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Abstract Cadmium (Cd) is a toxic heavy metal that is wide-
spread and nephrotoxic, but the mechanism of its toxicity is
not well understood. Alpha-lipoic acid (α-LA) has a protec-
tive effect on Cd-induced oxidative stress, but the underlying
mechanism is also not clear. This study aimed to confirm that
Cd causes renal damage and to explore the potential underly-
ing mechanism of α-LA to the kidney. Rats were randomly
divided into four groups: control group, Cd group (50 mg/L
CdAc2), Cd+α-LA group (50 mg/L CdAc2 + 50 mg/kg body
wt/day α-LA), and α-LA group (50 mg/kg body wt/day). The
rats were exposed to Cd via drinking water and α-LA in the
form of gavage at the same time every day. After 12 weeks,
the activity of antioxidant enzymes and the level of Cd in the
kidney were analyzed. Renal damage was evaluated based on
histopathological and ultrastructure examinations. The apo-
ptosis index was determined based on the results of western
blotting and qRT-PCR. Our results indicate that accumulation
of Cd causes serious kidney damage and α-LA has a protec-
tive effect against Cd-induced oxidative stress and apoptosis.
Further, the findings indicate that the antioxidant, Cd chela-
tion, and antiapoptotic activities of α-LA are the key factors
that alleviate nephrotoxicity.
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Abbreviations
α-LA Alpha-lipoic acid
PARP Poly-ADP-ribose polymerase
ECL Enhanced chemiluminescence
DTNB 5,5′-Dithiobis-(2-nitrobenzoic acid)
PVDF Polyvinylidene fluoride
qRT-PCR Quantitative real-time polymerase

chain reaction
CuZn/Mn-SOD Superoxide dismutase
CAT Catalase
GSH-Px Glutathione peroxidase
GSH Glutathione
MDA Malondialdehyde
OSI Viscera index
ROS Reactive oxygen species

Introduction

Cadmium is a highly toxic non-essential heavymetal pollutant
due to its high mobility in soil, plant, and water systems
(Manquian-Cerda et al. 2016). In addition, this element has
more than one target organs in the body; in particular, the
kidney is considered to be the main target of Cd-induced tox-
icity (Wlostowski et al. 2008; Wang et al. 2011). When pres-
ent in high amounts, Cd is retained in the kidney and has a
half-life of 20–30 years in humans, and thus, it has serious
effects on health (Jarup and Akesson 2009). At the cellular
level, Cd has been associated with oxidative stress and apo-
ptosis (El-Habit and Abdel Moneim 2014); furthermore, some
studies conducted over the last decade have demonstrated that
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Cd induces oxidative stress and then mediates apoptosis, a
phenomenon that everyone recognizes, and there is not only
one apoptosis pathway that will be induced in the process
(Duan et al. 2016). It has been reported that the amount of
Cd accumulated in the human body may increase in the future
because excess Cd cannot be degraded and is accumulated via
the food chain (Wang et al. 2016). Although Cd is known to
induce oxidative stress in the kidney, the underlying mecha-
nism of the oxidative damage is not fully understood. Some
studies have demonstrated that excessive apoptosis induced
by oxidative stress may be an important mechanism of oxida-
tive damage (Pathak et al. 2013); however, very little related
research has been conducted on kidney cells.

As a very strong antioxidant, alpha lipoic acid (α-LA) is a
fatty acid that found naturally in plants and animals (Hu et al.
2016). α-LA has been shown to be a potent antioxidant and
metal chelator which has the function of repair oxidatively
damaged proteins, as well as involved in regeneration of an-
tioxidants (Atukeren et al. 2010). Many studies on the antiox-
idative effects of α-LA have been performed at the cell level
and played an important role in treatment of oxygen-related
diseases, but very little research has been conducted at the
molecular level, especially its impact on apoptosis. Previous
researches indicated that α-LA has a protective effect on ox-
idative stress that induced by Cd (Zou et al. 2015; Shi et al.
2016); nevertheless, the mechanism of underlies is not very
clear. Therefore, in this paper, we have performed animal ex-
periments to further verify the role of α-LA in Cd-induced
kidney damage in rats. We tried to determine whether α-LA
exerts its protective effects by inhibiting excessive apoptosis
of renal cells.

Material and methods

Chemicals and antibodies

All of the chemicals were the highest grade available. α-LA
and cadmium acetate (CdAc2) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). PARP, cleaved caspase-3,
cleaved caspase-9, caspase-12, caspase-7, caspase-8, β-ac-
tin, bcl-2, and bax were obtained from Cell Signaling
Technology (Boston, MA, USA). The bicinchoninic acid
protein assay kit and enhanced chemiluminescence (ECL)
were obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Horseradish peroxidase (HRP)-conjugated
goat anti-rabbit immunoglobulin G was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). All
the antioxidant enzyme detection kits were obtained from
Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Other reagents and chemicals in local procurement
and all the reagents were of analytical grade.

