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NF-kB signaling maintains the survival of cadmium-exposed
human renal glomerular endothelial cells
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Abstract. The kidney is one of the primary organs targeted by
cadmium (Cd), a widely distributed environmental pollutant.
The glomerular endothelium is the major component of the
glomerular filtration barrier. However, the effects of Cd
on glomerular endothelial cells remain largely unknown.
For this purpose, we aimed to determine the effects of low
dose Cd on the survival of human renal glomerular endo-
thelial cells (HRGECSs). Cultured HRGECs were exposed
to 4 uM cadmium chloride (CdCl,) and examined at
different time-points. We found that Cd activates the nuclear
factor-kB (NF-xB) pathway without inducing the apoptosis
of HRGEC:s. Pre-treating the cells with pyrrolidine dithio-
carbamate (PDTC), a potent NF-«kB inhibitor, prior to Cd
exposure triggered extensive cell death (73.5%). In addition,
Cd activates the c-Jun N-terminal kinase (JNK) pathway,
and inhibition of the NF-xB pathway significantly elevates
Cd-induced JNK phosphorylation in HRGECs (p<0.01).
The combination treatment of PDTC and SP600125, a JNK
pathway inhibitor, increased the survival of Cd-stimulated
HRGECSs compared with those cells treated with PDTC alone
(p<0.05). Taken together, these findings demonstrate that the
NF-xB pathway plays an essential role in maintaining the
survival of Cd-exposed HRGECs.
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Introduction

Cadmium (Cd) is an environmental pollutant which poses
significant health risks to humans (1). After entering into human
body through ingestion, inhalation or skin absorption, Cd is
not biodegradable and persists in many human organs (2). The
kidney is one of the primary organs targeted by Cd (3). With
chronic exposure, Cd accumulates in the epithelial cells of the
proximal tubule, resulting in tubular impairment with a loss of
reabsorptive capacity and the development of proteinuria (4).
Previous findings suggest that Cd also affects the vasculature
in the kidney (3). In the human body, Cd ions enter the blood
circulation and bind to plasma proteins (5,6). Through the circu-
lation, Cd reaches the targeted organs and passes through the
endothelium of each vascular bed (5). In the kidney, Cd directly
interacts with glomerular endothelial cells (GECs), which
comprise the inner layer of the glomerular filtration barrier.
However, the effects of Cd on GECs remain largely unknown.
Cd induces cell death in a variety of cell types (7,8). Cell
death is an active process that crucially maintains homeostasis
in multicellular organisms (9). There are three major types of
cell death: apoptosis, autophagy and necrosis. Apoptosis occurs
primarily through two well known pathways, the intrinsic or
mitochondrial-mediated pathway and the extrinsic or death
receptor-mediated pathway (10). Both pathways are mediated
by cell membrane receptors, such as tumor necrosis factor
receptor 1/2 (TNFR1/2), Fas/CD95, death receptor 3 (DR3)
and TRAIL-receptor (TRAIL-R)l and TRAIL-R2 (11,12),
and activate the caspase family of proteases, which ultimately
dismantle the cell. Autophagy is a survival mechanism in
which parts of the cytosol and specific organelles are engulfed
by a double-membrane autophagosome and degraded (13).
Necrosis is characterized by the rapid loss of membrane
integrity (13). All three may be activated through distinct or
overlapping signaling pathways in response to Cd (9). These
signaling pathways include reactive oxygen species (ROS),
nuclear factor-«B (NF-«kB), B-cell lymphoma 2 (Bcl-2) and
mitogen-activated protein kinas (MAPK) signaling (9).



418

NF-kB is a heterodimeric protein composed of different
combinations of members of the Rel family of transcription
factors including RelA (p65), RelB (p50), c-Rel, NF-kB1
(p59/p105), and NF-kB2 (p52/p100) (14). Usually, NF-xB dimers
reside in the cytosol, bound to the inhibitory protein inhibitor
of kB (IkB), and are activated by stimuli capable of inducing
phosphorylation and proteolysis of IkB (15). Following the
removal of IkB, NF-kB enters the nucleus to induce the expres-
sion of coordinate sets of targets genes for cell survival (15).
Previous findings have reported that the activation of the NF-xB
pathway antagonizes apoptosis by the ligand engagement of
'death receptors' such as TNFR1 (12). Other evidence suggests
that the NF-xB pathway is required for cell survival (16). The
NF-«B pathway regulates the expression of several inhibitors of
apoptosis (IAPs), including c-IAP1, c-IAP2 and X chromosome-
linked IAP (XIAP), which inhibits the caspase pathway (17,18).
In addition, it has been demonstrated that the negative regula-
tion of c-Jun N-terminal kinase (JNK) activation by NF-kB
contributes to the inhibition of apoptosis (19).

