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ABSTRACT 21 

Background: Mitochondrial dysfunction caused by Ca2+ overload in pancreatic acinar cells is an important 22 

mechanism in the pathogenesis of acute pancreatitis (AP). Transient receptor potential cation channel 23 

melastatin 4 (TRPM4), a non-selective cation channel, can be activated by intracellular Ca2+, and is involved in 24 

mediating damage to neuronal mitochondrial function. However, the role of TRPM4 activation in mitochondrial 25 

dysfunction during AP remains unknown.  26 

Methods: We employed three mouse models of AP (intraperitoneal administration of L-arginine, cerulein plus 27 

lipopolysaccharides (LPS), or cerulein alone) for in vivo studies. For in vitro studies, cerulein+ LPS was used to 28 

induce mitochondrial dysfunction and cell death in AR42J cell. Trpm4 gene-defective mice and plasmids were 29 

utilized to downregulate the expression of TRPM4 in mice or overexpress TRPM4 in AR42J. 9-Phenanthrol, a 30 

specific inhibitor of TRPM4, was used to antagonize TRPM4 activity both in vitro and in vivo.  31 

Results: Pancreatic TRPM4 levels were increased in all three AP models. Blocking TRPM4 activity with 9-32 

phenanthrol or knocking down TRPM4 expression alleviated pancreatic damage and reduced mortality in AP 33 

mice. The protective effect of TRPM4 defects on AP was associated with improved mitochondrial function in 34 

pancreatic acinar cells. Mechanistically, TRPM4 activation induced mitochondrial dysfunction and cell death in 35 

AP were dependent on the presence of N-methyl-D-aspartate receptors (NMDARs). Blocking NMDARs 36 

mitigates the aggravated mitochondrial damage, ER stress and cell death caused by TRPM4 activation in AP.  37 

Conclusions: TRPM4 activation contributes to pancreatic acinar cells damage via an NMDAs-dependent 38 

pathway in AP. The TRPM4/NMDARs complex provides a new target for the future treatment of AP. 39 

 40 
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INTRODUCTION 43 

Acute pancreatitis (AP) is a disease characterized by the self-digestion of pancreatic tissue, accompanied by 44 

varying degrees of tissue destruction, edema or hemorrhage [1]. Alcohol, hyperlipidemia, and cholelithiasis 45 

account for approximately 72% of AP cases [2]. Severe AP is a non-self-limiting syndrome characterized by 46 

pancreatic necrosis and a high risk of multiple organ dysfunction syndrome (MODS), placing a heavy burden 47 

on intensive care units [3]. Due to the limited understanding of its pathogenesis, palliative treatment is the 48 

main treatment for severe AP, and specific treatments are still elusive [4]. 49 

 50 

Healthy mitochondria play a core role in maintaining the normal homeostasis of pancreatic exocrine acinar 51 

cells [5, 6]. Many studies have shown that abnormal mitochondrial function is a key factor in AP pathogenesis 52 

[7-9]. Mitochondrial damage caused by a variety of pathogenic factors can lead to impaired autophagy and 53 

subsequently cause lipid metabolism disorders and endoplasmic reticulum stress (ER stress) in AP [10]. Our 54 

previous studies have shown that impaired mitochondrial dynamics induces oxidative stress in pancreatic cell, 55 

aggravate the unfolded protein response (UPR), promote cell apoptosis and trigger an inflammatory response 56 

[11-13]. Therefore, restoring impaired mitochondrial function in AP provides a rationale for developing 57 

targeted therapeutic options. 58 

 59 

Calcium (Ca2+) overload is a key contributor to exocrine acinar cells injury in AP [14]. Transient receptor 60 

potential cation channel melastatin 4 (TRPM4) is a non-selective cation channel that can be activated by 61 

increasing the concentration of cytoplasmic Ca2+ [15-17]. TRPM4 activation causes mitochondrial injury and 62 

cell death in the nervous system when TRPM4 is physically coupled with N-methyl-d-aspartate receptors 63 

(NMDARs), a class of glutamate-gated, calcium-permeable neurotransmitter receptors [18]. Both NMDARs and 64 
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TRPM4 are expressed in the pancreas. However, the role of TRPM4 activation and its interaction with NMDARs 65 

in pancreatic cell injury during AP remains unknown. Therefore, we hypothesized that TRPM4 activation leads 66 

to pancreatic cell damage via an NMDAs-dependent pathway in AP. The aim of this study was to determine 67 

whether pancreatic cell injury in AP is related to TRPM4 activation and, if so, the role of TRPM4 and NMDARs 68 

interactions in this process. We investigated whether TRPM4 is involved in the association between elevated 69 

intracellular Ca2+ levels and mitochondrial dysfunction. This study provides mechanistic insight for the 70 

development of targeted treatments for AP. 71 

  72 
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RESULTS 73 

TRPM4 expression is increased in various AP models. 74 

To elucidate the role of TRPM4 in AP, we first examined changes in TRPM4 expression levels in the pancreas. 75 

As shown in Figures 1A-B, L-arginine or Cerulein+ lipopolysaccharides (LPS) or Cerulein alone were used to 76 

induce different mouse AP models, respectively (Detailed description is given in the Materials and Methods). 77 

The expression level of TRPM4 in the mouse pancreas was almost unchanged within 48 h after the 78 

intraperitoneal injection of L-arginine; however, it increased to approximately 1.5 times than the base level at 79 

72 h (P < 0.05, Figure 1C). A signally increase in TRPM4 expression was observed in mice at 11 h after AP 80 

induction with cerulein+ LPS, and the TRPM4 level returned to the baseline level at 15 h (P < 0.05, Figure 1D). 81 

Furthermore, the expression trend of TRPM4 in cerulein- treated AP model mice was similar to that in cerulein+ 82 

LPS-induced AP model mice (Figure 1E), suggesting that the two models may share the same pathogenesis. 83 

Figure 1F shows the TRPM4 expression in the pancreatic tissue of AP model mice and control mice. The 84 

destruction of pancreatic tissue combined with the deepening of TRPM4 staining confirmed the conclusions 85 

obtained in Figures 1C-E. 86 

 87 

9-phenanthrol protects against pancreatic injury in experimental AP. 88 

Pathological examination revealed the role of TRPM4 in AP development. As shown in Figures 2A-C & Figures 89 

