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Abstract
Lithium is an anti-depressant drug that also possesses immunomodulatory functions. The anti-
inflammatory effect of lithium is thought to involve activation of the transcription factor CREB,
although the underlying mechanism is incompletely understood. We show here that in macrophages
lithium stimulates Tpl2, a MAP kinase kinase kinase (MAP3K) known to mediate activation of
extracellular signal regulated kinase (ERK) and the downstream target CREB. Lithium activates Tpl2
by inducing degradation of p105, an NF-κB precursor protein that functions as a physiological
inhibitor of Tpl2. This novel function of lithium does not involve inhibition of a well-characterized
lithium target, GSK3β, since other known GSK3β inhibitors do not induce p105 degradation or Tpl2
activation. Lithium also promotes the activation of Tpl2 and ERK by the TLR4 ligand LPS. On the
other hand, prolonged incubation of macrophages with lithium results in dramatic loss of p105 and
inhibition of LPS-stimulated NF-κB activation. Consequently, lithium both attenuates LPS-mediated
pro-inflammatory gene induction and induces apoptosis in macrophages. These results provide novel
insight into the anti-inflammatory function of lithium.
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1. Introduction
Inflammation serves as an important innate immune mechanism against infections [1]. A
typical inflammatory response is initiated through the exposure of innate immune cells, such
as macrophages and neutrophils, to microbial products [2]. The surface of these host cells have
pattern recognition receptors, most importantly the toll-like receptors (TLRs), which recognize
various microbial products and trigger the production of a plethora of cytokines and other pro-
inflammatory mediators. These soluble immune factors in turn mediate induction of
inflammation at the site of an infection, thereby preventing the spread of pathogens and
facilitating the recruitment of additional immune cells/factors to the infected tissue [1].
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However, deregulated inflammatory responses are associated with various human diseases,
including chronic inflammatory disorders and systemic acute inflammatory diseases such as
septic shock [3–5].

A well-studied TLR member, TLR4, responds to lipopolysaccharide (LPS), a bacterial cell-
wall component that is responsible for the induction of septic shock by gram-negative bacteria
[6]. In response to LPS stimulation, TLR4 recruits signaling adaptors and elicits activation of
receptor-proximal signaling molecules, such as the interleukin-1 receptor-associated kinases
(IRAKs) and the ubiquitin ligase TRAF6 [7]. The TLR signals can then be amplified to initiate
several downstream signaling pathways, including those that lead to the activation of IκB
kinase (IKK) and three families of MAP kinases (MAPKs), the extracellular signal-regulated
kinases (ERK), the c-Jun NH2-terminal kinases (JNK), and p38. The primary function of IKK
is to mediate activation of NF-κB, a transcription factor regulating genes involved in immune
response, inflammation, and cell survival [8,9]. Like IKK, the MAPKs are important for TLR-
mediated induction of various target genes. Activation of MAPKs is mediated by specific
MAPK kinases (MAP2K), which in turn are activated by MAPK kinase kinases (MAP3K)
[10]. In particular, MEK1 and MEK2 are the MAP2Ks of two major ERK members, ERK1
and ERK2. Although different MAP3Ks are involved in the activation of MEK1/2, Tpl2 is the
specific MAP3K that mediates MEK1/2 activation by a subset of inflammatory stimuli,
including TLR ligands and TNF-α [11,12].

Recent studies from us and others demonstrate that the stability and activity of Tpl2 are tightly
regulated by the NF-κB1 precursor protein, p105 [13,14]. Tpl2 is expressed as a longer and
shorter isoforms, Tpl2L and Tpl2S, both being stably associated with p105 [15]. Activation of
Tpl2 by LPS is mediated through degradation of p105, which in turn involves p105
phosphorylation by IKKβ [16,17]. Upon liberation from p105, Tpl2 accesses and
phosphorylates MEK1/2, leading to activation of the downstream ERK signaling pathway. The
activated Tpl2, particularly Tpl2L, is rapidly degraded, which may serve as a feedback
mechanism that prevents persistent ERK activation. Genetic evidence suggests that the Tpl2/
ERK signaling pathway may have both pro- and anti-inflammatory functions. Tpl2 positively
regulates the posttranscriptional expression and secretion of the pro-inflammatory cytokine
TNF-α [11,18]. On the other hand, Tpl2 negatively regulates the transcriptional induction of
IL-12 induced by both LPS and the TLR9 ligand, CpG [19–21]. Additionally, Tpl2 mediates
the production of prostaglandin E2 (PGE2) [22], an important anti-inflammatory lipid mediator
that is generated during the resolving phase of an inflammation [23,24]. Thus, understanding
the mechanism of Tpl2 activation is important for developing more effective and specific
approaches to modulate inflammatory responses.

