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Abstract

Lead (Pb), a dense, soft, blue-gray metal, is widely used in metallurgy, cables, storage batteries, 

pigments, and other industrial applications. Pb has been shown to cause degenerative changes 

in the nervous system. Necroptosis, a form of non-apoptotic programmed cell death modality, is 

closely associated with neurodegenerative diseases. Whether the TNF-R1-RIPK1/RIPK3 pathway 

is involved in the neurodegeneration induced by Pb has yet to be determined. Here, we explored 

the role of the TNF-R1-RIPK1/RIPK3 signaling pathway in the Pb-induced necroptosis by using 

HT-22 cells, primary mouse hippocampal neurons, and C57BL/6 mice models, demonstrating that 

Pb exposure elevated lead levels in murine whole blood and hippocampal tissue in a dose-response 

relationship. Protein expression levels of PARP, c-PARP, RIPK1, p-RIPK1, RIPK3, MLKL, and 

p-MLKL in the hippocampal tissues were elevated, while the protein expression of caspase-8 

was decreased. Furthermore, Pb exposure reduced the survival rates in HT-22 cells and primary 

mouse hippocampal neurons, while increasing the protein expressions of RIPK1 and p-MLKL. 
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Collectively, these novel findings suggest that the TNF-R1/RIPK1/RIPK3 signaling pathway is 

associated with Pb-induced neurotoxicity in hippocampal neurons in mice.

Keywords

Lead; Mice; Hippocampus; TNF-R1-RIPK1/RIPK3; Necroptosis

1 Introduction

Lead (Pb), a class 2B carcinogen, is harmful to human health. Humans are exposed 

to Pb through diverse routes, for example, inhalation of contaminated air, exposure 

to Pb-containing dust and soil, and consumption of contaminated food and water [1, 

2]. Long-term Pb exposure in humans increase the risk of cardiovascular and kidney 

disease[3, 4]. Pb can cause genotoxicity and hepatotoxicity in zebrafish at environmentally 

relevant concentrations (5 ppm)[5], and Pb (800μM) exposure has been shown to induce 

transgenerational developmental neurotoxicity in Drosophila Melanogaster[6], The adverse 

effects of Pb extend to multiple systems [7, 8], with the nervous system being highly 

susceptible to its toxic effects [9, 10].

Neurotoxicity induced by Pb is often characterized by memory and learning deficits, 

attention deficits and autism, posing a potential risk factor for neurodegenerative 

diseases[11–13]. In vivo investigations have demonstrated that perinatal intake of drinking 

water containing 0.1% Pb could triggered neuronal cell inflammation reactions in rats’ 

forebrain cortex, hippocampus and cerebellum[14] and impaired spatial learning and 

memory[15]. Epidemiological investigations have revealed that Pb exposure in the fetal and 

neonatal periods decreased glycogen levels and metabolic rate in neurons and astrocytes, 

reducing glucose utilization and impairing brain energy metabolism[16, 17]. Notably, 

the developing brain is extremely susceptible to Pb toxicity as it can readily cross the 

placenta and blood-brain barriers. In turn, Pb can alter neurodevelopmental pathways with 

long-lasting effects on motor skills, emotional well-being, social interactions and cognitive 

functions extending into adulthood[18]. The rising levels of environmental Pb have drawn 

attention and contemporary concern to its neurotoxic effects[19].

Numerous studies have delved into the intricate mechanisms of Pb neurotoxicity. 

Pb neurotoxicity was invoked to be mediated via GSK-3β and CDK5-dependent 

hyperphosphorylation of Tau protein, resulting in disruption of cytoskeletal stability[20]. 

It has been shown that Pb diminished the density of hippocampal dendritic spines by 

downregulating SNX6 and Homer1 expression, resulting in the impairments in learning and 

memory of rats[21]. Moreover, Pb can impact the cholinergic, dopaminergic and glucose 

metabolism systems, thereby disrupting normal neurotransmission [22]. Programmed cell 

death (PCD) plays a significant role in the neurotoxicity induced by Pb[23]. For example, in 

vivo studies have shown that Pb increased apoptosis in the cerebral cortex, hippocampus and 

cerebellum of rats, thereby exerting its neurotoxic effects[24]. Furthermore, Pb can cause a 

blockage of autophagic flow in PC12 cells, in turn, causing cell death[25]. Additionally, 

chronic low-level Pb exposure promoted ferroptosis in mice hippocampal neurons via 

Li et al. Page 2

Neurochem Res. Author manuscript; available in PMC 2024 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



activating microglia cells [26]. Overall, the mechanism of Pb neurotoxicity is multifactorial, 

including oxidative stress[19], apoptosis[27], autophagy dysregulation[28], epigenetic 

changes[11, 29], activation of the immune system by microglial and astrocytes[30], and 

altered calcium-dependent processes[31]. Despite these insights, the precise mechanism of 

Pb neurotoxicity remains incompletely understood.