S1A-C, L-arginine-, cerulein+ LPS-, cerulein-induced AP caused different degrees of pancreatic damage in mice. 90 

Among them, cerulein-induced AP was less severe than L-arginine- or cerulein+ LPS-induced AP. The 91 

intraperitoneal injection of the TRPM4 inhibitor 9-phenanthrol alleviated or eliminated pancreatic injury and 92 

necrosis in the three mouse models of AP. 9-phenanthrol exhibited a dose-dependent protective effect on the 93 

pancreas (P < 0.05, Figures 2A-C; P > 0.05, Figures S1A - C). 94 
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 95 

Severe AP is often accompanied by pancreatic hemorrhage, necrosis, and macroscopic reductions in pancreatic 96 

volume and weight. Mild AP, also known as edematous pancreatitis, is associated with or without weight gain 97 

due to congestive edema of the pancreas [1]. As shown in Figure 2D, L-arginine-AP and cerulein+ LPS-AP caused 98 

a decrease in pancreatic water content, suggesting pathological atrophy of the pancreas (P < 0.05). 9-99 

phenanthrol gradually normalized the abnormal wet weight /dry weight ratio of the pancreas (Figure 2D). 100 

Cerulein-AP model mice showed increased pancreatic edema, and 100μg/kg of 9-phenanthrol alleviated 101 

cerulein-induced pancreatic edema, but there are no sings of significance on Figure 2D. Similarly, level of serum 102 

LDH, amylase, and lipase, which are associated with pancreatic acinar cells injury, were also elevated in all 103 

three AP models. The application of 9-phenanthrol reduced abnormally elevated serum LDH, amylase and 104 

lipase levels (P < 0.05, Figures 2E-G). 105 

 106 

The expression of RIP-3, a necrosis-related protein, upregulated in pancreatic tissues of multiple AP models 107 

and downregulated after 9-phenanthrol administration (Figures 2H-I). The protective effect of TRPM4 108 

inhibition against apoptosis in pancreatic tissues of AP mice was confirmed by TUNEL staining (P < 0.05, Figures 109 

2J-K). Similarly, the expression level of apoptosis-related proteins, i.e., BAX and cleaved caspase-3, which was 110 

highly expressed in this AP models, was downregulated after the intraperitoneal injection of 100 μg/kg 9-111 

phenanthrol (Figure 2L). 112 

 113 

To further evaluate the protective ability of 9-phenanthrol against AP, a 5-day survival experiment was 114 

performed. As shown in Figure 2M, among the 20 L-arginine-induced AP model mice, 7 died on the first day (3 115 

died within 12 h after the procedure). Five died successively over the next 1-2 days. At the end of the 116 
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experiment (day 5), 12 of the 20 mice had died, resulting in a survival rate of 40%. After treatment with 50 117 

μg/kg 9-phenanthrol, 9 of 18 L-arginine-induced AP model mice died within 2 days; the survival rate of the 118 

mice was 50% at the end of the experiment (P > 0.05). However, 100 μg/kg 9-phenanthrol increased the 119 

survival rate of L-arginine-AP model mice to almost 78% (P < 0.05). Similarly, 100 μg/kg 9-phenanthrol 120 

increased the survival rate of cerulein+ LPS-induced AP model mice from approximately 50% to more than 80% 121 

(P < 0.05, Figure 2N). Cerulein-induced AP only caused the death of one experimental animal (Within day 1), 122 

and no death was observed after the application of 9-phenanthrol (P > 0.05, Figure 2O). These results suggest 123 

that cerulein-AP is a mild and self-limiting disease and that the damage only manifests at the organ level, with 124 

little systemic effect. 125 

 126 

Inflammation is another pathological feature of AP [7]. In this study, neutrophils were labeled with LY6G to 127 

visually observe the changes in the number of inflammatory cells in pancreas. As shown in Figures S2A-B, the 128 

intraperitoneal injection of 9-phenanthrol reduced the number of neutrophils in pancreas in AP animal models. 129 

Similarly, the elevated levels of IL-6 and TNF-α in the serum of AP mice were also reduced after the application 130 

of 9-phenanthrol. (Figures S2C-D, P < 0.05). 131 

 132 

9-Phenanthrol alleviates mitochondrial dysfunction in experimental AP. 133 

Mitochondrial damage plays a central role in the pathogenesis of AP [10, 12]. When AP occurs, mitochondria 134 

in pancreatic cells often exhibit swelling, the disappearance of mitochondrial cristae, and even mitochondrial 135 

rupture. AP is accompanied by abnormal mitochondrial function protein expression, oxygen free radical 136 

metabolism disorder, and endoplasmic reticulum (ER) stress [10, 13]. As shown in Figure 3A, under 137 

transmission electron microscopy (TEM), mouse pancreatic cells treated with L-arginine or cerulein+ LPS had 138 
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abnormal mitochondrial morphology, around which autophagosomes had accumulated. 9-phenanthrol (50 139 

μg/kg) normalized the above mitochondrial morphological abnormalities to a certain extent, while 100 μg/kg 140 

9-phenanthrol basically restored the normal morphology of mitochondria. 141 

 142 

As the “energy factory” of the cell, one of the main roles of mitochondria is to produce ATP. Therefore, changes 143 

in ATP content directly reflect mitochondrial function. The ATP levels of L-arginine-AP and cerulein+ LPS-AP 144 

model mice were reduced to approximately 16% to 17% compared with those of the control mice (Figure 3B). 145 

The level was partially restored by treatment with 50 μg/kg 9-phenanthrol (p > 0.05) and restored to 80% to 146 

94% of those in control mice by treatment with 100 μg/kg 9-phenanthrol (p < 0.05). Normal mitochondrial 147 

generation, fusion and mitophagy constitute healthy mitochondrial dynamics. PGC-1α is crucial regulators of 148 

mitochondrial biogenesis [19]. As shown in Figure 3C, western blot analysis showed that PGC-1α expression 149 

level was distinctly downregulated in L-arginine- or cerulein+ LPS- AP model mice. Similarly, Mfn-2 and PINK1, 150 

regulators of mitochondrial fusion and mitophagy [20], were also decreased in vehicle-treated AP mice. 151 