The anti-depressant drug lithium is known to have immunomodulatory functions.
Accumulating evidence suggests that lithium and other anti-depressant drugs have both
immuno-stimulatory and immuno-suppressive functions [25–28]. Regarding the latter
function, both in vitro and in vivo studies have revealed strong anti-inflammatory effect of
lithium [28–30]. The anti-inflammatory function of lithium may be important for its anti-
depressant efficacy, since inflammation contributes to the pathogenesis of major depression
[31,32]. It is known that depressed patients have increased levels of pro-inflammatory
cytokines and acute phase proteins in the plasma. Furthermore, lithium treatment significantly
reduces the number of monocytes, which may contribute to the reduction of pro-inflammatory
mediators [28].

Although how lithium mediates immunomodulation is poorly understood, it has been suggested
that the anti-inflammatory action of lithium involves activation of the transcription factor
CREB [29,33,34]. It is thought that CREB inhibits the transactivation function of NF-κB by
competing for nuclear coactivators [29]. Additionally, CREB may also suppress inflammation
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through induction of the anti-inflammatory mediator PGE2. Since the Tpl2 signaling pathway
plays a critical role in CREB activation [22], we examined whether lithium functions as an
inducer of Tpl2. We show that lithium induces Tpl2 activation and also potentiates LPS-
stimulated Tpl2 activation. Although a well-known molecular target of lithium is glycogen
synthase kinase 3 beta (GSK3β) [35], the Tpl2-activating function of lithium is unlikely
mediated through GSK3β inhibition, since other GSK3β inhibitors do not display this novel
activity. We further show that lithium is a potent inducer of p105 degradation, a central step
in Tpl2 activation. However, prolonged incubation of macrophages with lithium causes
depletion of p105 and inhibition of LPS-stimulated NF-κB activation. Consequently, lithium
attenuates LPS-mediated induction of several pro-inflammatory genes and induces apoptosis
in primary macrophages. Together, these findings provide molecular insight into the anti-
inflammatory effect of lithium.

2. Materials and methods
2.1. Mice

C57BL6/129 mice were purchased from Jackson Laboratories and housed under specific
pathogen-free conditions. Animal experiments were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee of the University of Texas MD
Anderson Cancer Center.

2.2. Antibodies and agents
The C-terminal specific anti-p105 and anti-p100 antibodies were provided by Dr. Nancy Rice.
Antibodies for Tpl2 (anti-Cot M20), HRP-conjugated anti-Tpl2, anti-p50 (D17), c-Rel (sc-70),
anti-RelB (N-17), anti-Actin (C2), iNOS (M-19), IRAK1 (H-273), Tubulin (TU-02), ERK
(K-23), and phopho-ERK (P-ERK, E-4) were from Santa Cruz. Antibody for cleaved caspase-3
was from Cell Signaling. LiCl was from Fisher Scientific. NaCl, propidium iodide (PI), and
LPS derived from E. coli 0127:B8 were obtained from Sigma. FITC-conjugated annexin V
(annexin-FITC) was purchased from BD Biosciences, and myelin basic protein (MBP) was
from Millipore.

2.3. Macrophage preparation and stimulation
Bone marrow derived macrophages were prepared from the femours and tibious of wildtype
mice under the C57/BL6 and 129 mixed background as we previously described [13]. The cells
were plated in growth medium and starved overnight before stimulation. Stimulated cells were
washed once in PBS and used for lysate preparation.

2.4. Immunoblotting (IB) and in vitro kinase assays
Cell lysates were prepared by lysing the cells in a kinase cell lysis buffer supplemented with
protease inhibitors and phosphatase inhibitors [36]. Tpl2 and IRAK1 were isolated from cell
lysates by immunoprecipitation (IP) and subjected to kinase assays [36] using GST-MEK1
[13] and MBP substrates, respectively. For IB assays, cell lysates were fractionated by SDS-
PAGE, and the proteins were transferred onto nitrocellulose and detected by the indicated
antibodies using Enhanced Chemiluminescence Reagent (PerkinElmer Life Sciences, Inc.).
Protein bands were quantified using NIH Image J software.

