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Abstract Lanthanum chloride, a rare earth com-

pound, possesses antibacterial and cellular immunity

regulating properties. However, the underlying

molecular mechanisms remain largely unknown. In

this study, we examined the effects of lanthanum

chloride on the production of nitric oxide (NO) and

tumor necrosis factor-a (TNF-a), the expression of

inducible NO synthase (iNOS) and TNF-a in RAW

264.7 cells, a mouse macrophage cell line. We found

that the LPS-elicited excessive production of NO and

TNF-a in RAW 264.7 cells was inhibited signifi-

cantly in the presence of lanthanum chloride, and the

attenuation of iNOS and TNF-a occurred at mRNA

level. Furthermore, the possible signaling compo-

nents affected by lanthanum chloride in the pathway

that lead to LPS-induced iNOS and TNF-a expression

were explored. The results indicated the involve-

ments of PKC/Ca2? and NF-jB in the attenuation of

NO and pro-inflammatory cytokine production by

lanthanum chloride. Our observations suggest a

possible therapeutic application of this agent for

treating inflammatory diseases.
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Introduction

Macrophages produce molecules such as nitric oxide

(NO) and tumor necrosis factor-a (TNF-a), which are

known to play roles in inflammatory responses.

Excessive production of NO and pro-inflammatory

cytokines by activated macrophages plays an impor-

tant role in the pathogenesis of various inflammatory

diseases such as septic shock and rheumatoid arthri-

tis. Therefore, proper control of macrophage activity

is an important strategy in the treatment of inflam-

matory diseases.

The study of mechanisms of signal transduction

cascades involved in the induction of inducible nitric

oxide synthase (iNOS) and cytokines in response to

lipopolysaccharide (LPS, endotoxin) is an active area

of investigation. Nuclear factor-j B (NF-jB) appears

to play a key role in the transcriptional regulation

of iNOS and TNF-a expressions (Chen et al. 1995).
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NF-jB belongs to a ubiquitous family of transcription

factors present in the cell cytoplasm; these proteins

are bound to IjB, which belongs to a family of

structurally related inhibitor proteins. Appropriate

stimulation phosphorylates IjB on specific serine

residues and targets it for degradation by proteasome;

subsequently, NF-jB is translocated into the nucleus

where it activates the transcription of the target genes

(Ghosh and Karin 2002; Nelson et al. 2004).

Several studies have suggested that the protein

kinase C (PKC) pathway, involving a family of

structurally related, phospholipid-dependent, serine-

threonine kinases (Hofmann 1997; Parker and

Murray-Rust 2004), is also one of the main signal

transduction systems involved in inflammatory

responses (Parker and Murray-Rust 2004; Severn

et al. 1992; Spitaler and Cantrell 2004). Several lines

of evidence suggest that PKCs are involved in LPS-

and cytokine-induced expression of inflammatory

genes, including iNOS (Oh et al. 2007). Furthermore,

many studies suggest that PKC/Ca2? plays an

important role in the activation of NF-jB in response

to infectious agents and other stimuli. Consistently, in

vitro studies have indicated that activated PKC alone

can induce NF-jB activation (Lallena et al. 1999;

Ogata et al. 2000; Trushin et al. 2003).

It has been reported that in vivo administration of

gadolinium chloride (GdCl3) to rats decreases the NO

release and iNOS expression by isolated rat Kupffer

cells after treatment with LPS (Roland et al. 1996).

Further, GdCl3 pretreatment eliminated the LPS-

induced increase in iNOS activity and protein

expression in the lungs and significantly lowered

the levels of exhaled pulmonary NO (Fujii et al.

1998). Lanthanide ions have been proven to possess

various biologic effects (Dai et al. 2008a, b; Hu et al.

2006; Manolov et al. 2006; Shigematsu 2008).