Necroptosis is a mode of PCD, marked by cell membrane destruction, organelle swelling 

and release of inflammatory factors[32]. Under pathological conditions, TNF-α triggers 

the activation of its receptor, TNF-R1. Inhibition of the intracellular apoptosis factor 

caspase-8 triggers complex I formation, activating the phosphorylation of receptor and 

Receptor-Interacting Protein 1 (RIPK1). Subsequently, RIPK1 phosphorylates and activates 

Receptor-Interacting Protein 3 (RIPK3)[33], which in turn phosphorylates. Next, Mixed 

Lineage Kinase Domain-Like (MLKL) is phosphorylated and activated. Activated MLKL 

transfer aggregates to the plasma membrane, leading to plasma membrane damage[34, 

35]. This, in turn, leads to cell rupture, with spillage of cellular contents into the 

extracellular space, ultimately leading to cell necroptosis[36–39]. Recent studies have 

highlighted the significant contribution of necroptosis to the pathogenesis and progression 

of neurodegenerative disease[36, 40, 41]. Additionally, it has been found that Pb causes 

necroptosis in lymphocytes and renal cells[42, 43]. Whether Pb leads to necroptosis in 

neurons and the mechanism of necrosis has yet to be determined. Herein, the present study 

aims to integrate in vitro and in vivo studies to address the contribution of necroptosis in 

Pb-induced neurodegeneration.

2 Materials and Methods

2.1 Cell Culture

HT22 cells were generously provided by Professor Zou Yunfeng’s research group at the 

School of Public Health, Guangxi Medical University. The cells were cultured in DMEM 

(Gibco, USA) containing 10% FBS (BI, ISR) and 1% penicillin/streptomycin(Solarbio, 

Beijing, China), and cultured under standardized conditions of 5% CO2 at 37°C[44]. Daily 

observation of cell morphology and growth were performed, with medium changes on 

alternate days. Once the cell density reached about 80–90%, the cells could be passaged or 

seed-plated for further treatment with Pb. At the end of each experiment, the total cellular 

protein was extracted for protein expression analysis.

2.2 MTT Colorimetric Assay

Cell viability was determined with the MTT(3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-

phenytetrazoliumromide) method. Briefly, HT-22 cell (5×103) was inoculated into a 96-well 

plate. The cells were then divided into 0, 1, 2.5, 5, 10, 25, 50, 100, 200, and 500 μmol/L 

Pb(Ac)2 groups, with each group having 6 duplicate wells. Following 24 hours of Pb 

exposure, the used medium was disposed, and fresh medium including 10 μL of 5mg/ml 

MTT solution (Beyotime, China) was added and cultured for 4 hours under standardized 

conditions of 5% CO2 at 370°C. At the end of the incubation, the medium was discarded. 

Subsequently, DMSO was added and the cells were cultured for 10 min. After incubation, 

The absorbance (OD value) of the cells in each well was measured at 490 nm using an 
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enzyme meter (Thermo, USA). Cell viability was expressed as a percentage of untreated 

control cells[45].

2.3 Primary Hippocampal Neuron Culture

C57BL/6 mice (18 days pregnant) were anesthetized with 1.2% Avertin, and fetal mice 

were extracted via laparotomy. Subsequently, fetal mice were decapitated and transferred 

to dissection medium (DM) fluid (10×1L Hanks Balanced Salts, 0.35g NaHCO3, 10 mL 

HEPES, 6 g glucose, 100 μL gentamycin, 3 g BSA, 1.44 g MgSO4, NaOH adjusts pH to 

7.3). Following that, the fetal mice’s brains were dissected out and the hippocampus was 

dissociated, and transferred to fresh DM fluid. Then, the hippocampus was cut and digested 

with papain (Worthington, USA) in a 37 °C incubator for 30 min with shaking every 10 min. 

Next, the plating medium was added to terminate the digestion. The collected neuronal 

cells were resuspended with plating medium and separated using a 40 μm cell filter. 

