
J Toxicol Pathol 2016; 29: 247–252

Original Article

Quercetin inhibited cadmium-induced autophagy in the mouse 
kidney via inhibition of oxidative stress
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Abstract: The objective of the current study was to explore the inhibitory effects of quercetin on cadmium-induced autophagy in 
mouse kidneys. Mice were intraperitoneally injected with cadmium and quercetin once daily for 3 days. The LC3-II/β-actin ratio was 
used as the autophagy marker, and autophagy was observed by transmission electron microscopy. Oxidative stress was investigated in 
terms of reactive oxygen species, total antioxidant capacity, and malondialdehyde. Cadmium significantly induced typical autophago-
some formation, increased the LC3-II/β-actin ratio, reactive oxygen species level, and malondialdehyde content, and decreased total 
antioxidant capacity. Interestingly, quercetin markedly decreased the cadmium-induced LC3-II/β-actin ratio, reactive oxygen species 
levels, and malondialdehyde content, and simultaneously increased total antioxidant capacity. Cadmium can inhibit total antioxidant 
capacity, produce a large amount of reactive oxygen species, lead to oxidative stress, and promote lipid peroxidation, eventually induc-
ing autophagy in mouse kidneys. Quercetin could inhibit cadmium-induced autophagy via inhibition of oxidative stress. This study 
may provide a theoretical basis for the treatment of cadmium injury. (DOI: 10.1293/tox.2016-0026; J Toxicol Pathol 2016; 29: 247–252)
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Introduction

Cadmium (Cd) is one of the most common toxic heavy 
metals1. It can harm human beings in various ways, and 
hence, prevention and treatment for Cd poisoning is of great 
significance2, 3.

Autophagy is a conserved metabolic pathway in which 
cellular components can be degraded and reused by eu-
karyotic cells4. Microtubule-associated protein light chain 
3 (LC3) is considered to be a characteristic protein of au-
tophagy3. When autophagy is initiated, LC3 is enzymoly-
sized into the cytosolic type (LC3-I), which then combines 
with phosphatidylethanolamine (PE) to transform into the 
membrane type (LC3-II)5. The level of autophagy can be 

estimated by detecting the LC3-II/β-actin ratio using west-
ern blotting6. Transmission electron microscopy is one of 
the best approaches to provide direct evidence for autopha-
gy2, 7. On the other hand, autophagy is also morphologically 
defined, especially by transmission electron microscopy, 
as massive autophagic vacuolization of the cytoplasm (au-
tophagosome)8.

Recent studies showed that Cd can affect the body’s (or 
cell’s) antioxidant system4, change the activity of antioxi-
dant enzymes, and make the body (or cell) to produce a large 
amount of ROS, thus leading to oxidative stress3, 9–11. In ad-
dition, Cd can induce ROS-mediated autophagy of kidney 
cells via a series of pathways2 and can induce mitophagy 
through the ROS-mediated PTEN-induced putative kinase 
1/ Parkin (PINK1/Parkin) pathway in the kidneys of mice1, 2.

Quercetin (3,3′,4’,5,7-pentahydroxyavone) (Qu) and its 
derivatives are the most widely distributed plant kingdom 
flavonoids, which act as antioxidants by scavenging free 
radicals12, 13. Qu exerts its antioxidant effect by scavenging 
free radicals directly12–15, and it is a renoprotective drug in 
Traditional Chinese Medicine (TCM). However, it is un-
known whether Qu can inhibit Cd-induced autophagy in the 
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mouse kidney, and the underlying molecular mechanisms 
for such an effect have not been explored and reported.

Our study investigated how Qu inhibits Cd-induced au-
tophagy in mouse kidneys.

Materials and Methods

Chemicals
Qu (99% purity) was purchased from Aladdin Chemi-

cal Reagent Plant (Shanghai, China). CdCl2 (99% purity) 
and dimethyl sulfoxide (DMSO) (99% purity) were obtained 
from Tianjin Chemical Reagent Plant (Tianjin, China). So-
dium chloride injection (0.9%, NS) was purchased from 
Guangdong Otsuka Plant (Guangdong, China). A total an-
tioxidant ability detection kit (FRAP method), BCA protein 
assay kit, and lipid peroxidation (MDA) detection kits were 
obtained from Beyotime Biotechnology Co. Ltd. (Jiangsu, 
China).

Animals
One-month-old male Kunming mice, weighing 22.0 

± 2.0 g were obtained from the Experimental Animal Re-
search Center of Lanzhou University (Lanzhou, China). The 
mice were acclimated in the laboratory for one week be-
fore the experiments, maintained at a room temperature of 
22–24°C with alternating 12 hour light/dark cycles, offered 
water and food ad libitum, and provided with adequate lev-
els of lighting and humidity.

