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Abstract. Cadmium (Cd) is a heavy metal that can accumulate 
and cause damage to a variety of tissues and organs. The kidney 
is the primary target organ for Cd accumulation and toxic 
damage. Autophagy, which is a critical intracellular process, 
serves an important role in maintaining the homeostasis of 
the intracellular environment. Endoplasmic reticulum stress 
(ERS) is another key process that functions to promote cell 
survival or results in cell injury and death. Both autophagy and 
ERS are associated with oxidative stress; however, the mecha-
nism by which ERS is regulated by autophagy in Cd‑induced 
nephrotoxicity remains unclear. The present study employed a 
rat NRK‑52E cell model, where alterations in cell morphology, 
density and viability, the accumulation of reactive oxygen 
species, an increase in malondialdehyde generation and a 
decrease in antioxidant enzyme activity and apoptosis were 
induced by Cd treatment. Cd induced the activation of nuclear 
factor erythroid 2‑related factor 2 (NRF2), an obstruction of 
autophagic flux and ERS, which were attenuated by puerarin 
administration. Furthermore, puerarin failed to alleviate 
ERS following knockdown of autophagy‑related protein 7 in 
NRK‑52E cells. Overexpression of Ras‑related protein Rab‑7, 
which promotes the fusion of autophagosomes and lysosomes, 
efficiently reduced ERS. Taken together, these results indicate 
that puerarin administration restored the autophagic flux to 
alleviate ERS, via blocking the activation of NRF2.

Introduction

Cadmium (Cd) is an environmental pollutant and an indus-
trial heavy metal that significantly endangers public health, 
and exhibits a long biological half‑life of 10‑30 years (1). 
Moreover, cigarette smoke and Cd‑contaminated food and 
drinking water are the principal exposure routes for Cd, which 
is absorbed via the respiratory and digestive tract, respec-
tively, resulting in the accumulation of Cd in the organism (2). 
The kidney has been considered to be particularly sensitive 
to Cd (3,4), which accumulates in different nephron segments 
via the blood circulation, and the proximal tubules have been 
indicated to be more sensitive during the later stage of intoxi-
cation (5). A short‑term exposure of cells to Cd has been 
indicated to cause a destruction of tight and gap junctions, 
and result in an increase of cell viability without causing cell 
death (6,7). By contrast, a long‑term exposure to Cd has been 
revealed to result in a decreased resistance to oxidation and 
oxidative stress which is reflected by the levels of reactive 
oxygen species (ROS). ROS are formed as a by‑product of 
the normal metabolism of oxygen, and a notable increase in 
ROS levels can hinder cell function, leading to mitochondrial 
damage and ultimately, apoptosis (8,9). Indeed, a previous 
study has suggested that apoptosis was primarily responsible 
for Cd‑induced cell death (10).

Autophagy is an evolutionarily conserved metabolic 
process, via which the intracellular components that are 
enveloped by the autophagy membrane are transported to 
the lysosome and eventually degraded for recycling (11). 
Autophagy is a cellular adaptive response, which is regu-
lated by a variety of autophagy‑related genes  (12,13). 
In addition, autophagy has been indicated to exert two 
opposing functions: i) An adaptive mechanism to remove 
damaged organelles or proteins to maintain cellular 
homeostasis; and ii) autophagic cell death, which is caused 
by excessive autophagy (14‑16). It has been reported that 
autophagy promoted cell survival or induced cell death 
depending on the different growth conditions, cell types 
and type of stimulus (17). Autophagosomes are spherical 
structures with double layer membranes serve a key role 
in autophagy. Accumulation of autophagosomes may be 
associated with increased autophagosome synthesis or 
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obstruction of autophagosome degradation by lysosomes, 
i.e. blockade of the autophagic flux (12). Autophagosomes 
are degraded following fusion with lysosomes, a process 
which is regulated by RAB7 (18). Numerous studies have 
suggested that autophagy may be induced via an exposure 
to Cd (19‑22). Endoplasmic reticulum (ER) stress (ERS) 
has been indicated to cause apoptosis in a variety of patho-
logical conditions, including neurodegenerative disorders, 
infections, drug intoxication, metabolic diseases and heavy 
metal intoxication (23‑25). ER is a network structure, which 
is connected by membranes, and is primarily responsible for 
the synthesis of biological macromolecules, such as proteins, 
lipids and sugars (26). A variety of stimuli, such as oxida-
tive and glycosylation stress, can cause protein unfolding 
and misfolding, resulting in the accumulation of proteins 
in the ER lumen, which triggers ERS (27). In vertebrates, 
ERS is characterized by three different types of protein 
sensors located at the ER inner membrane, protein kinase R 
(PKR)‑like ER kinase (PERK), eukaryotic initiation factor 
2α (eIF2α) and inositol‑requiring enzyme 1 (IRE1). ERS has 
been indicated to promote restoration of ER homeostasis 
and cell survival, while excessive ERS has been revealed to 
result in cell injury and death (28,29). Autophagy and ERS 
are critical mechanisms that are associated with various 
physiological and pathological processes, such as the phys-
ical activity of neurons and chronic obstructive pulmonary 
disease (26). An interaction between autophagy and ERS 
has been revealed in previous studies (30‑32). A number 
of studies have reported that NRF2, a transcription factor 
that regulates the anti‑oxidative stress response, is associ-
ated with both autophagy and ERS (33,34). Under normal 
conditions, KEAP1 interacts with NRF2 and forms protein 
complexes in the cytoplasm, thereby inhibiting the activity 
of NRF2. However, under oxidative stress NRF2 has been 
reported to be released from KEAP1 and transferred to the 
nucleus, where it regulates the expression levels of antioxi-
dant enzyme genes (35). A number of studies have reported 
that the NRF2/KEAP1 pathway regulates autophagy under 
oxidative stress (36‑38). It has been reported that autophagy 
may be triggered or regulated by ERS (39). By contrast, 
another study suggested that autophagy may confer cellular 
protection via suppressing ERS (40). This discrepancy may 
depend on the different cell types or stimuli, and the regula-
tory mechanism is still unclear.