Subsequently, the cells were plated in poly-L-lysine-coated experimental plates, and then 

cultured cell incubator with 5% CO2 at 37 °C. After four hours, the plating medium was 

switched to the B27 neuronal culture medium, followed by half-exchange every 2 days [46]. 

The purity of the hippocampal neuronal cells was characterized by immunofluorescence 

after culture to day 7.

2.4 Immunofluorescence Analysis

Primary mouse hippocampal neuronal cells were inoculated onto glass coverslips in 6-well 

plates and cultured at 37 °C to 50%−80% density. The cells were then fixed with 4% 

paraformaldehyde for 10 min and washed three times with PBS to remove the fixative. 

Subsequently, the cells were blocked with TBSTx containing 1% BSA for 60 minutes at 

room temperature. Following this, the cells were incubated with Rabbit anti-neurofilament-L 

(1:100, Cell Signaling Technology, #2837) and Mouse anti-GFAP (1:100, Cell Signaling 

Technology, #3670) at 4 °C overnight. The cells were then rinsed three times with PBS and 

incubated with goat anti-rabbit IgG (1:1000, Alexa Fluor® 594 Conjugate, Cell Signaling 

Technology, #8889) and goat anti-mouse IgG (1:1000, Alexa Fluor® 488 Conjugate, Cell 

Signaling Technology, #4408) for 1 hour at room temperature. After another round of three 

rinses with PBS, the cells were stained with DAPI (10 μg/mL) for 15 minutes at room 

temperature. Finally, fluorescence images were captured under the EVOS Fluorescence 

Microimaging(Thermo, USA), and quantized using Image J software.

2.5 Flow CytoMetry

The identified primary mouse hippocampal neurons were cultured until day 7 and then 

divided into control, low (L)-Pb, medium (M)-Pb, and high (H)- Pb groups. Each group 

was treated with a solution containing 0, 12.5, 50, and 200 μmol/L Pb (Ac)2 for 24 hours. 

After finishing the incubation, the supernatant was collected, cells were flushed with 1×PBS. 

Subsequently, each cells vial was digested by adding 1 mL of 0.25% trypsin and placed in 

the incubator for 3 min. The digestion was terminated by adding medium, and the liquid was 

collected and centrifuged. At the end of centrifugation, the supernatant was discarded and 

resuspended in PBS containing PI working solution (5 μg/mL). Flow cytometry (Beckman, 

USA) was used for detection, with the experiments repeated thrice.
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2.6 Western Blotting

After Pb exposure, the total protein was extracted from primary hippocampal neuron 

cells, HT22 cells, and mice hippocampus using RIPA lysis buffer (CWBIO, China) 

containing protease and phosphatase inhibitors. After completion of lysis, low temperature 

and high-speed centrifugation and collection of the supernatant to measure the protein 

content by the BCA assay. Refer to previous articles for specific steps in protein 

immunoblotting[47]. Briefly, 20 μg of standard protein samples were subjected to 

gel electrophoresis, polyvinylidene difluoride membrane transfer, containment, primary 

antibody(1:1000) incubation at 4 °C overnight. The antibodies used in this study 

were as follows: Rabbit anti-TNF-R1(Cell Signaling Technology,#13377), RIPK1(Cell 

Signaling Technology, #3493), Phospho-RIP (Ser166) (Cell Signaling Technology, #31122), 

RIPK3(Cell Signaling Technology, #95702), MLKL(Cell Signaling Technology, #37705), 

Phospho-MLKL (Ser345) (Cell Signaling Technology, #37333), PARP(Cell Signaling 

Technology, #9532), Caspase-8 (Cell Signaling Technology, #4790), GAPDH (Cell 

Signaling Technology, #2118), Cleaved PARP (Cell Signaling Technology, #9544). 

Subsequently, the membranes were incubated with goat anti-rabbit IgG (1:500, Cell 

Signaling Technology, #7074) for 1 h at room temperature. Finally, membranes were 

detected using a supersensitive chemiluminescence detection kit (Beyotime, China), then 

quantified with Image J software for further comparative analysis.

2.7 Animals

Eight-week-old SPF-grade male adult C57BL/6 mice were purchased from the Experimental 

Animal Center of Guangxi Medical University Animal Center [SCXK (Gui) 2014-0002]. 

