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Exposure to cadmium (Cd), a common heavy metal used in industry, can result in long-term chronic toxicity. It has been well
characterized that kidneys are the main organs that are targeted by toxicity, which can cause apoptosis, necrosis, and atrophy of
renal tubular epithelial cells. However, the molecular mechanisms associated with Cd toxicity remain unclear. In this study, the
expression of renal proteins in Sprague-Dawley rats exposed to chronic Cd was analyzed with iTRAQ proteomics.
Bioinformatics analysis indicated that phospholipase D1 (PLD1) was significantly underexpressed and may correlate strongly
with Cd-induced chronic kidney impairment. Previous studies have shown that PLD1 promotes cell proliferation and inhibits
apoptosis, indicating that PLD1 may be implicated in the pathogenesis of kidney injury induced by Cd. Studies in vivo and
in vitro all demonstrate that the mRNA and protein levels of PLD1 decrease significantly both in kidney tissue and in proximal
tubular cell lines exposed to Cd. Overexpression of PLD1 and its downstream product PA could ameliorate Cd-induced
apoptosis. Moreover, we identified that miR-122-5p was a regulatory miRNA of PLD1. miR-122-5p was overexpressed after Cd
exposure and promoted cell apoptosis by downregulating PLD1 through binding the 3′UTR of the locus at 1761–1784 nt. In
conclusion, our results indicated that PLD1 and its downstream PA were strongly implicated in Cd-induced chronic kidney
impairment and could be a novel player in the defense against Cd-induced nephrotoxicity.

1. Introduction

Cadmium, a common heavy metal in industry, has the poten-
tial to cause extensive environmental pollution. The Interna-
tional Alliance for Anti-Cancer (IARC) officially designated
cadmium as an IA carcinogen in 1993 [1]. In addition, cad-
mium toxicity has a cumulative effect. The biological half-
life of cadmium can last for 10–30 years when cadmium
enters the human body, which causes long-term chronic tox-
icity [2]. The target organs of cadmium toxicity in humans
include the heart, lungs, liver, kidneys, brain, and testis [3].
Cadmium is excreted through the kidneys, and therefore,
they are the main target of toxicity. The cadmium toxicity
to kidneys is particularly obvious and can cause apoptosis,
necrosis, and atrophy of renal tubular epithelial cells [4].

However, the mechanism of how cadmium causes tox-
icity to kidneys is still unclear. Previous studies have
shown that various complex cellular and molecular mech-
anisms are involved [5]. Among them, the classical theory
holds that cadmium can produce oxidative stress and lipid
peroxidation by interfering with redox reaction which can
induce cell apoptosis [6]. Moreover, cadmium interferes
with the steady state of basic metal ions, such as calcium
ion signaling [7, 8], and interacts with metalloproteins to
induce metallothionein expression [9]. In addition, cad-
mium interacts with nonmetallic proteins such as those
containing active cysteine.

Phospholipase D1 (PLD1), a member of the PLD family,
hydrolyzes membrane lipid phosphatidylcholine to produce
choline and the second messenger lipid product phosphatidic
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acid (PA) [10]. It has been reported that PLD1 is related to
cell survival signals and can inhibit the apoptotic process.
Increased expression of PLD1 can prevent cell cycle arrest
and apoptosis [11]. PLD1 activity is involved in multiple pro-
cedures in tumors, including proliferation, metabolism,
angiogenesis, and metastasis. Increased PLD1 activity and
expression have been reported in various tumor tissues and
cell lines, and inhibition of PLD1 activity can slow down
the growth and metabolism of tumors. This indicates that
the oncogenic role of PLD1 activity is in promoting cell pro-
liferation and inhibiting apoptotic processes [12–15]. PLD1
activity has been demonstrated in signal transduction, cell
proliferation, and antiapoptotic processes [16]. In addition,
studies in inflammation and autoimmune diseases have
shown that PLD1 is associated with cell proliferation and cell
apoptosis inhibition [17].

Recent studies demonstrate that PLD1 may be associated
with toxicological mechanisms of various heavy metal ions. It
was reported that mercury toxicity can activate PLD in
vascular epithelial cells [18]. In addition, PLD1 expression
decreased significantly in some kidney injuries [19]. There-
fore, it is not difficult to see that PLD1 may be potentially
related to the chronic toxicity of cadmium.

In this study, we explored the potential role of PLD1 in
the pathogenesis of kidney injury induced by chronic
cadmium exposure using proteomics and bioinformatics
analysis. The low expression of PLD1 was implicated in
cadmium-induced apoptosis of renal tubular cells.

