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A B S T R A C T   

Lead (Pb), as a heavy metal, is used in batteries, ceramics, paint, pipes, certain ceramics, e-waste recycling, etc. 
Chronic Pb exposure can result in the inflammation of the central nervous system, as well as neurobehavioral 
changes. Both glial cells and neurons are involved in central nervous injury following Pb exposure. However, 
significant cellular events and their key regulators following Pb exposure remain to be elucidated. In this study, 
rats were randomly exposed to 250 or 500 mg/L PbAc for 9 weeks. Hippocampal proteomics was performed 
using isobaric tags for relative absolute quantification. Bioinformatics analysis was used to identify 301 and 267 
differentially expressed proteins—which were involved in biological processes, including glial cell activation, 
neural nucleus development, and mRNA processing—in the low and high Pb exposure groups, respectively. Gene 
Set Enrichment Analysis showed that astrocyte activation was identified as a significant cellular event occurring 
in the low- or high-dose Pb exposure group. Subsequently, in vivo and in vitro models of Pb exposure were 
established to confirm astrocyte activation. As a result, glial fibrillary acidic protein expression in astrocytes was 
much higher in the Pb exposure group. Moreover, the mRNA expression of neurotoxic reactive astrocyte genes 
was much higher than that of the control group. The analysis of transcription factors indicated that NF-κB was 
screened as the top transcription factor, which might regulate astrocyte activation following Pb exposure in the 
rat hippocampus. The data also showed that the inhibition of NF-κB transcription suppressed astrocyte activation 
following Pb exposure. Overall, astrocyte activation was one of the significant cellular events following Pb 
exposure in the rat hippocampus, which was regulated by the NF-κB transcription factor, suggesting that 
inhibiting astrocyte activation may be a potential target for the prevention of Pb neurotoxicity.   

1. Introduction 

Lead (Pb) is a heavy metal used in industrial production and found in 
daily life environments [1]. Chronic environmental Pb exposure can 
impair the central nervous system (CNS) and cardiovascular system [2, 
3]. Studies have demonstrated that Pb can accumulate in the hippo
campus, leading to cognitive impairment and depression [4]. It can also 
trigger neurotoxicity via various cellular events. Long-term Pb exposure 

can trigger oxidative stress, leading to neuronal apoptosis [5]. More
over, Pb exposure exacerbates neuroinflammation via microglial acti
vation in the developing mouse brain [6]. However, significant cellular 
events following Pb exposure remain to be elucidated. 

Recent studies have shown that Pb can impair glial cell function in 
the CNS [5,7]. Glial cells, including astrocytes, microglia, and oligo
dendrocytes, supply energy to neurons, maintain the blood–brain bar
rier, and support synaptic and immune response [8–10]. Dysfunctional 
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astrocytes or microglia aggravated Aβ accumulation and impaired the 
learning memory ability of 5xFAD mice [11,12]. Pb exposure can also 
induce the homeostatic state of microglia or astrocytes in the activated 
state [13]. Previous studies have shown that Pb promotes hippocampal 
microglial activation via the TLR4-MyD88-NF-κB signaling pathway, 
aggravating CNS damage in mice [14]. Pb also promotes astrocyte 
activation and enhances glial fibrillary acidic protein (GFAP) expression 
in the hippocampus [15]. However, the significant changes in glial cells 
following Pb exposure remain unclear. 

Mass spectrometry-based proteomics is an effective method for 
identifying different proteins under the pathophysiological conditions of 
cells or tissues [16]. Bioinformatic approaches have been widely used to 
determine underlying molecular mechanisms, which form the basis of 
proteomics analysis [17–19]. Gene Set Enrichment Analysis (GSEA) is a 
powerful analytical method for identifying significant cellular events 
[20,21]. GSEA has been used to determine that the metabolic disorders 
of sphingolipids and glutathione were vital processes in Parkinson’s 
disease [22]. In addition, microglial transforming growth factor (TGF)-β 
signaling has been found to be a therapeutic target for depression 
through GSEA [23]. In this study, we established a Pb-exposed rat model 
to identify the differentially expressed proteins in the hippocampus. 
GSEA was performed to explore significant cellular changes. Tran
scription factor analysis was used to explore the mechanisms underlying 
significant cellular changes. Our findings may provide new insights into 
the mechanisms underlying Pb neurotoxicity. 

