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Abstract
Methylmercury (MeHg) is an environmental neurotoxin that induces damage to the central nervous system and is the causa-
tive agent in Minamata disease. The mechanisms underlying MeHg neurotoxicity remain largely unknown, and there is a need 
for effective therapeutic agents, such as those that target MeHg-induced endoplasmic reticulum (ER) stress and the unfolded 
protein response (UPR), which is activated as a defense mechanism. We investigated whether intraperitoneal administra-
tion of the chemical chaperone, 4-phenylbutyric acid (4-PBA), at 120 mg/kg/day can alleviate neurotoxicity in the brains 
of mice administered 50 ppm MeHg in drinking water for 5 weeks. 4-PBA significantly reduced MeHg-induced ER stress, 
neuronal apoptosis, and neurological symptoms. Furthermore, 4-PBA was effective even when administered 2 weeks after 
the initiation of exposure to 30 ppm MeHg in drinking water. Our results strongly indicate that ER stress and the UPR are 
key processes involved in MeHg toxicity, and that 4-PBA is a novel therapeutic candidate for MeHg-induced neurotoxicity.
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Introduction

Mercury is a highly toxic environmental substance and is 
listed by the World Health Organization (WHO) among the 
top 10 chemicals of public health concern. Methylmercury 
(MeHg), which has garnered significant attention, is gener-
ated when inorganic mercury released into the atmosphere 
by volcanic eruptions and gold mining is deposited into the 
ocean and converted by microorganisms. (Compeau and 
Bartha 1985; King et al. 2000). MeHg accumulates in the 
aquatic food chain through bioaccumulation, and the inges-
tion of fish, especially tuna, is a major source of MeHg 
exposure in humans (Mahaffey et al. 2004). MeHg easily 

crosses the blood–brain barrier and exhibits neurotoxicity, as 
exemplified by Minamata disease, in which the cerebellum 
and cerebral cortex are injured (Eto and Takeuchi 1978; Ker-
per et al. 1992). The mechanism of MeHg toxicity remains 
unclear, and a useful therapeutic agent against MeHg toxic-
ity has not been identified.

MeHg is electrophilic, covalently binds to cysteine thiol 
groups, which are nucleophilic substituents of proteins 
(S-mercuration), and induces changes in the activity of 
modified proteins (Clarkson 1972). We previously found that 
protein disulfide isomerase (PDI), an enzyme responsible for 
protein folding, is a target of S-mercuration, and that endo-
plasmic reticulum (ER) stress (accumulation of abnormal 
proteins in the ER) is induced through enzyme inactivation 
(Makino et al. 2015; Usuki et al. 2008).

To avoid the damage caused by ER stress, cells acti-
vate three stress sensor proteins, IRE1α (inositol-requir-
ing enzyme 1α), PERK (PKR-like endoplasmic reticulum 
kinase (PERK), and ATF6 (activating transcription factor 6 
(ATF6) (Walter and Ron 2011). Our previous in vitro studies 
revealed that MeHg activates the PERK pathway, which is a 
mediator of ER stress, and, at high concentrations, inhibits 
the IRE1α-XBP1 (X-box binding protein) pathway, which 
functions in cell survival (Hiraoka et al. 2017). Furthermore, 
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in mouse brains exposed to MeHg in drinking water, MeHg 
induced a neuron-specific increase in ER stress, expression 
of the downstream apoptosis-promoting factor, CHOP (C/
EBP homologous protein), and apoptotic neuronal cell death 
(Nomura et al. 2022). These results indicate the involvement 
of ER stress/UPR signaling in MeHg-induced neuropathy 
and its potential as a therapeutic target.