Animals and experimental design

Twenty-four female SD rats (body weight, 60–70 g) were
purchased from the medical center of Jiangsu University
(Jiangsu, China). Before the experiments were started, all the
rats were acclimated for 1 week under well-controlled temper-
ature and light conditions, with the temperature set at
23 ± 2 °C and a 12/12-h light/dark cycle (lights on from
07:00 to 19:00). The rats were housed in polypropylene cages,
with three rats in each cage. Procedures involving the rats and
their care were conducted in the Guidelines for Ethical
Control and Supervision in the Care and Use of Animals.

A total of 24 rats were randomly assigned into four groups
of six animals each as follows: group 1, control group (this
group was given free access to double-distilled water and
food); group 2, Cd group (in this group, Cd was added to
drinking water at a concentration of 50 mg/L); group 3, Cd+
α-LA group (in this group, Cd was added to drinking water at
a concentration of 50mg/LCdAc2, and 50mg/kg bodyweight
α-LAwas administered via gavage); and group 4,α-LA group
(in this group, 50 mg/kg body weight α-LAwas administered
via gavage). The rats in the Cd+α-LA group and α-LA group
underwent gavage of α-LA; in addition, the rats in the control
group and Cd group were given double-distilled water by
gavage at the same time every day. Body weight, the amount
of water consumed, and food intake were recorded every day.
The breeding environment was kept clean and dry, and the
temperature was controlled in the optimum range. Rats were
examined daily for 12 weeks and sacrificed by cervical dislo-
cation 24 h after the last treat.

Biochemical assays

We collected blood samples from the jugular vein in rats with
rats under anesthesia at 4, 8, and 12 weeks after starting treat-
ment. Then, the samples were immediately biochemical
assayed and analyzed through automatic methods and equip-
ments (American Beckman Coulter AU480 automatic bio-
chemical analyzer, Beckman Coulter, USA).

Oxidative stress assessment

The renal cortex was extracted to determine the concentra-
tions of the antioxidant enzymes present. The procedures
were conducted in accordance with the instructions provid-
ed in the kit from Nanjing Jiancheng Bioengineering
Institute. The detection kit can be used to measure the levels
of superoxide dismutase (Cu/Zn-SOD and Mn-SOD Assay
Kit with WST-8), glutathione peroxidase (GSH-Px, DTNB
colorimetric method), catalase (CAT, ammonium molyb-
date colorimetry), glutathione (GSH, DTNB colorimetric
method), and malondialdehyde (MDA, thiobarbituric acid
colorimetric method).
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Assessment of the levels of Cd present in the kidney
of the rats

An adequate amount of rat renal cortical tissue was sheared off
and dried. Then, 5 mL of concentrated nitric acid was added
and the tissue was digested in a microwave digestion instru-
ment. Once the digestion was complete, the volume of the
solution was adjusted to 10 mL by adding double-distilled
water, and atomic absorption spectroscopy (Optima 7300
DV, PerkinElmer, USA) was used to determine the Cd levels
in the kidney.

Histological analysis

For light microscopy analysis, the tissue samples were taken
from kidney of rat and fixed in 10% buffered formalin for 24 h
at 4 °C. Then, a series of ethanol were used for dehydration of
the kidney samples, after which they were immersed in xylol
and embedded in paraffin with an automatic processor. The
paraffin blocks were sectioned to 4-μm thickness with a rotary
microtome. The obtained tissue sections were collected on
glass slides and stained with hematoxylin and eosin. All the
samples were viewed and photographed using a fluorescence
microscope (Leica 2500; Leica Corporation, Germany).

For transmission electron microscopy analysis, the kid-
ney samples were fixed in 2.5% glutaraldehyde fixative for
12 h and then post-fixed in 1% osmium tetroxide fixative
for 0.5 h at 4 °C. Then, the samples were rinsed with PBS,
dehydrated in an ethanol series of 5–100%, and embedded
in Epon 812. Ultramicrotome was used to obtain ultrathin
sections and then dyed with uranyl acetate and lead citrate.
After completion of dyed, these ultrathin sections were ob-
served by transmission electron microscopy using a Tecnai
12 (FEI, USA). Randomly selected three samples from each
group for transmission electron microscopy analysis.

Western blot analysis

Kidney proteins were extracted by ultrasonication with the
radio-immunoprecipitation assay lysis buffer (Beijing
Applygen Technologies Inc) and a protease inhibitor cock-
tail. Homogenates were centrifuged for 10 min (1500×g,
4 °C). After centrifugation, the protein concentration of the
supernatant was assayed using the Pierce bicinchoninic ac-
id protein assay kit (Beyotime, Jiang Su, China). Total pro-
teins (20–40 μg) were separated on 8–12% SDS-
polyacrylamide gels and transferred to 0.22 μm PVDF
membranes. Then, the membrane was incubated with
blocking solution containing 5% non-fat milk in TBST
before it was incubated with primary antibodies against
caspase-9, caspase-3, PARP, bcl-2, bax, Fas, FasL, cas-
pase-8, caspase-12, or β-actin (1:1000 dilution) overnight
at 4 °C. Then, the membranes were incubated with the

appropriate secondary antibodies (1:5000 dilution). After
that, all the membranes were washed six times with
B’TBST, shaking for 5 min each time, and then the protein
bands detection were performed by enhanced chemilumi-
nescence reagents. Finally, the proteins were detected using
the Image Lab software (Bio-Rad, Hercules, CA, USA),
and the proteins levels were determined by standard scan-
ning densitometry and the density of each band was nor-
malized to its respective β-actin.

