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Induction of tumor necrosis factor-� (TNF-�) in response to lead (Pb) exposure has been implicated in
its immunotoxicity. However, the molecular mechanism by which Pb upregulates the level of TNF-� is
wagely known. An attempt was therefore made to elucidate the mechanistic aspect of TNF-� induction,
mainly focusing transcriptional and post transcriptional regulation via mitogen activated protein kinases
(MAPKs) activation. We observed that exposure of Pb to human monocytic THP-1 cells resulted in sig-
nificant enhanced production of TNF-� m-RNA and protein secretion. Moreover, the stability of TNF-�
m-RNA was also increased as indicated by its half life. Notably, activation of ERK 1/2, p38 and JNK in Pb
HP-1
NF-�
APKs

mmunotoxicity

exposed THP-1 was also evident. Specific inhibitor of ERK1/2, PD 98059 caused significant inhibition in
production and stability of TNF-� m-RNA. However, SB 203580 partially inhibited production and sta-
bility of TNF-� m-RNA. Interestingly, a combined exposure of these two inhibitors completely blocked
modulation of TNF-� m-RNA. Data tends to suggest that expression and stability of TNF-� induction due
to Pb exposure is mainly regulated through ERK. Briefly, these observations are useful in understanding
some mechanistic aspects of proinflammatory and immunotoxicity of Pb, a globally acknowledged key

ant.
environmental contamin

. Introduction

Lead (Pb), a well known hazardous material, has been in use
n innumerable products of industrial as well as domestic kinds
ince very long, thus resulting contamination of each compart-
ent of environment and worldwide exposure to human of any

ife style. Earlier studies had established the negative impact on
ifferent biological systems towards Pb exposure, e.g., neurologi-
al, haematological, reproductive, etc., however immune system is
ne of the most sensitive among them. Pb had the ability to induce
mmunosuppression and reduce host resistance towards infectious
isease. Phagocytic cells (macrophages and monocytes) have been
nown as a significant target during Pb mediated immunotoxicity

1]. Earlier research related to immunotoxicity of Pb had served
o highlight that many host problems (e.g., neurological, cardiac,
enal, reproductive) arising from exposure to Pb may ultimately
race back to Pb-induced changes in myelomonocytic-derived cell
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© 2011 Elsevier B.V. All rights reserved.

population. Pb impairs several aspects of phagocytic cell functions
including adherence, chemotaxis [2,3], and clearance of intracellu-
lar pathogens [4]. Moreover, Pb has also been shown to inhibit nitric
oxide production in both myeloid as well as myeloid suppressor
cells [5,6].

The generation of inflammatory responses is a key event of
host defense system. Monocytes play important role in, tightly
regulated process, at least in part, via the secretion of proinflam-
matory cytokines, mainly tumor necrosis factor-alpha (TNF-�),
interleukin (IL)-1� and IL-6. TNF-� is one of the principal medi-
ators of the inflammatory responses in mammals, transuding
deferential signals that regulate activation, proliferation and
apoptosis at cellular levels [7]. Earlier studies identified the capac-
ity of Pb to increase production of various pro-inflammatory
cytokine mainly TNF-� among phagocytic cells of both animal
and human [8–12], While the production of TNF-� can be ele-

vated following exposure to lead, the expression of the receptor
for TNF-� was also increased during the in vitro exposure of
human blood monocytes to PbCl2 [13]. Therefore, the combined
effect of elevated cytokine production by macrophages and of
increased receptor expression would be expected to contribute

dx.doi.org/10.1016/j.jhazmat.2011.02.027
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Table 1
The sequence of primers for PCR.

Gene Primer (5′–3′) Length (bp)

TNF-˛ F: GGCTCCAGGCGGTGCTTGTTC 409
R: AGACGGCGATGCGGCTGATG

IL-1ˇ F: CTTCATCTTTGAAGAAGAACCTATCTTCTT 332
R: AATTTTTGGGATCTACACTCTCCAGCTGTA

IL-6 F: GATGGATGCTTCCAATCTGGAT 450
R: AGTTCTCCATAGAGAACAACATA
56 M.I. Khan et al. / Journal of Haza

o problematic inflammatory responses. In addition to this Pb-
nduced effect seem to be also involved in elevated production
f the other major pro-inflammatory cytokines i.e. IL-1� and IL-6
14,15].

Proinflammatory cytokines induction is tightly regulated act
hrough receptor-dependent signaling cascades that diverge
nto multiple pathways, including each of the three mitogen-
ctivated protein kinases (MAPK): extracellular-regulated kinase
ERK1/2), stress-activated protein kinase/c-jun N-terminal kinase
SAPK/JNK), and p38 [16]. While each of these signaling path-
ays contributes to the activation of gene transcription, their role

n controlling gene expression at the level of mRNA stability is
ot well understood. Although the majority of studies suggest
hat mRNAs encoding for proinflammatory genes including, TNF-�,
yclooxygenase-2, IL-6, and IL-8 are stabilized upon activation of
he p38 and ERK1/2 MAP kinase pathway [17–20]. These MAPK-

ediated stabilization is dependent on AU-rich elements (ARE)
equences in the 3′-untranslated region (UTR) of respective genes,
uggesting that AREs not only confer instability on mRNAs, but they
lso allow mRNA stabilization following activation of MAPK path-
ay [21]. Despite the suggested role of TNF-� in the pathogenesis of

arious inflammatory disease, the mechanisms by which Pb expo-
ure increases TNF-� expression are not well understood. Pb had
he capability to modulate the activity of several important sig-
aling molecules including ERK1/2, p38 MAPK and JNK [22–25].
owever, it is not known whether changes induced by Pb in these
athways can modulate TNF-� transcription and/or translation in
hagocytic cells.

In view of the importance of TNF-� in inflammatory diseases
nd the potential for it to be upregulated by Pb, it is critical to
nderstand how Pb induces expression of this cytokine at the
olecular level. The purpose of this study was to test the hypoth-

sis that Pb-induced activation of MAPKs mediates transcriptional
nd posttranscriptional upregulation of TNF-� expression. More
pecifically, the effects of Pb on ERK1/2, p38, and JNK1/2 activa-
ion, TNF-� m-RNA stability and TNF-� protein production were
ssessed in human monocytes THP-1 cells.