JNK, a member of the MAPK superfamily, also mediates
apoptosis-related pathways. The persistent activation of JNK
correlates with apoptosis, whereas suppression of INK correlates
with cell survival (20). In the nuclear apoptosis pathway, acti-
vated JNK translocates to the nucleus and activates c-Jun (21),
leading to the formation of activator protein 1 (AP-1) (22). The
JNK-AP-1 pathway is involved in the increased expression of
pro-apoptotic genes such as tumor necrosis factor-a (TNF-a),
Fas-L and Bak (23). In the mitochondrial signaling of apop-
tosis, JNK is required for the release of cytochrome ¢ from
the inner membrane space of mitochondria and the activation
of the caspase-9 cascade (24). INK also promotes the activity
of pro-apoptotic BH3, which is the only subgroup of the Bcl-2
family of proteins such as Bim and Bmf capable of activating
Bax and/or Bak to initiate apoptosis (25).

In the present study, we evaluated the effects of low dose
Cd on the apoptosis of human renal glomerular endothelial
cells (HRGECs) and explored the underlying mechanisms.
Although 4 M Cd does not affect the survival of HRGECs,
it significantly activates the NF-xB pathway. Treatment of
the cells with pyrrolidine dithiocarbamate (PDTC), a potent
NF-«B inhibitor, followed by Cd exposure induced extensive
apoptosis of HRGECs. Inhibition of the NF-xB pathway
significantly increased Cd-induced JNK phosphorylation.
The addition of SP600125, a JNK pathway inhibitor, partially
reversed the apoptosis of HRGECs induced by the combina-
tion treatment of Cd and PDTC. Our results indicate that Cd
maintains the survival of Cd-exposed HRGECs through the
activation of the NF-kB pathway.

Materials and methods

Cell culture. HRGECs were purchased from ScienCell Research
Laboratories (Carlsbad, CA, USA). HRGECs were cultured in
Dulbecco's modified Eagle's medium (DMEM)/F12, supple-
mented with 10% fetal bovine serum (Lonza, Basel, Switzerland),
100 IU/ml penicillin (Sigma-Aldrich,St. Louis, MO, USA)
and 100 pg/ml streptomycin (Sigma-Aldrich). The cells were
cultured in humidified air at 37°C with 5% CO,. Cadmium chlo-
ride (CdCl,) was purchased from Sigma-Aldrich and dissolved
in phosphate-buffered saline (PBS) at a stock concentration of
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1 mM. PDTC and SP600125 were purchased from Cell Signaling
Technology (Danvers, MA, USA) and dissolved in dimethyl sulf-
oxide (DMSO). During the experiments, the cells were treated
with various combinations of 4 yuM CdCl,, 10 uM PDTC (for 1 h
prior to Cd exposure) and 10 xM SP600125.

Cell viability assay. The viability of HRGECs was assessed
following exposure to CdCl,, PDTC or combination
treatment. The cell cultures were washed with PBS and
incubated in 0.05% trypsin for 2 min at 37°C. After disag-
gregation with pipettes, the single cell suspension was diluted
1:1 in 0.4% trypan blue (w/v in 0.9% NaCl) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). The number and
percentage of dye-free cells was calculated.

Detection of apoptosis by Annexin V-fluorescein isothiocyanate
(FITC) and propidium iodide (PI) analysis. The apop-
tosis of HRGECs following Cd exposure was detected by
Annexin V-FITC and propidium iodide (PI) staining using
an assay kit (Neobiosciences, Shenzhen, China) according
to the manufacturer's instructions. Briefly, the cells were
trypsinized, pelleted, washed twice with PBS and resus-
pended into single cells. Then, 1x10° cells were stained with
Annexin V-FITC (0.25%) and PI (1 yg/ml) in 1X binding buffer
(10 mM HEPES, pH 7.4, 140 mM NaOH, 2.5 mM CacCl,) for
15 min at room temperature in the dark. Positive staining of
the cells was detected using a FACSAria II flow cytometer,
and analyzed using the FACSDiva acquisition and analysis
software (both from BD Biosciences, San Jose, CA, USA).