RNA extraction, cDNA synthesis, and quantitative
real-time PCR

Total RNAwas extracted from kidney tissue using the Trizol®
reagent according to the instruction. About 900 ng RNAwas
used to synthesize cDNA by using the PrimeScript® RT re-
agent kit with gDNA Eraser according to the manufacturer’s
instructions. Gene expression level was measured using a real-
time PCR system (Applied Biosystems 7500, USA).
Following the kit instructions, the reaction was performed
with a SYBR® Premix Taq™II kit (Takara, Japan) and the
primers were designed using the Primer Premier 5 software
with β-actin as the endogenous control (Table 1). The qRT-
PCR reaction was performed in triplicate for each sample, and
the mean value was considered to represent the messenger
RNA (mRNA) level. Analysis of the relative mRNA levels
was carried out using the 2−△△CT method.

Statistical analysis

Experiments were performed at least three times with similar
results. The mean ± SD value was determined by one-way
ANOVA using the SPSS 22.0 statistical software (SPSS,
Chicago, USA). The results were considered significant at
P < 0.05 and highly significant at P < 0.01.

Results

Effects of cadmium on body weight and food/water
consumption of rats

The data of body weight is shown in Fig. 1. During the test,
the rats had no obvious symptoms and no death. The weight of
rats in the early stage of the test (0–5 weeks) had no significant
change between each group but in the late test the bodyweight
growth trend in Cd group began to significantly lower than the
control group; moreover, the body weight growth trend in
Cd+α-LA group significantly higher compared with the Cd
group.

The results of food consumption are shown in Table 2.
During the test, the food consumption of rats is normal; no
poisoning occurred. In the early stage of the test, the food
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consumption had no obvious change between each group,
but in the late test, the food intake of rats in Cd group
began to decline compared to control group. In addition,
we find that the food intake of rats has a tendency to
increase when co-treated with Cd and α-LA, compared
to Cd group. The water consumption data of rats are pre-
sented in Table 3. As we can see in the table, the amount
of water consumed in Cd group and Cd+α-LA group was
generally less than the control group or α-LA group.
Moreover, the results showed an interesting phenomenon
that the water consumption of rats in Cd+α-LA group
significant lower than Cd group.

Determination of the absolute/relative kidney weight

None of the rats died or exhibited any sign of toxicity, and
pathological changes in the kidney, if present, were not visible
to the naked eye in any of the rats. The absolute/relative kid-
ney weights are presented in Table 4. The relative weight of
the kidney is represented by the viscera index (OSI). The
results indicate that there was a significant increase in the
absolute kidney weights and kidney OSI after exposure to
Cd (P < 0.05). However, α-LA treatment was associated with

a decrease in kidney weight and OSI, but the difference was
not significant compared with the Cd group.

Assessment of renal function in rats

In order to evaluate the renal function, we measured the con-
centration of creatinine and blood urea. The determination
results are shown in Table 5. The data indicated that compared
to the control group, the creatinine concentrations and serum
urea were higher in Cd group significantly, at the time of 4 and
12 weeks. On the contrary, the serum urea and creatinine
levels were significantly lower in Cd+α-LA group than in
Cd group. No significant changes were found between
Control group and α-LA group.

Level of oxidative stress in the rat kidney

The oxidative stress level is shown in Table 6 and Fig. 2.
Compared to control group, the activities of CuZn/Mn-
SOD, CAT, GSH-Px, and the level of GSH were signifi-
cantly lower in the Cd group, but the MDA content was
highly marked, whereas the activity of antioxidants and
the level of GSH were higher than Cd group significantly
in Cd+α-LA group; in the meantime, the MDA content
presents the tendency of decrease. In α-LA group com-
pared with control group, there was no significantly dif-
ference on these indicators.

Levels of Cd in kidney tissue

The results of atomic absorption spectrometry, as present-
ed in Table 7, showed that Cd accumulation was signifi-
cantly higher in the renal cortex of the Cd group than in
the control group. Moreover, the Cd content was marked-
ly lower in the Cd+α-LA group than in Cd group. These
findings indicate that α-LA can reduce the accumulation
of Cd in the kidney, probably because of its ability to
chelate metal ions.