. Materials and methods

.1. Reagents

Cell culture reagents were from Life Technologies, Inc. (Grand
sland, NY). Kinase inhibitors PD-98059 (2′-amino-3′-methoxy
avone) and SB-203580 (4-(4-fluophenyl)-2-(4 methylsulfinyl
henyl)-5-(4-pyridyl)1H-imidazole) were purchased from Cal-
iochem (San Diego, CA). Lead acetate, LPS (E. coli serotype 055:B5),
ctinomycin D and �-actin antibody were from Sigma–Aldrich (St.
ouis, MO). (�-32P)dCTP was purchased from ICN Pharmaceuticals
Irvine, CA). Specific anti-phospho ERK (Thr202/Tyr204), anti-
hospho JNK (Thr183/Tyr185), anti-phospho p38 (Thr180/Tyr182)
nti-ERK, anti-JNK anti-p38 were obtained from Cell Signalling
echnology (Beverly, MA) and were used in the ratio of 1:1000
n all experiments. Horseradish peroxidase-conjugated goat anti-
abbit and anti-mouse secondary antibodies were obtained from
anta Cruz Biotechnology (Santa Cruz, CA) and were used in ratio
f 1:500 in all experiments. Ribonuclease Protection Assay (RPA)
it and reagents were purchased from BD pharmigen (San Diego,
A). The rest of the chemicals used in the study were of analytical
rade of purity and procured locally.
.2. Cell culture

The human promonocytic cell line THP-1 was purchased from
ational Centre for Cell Sciences, Pune, India. Cells were cultured in
ˇ-actin F: CCCAAGGCCAACCGCGAGAAGAT 219
R: GTCCCGGCCAGCCAGGTCCAG

F: forward; R: reverse.

RPMI 1640 medium supplemented with 10% heat-inactivated fetal
calf serum, 50 U/ml penicillin, and 50 �g/ml streptomycin at 37 ◦C
in 5% CO2 incubator. Cells were maintained at a density of 5 × 105 to
1 × 106 cells/ml, and used in log-phase of growth between the ninth
and eighteenth passages. These cells express various receptors that
are found in normal monocytes and have been used as a model
system for monocyte/macrophage biology [26].

2.3. 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium
bromide (MTT) assay

The tetrazolium dye, MTT, is widely used to assess the viabil-
ity and/or the metabolic state of the cells. The MTT-colorimetric
monocyte mediated cytotoxicity assay, based upon the ability of
living cells to reduce MTT into formazan by mitochondrial succi-
nate dehydrogenase in viable cells. Twenty-four hours after cell
seeding, cells were incubated with varying concentrations of Pb
(0.1–100 �m) for 6 and 24 h at 37 ◦C. Following the removal of
the exposure from each well, cells were washed in phosphate-
buffered saline (PBS). The cells were then incubated in serum-free
RPMI to which MTT (0.5 mg/ml) was added to each well (100 �l)
and incubated for a further 4 h. Then the medium was removed
and the cells were incubated for 15 min with 100 �l of acidic
isopropanol (0.08 N HCl) to dissolve the formazan crystals. The
absorbance of the MTT formazan was determined at 570 nm in an
ELISA reader (Synergy HT Biotek, USA). Viability was defined as the
ratio (expressed as a percentage) of absorbance of treated cells to
untreated cells.

2.4. RNA isolation from THP-1 cells for RT-PCR

Total RNA was extracted from cells culture using the TRI-
zol system (Sigma, USA), in accordance with the manufacturer’s
instructions. In brief, cDNA was prepared using RNA samples
(3–5 �g) to which 1 �g oligo(dT)18, 0.5 mM dNTP, and 200 U of
Revert AidTM H Minus M-MuL V RT enzyme (MBI, Fermentas, USA)
were added. The gene specific primers used were synthesized by
are listed in Table 1. The PCR products identified by 1% agarose gel
electrophoresis were analyzed using IS1000 image analysis system
(Alpha Innotech, San Leandro, CA, USA). All samples were analyzed
in triplicate.

2.5. Total cell lysate preparation

Following treatment to the cells, the medium was aspirated and
the cells were washed twice with cold PBS (10 mM, pH 7.4). Ice-
cold lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM EGTA, 1 mM

EDTA, 20 mM NaF, 100 mM Na3VO4, 0.5% NP-40, 1% Triton X-100,
1 mM PMSF, 10 �g/mL aprotinin, 10 �g/mL leupeptin, pH 7.4) was
added to the plates, which were then placed over ice for 30 min
and then the lysate was collected in a microfuge tube. The lysates
was cleared by centrifugation at 14,000 × g for 15 min at 4 ◦C and
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he supernatant (total cell lysate) was either used immediately or
tored at −80 ◦C.

.6. Western blotting

Western blotting was carried out according to method of Towbin
t al. [27] with some modifications. Proteins (100 �g) were resolved
n 10–12% SDS–PAGE and then electroblotted onto nitrocellulose
embranes. The blots were blocked overnight with 5% nonfat dry
ilk and probed with different primary antibodies at dilutions rec-

mmended by the suppliers. Further immunoblots were detected
y horseradish peroxidase conjugated anti-mouse or anti-rabbit

gG using chemiluminiscence kit and visualized by Versa Doc Imag-
ng System (Biorad, CA, USA). To quantify equal loading, membrane

as reprobed with �-actin antibody. Data are presented as the rela-
ive density of protein bands normalized to �-actin. Densitometric

easurements of the bands were done with digitalized scientific
oftware program, UN-SCAN-IT, purchased from Silk Scientific Cor-
oration (Orem, UT, USA).