2. Materials and Methods

2.1. Animal Experiments. Animal models were produced
using a well-established protocol by chronic exposure to
low-level Cd [20]. The animal experiment was conducted in
compliance with the United States NIH Guide for the Care
and Use of Laboratory Animals (National Research Council
of the National Academies, 2011), and all studies were
approved by the Institutional Animal Care and Use Commit-
tee of Southern Medical University.

Adult male Sprague-Dawley rats (weight of 220–240 g,
8–10 weeks old, n = 12) were purchased from Southern
Medical University Laboratory Animal Center. All rats
were kept in Specific Pathogen Free animal facilities under
conditions of 21 ± 1°C and 50–80% relative humidity at all
times and were maintained on a 12/12 h light/dark cycle.
All the animals had free access to water and food. CdCl2
(Sigma-Aldrich, St. Louis, MO, USA), at a daily dose of
0.6mg/kg/d for 5 days per week, was subcutaneously
injected for 6 weeks or 12 weeks (n = 3 per group), while
the control rats (n = 6) received daily injections of isotonic
saline. The day before the deadline of every group experi-
ment, rats were transferred from a normal feeding cage to a
metabolic cage, and 24-hour urine samples were collected.
At the end of the protocol, the animals were intraperitoneally
anesthetized with sodium pentobarbital (30mg/kg) and
euthanized. Blood was collected from the abdominal aorta
using a blood collection tube containing EDTA. Kidney tis-
sues were harvested and stored immediately in cryogenic
vials in liquid nitrogen [21].

2.2. iTRAQ Quantification and Data Analysis. SDT lysate
homogenate solution (4% SDS, 100mM Tris-HCl, 1mM
DTT, pH 7.6) was added to kidney tissue samples removed
from liquid nitrogen. After ultrasonic lysing, they were
centrifuged at 14,000 × g and 25°C for 40min and the super-
natant was collected. Protein was quantified using the BCA
method. The 8-plex iTRAQ labeling, strong cation exchange
(SCX) separation, and HPLC-MS/MS analysis were per-
formed by Applied Protein Technology Co. Ltd. (Shanghai,
China). Proteins were identified by Proteome Discoverer
1.4 (Thermo Fisher, MA, USA) using the search engine
Mascot 2.2 (Matrix Science, London, UK) against the
UniProt mouse database (http://www.uniport.org/, 76,417
entries, downloaded December 12, 2014) and the decoy data-
base. A t-test was used to determine the difference of expres-
sion with the criterion set as p value < 0.05, fold change > 1:2,
and occurrence in at least two of the three biological repli-
cates. The entire iTRAQ proteomics raw data have been
deposited in the public proteomics database iProX (Project
ID: IPX0001166000, http://www.iprox.org/).

2.3. Determination of Cd Concentration in Biological Samples.
The Cd concentration assay used inductively coupled plasma
mass spectrometry (ICP-MS). Kidney tissue and urine were
collected, weighed, and digested. Samples were digested in
1% HNO3. A standard solution was made with a cadmium
standard for ICP-MS (Sigma-Aldrich). The methods were
as described previously [22].

2.4. Detection of Molecular Biomarkers in Blood and Urine.
Blood and urine samples were collected. Kidney injury mol-
ecule 1 (KIM-1), β2-microglobulin (β2-MG), N-acetyl-β-
D-glucosaminidase (NAG), and creatinine levels were mea-
sured using ELISA kits (Cusabio Biotech, Wuhan, China).
The values of biomarkers in urine were normalized to urinary
creatinine. (The creatinine level and creatinine clearance are
shown in Supplementary Table 2). Intracellular PA was
detected using ELISA kits (Yutong Biotech, Yancheng,
China). All of the ELISA tests were done according to the
manufacturer’s instructions.

2.5. Cell Culture and Treatment. A human proximal tubular
cell line derived from a normal kidney (HK-2) and rat renal
tubular epithelial cell lines (NRK-52E) were purchased from
KeyGen BioTech, Nanjing, China. DMEM/F12 (Gibco, CA,
USA) was used for culturing HK-2, and DMEM (Gibco)
was used for NRK-52E. Cell lines were treated with Cd for
48 h approaching IC50, which was 40μM for HK-2 and
8μM for NRK-52E. PA (40μM, Sigma-Aldrich) was intro-
duced and kept for 48 h to observe its effect on apoptosis.
Adenovirus vector was used for transduction and overex-
pression of PLD1. The concentration of fetal bovine serum
was 10%. Cells were grown at 37°C in a humidified atmo-
sphere with 5% CO2.