Table 1 Primer sequences with
their corresponding PCR product
size

Target gene Primer sequences Product length (bp)

Fas forward

Fas reverse

5′-GCCTGCTGCTACTTCACATT-3′

5′-GCCAGGAGAATCGCAGTAGAAG-3′

86

FasL forward

FasL reverse

β-Actin forward

β-Actin reverse

5′-CAGCAGCCCATGAATTACCC-3′

5′-CAACCAGAGCCACCAGAACC-3′

5′-TCACCCACACTGTGCCCATCTATGA-3′

5′-CATCGGAACCGCTCATTGCCGATAG-3′

95

295

The primers were designed using the Primer Premier 5 software and synthesized by Shanghai Invitrogen

Fig. 1 Effects of cadmium on the body weight of rats. Control (control
group), Cd (Cd group), Cd+α-LA (Cd+α-LA group), α-LA (α-LA
group), and the figure in the article are all the same. Zero week is the
basal time, and 1 to 12 weeks are the treatments of time
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Histopathological observations

As we can see from the results of paraffin section, the renal
tissue of control group (Fig. 3a, e) and the α-LA group
(Fig. 3d, h) showed a normal organization structure, but the
histopathological findings in the Cd group rats revealed typical
changes associated with Cd accumulation, including inflamma-
tory cell infiltration, tubular cell necrosis, regeneration, protein

cast formation, congestion, and hemorrhage (Fig. 3b, f). In the
Cd+α-LA group, as shown in Fig. 3c, g, inflammatory cell
infiltration and changes in the pathological features of the glo-
merulus are not obviously visible, and the tubular cell necrosis
rate is also lower than that in the Cd group.

Ultrastructure examination

As we can see in the pictures of the sections derived from
the rats in control group, the nuclear membranes were intact
and chromatin was evenly; in the meantime, nuclear pores
were clear (Fig. 4a). Moreover, the complete mitochondrial
structure and the mitochondrial ridge are clearly visible
(Fig. 4e). But, the morphologic changes were obvious in
the Cd group. The significant alterations were nuclear
pycnosis, severe deformation, fusion of the chromatin edge,
and the presence of a large number of vacuoles in cells
(Fig. 4b). In addition, the mitochondrial matrix is not visi-
ble; the mitochondrial cristae are ruptured, deformed,
blurred, and even invisible; and expansion and formation
of a cavity are observed (Fig. 4f). In the Cd+α-LA group,
mild nuclear pycnosis is observed; chromatin distribution is
relatively uniform; the degree of the aggregation of the edge
of the nuclear membrane is reduced (Fig. 4c); the mitochon-
drial morphology is basically intact; and the mitochondrial
matrix density is higher but swelling and cracking are dra-
matically reduced (Fig. 4g) compared with the Cd group.
Moreover, in the α-LA group, apart from slight puckering
of the nucleus and a small degree of the aggregation of the

Table 2 The effects of the
cadmium and α-lipoic acid on the
food consumption of Rats (g)

Times Control Cd Cd+α-LA α-LA

W1 72.23 ± 11.40 78.17 ± 12.98 69.49 ± 7.03 76.59 ± 8.66

W2 89.17 ± 10.04 98.41 ± 7.82 93.54 ± 7.31# 93.83 ± 5.19

W3 99.86 ± 4.15 103.44 ± 6.52 97.77 ± 5.08 99.18 ± 5.26

W4 108.45 ± 7.64 95.69 ± 10.67 101.84 ± 7.25# 102.88 ± 4.78*

W5 98.92 ± 10.08 90.85 ± 9.79 97.10 ± 9.42# 95.60 ± 9.81

W6 105.51 ± 8.68 92.53 ± 14.76** 100.71 ± 11.24# 95.44 ± 8.98

W7 107.96 ± 6.71 93.36 ± 8.66** 98.44 ± 10.03* 101.55 ± 6.71*

W8 110.56 ± 4.93 89.13 ± 12.47* 99.90 ± 6.71**# 98.24 ± 3.09**

W9 99.42 ± 11.41 87.92 ± 11.42 95.21 ± 6.28# 96.75 ± 7.71

W10 104.43 ± 6.97 88.42 ± 7.06** 101.18 ± 3.89## 105.71 ± 3.99

W11 109.47 ± 6.56 91.02 ± 7.9* 97.31 ± 9.29* 99.15 ± 8.86**

W12 111.51 ± 4.67 93.02 ± 8.06** 98.66 ± 6.77*# 100.07 ± 3.86*

Data were presented as mean SD (n = 6)

Control control group, Cd Cd group, Cd+α-LA Cd+α-LA group, α-LA α-LA group (the next table is the same),
W1 1 week after the treatment,W2 2 weeks after the treatment,W3 3 weeks after the treatment,W4 4 weeks after
the treatment,W5 5 weeks after the treatment,W6 6 weeks after the treatment,W7 7 weeks after the treatment,W8
8 weeks after the treatment,W9 9 weeks after the treatment,W10 10weeks after the treatment,W11 11 weeks after
the treatment,W12 at the end of the treatment (12 weeks)

*P < 0.05; **P < 0.01 vs. the control group in the same time; #P < 0.05; ##P < 0.01: Cd + α-LA group vs. the Cd
group in the same time.

