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Abstract
Background/Aims: Nephrolithiasis is a common and frequently occurring disease, its exact 
pathogenesis is remains unclear. Emerging data suggest that autophagy plays a vital role 
in the pathophysiological processes of kidney diseases. Therefore, this study was designed 
to investigate the potential role of autophagy in the formation of calcium oxalate (CaOx) 
kidney stones in rat model. Methods: Thirty-two rats were randomly divided into four groups 
(eight rats/group): untreated control group, stone model group, rapamycin-treated group, 
chloroquine-treated group. Rat models of CaOx nephrolithiasis was administration of 0.75% 
ethylene glycol (EG) in their drinking water for 4 weeks. Western blot and transmission 
electron microscope (TEM) were used to detect the expression of autophagy related protein 
LC3-II, BECN1 and p62 and autophagic vacuoles respectively. Renal function was evaluated 
by measuring the levels of serum CRE and BUN. Renal tubular injury markers NGAL and 
Kim-1 was determined by ELISA kits. Von Kossa staining was used to assess crystal deposits 
and histological tissue injury. TUNEL staining was employed to assess apoptosis of the renal 
tubular cell. Results: Compare with the controls, the expression of autophagy related protein 
LC3-II, BECN1 and number of autophagic vacuoles were increased significantly, whereas the 
p62 protein level was decreased in the stone model group. The levels of apoptosis, serum 
CRE and BUN, NGAL and Kim-1 in the stone model group were increased compared with 
the control group and crystals deposition and renal injury were increased significantly. 
However, the levels of autophagy, kidney injury and crystal deposition were decreased by 
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chloroquine but increased by rapamycin. Conclusion: These findings suggested that rats were 
administration of ethylene glycol could lead to the formation of CaOx nephrolithiasis and 
autophagy activation. Inhibiting autophagy could be an effective therapeutic approach for 
decreasing the formation of nephrolithiasis.

Introduction

Nephrolithiasis is a complex disease, with a worldwide prevalence of about 1-5% in Asia 
and 5-9% in Europe, which has a high recurrence rate of up to 50% within the subsequent 
5-10 years [1-3]. Due to the high prevalence and recurrent of kidney stone disease, it seriously 
affected people’s health and increased the financial burden to the healthcare system [4]. 
Approximately 80% of human kidney stones are predominately composed of calcium oxalate 
(CaOx) and oxalate is considered to be a major risk factor [5]. The formation of renal stones 
is mainly included by urinary supersaturation, crystal nucleation, growth, aggregation, 
and migration to renal epithelial cells surfaces [6]. Our recent studies demonstrated that 
exosomes might play a critical role in stone formation [7]. But so far, its exact pathogenesis 
is remains unclear.

Growing evidence suggests that autophagy is involved in physiological processes as 
well as in pathogenesis of many kidney diseases [8, 9]. Autophagy is a highly conservative 
regulatory system in which intracellular damaged organelles and protein aggregates are 
removed via the lysosomal degradation pathway [10, 11]. The degraded cellular contents 
can be used for the synthesis of new essential macromolecules to maintain intracellular 
homeostasis [12]. Autophagy activity is usually triggered under stress conditions, which 
mainly including cell starvation, hypoxia, mitochondrial damage, endoplasmic reticulum 
(ER) stress, and oxidative stress, most of which are involved in the formation of calcium 
oxalate nephrolithiasis [13-15]. However, the role of autophagy in the development and 
progression of calcium oxalate kidney stones still remains poorly understand. This study 
aims to investigate the occurrence of autophagy induced by ethylene glycol in a rat model 
of nephrolithiasis, and then through using autophagy modulator to regulate the level of 
autophagy, so as to clarify the role and pathogenesis of autophagy in the formation of kidney 
stones.