2.6. Western Blotting. Total protein was extracted from the
cells by lysis with RIPA lysis buffer (Beyotime, Shanghai,
China). The protein content of the lysate was then deter-
mined using a BCA kit (Beyotime, Shanghai, China) accord-
ing to the manufacturer’s protocol. Then, equal amounts of
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the protein lysate were separated by SDS-PAGE, and the
separated proteins were transferred to a PVDF membrane
(Millipore, MA, USA). The membranes were blocked with
5% BSA for 1 h and then incubated with primary antibodies
overnight at 4°C. Primary antibodies were as follows: PLD1
(1 : 1,000, CST, MA, USA), β-actin (1 : 10,000, Proteintech,
IL, USA), and cleaved Caspase-3 (1 : 500, CST, MA, USA).
The immune complexes were then immunoblotted with an
HRP- (horseradish peroxidase-) conjugated anti-mouse or
anti-rabbit immunoglobulin G antibody (1 : 2000, Bio-Rad,
CA, USA). Immunodetection was performed using enhanced
chemiluminescence reagents (Bio-Rad). All experiments
were repeated three times and quantitatively analyzed using
ImageJ.

2.7. RNA and miRNA Extraction and qRT-PCR Analysis.
Total mRNA was extracted from kidney tissues or cells using
an RNAiso Plus Kit (Takara Biotech, Kyoto, Japan) and
converted into cDNA. qRT-PCR was performed using the
QuantStudio 6 Flex Real-Time PCR System (Thermo Fisher,
MA, USA). The relative change of gene expression was deter-
mined using 2-ΔΔCt with β-actin as the internal reference.
The specific primers for PLD1 and β-actin gene (Synbio
Technologies, Suzhou, China) are shown in Supplementary
Table 1.

miRNA was extracted using an mirVana™miRNA isola-
tion kit (Ambion, Austin, TX) and converted into 1st-Strand
cDNA (Tiangen, Beijing, China). The relative change of
miRNA expression was determined using 2-ΔΔCt with U6
snRNA as the internal reference. The specific primers for
miR-122-5p and U6 snRNA (Synbio Technologies, Suzhou,
China) are shown in Supplementary Table 1.

2.8. Apoptosis Assays. Flow cytometry was performed for
apoptosis using the Guava easyCyte HT system (Millipore).
Apoptotic cells were assayed using an Annexin V-FITC/PI
apoptosis detection kit (Dojindo, Kumamoto, Japan). The
assays were performed according to the manufacturer’s
instructions.

2.9. Cell Viability Rate Assays. Cells were seeded in a 96-well
plate with different treatments, and then 10μl of CCK-8
reagents (Dojindo) was added and incubated for 2 h. Then,
the absorbance at 450 nm was measured using a microplate
reader. All steps were conducted following the product
manual.

2.10. Dual-Luciferase Reporter Gene Assays. A PLD1 3′UTR
fragment was inserted into a psiCHECK-2 vector (Promega,
USA) to build a psiCHECK-2-PLD1 3′UTR-wt construct.
The psiCHECK-2-PLD1 3′UTR vector was nicked with
Xho I enzyme (New England Biolabs, USA) and Not I
enzyme (New England Biolabs). Q5 Site-Directed Mutagene-
sis Kit (New England Biolabs) was used to mutate in site 1761
psiCHECK-2-PLD1 3′UTR-wt to produce psiCHECK-2-
PLD1 3′UTR-mut. NRK-52E and HK-2 cells were plated at
a density of 1 × 105 cells per well in a 96-well plate and
allowed to attach for 24 h. The constructed dual-luciferase
plasmid psiCHECK-2-PLD1 3′UTR-wt, psiCHECK-2-

PLD1 3′UTR-mut, or the control luciferase plasmid
(100 ng/well) was cotransfected with miR-122-5p mimics or
NC mimics for 36 h using Lipofectamine 3000 reagent (Life
Technologies, USA). Luciferase activity was assayed 36h
after transfection using a Dual-Luciferase Reporter Assay
Kit (Promega, USA). Experiments were repeated five times.

2.11. Data Analysis. All experiments were repeated at least
three times, and values are presented as mean ± standard
deviation ðSDÞ. SPSS (version 22.0) was used for statistical
analysis. Statistical significance was determined by using
Student’s t-test or two-way ANOVA. A value of p < 0:05
was considered statistically significant. GraphPad Prism 6
was used to draw the figures.

