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Exogenous spermine attenuates diabetic kidney injury
in rats by inhibiting AMPK/mTOR signaling pathway
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Abstract. Diabetic nephropathy (DN) is the primary cause of
end-stagerenal disease,whichiscloselyassociated withdysfunc-
tion of the podocytes, the main component of the glomerular
filtration membrane; however, the exact underlying mechanism
is unknown. Polyamines, including spermine, spermidine and
putrescine, have antioxidant and anti-aging properties that are
involved in the progression of numerous diseases, but their
role in DN has not yet been reported. The present study aimed
to explore the role of polyamines in DN, particularly in podo-
cyte injury, and to reveal the molecular mechanism underlying
the protective effect of exogenous spermine. Streptozotocin
intraperitoneal injection-induced type 1 diabetic (T1D) rat
models and high glucose (HG)-stimulated podocyte injury
models were established. It was found that in T1D rat kidneys
and HG-induced podocytes, ornithine decarboxylase (a key
enzyme for polyamine synthesis) was downregulated, while
spermidine/spermine N1-acetyltransferase (a key enzyme for
polyamines degradation) was upregulated, which suggested
that reduction of the polyamine metabolic pool particularly
decreased spermine content, is a major factor in DN progres-
sion. In addition, hyperglycemia can induce an increased rat
kidney weight ratio, serum creatinine, urea, urinary albumin
excretion and glomerular cell matrix levels, and promote
mesangial thickening and loss or fusion of podocytes. The
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expression levels of podocyte marker proteins (nephrin,
CD2-associated protein and podocin) and autophagy-related
proteins [autophagy protein 5, microtube-associated
proteins 1A/1B light chain 3 (LC3)II/LC3I, Beclin 1 and phos-
phorylated (p)-AMPK] were downregulated, while cleaved
caspase-3, P62 and p-mTOR were increased. These changes
could be improved by pretreatment with exogenous spermine
or rapamycin (autophagic agonist). In conclusion, spermine
may have the potential to prevent diabetic kidney injury in
rats by promoting autophagy via regulating the AMPK/mTOR
signaling pathway.

Introduction

Diabetic nephropathy (DN) is a major microvascular compli-
cation of diabetes that can lead to end-stage renal disease (1,2).
The pathogenesis of DN is remarkably complex, involving
hyperglycemia-mediated intracellular metabolism disorders,
autophagy, oxidative stress and endoplasmic reticulum stress,
thereby resulting in increased mesangial matrix, thickened
basement membrane and extensive, persistent proteinuria (3,4).
However, the underlying mechanisms have not yet been eluci-
dated to date, and there are currently no effective prevention or
treatment strategies. Podocytes are highly differentiated epithe-
lial cells that enclose glomerular capillaries and are involved
in maintaining the glomerular filtration barrier (5,6). The
structural integrity of podocytes is crucial for preventing the
leakage of albumin and microalbuminuria (7,8). At present,
the mechanism of podocyte dysfunction in chronic kidney
disease has been attracting increasing attention.

Polyamines (spermine, spermidine and putrescine) in
humans, which are absorbed by the small intestine, are
mainly produced by food intake, cell synthesis and intes-
tinal microorganisms (5,6). Polyamines have a variety
of biological functions, including regulating cell prolif-
eration, differentiation and apoptosis (7,8). Polyamine
metabolism, the abnormalities of which affect the progression
of cardiovascular and kidney diseases, is mainly regulated
by ornithine decarboxylase (ODC) and spermidine/spermine
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Nl-acetyltransferase (SSAT) (9). Among them, spermine has
the strongest biological activity, which can play a protective
role in the progression of diabetic cardiomyopathy, myocar-
dial hypertrophy and renal ischemia/reperfusion (I/R) injury
by promoting autophagy, inhibiting inflammatory reactions,
oxidative stress and endoplasmic reticulum stress, and regu-
lating calcium homeostasis (10-12). However, whether DN
and podocyte damage are implicated in abnormal polyamine
metabolism in the kidney is unclear, and no relevant studies
have been conducted thus far.

In the present study, type 1 diabetic (T1D) rats and high
glucose (HG)-induced podocyte injury were investigated; the
association between polyamine homeostasis and autophagy
and the related signaling pathways were examined. In addition,
exogenous polyamine treatment was used to observe the central
role of abnormal polyamine metabolism in the pathogenesis of
DN. These results may help elucidate the pathogenesis of DN
from a novel perspective and suggest future strategies for the
prevention and treatment of this condition.