2. Methods 

2.1. Animals and treatment 

A total of 30 SPF male Fisher 344 rats, aged 6–8 weeks (277.72 ±
18.28 g), were purchased from Beijing Huafukang Biotechnology Co., 

Ltd., and randomly divided into the control, Low Pb (LPb) (drinking 
water with 250 mg/L PbAc), or High Pb (HPb) (drinking water with 500 
mg/L PbAc) groups for 9 weeks [24,25]. The rats were housed (n =
2/cage) in a room with a fully controlled environment—at constant 
temperature and humidity on a 12:12 h light/dark cycle—with free 
access to food and water. The experiments were conducted in accor
dance with the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals and approved by the North China University of 
Science and Technology Animal Ethics Committee (No. 2020-SY-001). 

2.2. Cell culture and treatment 

Astrocyte cell-line MA-c cells were cultured in Dulbecco’s modified 
Eagle’s medium, which was supplemented with 10% fetal bovine serum 
and 1% penicillin-streptomycin at 37 ◦C with 5% CO2 in the incubator. 
For each experiment using MA-c cells, the plating density was 1 × 104 

cell well− 1 in 96-well plates and 5 × 105 cell well− 1 in 6-well plates. 
After reaching 80% confluence, MA-c cells were randomized to receive 
one of the following treatments: 5, 10, and 20 μM PbAc, pyrrolidine 
dithiocarbamic acid (PDTC) (dissolved in 1 × PBS, 10 μM), or PDTC+20 
μM PbAc (pretreated PDTC for 1 h) for 24 h. 

2.3. Morris water maze (MWM) and novel object recognition (NOR) test 

After nine weeks of Pb exposure, rat spatial memory performance 
was evaluated using an MWM (180 cm diameter, 45 cm high) test. 
Briefly, the rats were placed in the maze and allowed to search for the 
platform within 120 s for three days. On the fourth day, the platform was 
removed, the rats were placed in the water away from the previous 
platform, and the frequency of crossing the platform was recorded 
within 120 s. 

NOR was used to detect the memory ability of the rats. During the 

Table 1 
The primer sequences used for real-time PCR.  

Gene Forward primer Reverse primer Annealing temperature 

Lcn2 5′-CACAGTCGGGAGCCCTAAAG-3′ 5′-TTCCCTCAGACACATGGTGC-3′ 55 ◦C 
Steap4 5′-CACTATCGGCCCCAGAACAG-3′ 5′-AGCAACCGAGTTCTGTCGAG-3′ 55 ◦C 
S100a10 5′-GGGGGCAATGTTGCTCAATG-3′ 5′-TGAGGACCTTGGGTCTCTGT-3′ 57 ◦C 
Cd14 5′-GGTTTGCAGGCGACAAAGAC-3′ 5′-ATTCCTCAAGTGACCCCGTG-3′ 60 ◦C 
Gfap 5′-AAGAACTTGGACCAGGACGC-3′ 5′-CTCTGCTTTTCGCTTGAGCC-3′ 60 ◦C 
Amigo2 5′-AGGGCCATAGGGAAGCTTGA-3′ 5′-AGCCATCCACTGGGTAAAGG-3′ 56 ◦C 
Tgm1 5′-TCGCACTCAATACGAGGCAG-3′ 5′-CATTTGCCGCTCTAGGGACT-3′ 60 ◦C 
Cd109 5′-ACTGAAGCCTTTCTCGGAGC-3′ 5′-TGAAAGCGCTGGACCAATCT-3′ 57 ◦C 
Cxcl10 5′-TCGAGAAGGTGTTGGCAGTC-3′ 5′-ATGGCCTGACTCTCGTGTTG-3′ 55 ◦C 
β-actin 5′-GTTGGTTGGAGCAAACATCCC-3′ 5′-TTAGGAGTGGGGGTGGCTTT-3′ 55–60 ◦C  