3. Results

3.1. Measurements of Kidney Impairment in Rats with
Chronic Cd Exposure. Cd concentrations in rats were evalu-
ated by ICP-MS (Figure 1(a)). In groups exposed for 6 weeks,
cleaved Caspase-3, KIM-1, NAG, and β2-MG were not
significant when compared with the control group
although the Cd level was elevated in both kidneys and
urine (Supplementary Fig. 1). In addition to the rising
Cd level, remarkable fibrosis of the nephric tubule was
observed in the Periodic acid–Schiff (PAS) stained tissue of
rats exposed to Cd for 12 weeks (Figure 1(b)). Simulta-
neously, high levels of renal cleaved Caspase-3 as well as uri-
nary KIM-1, NAG, and β2-MG were observed in rats
exposed to Cd for 12 weeks when compared to the control
group (Figures 1(c) and 1(d)). These results suggested that
12 weeks of chronic exposure of Cd may be more appropriate
for the evaluation of Cd-induced kidney impairments.

3.2. PLD1 May Correlate Strongly with Cd-Induced Chronic
Kidney Impairment. To fully understand the molecular sig-
naling of Cd-induced chronic kidney impairment, the renal
tissues of rats exposed for 12 weeks were analyzed by iTRAQ.
Our analysis demonstrated that 49 proteins exhibited
statistical alteration in the kidneys of rats exposed to Cd
when compared to normal rats (fold change > 1:2 or <0.83,
p < 0:05, Supplementary Table 1). The data were then
further assessed through pathway enrichment analysis
using Metascape (http://www.metascape.org/). We found
that quite a few of the terms were linked to PLD1, using
p < 0:01 as the threshold. The top significant pathways
are displayed in Figure 2. Among these pathways, four
were involved in lipid metabolic processes, phospholipid
metabolism (R-RNO-1483257, p = 0:0059), lipid
biosynthetic process (GO: 0008610, p = 1:8 × 10−7),
phospholipid metabolic process (GO: 0006644, p = 4:6 ×
10−4), and phospholipid biosynthetic process (GO: 0008654,
p = 3:4 × 10−3). Moreover, both Western blotting and
qRT-PCR analysis of renal PLD1 expression exhibited a
significant decline in Cd-exposed rats. These results strongly
suggest that the renal damage caused by chronic Cd
exposure might be associated with PLD1 expression.
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3.3. PLD1 Expression Is Inhibited Significantly by Cd
Exposure in Renal Tubular Cell Lines. Human-derived
(HK-2) and rat-derived (NRK-52E) renal tubular cell lines
were cultured with CdCl2 for a 48 h determination of the
cell viability using a CCK-8 assay. As shown in Figure 3,
the CCK-8 assay demonstrated that the cell viability of
HK-2 and NRK-52E has declined approaching IC50 after
CdCl2 exposure (Figure 3(a)). In both cell lines, the apo-
ptosis cell numbers were elevated after CdCl2 exposure
whereas the levels of PLD1 were reduced significantly in
both protein and mRNA when compared with control
groups (Figures 3(b)–3(d)). These results suggested that
Cd-induced renal tubular impairment may be correlated
with PLD1.

3.4. PLD1 and Its Downstream Product PA Protect Cd-
Induced Renal Impairment. To further understand the poten-
tial role of PLD1 in Cd-induced renal impairment, the PLD1-
loaded ad-vector was transfected into HK-2 cells and then
underwent Cd exposure. As shown in Figure 4, the level of
cleaved Caspase-3 in cells overexpressing PLD1 was signifi-
cantly declined compared to that in wild-type cells after Cd
exposure (Figure 4(a)). Meanwhile, the CCK-8 assay dis-
played remarkably higher cell viability in cells overexpressing
PLD1 after Cd exposure compared with wild-type HK-2 cells
(Figure 4(b)). These data indicated that PLD1 may be a pro-
tector in Cd-induced renal tubular impairment.

In addition, the role of PA, a direct downstream product
of PLD1, was revealed in HK-2 and NRK-52E cell lines after
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Figure 1: Measurements of kidney impairment in rats exposed to chronic Cd for 12 weeks. (a) The concentration of Cd in kidney tissue and
rat urine detected by using ICP-MS. (b) Pathohistological changes in kidney tissue produced by Cd exposure (Periodic Acid-Schiff stain, HE
×400). (c) Cleaved Caspase-3 was increased after Cd exposure. (d) Early biomarkers of kidney injury in urine detected with ELISA. Rats
exposed to CdCl2 at 0.6mg/kg/d for 5 days per week for 12 weeks. Data were represented as mean ± SD, N = 3. ∗p < 0:05, ∗∗p < 0:01, and
∗∗∗p < 0:001.
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Cd exposure. Within the PA conducted, the level of cleaved
Caspase-3 and cell apoptosis reduced significantly in the
HK-2 and NRK-52E cell lines after Cd exposure
(Figures 4(c)–4(e)). Taken together, these data suggested a
positive role of both PLD1 and PA in Cd-induced chronic
renal impairment.