Western blot analysis. After treatment, HRGECs were lysed
using RIPA buffer (20 mM Tris, pH 7.5, 150 mM NaCl,
50 mM NaF, 1% NP-40, 0.1% deoxycholate, 0.1% sodium
dodecyl sulfate, 1 mM EDTA) supplemented with protease
inhibitors aprotonin (1 ug/ml), leupeptin (10 pg/ml) and PMSF
(1 mM). The protein concentration was determined using the
bicinchoninic acid (BCA) assay (Bio-Rad Laboratories, Inc.,
Berkeley, CA, USA). Equal amounts of protein (40 ug) were
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (10% acrylamide gel) and transferred
to a PVDF membrane. The membrane was blocked in TBST
(20 mM Tris, 150 mM NaCl, 0.1% Tween-20) with 2.5% non-fat
milk at 37°C for 1.5 h prior to incubation with primary anti-
bodies overnight at 4°C. After washing three times with TBST,
the membrane was incubated with secondary antibody at 37°C
for 2 h. The following primary antibodies were used: rabbit anti-
SAPK/INK (9258), rabbit anti-phospho-SAPK/INK (4668),
mouse anti-IkBa (L35A5), rabbit anti-NF-xB p65 (6956), and
rabbit anti-GAPDH (2118) (all from Cell Signaling Technology).
The secondary antibody was HRP-linked anti-rabbit IgG (7074)
and HRP-linked anti-mouse IgG (7076) (Cell Signaling
Technology). The blots were developed with enhanced chemi-
luminescence reagents (Millipore, Billerica, MA, USA), and
the relative intensities of the blots were quantified using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence. HRGECs were allowed to grow to
confluence on fibronectin-coated glass chamber slides and
exposed to Cd for 24 h. The monolayers of HRGECs were
then washed with PBS containing 100 mM glycine, fixed with
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4% paraformaldehyde for 5 min, and washed three times with
PBS for 10 min. Immunoreactivity was examined by staining
with a rabbit polyclonal anti NF-xB p65 antibody (1:400; Cell
Signaling Technology) overnight at 4°C and incubation with
an Alexa 546-labeled anti-rabbit secondary antibody (1:200;
Molecular Probes, Eugene, OR, USA) for 2 h. Nuclear staining
was achieved using DAPI (1:1,000; Molecular Probes) and
images of the the samples were captured using an Olympus
LCX100 Imaging system (Olympus Corp., Tokyo, Japan) with
an excitation wavelength of 546 nm.

Statistical analysis. The data are presented as the means + stan-
dard error. All experiments were performed using at least
three separate cell preparations. The differences between the
groups were evaluated using a Student's t-test (two-tailed). A
p-value <0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Cd activates NF-xB signaling in HRGECs. NF-kB signaling
regulates apoptosis in response to oxidative stress, which may
be induced by Cd (26). The activation of NF-kB requires the
degradation of IkBa, which forms a cytoplasmic and inactive
complex with the p65-p50 heterodimer (27). We examined
the effects of Cd on NF-«B signaling in HRGECs. Western
blot analysis revealed that the protein level of IkBa in the
cytoplasm of HRGECs was significantly decreased by Cd
exposure, whereas levels of the internal control GAPDH
remained unchanged (Fig. 1A and B). Using immunofluores-
cence, we were able to demonstrate the nuclear translocation
of the NF-kB/p65 subunit in HRGECs (Fig. 1C). Following
exposure to Cd for 24 h, p65 in the nucleus markedly increased
compared with that in the untreated cells. These results indicate
that NF-«B signaling pathway is activated by Cd in HRGECs.

Effects of Cd exposure on the apoptosis of HRGECs. Cd
induces cytotoxicity in different types of cell depending on
the concentration and the exposure time (28,29). We exam-
ined the effect of low dose Cd on the apoptosis of HRGECs.
Using PI/Annexin V flow cytometric analysis, 4 yM Cd
did not change the percentage of viable cells of HRGECs
(86.8+1.6 vs. 84.7+2.9%, p=0.34). PDTC prevents IkBa degra-
dation and the dissociation of NF-kB from IxBa thus inhibits
the NF-«B signaling pathway (30). We pre-treated HRGECs
with 10 uM PDTC for 1 h prior to Cd exposure and found
that combination treatment with PDTC and Cd significantly
decreased the percentage of viable cells of HRGECs compared
to that of PDTC treatment alone (6.5+0.4 vs. 85.1+3.2%,
p<0.01) (Fig. 2A and B). At a concentration of 4 uM,
Cd did not significantly affect cell viability after 24 h in
a trypan blue exclusion assay (93.4+0.6 vs. 91.1+0.7%,
p=0.26) (Fig. 2C); however, combination treatment with
PDTC and Cd significantly reduced the viability of HRGECs
(91.1+0.7 vs. 33.4+0.8%, p<0.01) (Fig. 2C). Taken together,
these findings demonstrated that NF-xB signaling pathway
was required for the survival of Cd-stimulated HRGECs.