Materials and Methods

Reagents and antibodies
Ethylene glycol (EG), chloroquine diphosphate (CQ), rapamycin (Rapa), 4’,6-diamidino-2-phenylindole 

(DAPI) were purchased from Sigma-Aldrich. Rabbit anti-LC3B (2775), mouse anti-BECN1 (3495) and rabbit 
anti-p62 for Western blots were purchased from Cell Signaling Technology. Mouse anti-GAPDH (60004-
1-Ig) was purchased from Proteintech. Mouse and rabbit HRP-conjugated antibodies were obtained from 
Zhong shan Golden Bridge.

Animal modeling and treatment
All animal experiments were approved by the Institutional Animal Care and Use Committee of Guangxi 

Medical University. A total of 32 adult male Sprague-Dawley rats, weighing 180-220 g, were used in the 
experiments. Rat models of calcium oxalate nephrolithiasis were established by administration of 0.75% 
ethylene glycol (EG) in their drinking water for 4 weeks. The rats were randomly divided into four groups 
(eight rats/group): untreated control group, stone model group, stone model treatment with rapamycin 
group, and stone model treatment with chloroquine group. Rats in the stone model+Rapa group and stone 
model+CQ group were intraperitoneally injected with rapamycin (0.25 mg/kg/d) and chloroquine (60 mg/
kg/d) , respectively [16].

© 2018 The Author(s)
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Determination of CRE and BUN in the serum
At the end of the study, blood samples were collected from the inferior vena cava of rats under ether 

anesthesia. Serum levels of creatinine and blood urea nitrogen were determined using an automatic clinical 
chemistry analyzer (Hitachi 7600, Tokyo, Japan).

Enzyme linked-immunosorbent assay (ELISA)
After 4 weeks of treatment, 24 h urine samples were collected in metabolic cages to measure neutrophil 

gelatinase-associated lipocalin (NGAL) and kidney injury molecule 1 (Kim-1) levels by using ELISA kits 
(Cusabio Biotech, Newark, DE, USA) according to the manufacturer’s instructions.

Western blotting
In brief, proteins from kidney tissues were obtained by use of RIPA lysis buffer, supplemented with 

1 mM PMSF. The protein concentrations were determined by a bicinchoninic acid (BCA) protein assay. 
Equal amounts (50 μg)of protein samples were separated by 12% SDS-PAGE, and the protein bands were 
transferred onto PVDF membranes. After blocking with 5% non-fat milk in TBS for 1 h at room temperature, 
the membranes were incubated with primary antibodies overnight at 4°C. After washes, membranes were 
incubated with the appropriate peroxidase-conjugated anti-mouse/rabbit IgG for 1 h at room temperature. 
Chemiluminescent signals were captured by a CCD camera in a chemiDoc XRS (Bio-Rad) instrument with 
Image Lab software.

In situ TUNEL fluorescence staining assay
The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was 

employed to assess apoptosis of the kidney, according to the manufacturer instructions (Roche, Mannheim, 
Germany). TUNEL-positive cells were counted in five random fields under the fluorescence microscopy at a 
magnification of 400×. The apoptotic index was expressed as the percentage of TUNEL-positive cells of the 
total cell nuclei in each field.

Histological Analysis
After 28 days, the rats were euthanized, and the right kidneys were fixed with 4% paraformaldehyde 

and embedded in paraffin. Von Kossa staining was used to assess crystal deposits and histological tissue 
injury according to the manufacturer’s instructions. The left kidneys were used for morphological or 
histopathological study.

Transmission Electron Microscope
The kidney specimens from rats were fixed with 2.5% glutaraldehyde at 4°C, followed by treatment 

with 1% osmium tetroxide, then dehydrated and embedded in epoxy resin. Ultrathin sections were stained 
with uranyl acetate and lead citrate, and subsequently examined with a Hitachi-7650 transmission electron 
microscope (Hitachi Instrument, Tokyo, Japan). Quantification of autophagic vesicles was performed as 
described previously [17].

Statistical analysis
All the statistical analyses were performed using SPSS 20.0 software. All data were expressed as 

means ± SEM of three different experiments. Student’s t test was used to compare two independent groups. 
Multiple comparisons were performed with a one-way analysis of variance (ANOVA), followed by Dunnett 
post-hoc tests. A value of P< 0.05 was considered statistically significant.

