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Neuronal death was frequently driven by autophagic/lysosomal dysfunction after ischemic stroke, 
whereas how to restore the impaired autophagic flux remained elusive. Autophagic/lysosomal 
signaling could be augmented after transcription factor EB (TFEB) nuclear translocation, which was 
facilitated by its dephosphorylation. A key TFEB dephosphorylase was calcineurin (CaN), whose activity 
was drastically regulated by cytosolic calcium ion concentration ([Ca2+]) controlled by lysosomal Ca2+ 
channel-like protein of TRPML1. Our research shows that ML-SA1, an agonist of the TRPML1 channel, 
significantly enhanced the lysosomal Ca2+ release and the CaN expression in penumbric neurons, 
subsequently promoted TFEB nuclear translocation, and greatly reversed autophagy/lysosome 
dysfunction. Moreover, ML-SA1 treatment significantly reduced neuronal loss, infarct size, and 
neurological deficits. By contrast, ML-SI3, an inhibitor of TRPML1, inhibited the lysosomal Ca2+ release 
conversely, aggravated the impairment of autophagic flux and consequentially exacerbated brain 
stroke lesion. These studies suggest that TRPML1 elevation alleviates ischemic brain injury by restoring 
autophagic/lysosomal dysfunction via Lysosomal Ca2+ release-facilitated TFEB nuclear translocation in 
neurons.
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Ischemic stroke is one of the major diseases that lead to deaths and disabilities in human beings1. There are 
approximately 2.7 million new stroke cases annually in China2. The pathogenesis of cerebral ischemia has been 
deeply investigated in recent decades, but valuable therapeutic clues are seldom sought3,4. Neuron is a type of 
cell with intense metabolic activity in the brain tissues and thus is highly susceptible to numerous pathological 
conditions, especially ischemia5,6. Therefore, understanding the underlying pathogenesis of ischemic neuronal 
injury may be an essential route to uncover novel therapies for stroke treatment.

Compelling evidence demonstrated that autophagy was extensively implicated in the pathophysiological 
processes of cerebral stroke7,8. Either excessive or insufficient autophagy was adverse to cytoprotection9,10. 
However, it was confused about what degree of autophagy benefited poststroke neuroprotection. Autophagy 
comprises a series of continuous processes, including autophagy initiation, formation of autophagosomes, 
presentation of autophagic substrates by fusion of autophagosomes with lysosomes, degradation of autophagic 
cargoes within autolysosomes11,12. A consecutive state of these processes was termed autophagic flux, as well 
as autophagic/lysosomal signaling pathway. On the one hand, adequate autophagy was needed to maintain 
homeostasis by clearance of the injured organelles, aging proteins, superfluous cytoplasmic components, etc. On 
the other hand, the autophagic substrates were required to be efficiently digested and degraded by autolysosomes13. 
Autophagic/lysosomal dysfunction might be created if this balance between autophagic activation and lysosomal 
degradation was disrupted14,15. Our previous study showed that neuronal autophagy was excessively activated 
to generate massive autophagic materials16. Consequently, the autophagic cargoes accumulated within neurons, 
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accompanied by lysosomal inefficiency due to digestive exhaustion. Thus, an impairment of autophagic flux was 
produced to exacerbate ischemic brain injury17. Therefore, restoring the autophagic/lysosomal dysfunction in 
neurons might be a protective strategy to alleviate neurological injury after ischemic stroke.

TFEB was considered a master regulator of autophagic/lysosomal signaling18,19. Both autophagy-related gene 
transcriptions and lysosome biogenesis could be concurrently promoted after TFEB nuclear translocation20–22. 
Therefore, we reasoned that the cerebral ischemia-created autophagic/lysosomal dysfunction might be restored by 
facilitating TFEB nuclear translocation. The subcellular localization of TFEB was determined by its phosphorylation 
level. The phosphorylated TFEB was retained in the cytoplasm by interaction with 14-3-3 adhesive protein23. 
After dephosphorylation, TFEB quickly entered into the nucleus to initiate the CLEAR (coordinated lysosomal 
expression and regulation) signaling, which consequently augmented lysosomal biosynthesis and autophagy 
initiation24,25. This suggested that attenuating TFEB phosphorylation was an effective approach to alleviate the 
autophagic/lysosomal dysfunction in ischemic neurons. A key TFEB dephosphorylase was calcineurin (CaN)26,27, 
whose activity was positively regulated by cytosolic [Ca2+]. The study indicated that Ca2+-activated CaN could 
be directly bound to TFEB for dephosphorylation and efficiently boosted TFEB nuclear translocation28. Thus, 
controlling Ca2+ release from the Ca2+ store organelles became crucial to regulate CaN expression.