In the preliminary experiments, the mice were intra-
peritoneally injected with different concentrations of Cd 
(0.20, 0.40, 0.60, and 0.80 mg/kg bw/day) once daily for 1, 2, 
3, and 5 days, and the LC3-II/β-actin ratio was determined. 
We found that autophagy was most obviously induced after 
0.40 mg/kg bw/day Cd exposure for 3 days, and hence, 0.40 
mg/kg bw/day Cd was selected for the following experi-
ments.

Qu was initially dissolved in DMSO to make a 200 mg/
kg stock solution (pure), diluted to twice the required con-
centration with pure DMSO, blended with the same volume 
of NS or 0.8 mg/kg Cd before use, and finally used after 
cooling to room temperature.

Mice were randomly divided into a control group, Cd-
treated group, and co-treated groups (treated with 0, 5, 15, 
25, 50, 75, and 100 mg/kg bw/day Qu and 0.4 mg/kg bw/
day Cd), each of which contained 8 mice. The mice were 
intraperitoneally injected with NS, 0.40 mg/kg bw/day Cd, 
and different concentrations of mixed solutions of Qu and 
Cd in the same proportion (5 μl/g bw/day) once daily for 3 
days. The detailed scheme of mouse treatments is described 
in Table 1.

The physical condition of the animals was monitored 
for 25 minutes three times per day. All mice showed good 
activity levels and feeding, with no obvious change in body 
weight, and did not exhibit any special symptoms.

On the 4th day, all mice were intraperitoneally injected 
with xylazine (100 mg/kg bw). After anesthesia, the chest 
and abdomen were opened, and the heart was perfused with 

10 mL of PBS buffer (cold at 4°C, pH 7.4). The kidney was 
removed and fascia was peeled13. All experiments were per-
formed in accordance the Guidelines for Care and Use of 
Animals at Lanzhou University.

Transmission electron microscopy
Tissues from the kidney cortex of the control and Cd-

treated group of mice were cut into 0.3 × 0.3 × 0.3 cm3 blocks 
and fixed with 1 ml of 2.5% glutaraldehyde. The fixative was 
replaced with fresh liquid every 24 h until the samples were 
sent to the electron microscope facility of Lanzhou Univer-
sity. The samples were then postfixed in OsO4, dehydrated 
in ethanol and acetone, and embedded in resin. Ultrathin 
sections (60–70 nm) were cut and mounted on pioloform-
coated copper grids (Plano). Sections were stained with lead 
citrate and uranyl acetate and viewed with a transmission 
electron microscope (JEOL JEM-1230, JEOL Ltd., Japan) 
operated at 80 kV. Micrographs were taken using a Gatan 
Erlangshen ES500W camera.

Measurement of ROS
The renal cortex tissues were collected in 1.5 mL cen-

trifuge tubes, and finely cut. PBS (cold at 4°C, pH 7.4) was 
added to the samples, filtered with 200-mesh stainless steel 
mesh, centrifuged at 500 rpm for 8 min, and then washed 
twice with PBS. The cells were counted and adjusted to 1 × 
106 cells/mL in each tube, and 1 mL of 10 μM 2,7-dichloro-
dihydrofluorescein diacetate (DCFH-DA) was added. Then 
the contents within each tube were mixed, and the tubes 
were incubated at 37°C for 30 min. The samples were then 
centrifuged at 1,000 rpm for 5 min, washed three times, 
and filtered with a 200-mesh nylon membrane into a flow 
tube. ROS were analyzed using flow cytometry (FCM) (BD 
Biosciences, Franklin Lakes, NJ, USA) at the excitation and 
emission settings for FITC (excitation 488 nm, emission 525 
nm). At least 5,000 cells were detected, and all of the above 
operations were carried out on ice. The incubation process 
required dark conditions and was completed within 4 h.

