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Lead (Pb) is an environmental element that has been implicated in the development of dementia and Alzheimer’s

disease (AD). Additionally, innate immune activation contributes to AD pathophysiology. However, the mechanisms

involved remain poorly understood. The choroid plexus (CP) is not only the site of cerebrospinal fluid (CSF)

production, but also an important location for communication between the circulation and the CSF.
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1. Introduction

The demand for Pb in industry has been steadily increasing during the last decade. In addition to the occupational

hazard, environmental exposure to Pb continues to be a major public health concern, as Pb is widely present in the

air, drinking water, household products, plastics, and painted materials . While Pb can cause acute toxicity,

previous human studies suggested that cumulative lifetime Pb exposure is also associated with accelerated

declines in cognition and dementia . Workers exposed to Pb show brain atrophy and behavioral deficits . A

follow-up study examining Pb workers revealed that cumulative Pb-dose-related exposure is associated with

progressive declines in cognitive function as well as alterations in brain structure . Additionally, reports show the

presence of higher levels of Pb in diffuse neurofibrillary tangles in AD cases compared to control individuals . A

retrospective human study demonstrated a relationship between prenatal Pb exposure and the alteration of genes

and enzymes implicated in AD senile amyloid plaque formation . Cumulative evidence shows Pb exposure

induces both amyloid deposition and tau hyperphosphorylation in animal brains . However, despite these

findings, it is currently unclear how Pb contributes to the pathogenesis and pathology of AD and related dementia

(ADRD). Understanding Pb exposure and its relationship to ADRD is of urgent importance for the broader

community. Data from the United States show that those exposed to high levels of Pb in the 1960s and 1970s are

now at an age where they are at higher risk of developing AD, with an estimated prevalence of 8.4–13.8 million 

.

2. Pb Exposure Induced MCP-1 Expression and Enhanced
Macrophage Infiltration in the CP Tissues

After Tg-SwDI mice were treated with or without Pb daily for 30 days, MCP-1 expression levels and macrophage

infiltration in mouse CP areas were evaluated by using immunohistochemical assays. As shown in Figure 1A,B,

chronic Pb exposure significantly increased expression of MCP-1 in this area. The fluorescence intensity of MCP-1

in the CP increased 1.9-fold compared to the control group (p < 0.001). Additionally, since MCP-1 is a
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chemoattractant for macrophage migration and infiltration, researchers investigated if induction of MCP-1 was able

to affect the macrophage number in the CP. As expected, along with the induction of MCP-1, Pb exposures also

increased Iba-1+/CD45+ macrophages in the CP areas. The percentage of Iba1+/CD+ macrophages against total

cells markedly increased from 4.8 ± 0.19% to 7.0 ± 0.33% (p < 0.01, Figure 1C,D). Both the NF-κB and p38 MAPK

pathways were implicated in the induction of MCP-1 expression . researchers therefore evaluated the

fluorescence intensity of phosphorylated NF-κB p65 (p-p65) and phosphorylated p38 MAP kinase (p-p38) in the

CP. As expected, either p-p65 or p-p38 MAP kinase increased 1.6-fold (Figure 1E–H) compared to the control

group (p < 0.05).
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Figure 1. Pb exposure induced MCP-1 expression, phosphorylated NF-κB p65 (p-p65), phosphorylated p38 MAPK

(p38), and macrophage infiltration in the CP tissues. Tg-SwDI transgenic mice received oral gavage of 50 mg/kg

Pb acetate once daily for 30 days. At the end of Pb exposure, mice brain sections were stained with antibodies of

MCP-1, p-p65, and p-p38 to determine MCP-1 expression and levels of p-p65 or p-p38, as well as with both Iba1

and CD45 antibodies to detect macrophage infiltration in the CP. (A) Representative MCP-1 immunofluorescent

images used for counting. (B) Quantification of MCP-1 expression by analyzing total MCP-1 fluorescent intensity in
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the CP. Upregulation of MCP-1 expression in Pb-treated mice was observed compared to that in mice without Pb

treatments in the CP. (C) Representative double immunofluorescent images of Iba1+/CD45+ used for counting. (D)

Quantification of Iba1+/CD45+ macrophages in the CP. (E) Representative p-p65 immunofluorescent images used

for counting. (F) Quantification of p-p65 levels by analyzing total p-p65 fluorescent intensity in the CP. (G)

Representative p-p38 immunofluorescent images used for counting. (H) Quantification of p-p38 levels by analyzing

total p-p38 fluorescent intensity in the CP. Upregulation of MCP-1 expression, macrophage infiltration, and p-p65

and p-p38 in Pb-treated mice was observed as compared to mice without Pb treatments in the CP. Data are

presented as mean ± SD, n = 3/group. * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Pb Exposure Induced MCP-1 Expression in Rat Choroidal
Epithelial Z310 Cells

Since the CP epithelial cells are likely the major source of MCP-1 production in the CP, researchers employed

immortalized choroidal epithelial Z310 cells to further evaluate in vivo observation that Pb is able to induce MCP-1.