Investigation showed that lysosome was a Ca2+ signaling center, being an organelle with a high level of [Ca2+] 
in cytosol29. Ca2+ ions within lysosomes were mostly supplemented by endoplasmic reticulum (ER) through its 
Ca2+ channels30. While lysosomal Ca2+ release was mainly mediated by a Ca2+ channel-like protein of mucolipin 
1 (MCOLN1), as well as a member of the transient receptor potential channel family 1 (TRPML1)29,31. The study 
demonstrated that TRPML1-mediated Ca2+ release greatly evoked local calcium signaling, which effectively 
activated CaN for TFEB dephosphorylation28. To investigate the correlation between TRPML1 expression and 
CaN expression under ischemia conditions, a rat model of ischemic stroke was established in our preliminary 
experiment. We found that TRPML1 expression at the penumbra was significantly decreased, coupling with 
prominently suppressed CaN expression 48 h after the insult. At this time point, a serious autophagic/lysosomal 
dysfunction was observed. Accordingly, we hypothesized that TRPML1 was inhibited to reduce lysosomal Ca2+ 
release, leading to CaN inhibition. Subsequently, TFEB nuclear translocation was attenuated to down-regulate 
autophagic/lysosomal signaling32. This might be the pathogenesis of autophagic/lysosomal dysfunction in 
neurons after ischemic stroke.

Based on the regulative effect of TRPML1 on autophagic/lysosomal signaling33–35, this study was to investigate 
whether the autophagic/lysosomal dysfunction in ischemic neurons could be restored by elevating TRPML1-
mediated Ca2+ release. The rat model of MCAO and HT22 neuron ischemia model of OGD were prepared, 
respectively. TRPML1 channels were altered by its agonist ML-SA1 and inhibitor ML-SI3 36,37, respectively. 
After that, the penumbic tissues and OGD HT22 neurons were obtained to detect CaN expression, nuclear 
and cytoplasmic TFEB, and the key proteins in the autophagic/lysosomal signaling pathway. By this study, the 
regulative machinery of TRPML1 on autophagic flux was to be revealed in ischemic neurons. Meanwhile, the 
neuroprotective mechanism of TRPML1 elevation in alleviating post-stroke injury was elucidated.

Results
Ischemia-blocked TRPML1 channels inhibited CaN expression in neurons
The dynamic variations between TRPML1 and calcineurin (CaN) expressions were investigated after ischemia. 
Western blot (Fig. 1A,D) showed that both TRPML1 (Fig. 1B) and CaN (Fig. 1C) expressions at the penumbra 
were prominently reduced 48 h after MCAO/reperfusion. Similarly, the significantly attenuated TRPML1 
(Fig. 1E) expression was coupled with inhibited CaN (Fig. 1F) expression in HT22 neurons 1 h after OGD. 
Moreover, immunofluorescence (Fig. 1G) demonstrated that the cerebral ischemia-inhibited TRPML1 (Fig. 
1H,I) channels and CaN (Fig. 1J,K) expression were predominantly displayed in neurons at the penumbra. Thus, 
the characteristic time points were identified to be 48 h after MCAO as well as 1 h after OGD, concerning the 
relevant changes between TRPML1 channels and CaN expression after ischemia. 

Elevating TRPML1 channels greatly enhanced CaN expression in ischemic neurons
ML-SA1 and ML-SI3 are the potent membrane-permeable specific agonist and inhibitor, which serve as useful 
chemical tools to study the function of TRPML138–41. Based on the characteristic time points after the ischemia, 
TRPML1 (Fig. 2A–C,E,G,H,K) channels were altered by treatment with agonist ML-SA1 and inhibitor ML-SI3, 
respectively. The results indicated that cytosolic [Ca2+] (Fig. 2G,J) within HT22 neurons was greatly promoted 
to reinforce CaN (Fig. 2B,F,G,L) expression in OGD + ML-SA1 group, compared with those in OGD group. 
Conversely, ML-SI3-inhibited TRPML1 significantly reduced Ca2+ (Fig. 2G,J) release, resulting in inactivation 
of CaN (Fig. 2B,F,G,L). Similarly, the [Ca2+] within penumbral neurons was not directly detected, but CaN (Fig. 
2G,I) expression at the penumbra was greatly promoted by ML-SA1. 