3.5. The miR-122-5p Downregulates the Expression of PLD1
to Promote Apoptosis. As the PLD1 protein level was down-
regulated in both kidney tissues and proximal tubular cell
lines exposed to Cd, we further examined the possibility that
upregulation of miRNAmight affect PLD1 expression during
Cd exposure. Four candidate miRNAs that target the 3′
-untranslated region (3′UTR) of PLD1 were searched in
online databases (miRWalk, miRanda, and miTarget) and fil-
tered based on scores and p values (Figure 5(a)). Among the
four miRNAs, only miR-122-5p exhibited upregulation in
the kidney tissues of rats exposed to Cd in our preceding
miRNA profiling study; therefore, miR-122-5p was selected
as the candidate regulatory miRNA. A qRT-PCR assay indi-
cated that the expression of miR-122-5p was upregulated in
both HK-2 and NRK-52E cells exposed to Cd for 48 h
(Figure 5(b)). To determine whether a direct interaction
occurs between miR-122-5p and PLD1 3′UTR, the wild-
type PLD1 3′UTR reporter construct was cotransfected with
a miR-122-5p mimic or inhibitor in NRK-52E cells in a dual-
luciferase reporter assay (Figure 5(c)). The results indicated
that miR-122-5p mimic could effectively reduce the lucifer-
ase activity while miR-122-5p inhibitor failed to do that.
These results suggested that miR-122-5p regulated the
expression of PLD1. Based on bioinformatics analysis, we
presumed and validated by mutating the binding site that
miR-122-5p regulates the expression of PLD1 by targeting
position 1764–1784 in the 3′UTR of PLD1 mRNA (Supple-
mentary Fig. 2). The mRNA and protein expression of
PLD1 was decreased significantly in cells cotransfected with
a PLD1 overexpression construct and miR-122-5p
(Figures 5(d) and 5(e)). NRK-52E cells transfected with
miR-122-5p mimic were exposed to Cd; the apoptosis rate
was significantly increased in the Cd with the miR-122-5p
group compared with the Cd with the negative control using

flow cytometry (Figure 5(f)). These results indicated that
miR-122-5p downregulated the expression of PLD1, thereby
promoting the occurrence of apoptosis.

4. Discussion

In the past few decades, the toxicology of cadmium has
become an important public and environmental health
issue [23]. Cadmium is one of the heavy metal ions that
can be hoarded in mammals and result in the chronic
impairment of organs, especially the kidneys [4, 24].
Nonetheless, the biochemistry and molecular mechanism
of chronic renal impairment by Cd are still unclear.
Therefore, in this present study, the chronic Cd exposure
of rats and iTRAQ analysis were used to measure potential
molecular factors of Cd-induced chronic renal impairment.
The results suggested that PLD1 may be a potential pro-
tector in Cd-induced chronic renal impairment and the
effectiveness of PLD1 and PA on chronic Cd exposure
was rarely seen in recent investigations.

Numerous reports have demonstrated the renal
impairment of chronic low-dose Cd exposure, and the
detectable renal impairments after the same dose of Cd
exposure became present at 9 weeks in rats [20]. Consis-
tent with these reports, in our results, 6 weeks of Cd expo-
sure enhanced the kidney and urinary Cd concentration,
but no significant impairment occurred. As other investi-
gators have reported that 12 weeks was the plateau for
Cd-induced chronic renal impairment [20], the kidneys
of rats exposed to 12 weeks of Cd were used to reveal
the iTRAQ analysis.

In our iTRAQ analysis, ribosome biogenesis protein-1
(Bop-1) exhibited the most significant alteration (downregu-
lation) in Cd-exposed rat kidneys. Nevertheless, Bop-1 was
reported as a pivotal and terminal component for protein
synthesis in mammals and was not disrupted in any of the
fields. In contrast, PLD1 correlated with renal tubular dys-
function and chronic metabolic metal intoxication. Together
with the downregulation of PLD1 in the kidneys of Cd-
exposed rats, we, therefore, assumed that PLD1 has a key role
in Cd-induced chronic renal impairments. As expected,
PLD1 expression was inhibited in Cd-exposed renal tubular
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cell lines and the supplement of PLD1 attenuated the Cd-
induced apoptosis of renal tubular cell lines.