Fig. 1. Pb exposure induced learning memory deficits and decreases in exploring ability. A, B: Changes of directional navigation and space exploration ability in LPb 
and HPb groups after Pb exposure in MWM (n = 10); C: Effect of Pb exposure on new object recognition time in LPb and HPb groups (n = 10); aP < 0.05 vs Control; 
bP < 0.05 vs LPb. 
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adaptation period, the rats were allowed to exercise for 10 min in the 
experimental apparatus. In the training session, two identical objects 
were placed on both the right and left sides of the arena. The rats were 
placed in the device with their backs facing the object, and the time 
spent exploring each object was recorded. During the testing session, 
one of the objects was changed to a new object with different shapes, 
sizes, and colors, and the recognition time of the old or new objects was 
recorded within 3 min. 

2.4. Hippocampal protein sequencing 

The hippocampus was carefully isolated from the brains of individual 
rats for protein sequencing (n = 3 for each group). Proteomic detection 
was conducted based on the workflow developed by Huada Biotech
nology Limited Company (Beijing, China). Briefly, rat hippocampal 
tissue was dissected and homogenized by ultrasonication for 30 s on ice. 
Tissue proteins were released by protein lysis (Solarbio, China). Soluble 
proteins were obtained by centrifugation at 12,000 rpm for 15 min at 

4 ◦C. Protein concentration was determined using a bicinchoninic acid 
protein assay kit (Solarbio, China). Subsequently, 100 μg of protein was 
isolated from each sample for protein enzymolysis and isobaric tags for 
relative absolute quantification (iTRAQ) labeling. A Triple TOF 5600 
(SCIEX, USA) was used to quantify the relative protein levels. 

2.5. Bioinformatics analysis of proteomics 

2.5.1. Differential protein screening and enrichment analysis in LPb and 
HPb 

Hippocampal proteins were analyzed using isobaric tags for relative 
and absolute quantification (iTRAQ). An FC of ≥1.2 or FC ≤ 0.8 and P- 
value <0.05 were set as the thresholds for screening differentially 
expressed proteins. Furthermore, we performed gene ontology (GO) 
functional analysis to identify the significant biological processes in the 
LPb and HPb groups. GO functional analysis was performed using the R 
package ClusterProfiler [26]. A corrected P value of 0.05 was used to 
identify enriched GO terms. The top seven items filtered by protein 

Fig. 2. DEPs were involved in glial cell activation in the rat hippocampus following Pb exposure. A: Flow chart of proteomics detection in rats. SPF male Fisher 344 
rats were divided into control, LPb, and HPb groups. After 9 weeks of Pb acetate exposure, the hippocampus was extracted from the rats. Proteomic sequencing was 
performed on the digested tissue by trypsin using iTRAQ; B: The Venn plot of DEPs in the LPb and HPb groups; C: The heatmap of DEPs in the LPb and HPb groups; D, 
E: The top 7 GO terms for DEPs in the LPb and HPb groups. 
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count and fold enrichment are shown in the figures. 

2.5.2. Identification of the proteins counts in different glial cells of the rat 
hippocampus following Pb exposure 

Protein marker sets of astrocytes, microglia, and oligodendrocytes 
were obtained from the GenBank database. The keywords of search in 
Genecard (https://www.genecards.org/) included “astrocyte,” “micro
glia,” and “oligodendrocyte.” Furthermore, a total of 1000 proteins were 
selected as protein markers, which had the highest correlation for each 
cell in the dataset to match the total proteins in LPb or HPb. 

2.5.3. Identification of the significant changes in the cellular events in LPb 
and HPb 

GSEA was used to identify significant changes in cellular events. The 
data were used to perform GSEA analysis as follows: (1) The subseries 
terms of glial cell activation include astrocyte and microglial activation; 
(2) NF-κB transcription factor activity, proteins involved in astrocyte 
activation, and microglial activation; NF-κB transcription factor activity 
files were obtained from the MSigDB website database; and (3) Protein 
marker sets of astrocytes in the LPb and HPb; GSEA was performed using 
the R package ClusterProfiler [26]. The parameters were set as follows: 
minGSSize = 3, maxGSSize = 10, p-value cutoff = 0.05, and = BP. The 
standard for differential biological process identification was set at p <
0.05, NES < − 1, or >1. 