Administration of 9-phenanthrol restored PGC-1α, Mfn-2 and PINK1 levels in AP mice. Thus, 9-phenanthrol 152 

treatment restored mitochondrial biogenesis and mitophagy in AP.  153 

 154 

HSP60 is a mitochondrial protein whose main function is to assist in the proper transport, folding, and assembly 155 

of cellular peptides or proteins [21]. HSP60 can be induced by stress, inflammation and immune responses [22, 156 

23]. Immunofluorescence showed that HSP60 expression was increased in AP mice, an effect that was reversed 157 

by the administration of 9-phenanthrol (Figures 3D-E). Mitochondrial dysfunction leads to an increase in 158 

oxygen free radical production and a protective unfolded protein response (UPR) [11]. DHE fluorescence 159 

staining of reactive oxygen species (ROS) showed that the pancreatic tissue of vehicle treated-AP model mice 160 
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produced many oxidative stress products (Figures 3F-G), accompanied by a signally decrease in the total 161 

antioxidant capacity (P < 0.05, Figure 3H). Western blot analysis showed that the ER stress-related proteins, 162 

such as phosphor-IRE1α and GRP78, was also increased in vehicle treated-AP model mice (Figure 3I), 163 

suggesting the occurrence of the UPR. The intraperitoneal injection of 9-phenanthrol reduced ROS production, 164 

restored the total antioxidant capacity and alleviated ER stress in pancreas of various AP models (P < 0.05, 165 

Figures 3F-I). 166 

 167 

Pancreatic damage was alleviated in experimental AP after trpm4 knockout. 168 

Trpm4 gene knockout (KO) mice were successfully constructed (Figures 4A-B), and we induced AP in this animal 169 

to observe the effect of defective TRPM4 expression on AP in mice. As shown in Figures 4C-E, the pancreatic 170 

damage in trpm4-KO mice was observably alleviated compared with that in wild-type (WT) mice with 171 

experimental AP. Additionally, serum amylase and LDH levels decreased to varying degrees in AP mice after 172 

trpm4 KO (P < 0.05, Figures 4F-G). TUNEL fluorescence staining and changes in the RIP-3 expression level 173 

confirmed that defective TRPM4 expression alleviated pancreatic injury in AP mice (P < 0.05, Figures 4H-J). 174 

Similarly, pancreatic oxidative stress (Figures 4K-L), mitochondrial damage (Figures 4M-N), ER stress (Figures 175 

4O-P) and inflammation (Figure S3) induced by L-arginine or cerulein+ LPS treatment were also alleviated after 176 

trpm4-KO in mice. 177 

 178 

The overexpression of trpm4 in AR42J aggravated cerulein-induced cell death and mitochondrial dysfunction. 179 

To clarify the role of TRPM4 in pancreatic exocrine acinar cell injury in AP, we overexpressed trpm4 in AR42J 180 

cells (rat pancreatic exocrine cells) by plasmid transfection. As shown in Figure S4, western blot analysis 181 

revealed that the transfection of trpm4 (Pl-Trpm4) led to an increase in the expression of TRPM4 protein in 182 
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AR42J. We treated AR42J cells with cerulein+ LPS to mimic pancreatic cell injury in AP in vitro. 183 

 184 

As shown in Figure 5A, within 24 h after cerulein+ LPS treatment, LDH levels in the supernatant of Pl-Vector 185 

treated AR42J (control group) gradually increased (Blue line). From 24 h to 48 h, the level of LDH in the 186 

supernatant fluctuated slightly, but the level at 48 h was not significantly different from that at 24 h (P > 0.05). 187 

Transfection with Pl-trpm4 caused cells to release more LDH at 24 h after cerulein+ LPS treatment than that in 188 

control group (Pink line, P < 0.05, Figure 5A). An analogical phenomenon was observed for amylase levels in 189 

the cell supernatant (Figure 5B), suggesting that the overexpression of TRPM4 aggravated the destruction of 190 

AR42J in the in vitro AP model. 191 

 192 

The Mito-Tracker fluorescent dye stains mitochondria in living cells, reflecting the number of functioning 193 

mitochondria [24]. As shown in Figures 5C-E, cerulein+ LPS decreased Mito-Tracker fluorescence density and 194 

ATP levels in cultured AR42J cells. The overexpression of TRPM4 further decreased Mito-Tracker fluorescence 195 

intensity and ATP levels in cerulein+ LPS-treated AR42J cells (P < 0.05). DHE staining and FRAP showed that 196 

oxidative stress occurred in the in vitro AP models and that oxidative stress was further exacerbated by the 197 

overexpression of TRPM4 (Figures 5F-H). The expression of UPR-related proteins showed that ER stress, which 198 

occurred in the in vitro AP model, was also exacerbated by TRPM4 overexpression (P < 0.05, Figures 5I-J). 199 

 200 

Mitochondrial damage and cell death during AP is mainly Ca2+-overload dependent [10]. Elevated cytoplasmic 201 

Ca2+ concentrations in the cytoplasm also activate TRPM4 [17]. In this study, we found that both the expression 202 

level of TRPM4 and the concentration of cytoplasmic Ca2+ (Fluo-3 labeled green fluorescence) increased in the 203 

in vitro AP model (Figures 5K-L). The overexpression of TRPM4 aggravated cerulein+ LPS-induced damage to 204 
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AR42J but had no significant effect on the concentration of Ca2+ in the cytoplasm (Figure 5L). Flow cytometry 205 

confirmed this phenomenon, and there was no significant difference in Ca2+ concentration between AR42JPBS 206 

and AR42JPI-Trpm4 cells before or after cerulein+ LPS treatment (Figure 5L-M). These evidences suggest that there 207 

may be an entangled relationship between TRPM4 and Ca2+ in the occurrence of mitochondrial damage in AP. 208 

 209 

9-Phenanthrol inhibited cerulein-induced cell death and mitochondrial damage in AR42J cells. 210 