Materials and methods

Animal and model. Male Wistar rats (age, 8 weeks old; weight,
200-250 g) were purchased from the animal care facility at
the Second Affiliated Hospital of Harbin Medical University
(Harbin, China). All animal experimental protocols complied
with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health (13). The present
study was approved by the Institutional Animal Research
Committee of Harbin Medical University. All animals were
housed at the animal care facility of Harbin Medical University
at 25°C with a 12/12 h light/dark cycle in a vivarium with
humidified airflow, and were allowed free access to normal rat
chow and water throughout the study period.

Diabetes can be induced by an intraperitoneal of strepto-
zotocin (STZ). A total of 45 rats were randomly divided into
three groups: i) Control (n=15), 0.1 M sterile citrate buffer
(pH 4.5) was injected intraperitoneally as a control at the same
volume as that in the model group; ii) T1D (n=15), a single
intraperitoneal injection of STZ (60 mg/kg, dissolved in 0.1 M,
pH 4.5 citric acid-citrate sodium buffer) was used to establish
the T1D model. When the concentration of serum glucose was
>16.7 mmol/l, the T1D model was considered to be established
successfully (14); and iii) T1D + Sp (n=15), spermine solu-
tion (2.5 mg/kg/day, dissolved in normal saline) was injected
intraperitoneally every day for 2 weeks before STZ injection,
followed by an injection of spermine (2.5 mg/kg/day) every
other day for 12 weeks. Rats in each group were euthanized
at week 12 of modeling. Under anesthesia with intraperitoneal
2% pentobarbital (50 mg/kg, dissolved in normal sodium),
the kidneys were removed by opening the abdomen and 0.1%
lidocaine (2 mg/kg, dissolved in normal saline) was used
to infiltrate the incision wound for analgesia. The rats were
sacrificed after surgery with an overdose of 2% pentobarbital
(100 mg/kg injected intravenously) (15).

Measurement of biochemical parameters. Blood glucose and
body weight were measured at weeks 0, 4, 8 and 12 in each
group. Urine samples were collected for 24 h on week 12, while
blood was collected from the retro-orbital vein by removing

the eyeballs. Subsequently, the rats were euthanized, and the
kidneys were then removed and weighed. The levels of urinary
albumin excretion (UAE; cat. no. ZK-H1678), serum creatine
(Scr; cat. no. GMS70021.7) and urea (cat. no. GMS70022.1)
were measured using appropriate ELISA kits (Shenzhen Ziker
Biological Technology Co., Ltd.).

Kidney histology and immunohistochemistry. Sections of
kidney tissues were fixed with 4% paraformaldehyde at room
temperature for 48 h, embedded in paraffin and sectioned into
4-um sections. Renal sections were stained at room tempera-
ture with hematoxylin and eosin (H&E) for 3 min, and with
periodic acid-Schiff staining (PAS) for 30 sec for 5 min, and
then sections were assessed by light microscopy. Images of
20 glomeruli per rat were obtained, and the PAS-positive
(purple) area per glomeruli was quantified using ImageJ v1.8.0
software (National Institutes of Health).

For immunohistochemistry, paraffin-embedded sections
were blocked with 5% BSA (cat. no. SW3015; Beijing Solarbio
Science & Technology Co., Ltd.) for 30 min at room tempera-
ture and stained with an antibody against podocin (1:50; cat.
no. ab50339; Abcam) at 4°C overnight, and then washed with
PBS. Next, the mixture was incubated with the secondary
antibody (goat anti-rabbit IgG; 1:500; cat. no. ab6721; Abcam)
for 1 h at room temperature and washed with PBS. Finally,
the sections were stained with a solution of diaminobenzidine
for 2 min at room temperature, washed with PBS, dehydrated
and permeabilized with xylene. Stained images (10 glomeruli
per kidney) were visualized by light microscopy and all the
images were analyzed with ImageJ software.