Preparation of tissue homogenates
A suitable amount of the kidney cortex tissues (about 

200 mg from each group) was transferred into 1.5 mL cen-
trifuge tubes to make tissue homogenates. The samples 
were frozen by immersion in liquid nitrogen for 30 s and 

Table1.	 The Detailed Scheme of Mouse Treatments

Groups Treatments

Control group 0.9% sodium chloride injection (NS)
Cd-treated group 0.40 mg/kg bw/day Cd
Co-treated groups 0 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd

5 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
15 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
25 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
50 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
75 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
100 mg/kg bw/day Qu and 0.4 mg/kg bw/day Cd
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then mashed. This was followed by the addition of 1 mL 
1× PBS buffer and 10 μL 0.1 mM PMSF solution, mixing of 
the contents within each tube, and pulverization with a SCI-
ENTZ-IID ultrasonic cell crushing apparatus (total time, 10 
min; open, 5 s; close, 5 s; power, 25%). The samples were 
centrifuged at 12,000 g for 10 min at 4°C, and the superna-
tant was collected; the precipitate was discarded. The tissue 
homogenates were diluted 20-fold, and the protein concen-
tration was detected with a bicinchonininc acid (BCA) pro-
tein assay kit. The prepared tissue homogenates were used 
to detect the total protein concentration, total antioxidant 
capacity (T-AOC), and MDA and for western blotting (all of 
the operations were carried out on ice).

Western blotting
Electrophoresis protein samples and tissue homog-

enates were prepared at appropriate sample volumes based 
on the protein concentration. Protein samples were sepa-
rated by SDS-PAGE (15% gel; 60 V for 30 min and then 
120 V for 90 min). The protein was transferred onto 0.22-
μm polyvinylidene fluoride (PVDF) membranes (electric 
current 200 mA, 90 min), which were blocked with 5% 
skimmed milk powder solution (27°C, 60 min). The PVDF 
membranes were cut into two parts; one part was used for 
incubation (4°C, overnight) with anti-LC3 (1:2,000, mouse 
monoclonal, Sigma-Aldrich, St. Louis, MO, USA), and the 
other one was use for incubation (4°C, overnight) with anti-
β-actin (1:2,000, rabbit polyclonal, Sigma-Aldrich). The 
membranes were washed three times with Tris Buffered 
Saline with Tween-20 (TBST) buffer and then incubated 
with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (27°C, 60 min), anti-mouse (1:20,000, goat poly-
clonal, ZhongShan Golden Bridge Biotechnology, Beijing, 
China) or anti-rabbit (1:20,000, goat polyclonal, ZhongShan 
Golden Bridge Biotechnology), and LC3 and β-actin were 
detected with the Immobilon Western Chemiluminescent 
HRP Substrate (Millipore, Billerica, MA, USA).

Detection kits
Detection of total protein concentration, MDA, and T-

AOC was carried out according to the manufacturer’s in-
structions. The standard curves were prepared, and then the 
concentrations of the substances in the test samples were 
measured and presented as the content of the samples.

Statistical analysis
The results were processed with the Excel 2003, Origin 

75, FlowJo 7.6, ImageJ, and iSee software. Data were ex-
pressed as mean ± SD values (n = 8). Statistical comparisons 
were made using one-way analysis of variance (ANOVA) 
followed by the least significant difference (LSD) post hoc 
test. All statistical analyses were performed using the SPSS 
17.0. Differences were considered significant at P<0.05 and 
highly significant at P<0.011.

Results

Cd induced autophagy in the mouse kidney
To quantify autophagy progression, we detected con-

version of the cellular protein LC3-I to LC3-II (autophagy 
marker). In preliminary experiments, mice were intraperi-
toneally injected with different concentrations of Cd (0.20, 
0.40, 0.60, and 0.80 mg/kg bw/day) once daily for 1, 2, 3, 
and 5 days. Compared with control exposure, exposure to 
0.20, 0.40, 0.60, and 0.80 mg/kg bw/day Cd for 3 days mark-
edly elevated the LC3-II/β-actin ratio 1.35-, 1.47-, 1.31-, and 
1.27-fold in the kidneys of mice (P<0.05 except for 0.40 mg/
kg bw/day Cd, in which case P<0.01), respectively (Fig. 1A). 
Therefore, 0.40 mg/kg bw/day Cd was selected for the fol-
lowing experiments.

Compared with control exposure, exposure to 0.4 mg/
kg bw/day Cd induced typical double-membrane and lamel-
lar autophagosomes in the epithelia of proximal tubules 
after 3 days of treatment (Fig. 1B). Multiple typical au-
tophagosomes were found in the perinuclear area, and the 
mitochondria were contained in autophagic vacuoles.