To test these hypotheses, we examined whether 4-phe-
nylbutyric acid (4-PBA), a chemical chaperone, ameliorates 
central nervous system injury in ER stress-activated indi-
cator (ERAI)-Venus Tg mice treated with MeHg in drink-
ing water, an animal model of MeHg neurotoxicity. ERAI 
can detect the activation of the IRE1-XBP1 pathway dur-
ing ER stress by detecting the expression of Venus due to a 
frameshift caused by XBP1 splicing. Venus staining can also 
be used to analyze the spatiotemporal expression of XBP1s, 
which is difficult to detect. Previous studies have shown that 
the sensitivity of ERAI mice to MeHg is similar to that of 
WT mice (Hiraoka et al. 2021). We also showed that MeHg 
administration induced the expression of the PERK pathway 
and CHOP, which is downstream of the PERK and ATF6 
pathways (Nomura et al. 2022), following the expression of 
the ERAI signal, suggesting that ERAI mice are an excellent 
model for analyzing ER stress toxicity caused by MeHg. 
Chemical chaperones are compounds that are involved in 
the formation and stabilization of protein structures. 4-PBA 
reduced ER stress by inhibiting protein aggregation (Kubota 
et al. 2006). Furthermore, 4-PBA penetrates the blood–brain 
barrier (BBB), and has significant neuroprotective effects in 
mouse models of neurodegenerative diseases, such as Alz-
heimer's disease (AD) and Parkinson’s disease (PD) (Inden 
et al. 2007; Ricobaraza et al. 2009). Therefore, we adminis-
tered 4-PBA to mice and examined whether it could inhibit 
the induction of ER stress by MeHg, resulting in neuronal 
cell death. MeHg toxicity induces progressive neurodegen-
eration, making early therapeutic intervention important. 
In this study, we identified the period at which irreversible 
damage occurs, to obtain clues to determine the therapeutic 
time window.

Materials and methods

Animals

Male ERAI-Venus mice were generated as previously 
described (Iwawaki et  al. 2004) and maintained on a 
C57BL/6 background. Male C57BL6N/Jc1 mice were pur-
chased from CLEA Japan (Tokyo, Japan). All mice were 
housed at the National Institute for Minamata Disease. All 
mice were housed in plastic cages (three animals per cage) 
and allowed free access to food (CE-2; CLEA Japan) and 
water. The animal facility was maintained at 25 ℃ ± 2 °C 

with a relative humidity of 65% ± 5% under a 12-h light/
dark cycle. Mice were euthanized by cardiac blood sampling 
under deep anesthesia with isoflurane and transcranial per-
fusion with saline. All authors complied with the ARRIVE 
guidelines. All animal procedures were performed in accord-
ance with the Guide for the Care and Use of Laboratory Ani-
mals issued by the National Institute for Minamata Disease 
and were approved by the Animal Ethics and Management 
Committee of the National Institute for Minamata Disease 
(No. 050912 and 051221).

MeHg administration

The ERAI-Venus mice were randomly divided into control 
(n = 6) and 4-PBA-administrated groups (n = 5–6 mice/
group). All mice were exposed to MeHg via drinking water 
containing 50 ppm MeHg (Tokyo Chemical Industry, Tokyo, 
Japan) as a MeHg-GSH (FUJIFILM Wako Pure Chemi-
cal, Osaka, Japan) (1:1) complex, as previously described 
(Fujimura et al. 2009). To investigate the therapeutic effects 
of post-treatment with 4-PBA, wild-type (WT) mice were 
randomly divided into a control group (n = 12) and a 4-PBA-
treated group (n = 12 mice/group). All mice were exposed 
to MeHg in drinking water containing 30 ppm MeHg as the 
MeHg-GSH (1:1) complex.

4‑PBA administration

The 4-PBA solution was prepared using equimolar amounts 
of 4-phenylbutyric acid (Tokyo Chemical Industry) and 
sodium hydroxide (Nacalai Tesque, Kyoto, Japan) at pH 
7.4. For in vivo experiments, mice were intraperitoneally 
injected with 120 mg/kg/day 4-PBA or saline as a corre-
sponding vehicle control.

Hindlimb extension analysis

To examine hindlimb impairment induced by MeHg, mice 
were gently removed from their home cage and suspended 
by the tail for 10 s. This was performed once a week dur-
ing the 35 or 56 days of MeHg exposure and the hindlimb 
extension exhibited by the mice was scored as follows: 
normal escape extension = 0, incomplete splay and loss of 
mobility =  − 1, no splay and loss of mobility =  − 2, complete 
crossing of the hindlimbs =  − 3.