2.5.4. Prediction of potential transcription factors of astrocyte activation 
The TRRUST database (https://www.grnpedia.org/trrust/) and 

analytical tools were used to identify transcription factors related to 
astrocyte activation. Based on the overlapping genes and q value, the
top 15 transcription factors were selected, and t in Cytoscape was 
applied to calculate the center node of the network. The score of the 
center node was based on the MNN algorithm in CytoHubba (analysis 
APP of Cytoscape). 

2.6. Cell viability assay 

Cell viability was measured by using CCK 8 kit (Solarbio, China). 
MA-c cells were seeded in 96-well plates. When the MA-c cells cultures 
reached 80% density, they were treated with different dose of PbAc for 
24 h, the cells were incubated with CCK-8 solution. Absorbance (A) 
values at 450 nm were measured on an automated reader (Bio Tek, 
USA). 

2.7. Immunofluorescence assays 

The MA-c cells were fixed with 4% paraformaldehyde for 20 min. 
After permeabilization with Triton × 100, the cells were blocked with a 
3% blocking solution for 1.5 h. The cells were incubated with primary 
antibodies against NF-κB (1:100) and GFAP (1:100) at 4 ◦C overnight. 
Nuclei were stained with Hoechst 33342. Images were obtained using an 
Olympus FV3000 confocal microscope (Olympus, Tokyo, Japan). 

2.8. Enzyme-linked immunosorbent assay (ELISA) 

The contents of IL6, IL-1β, and TNF-α in the rat hippocampus and 
MA-c cell supernatant with different treatments were measured using 
commercially available ELISA kits (Solarbio, China). Briefly, the su
pernatant of MA-c cells and the hippocampal tissues of rat in different 
groups were collected separately. Hippocampal tissues were dissected 
and homogenized by ultrasonication for 30s on ice. Tissue homogenate 
solution and supernatant of MA-c cells were centrifuged at 5000×g for 
10 min at 4 ◦C. The solution of tissue homogenate and the supernatant of 
MA-c cells were collected and diluted (supernatant of MA-c cells was 
undiluted) for measurement. Then, all operations were carried out in 
strict accordance with the operating instructions of the kit. The detec
tion range for the IL6, IL-1β, TNF- α kits were 18.75–1000, 7.8–500, 
7.8–500 pg/ml(mg) respectively. 

Fig. 3. Astrocyte activation was identified as one of the significant cellular events in the rat hippocampus following Pb exposure. A: Cell-type analysis of all proteins 
in the LPb and HPb groups; B: The glial cell-related functional modules following Pb exposure; C, D: The functional modules of astrocyte activation in the LPb and 
HPb groups. 
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2.9. Western blotting 

Protein concentration was determined using a BCA protein assay kit. 
(Solarbio, China). The protein was separated by 12% SDS-PAGE gel 
electrophoresis and followed by transferal to polyvinylidene fluoride 
membrane. The membranes were blocked in 5% skim milk (in TBST) 
and then followed by incubation with anti–NF–κB (1:1000), anti- 
Tubulin (1:2000), IL6 (1:1000), IL-1β (1:500), TNF-α (1:500), GFAP 
(1:1000) (Proteintech, China) antibodies overnight at 4 ◦C. After 
washing with TBST, blots were reacted with secondary HRP-linked anti- 
rabbit (1:3000) (Proteintech, China) at room temperature for 2 h. 

2.10. Real-time PCR 

Total RNA was extracted using TRIZOL, and RNA was converted into 
complementary DNA (cDNA) using a cDNA Reverse Transcription Kit 
(Roche, Switzerland). β-Actin was chosen as the reference gene 
(housekeeping). Amplification was performed over 40 cycles. All primer 
sequences and annealing temperatures are listed in Table 1: 

2.11. Statistical analysis 

All statistical analyses were performed using the IBM SPSS Statistics 
for Windows, version 20 (IBM Corp., Armonk, N.Y., USA). Normal dis
tributions of data are expressed as mean ± SD. One-way ANOVA fol
lowed by Tukey’s post hoc test was used for group analyses, and 
Student’s t-test was used for statistical analyses between two groups. 