Cell culture and treatment. Rat podocytes (cat.
no. BNCC338697; BeiNa Culture Collection; Beijing Beina
Chunglian Biotechnology Research Institute) were cultured
at 37°C in a 5% CO, humidified incubator in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1%
penicillin. Podocytes were cultured for 6-12 h in DMEM
containing 5.5 mM D-glucose (Sigma-Aldrich; Merck KGaA)
without FBS before exposure to various experimental condi-
tions. The cells were randomly divided into six groups:
i) Normal-glucose group (NG), where the podocytes were
incubated in DMEM containing 5.5 mM glucose for 48 h;
ii) mannitol group (M), where the podocytes were incubated
in DMEM containing 40 mM mannitol and 5.5 mM glucose
for 48 h; iii) high-glucose group (HG), where the podocytes
were incubated in DMEM containing 40 mM glucose for
48 h; iv) spermine-treated group (HG + Sp), where the podo-
cytes were pretreated with 1, 5, 10, 20 and 50 yM spermine
(Sigma-Aldrich; Merck KGaA) for 2 h before being subjected
to HG conditions; v) rapamycin-treated group (HG + Rap),
where the podocytes were pretreated with 10 mM rapamycin
(MCE) for 2 h before being subjected to HG conditions; and
vi) Compound C treatment group (HG + Sp + Compound C),
where 10 mM Compound C (Selleck Chemicals), an AMPK
inhibitor, was added to the medium 1 h before HG and
spermine addition.

Cell viability assay. Quantitative evaluation of cell viability
was performed using a Cell Counting Kit-8 (CCK-8; Dojindo



Bzl SPANDIDOS
7] .§, PUBLICATIONS

Molecular Technologies, Inc.) assay according to the manu-
facturer's instructions. Cells were seeded in 96-well plates at
a concentration of 1x10° cells/well. After 24 h of treatment in
each group of cells, 10 1 CCK-8 was added to each well and
incubated for 2 h at 37°C. Next, the absorbance at 570 nm was
determined using a microplate spectrophotometer reader.

Apoptosis assay by Hoechst 33342 staining. Hoechst 33342 is
a blue, fluorescent dye that can penetrate the cell membrane
and is used for apoptosis detection. Podocytes were plated
into 24-well dishes (2x10° cells/well) and were cultured under
the aforementioned conditions. Then, cells were rinsed with
PBS and incubated for 10 min at room temperature using
5 mg/ml Hoechst 33342. Staining was observed by fluores-
cence microscopy (Nikon Corporation) at x400 magnification.
The excitation wavelength was maintained at 380 nm. When
apoptosis occurred, the nuclei appeared as dense or fragmented.

Electron microscopy. The ultrastructure of the kidney was
detected by electron microscopy. Samples of renal sections
were cut into pieces (<1 mm) and fixed in 2.5% glutaraldehyde
for 4 h at room temperature. Tissues were post-fixed in 1%
osmium tetroxide with 0.1 M sodium cacodylate, dehydrated
through graded concentrations of ethanol and propylene oxide,
and subsequently embedded in Epon 812 for 24 h at 60°C.
Ultrathin sections were cut from blocks and mounted on
copper grids for counterstaining with lead citrate and uranium
acetate for 7 min each at 75°C. The sections were observed
under a Philips CM 120 electron microscope (Philips Medical
Systems, Inc.).

