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Abstract

Lead (Pb) is a naturally occurring heavy metal, which can damage the brain and affect learning 

and memory. Sodium para-aminosalicylic acid (PAS-Na), a non-steroidal anti-inflammatory drug, 

can readily cross the blood-brain barrier. Our previous studies have found that PAS-Na alleviated 

Pb-induced hippocampal ultrastructural damage and neurodegeneration, but the mechanism has 

yet to be defined. Here, we investigated the molecular mechanisms that mediate Pb-induced 

apoptosis in hippocampal neurons, and the efficacy of PAS-Na in alleviating its effects. This 

work showed that juvenile developmental Pb exposure impaired rats cognitive ability by inducing 

apoptotic cell death in hippocampal neurons. Pb-induced neuronal apoptosis was accompanied 

by increased inositol 1,4,5-trisphosphate receptor (IP3R) expression and enhanced intracellular 

calcium [Ca2+]i levels, which resulted in increased phosphorylation of neuronal apoptosis signal-

regulating kinase 1 (ASK1) and p38. Activation of ASK1 and p38 was blocked by IP3R 

inhibitor and a Ca2+ chelator. Importantly, PAS-Na treatment improved the Pb-induced effects 

on cognitive deficits in rats, concomitant with rescued neuronal apoptosis. In addition, PAS-Na 

reduced the expression of IP3R and the ensuing increase in intracellular Ca2+ and decreased the 

phosphorylation of ASK1 and p38 in Pb-exposed neurons. Taken together, this study demonstrates 
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that the IP3R-Ca2+-ASK1-p38 signaling pathway mediates Pb-induced apoptosis in hippocampal 

neurons, and that PAS-Na, at a specific dose-range, ameliorates these changes. Collectively, this 

study sheds novel light on the cellular mechanisms that mediate PAS-Na efficacy, laying the 

groundwork for future research to examine the treatment potential of PAS-Na upon Pb poisoning.
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1. Introduction

Lead (Pb) is a heavy metal which is used worldwide in several applications, especially 

in industry. Exposure to Pb may result in aberrant effects on the renal, hematopoietic, 

reproductive and central nervous system (CNS) (Flora et al., 2012). In the CNS, Pb 

has been shown to affect multiple regions, including the cerebellum, hippocampus and 

cerebral cortex (Liu et al., 2013). Once in the brain, Pb may cause various neurological 

deficits, including intellectual disability and behavioral deficits, and a possible link to 

Parkinson’s disease, Alzheimer’s disease, and amyotrophic lateral sclerosis has also been 

advanced (Jiang et al., 2008; Liu et al., 2013). In particular, the hippocampus, a brain 

region in the temporal lobe that is central to long-term memory formation, is a key target 

of Pb-induced effects (Bakulski et al., 2020). Once Pb crosses the blood–brain barrier 

(BBB) and the blood-cerebrospinal fluid (CSF) barrier into the brain and accumulates in 

the hippocampus (Ouyang et al., 2019), it may impair hippocampal structure and function. 

Although Pb affects the CNS of all ages of human and animals, the developing animals 

are particularly vulnerable to its toxicity, where it can disrupt cognitive and behavioral 

development, arresting children’s intellectual development, and culminating in cognitive 

and behavioral deficits (Shadbegian et al., 2019; Reuben et al., 2020). Unfortunately, the 

cognitive deficits caused by early-life Pb exposure persist into adulthood (Reuben et al., 

2020). Thus, it is timely and meritorious to characterize the molecular mechanisms of 

Pb-induced neurotoxicity, and to develop novel diagnostic and therapeutic modalities.

The mechanisms by which Pb disrupts optimal brain function are complex and 

poorly understood. Nonetheless, cellular and molecular approaches have led to growing 

understanding of the effects of Pb on brain function. Several possible mechanisms of Pb 

neurotoxicity, such as disruption of normal neurotransmitter release, cytotoxicity, energy 

metabolism disorders, and epigenetic changes have been advanced, and reviewed elsewhere 

(Mitra and Sharma, 2019; Rocha and Trujillo, 2019). Moreover, considerable literature 

exists corroborating Ca2+ dysregulation and apoptosis as major mediators of Pb-induced 

neurotoxicity (Fan et al., 2013; Wang et al., 2015; Ouyang et al., 2019). Ca2+ plays a 

vital role in neurodegenerative processes, and its dysregulation can lead to a number of 

neurodegenerative diseases (Zündorf and Reiser, 2011). Regarding cell death, the release 

of Ca2+ from endoplasmic reticulum (ER) stores by inositol 1,4,5-trisphosphate (IP3) 

receptors (IP3Rs) has been implicated in multiple models of apoptosis (Fan et al., 2013). 

Wang et al. demonstrated that IP3R-mediated ER Ca2+ release mediates rat proximal 

tubular (rPT) cells apoptosis (Wang et al., 2015; Fang et al., 2021). It is noteworthy that 
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apoptosis signal regulating kinase 1 (ASK1) is a key factor in regulating apoptosis, and is 

activated through a common Ca2+-dependent mechanism (Takeda et al., 2004). For example, 

Ca2+ influx activates calmodulin-dependent protein kinase type II (CaMKII) and CAMKII 

phosphorylates ASK1 (Takeda et al., 2004). Moreover, the increase in intracellular Ca2+ may 

induce calcium and integrin binding protein 1 (CIB1) dissociation from ASK1, leading to 

the association of ASK1 and tumor necrosis factor receptor-associated factor 2 (TRAF2) 

and subsequent activation of ASK1 (Shiizaki et al., 2013). Furthermore, overexpression of 

wild-type or the activated allele of ASK1 activates c-Jun N-terminal kinase (JNK) and p38 

MAP kinase (p38), leading to the induction of apoptosis in multiple cell types secondary 

to the activation of mitochondria-dependent caspase (Tobiume et al., 2001). However, the 

roles of ASK1 signaling pathways in apoptosis have been controversial, as ASK1 also 

induces neuronal differentiation and survival in a model of PC12 cells (Takeda et al., 2000). 

Accordingly, whether and how Ca2+ signals regulate downstream signaling pathway in 

Pb-induced cells death in the hippocampus remains to be elucidated.