.7. Probe synthesis

The human TNF-� cDNA clone was purchased from American
ype Culture Collection and grown in Luria–Bertani broth (Hime-
ia, India) containing ampicillin (50 �g/ml; Sigma) or tetracycline
20 �g/ml; Sigma), respectively. Plasmid containing the TNF-� was
solated using the QIAprep spin miniprep kit (Qiagen, Valencia, CA)
nd subsequently digested with restriction endonucleases (New
ngland Biolabs, Beverly, MA) HindIII and AvaI Digestion of the
NF-� cDNA resulted in a 578-bp fragment containing 450 bp of
he TNF-� coding region as well as 128 bp of the 3′-UTR. Fragments
ere visualized with ethidium bromide after electrophoresis of

he digests into 1.2% agarose gels. The 578-bp DNA fragment was
xcised and purified using the QIAquick gel extraction kit (Qiagen).
pproximately 25 ng of the TNF-� fragments were resuspended

n sterile water for use in [�-32P]dCTP random primer labeling
eactions employing the Rediprime II kit (Amersham Pharmacia
iotech Inc., Piscataway, NJ). A 316-bp human GAPDH DNA probe
Ambion, Inc., Austin, TX) was also randomly prime labeled using
he Rediprime II kit to detect GAPDH mRNA that served both as a

RNA stability control and loading control.

.8. Northern blot analysis

Total RNA from THP-1 cells was extracted using the TRIzol
eagent (Gibco Life Technologies) as per manufacturer’s protocol.
ollowing extraction, total RNA samples (10–15 �g) were elec-
rophoresed into 1% agarose/formaldehyde gels at 50 V for 1.5 h and
hen transferred to positively charged nylon membranes up to for
h. Transferred RNA was than cross-linked to membranes using a
V cross-linker (Bio-Rad, Hercules, CA). Membranes were washed

n 2× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.5%
DS for 30–60 min, after which they were pre-hybridized at 42 ◦C
or 3 h with salmon testes DNA (Sigma) in a pre-hybridization
olution of 50% formamide (Sigma) and 10% SDS (Sigma). Now
adiolabeled probes were then added to the hybridization buffer
vernight at 42 ◦C. After hybridization, blots were again rinsed with
× SSC (with 1% SDS) for 15 min at room temperature, and then
ashed once with 0.1× SSC (with 1% SDS) for 30 min at 60 ◦C. Blots

ere then dried briefly and TNF-� and GAPDH mRNA were visual-

zed by autoradiography and quantified using a PhosphorImager
nd ImageQuant software (Molecular Dynamics, Sunnyvale, CA)
nd corrected by reference to the corresponding GAPDH reading
o compensate for slight variation in loading.
Fig. 1. Effect of Pb exposure on cellular viability. THP-1 cells were exposed to differ-
ent concentrations (0.1–100 �M) of Pb for 6 and 24 h. Cellular viability was measured
by MTT assay. Results were calculated by averaging three independent experiments.

2.9. Ribonuclease protection assay

Total RNA from THP-1 cells was extracted using the TRIzol
reagent (Gibco Life Technologies) as per manufacturer’s protocol.
For mRNA stability experiments, cells were further cultured in the
presence or absence of Actinomycin D (10 �g/ml) for the indi-
cated times following Pb treatment before RNA was isolated. For
some experiments THP-1cells were pretreated with either 20 �M
SB203580 or 25 �M PD98059 before Pb stimulation and RNA iso-
lation. Previously synthesized riboprobe for TNF-� was used and
RPAs were carried out following the manufacturer’s instructions.
Samples were run on 5% sequencing gels, dried, and autoradio-
graphed (Molecular Dynamics, Sunnyvale, CA).

2.10. TNF-˛ protein quantification

The extracellular medium was centrifuged at 250 × g for 10 min
and the supernatant was stored at −20 ◦C. For determination of
intracellular TNF-� content, cells were lysed, centrifuged and the
supernatant was stored at −20 ◦C. TNF-� was analyzed using a
commercial ELISA kit (Biosource, Camarillo, CA).

2.11. Statistical analysis

The data were analyzed to obtain mean values and standard
deviation for all treated and vehicle control samples, which were
subjected to statistical comparison using student-t-test, p < 0.05
was considered as significant.

3. Results

3.1. Pb treatment alters cellular viability

The human monocytic cells THP-1 were exposed to increas-
ing concentration of Pb (0.1–100 �M) for different time periods (6
and 24 h). The results showed that the exposure concentration of
100 �M or less had only mild effect on cellular viability i.e. more
than 80% were found to be live in all time periods (Fig. 1). Based
on the above results we used exposure doses less than 100 �M
throughout the study.

3.2. Pb treatment upregulates m-RNA levels of TNF-˛ and other
pro-inflammatory cytokines

We initially analyzed the m-RNA levels of TNF-� and other pro-

inflammatory cytokines (IL-1� and IL-6) by RT-PCR. As indicated
in Fig. 2A, Pb treatment for 24 h enhanced TNF-�, IL-1� and IL-
6 m-RNA expression levels. Similar results were observed when
LPS (200 ng/ml) was used, as a typical pro-inflammatory agent.
Further analysis of time course of TNF-� m-RNA induction in Pb
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Fig. 2. (A) THP-1 cells were treated by Pb (50 �M) and LPS (200 ng/ml) for indicated time. m-RNA levels of TNF-�, IL-1� and IL-6 were than analyzed by RT-PCR. TNF-�
expression in response to Pb in THP-1 cells (B) Time dependent (C) and dose dependent. (D) TNF-� secretion analyzed by ELISA. All the data are representative of three
independent experiments. Asterisks indicate significant changes as compared with the control (*P < 0.05).

Fig. 3. Pb induces the phosphorylation of (A) ERK1/2, (B) JNK, and (C) p38 in THP-1 cells. THP-1 cells were treated with Pb (50 �M) for 30–480 min. Cell lysates were separated
by SDS–PAGE and immunoblotted with ERK1/2, Phospho ERK1/2 (Thr202/Tyr204), JNK, Phospho-JNK (Thr183/Tyr185), p38 and Phospho-p38 (Thr180/Tyr182) antibodies.
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xposed monocytes indicated that exposure period range 3–6 h was
nough to get a maximal increase, where 12 h exposure had shown
ess decrease, however longer exposure periods (>12 h) lead to a
iminished upregulation (Fig. 2B). Furthermore, we had also ana-

yzed the dose–response of TNF-� m-RNA upregulation by Pb. As
learly shown in Fig. 2 C, the dose of 10–100 �M increased TNF-�
-RNA level in a concentration dependent manner. On the con-

rary, low doses of Pb (less than 10 �M) had shown no significant
ffect on TNF-� m-RNA level (data not shown). Similar observation
as recorded in TNF-� production at protein levels also (Fig. 2D).