TRPML1 up-regulation significantly boosted TFEB nuclear translocation
The cytoplasmic and nuclear TFEB were detected to evaluate its subcellular localization 48 h after MCAO, as well 
as 1 h after OGD. Western blot demonstrated that TFEB (Fig. 3A–C) expression in the nucleus was increased in 
the MCAO + ML-SA1 group, compared with that in the MCAO group. Similarly, the nuclear TFEB (Fig. 3D–F) 
expression was prominently promoted by ML-SA1 but conversely reduced by ML-SI3 in OGD HT22 neurons. 
Meanwhile, immunofluorescence showed that ML-SA1 significantly promoted the percentage of NeuN-positive 
cells co-labeled with TFEB and DAPI, but barely affected the ratio of that in NeuN-negative cells (Fig. 3G,I,J). 
Moreover, the fluorescence intensity co-stained with TFEB and DAPI was also enhanced in the OGD + ML-SA1 
group, compared with that in the OGD group (Fig. 3H,K). 
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Fig. 1.  The correlative changes between TRPML1 expression and CaN expression were investigated after 
ischemia. (A, B, C) Western blot demonstrated that TRPML1 channels were greatly blocked, resulting in 
inhibited CaN expression in penumbral tissues 48 h after MCAO, (D, E, F) as well as in HT22 neurons 1 h after 
OGD. Images were cropped, and full-length blots are presented in Supplementary Information. (G, H, I, J, K) 
Immunofluorescence showed that the down-regulated TRPML1 channels and CaN expression were mainly 
displayed in neurons at the penumbra. n = 6. *p < 0.05, **P < 0.01, ***p < 0.001; ns, p > 0.05.
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Fig. 2.  Up-regulating TRPML1 drastically reinforced CaN expression by promoting cytosolic [Ca2+] in 
ischemic neurons. (B, E, F, G, J, K, L) ML-SA1-augmented TRPML1 channels efficiently promoted cytosolic 
[Ca2+], leading to enhanced CaN expression in OGD HT22 neurons. Similarly, (A, C, D, G, H, I) CaN 
expression in penumbral tissues could also be effectively promoted by TRPML1 agonist ML-SA1. Images 
were cropped, and full-length blots are presented in Supplementary Information. n = 6. *p < 0.05, **p < 0.01, 
***p < 0.001; ns, p > 0.05.
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Fig. 3.  TRPML1 elevation markedly facilitated TFEB nuclear translocation in ischemic neurons. (A, B, C, D, 
E, F) ML-SA1 treatment strongly boosted TFEB nuclear translocation in either penumbral neurons or OGD 
HT22 cells, as indicated by its increased expression in the nucleus. Images were cropped, and full-length blots 
are presented in Supplementary Information. (G, I, J) This was also validated by the promoted NeuN-positive 
cells co-labeled with TFEB and DAPI in penumbral tissues, (H, K) as well as enhanced fluorescence intensity 
of TFEB co-stained with DAPI in OGD HT22 neurons. n = 6. *p < 0.05, **P < 0.01, ***p < 0.001; ns, p > 0.05.
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TRPML1 elevation effectively alleviated autophagic/lysosomal dysfunction after ischemic 
stroke
To investigate the effects of TRPML1 channels on autophagic flux, the key proteins in the autophagic/lysosomal 
signaling pathway were detected 48 h after MCAO. The results showed that the autophagic substrates of 
LC3-II, insoluble SQSTM1, and ubiquitinated proteins in the penumbral tissues were markedly attenuated, 
accompanying by promoted lysosomal CTSD in the MCAO + ML-SA1 group, compared with those in MCAO 
group (Fig. 4A–F). Moreover, immunofluorescence confirmed that the MCAO-induced lysosomal inefficiency 
was greatly resumed by the increased number of cells co-stained with SQSTM1 and CTSD. By contrast, ML-SI3-
downregulated TRPML1 conversely aggravated the impairment of autophagic flux in penumbral tissues (Fig. 
4G,H). 

TRPML1 up-regulation dramatically resumed autophagic flux in HT22 neurons after OGD
HT22 neurons were collected to evaluate the state of autophagic flux 1 h after OGD. After treatment with 
TRPML1 agonist ML-SA1, the OGD-created autophagic/lysosomal dysfunction was significantly restored, as 
shown by reduced autophagic cargoes (Fig. 5A–F). Meanwhile, the immunofluorescence intensity labeled with 
SQSTM1-CTSD and LysoSensor was greatly enhanced, indicating the OGD-driven lysosomal inefficiency was 
greatly reversed by TRPML1 up-regulation (Fig. 5G–I). Comparatively, the autophagic/lysosomal dysfunction 
was conversely exacerbated in the OGD + ML-SI3 group, compared with that in the OGD group. 