Gadolinium and lanthanum, which are trivalent

cations belonging to the group of lanthanide ele-

ments, possess antibacterial and cellular immunity-

regulating properties; however, the metabolism,

tissue deposition, and clinical uses of lanthanum

and gadolinium are remarkably different (De Broe

2008). Gadolinium is a heavy metal while lanthanum

is a light rare-earth element whose toxicity is as low

as that of iron (Qin et al. 2002). Lanthanide

compounds have been employed in the treatment of

various diseases. For example, lanthanum carbonate

is well tolerated and effective for the long-term

maintenance of serum phosphorus control in patients

with end-stage renal disease (Chiang et al. 2005;

Shigematsu 2008). Studies have also shown that a

combination treatment of sulfadiazine and cerium

nitrate is efficient in the treatment of burn patients

(de Gracia 2001; Deveci et al. 2000; Hadjiiski and

Lesseva 1999). We have previously reported that

lanthanum chloride can reduce LPS toxicity, inhibit

LPS-induced apoptosis of thymocytes, and prevent

LPS-induced liver and lung damage; in addition, it

markedly decreases the plasma level of TNF-a and

TNF-a mRNA expression in mice challenged with

LPS, thus protecting the mice treated with lethal

doses of LPS (Wang et al. 2004). However, the

mechanism by which lanthanum ion modulates

LPS-mediated inflammatory response remains largely

unknown. In this study, we investigated whether

lanthanum chloride attenuates the excessive produc-

tion of NO and the pro-inflammatory cytokine, TNF-

a, and the underlying mechanisms in LPS-stimulated

RAW 264.7 cells belonging to a mouse macrophage

cell line. We found that the LPS-elicited excessive

production of NO and TNF-a in RAW 264.7 cells

was largely inhibited in the presence of lanthanum

chloride, and the attenuation of iNOS and TNF-a
activities resulted from their reduced mRNA expres-

sions. Further, we investigated the cell signaling

pathways involved in lanthanum chloride inhibition

of LPS-induced iNOS and TNF-a expression. The

results of our study indicate that PKC/Ca2? and

NF-jB pathways are involved in the attenuation of

NO and pro-inflammatory cytokine production by

lanthanum chloride.

Materials and methods

Cell culture

The RAW 264.7 mouse macrophage cell line,

obtained from the Committee on Type Culture

Collection of Chinese Academy of Sciences, was

maintained in Dulbecco’s modified eagle medium/

HamF12 (DMEM-F12; LPS \ 0.03 U/ml; Hyclone)

supplemented with 5% heat-inactivated fetal bovine

serum (FBS) (Gibco) under a humidified atmosphere

of 5% CO2/95% air. Before each experiment, cells

were plated in 24-well plates and/or culture flasks at

a density of 2 9 105 cells/ml for analyzing the
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supernatant or for protein extraction and RNA

extraction. Interference from FBS (FBS may bind

with LPS and/or lanthanum chloride) was prevented

by washing the cells 3 times with DMEM-F12 before

incubation with lanthanum, and subsequently fresh

DMEM-F12, rather than DMEM-F12 containing 5%

FBS, was added to the wells or flasks. The cells were

pre-treated with lanthanum chloride (LaCl3�7H2O;

purity, 99.9%; Sigma) for the time indicated in

the figures, washed 3 times with DMEM-F12, and

stimulated with LPS (serotype 055:B5; 1 lg/ml;

Sigma) for the indicated time.

Assay for the determination of cell viability

Cell respiration, which is an indicator of cell

viability, was analyzed on the basis of the mitochon-

drial-dependent reduction of 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium-bromide (MTT) to for-

mazan. RAW 264.7 cells were cultured in 96-well

plates (1 9 105 cells/ml) for 24 h. The cells were

pretreated with various concentrations (0, 100, 500,

and 2500 nM) of lanthanum chloride, washed 3 times,

and stimulated by LPS (1 lg/ml). After overnight

incubation, the cells were washed once and subse-

quently, 100 ll of FBS-free medium containing

5 mg/ml of MTT was added. After 24 h of incubation

at 37�C, the medium was discarded and the formazan

blue formed in the cells was dissolved in 100 ml of

dimethyl sulfoxide (DMSO). The optical density of

the solution was measured at 570 nm, and the

cytotoxicity of various lanthanum chloride concen-

trations was evaluated; if the optical density value of

the lanthanum chloride treated groups achieves a

20% reduction compared to that of the untreated

group, the concentration of the lanthanum chloride

was considered to be cytotoxic.