Table 3 The effects of the cadmium and α-lipoic acid on the amount of
water consumed (mL)

Times Control Cd Cd+α-LA α-LA

W1 171 ± 40 158 ± 40 148 ± 34* 180 ± 55

W2 225 ± 63 178 ± 50 160 ± 30** 225 ± 68

W3 261 ± 25 215 ± 43* 185 ± 37**## 250 ± 48

W4 285 ± 70 207 ± 24** 181 ± 33** 261 ± 18

W5 218 ± 43 180 ± 23* 155 ± 25**## 210 ± 52

W6 221 ± 37 202 ± 42** 180 ± 32**## 212 ± 32

W7 225 ± 42 204 ± 35** 193 ± 45*# 214 ± 37

W8 255 ± 63 192 ± 31** 178 ± 55** 230 ± 20**

W9 220 ± 54 191 ± 47* 183 ± 23**## 190 ± 20*

W10 209 ± 73 195 ± 65 170 ± 25*## 210 ± 58

W11 267 ± 25 205 ± 52** 190 ± 27**# 245 ± 19

W12 241 ± 49 195 ± 59** 188 ± 76**# 227 ± 59

Data were presented as mean SD (n = 6)

*P < 0.05, **P < 0.01 vs. the control group in the same time; #P < 0.05,
##P < 0.01: Cd + α-LA group vs. the Cd group in the same time
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chromatin edge, no obvious pathological changes were ob-
served (Fig. 4d) and no obvious anomalies were observed
in the mitochondria (Fig. 4h).

Expression of apoptosis-related proteins in the kidney
tissue

We analyzed the activity of the iconic protein PARP, bcl-2,
cleaved caspase-3, caspase-9, and bax in the mitochondrial
apoptosis pathway (Figs. 5 and 6). The results show that the
cleaved PARP, cleaved caspase-3, caspase-9, and bax levels
were markedly increase in the Cd group, while the bcl-2/bax
ratio was decrease. Moreover, a significant decrease in
cleaved caspase-3, caspase-9, cleaved PARP, and bax levels
in Cd+α-LA group were observed; there was also an increase
in bcl-2 level compared with Cd group, as well as the bcl-2/
bax ratio was increased.

We measured the expression of iconic proteins present
in the endoplasmic reticulum apoptosis pathway and in the
death receptor apoptosis pathway (Figs. 7 and 8). The
levels of cleaved caspase-7, caspase-8, caspase-12, Fas,
and FasL were obviously higher in the Cd group than in
control group. However, there was a significant decrease
in the expression of cleaved caspase-7, caspase-8, caspase-
12, Fas, and FasL in the Cd+α-LA group compared with
Cd group.

Effect of Cd andα-LA onFas and FasLmRNA expression

qRT-PCR was used to analyze the transcriptional level of Fas
and FasL in the kidney (Fig. 9). Cd exposure induced an
increase in the mRNA expression of Fas and FasL.
However, the level of Fas and FasL mRNA expression was
significantly lower (P < 0.01) in the Cd +α-LA group than in
the Cd group.

Discussion

The results of this study demonstrate that Cd has a great influ-
ence on rat renal function; in the meantime, Cd exposure causes
the decrease of rat bodyweight and food intake. Comparedwith
the control group, the amount of food intake and the water
intake all show the tendency of decline in α-LA group; the
reason may be that α-LA has the effect of suppressing appetite,
but we are not sure of the decline of water intake due to the loss
of appetite. In addition, the water consumption in Cd+α-LA
group was significantly lower than Cd group; the reason we
guess is the α-LA reaction with Cd in the body and the pro-
duced water, so the demand for external water decreased.
Moreover, after treatment with Cd, the blood urea nitrogen
and creatinine all elevated. After produced in the liver, the urea
goes into the blood and then discharged through the kidney by

Table 5 Serum biochemical data
throughout the study Groups Control Cd Cd+α-LA α-LA

Creatinine (μmol/L)

4 weeks 28.23 ± 2.87 37.42 ± 3.23 33.76 ± 3.19 29.61 ± 3.21

8 weeks 29.83 ± 3.46 45.06 ± 5.44* 35.32 ± 4.02# 30.41 ± 3.76

12 weeks 29.68 ± 5.91 48.42 ± 6.35* 37.85 ± 5.68# 32.30 ± 4.37

Urea (mmol/L)

4 weeks 6.21 ± 0.63 7.14 ± 0.22 6.85 ± 0.62 6.12 ± 0.52

8 weeks 5.76 ± 0.51 7.38 ± 0.63* 6.43 ± 0.35# 6.77 ± 0.47

12 weeks 5.82 ± 0.32 8.61 ± 0.76** 7.19 ± 0.57*# 6.63 ± 0.83

Data were presented as mean SD

*P < 0.05, **P < 0.01 vs. the control group in the same time; #P < 0.05: Cd+α-LA group vs. the Cd group in the
same time