3. Results 

3.1. Pb exposure impaired the learning memory and exploring ability 

To investigate whether Pb exposure affects learning memory and 
exploring ability, the MWM and NOR tests were performed. The results 
showed that the escape latency of rats in the LPb or HPb groups was 
increased compared to that of the control group (Fig. 1 A, B). Mean
while, the average frequency of crossing platforms in the LPb and HPb 
groups was reduced by 23% and 45%, respectively, compared with that 
of the control group. In addition, the NOR results also showed that the 
ratio of new object touching time in the LPb and HPb groups was much 
lower than that of the control group (Fig. 1C). These results demon
strated that Pb exposure could impair learning memory and exploratory 
activity of rats. 

3.2. Glial cell activation was identified as an essential biological process 
in rat hippocampus following Pb exposure 

iTRAQ was performed to detect changes in protein levels in the rat 
hippocampus following Pb exposure (Fig. 2A). A total of 2888 proteins 
were identified in the LPb group, among which 216 were upregulated 
and eight were downregulated in comparison to control. Meanwhile, 
2890 proteins were identified in the HPb group, among which 263 
proteins were upregulated and seven proteins were downregulated 
(Supplemental Fig. S1 A, B). The shared differentially expressed proteins 
(DEPs) in the LPb and HPb groups included Krt18, Col1a1, Cldn11, Ttr, 

Fig. 4. Pb exposure induced the activation of astrocytes in vivo and in vitro. A, B: The protein expression of GFAP in the rat hippocampus following Pb exposure (n =
3); C, D: the GFAP mRNA expression in vivo and in vitro (n = 6); E: The protein expression of IL6, IL-1β, TNF-α, GFAP, and tubulin in astrocyte-treated Pb acetate 
with different concentrations (n = 3); G: Effect of Pb exposure on GFAP expression in MA-c cells (immunofluorescence, × 400, n = 3); H–J: The TNF-α, IL6, and IL-1β 
protein concentrations in the rat hippocampus following Pb exposure (n = 6); K–M: TNF-α, IL6, and IL-1β expression in MA-c cells supernatant treated with PbAc in 
different dosages (n = 6). The MA-c cell line was treated with PbAc for 24 h or pretreated with PDTC for 1 h; aP < 0.05 vs Control; bP < 0.05 vs LPb in A-D; bP < 0.05 
vs 5, cP < 0.05 vs 10, dP < 0.05 vs 20 in F-M. 
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Fbxo6, Sart1, Gtf2f1, Elp6, Smc3, Rpl17, Tspan2, Rpl7a, Hist1h1d, Vim, 
Carhsp1, Aspa, Ube2k, Crip2, Tnc, Agtpbp1, Stk32c, Robo2, Prrt1, 
Cdh13, Krt6a, Ilk, Cadm1, Cpne7, Gstz1, App, Grn, Vps33a, Atg13, and 
A1i (Fig. 2 B, C). The upregulated and downregulated proteins were 
analyzed using GO enrichment and KEGG analyses. The results showed 
that the top five biological processes in the LPb group were glial cell 
activation, neural nucleus development, glial cell development, protein 
localization to the plasma membrane, and regulation of intracellular 
transport. The top five biological processes in the HPb group were early 
endosome transport, mRNA processing, glial cell activation, vesicle or
ganization, and nucleotide-sugar biosynthetic process. Interestingly, 
glial cell activation was upregulated in both LPb and HPb groups (Fig. 2 
D, E). KEGG analysis results showed that the DEPs were enriched in the 
VEGF signaling pathway in the LPb group and AMPK signaling pathway 
in the HPb group (Supplemental Fig. S1 C). These results indicated that 
glial cell activation is an essential biological process in the rat hippo
campus following Pb exposure. 