All experimental procedures in mice followed animal ethical guidelines and complied 

with animal ethics requirements. All mice were cage-reared in SPF-grade chambers at a 

suitable temperature (24 ± 1 °C), humidity of 55±10%, and 12 hours of light. After 7 

days of acclimatization, the mice were randomly divided into 4 groups (n = 10): control, 

low (L)-Pb, medium (M)-Pb, and high (H)- Pb groups. The mice in L, M, H- Pb groups 

received oral gavage (i.g.) with 12.5, 25, and 50 mg/kg Pb acetate (Sigma, USA) once a 

day, 7 days per week for 8 weeks, while mice in the control group received an equivalent 

volume of double-distilled water via i.g. After behavioral testing, the mice were anesthetized 

intraperitoneally with 1.2% Avertin. Next, blood was collected from the abdominal aorta, 

and the animals were sacrificed. Subsequently, the brain tissue was dissected out on dry 

ice, and the hippocampus tissue was collected and stored at −80 °C. Additionally, the heart, 

liver, spleen, lungs, kidneys and testicles of the mice were dissected, weighed, and the organ 

coefficients were calculated (organ coefficient (%) = organ weight/fasting body weight × 

100%). Finally, the organs were separately collected into the freezing tube and maintained in 

a − 80 °C refrigerator for future experiments.

2.8 Behavioral Testing

The Morris water maze test was used to evaluate the mice’s spatial learning and memory 

abilities. The mice were petted for 1–2 minutes daily for one week before the experiment, 

in addition, the mice were moved to the water maze experimental room and acclimatized for 

3 hours per day to help them adapt to the experimental environment. In addition, the light 
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conditions in the acclimatization phase were kept the same as in the formal testing phase. 

The test program comprised 5 days of orientation navigation training, with an exploratory 

trial on the 6th day[48]. During the testing period, mice were immersed in water from fixed 

positions in each quadrant, and oriented to the pool wall with white patterns of different 

geometric shapes, which could provide references for the mice to establish spatial learning 

and memory. During the training period, if the mice failed to locate the hidden platform 

for more than 60 s, its latency was automatically registered as 60 seconds. Next, the tester 

guided the mice to climb onto the platform and allowed them to stay there for 15 seconds. 

After training, the mice were removed, dried, and placed the mice under the heater for 5 

min, and returned to the cages. After orientation navigation training, exploratory testing 

was conducted by removing the hidden platform. The escape latency and the times all mice 

crossed the platform were recorded.

2.9 Pb Concentration Detection

Refer to previous research[47] for specific steps. Blood (1 mL) or hippocampus tissues 

(10 mg) were placed in a microwave disintegrator for disintegration. The digested samples 

were transferred in a 110~150°C electrothermal acidifier to evaporate the acid. After about 

0.1 mL of sample remained, the sample was cooled to room temperature. Then wash the 

digestion tank with double-distilled water and volume the sample to 10 ml. Pb concentration 

was analyzed using Nexion300DICP-MS (PerkinElmer5771, USA).

2.10 Statistical Analysis

Data were expressed as Mean ± standard deviation (X ± SD), and statistically analyzed 

using SPSS 23.0. For the water maze experiment, repeated measures analysis of variance 

was applied, while one-way analysis of variance (ANOVA) was used for other data, with 

LSD tests for multiple comparisons[49]. The Welch test was utilized if the data did not 

satisfy the homogeneity of variance requirement, and the Games-Howell test was employed 

for subsequent multiple comparisons. A value of p < 0.05 was considered statistically 

significant.

3 Results

3.1 Effects of Pb exposure on cell viability and morphology of HT-22 cells and primary 
mouse hippocampal neurons

After 24 hours of Pb treatment, HT22 cell viability decreased at Pb concentration >2.5 

μmol/L (Fig 1A, P<0.05 or 0.01). Compared with the Control group, cell survival rates 

of primary mouse hippocampal neurons in the M-Pb and H-Pb groups were reduced by 

6.69% and 23.18% (Fig 1B, P<0.01 or 0.001). Immunofluorescence showed that the purity 

of the primary mouse hippocampal neurons exceeded 90% (Fig 1C). Morphological analyses 

showed cell body shrinkage, and synaptic rupture in the L-Pb group. Cell body shrinkage, 

fewer protrusions, extensive synaptic damage, and cell death were observed in both the 

M-Pb and H-Pb groups, with the most obvious damage observed at the highest Pb exposure 

concentrations (Fig 1D).
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3.2 Effects of Pb exposure on TNF-R1-RIPK1/RIPK3 signaling pathway of HT-22 cells