NO release assay

NO production in the culture supernatant was deter-

mined by the nitrate reductase assay. Cells were

treated with 0–2500 nM of lanthanum chloride for

24 h, washed 3 times, and then stimulated with LPS

(1 lg/ml) for 24 h. The supernatants were collected

and analyzed for NO production using the nitrate

reductase kit (Jingmei Biotech Co., Ltd., China). The

OD value at 540 nm was determined by a spectro-

photometer (DU640; Beckman, USA) and NO

concentrations were calculated using the following

formula: NO (lM) = Asample/Astandard 9 100 (lM).

Measurement of TNF-a Release

The TNF-a level was assessed by enzyme-linked

immunosorbent assay (ELISA) using monoclonal

antibodies, according to the procedure recommended

by the supplier (eBiosciences). The cells were treated

with 0–2500 nM of lanthanum chloride for 2 h,

washed, and subsequently stimulated with LPS (1 lg/

ml) for 4 h. The supernatants were collected and

TNF-a expression was analyzed by ELISA. The

concentration of TNF-a was calculated according to

the standard curve provided in the ELISA kits.

Immunofluorescence staining

Cells adhered to coverslips were fixed with freshly

prepared 3% paraformaldehyde for 15 min and

permeabilized with 0.5% Triton X-100 for 15 min.

Non-specific binding was reduced by blocking the

cells with 1% bovine serum albumin (BSA) for

30 min at 37�C, and then incubation for 2 h with goat

anti-p-PKC a (Santa Cruz, CA, USA) or mouse anti-

NF-jB/p65 (Santa Cruz, CA, USA) antibodies

diluted at 1:100 in phosphate-buffered saline (PBS)

containing 1% BSA. The cells were subsequently

washed, incubated with FITC-conjugated IgG

(Sigma, USA) at 1:100 for 1 h, and then washed

again. In the NF-jB/p65 assay, the nuclei were

identified by counterstaining the samples with 40,6-

diamidino-2-phenylindole (DAPI) (Sigma, USA) and

subsequently, images were obtained using a fluores-

cence microscope (IX71, equipped with DP70 high

sensitivity digital color camera; Olympus, Japan).

Cytosolic Ca2? measurements

The intracellular Ca2? ([Ca2?]i) was determined

using Fluo-3/acetoxymethyl ester (Fluo-3/AM,

Molecular Probes, Eugene, Oregon, USA), described

previously with slight modification (Kao et al. 1989;

Sudhandiran and Shaha 2003; Zhu et al. 2006).

Briefly, RAW 264.7 macrophages were loaded for

30 min at 25�C with 5 lM Fluo-3/AM containing

1 lM pluronic acid F-127 for proper dispersal and

0.25 mM sulfinpyrazone, to inhibit the leakage of the

Fluo-3 dye. Shortly before use, a sample of loaded
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cells was washed with Krebs–Ringer-HEPES (KRH)

buffer (130 mM NaCl, 1.3 mM KCl, 2.2 mM. CaCl2,

1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM HEPES,

10 mM glucose, pH 7.4), to remove nonhydrolyzed

Fluo-3/AM. Fluorescence measurements were per-

formed at 25�C with excitation at 488 nm and

emission at 526 nm using flow cytometer (FACSCal-

ibur, Becton–Dickinson). To convert fluorescence

values into absolute [Ca2?]i, calibration was per-

formed at the end of each experiment. [Ca2?]i

was calculated using the equation: [Ca2?]i = Kd

[(F - Fmin)/(Fmax - F)], in which Kd is the dissoci-

ation constant of the Ca2?�Fluo 3 complex (400 nM)

and F represents the fluorescence intensity of the

cells. Fmax represents the maximum fluorescence

(obtained by treating cells with 10 lM calcium

ionophore A23187), and Fmin corresponds to the

minimum fluorescence (obtained from ionophore-

treated cells in the presence of 3 mM EGTA).

Fluorescence intensities were expressed as the

increase in fluorescence over base-line fluorescence

intensity before stimulation.

Preparation of total protein extract

and RNA extracts

The total cellular protein and RNA were isolated

using Takara Protein Kit and RNA Extraction Kit for

Mammalian Cultured Cells, respectively (Takara,

Dalian, China). The cells were washed twice with

cold pyrogen-free physiologic saline, collected by

centrifugation, re-suspended in cell-lysis buffer on

ice for 10 min, and centrifuged at 12,0009g for

5 min, according to the instructions supplied by the

manufacturer. The supernatants containing soluble

cellular proteins were divided into aliquots and stored

at -80�C. The protein concentrations in the extract

were determined using the Bio-Rad protein assay kit.

