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Background and Purpose: Autophagy is the main protective mechanism against aging in

podocytes, which are terminally differentiated cells that have a very limited capacity for

mitosis and self-renewal. Here, a streptozotocin-induced DN C57BL/6 mouse model was

used to investigate the effects of puerarin on the modulation of autophagy under conditions

associated with endoplasmic reticulum stress (ERS). In addition, this study aimed to identify

the potential underlying molecular mechanisms.

Methods and Results: DN C57BL/6 mouse model was induced by streptozotocin (150 mg/

kg) injection. The mice were administered rapamycin and puerarin, respectively, daily for up

to 8 weeks. After the serum and kidney samples were collected, the fasting blood glucose

(FBG), parameters of renal function, histomorphology, and the podocyte functional proteins

were analyzed. Moreover, the autophagy markers and the expressions of PERK/ATF4 path-

way were studied in kidney. Results found that the FBG level in DN mice was significantly

higher than in normal mice. Compared with DN model mice, puerarin-treated mice showed

an increased expression of podocyte functional proteins, including nephrin, podocin, and

podocalyxin. Furthermore, the pathology and structure alterations were improved by treat-

ment with rapamycin and puerarin compared with the DN control. The results indicated an

elevated level of autophagy in rapamycin and puerarin groups compared with the DN model,

as demonstrated by the upregulated expression of autophagy markers Beclin-1, LC3II, and

Atg5, and downregulated p62 expression. In addition, the levels of PERK, eIF2α, and ATF4

were reduced in the DN model, which was partially, but significantly, prevented by rapamy-

cin and puerarin.

Conclusion: This study emphasizes the renal-protective effects of puerarin in DN mice,

particularly in the modulation of autophagy under ERS conditions, which may be associated

with activation of the PERK/eIF2α/ATF4 signaling pathway. Therefore, PERK may be a

potential target for DN treatment.

Keywords: diabetic nephropathy, autophagy, PERK, puerarin

Introduction
Diabetes mellitus (DM) is a globalized chronic endocrine system disease that

significantly threatens the safety and quality of human life. Diabetic nephropathy

(DN) is one of the major causes of end-stage renal disease and is a characteristic of

glomerular hypertrophy, which is the thickening of the basement membrane and

accumulation of extracellular matrix (ECM).1 Although several approaches, such as
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glucose control, lipid modulation, anti-oxidation, and

angiotensin-converting enzyme inhibitors, are used clini-

cally to treat DN patients, it is still difficult to prevent the

continuous decline of renal function. Therefore, it is

important to explore the pathogenesis of DN and develop

new therapeutic drug targets.

Autophagy is the self-phagocytosis of cells, which is an

important degradation mechanism that eliminates damaged

organelles and harmful substances in the lysosome.2 A study

found that the progression of DN was accompanied by

decreased levels of autophagy in podocytes. In high glucose

treated podocytes and DN animal models, the activation of

autophagy contributed to the prevention of DN, whereas

disruption of autophagy promoted glomerulosclerosis and

tubulointerstitial fibrosis.3 Therefore, autophagy may play a

critical role in DN. Protein kinase R-like endoplasmic reti-

culum kinase (PERK) is a key protease involved in the

endoplasmic reticulum stress (ERS) response. Specifically,

the PERK signaling pathway promotes temporary termina-

tion of protein synthesis and improves the physiological state

of cells during ERS. Furthermore, it modulates the ERS

mediated-CHOP pathway to prevent apoptosis.4–6

Puerarin (PR), 8-(β-D-Glucopyranosyl)-4ʹ,7-dihydroxyi-
soflavone, isolated from Puerarin lobata (Wild.) Ohwi, has

been reported to exhibit positive effects on coronary heart

disease and diabetic peripheral neuropathy.7,8 Recently, stu-

dies reported that puerarin has benefit effects on cancer cell

apoptosis, cerebral ischemia reperfusion injury, neurological

deficits and DN treatment.9–11 In our previous studies, puer-

arin not only attenuates the oxidative stress in DN, but also

meliorates the glucolipid metabolism.12 Additionally, renal

function and podocyte fusion were improved by puerarin

intervention.13 Most importantly, autophagy activity was

enhanced by the presence of puerarin through the activation

of PERK activity. Therefore, these favorable changes

induced by puerarin may be associated with modulation of

the PERK/eIF2α/ATF4 signaling pathway.