RIPK1, p-RIPK1, and MLKL were elevated in HT-22 cells in the M and H-Pb groups 

compared to the Control(Fig 2B–C and 2H, P<0.05 or 0.01). Moreover, RIPK3 and p-

MLKL levels in HT-22 cells were increased in all tested concentrations of Pb treatments 

after 24-hour exposures (Fig 2D and 2I, P<0.05 or 0.01). TNF-R1 protein expression in 

HT-22 cells in the H-Pb group was increased (Fig 2E, P<0.01). Additionally, PARP and 

c-PARP protein levels were elevated in the H-Pb group. (Fig 2F–G, P< 0.01 or 0.001).

3.3 Effects of Pb exposure on TNF-R1-RIPK1/RIPK3 signaling pathway of primary 
hippocampal neurons

Compared with the Control group, PARP and c-PARP protein expression in primary 

hippocampal neurons in all tested concentrations of Pb treated groups was increased(Fig 3F–

G, P<0.05, 0.01 or 0.001), and RIPK1, p-RIPK1 protein expression in primary hippocampal 

neurons of the M-Pb and H-Pb groups was increased (Fig 3B–C, P<0.01). Concomitantly, 

the expression of MLKL protein was higher in primary hippocampal neurons in the M and 

H-Pb groups, and the phosphorylation of MLKL was higher in the H-Pb group, compared 

with the Control (Fig 3H–I, P<0.05 or 0.01). However, Pb failed to alter RIPK3 and TNF-R1 

protein expression levels in mice hippocampal neurons (Fig 3D–E).

3.4. Effects of Pb exposure on the body weight of mice

The body weight of all mice was increased as exposure time increased (Fig 4). Compared to 

the Control group, body weights in H-Pb mice were significantly decreased at the 1st, 4th, 

6th, 7th and 8th weeks (Fig 4, P<0.05).

3.5 Effects of Pb exposure on the spatial learning and memory abilities of mice

The escape latency and swimming distance were longer in the H-Pb group on days 2 to 5 

and the M-Pb group on the 4th day compared with the Control group (Fig 5A and B, P<0.05 

or 0.01). Compared to the Control group, the number of crossing the platform in the M-Pb 

and H-Pb groups were decreased (Fig 5C, P<0.01).

3.6 Effects of Pb exposure on the organ coefficient of mice

Heart coefficients of the L-Pb and M-Pb groups were higher than the Control group 

(P<0.05). The H-Pb group lungs coefficients were higher than the Control group(P<0.05), 

and liver coefficients of the M-Pb group were higher than in the Control (P<0.05); However, 

Pb exposure did not change in spleen, kidney and testis coefficients (P>0.05). (Table 1)

3.7 Effects of Pb exposure on Pb concentration in whole blood and hippocampus of mice

Pb exposure increased Pb concentration in both the whole blood and hippocampus of 

mice in a dose-dependent relationship compared to the Control (Fig 6, rblood=0.898, 

rhippocampus=0.787).
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3.8 Effects of Pb exposure on the TNF-R1-RIPK1/RIPK3 signaling pathway in 
hippocampus of mice

The protein expression of TNF-R1 in hippocampus of mice of the H-Pb group was 

significantly increased compared to the Control group (Fig 7E, P<0.05). Furthermore, Pb 

increased PARP protein expressions in the hippocampus of L, M and H-Pb groups, and 

c-PARP protein expression in the M-Pb and H-Pb groups (Fig 7F–G, P<0.05 or 0.01). In 

addition, all tested concentrations of Pb significantly reduced caspase-8 protein expression 

in murine hippocampus (Fig 7J, P<0.05 or 0.01). The protein expressions of RIPK1 and 

p-RIPK1 in the hippocampus of M-Pb and H-Pb groups were elevated compared to the 

Control group (Fig 7B–C, P<0.05 or 0.01). Likewise, the L, M and H-Pb group of RIPK3 

protein expression was higher than in the Control group (Fig 7D, P<0.05, 0.01 or 0.001). 

Additionally, MLKL and p-MLKL protein expression were increased in the M-Pb and H-Pb 

groups compared to the Control group (Fig 7H–I, P<0.05 or 0.01).