Preparation of tissue sections

Mice were euthanized by trans-cardiac saline perfusion and 
the left brain was removed and fixed in 4% paraformalde-
hyde in 0.1 M phosphate buffer immediately after dissection 
(Fujifilm Wako Pure Chemicals). The tissue was embedded 
in paraffin and 5-µm-thick sagittal sections were prepared 
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using a microtome and mounted on glass slides. Before 
staining, the tissue sections were deparaffinized with xylene 
and rehydrated with a graded series of ethanol solutions.

Measurement of mercury content

Mercury deposition was measured as previously described 
(Hiraoka et al. 2021). ERAI-Venus mice were euthanized 
at the indicated times, and the cerebral cortex and striatum 
were removed from their right brains. The tissues were dis-
solved in 5 N NaOH (Nacalai Tesque, Kyoto, Japan) solution 
and boiled at 70 °C for 30 min. After neutralization with 5 
N HCl (Nacalai Tesque), the total concentration of mercury 
was measured by the oxygen combustion-gold amalgama-
tion method using an MA2000 analyzer (Nippon Instru-
ments Corporation, Tokyo, Japan), as previously described 
(Hiraoka et al. 2021).

TUNEL staining

Apoptosis-induced cell death was monitored by deoxy-
nucleotidyl transferase-mediated dUTP nick-end labeling 
(TUNEL) assays using the In Situ Cell Death Detection Kit, 
TMR red (#12,156,792,910; Roche, Basel, Switzerland), 
according to the manufacturer’s instructions. Briefly, depar-
affinized sections were permeabilized with 20 µg/mL Pro-
teinase K (Qiagen, Venlo, Netherlands) in 10 mM Tris–HCl 
(pH 7.5) for 20 min at 37 °C. After washing with phosphate-
buffered saline (PBS), the sections were incubated with the 
TUNEL reaction mixture for 1 h at 37 °C, washed with 
PBS, and permeabilized with VECTASHIELD Vibrance 
Antifade Mounting Medium containing 4ʹ,6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Burlingame, 
CA, USA). All images were captured and analyzed using 
an ECLIPSE Ti confocal microscope (Nikon Instruments, 
Tokyo, Japan) and NIS-Elements AR imaging software ver-
sion 4.00.06 (Nikon Instruments). TUNEL-positive cells 
were identified by the TMR red signal in nuclei stained with 
DAPI as previously reported (Iijima et al. 2024b).

Immunofluorescence

Deparaffinized sections were boiled in 10 mM citrate 
buffer (pH 6) (Genemed Biotechnologies) for 20 min for 
antigen retrieval prior to antigen detection using a M.O.M. 
immunodetection kit (#FMK-2201, Vector Laboratories). 
Immunofluorescence staining was performed overnight 
at 4  °C using primary antibodies that were diluted in 
PBS containing 5% BSA. After washing once with PBS, 
goat anti-rabbit IgG Alexa Fluor 555 secondary antibody 
(1:200; #A-21428, Thermo Fisher Scientific) or goat anti-
rabbit IgG Alexa Fluor 594 secondary antibody (1:200; 
#A-11012, Thermo Fisher Scientific, MA, USA) was 

added and incubated for 1 h at room temperature. Nuclei 
were stained with a mounting medium containing DAPI 
(Thermo Fisher Scientific). All images were captured 
and analyzed using an ECLIPSE Ti confocal microscope 
(Nikon Instruments) and NIS-Elements AR imaging soft-
ware version 4.00.06 (Nikon Instruments).

Statistical analysis

Quantitative data are presented as the mean ± standard 
error of the mean (s.e.m.). Statistical analysis was per-
formed using GraphPad Prism software version 10.0.2 
(GraphPad Software, San Diego, CA, USA). Differences 
between two means were analyzed using a two-way analy-
sis of variance (ANOVA), followed by Bonferroni’s post 
hoc test. Statistical significance was set at p < 0.05.