2.5. Electrophoresis mobility shift assays (EMSA)
Nuclear extracts were prepared from macrophages, quantitated using a protein assay reagent
(Bio-Rad), and subjected to EMSA using a 32P-radiolabeled κB probe (CAA CGG CAG GGG
AAT TCC CCT CTC CTT), as previously described [37].
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2.6. Apoptosis assay
Apoptosis was analyzed by staining the cells with FITC-conjugated annexin V (annexin-FITC)
and PI as previously described [38]. Statistical analysis was performed using the Prism
software.

2.7. Real-time quantitative RT-PCR
Total cellular RNA was isolated from the stimulated macrophages and subjected to real-time
quantitative RT-PCR as described [39]. The gene-specific primer sets (all for murine genes)
included: IL-6, 5′-CACAGAGGATACCACTCCCAACA-3′ and 5′-
TCCACGATTTCCCAGAGAACA-3′; IL-12 p40, 5′-CCA TTG AAC TGG CGT TGG
AAG-3′ and 5′-ACT TGA GGG AGA AGT AGG AAT GG-3′; TNF-α, 5′-
CATCTTCTCAAAATTCGAGTGACAA-3′ and 5′-CCAGCTGCTCCTCCACTTG-3′;
Actin, 5′-CGTGAAAAGATGACCCAGATCA-3′ and 5′-
CACAGCCTGGATGGCTACGT-3′.

3. Results
3.1. Lithium is a stimulator of Tpl2 and ERK in macrophages

To examine the effect of lithium on Tpl2 signaling pathway, we incubated bone marrow derived
macrophages (BMDM) with lithium for different times. Interestingly, lithium stimulated the
catalytic activity of Tpl2, as demonstrated by phosphorylation of its substrate MEK1 and auto-
phosphorylation of the longer and shorter Tpl2 isoforms (Tpl2L and Tpl2S) in an in vitro kinase
assay (Fig. 1A, upper panel). The kinetics of Tpl2 activation was slow and persistent, with the
maximal level of Tpl2 activation being detected at 4 hours after lithium stimulation. Prolonged
incubation of macrophages with lithium also resulted in the induction of Tpl2L degradation
(Fig. 1A, lower panel), an event coupled with Tpl2 activation [13].

Since a major downstream signaling event of Tpl2 is activation of ERK, we analyzed the effect
of lithium on ERK activation based on its site-specific phoshorylation. As expected, lithium
stimulated the phosphorylation of ERK1 and ERK2 (Fig. 1B, upper panel). This effect was not
due to alteration in ERK expression (Fig. 1B, lower panel). Moreover, in contrast to the
transient activation of ERK by TLR signals, lithium stimulated persistent activation of ERK,
lasting for at least 4 hours (Fig. 1B). This signaling kinetics is consistent with that of Tpl2
activation. To assure that the Tpl2/ERK-stimulatory function of lithium was not due to
alteration in salt concentration of the medium, we incubated the cells with sodium. In contrast
to lithium, sodium did not induce the activation of Tpl2 or phosphorylation of ERK (Fig. 1C).
Thus, lithium is a potent and persistent inducer of Tpl2/ERK signaling pathway in
macrophages.

3.2. Lithium-stimulated Tpl2 activation is not mediated by GSK3β inhibition
Lithium is known as an inhibitor of GSK3β, a kinase with diverse biological functions [40,
41]. A well-characterized function of GSK3β is to phosphorylate b-catenin, thereby triggering
b-catenin degradation and activation of genes involved in Wnt signaling [41,42]. By inhibiting
GSK3β, lithium and other GSK3β inhibitors are capable of stabilizing b-catenin, which is often
used as an indicator of GSK3β inhibition. To examine whether lithium activates Tpl2 via
inhibition of GSK3β, we incubated macrophages with either lithium or a more specific
GSK3β inhibitor, SB216763 [40]. As expected, lithium potently activated Tpl2 (Fig. 2A, upper
panel), which was associated with degradation of the Tpl2L (Fig. 2A, lower panel).
Surprisingly, SB216763 did not activate Tpl2 or induces Tpl2L degradation (Fig. 2A).
Similarly, lithium, but not SB216763, induced the phosphorylation of ERK (Fig. 2B, panel 1).
These results were unlikely due to a weaker GSK3β-inhibitory activity of SB216763, since
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this agent even more potently inhibited GSK3β, as indicated by the stabilization of b-catenin
(Fig. 2B, panel 3).