4 Discussion

Pb is a known health risk to humans, and its exposure in non-occupational populations 

occurs primarily through gastrointestinal intake[50]. Various studies have shown that Pb 

exposure caused gastrointestinal irritation and decreased appetite, leading to reduced food 

consumption, growth retardation and mild weight loss[51, 52]. The present study revealed 

that administering 50 mg/kg of Pb via oral gavage for 8 weeks decreased body weight 

in mice. Pb can cause damage to several organs of the body, and the results of the 

present study showed that Pb altered the heart and lung coefficient in mice, which is 

consistent with previous studies[8, 53]. Blood Pb levels are often used to reflect the 

degree of Pb poisoning in an organism[54], and the ICP-MS results showed an increase 

in both blood and hippocampal Pb levels in mice, which were positively correlated with 

the dose of Pb exposure. There are large variations in patterns or sources of Pb-exposure 

and its severity of outcomes among countries[55] Humans can be exposed to higher 

concentrations of Pb through multiple routes of intake, including air, soil, water, buildings, 

and household products, and Pb exposure in animals often exceeds the approximate 

exposure in humans[56].

Epidemiologic investigations have demonstrated that low-level Pb exposure is a risk factor 

for IQ drops [57, 58], cardiovascular disease[59], and hearing loss[60]. According to 

the World Health Organization, there is no safe blood lead concentration[61]. Various 

studies showed that Pb could induce cognitive impairment[62, 63], as well as AD-related 

neuropathological changes[64, 65], and nerve cell damage is the basis of its pathology. 

Numerous studies have indicated that exposure to Pb reduced the cellular viability in various 

cell lines, such as SH-SY5Y[66], PC12[67], and HT-22 cells[68]. Pb at 20 μg/d showed 

significant cytotoxic effects on embryonic hippocampal cells in Wistar rats, resulting in 

decreased cell viability[69]. Exposure of human iPSC-derived neural cells to low doses of 

Pb resulted in differentiated neurons exhibiting altered calcium homeostasis and synaptic 

plasticity, as well as elevated markers of AD pathogenesis[70]. The present study showed 

that Pb caused neurodegeneration in primary hippocampal neurons, and decreased the 

survival rates both in hippocampal neurons and HT-22 cells. Pb accumulation in the 
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choroid plexus and hippocampus, which are key areas associated with brain structure 

and function alterations in AD patients, could induce brain damage[71]. Pb has also been 

found to disrupt neurotransmitter balance and synaptic transmission, impacting hippocampal 

synaptic plasticity and resulting in cognitive function deficiencies[72, 73]. Our previous 

study demonstrated that sub-acute Pb exposure damaged the hippocampal structures, while 

Sodium para-aminosalicylic acid (PAS-Na) treatment recovered the cognitive deficits of rats 

induced by Pb[74]. The present study demonstrated that subchronic Pb exposure increased 

murine escape latency and swimming distance, while decreased the number of platform 

crossings, suggesting that Pb could induce cognitive impairment, consistent with previous 

studies[75].

Necroptosis challenges the traditional view on necrosis as a passive process[33]. This 

discovery opens new possibilities for treating clinical conditions linked to necroptosis, 

such as neurodegenerative diseases. A previous study found necroptosis was activated 

in AD patients’ brains, and that activation of necroptosis negatively correlates with 

cognitive scores[76]. Recently, necroptosis has been demonstrated to be essential for the 

neurodegenerative damage induced by heavy metals, including aluminum and manganese. 

TNF-R1, a crucial receptor for TNF-α toxicity, plays a pivotal role in mediating cell 

death via complex I formation. Inhibition of caspase-8 can activate TNF-R1, subsequently 

triggering the RIPK1/RIPK3-MLKL pathway[77, 78], highlighting its significance in cell 

necroptosis. TNF-α is implicated in neuronal cell damage through neuroinflammation and is 

significantly related to the development of neurodegenerative diseases[14, 79]. Pb-induced 

neuroinflammation has been studied, with a focus on the important role of TNF-α[80]. 