Results

4‑PBA suppresses MeHg‑induced ER stress in ERAI 
mice

Activation of IRE1α in response to ER stress can induce 
splicing of XBP1 mRNA. The (ERAI)-Venus Tg mouse 
was constructed by fusing XBP1 with the fluorescent 
protein, Venus (Iwawaki et al. 2004). In this system, ER 
stress is detectable by the expression of Venus owing to a 
frameshift caused by the splicing of XBP1. To investigate 
the effects of MeHg on ER stress in the brain, ERAI mice 
were fed 50 ppm MeHg ad libitum for up to 5 weeks as a 
model of subchronic MeHg toxicity (Fig. 1a). To clarify 
the involvement of ER stress in the neurological damage 
in this model, 4-PBA (Fig. 1b) was administered intra-
peritoneally at 120 mg/kg/day, a dose sufficient to inhibit 
rotenone-induced neuronal cell death (Inden et al. 2007). 
5 weeks later, immunohistochemical detection of ERAI 
signals in the somatosensory cortex using GFP antibodies 
revealed that the ERAI signals induced by MeHg were sig-
nificantly reduced by concurrent administration of 4-PBA 
(Fig. 1c, d). Furthermore, a reduction in ERAI signal by 
4-PBA was observed in the striatum (Fig. 1e, f).

Analysis of total mercury levels in the brain showed 
that MeHg administration caused accumulation of total 
mercury in the somatosensory cortex and striatum of the 
brain, and that 4-PBA had no effect on brain mercury lev-
els in either of these two regions (Fig. S1a, b). In addition, 
4-PBA did not affect the weight loss associated with MeHg 
administration (Fig. S1c).
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4‑PBA inhibits MeHg‑induced activation 
of the IRE1α‑XBP1 pathway

Next, we analyzed the effects of 4-PBA on IRE1α, an ER 
stress sensor protein activated by autophosphorylation upon 
sensing ER stress. Consistent with previous studies (Nomura 
et al. 2022), MeHg administration enhanced the phospho-
rylation of IRE1α in a time-dependent manner in the soma-
tosensory cortex (Fig. 2a, b). The activation of IRE1α was 
inhibited by 4-PBA treatment (Fig. 2a, b). MeHg-induced 
phosphorylation in the striatum peaked after exposure for 
3 weeks, which was suppressed by 4-PBA treatment (Fig. 2c, 
d). The levels of HMG-CoA reductase 1 (HRD1) were ana-
lyzed to examine the activation of XBP1 mRNA splicing by 
IRE1α. HRD1 is an E3 ubiquitin ligase whose transcription 

is induced by XBP1 homodimers produced by the splicing 
of XBP1. MeHg-induced HRD1 levels were analyzed in 
both cortical somatosensory and striatal regions, reaching a 
peak 3 weeks after the start of MeHg treatment (Fig. 2e–h). 
Furthermore, HRD1 expression was reduced by 4-PBA treat-
ment in both regions (Fig. 2e–h).

4‑PBA inhibits MeHg‑induced activation of the PERK 
pathway

Next, we examined the activity of the PERK pathway, 
which is involved in the induction of apoptosis in the 
UPR. PERK is activated by autophosphorylation upon 
sensing ER stress, and induces the expression of CHOP, 