In recent years, extracts from a variety of Chinese medic-
inal herbs have been widely studied as therapeutic drugs 
for different diseases. Puerarin (C21H20O9) is a plant isofla-
vone, which is extracted from the dried root of the Chinese 
medicinal herb kudzu. Several studies have reported that 
puerarin exhibited a wide range of pharmacological effects, 
such as anti‑oxidant, anti‑apoptotic and anti‑inflammatory 
functions, decreasing the blood pressure, and improving the 
microcirculation and neuroprotection (41‑43). However, the 
protective mechanism of puerarin in Cd‑induced cytotox-
icity is largely unknown, to the best of our knowledge, and 
requires additional studies. Therefore, in the present study, 
the immortalized normal rat renal proximal tubular cell 
line NRK‑52E was used as a research model to investigate 
whether puerarin relieves ERS via regulating autophagy in 
Cd‑induced nephrotoxicity.

Materials and methods

Chemicals and reagents. All chemicals were of the highest 
purity grade available. DMEM, Opti‑MEM® I Reduced‑Serum 
Medium, FBS, trypsin‑EDTA, Lipofectamine® 3000 
Transfection Reagent and Lipofectamine® RNAiMAX 
Transfection Reagent were purchased from Thermo Fisher 
Scientific, Inc. Puerarin, cadmium chloride, 2',7'‑dichloro-
fluorescein diacetate (DCFH‑DA), DMSO and Cell Counting 
Kit‑8 (CCK‑8) were purchased from Merck KGaA. The malo-
ndialdehyde (MDA) detection kit and all antioxidant enzyme 
detection kits, including Glutathione Peroxidase (GSH‑px) 
(cat.  no. A 005‑1‑1), Reduced GSH (cat.  no. A 006‑2‑1), 
Superoxide Dismutase (SOD) (cat. no. A001‑3‑2) and Catalase 
(CAT) (cat. no. A007‑1‑1) assay kits, were purchased from 
Nanjing Jiancheng Bio‑Engineering Institute Co., Ltd. The 
short hairpin RNA (shRNA) targeting autophagy‑related 
protein 7 (ATG7; cat  no. R SH046234) and the plasmid 
encoding the open reading frame (ORF) of Ras‑related 
protein Rab‑7 (RAB7; cat. no. Rn25016) were purchased 
from GeneCopoeia, Inc. The following primary antibodies 
were used: Microtubule‑associated protein 1 light chain 3 β 
(LC3B; cat. no. L7543) and p62/sequestosome‑1 (SQSTM1; 
cat.  no.  P0067), were purchased from Merck KGaA. 
Binding‑immunoglobulin protein (BIP; cat. no. ab227865), 
CCAAT‑enhancer‑binding protein homologous protein 
(CHOP; cat.  no.  ab11419), nuclear factor erythroid 
2‑related factor 2 (NRF2; cat.  no.  ab137550), kelch‑like 
ECH‑associated protein 1 (KEAP1; cat.  no.  ab139729), 
heme oxygenase‑1 (HO‑1; cat.  no.  ab189491), NAD(P)H 
dehydrogenase [quinone] 1 (NQO1; cat. no. ab80588), super-
oxide dismutase (SOD) 1 (SOD1; cat. no. ab16831), SOD2 
(cat.  no.  ab13533) and catalase (CAT; cat.  no.  ab16731) 
were purchased from Abcam. Phosphorylated (p)‑eIF2α 
(cat. no. 3398S), activating transcription factor 4 (ATF‑4; 
cat. no. 11815), cleaved caspase‑3 (cat. no. 9661), histone H3 
(cat. no. 4499S), β‑actin (cat. no. 4970L) and horseradish 
peroxidase‑conjugated goat anti‑rabbit (cat.  no. 7074) or 
horse anti‑mouse (cat. no. 7076) IgG secondary antibodies 
were purchased from Cell Signaling Technology, Inc. 
Bicinchoninic acid (BCA) protein assay kit was purchased 
from Beyotime Institute of Biotechnology. All other chemi-
cals were purchased from Merck KGaA.

Cell culture. The NRK‑52E cell line was cultured in DMEM 
with 5% FBS and 100 U/ml penicillin‑streptomycin at 37˚C in 
humidified 5% CO2 atmosphere. The cells were sub‑cultured 
with trypsin‑EDTA digestion, incubated at 37˚C for 45 sec. 
When the cells reached 75% confluence, they were used for 
subsequent experiments.