Facilitating TRPML1 channels prominently promoted neuron survival
Nissl staining, double immunofluorescence, and FJC staining were performed to evaluate neuron survival, 
respectively. The number of Nissl bodies and NeuN-positive cells at the penumbra was significantly promoted, 
whereas the FJC-labeled cells were conversely reduced in the MCAO + ML-SA1 group, compared with those 
in the MCAO group (Fig. 6A–D). Similarly, TRPML1 facilitation also conferred cytoprotection against OGD 
in HT22 neurons, as indicated by increased Nissl bodies and cell viability. Conversely, suppressing TRPML1 
channels oppositely exacerbated neuron loss in the penumbric area, as well as in OGD HT22 neurons (Fig. 
6A,E–G). 

Boosting TRPML1 channels markedly mitigated the neurological deficits and infarct size 
after ischemic stroke
The mNSS test was performed to evaluate neurological deficits and the infarct size was measured by TTC 
staining 48 h after MCAO/reperfusion (Fig. 7A–C). The results showed that the neurological deficits and the 
infarct area were significantly attenuated by TRPML1 agonist ML-SA1 but were conversely aggravated by its 
inhibitor ML-SI3, suggesting augmenting TRPML1 channels benefited restoration of neurological functions 
after cerebral ischemia. 

Discussion
The correlative changes between TRPML1 channels and CaN expression were first investigated after cerebral 
ischemia. The results indicated that the significantly decreased TRPML1 expression was coupled with 
prominently inhibited CaN expression at the penumbra 48 h after MCAO, as well as in HT22 neurons 1 h after 
OGD (Fig. 1A–F). At these time points, an autophagic/lysosomal dysfunction was observed, as demonstrated 
by the increased autophagic substrates of LC3-II, insoluble SQSTM1 and ubiquitinated proteins, coupling with 
lysosomal inefficiency (Figs. 4A–F and 5A–F). Thus, we assumed that the cerebral ischemia-inactivated TRPML1 
led to reduced lysosomal Ca2+ release, which subsequently inhibited CaN expression42. Consequently, TFEB 
dephosphorylation was reduced to prevent its nuclear translocation, resulting in down-regulated autophagic/
lysosomal signaling43. This be a pathological mechanism that drove the autophagic/lysosomal dysfunction 
in neurons after ischemic stroke44. Accordingly, we discussed whether the impaired autophagic flux could be 
restored by promoting TRPML1-mediated Ca2+ release.

After treatment with the agonist ML-SA1, TRPML1 expression was effectively promoted in both penumbric 
tissues and in vitro HT22 neurons (Fig. 2A–F). Immunofluorescence showed that ML-SA1-altered TRPML1 was 
predominantly displayed in neurons at the penumbra (Fig. 2G,H). There was a lack of methods to detect [Ca2+] 
within penumbral neurons, but enhanced CaN expression (Fig. 2G,I) was detected after treatment with ML-SA1. 
By contrast, the cytosolic [Ca2+] in OGD HT22 neurons was directly detected to promote, leading to reinforced 
CaN expression in the OGD + ML-SA1 group, compared with those in the OGD group. Conversely, ML-SI3-
inhibited TRPML1 prominently suppressed CaN expression due to reduced cytosolic [Ca2+] (Fig. 2G,J–L). This 
indicated that TRPML1-controlled cytosolic [Ca2+] tightly regulated CaN expression in ischemic neurons45. 
Theoretically, ML-SA1-reinforced CaN expression could greatly boost TFEB nuclear translocation by attenuating 
its phosphorylation. However, there were multiple phosphorylated sites on TFEB, it was still unclear which 
phosphorylated sites were responsible for nuclear translocation, as well as cytosolic retention46. Therefore, the 
TFEB phosphorylation level was not assessed in our study. Instead, the cytoplasmic and nuclear expressions were 
respectively detected to evaluate TFEB subcellular localization47. Western blot demonstrated that TFEB expression 
in nucleus was increased in OGD + ML-SA1 group, compared with those in OGD group (Fig. 3D–F). Similarly, 
ML-SA1 treatment prominently promoted the percentage of NeuN-positive cells co-labeled with TFEB and DAPI 
in penumbral tissues (Fig. 3G,I). These data indicated ML-SA1-reinfored CaN expression greatly facilitated TFEB 
nuclear translocation.