Fig. 1  Time course analysis 
of MeHg-induced ER stress 
using ERAI-transgenic mice 
a Experimental timeline of 
subacute exposure to MeHg 
and 4-PBA. ERAI-transgenic 
mice were exposed to 50 ppm 
MeHg in drinking water for 
up to 5 weeks. In addition, 
the mice were intraperito-
neally inoculated with 4-PBA 
(120 mg/kg daily). Saline was 
injected into control animals 
as a vehicle control. Mice were 
euthanized at the indicated 
times and brain tissues were 
analyzed by immunostain-
ing. b Chemical structure of 
4-phenylbutyric acid (4-PBA). 
Representative immunostaining 
of ERAI in the somatosensory 
cortex (c) and striatum (e) of 
ERAI-transgenic mice exposed 
to MeHg for the indicated 
times. The scale bar represents 
50 μm. d, f Quantification of 
ERAI-positive cells shown in 
(c, e, respectively). Data are 
presented as the mean ± s.e.m. 
(n = 5–6, *p < 0.05, **p < 0.01, 
and ***p < 0.001 by two-way 
ANOVA with Bonferroni’s post 
hoc test)
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a transcription factor associated with the induction of 
apoptosis. MeHg exposure enhanced PERK phosphoryla-
tion, which was suppressed by 4-PBA (Fig. 3a, b). 4-PBA 
also suppressed MeHg-induced PERK phosphorylation in 
the striatum (Fig. 3c, d). Subsequent analysis of tempo-
ral changes in CHOP levels in the somatosensory cortex 
and striatum showed that the time-dependent increases in 
CHOP levels in both regions upon MeHg exposure were 
suppressed by 4-PBA (Fig. 3e–h).

4‑PBA inhibits MeHg‑induced neuronal cell death

As shown in Fig. 3,  4-PBA inhibits activation of the 
PERK pathway, which is involved in the induction of 
apoptosis, suggesting that 4-PBA inhibits apoptosis. 
Therefore, we investigated the effect of 4-PBA on MeHg-
induced neuronal apoptosis by analyzing the number of 
TUNEL-positive cells in TUNEL assays, a marker of 
apoptosis. 4-PBA significantly inhibited the increase in 

Fig. 2  Activation of the IRE1α-
XBP1 pathway upon exposure 
to MeHg was prevented by 
4-PBA in vivo. Representative 
immunostaining for p-IRE1α 
(a, c) and HRD1 (e, g) in the 
somatosensory cortex and 
striatum, respectively, of ERAI-
transgenic mice. The scale 
bar represents 50 μm. b, d, f, 
h Quantification of p-IRE1α- 
and HRD1-positive cells 
shown in (a, c, e, g, respec-
tively). Data are presented as 
the mean ± s.e.m. (n = 5–6, 
*p < 0.05 and ***p < 0.001 by 
two-way ANOVA with Bonfer-
roni’s post hoc test)
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the number of TUNEL-positive cells in the somatosensory 
cortex (Fig. 4a, b) and the striatum (Fig. 4c, d).

4‑PBA ameliorates MeHg‑induced neurological 
dysfunction

The 4-PBA suppression of MeHg-induced cell death 
prompted us to investigate whether 4-PBA could amelio-
rate the neurological symptoms caused by MeHg expo-
sure. We analyzed the score for hindlimb extension, which 

is commonly used as a method for analyzing neurologi-
cal symptoms in a MeHg poisoning model (Iijima et al. 
2024a; Weiss et al. 2005). The scoring was analyzed in 
four stages, as in previous studies (Chakrabarti and Bai 
2000; Fujimura et al. 2011). 4-PBA significantly restored 
MeHg-induced impaired hindlimb extension after the 5th 
week of treatment (Fig. 5a, b). These results indicate that 
4-PBA inhibits MeHg-induced neuronal damage and that 
the induction of ER stress and changes in UPR activity 

Fig. 3  Activation of the PERK 
pathway upon exposure to 
MeHg was prevented by 
4-PBA in vivo. Representative 
immunostaining for p-PERK 
(a, c) and CHOP (e, g) in the 
somatosensory cortex and 
striatum, respectively, of ERAI-
transgenic mice. The scale bar 
represents 50 μm. b, d, f, h 
Quantification of p-PERK—
and CHOP-positive cells 
shown in (a, c, e, g, respec-
tively). Data are presented as 
the mean ± s.e.m. (n = 5–6, 
***p < 0.001 by two-way 
ANOVA with Bonferroni’s post 
hoc test)
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targeted by 4-PBA are important in the mechanism of 
MeHg-induced neuronal cell death.