Sodium para-aminosalicylic acid (PAS-Na) is a non-steroidal anti-inflammatory drug. It 

has been shown to be effective in treatment of patients with manganism (Ky et al., 1992; 

Jiang et al., 2006). Additionally, para-aminosalicylic acid (PAS) as well as its salicylates 

PAS-Na acts as chelating agents for manganese (Mn), promoting the excretion of Mn 

in patients with manganism as well as Mn-exposed animals (Ky et al., 1992; Jiang 

et al., 2006; Zheng et al., 2009). In previous studies, we found that PAS-Na showed 

efficacy in reversing Mn-induced neurotoxicity, and its mode-of-action involved attenuation 

of oxidative stress (Peng et al., 2020), anti-inflammatory (Li et al., 2018; Peng et al., 

2020) and anti-apoptotic (Yoon et al., 2009) effects, as well as restoration of amino acid 

neurotransmitter homeostasis (Li et al., 2019). Therefore, PAS-Na has been proven to be a 

promising drug for the treatment of Mn-induced neurotoxicity. Notably, our previous in vivo 
study has established by means of transmission electron microscope that PAS-Na therapy 

restored the pathological changes (including the myelin sheath structure delamination and 

fracture, neurofibril arrangement disorder and synaptic structure rupture) in hippocampal 

ultrastructure induced by Pb exposure (Deng et al., 2009). Furthermore, in vitro, PAS-Na 

was observed to lead to decrease Pb-induced PC12 cell apoptosis, accompanied by enhanced 

glutathione levels and a reduction in the ratio of Bax/Bcl-2 (He et al., 2017). Based on 

these observations, we speculated that PAS-Na may be an efficacious drug for the treatment 

of Pb-induced neurotoxicity. Accordingly, in the present study, we hypothesized that Pb 

induces hippocampal neuronal apoptosis via IP3R-Ca2+-ASK1-JNK/p38 signaling pathway. 

We aimed to verify this signaling pathway and investigated the interventional effects of 

PAS-Na treatment.

2. Materials and methods

2.1. Animals and experimental design

All animals were obtained from the Experimental Animal Center of Guangxi Medical 

University [SCXK (Gui) 2020–0004]. All animal experimental procedures were handled 

according to the international standards of animal care guidelines. The protocol was 

approved by the Animal Ethics Committee of Guangxi Medical University (approval 
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number: 201806386). Animals were housed under standard laboratory conditions of light 

(a 12/12 h light/dark cycle), at temperature of 24 ± 2 °C and humidity range between 45% 

and 65%. Animals had ad lib access to food and water.

2.1.1. Experiment 1—To study the neurotoxicity of developmental Pb exposure in rats 

and the intervention effect of PAS-Na on it, we exposed Pb in Sprague-Dawley (SD) rats 

during the juvenile stage (from juvenile period to adult period). Sixty 24-day-old weaned 

rats were randomly divided into 6 groups (n = 10 per group): control, Pb exposure (Pb-

treated), PAS-Na treatment (Pb + 80PAS, Pb + 160PAS and Pb + 240PAS groups) and 

C-PAS group. After 3 days of adaptive feeding, the rats in Pb-treated group, Pb + 80PAS, Pb 

+ 160PAS and Pb + 240PAS groups were injected intraperitoneally (i.p.) with 10 mg/kg lead 

acetate (PbAc, Sigma-Aldrich, St. Louis, MO, USA) once a day for 4 weeks (28–55 days). 

At the same stage, the control and C-PAS group received i.p. injection sterile physiological 

saline. Subsequently, the Pb + 80PAS, Pb + 160PAS and Pb + 240PAS groups and C-PAS 

group were injected subcutaneously (s.c.) with 80, 160, 240 and 240 mg/kg PAS-Na (Sigma-

Aldrich, St Louis, MO, USA), respectively, once a day, five days per week for another 2 

consecutive weeks, while the control and Pb-treated group received s.c. injection of sterile 

physiological saline. The selected PAS-Na treatment dose (80, 160 and 240 mg/kg) for the in 
vivo experiments were based on our previous work (Li et al., 2018; Peng et al., 2020). These 

doses were shown to alleviated neuroinflammation and pyroptosis induced by manganese in 

rats’ brain.

2.1.2. Experiment 2—The purpose of this experiment was to investigate the 

neurotoxicity of subchronic (3 months) low-level Pb exposure in rats and the therapeutic 

effect of PAS-Na. After one week adaptation, four-week-old specific pathogen-free male 

SD rats were randomly selected into one of the 6 experimental groups (n = 10 per group): 

control, Pb exposure (Pb-treated), PAS-Na treatment (Pb + 80PAS, Pb + 160PAS and Pb 

+ 240PAS groups) and C-PAS group. Same as the operation procedure of experiment 1, 

Pb-exposed rats were given 2 mg/kg lead acetate by intraperitoneal injection, once a day, 

5 days a week for a total of 12 weeks. Next, the PAS-Na treatment was the same as in 

experiment 1, but the time was extended to 6 weeks. Both Pb and PAS-Na used in the 

in vivo experiments are soluble in sterile physiological saline. After animal behavioral 

testing, the rats were anesthetized with 10% chloral hydrate (i.p., 3.5 mL/kg) and sacrificed. 

Brain tissues (including hippocampus) were immediately dissected and collected in tube and 

stored at − 80 °C until experimental use.

2.2. Behavioral testing

2.2.1. Morris water maze test—The rats spatial learning and memory was investigated 

using the Morris water maze test. The test was designed in initial spatial training for 5 

consecutive days and the probe trial was conducted at 6th day. At the beginning of each 

training trial, each animal was randomly placed with its face pointing to the pool wall at one 

of four different points (north, east, south and west). If the rat failed to locate the platform 

within 90 s, it was guided to the platform by the investigator and allowed to remain there for 

15 s. Rats were underwent four training trials per day at 10-min intervals, each starting at the 

same time of day. A probe trial was administered at 6th day, the platform was removed and 
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the rats were allowed to swim freely for 120 s. The escape latency and path length to reach 

the platform in each trial and the number of times a rat passed the platform were registered.

2.2.2. Y-maze test—The Y-maze forced alternation test was carried out to measure 

the performance of rats in a hippocampal-dependent spatial memory task as previously 

described (Dellu et al., 2000; Jung et al., 2008; Dinel et al., 2020). The Y-maze apparatus 

consisted of 3 identical arms (50 cm long, 18 cm wide and 35 cm high) with an angle of 

120° between adjacent arms. Visual cues were located on the walls of the test chamber and 

remained constant throughout the test. The three arms were randomly assigned as the start 

arm, the novel arm and the other arm. The Y-maze test consists of 2 trials (acquisition trial 

and retrieval trial). During the acquisition trial, the novel arm was blocked by the baffle, and 

the rat was only allowed to explore 2 arms (the start arm and the other arms) undisturbed for 

5 min. Retrieval trials were performed after a 30-min trial interval, the rat was again placed 

in the start arm and was allowed to access all three arms of the maze for 5 min. After each 

acquisition or retrieval trial, the corncob litter covered in the floor was mixed evenly, and all 

walls of the maze were cleaned to remove odor traces. The number of entries into each arm 

as well as the time spent in each arm during retrieval trials were record and the percentage 

of number and duration of visits in the novel arm/total arm were calculated. Based on the 

innate tendency of rodents to explore novel environments, the rat with intact spatial memory 

will enter and spend more time in the novel arm compared to the other arms of the maze 

(Kraeuter et al., 2019).

2.3. Inductively coupled plasma-mass spectrometry (ICP-MS) of Pb and Ca2+ levels

Hippocampus tissues (50 mg) were digested with 4 mL of 65% nitric acid (Merck ppb, 

USA) at 120–180 °C for 1 h. After cooling to room temperature, the samples were 

transferred to a 120–180 °C graphite heating plates to evaporate the acid until the liquid 

reached about 0.5 mL. Each sample was adjusted to 8 mL with ultrapure double distilled 

water. The Pb and Ca2+ concentrations in hippocampus tissues were determined by ICP-MS 

the same as the previous study (Li et al., 2020).