3.3. Lithium induces degradation of p105 and liberation of Tpl2
Activation of Tpl2 by LPS involves degradation of the NF-κB1 precursor protein p105 and the
liberation of Tpl2 [13,14]. Since p105 functions as a stabilizer and an inhibitor of Tpl2, p105
degradation contributes to both the activation and the subsequent degradation of Tpl2.
Consistent with the kinetics of Tpl2 activation (Fig. 1A), lithium induced release of Tpl2L
from p105 at 1.5 hr, which became more profound at 3 hr (Fig. 3A, panel 2). At these time
points, the level of p105 was also reduced (Fig. 3A, panel 1), thus supporting the idea that the
release of Tpl2 is due to the degradation of its associated p105 [13,14]. Interestingly, prolonged
incubation of macrophages with lithium led to drastic loss of p105 and Tpl2L (Fig. 3B, panels
1 and 3). This prominent action of lithium was specific, since the NF-κB2 precursor protein,
p100, was not degraded under the same conditions (Fig. 3B, panel 2). Furthermore, consistent
with its inability to activate Tpl2, the more selective GSK3β inhibitor SB216763 failed to
stimulate the degradation of p105 and Tpl2L (Fig. 3B, lanes 4 and 5). Similar results were
obtained with another GSK3β selective inhibitor, SB415286 (Fig. 3B, lanes 6 and 7). On the
other hand, both SB216763 and SB415286 efficiently inhibited GSK3β activity, as evidenced
from the accumulation of b-catenin (Fig. 3B, panel 4). Thus, induction of p105 degradation
likely serves as a mechanism by which lithium stimulates Tpl2 activation.

3.4. Lithium promotes LPS-stimulated activation of Tpl2 but impairs LPS-stimulated
activation of NF-κB

The finding that lithium induces persistent activation of Tpl2/ERK pathway prompted us to
examine the effect of lithium on LPS-stimulated signaling in macrophages. For these studies
we preincubated macrophages with either sodium or lithium and then stimulated the cells with
LPS. As expected, lithium alone weakly stimulated Tpl2 activity within the time period of
preincubation (1.5 h, Fig. 4A, lane 4). Moreover, lithium drastically enhanced LPS-stimulated
Tpl2 activation (Fig. 4A, compare lanes 2 and 3 with lanes 5 and 6). Similarly, lithium also
potentiated and prolonged LPS-stimulated ERK phosphorylation (Fig. 4B). On the other hand,
lithium does not seem to stimulate the overall TLR signaling activity, since it did not induce
the activation or promote LPS-stimulated activation of an upstream signaling molecule, IRAK1
(Fig. 4C, top panel).

We next examined the effect of lithium on LPS-stimulated activation of NF-κB, a key
transcription factor mediating the induction of pro-inflammatory genes. As expected, LPS
potently stimulated the nuclear DNA-binding activity of NF-κB (Fig. 5A, lane 4). Lithium
alone also induced some weak DNA-binding activity of NF-κB (Fig. 5A, lanes 2 and 3).
However, the lithium-induced NF-κB species appeared to be different from those induced by
LPS, as indicated by the differential migration of the complexes. More importantly,
preincubation of macrophages with lithium largely blocked the LPS-stimulated NF-κB
complex (Fig. 5A, lane 5). Parallel IB assays revealed that lithium inhibited LPS-stimulated
nuclear translocation of two major NF-κB members, p50 and RelA (Fig. 5B). On the other
hand, lithium had no effect on the activation of RelB and even enhanced the activation of c-
Rel. To assess the potential mechanism of the differential effect of lithium on the induction of
different NF-κB subunits, we examined the cytoplasmic level of the NF-κB inhibitors.
Remarkably, in macrophages treated with lithium and LPS, the intracellular p105 was almost
depleted (Fig. 5C, panel 1, lane 5). In sharp contrast, we repeatedly detected increased levels
of IκBα under the same stimulation conditions (Fig. 5C, panel 2, lane 5), which might contribute
to the reduced nuclear expression of RelA. The loss of p105 did not generate the mature NF-
κB1 product, p50, which explains the defect in p50 activation. Furthermore, since p105 is
known as a major inhibitor of c-Rel [43], the loss of p105 may contribute to the enhanced
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nuclear translocation of c-Rel in the lithium/LPS-treated cells. Together, these data suggest
that lithium inhibits the nuclear translocation and DNA binding function of canonical NF-κB
members.