Table 4 Effects of cadmium on
the absolute and relative weights
of Kidneys in rats (n = 6)

Groups Control Cd Cd+α-LA α-LA

Kidney weight (g) 1.620 ± 0.177 1.98 ± 0.241* 1.82 ± 0.2034 1.863 ± 0.146

Kidney OSI (×103) 6.038 ± 0.346 7.17 ± 0.854* 6.51 ± 0.141 6.829 ± 0.451

The absolute weight of the kidneys is shown in grams and the relative weight (kidney OSI) as the ratio of kidney
weight to body weight. Data are expressed as mean ± SD

*P < 0.05 vs. the control group
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the urine (Klein et al. 2012). If the kidney or liver damage, urea
transport would be disturbed and lead to a decrease in blood
urea level (Golli et al. 2016). In this study, we have shown that
α-LA may indeed have an in vitro protective effect on renal

cells exposed to Cd, and this effect may involve inhibition of
the apoptotic pathways induced by Cd.

As ingestion is the main route via which animals are ex-
posed to environmental Cd (Thijssen et al. 2007), we used

Fig. 2 MDA levels and activities of antioxidative enzymes in the renal
cortex of rats. (a) Effect of Cd on the MAD level in the renal cortex of
rats. (b) GSH content in the renal cortex of rats. (c) CuZn/Mn-SOD
activity in the renal cortex of rats. (d) CAT activity in the renal cortex
of rats. (e) GSH-Px activity in the renal cortex of rats. Single asterisk and

single number sign indicate a statistically significant difference at
P < 0.05. Double asterisks and double number signs indicate a statisti-
cally significant difference at P < 0.01. Bns^ indicates that there was no
significant difference compared to the control group

Table 6 Effects of cadmium on the malondialdehyde levels and antioxidative enzyme activities in the renal cortex of rats

Groups MDA (nmol/mg protein) GSH (μmol/g protein) SOD (U/mg protein) CAT (U/mg protein) GSH-Px (U/mg protein)

Control 1.547 ± 0.341 13.029 ± 1.411 100.004 ± 10.203 16.938 ± 1.812 77.354 ± 8.638

Cd 2.23 ± 0.215** 8.943 ± 1.136** 69.173 ± 7.279** 10.103 ± 1.371** 52.605 ± 6.165**

Cd+α-LA 1.649 ± 0.128# 12.078 ± 1.308# 85.974 ± 4.282## 13.523 ± 1.651*# 65.147 ± 4.167#

α-LA 1.157 ± 0.342 13.012 ± 1.762 94.071 ± 6.922 15.862 ± 1.421 71.049 ± 6.539

Data were presented as mean SD

MDA malondialdehyde, GSH glutathione, SOD superoxide dismutase, CAT catalase, GSH-Px glutathione peroxidase

*P < 0.05, **P < 0.01 vs. the control group; #P < 0.05, ##P < 0.01: Cd + α-LA group vs. the Cd group

1838 Environ Sci Pollut Res (2017) 24:1832–1844



drinking water as the source of Cd in this experiment. The Cd
concentration used was based on the results of previous re-
search (Wang et al. 2009a; Chwelatiuk et al. 2006; Antonio
Garcia and Corredor 2004). During the experiment, no

significant change in body weight was observed in any of
the rats, and the Cd groups did not exhibit any poisoning
symptoms. However, the renal weight of the Cd group rats
indicated an increase in renal tissue hypertrophy, which might
indicate inflammation of the kidney (Morales et al. 2006). In
the Cd+α-LA group, the absolute weight and relative weight
of the kidneys decreased, but the difference relative to the Cd

Fig. 3 Histopathological changes in the kidneys of rats. a, e Kidney
sections of the control group showed no obvious changes. b, f Kidney
sections of the Cd group showed inflammatory cell infiltration, tubular
cell necrosis, protein cast formation, congestion, and hemorrhage. c, g
Kidney sections of the co-treatment group showed a significant reduction
in tubular cell necrosis and protein cast formation compared with the Cd
group. A slight dilatation of Bowman’s space was also observed. d, h
Kidney sections of the α-LA group showed renal tubular cells presenting
with small dark nuclei and reduced cytoplasm. No obvious pathological
changes were observed in the glomeruli

Fig. 4 Alterations in the ultrastructure of the renal cortex of the rats.
Control group (a, e), Cd group (b, f), Cd+α-LA group (c, g), and α-LA
group (d, h). Original magnification: a–d ×3900; e–h ×6600

Table 7 Cadmium levels in the
rat renal cortex Groups Control Cd Cd+α-LA α-LA

Cd content (μg/kg) 2.38.4 ± 0.20 2374.99 ± 481.13** 1254.48 ± 200.36*# 6.27 ± 1.92

Data were presented as mean SD

*P < 0.05, **P < 0.01 vs. the control group; #P < 0.05: Cd+α-LA group vs. the Cd group
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group was not significant. Thus, α-LA may play a role in
kidneys. The insignificant results obtained in this study may
be related to the dose and treatment time. In agreement with
other reported studies, our study has also shown that α-LA
plays a role in chelating metal ions. This is evidenced by the
significantly lower rate of Cd accumulation in the kidney in
the Cd+α-LA group than in the Cd group.