Activation of NF-kB signaling inhibits JNK signaling in
Cd-stimulated HRGECs. The JNK pathway mediates apop-
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Figure 1. Cadmium (Cd) activates nuclear factor-kB (NF-xB) signaling in
human renal glomerular endothelial cells (HRGECsS). (A) Representative
blots of IkBa protein samples from HRGECs treated with 4 uM cadmium
chloride (CdCl,) evaluated at different time-points. GAPDH was used as
loading control. (B) The densitometry analysis of IkBa/GAPDH blots. n=4;
NS, not significant; “p<0.05; “p<0.01 vs. control. (C) Immunofluoresence
staining of p65 in an HRGEC monolayer treated with phosphate-buffered
saline (PBS) (control) and 4 xM CdCl, for 24 h.

tosis and is directly activated by Cd in several cell lines (7,8).
It has been reported that NF-kB signaling pathway negatively
regulates the JNK pathway (31). We examined JNK activation
in HRGECs exposed to Cd and PDTC. Fig. 3A showed that Cd
increased phosphorylated (p-)JNK in HRGECs, whereas the
total levels of JNK protein and the internal control GAPDH
remain unchanged. In the presence of PDTC, Cd markedly
increased the phosphorylation of INK (Fig. 3B). Densitometry
analyses showed that the combination of PDTC and Cd signifi-
cantly elevated p-JNK compared with exposure to Cd alone
(p<0.01) (Fig. 3C). Thus, the JNK pathway is suppressed by
Cd-activated NF-kB signaling pathway.

SP600125 partially reverses the apoptosis of HRGECs
induced by Cd and PDTC. To further confirm the role of the
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Figure 2. Nuclear factor-kB (NF-«B) signaling is required for the survival of cadmium (Cd)-treated human renal glomerular endothelial cells (HRGECs).
(A) Representative image of flow cytometry with Annexin V-fluorescein isothiocyanate (FITC) /propidium iodide (PI) double-staining for HRGECs treated
with cadmium chloride (CdCl,), pyrrolidine dithiocarbamate (PDTC), or a combination of CdCl, and PDTC for 24 h. (B) Bar graph of representative image
of flow cytometry. n=3; NS, not significant; “P<0.05. (C) Trypan blue exclusion assay of HRGECs treated with CdCl,, PDTC or combination of CdCl, and
PDTC. n=3; "P<0.05.
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Figure 3. c-Jun N-terminal kinase (JNK) signaling is suppressed by nuclear factor-xB (NF-«kB) activation in cadmium (Cd)-treated human renal glomerular
endothelial cells (HRGECs:). (A and B) Representative blots of phosphorylated (p-)JNK and total JNK from protein samples of HRGECs exposed to Cd in the
absence or presence of pyrrolidine dithiocarbamate (PDTC) at different time-points. GAPDH was used as loading control. (C) The densitometry analysis of
p-JNK/total INK. n=3; “p<0.01.
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Figure 4. SP600125 partially reverses cadmium (Cd)-induced apoptosis of
human renal glomerular endothelial cells (HRGECS) pre-treated with pyrro-
lidine dithiocarbamate (PDTC). (A) Representative image of flow cytometry
with Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)
double-staining for HRGECs stimulated with Cd and PDTC in the absence or
presence of SP600125 for 24 h. (B) Bar graph of flow cytometry. n=3; “p<0.05.

JNK pathway in Cd-stimulated HRGECs, 10 uM SP600125,
an inhibitor of JNK pathway, was applied to cells in addi-
tion to Cd and PDTC. The addition of SP600125 partially
reversed the apoptosis of HRGECs (76.8+3.5 vs. 62.4+3.7%,
p<0.05) (Fig. 4). This suggests that NF-kB partially inhibits
the Cd-induced apoptosis of HRGECs through the negative
regulation of the JNK pathway.