3.5. Lithium inhibits pro-inflammatory gene induction and induces apoptosis
The strong effect of lithium on TLR signaling pathways prompted to examine whether lithium
modulates LPS-stimulated gene expression in primary macrophages. Real-time RT-PCR
analyses revealed that lithium alone was unable to induce significant expression of TNF-α,
IL-6, or IL-12 (Fig. 6A). Importantly, lithium potently inhibited LPS-stimulated expression of
both IL-6 and IL-12. The induction of TNF-α by LPS was also moderately inhibited by lithium.
Immunoblotting assays further revealed a potent inhibitory effect of lithium on LPS-stimulated
expression of iNOS (Fig. 6B).

Since NF-κB is a critical survival factor in many cell types [44] and is potently inhibited by
lithium, we examined whether lithium promotes macrophage apoptosis based on staining with
annexin V and propidium iodide (PI). Early apoptotic cells are annexin V positive, and late
apoptotic cells also become sensitive to PI staining. Remarkably, incubation of macrophages
with lithium caused massive apoptosis (Fig. 7A). When the cells were incubated with LPS
together with lithium, the apoptotic cells were further increased (Fig. 7B). Parallel
immunoblotting assays revealed that induction of apoptosis by lithium was associated with
generation of cleaved caspase-3 that is known to be the active form of this executioner caspase
(Fig. 7C). Lithium together with LPS induced more robust production of the cleaved caspase-3,
a result that is consistent with that of annexin staining (Fig. 7B). Thus, lithium not only inhibits
pro-inflammatory gene expression but also induces apoptosis in macrophages, which provide
mechanistic insight into the potent anti-inflammatory effect of this agent.

4. Discussion
The anti-depressant drug lithium has potent anti-inflammatory functions, but the underlying
signaling mechanisms are incompletely understood. In this study, we have investigated the
molecular mechanism by which lithium modulates macrophage signaling and survival. We
have shown that lithium not only inhibits LPS-stimulated gene expression but also stimulates
apoptosis in macrophages. A major signaling function of lithium is to stimulate degradation
of the NF-κB1 precursor protein p105. This action of lithium is associated with persistent
activation of the Tpl2/ERK and attenuated activation of NF-κB.

Lithium is known as an inhibitor of GSK3β, although it also has other targets [35]. Interestingly,
GSK3β is reported to interact with p105 and modulate the stability of p105 [45]. We thus
initially thought that the induction of p105 degradation and Tpl2 activation by lithium might
be due to inhibition of GSK3β. However, this idea was challenged by the finding that two other
GSK3β inhibitors, SB216763 and SB415286, did not display this signaling activity. LPS-
stimulated p105 degradation is mediated through phosphorylation of p105 by IKKβ [16,17].
The fact that lithium potently potentiated and greatly prolonged LPS-stimulated p105
degradation suggests the existence of additional mechanisms. Such a synergistic effect was not
seen in the degradation of IκBα. However, it is still possible that activation of IKKβ may
contribute to the induction of p105 degradation by lithium. Studies are in progress to test this
possibility.

Prior studies suggest that lithium suppresses the transactivation function of NF-κB through
activating CREB [29]. Our finding that lithium stimulates the Tpl2/ERK signaling pathway,
which is known to activate CREB [22], supports this model. However, our present study also
reveals an additional mechanism of NF-κB modulation by lithium. Incubation of macrophages
with lithium potently inhibits LPS-stimulated NF-κB DNA binding activity. This function of
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lithium involves inhibition of nuclear translocation of two major NF-κB members, p50 and
RelA. It is remarkable that the major RelA inhibitor, IκBα, is accumulated when macrophages
are treated with LPS in the presence of lithium. This molecular event is in sharp contrast to the
drastic loss of the p50 precursor, p105. Since the loss of p105 does not lead to the generation
of p50, this action of lithium may contribute to the attenuation of LPS-stimulated p50
activation. The degradation of p105 also explains how lithium induces Tpl2 activation and its
subsequent degradation, since p105 serves as an inhibitor and stabilizer of Tpl2 [13,14].
Moreover, the persistent degradation of p105 is also correlated with the induction of c-Rel
nuclear translocation, which supports the previous finding that p105 is an inhibitor of c-Rel
[43].

