibited a-SMA immunoreactivity in podocytes and tubular
cells (arrow). PAS photomicrographs indicate the thickened basal membrane of glomerular capillaries, diffused hyalinosis (asterisk),
degenerated glomeruli, and thickened Bowman's capsule (arrow). The streptozocin-treated diabetic gerbils exhibited significantly
higher glomerular damage than did the control gerbils (*p<<0.001). Data are expressed as meanzstandard deviation (SD).
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study, we detected 8-OHdG in the nuclei of podocytes and
tubular cells in the diabetic gerbils. Intrarenal oxidative
stress plays a critical role in the initiation and progression of
diabetic nephropathy. Excessive ROS production triggers
renal fibrosis and inflammation.2%-27 Hyperglycemia induced
ROS formation and activated NF-«kB, thus resulting in
increased inflammatory cytokine concentrations in the kid-
neys of diabetic rats.?> Hyperglycemia-induced increase in
ROS formation also activated the TLR4 signaling pathway
in the cardiomyopathy of rats with STZ-induced DM.?8 Our
findings are consistent with those of other studies.

The glomerular basement membrane is a specialized
extracellular matrix and is the joint product of the glo-
merular endothelium and the podocytes. The intact glo-
merular basement membrane structure is particularly
crucial for renal function; otherwise, it can cause filtration
defects and renal diseases of varying severties.?® The
thickening of the glomerular basement membrane and
expansion of mesangium are the characters of glomeru-
lopathy found in human type 1 diabetic nephropathy,
which leads to progressive reduction in the filtration sur-
face of the glomerulus.3? Glomerular basement membrane
composed of collagen, glycoproteins, glycosaminogly-
cans, and proteoglycans. The PAS and Masson’s trichrome
staining is most commonly used to demonstrate the thick-
ness of glomerular basement membrane and extracellular
matrix deposition when renal disease is evaluated, respec-
tively. In this study, PAS and Masson’s trichrome staining
revealed that there was prominent glomerular hypertro-
phy and mesangial matrix expansion in STZ-treated dia-
betic animals.

In this study, we observed that STZ-treated hyperglyce-
mic gerbils had increased a-SMA expression and collagen
deposition. Furthermore, these findings were associated
with an increase in N-cadherin expression and decrease in
E-cadherin expression, which are the typical characteris-
tics of EMT.? These results suggest that EMT plays a cru-
cial role in the development of kidney fibrosis in DM.
Myofibroblasts are the predominant source of type I col-
lagen, have a phenotype intermediate between fibroblasts
and smooth muscle cells, and are defined by the presence
of a-SMA3! a-SMA is a useful cytoskeletal biomarker of
EMT, which has been detected in the fibrotic process of
various organs undergoing EMT.323¢ TGF-f is an inducer
of EMT and initiates EMT by regulating transcriptional,
posttranscriptional, translational, and posttranslational
levels.?’ Increased TGF-B expression has been linked to
EMT in renal fibrosis.?

The RAS is involved in the pathogenesis of chronic
kidney disease.?” Activation of the RAS can activate TGF-
B, which is a crucial fibrogenic cytokine in the develop-
ment of kidney fibrosis.>® Ang II is the main effector
molecule of the RAS and is produced from angiotensino-
gen by the action of renin and ACE. ATI1R is responsible
for most of the pathophysiological effects of Ang II by

promoting proliferation, inflammation, and fibrosis.®
Although commercially available AT1R antibodies have
been suggested to be nonspecific for AT1R,* there are
mRNA and functional data suggesting basolateral and api-
cal membrane distribution of the AT1R in the rat and mice
collecting duct.*1*2 Ang II activates renal interstitial fibro-
blasts through the upregulation of a-SMA expression and
enhances cell proliferation and migration, which play a
crucial role in the activation of interstitial fibroblasts and
the induction of renal fibrosis.*** The ACE homolog
ACE2 efficiently hydrolyses Ang II to form Ang-(1-7), a
peptide that exerts actions opposite to those of Ang I1.%
Miller suggested that hyperglycemia affects renal function
in diabetic humans by increasing RAS activity.!* In this
study, we observed increased expression of ACE, Ang 11,
and ATIR in the diabetic gerbils. Ang-(1-7) was more
prominently observed in the control gerbils than in the dia-
betic gerbils. The control gerbils exhibited prominent
ACE2 compared with the diabetic gerbils. These results
are compatible with those reported by Day et al.;!! they
found that hyperglycemia increased the synthesis of intra-
renal Ang I and Ang II and both AT1R and AT2R in dia-
betic murine kidneys.

In conclusion, the results of this study indicated that
hyperglycemia injured the kidney; increased oxidative
stress, inflammatory markers, and profibrotic growth fac-
tors; and led to kidney fibrosis in an experimental gerbil
model of DM. Renal fibrosis is associated with increased
RAS component expression and typical EMT characteris-
tics in diabetic gerbils. These results suggest that hyper-
glycemia induces oxidative stress, activates the RAS,
induces EMT, and contributes to kidney fibrosis in an
experimental DM model and that strict glycemic control
can be useful in preventing hyperglycemia-induced dia-
betic nephropathy.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This work was supported by a grant from Taipei Medical
University Hospital (106TMU-TMUH-12).