2.4. Primary hippocampal neuron cultures and treatments

Neonatal SD rats (postnatal 0–24 h) were decapitated and transferred to anatomical fluid 

(50% Hanks Balanced Salts, 4.2 mM NaHCO3, 1% HEPES, 33 mM glucose, 0.01% 

gentamysin, 45 mM BSA, 12 mM MgSO4, NaOH adjusts pH to 7.3). Next, the brains 

were dissected out and the hippocampi were isolated and dissociated (the hippocampus can 

be distinguished given its crescent-shaped structure in the medial surface of the cortical 

hemisphere) into a 60 mm Petri dish containing 2 mL anatomical fluid on ice. The collected 

hippocampi were mechanically fragmented and placed in papain (Worthington, USA) for 30 

min at 37 °C. Then hippocampal neurons were added to plating medium containing 84% 

MEM (Gibco, USA), 10% horse serum (Hyclone, Logan, Utah, USA), 5% glucose (Sigma-

Aldrich, St. Louis, MO, USA), 1% Glutamax (Gibco, USA) to terminate the enzymatic 

activity of papain. Hippocampal neurons were separated using a 45 μm cell filter and 

plated at a density of 40,000–80,000 cells/well (depending upon the intended experiment) 

on poly-L-lysine-coated plates in a humidified incubator in an atmosphere of 5% CO2 

at 37 °C. Four hours later, the plating medium was changed to Neurobasal-A medium 
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(Gibco, USA) supplemented with 2% B-27 supplement (Gibco, USA), 1% Glutamax, and 

0.5% (v/v) penicillin–streptomycin (Solarbio, Beijing, China). Half of the old medium was 

replaced by the same volume of fresh medium every 3 days. After culturing for 7 days, 

the hippocampal neurons were used for further experiments. Hippocampal neurons were 

incubated with 50 μM PbAc for 24 h, then the neurons were treated with 100, 200 or 

400 μM PAS-Na for 24 h to obtain PAS-Na treatment models. The selected Pb exposure 

concentration was determined with a cell viability assay (Fig. 2). The PAS-Na treatment 

dose in vitro experiment was based on our previous research that 100–400 μM PAS-Na 

significantly attenuated manganese-induced BV2 cells pyroptosis (Peng et al., 2020). Sterile 

double distilled water was used as the solvent for Pb and PAS-Na in vitro experiments. 

All the inhibitors used in the present study were added into the wells 30 min before Pb 

treatment.

2.5. CCK8 assay

Primary hippocampal neurons in 96-well plates were treated with Pb (0, 1, 5, 10, 30, 50 

and 100 μM) for 24 h. Subsequently, 100 μL of 0.5% CCK-8 (Solarbio, Beijing, China) 

solution was added to each well. Cell viability was determined after one hour by measuring 

the absorbance with a microplate reader at 450 nm. Each experiment was performed 

independently three times in triplicate wells.

2.6. Annexin V-FITC/propidium iodide (PI) staining

After Pb and PAS-Na treatment, hippocampal neurons were digested with 0.25% EDTA-free 

trypsin and collected. To quantify cellular death, FITC Annexin V staining was carried out 

(BD Pharmingen, San Diego, USA) in the dark for 10 min, then stained with Propidium 

Iodide (BD Pharmingen, San Diego, USA) in the dark for 5 min. Fluorescence labeling was 

analyzed by two-color flow cytometry (CytoFLEX FCM, Beckman, USA) according to the 

manufacturer’s protocol. Ten thousand cells were analyzed for each sample. At least three 

independent experiments with different cell batches of cells were carried out.

2.7. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling (TUNEL) 
staining

Rat hippocampi were coronally sliced and fixed in 4% paraformaldehyde for over 24 h, 

followed with paraffin embedding. The hippocampal sections were processed using the 

TUNEL assay to label apoptotic cells in accordance with the manufacturer’s instructions for 

the TUNEL kit (Servicebio, Wuhan, China). After deparaffinization and rehydrate, sections 

were digested with proteinase K for 20 min at 37 °C for DNA exposure, and treated with 

3% H2O2 to block endogenous peroxidation activity. The resulted DNA strand breaks were 

labelled with a terminal deoxynucleotidyl transferase (TdT) enzyme, with dUTP molecules 

conjugated to horseradish peroxidase. The sections were then rinsed and visualized with 

3,3′-diaminobenzidine (DAB) and counterstained with hematoxylin. Brown-red-stained cell 

nuclei were considered positive apoptotic cells, while blue-stained nuclei were considered 

as negative cells. Images of hippocampus including the CA1, CA3 and DG regions were 

captured using a ZEISS Axio Imager M2p Microscope Imaging System. Positive brown-red 

cells and total cells from each hippocampal section of three animals per group were counted 

and the percentage of positive cells for each group was calculated.
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2.8. Ca2+ imaging experiments

At the end of the designated treatments, hippocampal neurons in 24-well plates were loaded 

with 5 μM Fluo4, AM (Solarbio, Beijing, China) for 30 min in dark at 37 °C. Then cells 

were gently washed with PBS for 3 times. Images were captured using an EVOS Cell 

Imaging System and were quantified with the ImageJ software under identical threshold 

conditions. All Fluo-4 fluorescence imaging assays were independently replicated at least 

three times.

2.9. Real-time quantitative polymerase chain reaction (RT-qPCR)

Total RNA of hippocampal neuronal was isolated using TRIzol reagent 

(TaKaRa, Tokyo, Japan). The RNA samples were transcribed into cDNA 

and quantified by RT-qPCR as previously described (Li et al., 2019). Each 

experiment was carried out independently three times in triplicate wells. 

The primers were obtained from Invitrogen Inc. (Shanghai, China), and the 

sequences were as follows: IP3R2, forward 5′-ACGGCATCGAGAGGACCTGTG-3′ 
and reverse 5′-GTCACCAACTCCGCCACCATTC-3′; IP3R3, forward 5′-

TCACCACCACGGAGCAGGAC-3′ and reverse 5′-TGCGGCGGGAGAACCAGTAG-3′; 

β-actin, forward 5′-GTGCTATGTTGCTCTAGACTTCG-3′ and reverse 5′-

ATGCCACAGGATTCCAT ACC-3′.

2.10. Western blotting and antibodies

At the end of the designated treatments, hippocampal neurons were lysed in cell lysis buffer 

with 1 mM proteinase inhibitor cocktail (APExBIO, Houston, USA) and 1 mM phosphatase 

Inhibitor cocktail (APExBIO, Houston, USA) for 30 min. After 15 min centrifugation at 

12,000 rpm at 4 °C, the supernatant was collected. Protein concentrations were determined 

with the BCA assay kit (Beyotime, Beijing, China). Thirty μg protein was separated 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and the separated proteins 

were transferred to 0.22 μm polyvinylidene fluoride membranes (Millipore, Darmstadt, 

Germany). Membranes were blocked in 5% non-fat dried milk in TBST (Solarbio, 

Beijing, China) for 1 h at room temperature, then incubated overnight at 4 °C with the 

following primary antibodies. Membranes were rinsed 3-times with TBST for 5 min each, 

and subsequently incubated at room temperature for 1 h with the secondary antibodies. 