Results

Expression of autophagy-related proteins LC3-II, BECN1 and p62
Compared with the controls, western blot analysis indicated that the protein expressions 

of LC3-II and BECN1 were significantly increased and the expression of p62 protein was 
significantly decreased in rat models of nephrolithiasis. Compared with the stone model 
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Fig. 1. Western blot analysis of the 
expression of autophagy-related 
proteins LC3-II，BECN1 and p62. 
A representative immunoblot and 
quantification analysis of LC3-II, BECN1 
and p62 in renal tissues from the 
controls and stone model rats incubated 
with or without chloroquine (CQ, 60 
mg/kg/d) or rapamycin (Rapa, 0.25 
mg/kg/d). Data are presented as the 
means ± SEM from three experiments. 
*P<0.05, ***P<0.001 versus the control 
group, #P<0.05, ##P<0.01 and ###P<0.001 
versus the stone model group.

group, treatment with chloroquine or rapamycin further increased the expression of LC3-
II, BECN1, while the expression of p62 protein was significantly increased and decreased, 
respectively (Fig. 1).

Transmission Electron Microscopy observation
As shown in Fig. 2, the autophagic vacuoles significantly increased in the stone model 

group compared with the controls. Compared with the stone model group, the number of 
autophagic vacuoles markedly increased in renal tissues from stone model treatment with 
chloroquine or rapamycin. In addition, TEM showed that mitochondria were swollen and 
damaged in the stone model group and rapamycin-treated group compared with the controls 
and the chloroquine-treated group (Fig. 2).

Fig. 1

Fig. 2. Observation of autophagic 
vacuoles in renal tissue by 
transmission electron microscope. 
Representative transmission 
electronic micrographs showed 
a markedly increased number of 
autophagic vacuoles in renal tissues 
from stone model rats incubated with 
or without CQ or Rapa, compared 
with the controls. The number of 
autophagic vacuoles per 100 µm2 

was determined in transmission 
electron micrographs. Yellow and red 
arrows indicated autophagosomes 
and autolysosomes, respectively. 
Black asterisk indicated swollen and 
damaged mitochondria; scale bar: 1 µm. Data are presented as the means ± SEM from three experiments. 
**P<0.01 versus the control group, ###P<0.001 versus the stone model group.

Fig. 2

http://dx.doi.org/10.1159%2F000487678
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Changes of Renal Function
In rat models of calcium oxalate nephrolithiasis showed a greater increase in the levels 

of serum CRE and BUN compared with the controls. Treatment with autophagy inhibitor 
chloroquine significantly decreased serum BUN and CRE levels, while autophagy activator 
rapamycin markedly increased the levels of CRE and BUN compared with the stone model 
group (Fig. 3).

Detection of renal tubular injury markers NGAL and Kim-1
To detect the effect of autophagy on kidney injury in the formation of calcium oxalate 

nephrolithiasis, we measured the release of urinary renal tubular injury markers NGAL and 
Kim-1. As shown in Fig. 4, the urinary NGAL and Kim-1 levels of the stone model group 
was increased significantly compared with the controls. The urinary levels of NGAL, Kim-
1 were further increased by rapamycin treated but significantly decreased after treatment 
with chloroquine.

Fig. 3. Changes of Renal 
Function. The levels of serum 
creatinine and urea nitrogen 
were determined using an 
automatic clinical chemistry 
analyzer. Data are presented 
as the means ± SEM from 
three experiments. **P<0.01 
versus the control group, 
#P<0.05 and ##P<0.01 versus 
the stone model group.

Fig. 3

Fig. 4. Detection of renal 
tubular injury markers NGAL 
and Kim-1. The urinary 
NGAL and Kim-1 levels were 
measured by using enzyme-
linked immunosorbent 
assay (ELISA) kit. Data 
are presented as the 
means ± SEM from three 
experiments. **P<0.001 and 
***P<0.001 versus the control 
group, #P<0.05 , ##P<0.01 
and ###P<0.001 versus the 
stone model group.