Cell viability assay. The NRK‑52E cells were seeded in 96‑well 
plates at a density of 1x104 cells/well. The cells were treated 
with 0.0, 2.5, 5.0, 10.0, 20.0 and 40.0 µM Cd for 12 h when the 
confluence reached 75%, to assess cell viability. Reagent from 
Cell Counting Kit‑8 was added to each well and incubated in 
a 37˚C CO2 incubator for 1‑2 h in the dark, according to the 
manufacturer's instructions. The optical density was measured 
using a full‑wavelength microplate reader at a wavelength of 
450 nm.
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ROS measurement. DCFH‑DA was diluted 1:1,000 with 
serum‑free DMEM to a final concentration of 100  µM. 
NRK‑52E (0.4x106) cells were seeded in 6‑well plate, treated 
with 0.0, 2.5, 5.0, 10.0, 20.0 and 40.0 µM Cd in a 37˚C CO2 
incubator for 12  h, then 1.5x106  cells were collected and 
suspended in 1 ml diluted DCFH‑DA and incubated in a 37˚C 
CO2 incubator for 30 min. The 0 µM Cd treated NRK‑52E cells 
suspended in PBS were used as the negative control. The solu-
tions were mixed by inversion every 3‑5 min to fully integrate 
the probe with the cells. The cells were washed three times 
with PBS to remove excess DCFH‑DA, and the fluorescence 
intensity (FL‑1; 530 nm) of 10,000 cells was measured using 
a flow cytometer.

Detection of MDA and antioxidant enzyme activities. The 
NRK‑52E cells were seeded at a density of 6‑8x105 in 60 mm 
dishes and were exposed to 0.0, 2.5, 5.0, 10.0, 20.0 and 40.0 µM 
Cd in a 37˚C CO2 incubator for 12 h. The cells were collected 
and lysed in ice‑cold PBS on ice by sonication. The parameters 
of the sonicator were adjusted to 35% amplitude, 30 sec sonica-
tion and 5 sec sonication with 5 sec between pulses. Following 
lysis, the supernatant was centrifuged at 15,000 x g for 5 min 
at 4˚C for subsequent determination. The level of MDA and 
the activities of GSH‑Px, SOD, CAT and GSH were evaluated 
using commercial kits according to the manufacturer's proto-
cols. BCA protein assay kit was used to quantify the protein 
concentration of the samples.

Red fluorescent protein (RFP)‑LC3 and enhanced green 
fluorescent protein (EGFP)‑RFP‑LC3 transfection. RFP‑LC3 
and EGFP‑RFP‑LC3 plasmids were gifts from Dr. Lin 
Wang (College of Animal Science and Veterinary Medicine, 
Shandong Agricultural University, Tai'an, China). NRK‑52E 
cells (2x105 cells/well) were seeded onto sterile coverslips in 
24‑well plates before treatment. Subsequently, the cells were 
transfected with RFP‑LC3 or EGFP‑RFP‑LC3 followed by 
0, 10 and 20 µM Cd treatment in a 37˚C CO2 incubator for 
12 h. Briefly, the cells were cultured in Opti‑MEM for 2 h 
in a 37˚C CO2 incubator, followed by culture in transfection 
medium (Opti‑MEM, 50 µl; plasmid, 0.75 µg; Lipofectamine® 
3000 Reagent, 1.5 µl; P3000 Reagent, 1 µl) for 3 days in a 
37˚C CO2 incubator according to the manufacturer's protocol. 
The coverslips were washed in PBS, mounted onto slides and 
inspected under a 1.4 phase‑contrast oil‑immersion lens, Leica 
laser scanning confocal microscope (Leica Microsystems 
GmbH) (magnification, x63).

shRNA and plasmid transfect ion. NRK‑52E cel ls 
(2x105  cells/well) were seeded in 24‑well plates before 
transfection. For each well, the cells were transfected with 
60 pmol shRNA against ATG7 or 1 µg plasmid (ORF Rab7) 
in a 37˚C CO2 incubator for 6  h using Lipofectamine® 
RNAiMAX or Lipofectamine® 3000 Transfection Reagent 
according to the manufacturer's protocol. Scrambled control 
(CSHCTR001‑nU6; GeneCopoeia, Inc.) and empty control 
vector (EX‑NEG‑M39; GeneCopoeia, Inc.) were used as 
controls. Subsequently, the culture medium was replaced 
with complete DMEM medium for another 6 h. The cells 
were subjected to a second transfection, as described above, 
for 12 h. At 24 h after transfection, the cells were treated 

with 20 Cd and/or 100 µM puerarin in 37˚C CO2 incubator 
for 12 h

Western blot analysis. NRK‑52E cells were lysed in RIPA 
lysis buffer to obtain the total protein extract. Nuclear proteins 
were obtained using CelLytic™ NuCLEAR™ Extraction kit 
according to the manufacturer's protocol. The BCA protein 
assay kit was used to quantify the protein concentration. 
Equal amounts (20  µg) of protein lysates were separated 
via SDS‑PAGE on an 8‑15% gel and were transferred to 
0.22 or 0.45‑µm PVDF membranes. The membranes were 
subsequently blocked for 60 min with 5% skimmed milk in 
TBS + 0.1% Tween‑20 at room temperature. The membranes 
were then incubated overnight at  4˚C with the primary 
antibodies (1:1,000). Next, the membranes were incubated 
with horseradish peroxidase‑conjugated goat anti‑rabbit or 
horse anti‑mouse IgG secondary antibody (1:2,000) at room 
temperature for 60 min, followed by incubation with ECL 
reagent. The level of protein expression was determined 
via computer‑assisted densitometric analysis (GS‑800™ 
Densitometer; Quantity One v4.6.6  software; Bio‑Rad 
Laboratories, Inc.). Protein expression was quantified using 
Image Lab v6.0.1  software (Bio‑Rad Laboratories, Inc.). 
Histone H3 or β‑actin (1:1,000) was used as the loading 
control. Each blot was performed in triplicate.