To further shed light on these processes, we explored

the effects of puerarin on the modulation of autophagy

under conditions associated with ERS and investigated

the potential underlying molecular mechanisms.

Materials and Methods
Experimental Animals
Eight-week-old male C57BL/6 mice weighing 18–22 g

provided by Nanjing Biomedical Research Institute at the

Nanjing University (Nanjing, China) were housed under

temperature-controlled laboratory conditions of 22–25 °C

with a 12 h light-dark cycle and had unlimited access to

standard rodent chow and water provided by the

Laboratory Animal Centre. All the animal protocols fol-

lowed the guidelines of the Guiding Opinions for the care

and use of laboratory animals of Guangxi Medical

University and were approved by the Ethics Committee

of Affiliated Tumor Hospital of Guangxi Medical

University (approval number: LW2020034).

Materials
Puerarin (purity>99%) was provided by the Department of

Pharmaceutical Chemistry at Guangxi Medical University

(Nanning, China), and the extraction procedures have been

previously published [10]. Streptozotocin (STZ) was pur-

chased from Sigma Co., Ltd. Missouri, USA. Fasting blood

glucose (FBG) were detected using the Roche ACCU-

CHEK® Performa Kit (Strip lot: 470664, Switzerland), and

blood levels were measured with an automatic biochemical

analyzer (Hitachi Model 7100 Automatic Analyzer). Other

materials are outlined in the following sections.

Experimental Design13

The 8-week-old male C57BL/6 mice underwent adaptive

feeding for one week. Subsequently, the mice were tail

vein injected with 150 mg/kg body weight of streptozoto-

cin after 12 hours of fasting. Seventy-two hours later, DN

mice were established with an FBG level ≥11.1 mmol/L.

The experimental groups were as follows: the normal

control group consisted of healthy C57BL/6 mice (n=10)

with unlimited access to water, the DN control group

consisted of DN C57BL/6 mice (n=10) with unlimited

access to water, the rapamycin control group consisted of

DN C57BL/6 mice (n=10) who were given an intraperito-

neal injection of 4 mg/kg/d rapamycin, and the puerarin

groups consisted of DN C57BL/6 mice who were given an

oral administration of 40 (n=10) and 80 (n=10) mg/kg/d

puerarin. The treatments were administered daily for up to

8 weeks.

Biochemical Measurements
Blood samples for FBG detection were collected from the

tail veins. Serum samples were obtained from whole blood

by centrifugation at 1300 × g for 10 min. The FBG levels

in tail vein blood were measured on weeks 4 and 8 using

the Roche ACCU-CHEK® Performa Kit (Strip lot:

470664, Switzerland). Blood urea nitrogen (BUN), serum

creatinine (Scr), urine creatinine (Ucr), and 24-hour urine
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protein levels were measured by an automatic biochemical

analyzer (Hitachi Model 7100 Automatic Analyzer).

Histopathological Examination
Kidney samples were harvested and fixed in 10% formal-

dehyde. After dehydration, samples were embedded in

paraffin. The samples were sectioned into 4 μm slices for

hematoxylin-eosin (HE) staining. Pathological images

were obtained using a light microscope (LEICA DM

2000 LED).

Transmission Electron Microscopy

Evaluation
Electron microscopy studies were performed on kidney

tissues, as previously described.12 Kidney samples were

removed, cut into small pieces (about 2 mm × 2 mm ×

2 mm), and immediately fixed in 2.5% pre-cooled glutar-

aldehyde for 2 hours at 0°C. After rinsing in buffer, kidney

tissues were post-fixed in 1% osmium tetroxide for 2 hours

at room temperature and dehydrated in a graded series of

ethanol. The samples were infiltrated, embedded, and cut

into sections for uranyl acetate and lead citric acid stain-

ing. Ultra-structure pictures were obtained with a transmis-

sion electron microscope (HITACHI H-7650).

Immunohistochemistry
Kidney tissue sections were prepared as described in sec-

tion 2.5. Immunohistochemical staining was performed

following the procedures noted in the instructions pro-

vided by the commercially available kits.

Mouse monoclonal antibodies were purchased from

Proteintech Group, Inc., Wuhan, China: PERK/EIF2AK3

rabbit polyclonal antibody, eIF2α rabbit polyclonal anti-

body, ATF4 rabbit polyclonal antibody, P62/SQSTM1 rab-

bit polyclonal antibody, Beclin-1 rabbit polyclonal

antibody, LC3B-specific rabbit polyclonal antibody, and

Atg5 Rabbit Polyclonal Antibody.