As shown in Figure 2, Pb treatments induced MCP-1 expression in a dose-related fashion within 24 h. Pb at 1, 3,

and 5 µM markedly induced MCP-1 expression from 185.4 ± 0.58 pg/mg to 208.5 ± 2.14 pg/mg (p < 0.01), 281.9 ±

17.19 pg/mg (p < 0.01), and 361.7± 75.7 pg/mg (p < 0.05) (Figure 2A), respectively. Consistent with the

expression data, 1, 3, and 5 µM of Pb also stimulated MCP-1 release into culture media from 30.0 ± 36.06 pg/mL

to 55 ± 49.24 pg/mL, 186.7 ± 52.04 pg/mL (p < 0.05), and 636.7 ± 160/73 pg/mL (p < 0.05), respectively (Figure

2B).

Figure 2. Pb exposure induced MCP-1 expression in rat choroidal epithelial Z310 cells. Z310 cells were treated

with 1, 3, or 5 µM Pb for 24 h. MCP-1 levels in both cell extracts (A) and cell-free culture supernatants (B) were

determined by using ELISA. Data represent mean ± SD, n = 3/group. *: p < 0.05, **: p < 0.01.

4. Both NF-κB p65 and p38 MAPkinase Were Activated in
Z310 Cells by Pb
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Based on the in vivo data, researchers decided to investigate whether Pb exposure is able to induce NF-κB p65 or

p38 MAPK activation in CP epithelial cells. Phosphorylation levels of both NF-κB p65 and its upstream factor, IKKα,

or p38 MAPK and its downstream substrate, ATF-2, were measured in Z310 cells following 1 or 3 h Pb treatments.

As shown in Figure 2, there was a 1.8-fold (p < 0.01) increase in phosphor-NF-kB p65 (p-p65) and 2.1-fold (p <

0.05) in phosphor-IKKα (p-IKKα) 1 h after Pb exposure (Figure 3A,C). Additionally, there was a 2.0- (1 h after

Pb, p < 0.01) or 2.3-fold (3 h after Pb, p < 0.01) increase in phosphor-p38 MAPK (p-p38, Figure 3B), and a 1.8-fold

(3 h after Pb, p < 0.05) increase in phosphor-ATF-2 (p-ATF-2, Figure 3D), suggesting Pb exposure is able to

activate both pathways in CP epithelial cells.
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Figure 3. Phosphorylation levels of NF-κB p65, IKKα, p38 MAP kinase, and ATF-2 in Z310 cells followed by Pb

treatments were determined by Western blot. (A,C) After 1 h pre-treatments with or without 10 µM SB 203580,

Z310 cells were incubated with 1 µM Pb for an additional 1 h. Cells were then lysed and levels of phosphorylated

and total NF-κB p65 (p-p65, p65) or IKKα (p-IKKα and IKKα) in Z310 were determined by Western blot. The

phosphorylated protein (p-p65 or p-IKKα) band intensities were quantified and normalized to p65 or IKKα densities

using Image J. (B,D) Z310 cells were treated with 1 µM Pb for 1 or 3 h. Western blot was performed to determine

phosphorylated and total p38 MAPK (p-p38, p38) and ATF-2 (p-ATF-2, ATF-2). The phosphorylation levels of p38

MAPK or ATF-2 (p-p38, p-ATF-2) were also normalized by protein levels of total p38 or ATF-2. Data are presented

as mean ± SD, n = 3/group. *: p < 0.05, ** p < 0.01.

5. Both NF-κB and p38 MAPK Inhibitors Blocked Pb-Induced
MCP-1 Expression

researchers then investigated whether Pb-induced activations of NF-κB and p38 MAPK underlies Pb-induced

MCP-1 expression. As expected, both the NF-κB inhibitor, BAY 11-7082, and the p38 MAPK inhibitor, SB 203580,

significantly inhibited Pb-induced MCP-1 expression. MCP-1 expression levels were reduced from 208.5 ± 6.82

pg/mg to 196.6 ± 0.02 pg/mg (p < 0.05) by 1 µM BAY 11-7082 and to 194.0 ± 0.03 pg/mg (p < 0.05) by 10 µM SB

203580 (Figure 4). Thus, the data show that Pb induces the expression of MCP-1 in the CP epithelial cells via both

Pb-induced NF-κB p65 and p38 MAPK pathways.

Figure 4. Both NF-κB and p38 MAPK inhibitors blocked Pb-induced MCP-1 expression. Z310 cells were pre-

treated with/without 10 µM SB 203580 or 1 µM BAY 11-7082 for 1 h, followed by 1 µM Pb treatments for additional

24 h. Cells were lysed and expression levels of MCP-1 in cell extracts were quantified using ELISA. Data are

presented as mean ± SD, n = 3/group. * p < 0.05, ** p < 0.01.
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6. SB 253,580 Did Not Block NF-κB p65 Phosphorylation

It remains unclear if these two pathways individually or together mediate Pb-induced MCP-1 expression. It was

reported that the p38 MAPK pathway does not directly mediate NiCl-induced NF-κB p65 phosphorylation in primary

endothelial cells  during MCP-1 induction, but targets the downstream factor of NF-κB. Similar to that case,

researchers observed that SB 203580 did not block Pb-induced NF-κB p65 phosphorylation (Figure 3A),

suggesting Pb might at least inhibit the downstream target of NF-κB.
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