To investigate the effect of ML-SA1-boosted TFEB nuclear translocation on autophagic flux, the key proteins 
in the autophagic/lysosomal signaling pathway were detected48. The results showed that both autophagic activity 
and lysosomal capacity were concurrently augmented in the MCAO + ML-SA1 group, compared with those in 
the MCAO group (Fig. 4A,B,F). Similarly, ML-SA1 also markedly enhanced the autophagic signaling in OGD 
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Fig. 4.  Augmenting TRPML1 channels significantly alleviated the autophagic/lysosomal dysfunction at the 
penumbra after MCAO. (A, B, C, D, E, F) TRPML1 up-regulation greatly ameliorated the autophagic flux at 
the penumbra, as reflected by decreased LC3-II, insoluble SQSTM1 and ubiquitinated proteins. Images were 
cropped, and full-length blots are presented in Supplementary Information. (G, H) Meanwhile, the lysosomal 
functions were prominently enhanced, as indicated by the increased cells co-labeled with SQSTM1 and CTSD 
in penumbral tissues. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001; ns, p > 0.05.
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Fig. 5.  Reinforcing TRPML1 channels markedly ameliorated autophagic flux in HT22 neurons after OGD. 
(A, B, C, D, E, F, G, H, I) Treatment with TRPML1 agonist ML-SA1 effectively restored the OGD-driven 
autophagic/lysosomal dysfunction, as shown by reduced autophagic substrates and augmented lysosomal 
functions. Images were cropped, and full-length blots are presented in Supplementary Information. *p < 0.05, 
**p < 0.01, ***p < 0.001; ns, p > 0.05.
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HT22 neurons, as indicated by promoted expressions of LC3-II and lysosomal CTSD (Fig. 5A,B,F). The ML-
SA1-elevated autophagic activity necessarily increased the generation of autophagic substrates. However, the 
autophagic materials of insoluble SQSTM1 and ubiquitinated proteins were not accumulated but conversely 
reduced in the MCAO + ML-SA1 group, as well as in the OGD + ML-SA1 group (Figs. 4 and 5A,C–F). This 

Fig. 6.  Facilitating TRPML1 channels greatly promoted neuron survival after ischemia. (A, B, C, D, E, F, G) 
The number of Nissl bodies, NenN-positive cells, and viable neurons was dramatically promoted by TRPML1 
agonist ML-SA1 in the penumbral area, as well as in OGD HT22 neurons. By contrast, TRPML1 inhibitor ML-
SI3 conversely increased neuron death. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001; ns, p > 0.05.
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implied that ML-SA1-increased autophagic cargoes could efficiently degrade lysosomes. Moreover, the ratio 
of cells co-labeled with SQSTM1 and CTSD was significantly promoted in the MCAO + ML-SA1 group (Fig. 
4G,H), confirming lysosomal capacity was greatly augmented by ML-SA1-facilitated TFEB nuclear translocation. 
Collectively, these data supported that cerebral ischemia-driven autophagic/lysosomal dysfunction in neurons 
could be effectively restored by TFEB nuclear translocation, which was boosted by elevating TRPML1 channels.

The neurological deficits, infarct size, and neuron death were dramatically attenuated in the MCAO + ML-
SA1 group, compared with those in the MCAO group (Fig. 7). This indicated that TRPML1 agonist ML-SA1 
could effectively alleviate the ischemic brain injury. Moreover, this neuroprotective effect was also validated in 
vitro OGD HT22 neurons, as shown by improved cell viability and neuron survival in the OGD + ML-SA1 
group, compared with those in the OGD group. By contrast, TRPML1 inhibitor ML-SI3 conversely aggravated 
the ischemic injury in both MCAO rats and OGD HT22 neurons. ML-SA1 could significantly enhance TRPML1-
mediated lysosomal Ca2+ release, thereby promoting autophagy, alleviating neuron injury and neurological 
dysfunction that occur after ischemic stroke49. The main findings of this study are that the elevation of TRPML1 
by ML-SA1 to ameliorate neuronal damage after ischemic stroke is achieved through promoting TFEB nuclear 
translocation (Fig. 8). 

Taken together, our study demonstrates that TRPML1 elevation alleviated post-stroke injury by restoring 
autophagic/lysosomal dysfunction via the facilitation of TFEB nuclear translocation in neurons. Therefore, 
regulating the elevation of the lysosomal Ca2+ by TRPML1 to promote TFEB nuclear translocation offers a 
potential approach for the treatment of ischemic stroke.

Materials and methods
Ethics statement
In this study, all authors complied with the ARRIVE guidelines. All animal experiments were approved by the 
Animal Experimentation Committee of Kunming University of Science and Technology (approval number: 
5301002013655) and all experiments methods were performed guidelines and regulations.