Immunoblotting. Rat renal tissues and rat podocytes were
homogenized in 0.5 ml RIPA buffer prior to being trans-
ferred to small tubes and rotated 20 sec per 5 min six times.
Solubilized proteins were collected after centrifugation at
10,000 x g at 4°C for 30 min. The supernatant was collected
and stored at -80°C. The protein concentration of each sample
was quantified using an enhanced BCA protein assay kit.
For detection of protein levels, protein lysates (40 pg protein
loaded per lane) from each group of cells and tissues were
separated via SDS-PAGE on a 10% gel, and subsequently
separated proteins were electrotransferred onto a PVDF
membrane (EMD Millipore). After blocking with TBS with
0.1% Tween-20 (TBST) containing 5% non-fat dry milk for
1 h at 4°C, the membrane was incubated overnight at 4°C with
antibodies against ODC (1:1,000; cat. no. ab97395; Abcam),
SSAT (1:1,000; cat. no. ab105220; Abcam), nephrin (1:400;
cat. no. BA1669; Boster Biological Technology), podocin
(1:400; cat. no. BA3416; Boster Biological Technology),
CD2-associated protein (CD-2AP; 1:1,000; cat. no. bs-0512R,;
BIOSS), microtube-associated proteins 1A/1B light chain 3
(LC3; 1:1,000; cat. no. 3868T; Cell Signaling Technology, Inc.),
Beclin 1 (1:1,000; cat. no. 3495T; Cell Signaling Technology,
Inc.), P62 (1:1,000; cat. no. 8025T; Cell Signaling Technology,
Inc.), autophagy protein 5 (Atg5; 1:1,000; cat. no. 12994T; Cell
Signaling Technology, Inc.), cleaved caspase-3 (1:1,000; cat.
no. 9661T; Cell Signaling Technology, Inc.), total (t)-mTOR
(1:1,000; cat. no. AO0003-2; Boster Biological Technology),
phosphorylated (p)-mTOR (1:600; cat. no. BM4840; Boster
Biological Technology), t-AMPK (1:1,000; cat. no. A00994-6;
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Boster Biological Technology), and p-AMPK (1:1,000; cat. no.
P00994; Boster Biological Technology). The membrane
blots were washed and incubated at 4°C with anti-rabbit (cat.
no. ab6721) or anti-mouse (cat. no. ab6728) IgG antibodies
(1:10,000; Abcam) for 1.5 h. The signals were detected
by an enhanced chemiluminescence kit (Thermo Fisher
Scientific, Inc.) and the Multiplex Fluorescence Imaging
System (ProteinSimple). The intensities of the protein
bands were semi-quantified by AlphaView SA 3.0 software
(ProteinSimple) and normalized to [3-actin.

Immunofluorescence staining. Podocytes were plated into
24-well dishes (2x10° cells/well) and cultured under the
indicated conditions. Cells were fixed with 4% paraformal-
dehyde at room temperature for 24 h, permeabilized in 0.5%
Triton X-100 for 30 min and blocked with 1% BSA for 1 h at
4°C. Next, cells were washed and incubated with anti-nephrin
antibodies (1:1,000; cat. no. ab216341; Abcam) overnight at
4°C. Finally, the cells were incubated with a secondary anti-
body (goat anti-rabbit IgG; 1:1,000; cat. no. ab6721; Abcam)
for 2 h at room temperature, and observed with a fluorescence
microscope at x400 magnification (Nikon Corporation).

Statistical analysis. Data are expressed as the mean + standard
error of the mean. Each measurement was obtained by
performing =3 independent experiments. Statistical compari-
sons were conducted using paired or unpaired t-tests or
one-way ANOVA followed by Bonferroni post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

Spermine improves the general condition and renal function
parameters of TID rats. The present study established a rat
model of intraperitoneally injected STZ-induced diabetes.
The results showed that, compared with those of the control
group, the blood glucose and the kidney weight/body weight
ratio of the T1D rats were increased (Fig. 1A and C), while
their body weight was mildly decreased (Fig. 1B). The animals
also developed common signs of T1D, including polydipsia,
polyuria, and noticeable hypoactivity and weakness (data not
shown). Renal function parameters were evaluated, and it was
found that Scr, serum urea and UAE in the T1D group were
significantly increased (Fig. 1D-F).

Next, the expression of ODC and SSAT was detected by
immunoblotting. The results showed that the expression of
ODC was decreased, while that of SSAT was increased, in the
T1D group (Fig. 1G), indicating that the metabolism of poly-
amines was altered and the content of endogenous spermine
was decreased. Therefore, exogenous spermine pretreatment
was added in subsequent experiments. The results revealed that
exogenous spermine could improve the general condition and
renal function-related indicators in T1D rats, which suggested
that spermine may exert a protective effect on diabetic renal
function.

Spermine improves the morphological and ultrastructural
changes of the kidney in TID rats. PAS and H&E staining
were used to observe the morphological changes of the kidney.
The results revealed moderate mesangial proliferation, matrix
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Figure 1. Spermine improves the general condition and renal function parameters of T1D rats. (A) Blood glucose levels and (B) body weight were measured
at 0,4, 8 and 12 weeks after the STZ-induced diabetic rat model was established. (C) Kidney weight/body weight ratio, (D) Scr, (E) urea and (F) UAE were
measured at 12 weeks in STZ-induced diabetic rats and spermine-pretreated rats. (G) Representative immunoblotting analysis of the protein levels of ODC
and SSAT in STZ-induced rats. Data are expressed as the mean + standard error of the mean (n=6). "P<0.05 vs. the control group; “P<0.05 vs. the T1D group.
T1D, type 1 diabetic; STZ, streptozotocin; Scr, serum creatinine; UAE, urinary albumin excretion; ODC, ornithine decarboxylase; SSAT, spermidine/spermine