Next, RNA extracts were prepared by adding a

denaturation solution to the abovementioned aliquots

in a 3:1 ratio; the samples were then incubated with

isopropanol for 10 min at room temperature and

centrifuged at 12,0009g for 15 min at 4�C. After

washing with 80% alcohol, the samples were centri-

fuged at 12,0009g for 5 min at 4�C. The precipitates

were then dissolved in RNA preparation water

provided by the manufacturer and the A260/A280

value of the samples was determined by Nucleic and

Protein Analyzer (DU640; Beckman, USA).

Preparation of cytoplasmic and nuclear fractions

Cytoplasmic and nuclear extracts were prepared

using the nuclear extract kit (Active Motif, USA)

according to the instructions given in the manual.

Briefly, 8.8 9 106 cells were washed with ice-cold

PBS containing phosphatase inhibitors, gently re-

suspended in 500 ll of hypotonic buffer, and incu-

bated for 15 min. Next, 25 ll detergent was added

and the suspension was vortexed for 10 s at the

highest speed and then centrifuged for 30 s at

14,0009g in a microcentrifuge precooled to 4�C.

The supernatant (cytoplasmic fraction) was trans-

ferred into a prechilled microcentrifuge tube and

stored in aliquots at -80�C until ready to use.

Subsequently, the nuclear pellet was re-suspended in

50 ll of complete lysis buffer and the suspension was

incubated for 30 min on ice on a rocking platform set

at 150 rpm. After 30 s, the sample was vortexed at

the highest speed; the suspension was centrifuged for

10 min at 14,0009g in a microcentrifuge precooled

to 4�C. The supernatant (nuclear fraction) was also

transferred into a prechilled microcentrifuge tube and

stored in aliquots at -80�C until ready to use. The

protein concentration was determined by the Bio-Rad

protein assay reagent according to the manufacturer’s

instructions.

Reverse transcription-polymerase chain reaction

cDNA was obtained from the total RNA (1 lg/

sample) using a reverse transcription kit, according to

the manufacture’s instructions. Then, the expression

of iNOS, TNF-a, and b-actin (as the internal

standard) in the cDNA aliquots was determined by

performing polymerase chain reaction (PCR) with a

thermal cycler (Biometra, Germany). All PCR ampli-

fications were performed using the recommended

buffer that was supplied by the manufacturer. The

PCR mixture contained 2 ll of each template and

0.05 lM of each primer. The reactions were per-

formed in triplicate for each template. After initial

denaturation for 2 min at 95�C, 36 amplification

cycles were performed for iNOS (30 s at 95�C,

denaturation; 45 s at 69�C, annealing; and 45 s at

72�C, extension) and 21 cycles were performed for

TNF-a (30 s at 95�C, denaturation; 45 s at 60�C,

annealing; and 45 s at 72�C, extension). We used the

following PCR primers from Bio Basic Inc.
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(Shanghai, China): iNOS, sense strand: 50-GTT TCT

GGC AGC GGC TC-30 and anti-sense strand: 50-GCT

CCT CGC TCA AGT TCA GT-30 (Nahrevanian and

Dascombe 2002); b-actin, sense strand: 50-CGT GGG

CCG CCC TAG GCA CCA GGG-30 and anti-sense

strand 50-GGG AGG AAG AGG ATG CGG CAG

TGG-30 (Wolfs et al. 2002); and TNF-a, sense strand

50-GGC AGG TCT ACT TTG GAG TCA TTG C-30

and anti-sense strand 50-ACA TTC GAG GCT CCA

GTG AAT TCG G-30 (Wang et al. 2004). After

amplification, the PCR products were analyzed by

electrophoresis on a 2% agarose gel, and visualized

under an ultraviolet transilluminator by ethidium

bromide staining and photographed. The optical

density (OD) of the iNOS, TNF-a, and b-actin bands

was measured by a digital imaging system (Image-

QuantTM 300; GE Healthcare Life Science). The

mRNA levels of iNOS and TNF-a were normalized

against those of b-actin.