Real-Time Quantitative Polymerase Chain

Reaction (RT-qPCR)
Total RNA was extracted with the AxyPrep Multisource

Total RNA Miniprep Kit (Corning Life Sciences (Wujiang)

Co., Ltd) following the manufacturer’s protocol. The PCR

primers were synthesized by Sangon Biotech Co., Ltd., and

the primer sequences are listed in Table 1. For target gene

expression analysis, cDNAwas amplified using a PowerUp

SYBR Green Master Mix (Takara Bio, Foster City, CA,

USA). RT-qPCR reactions were performed in a final volume

of 10 µL and run on an ABI7300 Real-Time PCR System.

The reactions were initially denatured at 50°C for 2 min and

95°C for 2 min, followed by 40 cycles of 95°C for 15 sec,

55–60°C for 15 sec, and 72°C for 1 min. Gene expression

was measured using the 2−ΔΔCt method.

Statistical Analysis
All experiment data are presented as the mean ± SD.

Differences between groups were analyzed by one-way

ANOVA, followed by Tukey’s multiple comparisons test.

A P < 0.05 was considered statistically significant. All

statistical tests were performed using GraphPad Prism

Version 7.0 (GraphPad Prism Software, Inc, CA, USA.).

Figure 1 The effect of puerarin on FBG levels (N=10). FBG (mmol/L) levels were

determined on the day before administration (0 day) and weeks 4 and 8 after

administration. The data are presented as the mean ± SD. Statistical analysis:

*p < 0.05 vs DN control.

Table 1 Primer Sequences for RT-qPCR

Gene Primer Sequences (5ʹ-3ʹ)

nephrin Forward: CCCAGGTACACAGAGCACAA

Reverse: CTCACGCTCACAACCTTCAG

podocin Forward: GTGTCCAAAGCCATCCAGTT

Reverse: GCAATGCTCTTCCTTTCCAG

podocalyxin Forward: GCAGGGCTTTGAACCTCTTG

Reverse: GCTCTGTGACACTGGGATTT

β-actin Forward: GTGCTATGTTGCTCTAGACTTCG

Reverse: ATGCCACAGGATTCCATACC

Abbreviation: RT-qPCR, real-time quantitative polymerase chain reaction.
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Results
Biochemical Measurements
Seventy-two hours after the streptozotocin injection, FBG

levels of streptozotocin-induced DN mice were signifi-

cantly increased compared with the control. During the

experiment, the FBG levels of the puerarin groups were

lower than before administration, while the levels in the

DN control group remained stable. After administration

for 8 weeks, FBG levels in the puerarin groups were

significantly decreased compared with the DN control

group. However, a slight increase in FBG was observed

in rapamycin-treated DN mice (Figure 1).

The renal function indexes BUN, Scr, Ucr, and 24-hour

urine protein levels in normal control mice were considered

as baseline levels. Compared with the control group, BUN,

Scr, and 24-hour urine protein levels of DN mice were

significantly enhanced, whereas they were significantly

decreased in puerarin- and rapamycin-treatedmice compared

with the DN control. Conversely, Ucr levels in DN control

mice (103.34 ±10.02) were significantly lower than in normal

mice (265.98 ± 46.34), whereas the creatinine clearance in

DN mice was enhanced after puerarin treatment (Figure 2).

These results suggested that the mice injected with a single

large dose of streptozotocin (150 mg/kg) were eventually

progressed to DN.

Morphological Examination
Representative graphs of renal morphology are shown in

Figure 3. The analysis revealed substantial pathological

alterations in DN mice, which included glomerular col-

lapse and tubular vacuolar degeneration. Reduced matrix

expansion, dilatation of the renal tubules, and glomerular

collapse were observed in mice treated with rapamycin

and puerarin.

Figure 2 Serum levels of renal function indicators (N=10). (A) BUN (mg/dl) serum levels. (B) Scr (mg/dl) serum levels. (C) 24-hour urine protein (mg/dl) serum levels. (D)

Ucr (mg/dl) serum levels. The data are presented as the mean ± SD. Statistical analysis: *p < 0.05 vs DN control.
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We also analyzed the ultrastructure of kidney tissues.