ORCID iD

Hsiu-Chu Chou {*} https://orcid.org/0000-0002-9454-6842

References

1. Ogurtsova K, da Rocha Fernandes JD, Huang Y, et al. IDF
diabetes atlas: Global estimates for the prevalence of diabe-
tes for 2015 and 2040. Diabetes Res Clin Pract 2017; 128:
40-50.


https://orcid.org/0000-0002-9454-6842

Journal of the Renin-Angiotensin-Aldosterone System

N

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Diabetes Control and Complications Trial Research Group. The
effect of intensive treatment of diabetes on the development
and progression of long-term complications in insulin-depend-
ent diabetes mellitus. N Engl J Med 1993; 329: 977-986.
Lotfy M, Adeghate J, Kalasz H, et al. Chronic complica-
tions of diabetes mellitus: A mini review. Curr Diabetes
Rev 2017; 13: 3-10.

Tziomalos K and Athyros VG. Diabetic nephropathy: New
risk factors and improvements in diagnosis. Rev Diabet Stud
2015; 12: 110-118.

Remuzzi G, Benigni A and Remuzzi A. Mechanisms of pro-
gression and regression of renal lesions of chronic nephropa-
thies and diabetes. J Clin Invest 2006; 116: 288-296.
Yamamoto T, Noble NA, Cohen AH, et al. Expression of
transforming growth factor-beta isoforms in human glomer-
ular diseases. Kidney Int 1996; 49: 461-469.

Wolf G and Ziyadeh FN. The role of angiotensin II in dia-
betic nephropathy: Emphasis on nonhemodynamic mecha-
nisms. Am J Kidney Dis 1997; 29: 153-163.

Kalluri R and Neilson EG. Epithelial-mesenchymal tran-
sition and its implications for fibrosis. J Clin Invest 2003;
112: 1776-1784.

Huang RY, Guilford P and Thiery JP. Early events in cell
adhesion and polarity during epithelial-mesenchymal transi-
tion. J Cell Sci 2012; 125: 4417-4422.

Miller JA. Impact of hyperglycemia on the renin angioten-
sin system in early human type 1 diabetes mellitus. J Am Soc
Nephrol 1999; 10: 1778-1775.

Day RT, Day RT, Cavaglieri RC, et al. Acute hyperglyce-
mia rapidly stimulates VEGF mRNA translation in the kid-
ney. Role of angiotensin type 2 receptor (AT2). Cell Signal
2010; 22: 1849-1857.

Xue H, Yuan P, Ni J, et al. H(2)S inhibits hyperglycemia-
induced intrarenal renin-angiotensin system activation via
attenuation of reactive oxygen species generation. PLoS
One 2013; 8: ¢74366.

Jafari M, Dadras F, Ghadimipour HR, et al. Tempol effect
on epithelial-mesenchymal transition induced by hypergly-
cemia. J Nephropathol 2017; 6: 1-4.

Kurus M, Ugras M and Esrefoglu M. Effect of resveratrol
on tubular damage and interstitial fibrosis in kidneys of rats
exposed to cigarette smoke. Toxicol Ind Health 2009; 25:
539-544.

Toledo-Rodriguez M, Loyse N, Bourdon C, et al. Effect of
prenatal exposure to nicotine on kidney glomerular mass
and ATI1R expression in genetically diverse strains of rats.
Toxicol Lett 2012; 213: 228-234.

Raij L, Azar S and Keane W. Mesangial immune injury,
hypertension, and progressive glomerular damage in Dahl
rats. Kidney Int 1984; 26: 137-143.

Pichler RH, Franceschini N, Young BS, et al. Pathogenesis
of cyclosporine nephropathy: Roles of angiotensin II and
osteopontin. J Am Soc Nephrol 1995; 6: 1186—-1196.

Zhong YS, Yu CH, Ying HZ, et al. Prophylactic effects
of Orthosiphon stamineus Benth. extracts on experimen-
tal induction of calcium oxalate nephrolithiasis in rats. J
Ethnopharmacol 2012; 144: 761-767.

Opara EC. Oxidative stress, micronutrients, diabetes melli-
tus and its complications. J R Soc Promot Health 2002; 122:
28-34.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sheetz MJ and King GL. Molecular understanding of hyper-
glycemia’s adverse effects for diabetic complications. J 4 M
A2002; 288: 2579-2588.

Ha H and Lee HB. Reactive oxygen species and matrix
remodeling in diabetic kidney. J Am Soc Nephrol 2003; 14:
S246-249.

Rhyu DY, Yang Y, Ha H, et al. Role of reactive oxygen
species inTGF-betal-induced mitogen- activated protein
kinase activation and epithelial-mesenchymal transition in
renal tubular epithelial cells. J A4m Soc Nephrol 2005; 16:
667-675.