Both in vitro and vivo studies demonstrated that Pb exposure elevated TNF-α expression 

in BV-2 cells[81] and rats[82]. Additionally, an epidemiological investigation indicated a 

significant correlation between blood Pb level and TNF-α level in occupational populations 

with blood Pb concentrations of > or = 2.51 mg/dL [83]. Notably, our present study 

indicated that Pb increased TNF-R1 protein expression in mice hippocampus and HT-22 

cells, shedding light on the potential mechanistic link between Pb exposure and TNF-α-

mediated neuroinflammation. A previously published in vivo study suggested that TNF-α 
can induce necroptosis in hippocampal neurons via CYLD-RIPK1-RIPK3-MLKL signaling 

pathway, leading to neurotoxic effects[84]. RIPK1, RIPK3 and MLKL are involved in the 

execution of necroptosis. In this study, we found that Pb activated RIPK1 and RIPK3 

protein expression and activated the phosphorylation of RIPK1 in HT-22 cells and mouse 

hippocampal neurons, accompanied by a rise in necroptosis signature protein MLKL 

expression and its phosphorylation. Moreover, consistent with prior research, the in vivo 

study also demonstrated that Pb inhibits the protein expression of caspase-8 in mice 

hippocampal tissues, while activated proteins expressions of RIPK1 and RIPK3, ultimately 

leading to the elevation of MLKL protein and its phosphorylation. Overall, Pb exposure 

increased RIPK1, p-RIPK1, MLKL, p-MLKL, PARP, c-PARP, protein expression levels 

in HT-22 cells, primary mouse hippocampal neurons, and mouse hippocampal tissues. In 

addition, the expression of TNF-R1 and RIPK3 proteins was increased in HT-22 cells and 

mouse hippocampus. Pb exposure also decreased caspase-8 protein expression levels in 

mouse hippocampal tissue (Table 2).
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The present study revealed that Pb exposure increased PARP-1 protein expression, a factor 

associated with necroptosis. PARP-1, recognized as a DNA repair enzyme, plays a crucial 

role in maintaining chromosome structural integrity, DNA replication, transcription, genome 

stability and cell death mechanisms[85, 86]. Excessive DNA damage can hyperactivate 

PARP-1, prompting mitochondria to release apoptosis-inducing factor, which migrates to 

the nucleus, causing DNA fragmentation. Subsequently, DNA damage can further activate 

PARP-1, resulting in a significant reduction in nicotinamide-adenine dinucleotide (NAD+), 

inhibiting glycolysis, and resulting in a sharp decline in intracellular ATP levels and 

subsequent necroptosis[87]. The present study indicated that Pb elevated murine primary 

hippocampal neurons PARP-1 protein expression, as well as PARP-1 and c-PARP-1 

protein, suggesting that PARP-1 may serve pivotal regulatory functions in Pb-induced 

necroptosis in hippocampal neurons. Notably, PARP-1 has been shown to be involved in 

another mode of programmed cell death-Parthanatos, also known as PARP-1 dependent cell 

death. Parthanatos specifically depends on PARP1 hyperactivation and is independent of 

caspase[88]. This also suggests that there may be multiple modes of cell death in Pb-induced 

hippocampal neuronal death.

There are limitations to our study. First, the exact mechanism of Pb-induced necroptosis 

in hippocampal neurons remains unclear and needs to be further investigated by applying 

inhibitors or knockout techniques, as the results obtained by detecting changes in 

necroptosis markers only in cellular versus mouse models can only serve as relevant 

descriptions and interpretations. In addition, although TNF-α/TNFR1-mediated activation 

of RIPK1 is the most comprehensively studied signaling pathway, there is a need to measure 

other inflammatory markers as they contribute to the study of the underlying mechanisms 

between Pb exposure and TNF-α-mediated neuroinflammation. Last but not least, since 

Pb exposure levels in animal studies often exceed actual exposure levels in humans, the 

possibility of oversaturation effects from high-dose exposures should be considered.

5 Conclusion

The present study suggests that Pb activated the necroptosis pathway RIPK1/RIPK3-MLKL 

through TNF-R1(Table 2), resulting in neuronal necroptosis characterized by the activation 

of necroptosis signature protein MLKL and its phosphorylated forms, ultimately resulting in 

neurotoxic effects that contribute to cognitive impairment in mice.
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Fig 1. 
Effects of Pb exposure on cell viability and morphology of HT-22 cells and primary mouse 

hippocampal neurons

Note: Effect of Pb exposure on the survival rate of HT-22 cells (A) and primary 

mouse hippocampal neurons (B);(C) Identification of primary mouse hippocampal neurons, 

Neurofilament-L(red), GFAP(green), DAPI(blue), Scale bar = 200 μm; (D) Effects of Pb 

exposure on the morphology of primary mouse hippocampal neurons. L, M, and H groups 

were treated with 12.5, 50, and 200 μmol/L Pb(Ac)2 for 24 h; Values are presented as 

mean±SD (n=3). *P<0.05, **P<0.01 and ***P<0.001: compared to the Control group.
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Fig 2. 
Effects of Pb exposure on TNF-R1-RIPK1/RIPK3 signaling pathway of HT-22 cells

Note: Representative protein bands (A) and the protein expression (B-I) in the HT-22 cells. 