Fig. 4
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Apoptosis detection
To assess the effect of autophagy on renal tubular cell death in rat models of 

nephrolithiasis. TUNEL staining was employed to determine the percentage of apoptotic 
cells in renal slides. The number of TUNEL-positive cells were significantly increased in 
stone model group compared with control group. Furthermore, fewer apoptotic cells were 
observed in the chloroquine-treated group, whereas the rapamycin-treated group displayed 
more TUNEL-positive cells than the stone model group (Fig. 5).

Analysis of crystals deposition and histopathological changes in kidney
Von Kossa staining was used to assess CaOx crystal deposition and pathological changes 

in the kidney tissue. As shown in Fig. 6, a dramatic increase in crystal formation in the stone 
model group compared to control group. Moreover, we observed that there were more 
crystal deposits in cortical areas than in medullary areas. Kidney tissues in Von Kossa stained 
sections from the control group had a normal histological appearance, and no pathological 
changes was observed. In the stone model group, we observed that tubular dilatation and 
vacuolization, glomerular degeneration and edema. However, crystals deposition and 
histopathological changes were ameliorated by chloroquine but aggravated by rapamycin. 
In addition, we found that the size and the damage degree of the kidney was most visible in 
rapamycin-treated group compared to the stone model group or chloroquine-treated group 
(Fig. 7).

Fig. 5. Apoptosis detection. Representative TUNEL staining showed that the number of TUNEL-positive cells 
in renal tissues from the controls and stone model rats treated with or without rapamycin or chloroquine. 
Data are presented as the means ± SEM from three experiments. ***P<0.001 versus the control group, 
##P<0.01 versus the stone model group.

Fig. 5
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Discussion

The present research provides compelling 
evidence for the first time for the occurrence 
of autophagy and its role in a rat model of 
calcium oxalate nephrolithiasis. Our results 
showed that the induction of autophagy in 
this model was evaluated by immunoblot 
analysis of autophagy-related proteins LC3-II, 
BECN1 and p62 expression, and transmission 
electron microscopic detection the formation 
of autophagic vacuoles. We subsequently found 
that the level of autophagy could be effectively 
regulated by chloroquine or rapamycin in rat 
models of CaOx nephrolithiasis. Emerging data 
suggest that autophagy can play a pro-survival 
or pro-death role under different pathological 
conditions [18, 19]. Intriguingly, we observed 
that raising the level of autophagy by rapamycin 
further increased the levels of Cr and BUN, the 
excretion of NGAL and Kim-1, the number of 
TUNEL-positive cells, and CaOx crystal deposition and renal tubular injury in rat models of 
CaOx nephrolithiasis. However, treatment with autophagy inhibitor chloroquine significantly 
decreased the levels of the above indicators in stone model. In addition, we have previously 
demonstrated that autophagy was deleterious in CaOx crystal-induced renal tubular 
epithelial cell injury [20]. Therefore, we inferred that autophagy activation may be further 
promoted the formation of CaOx kidney stones.

Kidney injury molecule-1 (Kim-1) is a type 1 transmembrane glycoprotein, and its 
expression is significantly increased in proximal tubule epithelial cells following renal injury 
[21]. Neutrophil gelatinase associated lipocalin (NGAL) is a 25-kDa protein of the lipocalin 

Fig. 6. Analysis of crystals deposition and histopathological changes in kidney.  Representative Von Kossa 
staining showed that CaOx crystal deposition and renal tubular and glomerulus injury in the renal cortex 
and medulla. Black and red arrows indicated crystal deposition and renal tubular injury, respectively. Black 
asterisk represented swollen and damaged glomerulus; scale bar: 25µm and 50 µm.

Fig. 6

Fig. 7. Analysis of pathological histology of 
kidney. A representative image showing the size 
and the damage degree of the kidney was most 
visible in rapamycin-treated group compared 
to the stone model group or chloroquine-
treated group.