The post‑treatment of 4‑PBA

We then investigated the progression of disability over time 
caused by MeHg toxicity. We examined the cut-off point at 
which irreversible disability occurs and the effective time 
range between MeHg exposure and the initiation of 4-PBA 
treatment. We also assessed whether 4-PBA could suppress 
MeHg toxicity even when there was an interval between 
the start of MeHg exposure and the beginning of 4-PBA 
administration. Based on previous studies (Fujimura et al. 
2009), WT mice were exposed to 30 ppm MeHg (Fig. 6a). 
Neurological symptoms and the number of TUNEL-positive 
cells in the brain were analyzed. Post-treatment of 4-PBA 
caused temporary weight loss in the 1-week post-treatment 
group but had no overall effect on weight loss (Fig. S2d). 
Hindlimb extension measurements showed that suppres-
sion of neurological symptoms was also observed when 
4-PBA was administered 2 weeks after the start of MeHg 
exposure (Fig. 6b–d). TUNEL staining was performed to 
assess neuronal cell death in the somatosensory cortex and 

striatum. Consistent with the results of the hindlimb exten-
sion response, a trend toward suppression of neuronal cell 
death was observed up to 2 weeks after the start of MeHg 
exposure (n = 1) (Fig. S2c). These results suggest that the 
cutoff point for irreversible damage from 30 ppm MeHg 
poisoning to neurodegeneration is 2 weeks.

Discussion

The 4-PBA used in this experiment is a chemical chaper-
one that can stabilize the structure of proteins and reduce 
ER stress by inhibiting protein aggregation. Intraperitoneal 
administration of 4-PBA to mice suppresses rotenone-
induced neuronal ER stress and cell death (Inden et al. 
2007). Furthermore, 4-PBA inhibits UPR activation via 
MeHg-induced ER stress in vitro (Yang et al. 2022). How-
ever, whether 4-PBA inhibits MeHg-induced ER stress in 
the mouse brain remained unclear. Using ERAI-Venus Tg 
mice, in which ER stress can be analyzed spatiotempo-
rally, we analyzed ER stress in the somatosensory cortex 
and striatum, where MeHg-induced neuronal cell death 
was observed. The results showed that 4-PBA significantly 

Fig. 4  MeHg-induced neuronal cell death is prevented by 4-PBA 
in vivo. Representative images of TUNEL staining in the somatosen-
sory cortex (a) and striatum (c) of ERAI-transgenic mice. The scale 
bar represents 50 μm. b, d Quantification of apoptotic cells is shown 

in (a, c), respectively. The scale bar represents 50 μm. Data are pre-
sented as the mean ± s.e.m. (n = 5–6, **p < 0.01, and ***p < 0.001 by 
two-way ANOVA with Bonferroni’s post hoc test)
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suppressed MeHg-induced increases in the number of ERAI-
positive cells (Fig. 1). In contrast, 4-PBA did not affect mer-
cury accumulation in the brain or body weight (Fig. S1). 
Furthermore, MeHg activation of the IRE1α-XBP1 (Fig. 2) 
and PERK (Fig. 3) pathways was also inhibited by 4-PBA. 
We also investigated the effects of 4-PBA on MeHg-induced 
neuronal cell death using TUNEL staining and found that 
4-PBA suppressed the MeHg-induced increase in the num-
ber of TUNEL-positive cells (Fig. 4). Importantly, 4-PBA 
also suppressed the MeHg-induced decrease in hindlimb 
extension score, which is indicative of neuropathy (Fig. 5). 
These results demonstrate a preventive effect of 4-PBA on 
MeHg toxicity. However, MeHg toxicity can cause progres-
sive neurodegeneration and early treatment of this condition 
is crucial. We therefore analyzed the point at which irre-
versible damage occurred. The results showed that 4-PBA 
was effective in reducing neuropathy, even when 4-PBA was 
started 2 weeks after the start of exposure to 30 ppm MeHg 

(Fig. 6). These results indicate that inhibition of ER stress 
is a potential therapeutic strategy against MeHg toxicity in 
the early phase of exposure to 30 ppm MeHg.