To verify the direct protective effect of TRPM4 inhibition on AR42J, we added different doses of 9-phenanthrol 211 

to cerulein+ LPS-treated AR42J cells at 24 h (Pl-trpm4 or Pl-vector). As shown in Figures 6A-B, with the increase 212 

of 9-phenanthrol, the level of amylase and LDH in the supernatant of vehicle- or PI-Trpm4- treated AR42J cells 213 

gradually decreased. The lowest level was observed in cells treated with 50 ng/ ml and 100 ng/ ml 9-214 

phenanthrol (P < 0.05). Mito-Tracker and DHE fluorescence staining showed that 9-phenanthrol relieved 215 

cerulein+ LPS induced mitochondrial damage and oxidative stress in AR42J cells (Figures 6C-E). 9-phenanthrol 216 

also directly restored mitochondrial PGC-1α and PINK1 expression (Figure 6F), alleviated ER stress in cerulein+ 217 

LPS treated AR42J (Figures 6G-H). The expression level of CHOP increases during ER stress, and CHOP mediating 218 

ER stress- related programmed cell death in AP [25]. In this study, 9-phenanthrol decreased the level of CHOP. 219 

Figures 6I-M showed that 50 ng/ ml 9-phenanthrol alleviated the aggravation of mitochondrial damage and ER 220 

stress caused by TRPM4 overexpression in cerulein+ LPS- treated AR42J. 221 

 222 

Quantification of Fluo-3 fluorescence density showed that the TRPM4 inhibitor had no significant effect on the 223 

concentration of Ca2+ in the cytoplasm of the in vitro AP models (P > 0.05, Figures 6N-O). These results, 224 

combined with those in Figures 5L-M, showed that altering TRPM4 levels in AR42J cells affect mitochondrial 225 

dysfunction and cell death without affecting intracellular Ca2+ concentration. It is speculated that intracellular 226 
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Ca2+ overload possibly induce mitochondrial dysfunction and AP through TRPM4 mediation. To further 227 

elucidate this perspective, we applied Yoda1 to overload Ca2+ in mouse pancreatic acinar cells (PACs). Yoda1 is 228 

an effective agonist of Piezo1, the activation of which leads to Ca2+ overload in acinar cells and induces AP [26].  229 

 230 

As illustrated in Figure S5A, the Ca2+ concentration in Yoda1-treated mouse PACs increased rapidly, and over 231 

time, the levels of LDH in the cell supernatant also gradually increased (P < 0.05, Figure S5B). Consistent with 232 

our conjecture, the expression level of TRPM4 increased with the continuous increase of intracellular Ca2+ 233 

(Figure S5C). And the change trend of TRPM4 expression was similar to that of LDH level in cell supernatant. 234 

9-phenanthrol alleviated the aforementioned damage in a dose-dependent manner (Figure S5D) and restored 235 

the mitochondrial capacity for ATP production and antioxidation (Figures S5E-F), without affecting Yoda1-236 

induced Ca2+ level increase (Figure S5G). These results provide evidence that TRPM4 serves as a mediator in 237 

the process by which Ca2+ overload disrupts mitochondrial function in acinar cells and promotes cell death. 238 

 239 

NMDARs interacts with TRPM4 to induce ER stress and cell death in AR42J. 240 

The interaction between NMDARs and TRPM4 plays a momentous role in mitochondrial damage in neurons 241 

[18]. To explore the mechanism by which TRPM4 affects pancreatic cells damage, an NMDARs agonist was 242 

added to the in vitro AP model. As shown in Figure 7A and Figure S6, after the addition of 50 μM NMDARs 243 

agonist (NMDA+), the levels of LDH and amylase in the supernatant of cerulein+ LPS-treated AR42J was 244 

increased (P < 0.05). 9-Phenanthrol (50 ng/ ml) inhibited the increase in LDH and amylase levels induced by 245 

NMDA+ (Figures 7B-C). Analogously, the NMDA+-induced worsening of mitochondrial damage and ER stress in 246 

the in vitro AP model was attenuated by the administration of 9-phenanthrol (Figures 7D-H). These results 247 

imply that the cellular dysfunction induced by NMDARs activation during AP is dependent on the presence of 248 
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TRPM4. 249 

 250 

To test the aforementioned hypothesis, we introduced MK-801+, an NMDARs inhibitor, into the in vitro AP 251 

model. Trpm4-overexpressing AR42J were treated with different concentrations of MK-801 plus cerulein + LPS. 252 

As shown in Figures 7I-J, MK-801 at different concentrations had no significant effect on PBS-treated TRPM4-253 

overexpressing AR42J cells. However, with the increase in MK-801 concentration, the aggravation of cell 254 

damage caused by TRPM4 overexpression in cerulein+ LPS- treated AR42J cells was gradually alleviated. MK-255 

801 (20 μM) significantly reduced LDH and amylase levels in the supernatant of AR42J cells (P < 0.05). The 256 

same protective effect of MK-801 was also observed in mitochondrial and ER stress in AR42JPI-Trpm4 cells treated 257 

with cerulein+ LPS (Figures 7K-O). 258 

 259 

We applied MK801 to in vivo AP models to validate the results obtained in vitro. The intraperitoneal injection 260 

of different doses of MK801 alleviated pancreatic damage caused by L-arginine or cerulein + LPS (Figures 8A-261 

C) without affecting TRPM4 expression levels in the pancreas of AP model (Figures S7A-B). In addition, we 262 

observed a significant change at a dose of 10 mg/kg MK801 (P < 0.05, Figures 8A-C). Similar to the results 263 

observed in vitro, MK801 alleviated ROS deposition, mitochondrial spoilage and ER stress in AP mice (Figures 264 

8D-H). This evidence confirms that NMDARs interacts with TRPM4 to induce intracellular dysfunction and cell 265 

death in AP. 266 

  267 
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DISCUSSION 268 

Herein, we demonstrated that the expression level of TRPM4 is increased in the pancreatic tissues of AP mice. 269 

We used three animal models of AP, with the aim of conduct preclinical studies that mimic the different 270 

pathogeneses of human disease. The study proved that intraperitoneal injection of TRPM4 inhibitors had a 271 

protective function on pancreatic injury in various AP model. In vitro experiments confirmed that the damage 272 

to pancreatic exocrine acinar cells caused by TRPM4 activation was dependent on the presence of NMDARs. 273 

TRPM4, in conjunction with functional NMDARs, mediates mitochondrial dysfunction in acinar cells and 274 

exacerbates intracellular oxygen free radical accumulation and ER stress, ultimately leading to cell death 275 