Nl-acetyltransferase; Sp, spermine-treated group.

accumulation and parietal endothelial cell proliferation in
the T1D group, which further verified renal injury. These
pathological changes were attenuated in the presence of
spermine (Fig. 2A, B and D). Electron microscopic examina-
tion revealed that podocytes were disorganized with obvious
loss and effacement of foot processes (FPs) and thickening of
the glomerular basement membrane (GBM) in the T1D group,
but these abnormalities were alleviated in the T1D + Sp group
(Fig. 2C and E). Taken together, these results suggested that
spermine may protect against diabetic kidney damage.

Spermine attenuates podocyte injury and promotes
autophagy in TID rats. In vivo, the expression levels of
podocyte-specific proteins, including nephrin, CD-2AP and
podocin, were detected by immunoblotting and immunohisto-
chemistry. The expression levels of podocyte-related proteins
were significantly reduced in the T1D group (Fig. 3A).
Immunohistochemical staining of podocin further supported
the aforementioned results (Fig. 3B).

Next, the expression of autophagy-related proteins
were examined. In comparison with the control group, the
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Figure 2. Spermine improves the morphological and ultrastructural changes of the kidney in T1D rats. (A) Representative images of H&E staining (scale
bar, 100 #m). (B) Representative images of PAS staining (Scale bar, 100 pm). (C) Representative TEM images (scale bar, 2 ym). (D) Quantification of the
glomerular mesangial matrix area (percentage relative to the glomerular area) of the kidney sections. (E) Quantitative assessment of the GBM thickness
(arrows) and FPs width (triangle). Data are expressed as the mean + standard error of the mean (n=6). “P<0.05 vs. the control group; “P<0.05 vs. the T1D group.
T1D, type 1 diabetic; H&E, hematoxylin and eosin; PAS, periodic acid-Schiff; GBM, glomerular basement membrane; FPs, foot processes; TEM, transmission

electron microscopy; Sp, spermine-treated group.

expression levels of Atg5, Beclin 1 and LC3II/LC3I were
decreased and P62 was increased in the T1D group (Fig. 3C).
Immunohistochemical staining revealed a mildly decreased
expression of LC3 localized to glomeruli in T1D rats (Fig. 3D),
which confirmed autophagy insufficiency in DN rats. These
changes were obviously improved by exogenous spermine
pretreatment. Collectively, these results indicated that the effect
of spermine in DN was associated with activation of autophagy.

Spermine mitigates HG-induced podocyte injury. A CCK-8
assay was used in vitro to detect the activity of podocytes
subjected to different glucose concentrations. Previous studies
reported that podocytes exhibited lower activity under HG
stimulation for 48 h (16). The present study found that, when
podocytes were treated with glucose at a concentration of
>40 mM for 48 h, cell viability was decreased significantly
(Fig. 4A). LC3 is a soluble protein, which can be hydrolyzed to
LC3I to form LC3II, thus reflecting the change in autophagy
flow (17). Immunoblotting was used to observe the protein
expression of podocin and LC3II/LC3I at different time
points in order to determine the association between podocyte
injury and autophagy. As shown in Fig. 4B, under HG condi-
tions, podocin expression was decreased in a time-dependent
manner, while LC3II/LC3I expression was decreased gradu-
ally after 12 h, which indicated that podocyte injury may be
associated with a reduction of autophagy.

To observe whether podocyte injury was associated with
polyamine metabolism, the present study detected changes in

polyamine metabolizing enzymes. As shown in Fig. 4C, immu-
noblotting revealed decreased ODC expression and increased
SSAT expression in HG-induced podocytes. Podocytes were
treated with different concentrations of spermine (1, 5, 10, 20
and 50 uM) in HG medium. The results indicated that 5 and
10 M spermine treatment of HG-induced podocytes increased
cell viability. However, when the concentration of spermine was
>10 uM, cell activity was decreased (Fig. 4D). The aforementioned
results validated the conditions used in subsequent experiments.