3.3. Astrocyte activation was screened as significant cellular event in rat 
hippocampus following Pb exposure 

The identified proteins (2888 proteins in the LPb and 2890 proteins 
in the HPb groups) were matched to a known protein database in terms 
of microglia, astrocytes, and oligodendrocytes. The results showed that 
altered proteins of astrocytes accounted for the largest proportion, and 

the number of astrocyte-changed proteins was 151 and 138 in the HPb 
and LPb groups, respectively (Fig. 3 A). Thus, astrocyte and microglial 
activation were involved in glial cell activation. GSEA analysis was 
performed to identify astrocyte and microglial activation in astrocyte- 
related proteins and microglia-related proteins. Notably, astrocyte 
activation was the top module, which was 1.22- fold in the LPb group 
and 1.34- fold in the HPb group compared with the control group 
(Fig. 3B–D). In addition, the GSEA results also showed that altered 
protein expression in Pb exposed astrocytes was accompanied by upre
gulated IL6, IL-1β, and TNF-α secretion (Supplemental Fig. S2 A, B). 

3.4. Pb exposure did induce the astrocytes activation in vitro and in vivo 

It is well known that GFAP upregulation serves as a marker for 
astrocyte activation. The results showed that GFAP expression was 
markedly higher in the rat hippocampus following Pb exposure, which 
was 1.9- fold in the LPb group and 4.1- fold in the HPb group compared 
with the control group (Fig. 4 A, B). Furthermore, MA-c cells, an 
astrocyte cell line, were treated with PbAc at dosages of 5, 10, and 20 μM 
to investigate the changes in GFAP expression. The results showed that 
GFAP protein and mRNA expression increased in the 5 μM, 10 μM, and 
20 μM groups in a concentration-dependent manner (Fig. 4D–F) (Sup
plemental Fig. S3). In addition, the immunofluorescence staining results 
also showed that GFAP expression increased with increasing PbAc 
concentration, which further supported astrocyte activation (Fig. 4 G). 
Another characteristic feature of astrocyte activation is an increase in 
the levels of inflammation factors. TNF-α, IL6, and IL-1β protein 
expression was detected in the rat hippocampus and MA-c cells after Pb 
exposure. The results showed that IL6 was highly expressed in the LPb 
and HPb groups, which was 2.1- and 2.3- fold higher than that in the 
control group (Fig. 4 I). TNF-α and IL-1β protein expression in the hip
pocampus of the HPb groups was 1.7-fold and 1.5-fold higher than that 
in the control group (Fig. 4 H, J). Meanwhile, TNF-α, IL6, and IL-1β 
protein expression in MA-c cells was significantly increased in the 5 μM, 
10 μM, and 20 μM groups compared with the control group (Fig. 4 E, F). 
TNF-α, IL6, and IL-1β expression in MA-c cell supernatants following Pb 
treatment also significantly increased. (Fig. 4K–M). Collectively, our 
results suggest that Pb exposure induces astrocyte activation both in 
vivo and in vitro. 

CNS injuries can elicit at two types of “reactive” astrocytes with 
strikingly different properties, one type being neurotoxic and the other 
neuroprotective. We detected neurotoxic astrocyte genes, including 
Lcn2, Steap4, Cxcl10, and Amigo, and neuroprotective astrocyte genes, 
including S100a10, Cd14, Tgm1, and Cd109, in the rat hippocampus 
and MA-c cells following Pb exposure. The mRNA expressions of Lcn2, 
Steap4, and Cxcl10 were significantly higher in the LPb and HPb groups 
than in the control group. In addition, S100a10 and Cd14 mRNA 
expression levels were lower in the LPb and HPb groups (Fig. 5 A). There 
were no significant differences in Amigo2, Cd109, or Tgm1 mRNA 
expression. Moreover, the mRNA expression of Lcn2 and Cxcl10 was 
increased and the mRNA expression of Cd14 was decreased in MA-c cells 
treated with different concentrations of PbAc (Fig. 5 B). There were no 
significant differences in Steap4, Amigo2, Cd109, or Tgm1 mRNA 
expression. 