(Figure 9).  276 

 277 

TRPM4 is a member of the transient receptor potential (TRP) channel family. Previous studies have revealed 278 

that the TRPM subfamily is associated with neurodegeneration [27]. TRPM4 is a Ca2+-impermeable cationic 279 

channel protein that can be activated by intracellular calcium, depolarization, and variation in temperature 280 

[28]. TRPM4 is known to be involved in neuropathy, cardiac rhythmopathies, and tumor-related diseases by 281 

disrupting mitochondrial homeostasis [15, 29]; however, its role in AP has not been reported. Currently, it is 282 

believed that the key pathogenic mechanism of AP is pancreatic acinar cell mitochondrial damage caused by 283 

Ca2+ overload [10, 30]. As mentioned above, intracellular Ca2+ is involved in the activation of TRPM4, and 284 

TRPM4, in turn, is associated with abnormal mitochondrial function. Therefore, it is reasonable to speculate 285 

that Ca2+ overload in acinar cells caused by different reasons activates TRPM4 and may be participated in the 286 

pathogenesis of AP. In this study, both Ca2+ and TRPM4 were elevated in AP models. However, the 287 

overexpression of trpm4 in pancreatic acinar cells and the application of inhibitors to block TRPM4 both 288 

affected mitochondrial metabolism without affecting the intracellular Ca2+ overload. Changes in TRPM4 appear 289 
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to be a downstream factor affecting cell death that should result from high intracellular Ca2+ concentration in 290 

AP. These findings manifest that elevated Ca2+ in the cytoplasm of pancreatic exocrine acinar cells during AP 291 

may affect mitochondrial function by activating TRPM4. 292 

 293 

Ca2+ overload in acinar cells of AP results from multiple factors. Impaired endoplasmic reticulum Ca2+ handling 294 

and abnormal activation of plasma membrane ion channels, triggered by inflammation and oxidative stress, 295 

are key contributors [10]. The role of NMDA receptors in this process is emerging but not fully clear. Pancreatic 296 

injury may release glutamate, activating NMDA receptors on acinar cells and promoting Ca2+ influx [31]. NMDA 297 

receptor activation could also dysregulate other Ca2+ - handling proteins, worsening Ca2+ dyshomeostasis [32]. 298 

However, the involvement of other glutamate receptor subtypes and interactions with other Ca2+ - regulating 299 

pathways complicate the picture. Future research using selective NMDA receptor antagonists or genetic 300 

models is needed to precisely define NMDA receptors' contribution to Ca2+ overload, which could reveal new 301 

therapeutic targets for AP. 302 

 303 

Members of the TRPM family are not only Ca2+-activated cation receptors but also sense temperature changes 304 

and produce corresponding functional changes [33]. Our recent work showed that the expression of cold-305 

inducible RNA-binding protein (CIRBP), a temperature-sensitive protein, was increased in AP. Inhibiting the 306 

expression of extracellular CIRBP by different means helps to decrease the severity of AP [34]. Therefore, we 307 

wondered whether the aggravation of AP induced by CIRBP was also achieved through TRPM4 activation. 308 

Because of this low-temperature dependent activation property of TRPM4, it may be a key target for 309 

exogenous CIRBP-induced mitochondrial dysfunction of pancreatic acinar cells. Of course, this hypothesis 310 

remains to be explored further. 311 
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 312 

NMDA receptors (NMDARs), a subtype of ionogenic glutamate receptors, are heteromers composed of 313 

multiple subunits and are mainly distributed in the central nervous system [35]. Recent evidence shows that 314 

NMDARs are not only widely distributed in tissues such as kidney, pancreas, liver and blood vessels but also 315 

participate in the maintenance of normal physiological functions of these organs and tissues [36-40]. TRPM4 316 

can physically interact with NMDARs and form the NMDARs/TRPM4 complex, which is involved in mediating 317 

neuronal mitochondrial disorder, leading to cell death [18]. Han et al. also found that the NMDARs inhibitor 318 

MK801 suppressed LPS-induced mitochondrial damage and apoptosis in endothelial cells [41], suggesting that 319 

the presence of NMDARs is involved in the regulation of cellular mitochondrial homeostasis and participated 320 

in the destruction of cells caused by damaging factors. In this study, we showed that the activation of TRPM4 321 

resulted in abnormal mitochondrial function and increased cell death in AP. This effect of TRPM4 also appears 322 

to be NMDARs dependent. As the NMDARs inhibitor MK-801 inhibited mitochondrial damage aggravated by 323 

trpm4 overexpression in the in vitro AP model. Furthermore, 9-phenanthrol, an inhibitor of TRPM4, rescues 324 

mitochondrial function and cell death exacerbated by NMDARs agonists, indicating that both functional TRPM4 325 

and NMDARs in pancreatic exocrine acinar cells is a key link mediating mitochondrial dysfunction during AP.  326 

 327 

Moreover, we propose that the interplay between NMDA receptors and TRPM4 channels may involve both 328 

physical interactions mediated by proteins like TwinF (as reported by Yan et al.) and functional coupling, where 329 

Ca²⁺ influx via NMDA receptors directly activates TRPM4 through Ca²⁺/calmodulin-dependent mechanisms in 330 

AP. This dual-mode interaction, combining structural association and Ca²⁺-dependent functional regulation, 331 

could synergistically modulate cellular excitability and the function of downstream mitochondria. However, 332 

due to the lack of evidence, further studies (e.g., Co-IP assays, Ca²⁺-binding site mutagenesis and other 333 
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functional experiments) are needed to dissect their respective contributions. 334 

 335 

Mitochondria are the "energy factories" of eukaryotic cells and perform oxidative reactions and produce ATP. 336 

The stability of their function and morphology maintains the homeostasis of cells [19, 42]. Mitochondrial 337 

dysfunction is a key factor in exocrine cells damage in AP [10, 43]. Abnormal mitochondrial function, such as 338 

impaired mitochondrial selective autophagy (otherwise known as mitophagy), reduces the oxidative metabolic 339 

capacity of a cell, leading to the accumulation of oxygen free radical products [44] and cause oxidative stress 340 

[45]. Non-hypoxic induction of mitophagy can be modulated by one of the three classical pathways, the 341 