PA is the metabolic product of PLD1 and is implicated in
many cell processes [25]. It is established that PA is indis-
pensable for autophagy by mediating autophagosome forma-
tion, which helps the cells to survive diverse stresses [26]. PA

can also activate mTOR and help to suppress apoptosis by a
mechanism involving complex downstream molecules [27].
Therefore, it is plausible that the downregulation of PLD1
and PA in proximal tubular cells induced by Cd may contrib-
ute to kidney injury. Moreover, PLD1 is easy to deactivate and
degrade in vivo and is involved in the generation and
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Figure 3: PLD1 expression is inhibited significantly by Cd exposure in renal tubular cell lines. (a) The viability of NRK-52E and HK-2 cells
after Cd exposure measured by CCK-8 assay. (b) The mRNA expression of PLD1 was decreased after Cd exposure. (c) The protein expression
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Figure 4: PLD1 and its downstream product PA protect cells from Cd-induced renal impairment. (a) Apoptosis was ameliorated after
overexpression of PLD1 in HK-2 cells. (b) Cell survival rate was increased after overexpression of PLD1 in HK-2 cells assayed with CCK-
8. (c) The concentration of PA in HK-2 cells detected with ELISA. (d) Apoptosis was ameliorated by PA treatment in HK-2 and NRK-52E
cells. (e) Apoptosis was ameliorated by PA treatment detected in HK-2 and NRK-52E cells by flow cytometry. OE: overexpression of
PLD1 with adenovirus vector. Data are mean ± SD from three experiments. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.
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stabilization of PA; therefore, PA may receive more attention
in our future work.

It was reported that miR-122-5p expression was closely
related with the apoptosis of breast cancer cells [28]. It was
also found that miR-122-5p could inhibit the proliferation,
invasion, and growth of bile duct carcinoma cells [29]. In this
study, we found and verified that the expression of miR-122-
5p was upregulated in HK-2 and NRK-52E cells after Cd
exposure and binds to the 1761–1784 nt on the 3′UTR of
PLD1. miR-122-5p can downregulate the expression of
PLD1 to promote Cd-induced renal damage. Therefore,
miR-122-5p may be a novel target for combating Cd-
induced kidney injury.

However, the up- and downstream turnovers of Cd and
PLD1 were not investigated in this study. Therefore, our
future work will focus on the molecular mechanism of
PLD1 on Cd exposure and more effective biofactors should
be distinguished and measured.

Taken together, the results presented suggested that a
strong correlation existed between Cd-induced chronic
renal impairment and PLD1. Although the mechanism
and sufficient relevant molecular interactions need to be

validated, the protective role of PLD1 and PA on renal
tubular cell lines indicated a novel perspective of chronic
Cd exposure.

Abbreviations
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ICP-MS: Inductively coupled plasma mass spectrometry
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Figure 5: The miR-122-5p downregulates the expression of PLD1 to promote apoptosis. (a) Screening of candidate regulatory miRNAs for
PLD1 in online databases (miRWalk, miRanda, and miTarget). (b) Expression of miR-122-5p was increased after Cd exposure in NRK-52E
and HK-2 cells. (c) Regulatory effect of miR-122-5p on PLD1 3′UTR determined with dual-luciferase reporter assay. (d) miR-122-5p
repressed mRNA expression of PLD1 while cotransfected with miR-122-5p and overexpression of PLD1 in NRK-52E cells. (e) miR-122-
5p repressed protein expression of PLD1 in NRK-52E cells. (f) miR-122-5p promoted apoptosis in NRK-52E cells. Data are represented as
mean ± SD, N = 3. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001.

10 BioMed Research International



Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this article.

Authors’ Contributions

Ke Huang and Yaotang Deng contributed equally to this
work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81671860) and the Natural
Science Foundation of Guangdong Province (No.
2018A030313217).

Supplementary Materials

Suppl. Table 1: primers used for qRT-PCR in this study.
Suppl. Table 2: serum and urine creatinine level and creati-
nine clearance of SD rats chronically exposed to a low level
of Cd. Suppl. Fig. 1: measurements of kidney impairment in
rats exposed to chronic Cd for 6 weeks. (A) The concentra-
tion of Cd, detected using ICP-MS, in kidney tissue and urine
of rats. (B) Pathohistological stain in kidney tissue produced
by Cd exposure (Periodic Acid-Schiff stain, HE ×400). (C)
Cleaved Caspase-3 expression after Cd exposure. (D) Early
biomarkers of kidney injury in urine detected with ELISA.
Rats exposed to CdCl2 at 0.6mg/kg/d for 5 days per week
for 6 weeks. Data are represented as mean ± SD, N = 3.
∗p < 0:05 and ∗∗∗p < 0:001. Suppl. Fig. 2: miR-122-5p
binding site in PLD1. (A) Schematic diagram of the
miR-122-5p putative binding site in PLD1. (B) Validation
of miR-122-5p binding site in PLD1 using dual-luciferase
reporter assay. Suppl. Fig. 3: phospholipase D signaling
pathway constructed by Pathview based on KEGG.
(Supplementary Materials)

References

[1] IARC, “IARC monographs on the evaluation of carcinogenic
risks to humans,” International Agency for Research on Cancer,
1993, 1993, vol. Vol. 58, 148–161, 206–210.