Statistical analysis. The data were analyzed via one‑way 
ANOVA followed by Scheffe's test using SPSS Statistics 
v19.0  software (IBM Corp.) and are presented as the 
mean ± standard error of the mean of at least three independent 
experiments. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Cd induces oxidative stress. Alterations in morphology and 
viability are considered to be direct indexes of cell injury (44). 
Fig. 1A depicts the cell morphology, which was associated with 
Cd toxicity, as observed under a Nikon ECLIPSE TE200 light 
microscope (magnification, x20). The control group exhibited 
confluence, a uniform distribution, and complete morphology 
without shrinking and swelling. Compared with the control, the 
cells treated with increasing doses of Cd exhibited a decreased 
density, shrinkage and a round shape. Moreover, compared 
with the control, cell viability was decreased following treat-
ment with 5‑40 µM Cd for 12 h (Fig. 1B). As illustrated in 
Fig. 1C, the levels of ROS increased up to 14.96‑fold under 
increasing concentrations of Cd, compared with control cells. 
As indicated in Fig. 1D, MDA levels increased up to 7.86‑fold 
under increasing concentrations of Cd, compared with control 
cells. These data indicated that Cd treatment induced oxidative 
stress, decreased cell viability and increased cellular damage 
in NRK‑52E cells.

Cd decreases the antioxidant capacity and promotes apop‑
tosis. The activities of antioxidant enzymes and the levels 
of antioxidants were examined to evaluate the antioxidant 
status of NRK‑52E cells following exposure to various doses 
of Cd for 12 h. As demonstrated in Fig. 2, the activities of 
GSH‑Px, SOD and CAT were reduced in the Cd‑treated 
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Figure 2. Oxidative stress assays in NRK‑52E cells. The cells were treated with different concentrations of Cd (0, 2.5, 5.0, 10, 20 and 40 µM) for 12 h, and 
subsequently the cells were collected to examine the levels of (A) GSH‑Px, (B) SOD, (C) CAT and (D) GSH. n=6. *P<0.05 and **P<0.01 vs. 0 µM Cd. Cd, 
cadmium; GSH‑Px, glutathione peroxidase; SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; ns, not significant.

Figure 1. Effect of Cd on the morphology, viability and oxidative stress status of NRK‑52E cells. The cells were treated with different concentrations of Cd 
(0, 2.5, 5.0, 10, 20 and 40 µM) for 12 h. (A) Cell morphology was examined under Nikon ECLIPSE TE200 light microscope (magnification, x200). (B) Cell 
Counting Kit‑8 reagent was used to determine cell viability. (C) DCF fluorescence was measured to reflect ROS levels using flow cytometry. (D) MDA levels 
were measured using a commercial kit. n=6. *P<0.05 and **P<0.01 vs. 0 µM Cd. Cd, cadmium; DCF, dichlorofluorescein; MDA, malondialdehyde; ROS, 
reactive oxygen species; ns, not significant. 
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groups, exhibiting a reduction up to 0.44, 0.45 and 0.22‑fold, 
respectively, compared with the control. Moreover, a decrease 
in GSH levels up to 0.59‑fold compared with the control was 
observed. The data illustrated in Fig. 3 indicate that Cd at 
5‑40 µM reduced the protein levels of SOD1 and SOD2, 
increased the protein level of cleaved caspase‑3, and Cd at 
10‑40 µM decreased the protein levels of CAT, resulting 
in oxidative stress. These data revealed that Cd treatment 
resulted in a decreased antioxidant capacity and increased 
apoptosis in NRK‑52E cells.

Cd inhibits the autophagic flux and promotes ERS. Cd treat-
ment was indicated to induce ROS accumulation, which 
has been associated with autophagy and ERS; however, the 
regulatory mechanism between them is controversial (45). To 
examine this mechanism, the effect of Cd on autophagy and 
ERS was assessed. Firstly, the number of RFP‑LC3 puncta was 
observed after transient transfection of the RFP‑LC3 plasmid 
into NRK‑52E cells. As illustrated in Fig. 4A, compared with 
the control group, the number of RFP‑LC3 puncta in the 
Cd‑treated group was increased, indicating an accumulation 

of autophagosomes, which is a key element of the autophagy 
process (11). To further clarify the cause of autophagosome 
accumulation, the EGFP‑RFP‑LC3 plasmid was transfected 
into NRK‑52E cells to detect the autophagic flux. Under 
normal conditions, the LC3‑II‑positive autophagosomes 
are labeled with yellow color (GFP and RFP signals), while 
autophagosomes are presented as red puncta only after fusion 
with lysosomes, as GFP is sensitive to the low lysosomal pH 
and is rapidly quenched (46). The data in Fig. 4B indicate that, 
compared with the control group, the accumulation of yellow 
puncta increased, whereas the accumulation of red puncta 
decreased after exposure to Cd, revealing that the autophagic 
flux was blocked. Subsequently, the protein levels of LC3‑II 
and p62 were detected (Fig. 5A and B). The levels of both 
proteins increased in the 20 µM Cd treatment group, which 
further suggested that the autophagic flux was inhibited by 
Cd treatment. The expression levels of BIP, p‑eIF2α, ATF‑4 
and CHOP were detected via western blotting to examine 
Cd‑induced ERS. As presented in Fig. 5C‑F, the levels of these 
proteins increased in a dose‑dependent manner after treat-
ment with 10 and 20 µM Cd compared with the control group. 