3.5. NF-κB transcription factor contributes to astrocyte activation 
following Pb exposure 

Transcription factor identification was performed using the online 
tool TRRUST to screen for transcription factors involved in astrocyte 
activation. Based on the analysis results, the top five transcriptional 
regulators related to astrocyte activation were NF-κB, Stat1, Jun, Rela, 
and AHR. Additionally, a regulatory network for astrocyte activation- 
associated transcription factors was constructed. Interestingly, the NF- 
κB transcription regulator was identified as the central node of the 
network (Fig. 6 A). Meanwhile, GSEA analysis results also showed that 

Fig. 5. Pb exposure affects the expression of neurotoxic and neuroprotective 
reactive astrocyte genes in vivo and in vitro (n = 6); A: The neurotoxic and 
neuroprotective astrocyte gene expression in LPb and HPb; B: The neurotoxic 
and neuroprotective astrocyte gene expression in MA-c cells treated with PbAc 
in different dosages (n = 6); *P < 0.05 vs Control. 
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NF-κB transcription regulator activity was upregulated in the Pb expo
sure group (Fig. 6 B, C). Therefore, we hypothesized that astrocyte 
activation is regulated by the NF-κB transcription factor following Pb 
exposure. 

To verify this hypothesis, NF-κB protein expression was measured in 
MA-c cells. The results showed that NF-κB protein expression in the 20 
μM Pb acetate groups was 3.25-fold higher than that in the control group 
(Fig. 7 A, B). To confirm that NF-κB regulates astrocyte activation, PDTC 
was used to inhibit NF-κB activation. GFAP expression in the 20 μM +
PDTC group was decreased by 88% (Fig. 7E–G). IL6 and IL-1β protein 
expression in the supernatant of MA-c astrocytes in the PDTC +20 μM 
group was lower than that in the 20 μM group (Fig. 4K–M). In addition, 
Cxcl10 and Lcn2 mRNA expression decreased by 80% and 62.5%, 
respectively, compared with that in the 20 μM Pb group (Fig. 7E–G). No 
significant differences were observed in terms of S100a10 mRNA 
expression (Supplemental Fig. S4). These results indicate that the NF-κB 
transcription factor regulates the activation of astrocytes following Pb 
exposure. 

4. Discussion 

Several studies have shown that Pb can accumulate in the hippo
campus or cortex, which results in cellular dysfunction [27–29]. Prote
omic and bioinformatics analyses can facilitate the understanding of the 
main changes in cellular events following Pb exposure [30,31]. There
fore, we compared and analyzed the protein profiles of the rat hippo
campus from the Pb-exposed and control groups. The results showed 
that the DEPs in the Pb exposure group were different from those in the 
control group, and that they were involved in glial activation. Further 
analysis showed that astrocyte activation was the most altered cellular 
event in the rat hippocampus. Furthermore, the NF-κB transcription 
factor was found to be involved in astrocyte activation following Pb 
exposure. The above results revealed that astrocyte activation, which is 
regulated by the NF-κB transcription factor, is the top cellular event in 

the rat hippocampus following Pb exposure. 
GSEA is one of the most widely used approaches for interpreting 

transcriptomic and other omics data [32]. Rather than focusing on 
highly regulated single genes, GSEA focuses on gene sets that tend to be 
more reproducible and interpretable [33]. GSEA is also thought to be an 
effective method that can provide a comprehensive analysis of biological 
processes at the cellular level [34,35]. In the present study, GSEA 
analysis showed that the most important functional module was astro
cyte activation, which is considered to be one of the significant cellular 
events affected by Pb exposure. This method was also used in the study 
of primary hepatocellular carcinoma, which revealed that DNA repli
cation, spliceosome, cell cycle, and cellular senescence are essential 
biological processes in patients with primary hepatocellular carcinoma 
[36]. In Alzheimer’s disease, GSEA analysis identified that synaptic 
signaling, oxidative phosphorylation, and immune response are key 
biological processes and are intimately involved in Alzheimer’s disease 
progression, which suggests that GSEA analysis serves as a powerful tool 
for exploring one of the top cellular events [37]. 