Qu inhibited Cd-induced autophagy in the mouse 
kidney

Mice were injected with NS or Cd (0.40 mg/kg bw/day) 
alone or in combination with Qu (0, 5, 15, 25, 50, 75, and 100 
mg/kg bw/day) for 3 days, and then the LC3-I, LC3-II, and 
β-actin levels were determined by western blotting. Com-
pared with control exposure, 0.40 mg/kg bw/day Cd expo-
sure for 3 days markedly elevated the LC3-II/β-actin ratio in 
the kidneys of mice (P<0.01). There was no significant dif-
ference in the LC3-II/β-actin ratio in the kidneys (P>0.05) 
between the Cd-treated group and the mice co-treated with 
Qu (0 mg/kg bw/day). Among the Qu co-treated groups, the 
groups treated with 5, 15, 25, 50, 75, and 100 mg/kg bw/
day Qu for 3 days showed markedly reduced LC3-II/β-actin 
ratios (1.15-, 1.24-, 1.47-, 1.43-, 1.41-, and 1.26-fold), in the 
kidneys (P<0.01 except for 5 mg/kg bw/day Qu exposure, in 
which case P<0.05) respectively (Fig. 2).

Qu inhibited Cd-induced autophagy in mouse kidney 
cells via inhibition of oxidative stress

The mice were injected with NS or Cd (0.40 mg/kg bw/
day), alone or in combination with Qu (0, 5, 15, 25, 50, 75, 
and 100 mg/kg bw/day), for 3 days, and then the T-AOC and 
MDA were determined with detection kits. The levels of 
ROS in the mouse kidney were determined by FCM.

Compared with control exposure, 0.40 mg/kg bw/day 
Cd exposure for 3 days markedly reduced the T-AOC in the 
kidneys of mice (P<0.01). Compared with the Cd-treated 
group, the mice in the Qu (0 mg/kg bw/day) co-treated group 
showed no significant difference (P>0.05) in the T-AOC in 
the kidneys. Among the Qu co-treated groups, the groups 
treated with 5, 15, 25, 50, 75, and 100 mg/kg bw/day Qu for 
3 days showed an obvious improvement in the T-AOC in 
the kidneys of mice (P<0.01 except for 5 mg/kg bw/day Qu 
exposure, in which case P<0.05) (Fig. 3A).
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Compared with control exposure, 0.40 mg/kg bw/
day Cd exposure for 3 days markedly elevated the MDA 
levels in the kidneys of mice (P<0.01). Compared with the 
Cd-treated group, the mice in the Qu (0 mg/kg bw/day) co-
treated group showed no significant difference (P>0.05) in 
the MDA levels in the kidneys. Among the Qu co-treated 
groups, the groups treated with 5, 15, 25, 50, 75, and 100 
mg/kg bw/day Qu for 3 days showed markedly reduced the 
MDA levels in the kidneys (P<0.01) (Fig. 3B).

It was also found that, 0.40 mg/kg bw/day Cd expo-
sure for 3 days markedly elevated the levels of ROS in the 
kidneys of mice (P<0.01). There was no significant differ-
ence in ROS levels in the kidneys of mice between the Cd-
treated group and Qu (0 mg/kg bw/day) co-treated groups 
(P>0.05). Among the Qu co-treated groups, the groups 
treated with 5, 15, 25, 50, 75, and 100 mg/kg bw/day Qu for 
3 days showed markedly reduced ROS levels in the kidneys 
(P<0.01) (Fig. 3C).

Fig. 1.	 Cd induced autophagy in the mouse kidney. The mice were received either NS (control, 0 mg/kg bw/day) or a daily intraperitoneal injec-
tion of Cd (0.20, 0.40, 0.60, and 0.80 mg/kg bw/day) once daily for 3 days. (1A) LC3-I, LC3-II, and β-actin levels were detected by west-
ern blotting. (1B) (Cd 0.40 mg/kg bw/day) Transmission electron microscopy showed double-membrane and lamellar mitophagosomes 
in the epithelia of proximal tubules. Data are presented as mean ± SD values (n = 8). #, ##Significantly different from the control group at 
P<0.05 and P<0.01, respectively.

Fig. 2.	 Qu inhibited Cd-induced autophagy in the mouse kidney. The mice were injected with NS or Cd (0.40 mg/kg bw/day) alone or in 
combination with Qu (0, 5, 15, 25, 50, 75, and 100 mg/kg bw/day) once daily for 3 days, and then the LC3-I and LC3-II levels were 
detected by western blotting. Data are presented as mean ± SD values (n = 8). #, ##Significantly different from the control group at 
P<0.05 and P<0.01, respectively. *, **Significantly different from the Qu (0 mg/kg bw/day) co-treated group at P<0.05 and P<0.01, 
respectively.
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Discussion

Acute or chronic exposure to Cd can damage many or-
gans, with the kidney being the most sensitive and vulner-
able one16, 17. Previous studies have shown that Cd can cause 
damage to renal tubular epithelial cells18. Specifically, Cd 
could trigger cellular damages such as necrosis, apoptosis, 
and autophagy19. Relatively high concentrations of Cd can 
induce apoptosis and necrosis in general, while low concen-
tration can cause autophagy2, 12.