The finding that lithium induces macrophage apoptosis shed new light on the potent anti-
inflammatory function of this anti-depressant drug. This function of lithium is consistent with
its inhibition of LPS-stimulated NF-κB activation, since NF-κB is a major survival factor.
However, it is important to note that lithium alone also induces potent apoptosis in
macrophages, which cannot be explained solely through inhibition of NF-κB activation. Our
preliminary data suggest that lithium inhibits the ubiquitination of RIP1 (data not shown).
Recent studies suggest that ubiquitination of RIP1 is an important mechanism that regulates
apoptosis induction via the caspase pathway [46–48]. When ubiquitinated, RIP1 cannot bind
caspase-8 or induce apoptosis. However, upon deubiquitination, RIP1 associates with
caspase-8 and triggers the apoptotic pathway. Whether deubiquitination of RIP1 is involved
in lithium-induced apoptosis requires further studies.

In conclusion, we demonstrate that the anti-depressant drug lithium is a potent stimulator of
p105 degradation (Fig. 8). This action of lithium causes persistent activation of Tpl2 and its
downstream kinase ERK. The depletion of p105 in lithium-treated cells also causes the
deficiency in NF-κB1 p50, which together with the accumulation of the RelA inhibitor IκBα,
contributes to the inhibition of NF-κB activation TLR4 signals. Consequently, lithium inhibits
TLR4-mediated induction of pro-inflammatory genes and promotes apoptosis in macrophages.
Lithium also induces macrophage apoptosis in the absence of TLR ligands, although the
underlying mechanism remains to be further investigated. These findings provide molecular
insight into the potent anti-inflammatory function of lithium.
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Fig. 1.
Stimulation of Tpl2 activation and ERK phosphorylation by lithium. (A) Bone marrow derived
macrophages were either not treated (NT) or incubated with LiCl (30 mM) for the indicated
times. The cells were subjected to in vitro kinase assays to determine the Tpl2 kinase activity
using GST-MEK1 as substrate (upper panel). The phosphorylated substrate (P-GST-MEK1)
and the auto-phosphorylated Tpl2 isoforms were detected based on their 32P incorporation.
Expression of the short (Tpl2S) and long (TPL2L) Tpl2 isoforms [13] was analyzed by IB using
a C-terminal specific anti-Tpl2 (lower panel). (B) Cell lysates from A were subjected to IB to
detect the phosphorylated ERKs (upper panel) and total ERKs (lower panel). Bands were
quantified using NIH image J, and results are presented on the right of the panels. (C) Bone
marrow macrophages were incubated with either LiCl (30 mM) or NaCl (30 mM) for 4 hr. Cell
lysates were subjected to Tpl2 kinase assay (top panel) and phospho-ERK or total ERK IB
assays (bottom two panels). Data in A-C are representative of three independent experiments.
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Fig. 2.
Inhibition of GSK3β does not leads to Tpl2 activation or ERK phosphorylation. (A) Bone
marrow derived macrophages were either not treated (NT) or incubated with LiCl (30 mM)
and the indicated doses of a selective GSK3β inhibitor, SB216763. After 4 hr, Tpl2 kinase
assays and IB assays were performed as in Fig. 1A. (B) Cell lysates from A were subjected to
IB assays to detect phopshorylated ERK (P-ERK), total ERK, and β-catenin. For both A and
B, bands were quantified by NIH Image J, and results are shown on the right side. Data are
representative of three independent experiments.
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Fig. 3.
Induction of p105 degradation and Tpl2 liberation by lithium but not other GSK3β inhibitors.
(A) Macrophages were treated with LiCl (30 mM) for the indicated times. The p105 immune
complexes were isolated by IP, and the precipitated p105 and its associated Tpl2 isoforms were
detected by IB (top two panels). The expression levels of Tpl2 and the loading control tubulin
were analyzed by IB (bottom two panels). (B) Macrophages were treated with NaCl (30 mM),
LiCl (30 mM), SB216763 (10 μM), or SB415286 (50 μM) for the indicated times. Cell lysates
were subjected to IB to detect the indicated proteins. For both A and B, bands were quantified
NIH Image J, and results are presented on the right side. Data are representative of 2 (A) and
3 (B) independent experiments.
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Fig. 4.