PINK1/Parkin pathway, which plays causative roles in neurodegenerative disease [46]. In this study, we found 342 

that the expression of mitophagy protein PINK1 was down-regulated during AP, indicating that AP caused 343 

abnormalities in the catabolic process of autophagosome - lysosome to mitochondrial degradation products, 344 

including oxygen free radical products. The imbalance of redox process in the cell in turn increases the burden 345 

of mitochondria, and then a series of organelle dysfunction occurs. At present, it has been confirmed that 346 

ferroptosis is often caused by abnormal mitophagy and the oxidative stress. The combination of these injury 347 

factors resulted in irreversible damage of acinar cells during AP, which aggravated tissue destruction [47, 48]. 348 

We have demonstrated in both in vivo and in vitro that inhibition of TRPM4 restores the expression of 349 

mitophagy protein PINK1, suggesting that TRPM4-mediated mitochondrial dysfunction is partly caused by 350 

affecting its normal autophagy process.  351 

 352 

As "energy factories", the decrease in energy production capacity of mitochondria further affects the function 353 

of other organelles in the cell, induces ER stress, and reduces the ability of the ER to properly fold proteins. 354 

These abnormal functions promote the occurrence of impaired intracellular autophagy (otherwise known as 355 
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macrophagy), aggravate lipid metabolism disorders in acinar cells, give rise to the expression of apoptosis-356 

related proteins, and ultimately lead to cell death [10, 11]. TRPM4 is involved in mitochondrial damage and 357 

oxidative stress in cardiomyocytes [49], its role in other organelles injury of AP has not been discussed. In this 358 

study, the application of 9-phenanthrol to antagonize TRPM4 alleviated the increased mitochondrial damage 359 

in both in vivo and in vitro AP models. And this protective effect of 9-phenanthrol appears to be generated by 360 

restoring normal mitochondrial biogenesis and fusion, such as the restoration of PGC-1α and Mfn-2 expression. 361 

By saving mitochondrial functional proteins, the core function of mitochondria - the ability to produce ATP for 362 

cells - was also improved. And then, the high expression of the ER stress-related protein CHOP, which mediates 363 

apoptosis, decreased after TRPM4 inhibition. Glucose-regulated protein 78 (GRP78) is a hallmark chaperone 364 

induced by ER stress. It is vital for protein folding and assembly in the ER and regulation of ER stress initiation 365 

mediators, was also decreased after TRPM4 inhibition. The saved endoplasmic reticulum retains the ability to 366 

process proteins, promoting the rehabilitation of cell function. The remission of necrosis and inflammation 367 

showed that 9-phenanthrol not only restored cell function at the microscopic level but also reduced the 368 

damage caused by AP at the macroscopic level. With reference to previous studies on mitochondrial damage 369 

in AP, we suggest that these general improvements should be secondary to the protection of mitochondrial 370 

function. 371 

 372 

There are some limitations to the study. Herein, we discussed the possible role of the NMDARs/TRPM4 373 

complex in acinar cell damage during AP and proposed that the mitochondrial damage in acinar cells caused 374 

by intracellular Ca2+ overload may be mediated by the NMDAR/TRPM4 complex. However, the specific 375 

downstream molecules of NMDAR/TRPM4 that regulate mitochondrial function in exocrine cells during AP is 376 

still unknown. The ABCE1 gene is a member of the ATP binding box transporter gene subfamily, and the 377 
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regulation of ABCE1 alleviates impaired mitochondrial function by affecting mitophagy [50]. In this study, we 378 

observed changes in ABCE1 expression when NMDARs/TRPM4 was modulated to affect mitochondrial function 379 

(unpublished data). This phenomenon manifests that ABCE1 may be implicated in the regulation of 380 

mitochondrial function by NMDAR/TRPM4. Therefore, our future research goals are to explore the role of 381 

ABCE1 in mitochondrial damage in pancreatic cells, confirm whether ABCE1 mediates the NMDAR/TRPM4-382 

induced disruption of mitochondrial function during AP, and elucidate the possible molecular signaling 383 

pathway through which NMDAR/TRPM4 regulates ABCE1, thereby regulating mitophagy and ultimately 384 

affecting mitochondrial function in AP. 385 

 386 

The activation of TRPM4 leading to mitochondrial dysfunction may also be achieved by affecting the 387 

mitochondrial membrane potential (ΔΨm). As mentioned before, TRPM4 is a Ca2+ -activated cation channel 388 

that alters the cell membrane potential by regulating the flow direction of cations. Plasma membrane potential 389 

changes may directly interfere with mitochondrial electrochemical gradients via voltage-dependent ion 390 

channel crosstalk. Our experiments shows that the expression of ABCE1 changes under the above 391 

circumstances, but its role in regulating ΔΨm remains unvalidated. The potential contribution of TRPM4-392 

induced ΔΨm disruption warrants mechanistic exploration, particularly regarding ABCE1-mediated trafficking 393 

or functional coupling. 394 

 395 

Another limitation of this study is regarding the application of inhibitors. While 9-phenanthrol was used here 396 

based on prior research, its potential off-target effects highlight a limitation, as 4-chloro-2-[2-(2-chloro-397 

phenoxy)-acetylamino]-benzoic acid (CBA) shows more selectivity for TRPM4 and meclofenamate has been 398 

validated in animal models [17, 51]. Future studies using these selective inhibitors will help dissociate TRPM4-399 
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specific effects from off-target actions, strengthening mechanistic insights into TRPM4-mediated 400 

mitochondrial damage. 401 

 402 

In conclusion, the results of this study prove that TRPM4 expression in acinar cells mediates mitochondrial 403 

damage during AP, contributing to organelle dysfunction and cell death. This involvement of TRPM4 in acinar 404 

cell damage may be NMDARs dependent. In addition, the NMDAR/TRPM4 complex may be a key signaling 405 

node in intracellular Ca2+ overload-induced mitochondrial damage and AP. 406 

  407 
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MATERIALS AND METHODS 408 

Animals: Male C57BL/6 J mice (age, 9-10 weeks; weight, 20-22 g) were purchased from Xi 'an Huaren 409 

Biotechnology Co., LTD and housed in the Experimental Animal Center of Xi’an Jiaotong University. Trpm4 gene 410 

knockout (trpm4-KO) mice (Cyagen Biosciences, Inc., Jiangsu, CN) were generated and used in this study, 411 