Experimental animals
Adult pathogen-free male Sprague Dawley rats (8–10 weeks old) were purchased from Hunan Slack Laboratory 
Animal Company (license number: SCXK2016-0002, Changsha, China). Under standard feeding conditions, 
4–5 rats were housed in each cage with free access to food and water, under a 12 h light / 12 h dark cycle at 22 ± 1 
°C. A total of 84 rats were recruited in this study and 12 rats died during and after MCAO surgery (the mortality 
was approximately 14.29%), the rest 72 rats were randomly divided into 4 groups: Sham group, MCAO group, 
MCAO + ML-SA1 (a TRPML1 agonist) group and MCAO + ML-SI3 (a TRPML1 inhibitor) group. Forty-eight 
hours after reperfusion, the rats were euthanized by cervical dislocation under 3% isoflurane anesthesia, then the 
brains were collected immediately.

Rat model of ischemic stroke was prepared by middle cerebral artery occlusion (MCAO)
The MCAO surgery was established according to our previous study50. Briefly, rats were anesthetized by 
administering an intraperitoneal injection with 2% sodium pentobarbital (50 mg/kg, Sigma-Aldrich, St.Louis, 
MO, USA). The left internal carotid artery (ICA), external carotid artery (ECA), and common carotid artery 
(CCA) were isolated, respectively. Thereafter, a nylon monofilament (Cinontech, Beijing, China) coated with a 

Fig. 7.  TRPML1 up-regulation reduced the infarct size and the neurological deficits after ischemic stroke. 
(A, B) The infarct volume was measured by TTC staining. The infarct area was significantly attenuated by 
TRPML1 up-regulation in MCAO + ML-SA1, compared with that in the MCAO group. (C) The neurological 
deficiency was largely restored by TRPML1 up-regulation but conversely exacerbated by TRPML1 inhibitor 
ML-SI3. n = 6. *p < 0.05, **p < 0.01, ***p < 0.001; ns, p > 0.05.
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round tip of silicone gel (with an approximately 0.36 mm diameter) was inserted into the CCA through a small 
incision on the ECA. The nylon monofilament was then introduced back into ICA and further advanced about 
2 cm to reach the middle cerebral artery for occlusion (MCAO). After 90 min of MCAO, the monofilament was 
gently withdrawn for reperfusion. The rats in the sham group underwent the same operation except for insertion 
with nylon monofilament.

Intracerebroventricular administration for alteration of TRPML1 channels
The method for intracerebroventricular injection was manipulated according to our previous study17. Briefly, 
the rats were fixed on a stereotaxic apparatus (RWD Life Science Co., Ltd. Shenzhen, China) after anesthesia 
with 2% sodium pentobarbital. The skin and fascia of the cranial vault were excised to expose bregma, and the 
injection point was coordinated at 0.8 mm posterior to the bregma and 1.2 mm from the midline, a 12 mm-
long cannula with a diameter of 0.6 mm was vertically inserted 3.5 ~ 3.8 mm into the left lateral ventricle and 
a solid pin with 0.15 mm of diameter was inserted to seal the cannula. The agents were administrated to alter 
TRPML1-mediated lysosomal Ca2+ release by intracerebroventricular injection. Both TRPML1 agonist ML-SA1 
(0.144 mg/Kg, Selleck, Shanghai, China) and TRPML1 inhibitor ML-SI3 (26 µg/µL, Selleck, Shanghai, China) 
were treated once daily for 3 days before MCAO surgery49, and were administrated once again after onset of 
reperfusion following MCAO.

The neuronal ischemia model was prepared by oxygen-glucose deprivation (OGD) in HT22 
cells
Mouse hippocampal neuronal cell line (HT22) were purchased from Wuhan Purcell Life Sciences (Wuhan, 
China) and cultured in RPMI-1640 medium (Biosharp, Chengdu, China) containing 10% fetal bovine serum 
(Biological Industries, CT, USA) and 1% penicillin/streptomycin at 37 °C, with conditions of 5% CO2

51. To 
establish the oxygen-glucose deprivation (OGD) model, HT22 neurons were removed into an incubator with 
5% CO2 and 95% N2 (oxygen deprivation) and cultured with a medium deleting glucose and serum (glucose 
deprivation). After 60 min of OGD, the culture medium was replaced by a complete RPMI-1640 containing 
10% fetal bovine serum. Meanwhile, cells were cultured under conditions of 37 °C and 5% CO2 (reoxygenation). 
Thus, the neuronal ischemia model of OGD/reperfusion was established. HT22 cells in the control group were 
treated identically except for OGD. Cells were randomly divided into 4 groups: Ctr group, OGD group, OGD + 

Fig. 8.  Mechanism diagram of elevating TRPML1 channels ameliorates autophagic flux to alleviate ischemic 
neuronal injury.
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ML-SA1 (20 µM52, Selleck, Shanghai, China) group, and OGD + ML-SI3 (10 µM53, Selleck, Shanghai, China) 
group.