Spermine reduces HG-induced apoptosis by activating
autophagy in podocytes. To determine the role of autophagy
during spermine treatment of podocytes, the effect of
rapamycin, which is known to induce autophagy, on podocyte
injury was examined. The podocytes were pretreated with
rapamycin for 2 h before HG treatment. In accordance with
the results of spermine pretreatment, rapamycin also partially
reversed the effects of HG on cell viability (Fig. 5A), indicating
that spermine can also act as an autophagic agonist.

Cell apoptosis was quantified by Hoechst 33342 staining and
immunoblotting. It was observed that HG-induced podocytes
showed markedly increased nuclear aggregation, DNA fragmen-
tation and caspase-3 cleavage activity (Fig. 5B and E), indicating
that HG treatment induced podocytes apoptosis. Next, podocyte
injury was evaluated by immunoblotting and immunofluores-
cence with podocyte-specific markers. There was a significant
reduction in nephrin, podocin and CD-2AP expression in the HG
group (Fig. 5C). In agreement with the results of immunoblotting,
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Figure 3. Spermine attenuates podocyte injury and promotes autophagy in T1D rats. (A) Representative immunoblotting of nephrin, CD2-AP and podocin
protein levels in kidney sections. (B) Representative immunohistochemical staining for podocin in kidney sections (scale bar, 100 #m) and its quantification.
(C) Representative immunoblotting for Atg5, P62, Beclinl and LC3II/LCI in kidney sections. (D) Representative immunohistochemical staining for LC3 in
kidney sections (scale bar, 100 #m) and its quantification. Data are expressed as the mean + standard error of the mean (n=6). "P<0.05 vs. the control group;
"P<0.05 vs. the T1D group. T1D, type 1 diabetic; CD-2AP, CD2-associated protein; Atg5, autophagy protein 5; LC3, microtube-associated proteins 1A/1B

light chain 3; Sp, spermine-treated group.

the data were confirmed by measuring the nephrin-positive area
by immunofluorescence staining (Fig. 5D). Finally, to further
observe the autophagy of podocytes in vitro, autophagy-related
proteins were detected. Immunoblotting showed that Beclin 1
and LC3II/LC3I were decreased, while P62 was increased
(Fig. 5SE), which was consistent with the in vivo results. Taken
together, the aforementioned findings indicated that DN changes
were improved by spermine and rapamycin treatment, which
suggested that the protective effect of spermine on podocyte
injury may be due to a reduction in autophagy.

Spermine protects against HG-induced podocyte injury by
inhibiting AMPK/mTOR signaling. mTOR kinase is a key mole-
cule in autophagy induction that can be inhibited by activated
AMPK. In the present study, p-AMPK and p-mTOR expression

were determined by immunoblotting. The results revealed that
p-AMPK was decreased and p-mTOR was increased in the HG
group. However, spermine and rapamycin reversed the inhibi-
tory effect of HG on AMPK and mTOR activity. The addition
of Compound C, an AMPK inhibitor, further confirmed the
autophagy-promoting effect of spermine by increasing AMPK
phosphorylation and decreasing mTOR phosphorylation (Fig. 6).

Discussion

The present study mainly demonstrated that hyperglycemia
may cause abnormal polyamine metabolism in rat kidney
tissue, and further induce podocyte apoptosis and reduction
of autophagy, which may be one of the important mechanisms
of DN. Exogenous spermine pretreatment was shown to exert
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Figure 4. Spermine mitigates HG-induced podocyte injury. (A) CCK-8 assays were performed using podocytes incubated with the indicated concentrations
of glucose. (B) Representative immunoblotting analyses of podocin and LC3 protein levels at different times with HG treatment. M was used as an osmotic
pressure control. (C) Representative immunoblotting analyses of the protein levels of ODC and SSAT. (D) CCK-8 assays revealed the effect of different
concentration of spermine on podocytes under HG conditions. Data are expressed as the mean + standard error of the mean (n=8) "P<0.05 vs. the NG
group; “P<0.05 vs. the HG group. HG, high glucose; CCK-8, Cell Counting Kit-8; M, Mannitol; ODC, ornithine decarboxylase; SSAT, spermidine/spermine
Nl-acetyltransferase; NG, normal glucose; LC3, microtube-associated proteins 1A/1B light chain 3.

its renoprotective effect by regulating the AMPK/mTOR
signaling pathway.