Membranes were treated with Super Signal West Femto substrate (Bridgen, Beijing, 

China) and detected using the intelligent gel imaging system iBright FL1000 (Thermo 

Fisher, USA). The band density was quantified with ImageJ software. Each experiment 

was performed independently at least three times. The antibodies used were as follows : 

antibodies against IP3R (07–1210, 1:500) were purchased from Merck Millipore (New 

Jersey, USA), phospho-ASK1 (Ser966, PA5–105027, 1:1000) were purchased from Thermo 

Fisher Scientific (Waltham, Massachusetts, USA), total ASK1 (#2532, 1:1000), phospho-

JNK (Thr183/Tyr185, #4668, 1:1000), JNK (#9252, 1:1000), phospho-p38 (Thr180/Tyr182, 

#4511, 1:1000), p38 (#8690, 1:1000), cleaved caspase-3 (#9664, 1:1000), caspase-3 

(#14220, 1:1000), Bax (#14796, 1:1000), Bcl-xL (#2764, 1:1000) and GAPDH (#2118, 

1:1000) from Cell Signaling Technology (Danvers, Massachusetts, USA).
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2.11. Statistical analysis

Experimental differences were determined by SPSS 21.0 software (IBM SPSS Statistics for 

Windows, Chicago, IL, USA). If the data variances were homogeneity, comparisons among 

different groups were analyzed with one-way ANOVA followed by the Tukey’s post hoc 
test. Otherwise, the rank sum test was required. All data are expressed as mean ± SD for a 

minimum of three independent experiments. Significance was assigned at P < 0.05.

3. Results

3.1. Effect of PAS-Na on cognitive ability in Pb-exposed rats

As shown in Table 1, the concentrations of Pb and Ca2+ were significantly increased in the 

hippocampus after 4 weeks of Pb exposure. Treatment with 80, 160 and 240 mg/kg PAS-Na 

for 2 weeks significantly reduced Pb levels and 240 mg/kg PAS-Na significantly decreased 

Ca2+ levels in the hippocampus (Table 1). The Morris water maze is a well-established 

behavioural test to monitor learning and memory deficits in rodents (Salman et al., 2019). 

To evaluate the effects of Pb exposure in rats on spatial learning and memory, and the 

ability of PAS-Na to ameliorate these effects, rats were trained for 5 days and a probe trial 

was performed on the sixth day. After 4 weeks of developmental Pb exposure during the 

juvenile stage and 2 weeks of cessation of exposure, as compared with the control group, 

the escape latency and swimming distance on the 4th and 5th training day were significantly 

increased in Pb-exposed rats (Fig. 1a, b). In addition, Pb-exposed rats treated with 240 

mg/kg PAS-Na for 2 weeks showed lesser escape latency on the 4th and 5th training day and 

lesser swimming distance on the 5th training day compared to the Pb-treated rats (Fig. 1a, 

b). There was no significant difference in the probe time between Pb-treated and the control 

groups during the juvenile Pb exposure (Fig. 1c).

The Y-maze alternation test measures a rodent’s disposition to explore a new environment 

and is generally considered a measure of spatial memory (Conrad et al., 2003; Jung et al., 

2008). Thus, the Y-maze test was used next to evaluate the effect of juvenile developmental 

Pb exposure on spatial memory. As shown in Fig. 1d and e, after 10 mg/kg Pb exposure for 

4 weeks in juvenile, Pb-treated rats exhibited a less level of novelty exploration as compared 

to the control groups, showing less entries into the novel arm and spending less time in 

this arm during the 5 min of the retrieval trial. As compared with the Pb exposure group, 

Pb-exposed rats also treatment with 160 and 240 mg/kg PAS-Na for 2 weeks made more 

visited to the novel arm (Fig. 1d). Likewise, rats in the 240 mg/kg PAS-Na treatment groups 

spent significantly more time in the novel arm (Fig. 1e).

3.2. Pb exposure induced primary hippocampal neurons apoptosis

To determine optimal concentrations in vitro, we first assessed the effect of Pb 

on hippocampal neuron viability. Hippocampal neurons were treated with increasing 

concentrations of Pb (0–100 μM) for 24 h, and cell viability was measured with the 

CCK-8 assay. As shown in Fig. 2a, Pb-induced concentration-dependent hippocampal 

neuronal death. Moreover, the results of the annexin V-FITC/PI double staining showed 

that the percentage of apoptotic neurons (6.71%, 13.43%, 19.31% and 35.65%, respectively) 

observed increased in a concentration-dependent manner (Fig. 2b). Next, we used western 
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blots to determine apoptosis-associated proteins (caspase-3, Bax and Bcl-xl) expression in 

Pb-exposed hippocampal neurons. As illustrated in Fig. 2c, cleaved caspase-3 and Bax 

expression levels increased and Bcl-xl expression levels decreased upon Pb exposure in a 

concentration-dependent manner. Cleaved-caspase-3, Bax and Bcl-xl expression levels in the 

50 μM and 100 μM Pb exposure groups showed a significantly difference compared with the 

control group (P < 0.05).

3.3. PAS-Na decreased the Pb-induced apoptosis in hippocampal neurons

Next, we explored whether PAS-Na can inhibit the Pb-induced hippocampal neuron 

apoptosis. Hippocampal neurons were treated with Pb (50 μM) for 24 h, followed by PAS-

Na (100, 200 or 400 μM) for additional 24 h. Flow cytometry results showed that apoptosis 

in Pb-treated neurons was significantly increased compared with the controls (P < 0.01, 

Fig. 3a). PAS-Na (200 and 400 μM) significantly decreased apoptosis compared to the Pb-

treated group. However, 100 μM PAS-Na had no effect on Pb-induced increases in neuronal 

apoptosis. PAS-Na treatment alone did not have notable toxic effects on apoptosis (Fig. 3). 

Consistently, western blotting results showed that 200 and 400 μM PAS-Na significantly 

reduced the Pb-induced increase in the expression levels of cleaved caspase-3 and Bax in 

Pb-treated hippocampal neurons (P < 0.05, Fig. 3b).