.3. Pb treatment activates various MAPKs in THP-1 monocytes

We analyzed the possible signaling mechanism that could be
nvolved in Pb mediated TNF-� regulation. For this, we studied
he activation of the three major types of MAPKs, i.e., ERK1/2, p38
nd JNK. Primarily it was found that Pb constituently activated
he ERK1/2 pathway in THP-1 cells. As evident from the western
lotting experiments, Pb clearly enhanced ERK1/2 phosphorylation
ighest at 120 min. The phosphorylation pattern clearly indicated
gradual increase in phosphorylation over the time up to 120 min,
owever the phosphorylation tends to decreased onwards i.e.
40 min (Fig. 3A). The exposure of Pb modified the levels of total JNK
ut a slight increase in phosporylated form of JNK at 30 min, which
as abolished (Fig. 3B) with time. Interestingly, the phosphoryla-

ion pattern of p38 was also similar to that of ERK1/2 as apparent
n Fig. 3C. In all the cases 1 h LPS exposure (200 ng/ml) was used as

positive control, which displayed a marked activation of all the
hree MAPK’s.

.4. Inhibition of ERK phosphorylation decreases TNF-˛ m-RNA

evels

To further determine the role of ERK1/2 and p38 phosphory-
ation in Pb mediated upregulation of TNF-� m-RNA levels, we
nvestigated the effects of MAPK inhibitors namely PD-98059 for

ig. 5. Effect of different doses of (A) PD 98059 (1–25 �M) and (B) SB 203580 (2–20 �M) on
f three independent experiments. Asterisks indicate significant changes as compared wi
Fig. 4. THP-1 cells pretreated for 1 h with 20 �M SB 203580, 25 �M PD 98059, fol-
lowed by Pb (50 �M) for indicated time. m-RNA levels of TNF-� and GAPDH were
detected by RT-PCR. Data are representative of three independent experiments.

ERK1/2 and SB-203580 for p38. The inhibition of ERK1/2 phospho-
rylation by applying PD-98059 (25 �M) in Pb-treated monocytes
clearly abolished the upregulation of TNF-� m-RNA. Moreover,
very less or non-significant inhibition of TNF-� m-RNA was also
observed in presence of SB-203580 (20 �M) (Fig. 4).) In order
to specify RT-PCR results, we performed Northern blot analysis,
which showed significant inhibition of TNF-� m-RNA in presence
of ERK1/2 inhibitor (PD 98059), however p38 inhibitor showed less
effect (Fig. 5A and B). We further analyzed the combinatorial effect
of both MAPK inhibitors in combination on TNF-� m-RNA level;
which showed nearly complete attenuation of TNF-� m-RNA level
(Fig. 6). However, no loss of human monocytic cells viability was
observed at the concentrations of inhibitors used.

3.5. Effect of MAPK inhibitors on TNF-˛ production

The different MAPK inhibitors were also used to determine
whether activation of ERK1/2 or p38 modulated the Pb induced

TNF-� protein production. Cells were incubated with Pb alone and
in presence of inhibitors (PD 98059 and SB 203580) for 24 h and
TNF-� secretion was assessed by ELISA. Pb (50 �M) induced TNF-�
production was inhibited in a concentration dependent fashion at
24 h by both inhibitors (Fig. 7A and B). Moreover, in the presence

TNF-� induction, analyzed by Northern blot in THP-1 cells. Data are representative
th the control (*P < 0.05).
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ig. 6. THP-1 cells were pretreated for 1 h with 20 �M SB 203580, 25 �M PD 98059
r combination of both, followed by Pb (50 �M) for indicated time. Cellular RNA was
solated and analyzed. Data are representative of three independent experiments.

f JNK inhibitor SP 600125 (10 �M), LPS induced TNF-� production
as significantly reduced whereas Pb induced TNF-� production
as not affected (data not shown).

.6. Effect of MAPK inhibitors on Pb-induced TNF-˛ m-RNA
tability

In order to find out the exact mechanism that how Pb increases
he TNF-� m-RNA levels it was essential to perform the studies that

eflect the effect of Pb on TNF-� m-RNA stability. For, this TNF-�
xpression was induced by adding LPS (1 �g/ml) in culture for 3 h
nd then stability of its m-RNA was assessed in presence or absence
f inhibitors. m-RNA was isolated at different time intervals (60,
20 and 240 min) after treatment with Pb alone or Pb + MAPK

ig. 7. Effect of ERK1/2 and p38 inhibition on TNF-� release in THP-1 cells. (A) THP-
cells were pretreated for 1 h with PD 98059 (25 �M) before 24 h incubation with

b (50 �M). TNF-� levels were measured by ELISA. Data are representative of three
ndependent experiments. (B) Similar conditions were applied in presence of SB
03580 (20 �M). Asterisks indicate significant changes as compared with the Pb
50 �M) (*P < 0.05).
Materials 189 (2011) 255–264