Autophagy is an adaptive mechanism that responds 
to changing environmental stimuli, such as starvation and 
oxidative stress. Therefore, signal transduction can pro-
mote cell survival20. Under cellular homeostasis conditions, 
autophagy plays a housekeeping role in the circulation of 
cytoplasmic components and protein21. Under stress condi-
tions, cells remove harmful particles and protein aggregates 
through autophagy to prevent cell death22. However, au-
tophagic cell death can occur when a large number of cells 
are destroyed and cleared12. Autophagy is related to numer-
ous physiological and pathological processes, including cell 
survival, cell death, cell metabolism, development, infec-
tion, immunity, and aging11, 23, 24. It has also been found to be 
closely involved in the etiology of many important human 
diseases, including cancer, neurodegenerative diseases, and 
metabolic disorders5, 22.

In this study, mice were intraperitoneally injected with 
Cd (5 μl/g bw/day) for 3 days to establish a Cd-induced 
mouse kidney autophagy model successfully (Fig. 1 and 
Fig. 2). Moreover, 0.40 mg/kg Cd induced autophagy most 
obviously (P<0.01). DMSO was used to dissolve quercetin, 
and 7 concentrations of quercetin (0, 5, 15, 25, 50. 75 and 
100 mg/kg) were chosen for the experiments. DMSO was 
selected to dissolve Qu because there was no difference in 
LC3-II/β-actin ratio between the Cd-treated group and a Qu 
(0 mg/kg bw/day) co-treated group (50% DMSO did not af-
fect the LC3-II/β-actin ratio). When the concentration of Qu 
was more than 100 mg/kg, Qu could not dissolve in 50% 
DMSO. In the co-treatment group, each concentration of 
Qu was combined with 0.4 mg/kg Cd and intraperitoneally 
injected into the mice for 3 days. We found that 5 to 100 
mg/kg Qu inhibited Cd-induced autophagy in mouse kidney 
cells (P<0.05) and that the inhibitory effect of quercetin at 
the dose of 25 mg/kg was highly significant (P<0.01, Fig. 2).

The results showed that Cd significantly induced typi-
cal autophagosome formation (Fig 1B), increased the LC3-
II/β-actin ratio (Fig. 1A and Fig. 2), enhanced ROS levels 
(Fig. 3C) and MDA content (Fig. 3B), and decreased the 
T-AOC (Fig. 3A). Qu markedly decreased the Cd-induced 
LC3-II/β-actin ratio (Fig. 2), ROS levels (Fig. 3C), and 
MDA content (Fig. 3B), but it simultaneously increased the 
T-AOC (Fig. 3A).

The results indicated that Cd inhibited the T-AOC of 
mouse kidneys, induced production of a large amount of 
ROS, leading to oxidative stress, and promoted intracellular 
lipid oxidation, eventually leading to autophagy in mouse 
kidney cells. Qu might reduce the generation of ROS in cells 
to inhibit oxidative stress and inhibit intracellular lipid oxi-

Fig. 3.	 Qu inhibited Cd-induced autophagy in mouse kidney cells 
via inhibition of oxidative stress. The mice were injected with 
Cd (0.40 mg/kg bw/day) alone or in combination with Qu (0, 
5, 15, 25, 50, 75, and 100 mg/kg bw/day) once daily for 3 days, 
and then the total antioxidant capacity (3A) and lipid oxida-
tion levels (MDA) (3B) were detected with detection kits. The 
levels of ROS (3C) in the mouse kidney were detected by flow 
cytometry (FCM). Data are presented as mean ± SD values 
(n = 8). #, ##Significantly different from the control group at 
P<0.05 and P<0.01, respectively. *, **Significantly different 
from the Qu (0 mg/kg bw/day) co-treated group at P<0.05 and 
P<0.01, respectively.
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dation, ultimately inhibiting the autophagy of mouse kidney 
cells induced by cadmium via an increase in the T-AOC of 
the mouse kidney.

Taken together, the findings suggest that Qu may play a 
protective role in Cd-induced mouse kidney injury through 
its antioxidant activity. This study provides a theoretical ba-
sis for treatment of Cd injury. Qu may have some protective 
effects on the kidney by decreasing Cd-induced injury and 
may have certain social and economic benefits.
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