In recent years, many studies have shown that α-LA is a
powerful antioxidant on account of α-LA has the effect of
chelating metal ions, eliminating ROS and regenerating anti-
oxidant enzymes in the body (Chen et al. 2016). Besides, α-
LA being absorbed in the body and to the organizations by the
blood and then into the cellular mitochondria further play a

role, and in the systemic circulation, α-LA is a cofactor of cell
dehydrogenase complex system such as pyruvate dehydroge-
nase and alpha ketone glutaric acid dehydrogenase (Shi et al.
2016). However, studies have reported that when α-LA is
administered intraperitoneally at a dose of 100 mg/kg for
14 days, it induces oxidative stress and cytotoxicity in SD rats;
thus, high doses of α-LA could have pro-oxidant effects and
might induce oxidative stress and cytotoxicity (Cakatay and
Kayali 2005; Kayali et al. 2007). Our results showed that
50 mg/kg α-LA gavage significantly ameliorated the Cd-
induced oxidative damage but did not have any other adverse
effects; thus, the 50 mg/kg α-LA gavage was not pro-oxidant
to the rats. This is an interesting phenomenon that α-LA has

Fig. 5 Expression level of relevant proteins in the mitochondrial
apoptosis pathway. PARP (a) and cleaved caspase-3 and cleaved
caspase-9 (c) protein levels were assessed by western blot analysis. b,
d, e The results of quantitative analysis, with the images depicting the

results of three independent experiments (mean ± SEM, n = 3). *P < 0.05;
**P < 0.01 vs. the control group by one-way ANOVA. ##P < 0.01 vs. the
Cd group by one-way ANOVA

Fig. 6 The protein levels of bcl-2 and bax. a Expression levels of bax and
bcl-2 in the renal cortical cells of rats was detected by western blot analysis.
Blots for bcl-2 and bax (b) were semi-quantified using the Image LabTM

software. Data are expressed as mean ± SD (n = 3) values. *P < 0.05;
**P < 0.01 vs. the control group by one-way ANOVA. ##P < 0.01 vs. the
Cd group by one-way ANOVA
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the function of antioxidant but sometimes exhibit the ability of
pro-oxidant as well; the reason may be associated with differ-
ent types of oxidant stress, different physiological circum-
stances, and the working concentration of α-LA (Cakatay
2006).

Studies have shown that excessive ROS will bring adverse
effect to the body through oxidative damage, and many stud-
ies have reported that oxidative stress plays a very important
role in nephrotoxicity induced by Cd (Hu et al. 2016; Erboga
et al. 2016). Cd, as an inducer of peroxide, can stimulate the
production of excess free radicals. Excess free radicals have
many deleterious effects such as DNA damage and apoptosis,
and when the generation of ROS exceeds an organism’s

capacity to neutralize these molecules, it will cause oxidative
stress (Xia et al. 2016). α-LA has the function of scavenging
free radicals and chelating metal ion, so it may play a protec-
tive role in Cd-induced oxidative stress. Antioxidant enzyme
system is the first line of defense to oxidative stress as they are
involved in the metabolism of oxygen radicals to produce
innocuous byproducts (Ugusman et al. 2011). MDA is con-
sidered to be one of the biomarkers of oxidative stress in
recent years because the MDA content is a momentous indi-
cator of lipid peroxidation, and it is also a sensitive diagnostic
index of diagnosis in cell oxidative damage (Zhang et al.
2014). GSH is a non-enzymatic antioxidant, and it can inhibit
free radical formation; in addition, GSH play a vital role on

Fig. 7 Expression level of relevant proteins expressed in the
endoplasmic reticulum apoptotic pathway. a Western blot analysis of
caspase-12 and caspase-7 expression in the renal cortical cells of rats.
Blots for caspase-12 and caspase-7 (b, c) were semi-quantified using

the Image LabTM software. Data are expressed as the mean ± SD
(n = 3) values. *P < 0.05; **P < 0.01 vs. the control group by one-way
ANOVA. ##P < 0.01 vs. the Cd group by one-way ANOVA