Western blot was performed to investigate the effects of TRPML1 channels on autophagic 
flux in ischemic neurons
The penumbric tissues and HT22 cells were collected 48 h after MCAO, as well as 1 h after OGD. The proteins 
were extracted by a Nuclei and Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) and were 
measured for protein concentrations with a BCA Protein Concentration Assay Kit (Beyotime, Shanghai, China). 
The proteins with different molecular weights were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF, Millipore, Billerica, MA, 
USA) membranes. After blocking with 10% nonfat milk, the primary antibodies were incubated overnight at 
4 °C, including rabbit antibodies against rat TRPML1 (1:1000, Alomone Labs, ACC-081, Jerusalem, Israel), 
CaN (1:1000, Thermo Fisher Scientific, PA5-29255, MA, USA), TFEB (1:1000, Thermo Fisher Scientific, PA5-
96632, MA, USA), Beclin1 (1:20000, Thermo Fisher Scientific, RA5-95065, MA, USA), LC3 (1:5000, Sigma-
Aldrich, L7543, St. Louis, MO, USA), SQSTM1/P62 (1:10000, Abcam, AB109012, Cambs, UK), ubiquitin 
(1:1000, Proteintech, 10201-2-AP, Wuhan, China), lysosome-associated membrane protein 2 (LAMP2, 
1:2000, Sigma-Aldrich, L0668, St. Louis, MO, USA), β-actin (1:10000, ABclonal, AC026, Wuhan, China) and 
Histone H3 (1:1000, Affinity Biosciences, AF0863, California, USA), and mouse primary antibody against 
rat cathepsin D (CTSD, 1:1000, Abcam, AB302649, Cambs, UK). After washing, the PVDF membranes were 
labeled with corresponding secondary antibodies for 1 h. After washing, the immune reactions were visualized 
by electrochemiluminescence (ECL). Experimental results obtained using ImageJ analysis. The results were 
expressed as the fluorescence signal intensity normalized to β-actin or H3.

Immunofluorescence was performed to reveal the efficacy of TRPML1 channels on TFEB-
regulated autophagic/lysosomal signaling
Rats were anesthetized with 2% pentobarbital sodium, and then sequentially perfused with saline and 4% 
paraformaldehyde (Invitrogen, Carlsbad, CA, USA) via heart 48 h after MCAO. The whole brains were quickly 
removed and fixed in 4% paraformaldehyde for 24 h and then immersed in 30% sucrose until they sank to the 
bottom. Brains were sliced into 20 μm-thickness sections with a freezing microtome (SLEE, Mainz, Germany). 
After 1 h following OGD/reoxygenation, cells were fixed with 4% paraformaldehyde for 10 min. Thereafter, 
brain tissues and HT22 cells were permeabilized with 0.2% Triton X-100 (Solarbio, Beijing, China) for 10 min 
and blocked with 10% goat serum (Beyotime Biotechnology, Shanghai, China) for 1 h. The primary antibodies 
were incubated overnight at 4 °C, including NeuN (1:400, Abcam, AB177487, Cambs, UK), TRPML1 (1:200, 
Alomone Labs, ACC-081, Jerusalem, Israel), CaN (1:500, Thermo Fisher Scientific, PA5-29255, MA, USA), 
TFEB (1:400, Thermo Fisher Scientific, PA5-96632, MA, USA), LC3 (1:400, Sigma-Aldrich, L7543, St. Louis, 
MO, USA), SQSTM1/P62 (1:400, Abcam, AB109012, Cambs, UK), mouse primary antibodies against rat 
cathepsin D (CTSD, 1:400, Abcam, AB302649, Cambs, UK). After washing, the Alexa Fluor-coupled secondary 
antibodies (1:800, Jackson ImmunoResearch Laboratories, 111-585-045 and 111-545-045, INC. PA, USA) 
were labeled for 2 h in the dark and then counterstained with DPAI (1:1000; Cell Signaling Technology, 4083, 
Danvers, MA, USA). Finally, the reactions were observed and photographed with a fluorescence microscope 
(Nikon Instruments Co., Ltd., Tokyo, Japan). The results were represented as percentages of positive cells in each 
penumbric field for brain tissues, and fluorescence intensity for HT22 neurons under high magnification (×400).