Western blot analysis

The proteins in the total protein extract were sepa-

rated (30 lg/lane) by 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and

transferred onto nitrocellulose membranes by using a

semi-dry blotter (BIO-RAD, USA). The membranes

were incubated overnight with Tween 20/Tris-buf-

fered saline (TTBS) containing 5% (w/v) nonfat milk

at 4�C, and subsequently with indicated dilution of

primary antibody for 4 h. The blots were washed 3

times with TTBS and incubated with a 1:2000

dilution of horseradish peroxidase (HRP)-conjugated

IgG secondary antibody for 1 h at room temperature.

Then, the blots were washed 3 times with TTBS and

visualized by enhanced chemiluminescence (Pierce,

USA), followed by autoradiography. The antibodies

used in this study were as follows: anti-iNOS

(1:1,000; Santa Cruz, CA, USA), anti-PKCa, anti-

phospho-PKC a (1:1,000; Santa Cruz, CA, USA),

anti-NF-jB/p65 (1:1,000; Santa Cruz, CA, USA), and

anti-b-actin (1:2,000; Sigma).

Nuclei p65 activity assay

According to a previous report (Zhang et al. 2005),

NF-jB activation in the nuclear extracts can be

quantified using a TransAM NF-jB assay kit (Active

Motif); this method is based on the principle of

ELISA. Specifically, an oligonucleotide containing

the NF-jB consensus site (50-GGGACTTTCC-30)
was immobilized on the microwell plates. The active

form of NF-jB present in nuclear extracts that binds

specifically to this oligonucleotide was detected using

a primary antibody. Subsequently, an HRP-conju-

gated secondary antibody was added to the wells, and

the plates were read using an automated plate reader;

the expression level of nuclear NF-jB p65 was

determined as absorbance at 450 nm (A450).

Statistical analysis

All the experiments were independently performed at

least 3 times with data presented as mean ± SD

(standard deviation of the mean). Statistical analyses

were performed using Student’s t-test and one-way

analysis of variance (ANOVA). P \ 0.05 was con-

sidered as statistically significant.

Results

Inhibition of NO production by lanthanum

chloride

We investigated the effects of lanthanum chloride on

NO production in LPS-stimulated RAW 264.7 cells

by treating the cells with either LPS alone or with

various concentrations of lanthanum chloride for 24 h

before LPS stimulation. NO production in the culture

medium was determined by performing a nitrate

reductase assay. Lanthanum chloride did not exhibit

cytotoxic effects at any concentration used in this

study, and this result was confirmed by the MTT

assay (Fig. 1). Lanthanum chloride decreased the

LPS-induced production of NO in RAW 264.7 cells

in a dose-dependent manner (Fig. 2a). To elucidate

the mechanism responsible for the inhibitory effect of

lanthanum chloride on NO production, we evaluated

the iNOS mRNA and protein levels by RT-PCR and

western blotting, respectively. At a concentration of

2500 nM, lanthanum chloride effectively inhibited

iNOS mRNA (Fig. 2b) and protein (Fig. 2c) expres-

sion in LPS-stimulated RAW 264.7 cells. These data

suggest that the inhibition of NO production caused

by lanthanum chloride occurred at iNOS gene

transcriptional level.
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Inhibition of pro-inflammatory cytokine

production by lanthanum chloride

The inhibitive effect of lanthanum chloride for NO

production in the macrophage cell line prompt us to

check the role of this drug in regulating other pro-

inflammatory mediators such as TNF-a. As shown in

Fig. 3, LPS-stimulated RAW 264.7 macrophages

exhibited increased TNF-a production, while pretreat-

ment with lanthanum chloride treatment inhibited the

production in a dose-dependent manner. To elucidate

the mechanism responsible for the inhibitory effect of

lanthanum chloride on TNF-a production, we next

analyzed the TNF-a mRNA expression level by RT-

PCR. Lanthanum chloride markedly decreased the

mRNA levels of TNF-a in RAW 264.7 cells to a near

basal level (Fig. 3a). These data suggest that lantha-

num chloride might act as a modulator of the

inflammatory cytokine production.