[2] K. Nogawa, Y. Suwazono, M. Nishijo et al., “Increase of
lifetime cadmium intake dose-dependently increased all
cause of mortality in female inhabitants of the cadmium-
polluted Jinzu River basin, Toyama, Japan,” Environmental
Research, vol. 164, pp. 379–384, 2018.

[3] M. Rinaldi, A. Micali, H. Marini et al., “Cadmium, organ tox-
icity and therapeutic approaches: a review on brain, kidney
and testis damage,” Current Medicinal Chemistry, vol. 24,
no. 35, pp. 3879–3893, 2017.

[4] Y. Zang, B. Devleesschauwer, P. M. Bolger, E. Goodman, and
H. J. Gibb, “Global burden of late-stage chronic kidney disease
resulting from dietary exposure to cadmium, 2015,” Environ-
mental Research, vol. 169, pp. 72–78, 2019.

[5] M. Tokumoto, J. Y. Lee, and M. Satoh, “Transcription factors
and downstream genes in cadmium toxicity,” Biological and
Pharmaceutical Bulletin, vol. 42, no. 7, pp. 1083–1088, 2019.

[6] A. Cuypers, M. Plusquin, T. Remans et al., “Cadmium stress:
an oxidative challenge,” BioMetals, vol. 23, no. 5, pp. 927–
940, 2010.

[7] A. Mikolic, N. Schonwald, andM. Piasek, “Cadmium, iron and
zinc interaction and hematological parameters in rat dams and
their offspring,” Journal of Trace Elements in Medicine and
Biology, vol. 38, pp. 108–116, 2016.

[8] J. Gu, S. Dai, Y. Liu et al., “Activation of Ca2+-sensing receptor
as a protective pathway to reduce Cadmium-induced cytotox-
icity in renal proximal tubular cells,” Scientific Reports, vol. 8,
no. 1, p. 1092, 2018.

[9] T. Kimura, T. Hosaka, T. Nakanishi, and O. Aozasa, “Long-
term cadmium exposure enhances metallothionein-1 induc-
tion after subsequent exposure to high concentrations of cad-
mium in P 1798 mouse lymphosarcoma cells,” The Journal of
Toxicological Sciences, vol. 44, no. 4, pp. 309–316, 2019.

[10] R. K. Nelson and M. A. Frohman, “Physiological and patho-
physiological roles for phospholipase D,” Journal of Lipid
Research, vol. 56, no. 12, pp. 2229–2237, 2015.

[11] S. Majdop, Y. Skornick, S. Avital, and L. Berkovich, “Phospho-
lipase D activation mediates growth and migration of colon
cancer cells interacting with cancer-associated fibroblasts,”
Cellular and Molecular Biology, vol. 64, no. 14, pp. 84–88,
2018.

[12] W. Zhou, K. Shi, L. Ji et al., “Inhibition ofPhospholipase
D1mRNA expression slows down the proliferation rate of
prostate cancer cells that have transited to androgen indepen-
dence,” Journal of Cancer, vol. 9, no. 19, pp. 3620–3625, 2018.

[13] J. Xiao, Q. Sun, Y. Bei et al., “Therapeutic inhibition of phos-
pholipase D1 suppresses hepatocellular carcinoma,” Clinical
Science, vol. 130, no. 13, pp. 1125–1136, 2016.

[14] J. Zhang, Z. Bian, J. Zhou et al., “MicroRNA-638 inhibits cell
proliferation by targeting phospholipase D1 in human gastric
carcinoma,” Protein & Cell, vol. 6, no. 9, pp. 680–688, 2015.

[15] M. Gadiya, N. Mori, M. D. Cao et al., “Phospholipase D1 and
choline kinase-α are interactive targets in breast cancer,” Can-
cer Biology & Therapy, vol. 15, no. 5, pp. 593–601, 2014.

[16] E. Roth andM. A. Frohman, “Proliferative andmetastatic roles
for phospholipase D in mouse models of cancer,” Advances in
Biological Regulation, vol. 67, pp. 134–140, 2018.

[17] M. A. Conde, N. P. Alza, P. A. Iglesias Gonzalez et al., “Phos-
pholipase D1 downregulation by α-synuclein: Implications for
neurodegeneration in Parkinson's disease,” Biochimica et Bio-
physica Acta (BBA) Molecular and Cell Biology of Lipids,
vol. 1863, no. 6, pp. 639–650, 2018.