inhibitors in presence of Actinomycin D (10 �g/ml),. Actinomycin
D treatment suppressed TNF-� m-RNA expression at each time
interval, resulting in a TNF-� m-RNA half life of 49 min (Fig. 8A).
Expression of housekeeping GAPDH m-RNA was not changed by
Actinomycin D treatment. The presence of Pb increased TNF-� m-
RNA stability, resulting in a TNF-� m-RNA half life up to 240 min.
When the ERK1/2 inhibitor PD 98059 (25 �M) was co-incubated
with Actinomycin D and without Pb treatment, m-RNA half life
decreased from 49 to 15 min. The result referred to suggests that
ERK1/2 is required to stabilize TNF-� m-RNA in non Pb treated
cells. Similarly, Pb mediated TNF-� m-RNA half life (up to 240 min)
was also reduced to 27 min in the presence of ERK1/2 inhibitor.
Moreover, when we compared the percentage of remaining TNF-
� m-RNA both in absence and presence of ERK1/2 inhibitor, we
observed clear involvement of ERK1/2 in Pb induced TNF-� m-RNA
stability. Similarly, we employed SB203580 (20 �M) to investigate
whether p38 pathway is involved in Pb induced TNF-� m-RNA sta-
bilization. Actinomycin D treatment resulted in a TNF-� m-RNA
half life of 49 min (Fig. 8B). When the inhibitor was co-incubated
with Actinomycin D and without Pb treatment, TNF-� m-RNA half
life was reduced to 36 min. These results indicated that p38 acti-
vation could also be involved in stabilizing the TNF-� m-RNA. Pb
(50 �M) increased the TNF-� m-RNA half life up to 240 min. This
increased half life was reduced to 62 min in presence of SB 203580.
The above results clearly suggested that Pb induced TNF-� m-RNA
stabilization was also significantly regulated by p38.

4. Discussion

It is a well known that pleiotropic cytokines such as TNF-�
are produced predominantly by activated monocytes, macrophages
and lymphocytes and plays a central role in inflammation. In the
present study, we found significant induction of TNF-� both at m-
RNA and protein levels from monocytes exposed to Pb. We had also
observed higher m-RNA levels of other proinflammatory cytokines
i.e. IL-1� and IL-6. Our results are in clear agreement with the pre-
vious reports that have reported significant induction in different
proinflammatory cytokine levels after Pb exposure either in vitro
or in vivo [28–31].

The MAPK signal transduction pathways are critical regulators
for inducing inflammatory gene expression after exposure to differ-
ent types of mitogens. Moreover, MAPKs could directly target the
RNA polymerase II complex to bring about transcriptional activa-
tion of proinflammatory cytokines such as TNF-� at the promoter
level [32,33]. These mechanisms are fundamental in the initiation
of inflammatory responses. We have observed that ERK1/2 and p38
were significantly activated in Pb exposed monocytes and that the
MAPKs mediated induction of TNF-� is mainly via ERK1/2 mediated
pathway. To further prove the role of activated ERK1/2 and p38 in
induction of TNF-� m-RNA, we suppressed the phosphorylation
of ERK1/2 by using PD-98059, which specifically block the phos-
phorylation of ERK1/2, by inhibiting phosphorylation of MEK1/2.
We found that inhibition of ERK1/2 results in significant ablation
of TNF-� m-RNA, whereas inhibition of p38 by specific inhibitor
SB-203580 also substantially decreases the TNF-� m-RNA. When
both of the inhibitors were used in combination, TNF-� m-RNA
levels were completely diminished. Based on the above intriguing
facts it is evident that ERK mainly regulate TNF-� production at
transcriptional levels in Pb exposed monocytes. However we did
not deny the fact, p38 also played a significant role in regulat-

ing the TNF-� production in Pb exposed monocytes. Our study is
in clear coordination with other studies that have shown ERK1/2
dependent induction of TNF-� at both transcriptional and post-
transcriptional levels [34–36]. It has also gained strength from
another report, which has established the role of other MAPKs i.e.
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Fig. 8. (A) Effect of ERK1/2 inhibition on Pb induced TNF-� m-RNA stability in THP-1 cells. Cells were treated either with Pb (0 �M), Pb (50 �M) or in combination with
PD 98059 (20 �M) in presence of Actinomycin D (10 �g/ml) for indicated times. Total RNA was analyzed by RNase protection assay. (a) TNF-� mRNA blot from RNase
protection assay. (b) Relative TNF-� mRNA levels after normalization with GAPDH gene expression determined by densitometry of blots from RNase protection assay. Data
are representative of three independent experiments. (B) Effect of p38 inhibition on Pb induced TNF-� m-RNA stability in THP-1 cells. Cells were treated either with Pb
(0 �M), Pb (50 �M) or in combination with SB 203580 (20 �M) in presence of Actinomycin D (10 �g/ml) for indicated times. Total RNA was analyzed by RNase protection
assay. (a) TNF-� mRNA blot from RNase protection assay. (b) Relative TNF-� mRNA levels after normalization with GAPDH gene expression determined by densitometry of
blots from RNase protection assay. Data are representative of three independent experiments.
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Fig. 9. Hypothetical proposed mechanism fo

38 and JNK, in regulating TNF-� production at both translational
nd post-translational levels [37–40].

Investigations into the post-transcriptional control of TNF-�
ave focused on the importance of ARE present in the UTR of TNF-�
NA as a critical region involved in the regulation of TNF-� message
tability and translation [41,42]. In unstimulated cells, the TNF-

message is unstable and translationally repressed, preventing
NF-� protein production [43]. In response to mitogen mediated
timulation, such as by LPS, the TNF-� message is stabilized and
ranslation is de-repressed, allowing for the rapid production of
NF-� [44,45]. In the present study we observed increased sta-
ility of TNF-� m-RNA after Pb exposure. Moreover the TNF-�
-RNA stability was dependent on ERK1/2 activation, because

locking of the ERK phosphorylation resulted in decreased sta-
ility of TNF-� m-RNA. Furthermore, the TNF-� m-RNA stability
ends to decrease further when ERK and p38 inhibitors were used
n combination with Pb. Our results demonstrated the inhibition
r complete ablation of TNF-� m-RNA stability either by ERK1/2
lone or by combination of both inhibitors, which is consistent with
he earlier reports [46,47]. In addition, nuclear export of TNF-� m-
NA is also a regulated event requiring ARE as well as an intact
pl2/ERK signaling pathway. Unlike the Raf-1/ERK pathway, which
ainly responds to mitogens, Tpl2 signaling is activated by TLR

r proinflammatory cytokine stimulation [48]. Although, precise
echanism involved in the induction of TNF-� levels by Pb is not yet
nown, ERK1/2, which is getting activated by Pb, has been shown
o regulate TNF-� production in several ways. It has been reported
hat the stimulation of macrophages by LPS results in increased
RK1/2 phosphorylation as well as increased nuclear transport of
ction of TNF-� by Pb in human monocytes.