Figure 3. Effect of Cd on protein levels of antioxidant enzymes and cleaved caspase‑3 in NRK‑52E cells. The cells were collected and lysed following treatment 
with a range of Cd concentrations (0, 2.5, 5.0, 10, 20 and 40 µM) for 12 h. The protein levels of (A) SOD‑1, (B) SOD‑2, (C) CAT and (D) cleaved caspase‑3 
were quantified using densitometry following western blotting. The upper panels depict representative western blotting images and the lower panels indicate 
the quantitative analysis. n=3. *P<0.05 and **P<0.01 vs. 0 µM Cd. Cd, cadmium; SOD, superoxide dismutase; CAT, catalase; ns, not significant. 
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Collectively, these data demonstrated that the autophagic 
flux was impaired and ERS was induced by Cd treatment in 
NRK‑52E cells.

Puerarin prevents Cd‑induced activation of the NRF2/KEAP1 
pathway. Western blotting analysis was used to determine the 
effect of puerarin on the NRF2/KEAP1 pathway in the current 
study. The results indicated that puerarin inhibited Cd‑induced 
NRF2 translocation into the nucleus (Fig. 6A). Consistently, 
puerarin attenuated the Cd‑mediated decrease in KEAP1 in 
the cytoplasm, as depicted in Fig. 6B. Moreover, the expression 
levels of NRF2/KEAP1 downstream proteins were examined 
via western blotting. The results indicated that the Cd‑induced 
increase in HO‑1 and NQO1 levels were prevented via puerarin 
administration (Fig. 6C and D). These data suggested that 
Cd‑induced activation of the NRF2/KEAP1 pathway may be 
inhibited via puerarin administration.

Puerarin restores the autophagic flux and alleviates ERS. The 
results illustrated in Fig. 6 suggested that the NRF2/KEAP1 
pathway was regulated by puerarin. NRF2 is a key regulator 
of autophagy that is associated with ERS (33). In the current 

study, the effect of puerarin on autophagy and ERS was exam-
ined. Consistently with previous findings (47), puerarin aided 
in the restoration of the autophagic flux following Cd exposure 
(Fig. 7A and B). Moreover, the levels of BIP, p‑eIF2α, ATF‑4 
and CHOP were decreased in the Cd and puerarin‑treated 
group compared with those in the Cd‑treated group, indicating 
that Cd‑induced ERS was alleviated by puerarin (Fig. 7C‑F). 
Furthermore, puerarin alleviated the oxidative stress and 
the decrease in the antioxidant capacity and cell viability 
induced by Cd treatment (Fig.  S1). Subsequently, it was 
examined whether puerarin‑induced autophagy is involved 
in ERS attenuation. ATG7 shRNA was used to construct an 
autophagy‑deficient cell model, and ATG7 protein level was 
determined in ATG7‑deficient NRK‑52E cells. The ATG7 
level in cells treated with ATG7 shRNA decreased by 65% 
(Fig. S2). In the autophagy‑deficient cells, puerarin co‑treat-
ment was not efficient in decreasing the levels of BIP, p‑eIF2A, 
ATF‑4 and CHOP that were induced by Cd (Fig. 8A‑D), which 
indicated that puerarin cannot alleviate the Cd‑induced ERS 
in the absence of autophagy. In conclusion, ERS attenuation 
following exposure to Cd was dependent on the restored 
autophagic flux, which was induced by puerarin. In addition, 
ATG7 knockdown further exacerbated Cd‑induced oxidative 
stress and the decreasing of antioxidant capacity and cell 
viability (Fig. S3). These data indicated that puerarin allevi-
ated the Cd‑induced ERS primarily via autophagy regulation 
in NRK‑52E cells.

RAB7‑induced autophagic flux restoration is involved in 
alleviating ERS. In cells overexpressing RAB7 (Fig. S4), the 
Cd‑induced blockade of the fusion between autophagosomes 
and lysosomes was restored (Fig. S5). Moreover, the levels of 
BIP, p‑eIF2α, ATF‑4 and CHOP, which were upregulated by 
Cd, were downregulated in RAB7‑overexpressing cells, which 
indicated that ERS was alleviated by RAB7 overexpression 
(Fig. 9A‑D). In addition, RAB7 overexpression exhibited a 
positive effect on alleviating oxidative stress, and enhancing 
antioxidant capacity and cell viability (Fig.  S6), which is 
similar to puerarin (Fig. S1). Additionally, Cd‑induced acti-
vation of p38 and JNK suppression of ERK were reversed 
by puerarin administration (Fig. S7). Taken together, these 
data demonstrated that the restoration of the autophagic flux 
alleviated ERS, which was indicated to serve a critical role 
in puerarin‑mediated protection against cell injury following 
exposure to Cd.