[18] A. Peltz, S. I. Sherwani, S. R. Kotha et al., “Calcium and cal-
modulin regulate mercury-induced phospholipase D activa-
tion in vascular endothelial cells,” International Journal of
Toxicology, vol. 28, no. 3, pp. 190–206, 2009.

[19] N. Skafi, D. Abdallah, C. Soulage et al., “Phospholipase D: a
new mediator during high phosphate-induced vascular calcifi-
cation associated with chronic kidney disease,” Journal of Cel-
lular Physiology, vol. 234, no. 4, pp. 4825–4839, 2019.

[20] W. C. Prozialeck, V. S. Vaidya, J. Liu et al., “Kidney injury
molecule-1 is an early biomarker of cadmium nephrotoxicity,”
Kidney International, vol. 72, no. 8, pp. 985–993, 2007.

[21] H. Che, J. Li, Y. Li et al., “p16 deficiency attenuates interverte-
bral disc degeneration by adjusting oxidative stress and
nucleus pulposus cell cycle,” Elife, vol. 9, 2020.

[22] H. Tu, C. Fan, X. Chen et al., “Effects of cadmium, manganese,
and lead on locomotor activity and neurexin 2a expression in

11BioMed Research International

http://downloads.hindawi.com/journals/bmri/2020/7091053.f1.pdf


zebrafish,” Environmental Toxicology and Chemistry, vol. 36,
no. 8, pp. 2147–2154, 2017.

[23] Y. Liu, T. Xiao, P. C. Baveye, J. Zhu, Z. Ning, and H. Li, “Poten-
tial health risk in areas with high naturally-occurring cadmium
background in southwestern China,” Ecotoxicology and Envi-
ronmental Safety, vol. 112, pp. 122–131, 2015.

[24] S. Satarug, “Cadmium sources and toxicity,” Toxics, vol. 7,
no. 2, p. 25, 2019.

[25] N. T. Ktistakis, C. Delon, M. Manifava, E. Wood, I. Ganley,
and J. M. Sugars, “Phospholipase D1 and potential targets of
its hydrolysis product, phosphatidic acid,” Biochemical Society
Transactions, vol. 31, no. 1, pp. 94–97, 2003.

[26] A. Toschi, E. Lee, L. Xu, A. Garcia, N. Gadir, and D. A. Foster,
“Regulation of mTORC1 and mTORC2 complex assembly by
phosphatidic acid: competition with rapamycin,” Molecular
and Cellular Biology, vol. 29, no. 6, pp. 1411–1420, 2009.

[27] D. A. Foster, “Phosphatidic acid signaling to mTOR: signals
for the survival of human cancer cells,” Biochimica et Biophy-
sica Acta (BBA) Molecular and Cell Biology of Lipids,
vol. 1791, no. 9, pp. 949–955, 2009.

[28] R. Venkatadri, T. Muni, A. K. V. Iyer, J. S. Yakisich, and
N. Azad, “Role of apoptosis-related miRNAs in resveratrol-
induced breast cancer cell death,” Cell Death & Disease,
vol. 7, no. 2, p. e2104, 2016.

[29] Z. Xu, G. Liu, M. Zhang et al., “miR-122-5p inhibits the prolif-
eration, invasion and growth of bile duct carcinoma cells by
targeting ALDOA,” Cellular Physiology and Biochemistry,
vol. 48, no. 6, pp. 2596–2606, 2018.

12 BioMed Research International


	Phospholipase D1 Ameliorates Apoptosis in Chronic Renal Toxicity Caused by Low-Dose Cadmium Exposure
	1. Introduction
	2. Materials and Methods
	2.1. Animal Experiments
	2.2. iTRAQ Quantification and Data Analysis
	2.3. Determination of Cd Concentration in Biological Samples
	2.4. Detection of Molecular Biomarkers in Blood and Urine
	2.5. Cell Culture and Treatment
	2.6. Western Blotting
	2.7. RNA and miRNA Extraction and qRT-PCR Analysis
	2.8. Apoptosis Assays
	2.9. Cell Viability Rate Assays
	2.10. Dual-Luciferase Reporter Gene Assays
	2.11. Data Analysis

	3. Results
	3.1. Measurements of Kidney Impairment in Rats with Chronic Cd Exposure
	3.2. PLD1 May Correlate Strongly with Cd-Induced Chronic Kidney Impairment
	3.3. PLD1 Expression Is Inhibited Significantly by Cd Exposure in Renal Tubular Cell Lines
	3.4. PLD1 and Its Downstream Product PA Protect Cd-Induced Renal Impairment
	3.5. The miR-122-5p Downregulates the Expression of PLD1 to Promote Apoptosis

	4. Discussion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