Inhibition of PKC/Ca2? signaling by lanthanum

chloride

Since PKC/Ca2? pathways are involved in the NO

production in response to LPS stimulation (Severn

et al. 1992), we assessed whether the repressive effect

of lanthanum chloride occurred at PKC level. As

shown in Fig. 4a, FITC-labeled phospho-PKC a
(p-PKC a) was mainly localized in the cell periphery,

i.e., close to the cell surface. The FITC-labeled green

signals of p-PKC a in LPS-treated RAW 264.7

macrophages were markedly high, while those in

lanthanum chloride-treated cells were greatly attenu-

ated. Western blotting was performed to further

LaCl3 (nM) 0 2500 0 100 500 2500

+LPS (1µg/ml)

Fig. 1 Effects of lanthanum chloride on the viability of RAW

264.7 cells
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Fig. 2 Effects of lanthanum chloride on LPS-induced produc-

tion of NO in RAW 264.7 cells. a Cells were pretreated with

lanthanum chloride (0, 100, 500 and 2500 nM), washed, and

then stimulated with LPS (1 lg/ml) for 24 h. The NO

concentration was determined in culture medium using Nitric

Oxide Assay Kit. Data represent the mean ± SD of three

independent experiments. * P \ 0.01 vs. LPS alone. b, c Cells

were treated with LPS alone or pretreated with lanthanum

chloride (2500 nM), washed and subsequently treated with LPS

for 24 h for RT-PCR and Western blot. The mRNA expression

and protein levels of iNOS were evaluated by RT-PCR and

Western blot, respectively
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examine the extent of phosphorylation of PKC a in

RAW 264.7 cells (Fig. 4b). The results showed that

lanthanum chloride markedly suppressed PKC a
phosphorylation in LPS-stimulated macrophages.

Since La3? is known as one of the Ca2? antagonists,

we further investigated the effects of lanthanum

chloride by using extracellular Ca2? chelator, EGTA,

as well as intracellular Ca2? chelator, BAPTA-AM on

[Ca2?]i in RAW 264.7 macrophages induced by LPS.

We found that [Ca2?]i increased significantly in RAW

264.7 cells treated with LPS alone (compared with

untreated control, P \ 0.01), but decreased signifi-

cantly by pretreatment of the cells with 2500 nM

LaCl3 for 50 s(Chang et al. 2008a), 5 mM EGTA for

5 min (Letari et al. 1991) or BAPTA/AM for 1 h

(Choi et al. 2001), respectively, before 2 min-LPS

stimulation (compared with LPS group, P \ 0.01).

Both LaCl3 and extracellular/intracellular Ca2? chela-

tors significantly blunted the LPS-induced increase in

[Ca2?]i (Fig. 4c). We further explored whether the

phosphorylation of PKC a could be suppressed using

western blot. The results showed that the phosphory-

lation of PKC a was eliminated almost completely by

pre-treating the cells with LaCl3, BAPTA/AM or

EGTA, respectively (Fig. 4d). Collectively, all these

findings indicate that lanthanum chloride effectively

inhibits the activation of PKC/Ca2? pathways in

LPS-stimulated macrophages.

Inhibition of NF-jB activation by lanthanum

chloride

We next examined the influence of lanthanum

chloride on NF-jB activation as potential transcrip-

tion factor targeted. First, we detected the nuclear

expression of NF-jB/p65 protein by immunofluores-

cence staining. Then, we detected the degradation of

cytoplasmic IjB a and the expression of nuclear

NF-jB/p65 by western blot. Finally, we assessed the

DNA-binding activity of NF-jB by using TransAM

NF-jB assay kit. As shown in Fig. 5, LPS-induced

nuclear translocation of NF-jB/p65 was significantly

reduced and the degradation of IjB a were signifi-

cantly decreased after lanthanum chloride treatment;

in addition, the LPS-induced DNA-binding activity

of NF-jB was also suppressed significantly by

lanthanum chloride, which indicated the involvement

of the NF-jB pathway.

Discussion

In the present study, we examined the effects of

lanthanum chloride on LPS-induced NO production

and TNF-a expression in RAW 264.7 cell line. The

results of our experiments indicate that lanthanum

chloride is a potent inhibitor of NO and TNF-a
release. Consistent with these observations, we found

that lanthanum chloride also decreased the protein

and mRNA levels of iNOS and TNF-a. The inhibition

of the expression of these molecules in LPS-stimu-

lated RAW 264.7 cells by lanthanum chloride did not

contribute to cytotoxicity, as determined by the MTT

assay and b-actin expression.