TNF-� m-RNA, which in turn enhances TNF-� production [49]. It
has also been shown recently that selective blocking of the ERK1/2
phosphorylation (at MEK1/2) does not have significant effect on
the pre-TNF-� production (an immature form of TNF-�), but secre-
tion of the mature TNF-� was reduced markedly from macrophages
exposed to LPS [50]. Thus ERK1/2 appears to play role in the regula-
tory mechanisms that are responsible for the maturation of TNF-�
prior to its secretion. Since inhibition of ERK1/2 and p38 decreases
the TNF-� secretion in Pb exposed monocytic cells, it is be possible
that a similar mechanism operates through Pb, in this case (Fig. 9).

In summary, we had mainly focussed on the activation of MAPKs
and their regulatory effect on the TNF-� production at transcrip-
tional level after Pb exposure in human monocytic cells. Several
studies have suggested regulatory role of MAPKs in proinflamma-
tory cytokines production after Pb exposure [28,30] in other cell
systems (glioma and hippocampal) rather than phagocytic cells.
Moreover, Guo et al. [13] have provided initial clues for the tran-
scriptional and posttranscriptional regulation of TNF-� production
from phagocytic cells but the study lacks information regarding
the regulatory role of MAPKs in TNF-� production. We for the
first time have shown the regulatory role of MAPK’s in TNF-�
production in Pb exposed human phagocytic cells. Clearly, stud-
ies are required to increase our understanding about the role of
other important signaling molecules (MAPKK’s and MAPKKK’s)
and transcription factors (Nf-�B, EGR-1, c-Fos etc.) in ERK1/2

mediated induction of TNF-� production in Pb exposed mono-
cytic cells to completely dissect the molecular mechanism of
TNF-� induction at both transcriptional and posttranscriptional
levels.



rdous

A

e
f
c

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

M.I. Khan et al. / Journal of Haza

cknowledgements

Authors thank Dr. K.C. Gupta, Director, IITR for his keen inter-
st in the present study and gratefully acknowledge the funding
rom CSIR, New Delhi under its network project (NWP 17). The IITR
ommunication number is 2865.

eferences

[1] R.R. Dietert, M.S. Piepenbrink, Lead and immune function, Crit. Rev. Toxicolol.
36 (2006) 359–385.

[2] R. Villanueva, R. Albaladejo, P. Ortega, P. Astasio, M.E. Calle, A. Gil, B. Granados,
V. Dominguez-Rojas, Adherence of mouse peritoneal macrophages following
exposure to lead, Ind. Health 35 (1997) 291–293.

[3] R. Villanueva, R. Albaladejo, P. Ortega, P. Astasio, A. Gil, M.E. Calle,
V. Dominguez-Rojas, Chemotaxis of mouse peritoneal macrophages fol-
lowing exposure to lead, Bull. Environ. Contam. Toxicol. 59 (1997)
159–163.

[4] B. Bishayi, M. Sengupta, Intracellular survival of Staphylococcus aureus due
to alteration of cellular activity in arsenic and lead intoxicated mature Swiss
albino mice, Toxicology 184 (2003) 31–39.

[5] L. Tian, D.A. Lawrence, Metal-induced modulation of nitric oxide production
in vitro by murine macrophages: lead, nickel, and cobalt utilize different mech-
anisms, Toxicol. Appl. Pharmacol. 141 (1996) 540–547.

[6] G.D. Farrer, S. Hueber, D.M. Laiosa, K.G. Eckles, M.J. McCabe Jr., Reduction of
myeloid suppressor cell derived nitric oxide provides a mechanistic basis of
lead enhancement of alloreactive CD4+ T cell proliferation, Toxicol. Appl. Pharm.
229 (2008) 135–145.

[7] M.R. McMullen, E. Cocuzzi, M. Hatzoglou, L.E. Nagy, Chronic ethanol expo-
sure increases the binding of HuR to the TNF� 3′-untranslated region in
macrophages, J. Biol. Chem. 278 (2003) 38333–38341.

[8] M.D. Cohen, Z. Yang, J.T. Zelikoff, Immunotoxicity of particulate lead: in vitro
exposure alters pulmonary macrophage tumor necrosis factor production and
activity, J. Toxicol. Environ. Health 42 (1994) 377–392.

[9] L. Santarelli, M. Valentino, M. Bracci, V. Rapisarda, E. Mocchegiani, F. Cassano, L.
Di Lorenzo, L. Soleo, Increase of TNF-alpha in subjects occupationally exposed
to lead, G. Ital. Med. Lav. Ergon. 25 (2003) 90–91.

10] Y.J. Cheng, B.C. Yang, M.Y. Liu, Lead increases lipopolysaccharide-induced
liver injury through tumor necrosis factor-alpha over expression by mono-
cytes/macrophages: role of protein kinase C and P42/44 mitogen-activated
protein kinase, Environ. Health Perspect. 114 (2006) 507–513.

11] L. Di Lorenzo, A. Vacca, M. Corfiati, P. Lovreglio, L. Soleo, Evaluation of tumor
necrosis factor-alpha and granulocyte colony-stimulating factor serum levels
in lead-exposed smoker workers, Int. J. Immunopathol. Pharmacol. 20 (2007)
239–247.

12] M. Valentino, V. Rapisarda, M. Santarelli, M. Bracci, L. Scorcelletti, Di Lorenzo,
F. Cassano, L. Soleo, Effect of lead on the levels of some immunoregulatory
cytokines in occupationally exposed workers, Hum. Exp. Toxicol. 26 (2007)
551–556.

13] T.L. Guo, S.P. Mudzinski, D.A. Lawrence, The heavy metal lead modulates the
expression of both TNF-alpha and TNF-alpha receptors in lipopolysaccharide-
activated human peripheral blood mononuclear cells, J. Leukoc. Biol. 59 (1996)
932–939.

14] B. Yucesoy, A. Turhan, M. Imir Ure, T.A. Karakaya, Effects of occupational lead
and cadmium exposure on some immunoregulatory cytokine levels in man,
Toxicology 123 (1997) 143–147.