Astrocytes are the most abundant glial cells in the CNS and play a 
series of indispensable roles in maintaining normal CNS health and 
function [9,38,39]. The cell type analysis results showed that astrocytes 
exhibited the greatest change in protein numbers compared to other 
glial cells, which suggested that astrocytes were more sensitive to Pb 
toxicity in glial cells. The same changing trend was also observed in the 
proteomics of human hippocampal subfield CA1 from AD patients [40]. 
This also illustrates that hippocampal astrocytes are more vulnerable to 
nerve injuries. Some studies have found that reduced astrocyte activa
tion can ameliorate learning and memory in LPS-induced rat model and 
5xFAD mice [41,42]. Our data showed that GFAP expression was much 
higher in the rat hippocampus and MA-c cells after Pb exposure. In 
addition, TNF-α, IL-1β, and IL-6 levels increased in the rat hippocampus 
and MA-c cell supernatant, suggesting that astrocyte activation is 
involved in neuroinflammation following Pb exposure. This may be one 
of the mechanisms underlying behavioral impairment in rats following 

Fig. 6. Transcriptional factors regulate prediction of neurotoxic astrocyte gene expression and inflammatory cytokines following Pb exposure. A: Transcription factor 
regulatory network involved in neurotoxic reactive astrocyte gene expression and inflammatory cytokines; B, C: The NF-κB transcription factor activity module for 
GSEA following Pb exposure in the LPb and HPb groups. 
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Pb exposure. Astrocytes can be transferred to reactive astrocytes in 
response to CNS impairment [43]. Studies have shown that reactive 
astrocytes have two distinct phenotypes, termed neurotoxic (A1) and 
neuroprotective (A2) [44,45]. The present study found that A1-specific 
astrocyte genes Lcn2, Steap4, and Cxcl10 were increased, and 
A2-specific astrocyte genes S100a10 and Cd14 were reduced following 
Pb exposure, suggesting that Pb can induce astrocyte activation and alter 
astrocyte neurotoxic and neuroprotective gene expression. Similar A1 
and A2-specific astrocyte genes were also observed in the hippocampus 
of mice subjected to chronic mild stress for six weeks [46]. In summary, 
our findings indicated that astrocytes were activated in vivo and in vitro 
following Pb exposure. 

Transcription factors regulate gene transcription and cellular pro
cesses [47]. In this study, transcription factor analysis identified several 
transcription factors that regulate astrocyte activation. Among these, 
NF-κB transcription factors are considered the most important. NF-κB 
can activate corresponding cell biological processes, including prolif
eration and inflammation [48]. A previous study showed that 
Aβ-activated astrocytes secrete inflammatory cytokines via NF-κB tran
scription factor activity [49]. Laquinimod downregulates proin
flammatory cytokines in astrocytes by reducing NF-κB transportation 
factors [50]. Our results showed that the NF-κB transcription factor is 
activated in astrocytes following Pb exposure and can regulate astrocyte 
activation. In addition, inhibition of NF-κB transcription factor activa
tion resulted in a decrease in Lcn2, Steap4, and Cxcl10 mRNA expres
sion. However, inhibiting the NF-κB transcription factor did not affect 
A2-specific astrocyte gene expression in MA-c cells following Pb expo
sure. Thus, it is reasonable to speculate that the NF-κB transcription 
factor can mainly regulate astrocyte activation and inflammatory factor 
expression, which exacerbates the inflammatory response following Pb 

exposure. Studies have shown that astrocytes exposed to manganese 
release inflammatory mediators in an NF-κB-dependent manner, leading 
to neuronal death [51]. Another study showed that NF-κB mediates 
antimony-induced astrocyte activation [52], suggesting that the NF-κB 
transcription factor is involved in astrocyte activation, which is a com
mon mechanism underlying heavy metal exposure. 

5. Conclusion 

In summary, our findings demonstrated that astrocyte activation is a 
significant cellular event in the rat hippocampus following Pb exposure. 
NF-κB transcription factors can regulate astrocyte activation following 
Pb exposure. In addition, proteomics and bioinformatics were more 
effective in revealing the potential cellular mechanisms following Pb 
exposure. Furthermore, our findings provide insights and perspectives 
for the investigation of Pb-induced learning memory impairments. 
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