Electron photomicrographs showed severe mitochondrial

damage, nuclear deformation, and basement membrane

fusion in the kidney samples of DN mice. However, mito-

chondrial damage and basement membrane fusion were alle-

viated by puerarin treatment. The mitochondrial cavitation in

puerarin mice were less than that in DN control, and the

mitochondrial cristae is clearly visible. In all cases, puerarin

treatment prevented the changes caused by streptozotocin

(the red white arrow indicates the basement membrane and

mitochondria). Additionally, autophagosome (characterized

by a bilayer membrane vesicle) accumulation was identified

in both rapamycin and puerarin groups (Figure 4).

Expression of PERK, eIF2α, and ATF4
Immunohistochemistry analysis showed that the expres-

sion of PERK, eIF2α, and ATF4 in the kidney samples

of DN control mice was significantly decreased compared

to the control. However, the levels of these proteins in

mice treated with different concentrations of puerarin were

significantly upregulated (Figure 5).

Expression of Autophagy-Related

Proteins
The autophagy markers Beclin-1, LC3II, Atg5, and p62

were assayed. The number of Beclin-1, LC3II, and Atg5

positive cells were obviously decreased in DN mice

compared with control mice. However, there was an

increase in the number of Beclin-1, LC3II, and Atg5

positive cells in mice treated with puerarin. Conversely,

the expression of p62 in the DN control group was higher

than in normal mice, whereas p62 expression was down-

regulated by puerarin treatment compared with the DN

control (Figure 6).

Podocyte Functional Proteins
The gene expression of nephrin, podocin, and podocalyxin

was analyzed. Their levels were reduced in DN control

mice compared with normal healthy C57BL/6 mice, and

this effect was prevented by rapamycin. The increase in

the expression of nephrin following rapamycin treatment

was significant, whereas the expression of podocin and

podocalyxin was higher than in DN control mice, but

these results were not significant. Additionally, the effect

in 80 mg/kg/d puerarin group was significantly evaluated

compared with control DN mice (Figure 7).

Discussion
Although the pathogenesis of DN is not fully understood, it

may be associated with glucose lipid metabolic disturbance,

inflammation, ERS, or autophagy. Abnormalities in the above

processes can cause podocyte damage, leading to impaired

glomerular filtration function induced by proteinuria.14,15

Podocytes play an important role as a glomerular filtration

Figure 3 Morphological alterations of the glomerulus. Micrographs showing HE staining (400×), scale bars 20 μm. N = normal control, DN = DN control, Rap = rapamycin

control, PR-40 = mice treated with 40 mg/kg/d puerarin, and PR-80 = mice treated with 80 mg/kg/d puerarin.
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barrier. Foot process fusion caused by podocyte injury is the

main mechanism of glomerular proteinuria.16,17 Clinical stu-

dies have shown that podocyte injury appeared in the early

stage of the disease, and was accompanied by podocyte retrac-

tion, widening, fusion, and disappearance. Additionally, kid-

ney biopsies of DN patients and animal models showed foot

process disappearance and a decrease in podocytes by con-

comitant degrees of proteinuria.18 The above studies suggest

that podocyte injury is involved in DN physiology and

pathology.

Evidence from our previous studies revealed a hypogly-

cemic effect of puerarin on DM.12,13 In this study, the FBG

levels at weeks 4 and 8 in the DN mice treated with puerarin

were decreased compared with the FBG levels in DN control

mice. Moreover, puerarin intervention also reduced the

abnormally high levels of BUN, Scr, Ucr, and 24-hour

urine protein in DN mice. Most importantly, our previous

study found that puerarin activated autophagy. These find-

ings suggest that the beneficial effects of puerarin onDNmay

be associated with the modulation of autophagy.

Figure 4 Renal autophagy in C57BL/6 mice. N = normal control, DN = DN control, Rap = rapamycin control, PR-40 = mice treated with 40 mg/kg/d puerarin, and PR-80 =

mice treated with 80 mg/kg/d puerarin. The boxed areas in the left panels are shown at higher magnification in the right panels. Arrows indicate the basement membrane and

mitochondria.
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Recently, a study reported that podocyte dysfunction

and apoptosis were related to ERS.19 There is a crosstalk

mechanism between ERS and autophagy. Specifically, the

unfolded protein response (UPR) is activated in ERS con-

ditions, resulting in the activation of autophagy.