15] V.A. Dyatlov, D.A. Lawrence, Neonatal lead exposure potentiates sickness
behaviour induced by Listeria monocytogenes infection of mice, Brain Behav.
Immun. 16 (2002) 477–492.

16] R. Kishore, M.R. McMullen, L.E. Nagy, Stabilization of tumor necrosis factor �
mRNA by chronic ethanol, J Biol. Chem. 276 (2001) 41930–41937.

17] J. Campbell, C.J. Ciesielski, A.E. Hunt, N.J. Horwood, J.T. Beech, L.A. Hayes,
A. Denys, M. Feldmann, F.M. Brennan, B.M.J. Foxwell, A novel mecha-
nism for TNF-� Regulation by p38 MAPK: involvement of NF-�B with
implications for therapy in rheumatoid arthritis, J. Immnunol. 173 (2004)
6928–6937.

18] T.H. Mogensen, Pathogen recognition and inflammatory signaling in innate
immune defenses, Clin. Microbiol. Rev. 22 (2009) 240–273.

19] P.L. Crittenden, N.M. Filipov, Manganese-induced potentiation of in vitro proin-
flammatory cytokine production by activated microglial cells is associated with
persistent activation of p38 MAPK, Toxicol. In Vitro 22 (2008) 18–27.

20] Z. Xing, C.J. Cardona, A. Anunciacion, S. Adams, N. Dao, Roles of the ERK
MAPK in the regulation of proinflammatory and apoptotic responses in chicken
macrophages infected with H9N2 avian influenza virus, J. Gen. Virol. 91 (2010)
343–351.

21] M. Lasa, M. Brook, J. Saklatvala, A.R. Clark, Dexamethasone destabilizes

cyclooxygenase 2 mRNA by inhibiting mitogen-activated protein kinase p38,
Mol. Cell. Biol. 21 (2001) 771–780.

22] H. Lu, M. Guizzetti, L.G. Costa, Inorganic lead activates the mitogen-activated
protein kinase kinase-mitogen-activated protein kinase-p90RSK signaling path-
way in human astrocytoma cells via a protein kinase C-dependent mechanism,
J. Pharm. Exp. Ther. 300 (2002) 818–823.

[

[

Materials 189 (2011) 255–264 263

23] Y.W. Lin, S.M. Chuang, J.L. Yang, Persistent activation of ERK1/2 by
lead acetate increases nucleotide excision repair synthesis and con-
fers anti-cytotoxicity and anti-mutagenicity, Carcinogenesis 24 (2003)
53–61.

24] F.M. Cordova, A.L. Rodrigues, M.B. Giacomelli, C.S. Oliveira, T. Posser, P.R. Dunk-
ley, R.B. Leal, Lead stimulates ERK1/2 and p38MAPK phosphorylation in the
hippocampus of immature rats, Brain Res. 998 (2004) 65–72.

25] T. Posser, B.N. Cláudia, M.D. Aguiar, R.C. Garcez, R.M. Rossi, C.S. Oliveira, A.G.
Trentin, V.M. Neto, R.B. Leal, Exposure of C6 glioma cells to Pb(II) increases the
phosphorylation of p38MAPK and JNK1/2 but not of ERK1/2, Arch. Toxicol. 81
(2007) 407–414.

26] B. Saad, B.S. AbouAtta, W. Basha, A. Hmade, A. Kmail, S. Khasib, S. Omar, Hyper-
icum triquetrifolium—derived factors downregulate the production levels of
LPS-induced nitric oxide and tumor necrosis factor-{alpha} in THP-1 cells, Evid.
Based Complement. Altern. Med. (2008) 1–7 [Epub ahead of print].

27] H. Towbin, T. Staehelin, J. Gordon, Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: procedure and some applications,
Proc. Natl. Acad. Sci. USA 76 (1979) 4350–4354.

28] Y.J. Cheng, M.Y. Liu, T.P. Wu, B.C. Yang, Regulation of tumor necrosis factor-� in
glioma cells by lead and lipopolysaccharide: involvement of common signalling
pathway, Toxicol. Lett. 152 (2004) 127–137.

29] N.Y.A. Hemdan, F. Emmrich, K. Adham, G. Wichmann, I. Lehmann, A. El-Massry,
H. Ghoneim, J. Lehmann, U. Sack, Dose-dependent modulation of the in vitro
cytokine production of human immune competent cells by lead salts, Toxicol.
Sci. 86 (2005) 75–83.

30] S.B. Flohe, J. Bruggemann, J. Herder, C. Goebel, H. Kolb, Enhanced proinflam-
matory response to endotoxin after priming of macrophages with lead ions, J.
Leukoc. Biol. 71 (2002) 417–424.

31] N. Li, Z.L. Yu, L. Wang, Y.T. Zheng, J.X. Jia, Q. Wang, M.J. Zhu, X.H. Liu, X. Xia,
W.J. Li, Early-life lead exposure affects the activity of TNF-� and expression
of SNARE complex in hippocampus of mouse pups, Biol. Trace Elem. Res. 132
(2009) 227–238.

32] K.F. Chung, I.M. Adcock, Signalling and transcriptional regulation in inflamma-
tory and immune cells: importance in lung biology and disease, Eur. Respir. J.
26 (2005) 762–763.

33] K.L. Jeffrey, T. Brummer, M.S. Rolph, S.M. Liu, N.A. Callejas, R.J. Grumont,
C. Gillieron, F. Mackay, S. Grey, M. Camps, C. Rommel, S.D. Gerondakis,
C.R. Mackay, Positive regulation of immune cell function and inflammatory
responses by phosphatase PAC-1, Nat. Immunol. 7 (2006) 274–283.

34] C.D. Dumitru, J.D. Ceci, C. Tsatsanis, D. Kontoyiannis, K. Stamatakis, J.H. Lin,
C. Patriotis, N.A. Jenkins, N.G. Copeland, G. Kollias, P.N. Tsichlis, TNF-alpha
induction by LPS is regulated posttranscritionally via a Tpl2/ERK-dependent
pathway, Cell 103 (2000) 1071–1083.