To characterize the apoptotic activity in hippocampal tissues in vivo after Pb exposure and 

the intervention effect of PAS-Na, hippocampal sections were labelled using a TUNEL 

assay. After juvenile developmental Pb exposure for 4 weeks, a significant number of 

apoptotic neurons was localized to the hippocampus in Pb-treated rats (Fig. 3c). We 

observed that in the juvenile Pb-exposure groups, TUNEL-positive cells were evenly 

distributed in the CA1, CA3 and DG regions of hippocampus, and the TUNEL-positive 

product were strongly labeled. Interestingly, 240 mg/kg PAS-Na treatment for 2 weeks 

showed the efficacy of reducing development Pb exposure induced apoptosis in hippocampal 

neurons (Fig. 3c). Consistently, western blotting results showed that the apoptotic protein 

levels of cleaved caspase-3 and Bax in the hippocampus were significantly enhanced after 4 

weeks of juvenile Pb exposure, while 240 mg/kg PAS-Na treatment for 2 weeks significantly 

decreased cleaved caspase-3 and Bax levels (Fig. 3d). Interestingly, following subchronic 

Pb exposure for 12 weeks, the increased number of apoptotic neurons in the hippocampal 

CA1, CA3 and DG areas were found in Pb-treated rats, which were reduced upon treatment 

with 160 and 240 mg/kg PAS-Na (Fig. 3e). Furthermore, both 160 and 240 mg/kg PAS-Na 

treatment for 6 weeks significantly reduced the Pb-induced increase in the expression of 

cleaved caspase-3 and Bax in the hippocampus (Fig. 3 f). Taken together, these results 

demonstrated that at the certain dose range, PAS-Na efficiently ameliorated the Pb-induced 

apoptotic effect in rat hippocampus.

3.4. PAS-Na mitigated Pb-induced increase of intracellular Ca2+ in primary hippocampal 
neurons

It is well established that increased intracellular Ca2+ concentrations may result in cell death 

(Orrenius et al., 2003). To determine whether the Pb-induced apoptosis was associated with 

increased intracellular Ca2+, we tested intracellular free calcium concentrations ([Ca2+]i) 

by Fluo4, AM. Once Fluo-4, AM enters the cells, it is cleaved by the intracellular 
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esterase to form Fluo-4, which combines with Ca2+ and produces strong green fluorescence. 

Otherwise, Fluo-4 exists as a free ligand, and is non-fluorescent. Fluorescent images showed 

that Pb treatment increased [Ca2+]i in hippocampal neurons in a concentration-dependent 

manner compared with the controls (Fig. 4a). Furthermore, PAS-Na exposure at three 

concentrations (100, 200 and 400 μM) significantly mitigated the Pb-induced [Ca2+]i 

increase in hippocampal neurons (Fig. 4b). Treatment with PAS-Na alone minimally affected 

[Ca2+]i in hippocampal neurons. These results suggest that Pb-induced increased [Ca2+]i in 

hippocampal neurons, and PAS-Na blocked this increase.

3.5. Pb-induced intracellular Ca2+ augment was associated with IP3R activation, which 
was blocked by PAS-Na

IP3R is an important ion channel that releases Ca2+ from the ER (Chan, 2013). To assess 

whether Pb-induced increase in [Ca2+]i is mediated by IP3R activation, primary hippocampal 

neurons were pre-treated with 50 μM 2-APB (an IP3R inhibitor) for 30 min. As detected 

by EVOS cell imaging system, [Ca2+]i increased following Pb treatment in hippocampal 

neurons were significantly repressed by 2-APB (Fig. 5a), suggesting that Pb mediated Ca2+ 

transient by activating IP3R. Moreover, the Pb-induced IP3R activation was also documented 

by western blotting and RT-qPCR analysis, corroborating increased IP3R protein and gene 

expression, respectively (Fig. 5b, c).

Next, we determined whether PAS-Na inhibited the Pb-induced IP3R activation in 

hippocampal neurons. There are three IP3R isoforms: IP3R1, IP3R2 and IP3R3. The mRNA 

expression of IP3R2 and IP3R3 in Pb-treated group were significantly higher compared 

to the control group (P < 0.01, Fig. 5b), while no significant changes were found for 

IP3R1 mRNA (data not shown). Notably, compared with the Pb-treated group, IP3R2 

mRNA expression was reduced by PAS-Na in a concentration-dependent manner (Fig. 

5b). Consistently, IP3R3 mRNA expression was restored by PAS-Na at the three tested 

concentrations (100, 200 and 400 μM) to levels statistically indistinguishable from the 

controls, as compared to the Pb-treated group. The expression of IP3R protein in Pb-treated 

hippocampal neurons was increased in a concentration-dependent manner (Fig. 5c). Notably, 

100, 200 and 400 μM PAS-Na treatment significantly repressed IP3R protein expression in 
vitro (Fig. 5d). Consistently, after juvenile Pb exposure for 4 weeks following 2 weeks of 

PAS-Na treatment, we observed increased expression of IP3R protein in Pb-exposed rats 

was restored by treatment with 240 mg/kg PAS-Na (Fig. 5e). Likewise, Pb exposure for 

12 weeks significantly increased IP3R protein expression, which was decreased by 240 

mg/kg PAS-Na treatment for 6 weeks (Fig. 5 f). Treatment with PAS-Na alone had no effect 

on IP3R2, IP3R3 mRNA and IP3R protein expressions. Taken together, the above results 

indicate that PAS-Na might inhibit the Pb-induced IP3R activation in hippocampal neurons 

by decreasing IP3R gene and protein expression.

3.6. Pb activated ASK1/p38 by increasing intracellular Ca2+, and PAS-Na blocked its 
activation

ASK1 is a member of the mitogen-activated protein kinase kinase kinase (MAPKKK) 

family. ASK1 has been reported to activate JNK and p38 resulting in apoptosis (Tobiume 

et al., 2001). Our results showed that the phosphorylation levels of ASK1 at Ser966 (the 
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activation site) and p38 at Thr180/Tyr182 (the activation site) in hippocampal neurons were 

increased in concentration-dependent manners after Pb exposure 24 h, while no significant 

changes were found for JNK compared to control (Fig. 6a). To investigate whether there is 

a link between ASK1-p38 apoptotic signaling pathway activation and Pb-induced elevation 

in [Ca2+]i, we tested the phosphorylation levels of ASK1 and p38 in hippocampal neurons 

co-treated with Pb and 2-APB or BAPTA-AM (a Ca2+ chelator). As shown in Fig. 6b, 

Pb significantly increased the phosphorylation of ASK1 and p38, which were blocked by 2-

APB to levels statistically indistinguishable from the controls, as compared to the Pb-treated 

group. It should be noted that Pb-induced activation of ASK1 and p38 also decreased in 

pre-treated BAPTA-AM hippocampal neurons (Fig. 6c), suggesting that Pb-induced ASK1 

and p38 activation were correlated with increased intracellular [Ca2+]i. Next, we used a 

p38 specific inhibitor, SB203580, pretreating primary hippocampal neurons for 30 min 

prior to Pb. As shown in Fig. 6d, SB203580 significantly reduced apoptotic neuronal death 

induced by Pb treatment. Consistently, SB203580 was able to repress caspase-3 cleavage 

and decrease the expression of Bax in Pb-treated hippocampal neurons (Fig. 6e). These 

results confirmed the essential roles of IP3R-Ca2+-ASK1-p38 in Pb-induced cell death.