Detailed primer sequences are listed in the supplementary material. Wild-type littermates were used as 412 

controls.  413 

 414 

In vivo models: Mice were fasted for 8-12 h before the procedure. Arginine-induced AP mice were generated 415 

by 2 hourly intraperitoneal injections of 4 g/kg L-arginine (A640158, Aladdin Scientific, CN)[12]. The animals 416 

were anesthetized by isoflurane inhalation at 24, 48 or 72 h after the first injection of L-arginine. Blood samples 417 

and pancreatic tissues were collected. In other groups of L-arginine-induced AP model, at 3 h after the first 418 

injection of L-arginine, normal saline (vehicle) or 20, 50, 100 μg/kg 9-phenanthrol (E0028, Selleck, Inc. CN) was 419 

administered via intraperitoneal injection. The animals were anesthetized at 72 h after the first injection of L-420 

arginine (i.e., 69 h after 9-phenanthrol treatment).  421 

 422 

At 3 h after the first injection of L-arginine, normal saline (vehicle) or 5, 10, 20 mg/kg MK-801 (S2876, Selleck, 423 

Inc. CN), a specific NMDA receptor antagonist, was administered by intraperitoneal injection. The animals were 424 

anesthetized at 72 h after the first injection of L-arginine (i.e., 69 h after MK-801 treatment). In additional 425 

groups of L-arginine-induced AP, survival was monitored for 5 days after vehicle treatment or 9-phenanthrol.  426 

 427 

Cerulein + LPS-induced AP mice were generated by 7 hourly intraperitoneal injections of 50 μg/kg cerulein 428 

(C6660, Solarbio, CN). 10 mg/kg lipopolysaccharide (LPS) (L8880, Solarbio, CN) was added to the last cerulein 429 
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injection [13]. The animals were anesthetized at 8, 11 or 15 h after the first injection of cerulein (i.e., 1, 4 or 8 430 

h after the last injection of cerulein). In another group of cerulein + LPS-induced AP mice, at 30 min after the 431 

second injection of cerulein, normal saline (vehicle) or 20, 50, 100 μg/kg 9-phenanthrol was administered. The 432 

animals were sacrificed at 11 h after the first injection of cerulein. 433 

 434 

At 30 min after the second injection of cerulein, normal saline (vehicle) or 5, 10, 20 mg/kg MK-801 (S2876, 435 

Selleck, Inc. CN), a specific NMDA receptor antagonist, was administered via intraperitoneal injection. The 436 

animals were sacrificed at 11 h after the first injection of cerulein. In additional groups of cerulein + LPS-437 

induced AP, survival was monitored for 5 days after vehicle treatment or 9-phenanthrol. 438 

 439 

Cerulein-induced AP mice were generated by 7 hourly intraperitoneal injections of 50 μg/kg cerulein (C6660, 440 

Solarbio, CN). The animals were anesthetized and sacrificed at 8, 11 or 15 h after the first injection of cerulein. 441 

In another group of cerulein-induced AP mice, at 30 min after the second injection of cerulein, 50 or 100 μg/kg 442 

9-phenanthrol was administered. The animals were sacrificed at 11 h after the first injection of cerulein. In 443 

additional groups of cerulein-induced AP, survival was monitored for 5 days after vehicle treatment or 9-444 

phenanthrol. 445 

 446 

Cell Culture: Pancreatic AR42J cells (CL-0025, Procell, CN) were cultured in AR42J cell specific medium (CM-447 

0025, Procell, CN) in a humidified incubator at 37 °C with 5% CO2 [13]. Mouse pancreatic acinar cells (PACs) 448 

(CP-M226, Procell, CN) were cultured in their specific culture medium (CM-M226, Procell, CN) within the same 449 

conditions. Both cells were implanted into six-well culture plates (5×105/well) or laser confocal plates 450 

(5×105/well) for subsequent experiments. Before the experiment, pretreatment with 100 nM dexamethasone 451 
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(D4902, Sigma-Aldrich, Germany) for 48 h was used to activate AR42J cells to differentiate into acinar-like 452 

phenotypes. 453 

 454 

In vitro models in AR42J cells and plasmid transfection: AR42J cells were treated with cerulein (100 nmol/L, 455 

C6660, Solarbio, CN) and LPS (10 ng/ ml, L-8880, Solarbio, CN) for 4, 8, 12, 18, 24 or 48 h. An equal volume of 456 

medium was given as a control. A TRPM4-overexpressing plasmid (Pl-trpm4) and negative control plasmid (Pl-457 

vector) were synthesized by Shanghai Genechem Corporation (CN). The plasmid was extracted and transfected 458 

according to the manufacturer’s instructions. 459 

 460 

In another experiment, AR42J cells were treated with 100 nmol/L cerulein (C6660, Solarbio, USA) and 10 ng/ 461 

ml LPS (L-8880, Solarbio, CN) with or without, 1, 5, 10, 20 50 or 100 ng/ ml 9-phenanthrol (E0028, Selleck, Inc. 462 

CN) for 24 h. Pl-trpm4 and Pl-vector were transfected into the cells following the manufacturer’s instructions.  463 

 464 

In another experiment, AR42J were incubated in different concentrations of NMDA (1, 5, 10, 20 50 or 100 μM) 465 

(S7072, Selleck, Inc. CN), a specific NMDA receptor agonist, or MK-801 (1, 2, 5, 10 20 or 50 μM) (S2876, Selleck, 466 

Inc. CN), a specific NMDA receptor antagonist, with or without 50 ng/ ml 9-phenanthrol. Pl-trpm4 was 467 

transfected into the cells following the manufacturer’s instructions. 468 

 469 

In vitro models in mouse PACs cells: Mouse PACs were re-cultured in Hanks' Balanced Salt Solution (with Ca2+ 470 

& Mg2+) (C0219, Beyotime, CN) and treated with Yoda1 (50 μM, S6678, Selleck, CN) for 1, 2, 3, 10, 20 or 30 min 471 

[26, 52]. In another experiment, mouse PACs were treated with 50 μM Yoda1 with or without 20 or 50 ng/ ml 472 

9-phenanthrol (E0028, Selleck, Inc. CN) for 30 min. An equal volume of medium was given as a control. 473 
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 474 