Discussion

In the present study, the effect of autophagy on ERS in 
Cd‑mediated nephrotoxicity was investigated using an 
NRK‑52E cell model. Firstly, it was demonstrated that 
Cd treatment induced oxidative damage and apoptosis in 
NRK‑52E cells in a dose‑dependent manner. Secondly, Cd 
was indicated to inhibit the autophagic flux and promote 
ERS. Thirdly, puerarin was revealed to restore the autophagic 
flux, which was induced by Cd, and alleviate ERS; however, 
this effect was not observed in the absence of autophagy in 
ATG7‑deficient NRK‑52E cells. Lastly, the NRF2/KEAP1 
pathway was indicated to be involved in the process of 
autophagic flux restoration that prevented ERS in NRK‑52E 

Figure 4. Obstruction of autophagic f lux is observed in Cd‑treated 
NRK‑52E cells. The cells were transiently transfected with (A) RFP‑LC3 
and (B) GFP‑RFP‑LC3 plasmid, and they were subsequently treated with 
10 or 20 µM Cd for 12 h. Puncta with both green and red fluorescence (indi-
cated as yellow), or exhibiting only red fluorescence are illustrated in the 
representative confocal images (magnification, x630). RFP, red fluorescent 
protein; EGFP, enhanced green fluorescent protein; LC3, microtubule‑asso-
ciated protein 1 light chain 3; Cd, cadmium. 
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cells following exposure to Cd. Collectively, the results of the 
current study indicated that Cd‑induced nephrotoxicity was 
attenuated by puerarin, which inhibited the NRF2/KEAP1 
pathway to restore the autophagic flux and alleviate ERS.

Autophagy and apoptosis are two distinct physiological 
responses of cells, which regulate cell survival and death 
after stimulation of cells by different signals, and have been 
indicated to be associated with ERS and be involved in several 

Figure 5. Cd induces autophagic flux blockade and endoplasmic reticulum stress in NRK‑52E cells. The cells were collected and lysed following treatment 
with 10 and 20 µM Cd for 12 h. The protein levels of (A) LC3II, (B) p62, (C) BIP, (D) p‑eIF2α, (E) ATF‑4 and (F) CHOP were quantified using densitometry 
following western blotting. n=3. *P<0.05 and **P<0.01 vs. 0 µM Cd. Cd, cadmium; LC3, microtubule‑associated protein 1 light chain 3; BIP, binding‑immuno-
globulin protein; p‑eIF2α, phosphorylated eukaryotic initiation factor 2α; T‑eIF2α, total eukaryotic initiation factor 2α; ATF‑4, activating transcription factor 
4; CHOP, CCAAT‑enhancer‑binding protein homologous protein; ns, not significant. 
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kidney diseases, such as diabetes, ischemia‑reperfusion injury 
and kidney stones (48). ERS has been revealed to exhibit a 
dual function by promoting cell survival or apoptosis, and 
may be associated with autophagy under a variety of patho-
logical conditions (49). Autophagy has been reported to serve 
a cytoprotective role in acute kidney injury, as blockade of the 
autophagic flux has been indicated to deteriorate the patholog-
ical process of acute kidney injury (50). Autophagy and ERS 
have been indicated to interact and are implicated in numerous 
pathological processes, including neurodegenerative disorder, 
cancer, diabetic nephropathy and renal fibrosis  (30,48,51). 
However, the interaction between autophagy and ERS requires 
additional elucidation. The present study explored whether a 
crosstalk between ERS and autophagy inhibition in Cd‑treated 
NRK‑52E cells exists, and determined the implicated mecha-
nism. Moreover, the results of the current study provided 
insight into the signaling mechanisms via which puerarin 
administration restores the autophagic flux to alleviate ERS 
during Cd‑induced nephrotoxicity.

Both apoptosis and autophagy have been associated with 
Cd‑induced nephrotoxicity (20,52). Moreover, ERS has been 
indicated to promote renal disease via inducing apoptosis (52). 
All these processes are closely associated with oxidative 
stress, which has been reported to be a principal mechanism 
of Cd‑induced toxicity (53,54). The results of the present study 
indicated that both ROS and MDA levels were increased in 
NRK‑52E cells following treatment with 2.5‑40 µM Cd. On 
the contrary, cell viability, GSH and the levels of antioxidant 
enzymes were decreased following treatment with 5‑40 µM Cd. 
Moreover, the levels of cleaved caspase‑3, which is a marker of 
apoptosis, were increased in Cd‑treated cells. These results are 
consistent with that of previous reports (55,56) and revealed 
that Cd induced oxidative stress and apoptosis in NRK‑52E 
cells. Kidney injury is induced following chronic accumula-
tion of Cd, and this process may last for decades (57). It would 
be unrealistic to treat the cells with the same Cd concentra-
tion (0.22‑1.03 µM) as that in blood of patients with renal 
disease (58,59), which would not be efficient in inducing renal 

Figure 6. Inhibitory effect of PU on the Cd‑induced NRF2/KEAP1 pathway in NRK‑52E cells. The cells were treated with 20 µM Cd in the absence or presence 
of 100 µM PU for 12 h, and they were subsequently collected and lysed. The protein levels of (A) nuclear NRF2, (B) KEAP1, (C) HO‑1 and (D) NQO1 in 
total cell lysates were quantified using densitometry following western blotting. The upper panels depict representative western blotting images and the lower 
panels indicate the quantitative analysis. n=3. *P<0.05 and **P<0.01 vs. 0 µM Cd; #P<0.05 and ##P<0.01 vs. 20 µM Cd and puerarin co‑treatment. Cd, cadmium; 
PU, puerarin; NRF2, nuclear factor erythroid 2‑related factor 2; KEAP1, kelch‑like ECH‑associated protein 1; HO‑1, heme oxygenase‑1; NQO1, NAD(P)H 
dehydrogenase [quinone] 1; H3, histone H3. 
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cell injury in the limited time of the in vitro study. Therefore, 
the doses of Cd that were used to treat NRK‑52E cells in the 
current study were higher than the concentration of free Cd 
in blood (0.22‑1.03 µM) and locally in the kidney, in order to 
simulate renal cell injury, which is induced following decades 
of Cd accumulation, and affect the associated mechanisms, 
such as oxidative stress, organelle damage and apoptosis.