Our findings indicate that ER stress and the UPR, targets 
of 4-PBA, are the molecular processes that are centrally 
involved in the development of MeHg toxicity. However, 
specific factors that directly induce MeHg-induced neuronal 
cell death remain unclear and studies to demonstrate whether 
MeHg-induced neuronal cell death can be alleviated in vivo 
using methods to regulate each factor of the UPR are war-
ranted. Our analysis using CHOP-KO mice suggests that 
CHOP is not responsible for MeHg-induced neuronal death 
(Iijima et al. 2024a). Further analysis of PERK pathway 
involvement in MeHg toxicity should be performed using 
PERK inhibitors. The ASK1/JNK pathway mediated by 
IRE1α is a CHOP-independent apoptotic pathway medi-
ated by ER stress. MeHg activates the ASK1/JNK pathway 
(Fujimura et al. 2009; Usuki et al. 2008), and the effect of 

Fig. 5  Effect of 4-PBA on 
MeHg-induced neurological 
symptoms. a Representative 
images of each score for the 
hindlimb extension response. 
normal escape extension = 0, 
incomplete splay and loss of 
mobility =  − 1, no splay and 
loss of mobility =  − 2, complete 
crossing of the hindlimbs =  − 3. 
b Representative images of 
mice during the hindlimb clasp-
ing test. c Quantification of 
hindlimb splay, which is shown 
in (b). Data are presented as 
the mean ± s.e.m. (n = 5–6, 
*p < 0.05 by two-way ANOVA 
with Bonferroni’s post hoc test)
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this pathway may be one of the reasons why 4-PBA sup-
pressed MeHg-induced cell death in this study. In addition, 
we did not examine the effect of inhibiting ATF6 pathway 
activation on MeHg toxicity, which should be addressed in 
future studies.

Mechanisms other than ER stress have been investigated 
to determine their involvement in MeHg-induced neu-
ronal cell death. In our study, therapeutic effects were also 
observed after 2 weeks of post-treatment; therefore, it is 
expected that although ER stress is the primary mechanism 

responsible for toxicity during the first two weeks of expo-
sure to 30 ppm MeHg (Fig. 6), cell death may be accelerated 
by inducing other cell death mechanisms, such as microglial 
activation.

In addition, MeHg induces oxidative stress-induced neu-
ronal cell death in the mouse brain (Franco et al. 2009). 
MeHg impairs the intracellular antioxidant system and pro-
duces reactive oxygen species (ROS) (Farina et al. 2011; 
Franco et al. 2009). It also reacts with glutathione (GSH), an 
intracellular antioxidant, and induces cell death via oxidative 

Fig. 6  The post-treatment 
of 4-PBA. a Experimental 
schedule for subacute exposure 
to MeHg and 4-PBA. WT mice 
were exposed to 30 ppm MeHg 
in drinking water for 8 weeks. 
4-PBA (120 mg/kg) was 
administered intraperitoneally 
once daily. Saline was injected 
into control animals as a vehicle 
control. b Hindlimb exten-
sion responses were measured 
weekly. Quantification using 
a 0 to − 3 numerical scale: 
normal escape extension = 0, 
incomplete splay and loss of 
mobility =  − 1, no splay and 
loss of mobility =  − 2, complete 
crossing of the hindlimbs =  − 3. 
c, d Hindlimb extension scores 
at 7 and 8 weeks are shown. 
For mice that died during the 
period of analysis, measure-
ments up to death were plotted. 
(n = 12, *p < 0.05, **p < 0.01 
and ***p < 0.001 by two-way 
ANOVA with Bonferroni’s post 
hoc test; n.s., not significant)
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stress by depleting GSH (Xu et al. 2012). Additionally, an 
association between MeHg toxicity and nuclear factor eryth-
roid 2-related factor 2 (NRF2) (Buha et al. 2021), an endog-
enous antioxidant activator, has been suggested. MeHg can 
induce ferroptosis via suppression of NRF2 (Xu et al. 2023) 
and MeHg-induced oxidative stress contributes to ER stress 
(Zhang and Kaufman 2008). Studies have been conducted 
to target MeHg-induced oxidative stress by administering 
chelating agents and antioxidants (Cao et al. 2015; Chang 
et al. 1978). Chelating agents aim to remove MeHg, whereas 
antioxidants remove ROS from the blood and brain. How-
ever, these approaches do not provide a fundamental solution 
for MeHg toxicity, and post-MeHg administration treatments 
targeting oxidative stress did not suppress MeHg toxicity 
(Fujimura and Usuki 2020). 4-PBA suppresses oxidative 
stress-induced ER stress, which may also suppress toxic-
ity in post-treatment. It is expected that a combination of 
4-PBA and therapeutic agents targeting oxidative stress will 
effectively inhibit neuronal cell death.