Given that PAS-Na suppressed the Pb-induced increased levels of IP3R expression and 

Ca2+ production, next, we investigated whether it could repress the Pb-induced ASK1/p38 

activation. As shown in Fig. 7a, 200 and 400 μM PAS-Na significantly mitigated the Pb-

induced ASK1 phosphorylation in primary hippocampal neurons. While the phosphorylation 

of p38 in PAS-Na treatment group was decreased compared to the Pb-treated group, it did 

not attain statistical significance. More importantly, in vivo, we further corroborated that 

the level of ASK1 and p38 phosphorylation in the hippocampal of juvenile Pb-exposed 

group were significantly decreased by 240 mg/kg PAS-Na treatment for 2 weeks (Fig. 

7b). Treatment with 160 and 240 mg/kg PAS-Na for 6 weeks significantly reduced ASK1 

and p38 phosphorylation levels in the hippocampal of subchronic Pb exposed group (Fig. 

7c). Taken together, these results demonstrate that PAS-Na ameliorates the Pb-induced 

hippocampal neuronal apoptosis via the IP3R-Ca2+-ASK1-p38 signaling pathway.

4. Discussion

The hippocampus plays a critical role in cognitive function. Our earlier study has reported 

that occupational Pb exposure resulted in hippocampal ultrastructural and functional changes 

in Pb-smelting and Pb-battery manufacturing workers (Jiang et al., 2008). Notably, currently 

no treatments are clinically available for Pb-induced hippocampal damage. Herein, we report 

that PAS-Na treatment rescued Pb-induce hippocampal cells death both in vitro and in vivo. 

Moreover, PAS-Na significantly mitigated the Pb-induced increase of intracellular Ca2+ 

and inhibited Pb-induced IP3R activation, which is associated with ER Ca2+ release (Fan 

et al., 2013). In addition, PAS-Na significantly reduced the Pb-induced activation of the 

ASK1-p38 apoptotic signaling pathway. PAS-Na ameliorated the Pb-induced hippocampal 

neuronal apoptosis may secondary to IP3R-Ca2+-ASK1-p38 signaling pathway activation. 

Collectively, these findings establish the therapeutic potential of PAS-Na for Pb-induced 

neurotoxicity.
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In this novel study, we found that juvenile developmental Pb exposure in rats resulted in 

cognitive dysfunction, indicated that the developing brain is sensitive to Pb exposure. It is 

noteworthy that the dosing, initial time of administration and duration of Pb exposure are 

all key factors in the outcome of Pb exposure-induced behaviors (Schneider et al., 2012). 

In particular, the timing of developmental Pb exposure can influence a variety of outcomes, 

as children are particularly vulnerable to Pb toxicity. Importantly, we found that high-dose 

PAS-Na (240 mg/kg) treatment ameliorated juvenile developmental Pb exposure-induced 

cognitive dysfunctions, possibly due to the rescue of Pb-induce hippocampal cells death by 

PAS-Na treatment.

Ca2+ signaling is critically important for both the initiation and effectuation of cell death. 

High levels of intracellular free Ca2+ concentration have been shown to contribute to 

hippocampal functional impairment after early-life and lifetime Pb exposure (Ouyang et al., 

2019). In the present study, quantitative Fluo-4 fluorescence imaging (Fig. 4a) confirmed 

that upon Pb exposure hippocampal neuronal apoptosis was associated with increased 

intracellular Ca2+ levels. It has been previously reported that Pb exposure caused apoptosis 

in rat rPT cells by promoting elevation in intracellular and mitochondrial Ca2+, and that 

the Pb-induced apoptosis was markedly inhibited by IP3R and Ca2+ inhibitors (Wang et al., 

2015). Abnormal Ca2+ release from IP3R has been posited to act as an important apoptotic 

signal. Herein, we demonstrated that IP3R protein level was increased after Pb exposure both 

in vitro and in vivo (Fig. 5c–f), while 2-APB effectively decreased [Ca2+]i in Pb-treated 

hippocampal neurons (Fig. 5a), indicating that the Pb-induced intracellular Ca2+ increase 

was associated with increased levels of IP3R. Importantly, this result is further corroborated 

by other studies (Fan et al., 2013). Interestingly, among the three IP3R isoforms, only 

IP3R2 and IP3R3 mRNA expression were significantly elevated in Pb-treated hippocampal 

neurons (Fig. 5b). Notably, it has been previously shown that in Pb-treated rPT cells, mRNA 

expression of both IP3R1 and IP3R2 isoforms was significantly up-regulated (Wang et al., 

2015). These findings differ from ours, possibly due to the Pb exposure paradigm, and 

given that expression patterns and subcellular distributions of the three IP3R isoforms are 

heterogeneous in different tissues/cell types (Ivanova et al., 2014; Bartok et al., 2019). 

Nonetheless, it was noted that IP3R2 and IP3R3 are more effective than IP3R1 to release 

Ca2+ from the ER to mitochondria (Mendes et al., 2005; Bartok et al., 2019). These findings 

suggest that Pb increases transcriptionally the levels of select IP3R subtypes to trigger the 

opening of the IP3R Ca2+ channels. However, an interaction of Pb with the IP3R was also 

posited to be associated with this effect, given the structural similarity of Pb and Ca2+, as 

both are divalent metals with analogous transport mechanisms (Fang et al., 2021). Pb can 

readily bind Ca2+ domains (Ca2+ binding sites) and replacing Ca2+, activating or inhibiting 

protein kinase C (depending on Pb concentration) (Kasten-Jolly and Lawrence, 2018), which 

has been closely associated with synaptic plasticity, learning and memory processes (Nihei 

et al., 2001). Furthermore, Pb may mimic and simulate Ca2+ signaling to activate the 

phospholipase C, which leads to the production of a second messenger IP3, which, in turn, 

binds to the IP3R, triggering the opening of the IP3R Ca2+ channels and release of Ca2+ 

from internal stores to the cytosol (Marchi et al., 2012; Lee et al., 2021). Overall, these 

observations emphasize that IP3R-modulation of ER-associated Ca2+ release might play a 

critical role in Pb-induced neuronal death.
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ASK1 is a well-known mediator of apoptosis. ASK1 is activated in response to stress, 

including ER, oxidative stress as well as death receptor ligands (Shiizaki et al., 2013). The 

results from the present study showed that ASK1 activation was essential for hippocampal 

neuron apoptosis in response to Pb exposure, as evident by the Pb-induced increase in the 

phosphorylation of ASK1 at Ser966 linearly and in a concentration-dependent. Moreover, 

the activation of ASK1 by Pb was mediated secondary to increased intracellular Ca2+ 

transient, as the phosphorylation of ASK1 was repressed by both 2-APB and BAPTA-AM 

(Fig. 6b, c). Nonetheless, Pb failed to activate JNK, although it has been reported to act as 

a downstream regulator of ASK1 activation in response to environmental stresses (Tobiume 

et al., 2001; Tesch et al., 2016). In contrast, Pb induced the activation of p38 in hippocampal 

neurons, which was blocked by an IP3R inhibitor and a Ca2+ inhibitor (Fig. 6b, c). It is 

likely that the elevated Ca2+ levels are hence responsible for p38 activation in Pb-treated 

hippocampal neurons. Sun et al. reported that aconitine-induced rat ventricular myocytes 

apoptosis secondary to Ca2+ overload and p38 phosphorylation, while the p38 specific 

inhibitor SB203580 effectively mitigated cells apoptosis (Sun et al., 2014). In agreement, the 

present study corroborated the pro-apoptotic role of p38 activation in Pb-exposed neurons, 

as the up-regulation of apoptotic rate of Pb-exposed neurons as well as the high expression 

of the apoptosis-associated protein (cleaved caspase-3 and Bax) was decreased by the p38 

inhibitor (Fig. 6d, e). These findings support the notion that Ca2+ and p38 play a critical 

role in apoptosis. Collectively, Pb-induced rat hippocampal neurons apoptosis appears to be 

mediated via the IP3R-Ca2+-ASK1-p38 signaling pathway.