In the present study, ERS was activated and the 
autophagic flux was inhibited in NRK‑52E cells treated with 
10 and 20 µM Cd. However, the effect of Cd on autophagy 
may vary in different cell types. In addition to proximal 
tubular cells, renal mesangial cells may also be affected by 
Cd‑induced renal injury. Fujishiro et al (20), reported a protec-
tive effect of Cd‑induced autophagy in rat renal mesangial 
cells, which is contradictory to the results of the current study. 
Fujishiro et al (20), used cells that were cultured in medium 
with 0.2% FBS for 48 h before transfer to serum‑free medium 
with Cd. This prolonged serum starvation may have induced 
additional effects on autophagy, especially in the presence of 

other stimuli. Moreover, it was suggested that autophagy was 
primarily regulated by JNK‑mediated signaling in rat renal 
mesangial cells exposed to Cd (16). However, another study 
has revealed that in addition to JNK, the ERK and p38 path-
ways are also involved in Cd‑induced mouse proximal tubular 
cell injury  (60). Therefore, in the current study, activation 
of p38, but not JNK, and the ERS‑induced inhibition of the 
autophagic flux mediated the effect of Cd on autophagy.

Previous studies have indicated that the NRF2/KEAP1 
axis is an important endogenous antioxidant signaling 
pathway  (35,61). NRF2 has been reported to be activated 
following translocation to the nucleus, where it has been 
indicated to interact with the antioxidant response element 
(ARE) to regulate the transcription and expression of antioxi-
dant enzymes, thereby enhancing the resistance to oxidative 
stress (56). In the present study, the Cd‑induced nuclear accu-
mulation of NRF2 was inhibited by puerarin. Moreover, the 
expression levels of KEAP1, which is an inhibitory receptor 
of NRF2, and two downstream targets of NRF2, HO‑1 and 

Figure 7. PU restores the autophagic flux and alleviates endoplasmic reticulum stress. The cells were treated with 20 µM Cd in the absence or presence of 
100 µM PU for 12 h, and they were subsequently collected and lysed. The protein levels of (A) LC3II, (B) p62, (C) BIP, (D) p‑eIF2α, (E) ATF‑4 and (F) CHOP 
were quantified using densitometry. n=3. *P<0.05 and **P<0.01 vs. 0 µM Cd; #P<0.05 and ##P<0.01 vs. 20 µM Cd and puerarin co‑treatment. Cd, cadmium; PU, 
puerarin; LC3, microtubule‑associated protein 1 light chain 3; BIP, binding‑immunoglobulin protein; p‑eIF2α, phosphorylated eukaryotic initiation factor 2α; 
T‑eIF2α, total eukaryotic initiation factor 2α; ATF‑4, activating transcription factor 4; CHOP, CCAAT‑enhancer‑binding protein homologous protein; ns, not 
significant.
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NQO1, were detected via western blotting in the current 
study to indirectly assess the activation status of NRF2. The 
results indicated that compared with the Cd group, puerarin 
treatment ablated the downregulation of KEAP1 and the 
upregulation of HO‑1 and NQO1 protein levels. Activation 
of NRF2 has been indicated to be associated with a series of 
pathological and physiological processes including respiratory 
distress syndrome, neurodegeneration, and carcinogenesis 
and tumor development  (62,63), and participates in renal 
pathology (64). Puerarin has been revealed to protect against 
CCl4‑induced oxidative stress and inflammation via inhibiting 
the ERK/NRF2/ARE pathway in rat kidneys (65). In addition, 
puerarin treatment has been indicated to enhance the mRNA 
expression levels of anti‑oxidant enzymes, such as NRF2, HO‑1 
and SOD2 (66). As oxidative stress and ERS have been indi-
cated to positively regulate the NRF2 signaling pathway (67), 
they may account for the upregulation of NRF2 in the present 
study. However, since ERS has not been reported to inhibit 
the NRF2 signaling pathway, to the best of our knowledge, 

puerarin‑induced NRF2 inhibition may be attributed to the 
antioxidant capacity of puerarin.

A crosstalk between NRF2 and autophagy under stress 
conditions has been reported in previous studies (36,68). In 
addition, both persistent ERS and the inhibition of autophagic 
flux have been indicated to mediate cell injury, and although 
ERS may result in autophagy (69), the effect of autophagic flux 
on ERS is largely unknown. Therefore, the autophagic flux was 
examined in the NRK‑52E cell model in the current study. The 
blockade of the autophagic flux, which was induced by Cd, was 
indicated to be attenuated by puerarin. Moreover, Cd‑induced 
ERS was alleviated when NRK‑52E cells were treated with 
both Cd and puerarin. Collectively, puerarin was indicated 
to attenuate ERS following Cd exposure, via preventing the 
activation of NRF2 signaling to restore autophagic flux.