Activation of microglia and release of proinflammatory 
cytokines may be involved in the mechanism of MeHg-
induced neuronal cell death (Hoshi et al. 2019), and activa-
tion of the apoptotic pathway mediated by Tumor necrosis 
factor α (TNFα) is suggested to be involved in MeHg-
induced neuronal cell death (Iwai-Shimada et al. 2016). In 
our previous study using ERAI-Venus Tg mice, we con-
firmed that the number of activated microglia was increased 
in the somatosensory cortex of mice treated with 30 ppm 
MeHg in drinking water (Hiraoka et  al. 2021). MeHg-
induced neuronal death my therefore involve an additive 
mechanism of apoptosis induction via the activation of the 
UPR and microglia.

In this study, the exposure concentration was set to reflect 
the concentration of MeHg in the brains of Minamata dis-
ease patients. In some cases, the total mercury concentration 
in the brains of Minamata disease patients exceeded 20 ppm 
(Takeuchi et al. 1962), and we consider that the MeHg dose 
used in this study does not greatly deviate from this value.

4-PBA did not affect MeHg-induced weight loss 
(Fig. S1c). This indicates that 4-PBA specifically inhib-
ited neurotoxicity, which indicates that the mechanism of 
MeHg-induced neuronal cell death may be different from 
the mechanism in other tissues such as the cardiovascular 
system (Hong et al. 2012). Further studies are required 
to understand the mechanisms through which MeHg acts 
in different tissues. Drugs targeting ER stress have not 
been used clinically for diseases of the central nervous 
system. 4-PBA can inhibit rotenone-induced neuronal cell 
death in a concentration-dependent manner, indicating that 
4-PBA is transferred into the brain and exerts an effect 
(Inden et al. 2007). The present study shows that 4-PBA is 
a new drug candidate for treating MeHg poisoning. 4-PBA 
is used to treat chronic urea cycle disorders in children 

and has been approved by the FDA (Brusilow and Maestri 
1996), so it is considered that 4-PBA has sufficient clinical 
application potential as a drug. However, according to the 
product information (PDR.net: https:// www. pdr. net/ drug- 
summa ry/? drugL abelId= 1782), neurotoxicity symptoms 
of drowsiness, fatigue, and dizziness have been reported 
in patients who were administered 4-PBA by intravenous 
injection (250–300 mg/kg/day for 14 days, with a 4-week 
interval). This side effect may limit the clinical use of 
4-PBA, and it will be necessary to elucidate the mecha-
nism and develop 4-PBA analogs with fewer side effects 
in the future.

Previous reports have shown that histone deacetylase 
(HDAC) inhibition by 4-PBA is not associated with the 
amelioration of ER stress induced by tunicamycin (Carlisle 
et al. 2021) and that 4-PBA analogs with reduced chaperone 
activity do not inhibit ER stress-induced neuronal cell death 
(Mimori et al. 2013). These results strongly suggested that 
the amelioration of MeHg-induced neuronal cell death was 
due to 4-PBA chaperone activity. However, it is possible that 
the HDAC inhibitory effect of 4-PBA is synergistic, and this 
needs to be further investigated. In conclusion, we examined 
the importance of ER stress in MeHg toxicity and its poten-
tial as a therapeutic target. 4-PBA inhibited ER stress and 
apoptosis in the mouse brain and suppressed neurological 
symptoms. These results provide further evidence that ER 
stress is an important molecular mechanism in MeHg toxic-
ity and new insights into the treatment of MeHg poisoning.
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