TTC staining was performed to assess infarct volume
The whole rat brains were quickly removed 48 h after MCAO/reperfusion and frozen at -20 °C for 15 min. 
After that, the brains were coronally sliced into 2 mm-thickness sections. The brain sections were immediately 
stained with 2% of 2,3,5-triphenyl tetrazolium chloride (TTC, Solarbio, Beijing, China) solution for 30 min at 
37 °C. Images were taken with a digital camera after the staining and the infarct volumes were calculated with 
image J. The infarct volume was expressed as A= (A0- (A00-A′))/A0*100%54. A: infarct volume, A0: contralateral 
hemisphere volume, A00: ipsilateral hemisphere volume, A′: measured infarct volume.

Evaluation of neurological deficits
The neurological deficits were evaluated by the modified Neurological Severity Score (mNSS) test 48 h after 
MCAO/reperfusion. The mNSS test comprised 4 contents55: reflex evaluation, motor function, balance ability, 
and sensory function. A possible highest score was 18, indicating the most serious neurological deficiency. The 
score of 0 showed no neurological deficit.

CCK-8 kit was used to detect the cell viability of OGD HT22 neurons
The cell viability was measured by a CCK-8 kit (Beyotime Biotechnology, Shanghai, China) 1 h after OGD, 
according to the instructions provided by the manufacturer. The cell survival rate was assessed by cell survival 
rate (%) = [(As-Ab)/(Ac-Ab)]×100%. As: TRPML1 intervention group, Ac: OGD group, Ab: Ctr group.

Nissl staining was utilized to evaluate neuronal survival
Brain tissues and HT22 cells were washed with PBS and then stained with a Nissl staining solution (Beyotime, 
Shanghai, China) for 5 min at 37 °C. After washing with distilled water, they were dehydrated with gradiently 
increased concentrations of ethanol. Staining was observed with a stereomicroscope (Nikon Instruments Co., 
Ltd., Tokyo, Japan) and photographed. The results were expressed as the number of Nissl bodies in each field 
under high magnification (×200).

Scientific Reports |        (2024) 14:24836 12| https://doi.org/10.1038/s41598-024-75802-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fluoro-Jade C (FJC) staining was performed to evaluate neuron death
Neuronal death was assessed by Fluoro-Jade C (FJC, Thermo Fisher Scientific, MA, USA) staining 48 h after 
MCAO and 1 h after OGD. After fixation with 4% paraformaldehyde, brain tissues, and HT22 cells were treated 
with solution A (sodium hydroxide) for 5 min, followed by incubation with 70% ethanol for 2 min and washing 
with distilled water for 2 min. Thereafter, they were incubated with working solution B (potassium permanganate) 
for 10 min. After washing with distilled water, they were stained with working solution C (FJC) for 10 min. 
After washing, they were permeabilized with xylene and photographed with a fluorescence microscope (Nikon 
Instruments Co., Ltd., Tokyo, Japan). The results were represented as the number of FJC-stained cells in each 
randomly selected non-overlapping area under high magnification (×200).

LysoSensor was used to evaluate the number of lysosomes and lysosomal capacity
LysoSensor (Yeasen, Shanghai, China) was diluted in PBS. After pre-warming at 37 °C, it was added into a 
culture medium with final concentrations of 2 µM. After incubation for 1 h at 37 °C in the dark, HT22 neurons 
were washed twice with PBS and fixed with 4% paraformaldehyde for 10 min and finally counterstained with 
DAPI. The staining was photographed with a fluorescence microscope (Nikon Instruments Co., Ltd., Tokyo, 
Japan). The results were expressed as fluorescence intensity.

Fluo-4 AM imaging for detection of cytoplasmic [Ca2+]
The Fluo-4 AM (Beyotime, Shanghai, China) was used to evaluate cytoplasmic [Ca2+] 1 h after OGD. Fluo-4 AM 
was first diluted into PBS for a working solution. The cultured HT22 neurons were incubated with 4 µM Fluo-4 
AM working solution for 1 h in the dark at 37 °C. Then, the cells were washed three times with PBS. Finally, the 
staining was observed and photographed with a stereomicroscope (Nikon Instruments Co., Ltd., Tokyo, Japan). 
The results were represented as fluorescence intensity.

Statistical analysis
All data in this study were analyzed by GraphPad Prism 9 software and expressed as mean ± standard error 
(SEM). Western blot bands were analyzed with Image J, and data among groups were analyzed by paired t-test 
and Wilcoxon rank sum test. Values of P < 0.05 were considered statistically different.

Data availability
The data in this study are available from the corresponding author upon reasonable request.
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