Synergistic activation of Tpl2 and ERK but not IRAK by lithium and LPS. (A) Macrophages
were preincubated for 1.5 hr with either NaCl (30 mM) or LiCl (30 mM) and then stimulated
with LPS (2.5 mg/ml) for the indicated times or not treated (NT). Cell lysates were subjected
to Tpl2 kinase assay and IB as described in Fig. 1A. (B) Macrophages were preincubated for
1.5 hr with either NaCl or LiCl and then stimulated with LPS for the indicated times. Cell
lysates were analyzed by IB to detect phospho-ERK and total ERK. (C) Macrophages were
preincubated with either NaCl or LiCl and then stimulated with LPS for the indicated times.
The cell lysates were subjected to IRAK1 kinase assay using MBP as substrate (top panel) and
IB assays to detect phospho-ERK and ERK (bottom two panels). Data in A, B, and C are
representative of 5, 4, and 2 independent experiments, respectively. Bands were quantified by
NIH Image J (numbers on right side).
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Fig. 5.
Inhibition of LPS-stimulated NF-κB nuclear expression and DNA binding activity. (A)
Macrophages were incubated with the indicated agents: NaCl (4 hr), LiCl (2 and 4 hr), LPS (2
hr) or LiCl plus LPS. In the case of LiCl/LPS costimulation, LPS was added after 2 hr of LiCl
pretreatment and then continued for another 2 hr. Nuclear extracts were subjected to EMSA
to examine the DNA binding activity of NF-κB. (B) Nuclear extracts from A were subjected
to IB to detect the nuclear expression of the indicated proteins. Bands were quantified by NIH
Image J (right side). (C) Cytoplasmic extracts from A were subjected to IB to examine the
expression of the indicated proteins. Bands were quantified by NIH Image J (numbers on right
side). Data in A-C are representative of three independent experiments.
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Fig. 6.
Inhibition of LPS-stimulated gene expression by LiCl. (A) Macrophages were either not treated
(NT) or treated with the indicated agents. NaCl and LiCl were both incubated for 4 hr. In the
case of NaCl/LPS and LiCl/LPS double treatments, LPS was added after 1 hr of NaCl or LiCl
treatment. Total cellular RNA was subjected to real-time quantitative RT-PCR. The data are
presented as relative expression of the indicated genes to their corresponding untreated levels
(means of three independent experiments ±SEM). (B) Macrophages were pretreated with either
medium (none) or LiCl for 1 hr and then stimulated with LPS for the indicated times. Total
cell lysates were subjected to IB to examine expression of iNOS and tubulin. Data are
representative of 4 independent experiments.
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Fig. 7.
Induction of apoptosis in macrophages by lithium. (A) Macrophages were incubated with either
NaCl (4 hr) or LiCl (2 and 4 hr). Apoptosis was analyzed by flow cytometry based on staining
with annexin V and PI. Early apoptotic cells are annexin positive, whereas late apoptotic cells
are annexin/PI double positive. (B) Macrohages were treated with NaCl (4 hr), LiCl (4 hr),
LPS (4 hr), or LiCl plus LPS (4 hr). The cells were subjected to apoptosis assays as in A and
presented as percentage of annexin positive cells. Data are presented as means ± s.d. *P<0.05;
**P<0.01. (C) Macrophages were treated with NaCl (4 hr), LiCl (2 and 4 hr), LPS (2 hr), or
LiCl (2 hr) followed by LPS (2 hr). Activation of caspase-3 was detected based on its cleavage
using an antibody that specifically detects the cleaved caspase-3. Tubulin was used as loading
control. Data are representative of three independent experiments.
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Fig. 8.
Model of lithium-mediated regulation of macrophage activation and apoptosis. Lithium
induces degradation of the NF-κB1 precursor protein, p105, leading to persistent activation of
Tpl2 and its downstream target kinase ERK. The depletion of p105 by lithium also reduces the
intracellular level of its processing product p50, which may contribute to the inhibition of LPS-
stimulated canonical NF-κB activation. Through inhibition of NF-κB, lithium inhibits LPS-
stimulated expression of proinflammatory cytokines and promotes LPS-stimulated
macrophage apoptosis. Lithium also induces macrophage apoptosis in the absence of LPS,
although the mechanism is unclear.
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