The relative quantity of all proteins was normalized to GAPDH. L, M, and H groups were 

treated with, 12.5, 50, and 200 μmol/L Pb(Ac)2 for 24 h; Values are presented as mean±SD 

(n=3). *P<0.05 and **P<0.01: compared to the Control group.
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Fig 3. 
Effects of Pb exposure on TNF-R1-RIPK1/RIPK3 signaling pathway of the primary mouse 

hippocampal neurons

Note: Representative protein bands (A) and protein expressions (B-I) in the primary mouse 

hippocampal neurons. The relative quantity of all proteins was normalized to GAPDH. L, 

M, and H groups were treated with, 12.5, 50, and 200 μmol/L Pb(Ac)2 for 24 h; Values 

are presented as mean± SD (n=3). *P<0.05, **P<0.01 and ***P<0.001: compared to the 

Control group.
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Fig 4. 
Effects of Pb exposure on the body weight of mice (n=10)

Note: L, M, and H groups received oral gavage (i.g.) with 12.5, 25, and 50 mg/kg Pb acetate; 

The data are presented as mean±SEM. *P<0.05 and **P<0.01: compared to the Control 

group.
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Fig 5. 
Effects of Pb exposure on mice spatial learning and memory abilities

Note: (A) The escape latency, (B) the swimming distance, (C)the number of crossing the 

platform, and (D) the average swimming speed of mice. L, M, and H groups received oral 

gavage (i.g.) with 12.5, 25, and 50 mg/kg Pb acetate; Values are presented as mean±SEM 

(n=10). *P<0.05 and **P<0.01: compared to the Control group.
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Fig 6. 
Effects of Pb exposure on Pb concentration in the whole blood and hippocampus of mice

Note: Pb concentration in the whole blood (A) and hippocampus (B) of mice. L, M, and H 

groups received oral gavage (i.g.) with 12.5, 25, and 50 mg/kg Pb acetate; Data are presented 

as mean±SEM (n=8).**P<0.01: compared to the Control group.
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Fig 7. 
Effects of Pb exposure on the TNF-R1-RIPK1/RIPK3 signaling pathway in the hippocampus 

of mice

Note: Representative protein bands (A) and protein expressions (B-J) in the hippocampus of 

mice. The relative quantity of all proteins was normalized to GAPDH. L, M, and H groups 

received oral gavage (i.g.) with 12.5, 25, and 50 mg/kg Pb acetate; Data are presented as 

mean±SD (n=3). *P<0.05 and **P<0.01: compared to the Control group.
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Table 1

Effects of Pb exposure on the organ coefficient of mice (n=10, x ± Sx)

Group (mg/kg) Heart Lung Liver Spleen Kidney Testicles

Control 0.62±0.03 0.64±0.03 4.43±0.07 0.27±0.02 1.13±0.04 0.85±0.03

L-Pb 0.75±0.05* 0.68±0.02 4.49±0.07 0.25±0.02 1. 15±0.03 0.77±0.03

M-Pb 0.79±0.05* 0.70±0.04 4.76±0.09* 0.28±0.02 1.17±0.03 0.91±0.05

H-Pb 0.66±0.03 0.77±0.03* 4.29±0.13 0.24±0.01 1.22±0.03 0.88±0.03

Note: L, M, H- Pb groups received oral gavage (i.g.) with 12.5, 25, and 50 mg/kg Pb acetate; Data are presented as mean±SED(n=10).

*
P<0.05: compared to the Control group.
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Table 2

The summary in the effects of Pb on TNF-R1-RIPK1/RIPK3 pathway

Protein HT-22 cell primary mouse hippocampal neurons Mice

TNF-R1 ↑ - ↑

RIPK1 ↑ ↑ ↑

P-RIPK1 ↑ ↑ ↑

RIPK3 ↑ - ↑

MLKL ↑ ↑ ↑

p-MLKL ↑ ↑ ↑

PARP ↑ ↑ ↑

c-PARP ↑ ↑ ↑

caspase-8 / / ↓

Note: (−) No change, (/) Not acquire.

*
P<0.05 and

**
P<0.01: compared to the Control group.
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