Fig. 8 The expression level of relevant proteins in the death receptor
apoptotic pathway. (a) Western blot analyses of Fas, FasL, and cleaved
caspase-8 in the renal cortical cells of rats. Blots for Fas, FasL, and
cleaved caspase-8 (b) were semi-quantified using the Image LabTM

software. Data are expressed as the mean ± SD (n = 3) values.
*P < 0.05; **P < 0.01 vs. the control group by one-way ANOVA.
#P < 0.05; ##P < 0.01 vs. the Cd group by one-way ANOVA
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defense against ROS (Liu et al. 2008; Loro et al. 2012). In
addition, other antioxidant enzymes, such as GSH, uric acid,
CAT, GSH-Px, and CuZn/Mn-SOD, are also believed to be a
part of anti-ROS defense systems (Xia et al. 2016). Therefore,
in order to evaluate the damage caused in the renal cortical
cells of rats, we measured the levels of CuZn/Mn-SOD,
MDA, GSH, GSH-Px, and CAT. The results showed that α-
LA protected renal cortical cells from Cd-induced injury by
increasing the activity of CuZn/Mn-SOD, CAT, and GSH-Px
and the GSH content. Besides, α-LA have a protection for
renal by reducing the MDA content. The underlying mecha-
nism may involve α-LA-attenuated ROS generation in renal
cortical cells. In the last 10 years, some studies indicate that
antioxidants have the certain protective effect on heavy metal
toxicity (Zhang et al. 2012); α-LA as an antioxidant is also
one of the hot researches.

We also performed histological and ultrastructural analysis
in order to verify the protective effects of α-LA on Cd-
induced injury in renal cortical cells. The histological and
ultrastructural observations were indicative of kidney injury
after Cd exposure. Moreover, we found that Cd-induced tissue
damage was significantly ameliorated in the Cd+α-LA group.
Studies have reported that α-LA can protect cells against ox-
idative stress and cytotoxicity induced by Cd (Xu et al. 2015).
In agreement with their findings, our results also showed that
α-LA protects rat renal cortical tissue from Cd-induced dam-
age. However, it was not clear whether this protective effect
was brought about via inhibition of renal cell apoptosis by α-
LA. Therefore, we analyzed the expression of apoptosis-
related proteins in the different groups.

Studies have reported that the apoptosis induced by Cd will
affect the structure and function of mitochondria and endo-
plasmic reticulum (Hajnoczky et al. 2006; Wang et al. 2009b).
Moreover, some studies have showed that apoptosis induced
by Cd may be caused by intracellular calcium ion imbalances
(Xie et al. 2010). The bcl-2 is an important protein in apoptotic
pathways and plays an important regulatory role in the

process. On the contrary, bax is a promote apoptosis protein
that relate to the release of cytochrome C from mitochondrion
(Adefolaju et al. 2014). The death receptor pathway may be
the key apoptotic pathway associated with Cd-induced dam-
age in organisms; in addition, Fas and FasL are the important
proteins in the death receptor pathway with the function of
mediating apoptosis (Gregory et al. 2011). There are some
studies that have shown that the effects of Cd in renal cell
apoptosis (Gao et al. 2013), but it is unclear whether the Fas/
FasL pathway is involved in Cd-induced kidney tissue injury
and whether α-LA plays a protective role.

In this study, we used western blot analysis to detect
the expression of apoptosis related proteins and we ob-
served an increase in the level of cleaved PARP, Fas,
FasL, and cleaved caspase-3, caspase-7, caspase-8, cas-
pase-9, and caspase-12 in the Cd group. The results indi-
cate that Cd-induced renal injury in rat may by activating
the mitochondrial apoptosis pathway, death receptor path-
way and endoplasmic reticulum apoptotic pathway in the
renal cortical cells. Moreover, the activity of those pro-
apoptotic proteins were found to be decreased in the Cd+
α-LA group, Furthermore, qRT-PCR analyses showed
that the mRNAs of Fas and FasL in the kidney of the
Cd group were significantly higher than those in the
Cd+α-LA group. These findings show that α-LA inhibits
Cd-induced apoptosis via all three apoptosis pathways. In
addition, the western blotting results for bcl-2 and bax
also confirm these findings.

In conclusion, our results indicate that the accumula-
tion of Cd will result in serious oxidative damage in the
kidney of rats. Moreover, α-LA seems to have a protec-
tive effect against Cd-induced renal damage, oxidative
stress, and apoptosis. The antioxidant, Cd chelation and
antiapoptotic activities of α-LA can be considered as key
factors associated with the alleviation of nephrotoxicity.
Therefore, α-LA is an effective agent for the prevention
of renal injury and dysfunction induced by Cd.

Fig. 9 Expression of Fas and FasL mRNA in the renal cortical cells of
rats (n = 8). The mRNA expression of Fas and FasL was examined by
real-time PCR analysis. β-Actin was used as a reference gene to normal-
ize values. The relative expression ratio was calculated using the 2−△△CT

method. Error bars indicate standard deviation. Values represent the
mean ± SD. Statistical significance was analyzed using a factorial
ANOVA. *P < 0.05; **P < 0.01 vs. the control group by one-way
ANOVA. ##P < 0.01 vs. the Cd group by one-way ANOVA
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