Intraperitoneal injection of STZ was used to establish a
diabetic rat model. The blood glucose increased and body weight
of the model rats decreased compared with those of the normal
control group, indicating that the T1D rat model was successfully
established. To explore whether diabetes affected the kidneys,
renal function tests and morphological analyses were carried out.
The results demonstrated that the Scr and urea content, kidney
weight/body weight ratio and UAE were increased. Creatinine
and urea are both non-protein nitrogen molecules, and an
increase in their levels indicates glomerular filtration dysfunc-
tion (18). Under normal conditions, the filtration membrane,
which is composed of glomerular capillary endothelial cells,
the basement membrane and podocytes, prevents proteins with
negative charge and macromolecules from passing through the

filtration membrane via mechanical and chemical barriers (19).
Increased microalbuminuria indicated that glomerular filtration
function was damaged in T1D rats. H&E and PAS staining
further confirmed renal injury (mesangial hyperplasia and matrix
accumulation) in the T1D group. Therefore, DN was successfully
established in T1D rats, thus providing an experimental platform
for further experiments.

Abnormal polyamine metabolism affects gene transcrip-
tion, translation, expression regulation, autophagy and stress
resistance in numerous cellular processes, which has been
associated with the occurrence and development of asthma,
Parkinson's disease, acute liver injury, acute kidney injury
and cancer (20-23). There are two key enzymes in polyamine
metabolism: ODC, which is the key enzyme of polyamine
synthesis, and SSAT, which is the key enzyme of polyamine
degradation (9,20,23). The present results revealed that
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Figure 5. Spermine reduces HG-induced apoptosis via activating autophagy in podocytes. (A) Cell Counting Kit-8 assays were performed using podocytes
incubated under HG conditions in the presence of spermine or rapamycin. (B) Hoechst 33342 staining (scale bar, 500 y#m). (C) Representative immunoblotting
analyses of the proteins levels of nephrin, CD-2AP and podocin protein levels. (D) Representative images of immunofluorescence staining for nephrin under
different culture conditions (scale bar, 200 zm). (E) Representative immunoblotting analyses for P62, Beclinl, LC3II/LC3I and cleaved caspase-3. Data are
expressed as the mean + standard error of the mean (n=6-8). "P<0.05 vs. the NG group; P<0.05 vs. the HG group. HG, high glucose; CD-2AP, CD2-associated
protein; LC3, microtube-associated proteins 1A/1B light chain 3; Sp, spermine-treated group; NG, normal glucose.

the expression of ODC decreased, while the expression of
SSAT increased, in the renal tissue of DN rats, suggesting
that disruption of polyamine metabolism may be impli-
cated in the pathogenesis of DN. Spermine is a multivalent
cation of four amino acids with strong activity (21,25). Our
previous study demonstrated that spermine preconditioning
may improve myocardial infarction and myocardial I/R
injury, and plays an important protective role in numerous
cardiovascular diseases (26). Therefore, the present study
also tried to improve DN by applying exogenous spermine
pretreatment.

Since the aforementioned results suggested that hypergly-
cemia reduces endogenous spermine in T1D rat kidney tissue,

exogenous spermine treatment was applied in subsequent
experiments. The present results demonstrated that spermine
significantly inhibited renal dysfunction, improved morpho-
logical damage, reduced the thickness of the GBM and the
fusion of the FPs. These results suggested a preliminary
protective effect of spermine against DN.

Podocytes are the main components of the glomerular
barrier, and FPs are normally arranged on the outside of
the GBM and connected laterally via the glomerular slit
diaphragm (27). The slit diaphragm constitutes a signaling plat-
form that contains a protein complex of nephrin and podocin,
which plays a major role in maintaining the structural and
functional integrity of the glomerular filtration barrier (28).



SPANDIDOS .
5 PUBLICATIONS INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 47: 27, 2021 9

HG - + + + +

Sp - - 4 = +

Rap - - - + -
Compound C - - - - +

R e o) 2100
S S v 62109
o S S - TOR (pThr 2446) (289 kDa)

—— —— s B (3-actin (43 kDa)

1.5 2.59
_ 201 + $
< o

28 104 T %\E !E?'
£z & £ 1.5 e
° § 3 Er:_' .
g o £ 0 .
= o= 1.04 "
2% 054 $ 2E T ;
& * T = :
— r 0.54 ;
L 3