The expressions of iNOS and TNF-a in murine

macrophages have been shown to be dependent on

NF-jB activity (Baeuerle 1998; Xie et al. 1994).

Numerous studies demonstrated that the PKC iso-

forms play a critical role in the activation of IjB

kinase b (IKK b) and the degradation of IjB in the

NF-jB pathway (Lallena et al. 1999; Moscat et al.

2003; Steffan et al. 1995; Trushin et al. 2003; Zhong
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Fig. 3 Effects of lanthanum chloride on LPS-induced TNF-a
in RAW 264.7 cells. Cells were pretreated with lanthanum

chloride (0, 100, 500 and 2500 nM), washed and followed by

4 h LPS (1 lg/ml) stimulation for RT-PCR (b) and 24 h

stimulation for ELISA (a). Each cytokine concentration was

measured in culture medium using ELISA. Data represent the

mean ± SD of three independent experiments. * P \ 0.01 vs.

LPS alone
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et al. 1997). Studies also suggest that PKC a plays an

important role in LPS-induced NO formation (Li

et al. 1998; Lin and Chang 1996; Severn et al. 1992).

In the current study, we found that lanthanum

chloride inhibited LPS-induced PKC a phosphoryla-

tion and the DNA-binding activity of NF-jB, which

was associated with the prevention of IjB a degra-

dation and subsequently decreased p65 protein level

in the nuclei. It has been proven that LPS triggers a

cascade of intracellular signal transduction pathways

involved in iNOS/TNF-a expression, including the

activation of PKC, PKA, ERK, and p38 MAPK

(Chen et al. 1999; Chen and Wang 1999; Hambleton

et al. 1995; Li et al. 1998; Lin and Chang 1996;

Sanghera et al. 1996; Zhong et al. 1997). To better

understand the role of other signal pathways involved

in the inhibiting effects of lanthanum chloride on

LPS-mediated iNOS and TNF-a mRNA expression,

we have also investigated the activation of PKA and

p38 MAPK pathways. The results of these experi-

ments showed that lanthanum did not play a role in

the inhibition of LPS-mediated PKA or p38 MAPK

activation (data not shown). Hence, the key molec-

ular mechanisms underlying the lanthanum chloride-

mediated attenuation of iNOS and TNF-a expression

were the inhibition of LPS-induced phosphorylation

of PKC and the DNA-binding activity of NF-jB.

Consistent with our present study, NF-jB activity

has been reported to be affected by various metal

elements. For example, gold, zinc, and copper

compounds can block the activation of NF-jB by

inhibiting the activity of IKKs (Jeon et al. 2003;
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Fig. 4 Effect of Lanthanum chloride on LPS-induced phos-

phorylation of PKC in RAW 267.4 cells. A Immunofluorescent

staining analysis of phosphor-PKCa: a control; b cells were

treated with lanthanum chloride (2500 nM) in the absence of

LPS for 10 min; c cells were pretreated with Lanthanum

chloride (2500 nM) for 2 h, washed, and stimulated with LPS

(1 lg/ml) for 10 min; d cells were treated with LPS (1 lg/ml)

for 10 min (Bar = 20 lm). B Total cell extracts were

subjected to immunoblot analysis using antibodies against

phosphoror total forms of PKCa. C [Ca2?]i in RAW 264.7

macrophages induced by LPS in the presence or absence of

extracellular Ca2?, intracellular Ca2? or La3?, respectively

(n = 3, Mean ± SD). In La ? LPS group, lanthanum chloride

(2500 nM) was added 50 s before LPS stimulation; in

EGTA ? LPS group, the cells were pretreated with 5 mM

EGTA for 5 min before LPS stimulation. [Ca2?]i, was detected

2 min after LPS treatment. In BAPTA/AM ? LPS group

RAW 264.7 cells pretreated with 50 lM BAPTA/AM for 1 h

before LPS stimulation. # P \ 0.01 vs. LPS group; * P \ 0.01

vs. untreated control group. D The LPS-induced phosphoryla-

tion of PKCa was eliminated by pretreating the cells with

lanthanum chloride, BAPTA/AM or EGTA, respectively.