PAS-Na has shown efficacy in the treatment of Mn-induced neurotoxicity (Ky et al., 

1992; Jiang et al., 2006; Li et al., 2018; Peng et al., 2020). Herein, PAS-Na significantly 

reduced Pb-induced hippocampal neurons apoptosis in vitro and in vivo (Fig. 3), raising 

the possibility of PAS-Na therapy for Pb-induced neurotoxicity. PAS-Na was originally 

discovered in our previous study to possess anti-lipid peroxidation properties, protecting 

PC12 cells from Pb-induced apoptosis secondary to increased intracellular levels of 

glutathione (He et al., 2017). Hence, we posited that PAS-Na antagonized Pb-induced 

apoptotic cells death, at least in part, given its anti-oxidation properties. However, the 

present study suggested that the mechanism by which PAS-Na alleviated Pb-induced 

apoptosis may also be mediated by the lowering of intracellular Ca2+ levels. On one 

hand, PAS-Na inhibited Pb-induced IP3R activation by reducing IP3R gene and protein 

expressions (Fig. 5b, d, e). Interestingly, PAS-Na reduced the Pb-induced increase in 

IP3R2 mRNA expression in a dose-dependent manner, while there was a spike in IP3R3 

mRNA expression at 400 μM PAS-Na treatment for Pb-treated neurons. The reason may 

be associated with the different sensitivity of IP3R2 and IP3R3 to PAS-Na. IP3R3 was 

preferentially expressed in cultured cells and was sensitive to extracellular stimulations 

(Mendes et al., 2005; Ivanova et al., 2014). IP3R3 may have high affinity or high sensitivity 

to PAS-Na in cultured hippocampal neurons, contributing to the effectiveness of lower 

dose of PAS-Na (100 and 200 μM) to reduce the high mRNA expression of IP3R3 in 

Pb-exposed neurons. On the other hand, PAS-Na may act as metal chelator to combine 

with Ca2+ and decrease intracellular Ca2+ levels. Moreover, the molecular mechanisms 

involved in the efficacy of PAS-Na in decreasing Pb-induced cell apoptosis may also be 

associated with reduction in ASK1 and p38 expression, since PAS-Na effectively decreased 
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the phosphorylation of ASK1 and p38 both in vitro and in vivo. Therefore, the molecular 

mechanism of PAS-Na in protecting cells needs further study.

At present, edetate calcium disodium (CaNa2EDTA) remains the drug of choice for the 

treatment of Pb poisoning (Sakthithasan et al., 2018). In addition, dimercaptosuccinic acid, 

penicillamine, and succimer are also recognized as antidotes for Pb poisoning (Gracia 

and Snodgrass, 2007; Sakthithasan et al., 2018). In fact, the aforementioned Pb poisoning 

antidotes have the same detoxification mechanism: acting as Pb chelator. While undoubtedly 

chelation therapy has greatly contributed to lowering the morbidity and mortality associated 

with occupational Pb exposure, it has failed to rescue Pb-induced cognitive defects 

associated neurotoxicity. The presence of contains amino, carboxyl and hydroxyl functional 

groups in PAS-Na (Nelson et al., 2010), may render this molecule effective as a Pb chelating 

therapeutic agent. In the present in vitro study, to avoid the direct complexation of PAS-Na 

with Pb, we added PAS-Na after the exposures to Pb to mimic a physiological real-life-

scenario treatment paradigm. The results showed that at a certain concentration, PAS-Na 

mitigated Pb-induced apoptosis in hippocampal neurons, likely reflecting the inhibition of 

IP3R-Ca2+-ASK1-p38 signaling pathway. It is noteworthy, the regulation of Ca2+ release 

via IP3R-Ca2+ channels has been reported as a potential treatment for several neurological 

diseases (Chan, 2013). Therefore, IP3R is likely a critical target of PAS-Na for the treatment 

of Pb-induced neurotoxicity. Moreover, unlike CaNa2EDTA, PAS-Na can readily cross the 

blood-brain barrier (Hong et al., 2011), which is essential for an efficacious therapeutic 

treatment of Pb-induced neurotoxicity. Notably, in manganism patients, intravenous PAS-

Na (receiving 6 g dissolved in 500 mL of 10% glucose) per day, 4 days a week, over 

3.5 months, improved the symptoms of manganism (Ky et al., 1992; Jiang et al., 2006). 

However, there remains a lack of epidemiological studies to support the efficacy of PAS-Na 

in the treatment of Pb poisoning, and the optimal dose of PAS-Na for Pb poisoning has yet 

to be determined. Overall, whether PAS-Na can be used to treat Pb-induced neurotoxicity 

requires additional in vitro, in vivo and ultimately clinical studies.

Here, we found that Pb-induced neuronal apoptosis was secondary to intracellular Ca2+ 

disturbance followed by ASK1-p38 apoptotic pathway activation. PAS-Na showed efficacy 

in reversing these Pb-induced effects (Fig. 8). However, this study has several limitations. 

While our findings suggest that 160 and 240 mg/kg PAS-Na have effects on reducing 

hippocampal apoptosis, the optimal treatment dose and duration have yet to be determined. 

In addition, although PAS-Na was shown to reduce the Pb-induced increases in hippocampal 

Pb and Ca2+, the pharmacokinetics of its transport and accumulation in the hippocampus, 

and its mode-of-action in chelating divalent metals have yet to be characterized. Moreover, 

due to the side effects of PAS-Na on the gastrointestinal system, its clinical application 

should be explored. Future researches should focus on developing PAS-Na analogs to 

achieve more efficient chelation effect and increase its clinical utility.

In conclusion, the present study demonstrated that Pb-induced apoptosis in hippocampal 

neurons is probably mediated by IP3R-Ca2+-ASK1-p38 signaling pathway activation. PAS-

Na at select concentrations (160 and 240 mg/kg in vivo and 200 and 400 μM in vitro), 

afforded efficacy in reducing the Pb-induced apoptosis in hippocampal neurons, likely 

associated with inhibition of IP3R-modulation of intracellular Ca2+ signaling, and the 
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ensuing decrease in the phosphorylation of ASK1 and p38. These findings provide novel 

insight to cellular and molecular mechanisms of PAS-Na-induced therapy, and merit future 

studies to characterize its therapeutic efficacy for Pb-induced neurotoxicity.
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Fig. 1. 
Effect of PAS-Na on cognitive ability in juvenile developmental Pb-exposed rats. a-e Rats 

were treated with 10 mg/kg PbAc for 4 weeks during the juvenile period, followed by 80, 

160 or 240 mg/kg PAS-Na treatment for 2 weeks. Spatial learning and memory performance 

was evaluated in the Morris water maze. a Escape latency. b Swimming distance. c Number 

of times the rats crossed over the platform in the probe trial (Probe times) (n = 8 per 

group). Next, a Y-maze test was carried out to measure the rats spatial memory performance. 