0.0 T T 1 0.0 T T T

HG - + + + S HG - + + + +

Sp - = 4 - L Sp - - & - +

Rap - - - + - Rap - - - + -

Compound C - - - - + Compound C - - - - +

Figure 6. Spermine protects against HG-induced podocyte injury by inhibiting the AMPK/mTOR pathway. Representative immunoblotting analyses of the
protein levels of p-AMPK, t-AMPK, p-mTOR and t-mTOR. Data are expressed as the mean + standard error of the mean (n=6). "P<0.05 vs. the NG group;
#P<0.05 vs. the HG group; $P<0.05 vs. the HG + Sp group. HG, high glucose; p-, phosphorylated; t-, total; Sp, spermine-treated group; NG, normal glucose.

High glucose

P

I,/_\ N .
]
( oc. ) e
[ SSAT? '}V .
/ NN
AMPK -
- i~ 4
‘L Autoph
Y / \
- . Le) :r\-/
S (K3 .
/) Teale/| Podocyte injury
- . "l (apoptosis)
Phagophore . Autophagosome
v
Proteinuria

Figure 7. Schematic diagram of the mechanism of the protective effect of spermine against high glucose-induced diabetic podocyte injury. ODC, ornithine
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The slit diaphragm is linked to the actin-based cytoskeleton = and HG-treated podocytes, while spermine pretreatment
located in particular parts of podocytes through CD-2AP in  strongly mitigated this reduction. These results suggested that
FPs (29,30). Therefore, podocyte damage is the main cause  podocyte injury caused by abnormal polyamine metabolism
of proteinuria. The present study found that nephrin, CD-2AP  plays a key role in DN, but its underlying mechanism must be
and podocin levels were markedly reduced in diabetic kidney  further investigated.
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Autophagy is involved in the regulation of cell differen-
tiation, development, nutritional metabolism and maintenance
of the cell environment by transferring damaged organelles
and misfolded proteins to lysosomes for degradation (31,32).
The damage caused by autophagy leads to the loss of podo-
cytes and extensive proteinuria in DN (33). In the present
study, changes in the corresponding autophagy indices were
observed in diabetic kidney and HG-induced podocytes.
The results demonstrated that spermine pretreatment could
increase autophagy activation by increasing the levels of Atg5,
LC3-II/LC3-I ratio and Beclin 1, and by reducing the accumu-
lation of P62, which indicated that reduced autophagy caused
by abnormal polyamine metabolism is an intrinsic cause of
diabetic podocyte dysfunction. Exogenous spermine may play
a protective role by restoring autophagy.

Autophagy in podocytes is a complex process that can be
controlled by several signaling pathways, with AMPK/mTOR
signaling being one of the major pathways that regulates
autophagy. mTOR and AMPK belong to the serine/threonine
protein kinase family, which plays a major role in maintaining
blood glucose, body energy levels and homeostasis (34). mnTOR
is an upstream regulatory protein of the autophagy pathway,
and increased activity of mTOR can inhibit downstream
autophagy signaling proteins (35,36). Excessive mTOR activity
in podocytes leads to dysregulation of autophagy, resulting in
autophagic cell death, which plays a major role in the develop-
ment of DN (37,38). Podocyte maintenance is safeguarded by
the mTOR pathway, which is known to inhibit autophagy (39).
Early findings in the glomeruli included depletion of energy
equivalents, which resulted in increased AMPK signaling
and changes in the proteins that regulate the metabolites (40).
The present experiments also revealed that, in HG-induced
podocytes, p-AMPK decreased and p-mTOR increased,
which suggested the inhibition of autophagy. Spermine and
rapamycin (an autophagy agonist) alleviated the inhibition of
autophagy, whereas these effects were reversed by the effect
of Compound C (an AMPK inhibitor). That is to say, spermine
can protect against HG-induced podocyte injury by activating
autophagy through regulation of the AMPK/mTOR signaling
pathway.

In conclusion, in the present study, abnormal polyamine
metabolism disorders were observed in both T1D rats and
HG-treated podocytes, which in turn triggered apoptosis
and reduced autophagy, resulting in podocyte injury and
extensive albuminuria. Exogenous spermine played a protec-
tive role by regulating AMPK/mTOR signaling to restore
autophagy (Fig. 7). These findings may provide theoretical and
experimental grounds for the prevention and treatment of DN,
and support the clinical application of spermine.
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