Fig. 7

http://dx.doi.org/10.1159%2F000487678
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family, and it is widely used to detection the early renal tubular injury and/or dysfunction in 
kidney disease [22]. A growing number of studies have demonstrated that renal epithelial 
cells injury play a vital role in the development of CaOx nephrolithiasis [23, 24]. Some 
studies have reported that Kim-1 and NGAL were increased in urolithiasis patients [25, 26]. 
Therefore, we examined the effects of autophagy on Ox or CaOx crystal-induced renal tubular 
epithelial cell injury by measuring the levels of Kim-1 and NGAL.

Our previous studies demonstrated that hyperoxaluria and crystal deposition induced 
the production of ROS and renal epithelial cells injury in a rat model of calcium oxalate 
nephrolithiasis [27, 28]. Mitochondria are generally the most common intracellular sources 
of ROS, and cellular injury is usually accompanied by the production of ROS[29]. Veena 
and colleagues found that mitochondria were swollen and damaged in an animal model of 
hyperoxaluria [30]. Our present results were consistent with the their studies demonstrating 
that mitochondrial injury was evident in the stone model group and rapamycin-treated group. 
However, the degree of mitochondrial damage was relieved after treatment with chloroquine 
in rat models of nephrolithiasis. In addition, mounting evidence shows that ROS production 
motivates autophagy activation [31-33]. Therefore, we inferred that hyperoxaluria and 
crystal deposition damaged the mitochondria and lead to the overproduction of ROS, and 
as a consequence will also increase the formation of cellular debris that may act as inducers 
promote crystallization of CaOx crystals by providing substances for their heterogeneous 
nucleation [6]. Meanwhile, ROS-mediated autophagy maybe aggravated renal injury and 
promoted the formation of stone.

Apoptosis and autophagy are two distinct self-degradation processes that have 
important roles in the regulation of cell survival and death. Recently, some research has 
revealed that apoptosis and autophagy often coexist in the same cell, and their pathways may 
have parallel upstream signals [34, 35]. BECN1/ATG6 is a component of the P13K complex 
that involved in the initiation of autophagy, which can interact with the antiapoptotic protein 
Bcl-2, and thereby regulating both apoptosis and autophagy [36, 37]. In the present study, we 
found that hyperoxaluria and crystal deposition could simultaneous induced the apoptosis 
and autophagy, and accompanied by upregulation of BECN1 in rat kidneys. Inhibition of 
autophagy could significantly alleviated Ox and CaOx crystal-induced renal tubular epithelial 
cell apoptosis.

Chloroquine (CQ) is a widely used durg for the treatment of malaria, systemic lupus 
erythematosus (SLE), rheumatoid arthritis (RA), malignancies, and other inflammatory 
diseases [38]. Which is also an autophagy inhibitor that blocks the fusion of autophagosomes 
and lysosomes, and thereby decreases autophagic flux [10]. In this study, we demonstrated 
that CQ could effectively inhibit Ox and CaOx crystal-induced autophagy, and significantly 
attenuated crystals deposition and renal injury in rat models of nephrolithiasis. These 
findings suggest that CQ may be used for attenuating renal injury and reducing the formation 
of kidney stones. Due to a long-term usage of which often causes some side effects, and thus 
this hypothetical viewpoint still needs to be confirmed in the future.

Conclusion

Our results indicated that rats were administration of ethylene glycol could lead to the 
formation of CaOx nephrolithiasis and autophagy activation. We further demonstrated that 
autophagy is essential for ethylene glycol induced crystals deposition and renal injury in a 
rat model of nephrolithiasis. Inhibiting autophagy could be an effective therapeutic approach 
for decreasing the formation of nephrolithiasis. However, impairing autophagy through 
knockdown of autophagy-related gene mouse models of stones still need to be studied in 
the future.

http://dx.doi.org/10.1159%2F000487678
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