Percentages of visit numbers (d) and duration (e) into the novel arm during the 5 min of the 

retrieval trial (n = 8 per group). * P < 0.05 and **P < 0.01, compared to the control group. #p 

< 0.01 and ##P < 0.01, compared to the Pb-treated group.
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Fig. 2. 
Pb exposure induced apoptosis in primary hippocampal neurons. a-c Primary hippocampal 

neurons were treated with increased concentrations of PbAc for 24 h. a Cell viability 

was determined with CCK8. b Neuronal apoptotic rate was determined by flow cytometry 

analysis. Early apoptotic cells (AV+/PI ) are shown in the lower right quadrant and late 

apoptotic cells (AV+/PI+) in upper right quadrant. c Protein levels of cleaved caspase-3, Bax 

and Bcl-xL were determined by western blotting. The protein expression was normalized by 

GAPDH or corresponding total protein content. * P < 0.05 and * * P < 0.01, compared to the 

control group.
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Fig. 3. 
PAS-Na treatment decreased the Pb-induced hippocampal neuron apoptosis. a, b Primary 

hippocampal neurons were treated with 50 μM PbAc for 24 h, followed by 100, 200 or 

400 μM PAS-Na treatment for 24 h. a Apoptosis in hippocampal neurons was determined 

using flow cytometry analysis. b Protein levels of cleaved caspase-3, Bax and Bcl-xL were 

determined by western blotting. c, d Rats were treated with 10 mg/kg PbAc for 4 weeks 

during juvenile, followed by 80, 160 or 240 mg/kg PAS-Na treatment for 2 weeks. e, f 

Rats were treated with 2 mg/kg PbAc for 12 weeks, followed by 80, 160 or 240 mg/kg 
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PAS-Na treatment for 6 weeks. c, e Apoptotic nuclei in hippocampal tissues of rats were 

determined using TUNEL assay. Brown-red-stained cell nuclei were considered positive 

apoptosis cells, while blue-stained nuclei were identified as negative cells. Scale bar = 50 

μm. d, f Protein level of cleaved caspase-3, Bax and Bcl-xL were determined by western 

blotting. The protein expression was normalized by GAPDH or corresponding total protein 

content. * P < 0.05 and * * P < 0.01, compared to the control group. #P < 0.05 and ##P < 

0.01, compared to the Pb-treated group.
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Fig. 4. 
PAS-Na treatment mitigated the Pb-induced increase in intracellular Ca2+ in primary 

hippocampal neurons. a Primary hippocampal neurons were treated with increased 

concentrations of PbAc for 24 h. b Primary hippocampal neurons were treated with 50 

μM PbAc for 24 h, followed by 100, 200 or 400 μM PAS-Na treatment for 24 h. a, b 

Representative fluorescent images of intracellular Ca2+ and quantifications of corresponding 

fluorescence intensity. Scale bar = 20 μm. * P < 0.05 and * * P < 0.01, compared to the 

control group. ##P < 0.05 and ##P < 0.01, compared to the Pb-treated group.
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Fig. 5. 
Pb-induced intracellular Ca2+ augment was associated with IP3R activation, which was 

blocked by PAS-Na. a Primary hippocampal neurons were treated with 50 μM PbAc in 

the presence or absence of pretreatment with 2-APB for 24 h. Representative fluorescent 

images of intracellular Ca2+ and quantifications of fluorescence intensity. Scale bar = 20 

μm. b, d Primary hippocampal neurons were treated with 50 μM PbAc for 24 h, followed 

by 100, 200 or 400 μM PAS-Na treatment for 24 h. b The mRNA expressions of IP3R2 

and IP3R3 were determined by RT-qPCR. c Primary hippocampal neurons were treated with 

increased concentrations of PbAc for 24 h. e Rats were treated with 10 mg/kg PbAc for 

4 weeks during the juvenile period, followed by 80, 160 or 240 mg/kg PAS-Na treatment 

for 2 weeks. f Rats were treated with 2 mg/kg PbAc for 12 weeks, followed by 80, 160 
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or 240 mg/kg PAS-Na treatment for 6 weeks. c-f Protein level of IP3R was determined by 

western blotting. The protein expression was normalized by GAPDH. *P < and **P < 0.01, 

compared to the control group. #P < 0.05 and ##P < 0.01, compared to the Pb-treated group.
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Fig. 6. 
Pb-induced hippocampal neurons apoptosis though IP3R-Ca2+-ASK1-p38 signaling 

pathway. a Primary hippocampal neurons were treated with increased concentrations of 

PbAc for 24 h. The activations of ASK1, JNK and p38 were determined by western blotting. 

b, c Primary hippocampal neurons were treated with 50 μM PbAc in the presence or absence 

of pretreatment with 2-APB or BAPTA-AM for 24 h. The activations of ASK1 and p38 were 

determined by western blotting. d, e Primary hippocampal neurons were treated with 50 μM 

PbAc in the presence or absence of pretreatment with SB203580 for 24 h. d Hippocampal 
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neuron apoptosis was determined by flow cytometry analysis. e Protein level of cleaved 

caspase-3, Bax and Bcl-xL were determined using western blotting. The protein expression 

was normalized by GAPDH or corresponding total protein content. * P < 0.05 and * * P < 

0.01, compared to the control group. #P < 0.05 and ##P < 0.01, compared to the Pb-treated 

group.
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Fig. 7. 
PAS-Na treatment reduced the activation of ASK1 and p38 induced by Pb in hippocampal 

neurons. a Primary hippocampal neurons were treated with 50 μM PbAc for 24 h, followed 

by 100, 200 or 400 μM PAS-Na treatment for 24 h. The activations of ASK1 and p38 were 

determined by western blotting. b Rats were treated with 10 mg/kg PbAc for 4 weeks during 

the juvenile period, followed by 80, 160 or 240 mg/kg PAS-Na treatment for 2 weeks. c Rats 

were treated with 2 mg/kg PbAc for 12 weeks, followed by 80, 160 or 240 mg/kg PAS-Na 

treatment for 6 weeks. The activations of ASK1, JNK and p38 were determined by western 

blotting. The phosphorylated protein expression was normalized by total protein content. * P 
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< 0.05 and * * P < 0.01, compared to the control group. #P < 0.05 and ##P < 0.01, compared 

to the Pb-treated group.

Li et al. Page 29

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2022 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 8. 
Schematic diagram summarizing the role of PAS-Na in Pb-induced neuronal apoptosis.
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