Discussion

Cd, one of the most widespread pollutants, induces a number
of clinical symptoms of kidney damage (3). In the present
study, we evaluated the effects of low dose Cd on the apoptosis
of HRGECs, which comprise the primary layer of glomerular
filtration. Our data indicated that 4 uM Cd does not induce
the apotosis of HRGECs. Cd activates the NF-xB pathway
and inhibition of NF-xB pathway significantly induces cell
apoptosis in Cd-stimulated HRGECs. In addition, the NF-xB
pathway maintains cell survival partially through the suppres-
sion of the JNK pathway. The present study indicates that the
NF-«B pathway is essential for maintaining the survival of
HRGECs exposed to Cd.

GEC:s are a specialized type of microvascular cell which
form the inner layer of the glomerular filter barrier (32).
Injury to GECs leads to nephrotoxicity characterized by
proteinuria, polyuria and glucosuria (3). We have recently
reported that 1 yuM and 1 h exposure of Cd increases the
permeability in HRGECs monolayers and redistributes the
adherens junction proteins vascular endothelial-cadherin
and f3-catenin; however, this short-term, low dose of Cd does
not induce the apoptosis of HRGECs (33). Morales et al
have shown that after a 9-week sub-chronic exposure to Cd
in rats, renal endothelial nitric oxide synthase (eNOS) was
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upregulated by 10-20-fold (34). It is recognized that Cd
potentially causes damage to the glomeruli endothelium;
however, the detailed mechanism responsible for thse effects
remains unclear. In the present study, we determined that
4 uM and 24 h Cd exposure does not induce the apoptosis of
HRGECsS, by balancing the activation of pro-apoptotic and
pro-survival signaling pathways.

The NF-kB pathway is closely associated with cell
survival (35). Mice with a genetic disruption of RelA, a major
activating subunit of NF-«kB, died from massive apoptosis of
hepatocytes in the liver (36). In the present study, we found that
low dose Cd activates the NF-xB pathway in HRGECs through
the degradation of IkBa and the translocation of the NF-kB
p65 subunit from the cytosol to the nucleus. Cd induces the
activation of NF-kB in several types of cell. Jeong et al proved
that 3 M Cd activates the NF-xB pathway in cerebrovascular
endothelial cells (37). Moreover, high concentrations of Cd (20
or 30 uM) significantly upregulated the protein levels of p65 in
the nuclei of bronchial epithelial cells (38). We also found that
the inhibition of the NF-«B pathway by PDTC induces marked
apoptosis of Cd-stimulated HRGECs. In another study, the
inhibitory protein IkBa was modified to resist ubiquitin-
mediated degradation; it consistently prevented NF-kB from
entering into the nucleus, leading to the sensitization of the
cells to apoptotic stimuli (39). Taken together, these findings
suggest that Cd activates the NF-xB pathway, which maintains
the survival of HRGECs.

To maintain the survival of HRGECs, it is likely that Cd
activates pro-apoptotic pathways together with the NF-kB
pathway. The JNK pathway is one of the initiators of apoptosis,
and is regulated by the NF-«B pathway (20). Tang et al (19)
and De Smaele et al (41) have independently demonstrated that
TNF-a induces prolonged JNK activation in NF-«B activation-
deficient cells, such as Rel A and IKKf3 knockouts. In the present
study, we examined the role of the JNK pathway in Cd-induced
apoptosis. We found that Cd activates the JNK pathway in
HRGECs and Cd induced the activation of the NF-kB pathway
which inhibits the JNK pathway. In Cd- and PDTC-treated
HRGEQC:s, the addition of a JNK inhibitor partially reversed the
Cd-induced apoptosis of HRGECs. Thus, NF-«B promotes cell
survival partially by inhibiting the JNK pathway. In addition to
the JNK pathway, NF-«B is involved in multiple mechanisms
which suppress apoptosis. The NF-xB pathway upregulates
the Bcl-2 family members Bcl-xL and A1/Bfl-1, which reduce
the effect of mitochondrial depolarization and inhibit cyto-
chrome c release from mitochondria (42). NF-«xB also increases
the expression of TRAF1/2, c-IAP 1/2 and XIAP, which
suppress apoptosis at the level of caspase-8 (40). Therefore, the
downstream effectors of the NF-kB pathway which mediate the
survival of HRGECs warrant further investigation.

In conclusion, we found that low dose Cd activates
the NF-xB pathway through the degradation of IxBa, and
promotes the translocation of NF-kB/p65 into the nucleus
of HRGECs. The activation of NF-kB is required for
the survival of Cd-stimulated HRGECSs. In addition, the
Cd-activated NF-kB pathway prevents cell death partially
by inhibiting the JNK pathway. The present study provides
important information for improving our understanding of
the molecular mechanisms underlying Cd-induced nephro-
toxicity.
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