RAW 264.7 cells pretreated with 2500 nM lanthanum chloride

for 30 min, 50 lM BAPTA/AM for 1 h or 5 mM EGTA for

5 min, respectively, pPKCa was detected in 10 min
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Fig. 5 Effect of lanthanum

chloride on LPS-induced

NF-jB activation in RAW

267.4 cells. A
Immunofluorescent staining

analysis of NF-jB/p65

protein: a control; b cells

were treated with

lanthanum chloride (2500

nM) in the absence of LPS

for 30 min; c cells were

pretreated with lanthanum

chloride (2500 nM) for 2 h,

washed, and stimulated with

LPS (1 lg/ml) for 30 min;

d cells were treated with

LPS (1 lg/ml) for 30 min

(Bar = 20 lm). B Total

nuclear extracts and

cytoplasm extracts were

isolated and subjected to

immunoblot analysis of

NF-jB/p65 and IjBa,

respectively. C Total

nuclear extracts were

isolated and used in an

ELISA based NF-jB

activity assay in which

NF-jB is captured by a

double-stranded DNA

probe. * P \ 0.01 vs. LPS

alone
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Lewis et al. 2005), and aurinetricarboxylic acid

reduces the viability of AIDS virus by decreasing

the DNA-binding activity of NF-jB intensively.

Metals such as gold, palladium, nickel, and mercury

regulate the activation of target gene by inhibiting the

DNA-binding activity of NF-jB (Sharma et al. 2000).

It has been shown that NF-jB pathway is depen-

dent on Ca2?, i.e., the transcription of NF-jB is

inositol triphosphate (InsP3)/Ca2?-dependent (Valdes

et al. 2007). To address the mechanisms by which

lanthanum chloride blocks NF-jB and PKC activa-

tion, we detected [Ca2?]i using Fluo-3/acetoxymethyl

ester (Fluo-3/AM) by flow cytometry. We found that

both LaCl3 and extracellular/intracellular Ca2? che-

lators blunted the LPS-induced increase in [Ca2?]i

significantly. According to Chang et al. (2008b), a

bulk cytoplasmic Ca2? signal might trigger the

phosphorylation of PKCa, but the Ca2? has to reach

a certain level to stimulate the enzymes. On the basis

of the abovementioned facts, we believe that a Ca2?

signaling pathway is primarily responsible for block-

ing the transcription of NF-jB.

In the present study, we demonstrated that lantha-

num chloride exhibits anti-inflammatory activity

through the inhibition of inflammatory mediators

such as NO and TNF-a at gene transcription levels in

LPS-activated RAW 264.7 cells. Furthermore the

anti-inflammatory properties of lanthanum chloride

were mediated via the inhibition of PKC a phos-

phorylation in the cytosol and subsequently of NF-jB

activation in nucleus. Further studies to pinpoint the

signaling molecules affected by lanthanum in IKK

signaling are currently undertaken.

Lanthanum, a representative of lanthanides with

extremely active physical and chemical properties

was reported to possess antibacterial effect and can

regulate cellular immunity. The toxicity of lanthanum

is lower than that of synthetic drugs and some

transition metals. For these reasons, lanthanides have

already been employed as diagnostic agents in

clinical examinations such as magnetic resonance

imaging, time-resolved fluorescence immunoassays,

and radioactive isotopic labeling. Besides, lanthanide

compounds are also applied in the treatment of

various diseases (Deveci et al. 2000; Hadjiiski and

Lesseva 1999). For example, lanthanum carbonate is

well tolerated and effective for the long-term main-

tenance of serum phosphorus control in patients with

end-stage renal disease (Chiang et al. 2005). In

addition, studies have also demonstrated great effi-

cacy of sulfadiazine combined with cerium nitrate in

the treatment of burn patients (Shigematsu 2008).

Therefore, it is of great translational utility to

demonstrate in this study that lanthanum chloride is

a potent inhibitor of LPS-induced NO and TNF-a
production via blocking PKC and NF-jB activation

in macrophages. These findings suggest that lantha-

num chloride could be a potential therapeutic agent

for use in the treatment of various inflammatory

diseases.
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