Chen LH, Stead B, Advani SL, et al. Hyperglycemia and
renal mass ablation synergistically augment albuminuria
in the diabetic subtotally nephrectomized rat: Implications
for modeling diabetic nephropathy. Nephron Extra 2012; 2:
115-124.

Sun H, Ge N, Shao M, et al. Lumbrokinase attenuates dia-
betic nephropathy through regulating extracellular matrix
degradation in streptozotocin-induced diabetic rats. Diabetes
Res Clin Pract 2013; 100: 85-95.

Bhattacharya S, Manna P, Gachhui R, et al. D-saccharic
acid 1,4-lactone protects diabetic rat kidney by ameliorating
hyperglycemia-mediated oxidative stress and renal inflam-
matory cytokines via NF-kB and PKC signaling. Toxicol
Appl Pharmacol 2013; 267: 16-29.

Fernandes SM, Cordeiro PM, Watanabe M, et al. The role of
oxidative stress in streptozotocin-induced diabetic nephrop-
athy in rats. Arch Endocrinol Metab 2016; 60: 443—449.
Zhang X, He H, Liang D, et al. Protective effects of berber-
ine on renal injury in streptozotocin (STZ)-induced diabetic
mice. Int J Mol Sci 2016; 17: E1327.

Liu ZW, Wang JK, Qiu C, et al. Matrine pretreatment
improves cardiac function in rats with diabetic cardiomyo-
pathy via suppressing ROS/TLR-4 signaling pathway. Acta
Pharmacol Sin 2015; 36: 323-333.

Miner JH. The glomerular basement membrane. Exp Cell
Res 2012; 318: 973-978.

Dalla VM, Saller A, Bortoloso E, et al. Structural involve-
ment in type 1 and type 2 diabetic nephropathy. Diabetes
Metab 2000; 26: S8-S14.

Tomasek JJ, Gabbiani G, Hinz B, et al. Myofiberoblasts and
mechanoregulation of connective tissue remodeling. Nat
Rev Mol Cell Biol 2002; 3: 349-363.

Chen CM, Chou HC and Hung LT. Maternal nicotine expo-
sure induces epithelial-mesenchymal transition in rat off-
spring lungs. Neonatology 2015; 108: 179—-187.

Xiao L, Zhou X, Liu F, et al. MicroRNA-129-5p modu-
lates epithelial-to-mesenchymal transition by targeting SIP1
and SOX4 during peritoneal dialysis. Lab Invest 2015; 95:
817-832

Zhao L, Wang X, Sun L, et al. Critical role of serum
response factor in podocyte epithelial-mesenchymal transi-
tion of diabetic nephropathy. Diabetes Vasc Dis Res 2016;
13: 81-92.

Lamouille S, Xu J and Derynck R. Molecular mechanisms
of epithelial-mesenchymal transition. Nat Rev Mol Cell
Biol 2014; 15: 178-196.

Schnaper HW, Hayashida T, Hubchak SC, et al. TGF-signal
transduction and mesangial cell fibrogenesis. Am J Physiol
Renal Physiol 2003; 284: F243-F252.



Chen et al.

37.

38.

39.

40.

41.

Ruster C and Wolf G. Renin-angiotensin-aldosterone sys-
tem and progression of renal disease. J Am Soc Nephrol
2006; 17: 2985-2991.

Langham RG, Kelly DJ, Gow RM, et al. Transforming
growth factor-beta in human diabetic nephropathy:
Effects of ACE inhibition. Diabetes Care 2006; 29:
2670-2675.

Hu C, Kang BY, Megyesi J, et al. Deletion of LOX-1 atten-
uates renal injury following angiotensin II infusion. Kidney
Int 2009; 76: 521-527.

Herrera M, Sparks MA, Fonso-Pecchio AR, et al. Lack of
specificity of commercial antibodies leads to misidentification
of angiotensin type 1 receptor protein. Hypertension 2013; 61:
253-258.

Peti-Peterdi J, Warnock DG and Bell PD. Angiotensin II
directly stimulates ENaC activity in the cortical collecting

42.

43.

44,

45.

duct via AT(1) receptors. J Am Soc Nephrol 2002; 13:
1131-1135.

Hezel M, Peleli M, Liu M, et al. Dietary nitrate improves age-
related hypertension and metabolic abnormalities in rats via
modulation of angiotensin II receptor signaling and inhibition of
superoxide generation. Free Radic Biol Med 2016; 99: 87-98.
Di J. Ets-1 targeted by microRNA-221 regulates angioten-
sin II-induced renal fibroblast activation and fibrosis. Cell
Physiol Biochem 2014; 34: 1063—-1074.

Wang H, Qian J, Zhao X, et al. B-Aminoisobutyric acid
ameliorates the renal fibrosis in mouse obstructed kidneys
via inhibition of renal fibroblast activation and fibrosis. J
Pharmacol Sci 2017; 133: 203-213.

Keidar S, Kaplan M and Gamliel-Lazarovich A. ACE2
of the heart: From angiotensin I to angiotensin (1-7).
Cardiovasc Res 2007; 73: 463—469.