ATG7 knockdown has been indicated to result in 
autophagy deficiency  (70) and RAB7 overexpression has 
been revealed to enhance the fusion of autophagosomes and 
lysosomes (18). Consequently, both were used in the current 

Figure 8. PU fails to alleviate endoplasmic reticulum stress in NRK‑52E cells following ATG7 knockdown. The cells were transfected with a short hairpin 
RNA targeting ATG7, and they were subsequently treated with 20 µM Cd in the absence or presence of 100 µM PU for 12 h. The protein levels of (A) BIP, 
(B) p‑eIF2α, (C) ATF‑4 and (D) CHOP were quantified using densitometry following western blotting. n=3. *P<0.05 and **P<0.01 vs. 0 µM Cd. Cd, cadmium; 
PU, puerarin; ATG7, autophagy‑related protein 7; BIP, binding‑immunoglobulin protein; p‑eIF2α, phosphorylated eukaryotic initiation factor 2α; T‑eIF2α, 
total eukaryotic initiation factor 2α; ATF‑4, activating transcription factor 4; CHOP, CCAAT‑enhancer‑binding protein homologous protein; ns, not significant.
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study to further examine the effect of autophagy on ERS. 
In a previous study, ATG7 gene knockout in a EPCK‑Cre 
Atg7 mouse model has been reported to result in autophagy 
deficiency, which was indicated by a lack of LC3II and 
p62/SQSTM1 accumulation (70). In the autophagy deficient 
cell model of the current study, the Cd‑induced upregula-
tion of BIP, p‑eIF2α, ATF4 and CHOP was not inhibited by 
puerarin. This suggested that puerarin alleviated ERS during 
Cd exposure primarily via regulating autophagy. As Cd 
inhibits, and RAB7 has been indicated to induce, the autol-
ysosome formation (30), the effect of RAB7 was examined in 
a RAB7 overexpression cell model in the current study. In the 
overexpressing cells, the Cd‑induced increase in ERS markers 
was attenuated. Moreover, for untreated cells, compared 
with the empty control vector group, the levels of the ERS 
markers was slightly increased in the RAB7 overexpression 
group. This additionally suggested that the autophagic flux 
serves a critical role in the puerarin‑induced alleviation of 
ERS following treatment with Cd, and excessive autophagy 
may induce ERS and subsequent cell injury. Autophagy has 
been revealed to serve a critical role in regulating oxidative 
stress, and reactive oxygen/nitrogen species may induce ERS 

and autophagy, indicating that an interaction among oxidative 
stress, ERS and autophagy exists (26). However, among these 
three cellular processes, only autophagy has been indicated 
to exhibit a protective effect against cell damage (71). The 
results of the present study suggested that the puerarin‑medi-
ated restoration of the autophagic flux alleviated Cd‑induced 
ERS. Autophagy is a regulatory mechanism of the cell that 
removes unnecessary or dysfunctional components, which 
allows the degradation and recycling of cellular proteins 
and organelles, especially under stress conditions (11). ERS, 
which is primarily induced by the accumulation of unfolded 
or misfolded proteins, is an important factor that promotes 
cell damage (27). In the present study, the autophagic flux, 
which was restored via the puerarin‑mediated inhibition of 
the NRF2 signaling pathway, was indicated to promote the 
degradation of misfolded proteins to alleviate ERS.

Furthermore, ERS can also be activated by oxidative 
stress, which is induced by ROS, one of its primary sources 
being dysfunctional organelles, such as mitochondria (27). 
Therefore, the clearance of dysfunctional organelles to restore 
the autophagic flux may represent another key mechanism 
responsible for alleviating ERS during Cd exposure.

Figure 9. RAB7 overexpression alleviates endoplasmic reticulum stress in NRK‑52E cells. The cells were transfected with ORF RAB7 and they were subse-
quently treated with 20 µM Cd for 12 h. The protein levels of (A) BIP, (B) p‑eIF2α, (C) ATF‑4 and (D) CHOP were quantified using densitometry following 
western blotting. n=3. **P<0.01 vs. 0 µM Cd; #P<0.05 and ##P<0.01 vs. 20 µM Cd and puerarin co‑treatment. Cd, cadmium; BIP, binding‑immunoglobulin 
protein; p‑eIF2α, phosphorylated eukaryotic initiation factor 2α; T‑eIF2α, total eukaryotic initiation factor 2α; ATF‑4, activating transcription factor 4; CHOP, 
CCAAT‑enhancer‑binding protein homologous protein; ORF, open reading frame; RAB7, Ras‑related protein Rab‑7. 
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In conclusion, the findings of the present study demon-
strated that Cd induced oxidative stress, apoptosis, activation 
of NRF2 signaling, obstruction of the autophagic flux and 
ERS in NRK‑52E cells. Moreover, puerarin administration 
inhibited NRF2 signaling to restore the autophagic flux, 
via which misfolded proteins and dysfunctional organelles 
are degraded to alleviate ERS. In the present study, the 
association between autophagy and ERS was elucidated in 
the context of Cd‑induced renal damage, and it was indi-
cated that puerarin may potentially alleviate environmental 
Cd‑induced nephrotoxicity and improve kidney health in 
affected populations.
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