Coordination between the UPR and autophagy is impor-

tant to protect against protein misfolding and kidney

damage.20 During the screening for novel DN therapeutic

drugs, we discovered that puerarin exposure significantly

increased the proliferation of podocytes induced by high

sugar. The expression of ERS marker GRP78 and autop-

hagy factor Atg5 were also affected. These findings sug-

gest that ERS/autophagy crosstalk is likely to be a new

target of puerarin for the treatment of DN. PERK is an

endoplasmic reticulum resident protein with a cytoplasmic

kinase domain and an N-terminal intraluminal stress sig-

naling domain.21 Multiple pathways in mammalian cells,

including the PERK/eIF2α/ATF4 signaling pathway, are

involved in the regulation of ERS/autophagy crosstalk.

Persistent ERS activates the PERK-eIF2α signaling path-

way, ATF4 is then upregulated in response to eIF2α phos-

phorylation, and CHOP and Beclin-1 are activated,

resulting in the autophagy response.22,23 Our present

study found that the levels of autophagy markers Beclin-

1, LC3II, and Atg5 were increased by puerarin treatment

compared with the DN control, and conversely, p62 was

downregulated. These results further confirm that puerarin

can induce autophagy in DN. Furthermore, PERK, eIF2α,

and ATF4 were upregulated in the presence of puerarin.

Given that Beclin-1, LC3II, Atg5, and p62 were modu-

lated by puerarin in DN mice, it is possible that puerarin

may induce mitophagy through regulation of the PERK/

eIF2α/ATF4 pathway in DN under ERS conditions. In

addition, autophagy was induced by rapamycin, but FBG

Figure 5 PERK, eIF2α, and ATF4 expression in the kidney (400 ×). N = normal control, DN = DN control, Rap = rapamycin control, PR-40 = mice treated with 40 mg/kg/d

puerarin, and PR-80 = mice treated with 80 mg/kg/d puerarin. The expression levels of PERK, eIF2α, and ATF4 were measured by immunohistochemistry (scale bars 20 μm).

The percentage of positive area is presented in the bar graph. The data are presented as the mean ± SD. Statistical analysis: *p < 0.05 vs DN control.
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levels remained high. These results indicated that the

protective effect of rapamycin on DN in the kidney does

not depend on FBG control.

The pathological analysis and transmission electron

microscopy evaluation results further confirmed that the

kidney damage alterations were evaluated by puerarin. HE

staining enabled the visualization of glomerular structures.

Glomerular collapse and atrophy were the major streptozo-

tocin-induced changes observed in DN mice. The altera-

tions were mainly due to the effects of streptozotocin on

tissues. As we expected, glomerular collapse and atrophy

were partially reversed by puerarin. More importantly,

autophagosomes were visualized in the tissue sections of

the puerarin treatment groups, whereas severe mitochondria

damage was observed in DN mice. The gene expression

analysis of podocyte functional proteins nephrin, podocin,

and podocalyxin provide more evidence for podocyte cytos-

keletal repair in the puerarin treatment group. Present study

further validates improve effects of puerarin on DN kidney

damage. The morphological alterations of kidney are simi-

lar with previous Xu et al study.13 Importantly, this study is

a further investigation base on our previous work. These

results suggest that autophagy is restored following puer-

arin treatment, and this is accompanied by pathological

improvements, which are consistent with previous results.24

Conclusion
In conclusion, this study provides valuable information

regarding the mechanisms contributing to the modulation

of ERS/autophagy crosstalk by regulating PERK in experi-

mental animal models. Our data suggest that puerarin

regulates autophagy at the molecular level, and in some

context, is helpful to protect against DN in the kidney.

Therefore, puerarin may be a good candidate to treat DN.

Based on the present study, we aim to further confirm the

activation of ERS-mediated PERK pathway mediated by

puerarin promotes autophagy to protect from kidney

damage in DN.

Figure 6 Expression of autophagy-associated proteins in the kidney (400 ×). N = normal control, DN = DN control, Rap = rapamycin control, PR-40 = mice treated with 40

mg/kg/d puerarin, and PR-80 = mice treated with 80 mg/kg/d puerarin. The expression levels of Beclin-1, LC3II, Atg5, and p62 were measured by immunohistochemistry

(scale bars 20 μm). The percentage of positive area is presented in the bar graph. The data are presented as the mean ± SD. Statistical analysis: *p < 0.05 vs DN control.
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