35] T.K. Means, R.P. Pavlovich, D. Roca, M.W. Vermeulen, M.J. Fenton, Activa-
tion of TNF-� transcription utilizes distinct MAP kinase pathways in different
macrophage populations, J. Leukoc. Biol. 67 (2000) 885–893.

36] H. Cheon, Y.S. Woo, J.Y. Lee, H.S. Kim, H.J. Kim, S. Cho, N.H. Won, J. Sohn, Signaling
pathway for 2,3,7,8-tetrachlorodibenzo-p-dioxin-induced TNF-� production in
differentiated THP-1 human macrophages, Exp. Mol. Med. 39 (2007) 524–534.

37] M. Brook, G. Sully, A.R. Clark, J. Saklatvala, Regulation of tumour necrosis factor
alpha mRNA stability by the mitogen-activated protein kinase p38 signalling
cascade, FEBS Lett. 483 (2000) 57–61.

38] K.R. Mahtani, M. Brook, J.L. Dean, G. Sully, J. Saklatvala, A.R. Clark, Mitogen-
activated protein kinase p38 controls the expression and posttranslational
modification of tristetraprolin, a regulator of tumor necrosis factor alpha mRNA
stability, Mol. Cell. Biol. 21 (2001) 6461–6469.

39] J.L. Swantek, M.H. Cobb, T.D. Geppert, Jun N-terminal kinase/stress activated
protein kinase (JNK/SAPK) is required for lipopolysaccharide stimulation of
tumor necrosis factor alpha (TNF-�) translation: glucocorticoids inhibit TNF-
alpha translation by blocking JNK/SAPK, Mol. Cell. Biol. 17 (1997) 6274–6282.

40] J. Westra, B. D.V. Meer, P.D. Boer, M.A. van Leeuwen, M.H. van Rijswijk, P.C.
Limburg, Strong inhibition of TNF-alpha production and inhibition of IL-8 and
COX-2 mRNA expression in monocyte-derived macrophages by RWJ67657, a
p38 mitogen-activated protein kinase (MAPK) inhibitor, Arthritis Res. Ther. 6
(2004) R384–R392.

41] D. Kontoyiannis, M. Pasparakis, T.T. Pizarro, F. Cominelli, G. Kollias, Impaired
on/off regulation of TNF biosynthesis in mice lacking TNF AUrich elements:
implications for joint and gut-associated immunopathologies, Immunity 10
(1999) 387–398.

42] E. Espel, The role of the AU-rich elements of mRNAs in controlling translation,
Semin. Cell Dev. Biol. 16 (2005) 59–67.

43] L. Baseggio, C. Charlot, J. Bienvenu, P. Felman, G. Salles, Tumor necrosis factor-
alpha mRNA stability in human peripheral blood cells after lipopolysaccharide
stimulation, Eur. Cytokine Netw. 13 (2002) 92–98.

44] T. Zhang, V. Kruys, G. Huez, C. Gueydan, AU-rich element mediated translational
control: complexity and multiple activities of transactivating factors, Biochem.
Soc. Trans. 30 (2001) 952–958.

45] Y.L. Chen, Y.L. Huang, N.Y. Lin, H.C. Chen, W.C. Chiu, C.J. Chang, Differential regu-
lation of ARE-mediated TNF-� and IL-1b mRNA stability by lipopolysaccharide
in RAW264.7 cells, Biochem. Biophys. Res. Commun. 346 (2006) 160–168.
46] K. Rutault, C.A. Hazzalin, L.C. Mahadevan, Combinations of ERK and p38 MAPK
inhibitors ablate tumor necrosis factor-alpha (TNF-alpha) mRNA induction. Evi-
dence for selective destabilization of TNF-alpha transcripts, J. Biol. Chem. 276
(2001) 6666–6674.

47] K.M. Deleault, S.J. Skinner, S.A. Brooks, Tristetraprolin regulates TNF-�
mRNA stability via a proteasome dependent mechanism involving the com-



2 rdous

[

[

port requires TAP-NxT1 binding and the AU-rich element, J. Biol. Chem. 283
64 M.I. Khan et al. / Journal of Haza

bined action of the ERK and p38 pathways, Mol. Immunol. 45 (2008)

13–24.

48] A.G. Eliopoulos, C.C. Wang, C.D. Dumitru, P.N. Tsichlis, Tpl2 transduces CD40
and TNF signals that activate ERK and regulates IgE induction by CD40, EMBOJ
22 (2003) 3855–3864.

49] S.J. Skinner, K.M. Deleault, R. Fecteau, S.A. Brooks, Extracellular signal-regulated
kinase regulation of tumor necrosis factor-� mRNA nucleocytoplasmic trans-

[

Materials 189 (2011) 255–264
(2008) 3191–3199.
50] S. Rousseau, M. Papoutsopoulou, A. Symons, D. Cook, J.M. Lucocq, A.R. Prescott,

A. OGarra, S.C. Ley, P. Cohen, TPL2-mediated activation of ERK1 and ERK2 regu-
lates the processing of pre-TNF in LPS-stimulated macrophages, J. Cell Sci. 121
(2008) 149–154.


	Ubiquitous hazardous metal lead induces TNF-α in human phagocytic THP-1 cells: Primary role of ERK 1/2
	Introduction
	Materials and methods
	Reagents
	Cell culture
	3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT) assay
	RNA isolation from THP-1 cells for RT-PCR
	Total cell lysate preparation
	Western blotting
	Probe synthesis
	Northern blot analysis
	Ribonuclease protection assay
	TNF-α protein quantification
	Statistical analysis

	Results
	Pb treatment alters cellular viability
	Pb treatment upregulates m-RNA levels of TNF-α and other pro-inflammatory cytokines
	Pb treatment activates various MAPKs in THP-1 monocytes
	Inhibition of ERK phosphorylation decreases TNF-α m-RNA levels
	Effect of MAPK inhibitors on TNF-α production
	Effect of MAPK inhibitors on Pb-induced TNF-α m-RNA stability

	Discussion
	Acknowledgements
	References