Statistical Analysis: Data were analyzed using GraphPad Prism 10.1.2 Software (San Diego, California, USA) and 475 

expressed as means ± standard error (SEM). The t-test or one-way ANOVA and compared using Student 476 

Newman Keuls test was used to analyze the differences between groups. Kaplan-Meier curves were used for 477 

survival analysis and log-rank testing for difference analysis. A P-value < 0.05 represented a significant 478 

difference. 479 

 480 

The methods for H&E, immunohistochemical and immunofluorescence staining (HSP60); TUNEL, 481 

dihydroethidium (DHE), Mito-Tracker and Fluo-3 staining; ATP and FRAP analyses; enzyme-linked 482 

immunosorbent assays (ELISA); flow cytometry (FCM); biochemical detection; transmission Electron 483 

Microscopy (TEM) and western blot analysis are provided in the Supplementary Material. 484 

  485 
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ABBREVIATIONS:  486 

AP: Acute Pancreatitis; TRPM4: Transient receptor potential cation channel melastatin 4; NMDARs: N-methyl-487 

d-aspartate receptors; ER stress: Endoplasmic Reticulum stress; Pl: plasmid; ATP: adenosine triphosphate; 488 

MODS: multiple organ dysfunction syndrome; RIP3: receptor-interacting protein kinase 3; LDH: lactate 489 

dehydrogenase; ROS: reactive oxygen species; TUNEL: TdT-mediated dUTP Nick-End Labeling; ELISA: Enzyme-490 

linked immunosorbent assay; UPR: unfolded protein response; HSP60: heat shock protein 60; TEM: 491 

transmission electron microscope; PGC-1α: peroxisome proliferative activated receptor-γ coactivator 1α; DHE: 492 

Dihydroethidium; CHOP: C/EBP homologous protein; FRAP: Ferric Reducing Antioxidant Power; IRE1α: inositol-493 

requiring enzyme 1 α; GRP78: glucose-regulated protein 78; LPS, lipopolysaccharide; AR42J: cells of the rat 494 

exocrine pancreas; CIRBP: Cold-induced RNA-binding protein; WT: Wild type; KO: knockout; PINK1: PTEN 495 

induced putative kinase 1; P/S: penicillin/streptomycin; n.s: non-significant; PACs: Pancreatic acinar cells; FCM: 496 

flow cytometry; CBA: 4-chloro-2-[2-(2-chloro-phenoxy)-acetylamino]-benzoic acid.  497 
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FIGURE LEGENDS 645 

Figure 1. TRPM4 expression levels increased in various AP models.  646 

 647 

(A) Schematic diagram of L-arginine-AP animal model; (B) Schematic diagram of Cerulein+ LPS- or Cerulein-AP 648 

animal model; (C-E) Western blot analysis the TRPM4 expression level in the pancreas; (F) Representative 649 

photos of TRPM4 staining of the pancreas (200X or 400X). n = 6, Error bars indicate the SEM; ∗ P < 0.05 vs 650 

Sham; # P < 0.05 vs 11h in cerulein + LPS - AP. TRPM4, Transient receptor potential cation channel melastatin 651 

4; AP, acute pancreatitis; LPS, lipopolysaccharide; N.S., normal saline.  652 

 653 

  654 
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Figure 2. 9-phenanthrol administration was protective in experimental AP.  655 

 656 

(A) Representative images of H&E staining of the pancreas (200X); (B) Pancreatic injury scores; (C) Percentages 657 

of necrotic areas; (D) Pancreatic Wet/Dry ratio; (E) Serum lipase levels; (F) Serum amylase levels; (G) Serum 658 

LDH levels; (H-I) Western blot analysis and quantitative of the RIP3 expression level in the pancreas; (J) 659 

Representative images of TUNEL staining (200X); (K) Quantitative of TUNEL staining; (L) Western blot analysis 660 
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of the BAX and Cleaved Caspase-3 expression level in the pancreas; (M) 5-day survival of L-arginine-AP mice; 661 

(N) 5-day survival of Cerulein + LPS-AP mice; (O) 5-day survival of Cerulein-AP mice. n = 3-20, Error bars indicate 662 

the SEM; ∗ P < 0.05 vs Sham; # P < 0.05 vs Vehicle. RIP3, receptor-interacting protein kinase 3; LDH, lactate 663 

dehydrogenase; TUNEL, TdT-mediated dUTP Nick-End Labeling; AP, acute pancreatitis; LPS, lipopolysaccharide. 664 

 665 

  666 
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Figure 3. 9-phenanthrol improved mitochondrial function, decreased oxidative stress and alleviates ER stress 667 

in experimental AP.  668 

 669 

(A) Ultrastructural alterations in the pancreas; (B) ATP levels in the pancreas; (C) Western blot analysis of the 670 

PGC-1α, Mfn-2 and PINK1 expression level in the pancreas; (D-E) Representative images and relative 671 
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fluorescence intensity of HSP60 fluorescence staining in the pancreas (600X); (F-G) Representative images and 672 

relative fluorescence intensity of DHE staining in the pancreas (600X); (H) FRAP levels in the pancreatic tissue; 673 

(I) Western blot analysis of the GRP78, phosphor-IRE1α and IRE1α expression level in the pancreas. n = 6, Error 674 

bars indicate the SEM; ∗ P < 0.05 vs Sham group or vs control; # P < 0.05 vs Vehicle group. PGC-1α, peroxisome 675 

proliferative activated receptor-γ coactivator 1α; PINK1, PTEN induced putative kinase 1; DHE, 676 

Dihydroethidium; LPS, lipopolysaccharide; FRAP, Ferric Reducing Antioxidant Power.  677 

 678 

  679 



35 

Figure 4. Pancreatic damage was alleviated in experimental AP after Trpm4-knockout.  680 

 681 

(A) Gene editing schematic and western blot analysis of the TRPM4 expression level in the pancreas; (B) 682 

Quantitatives of the TRPM4 expression level in the pancreas; (C) Representative images of H&E staining of the 683 

pancreas (200X); (D) Pancreatic injury scores; (E) Percentages of necrotic areas; (F) Serum amylase levels; (G) 684 

Serum LDH levels; (H) Representative images of TUNEL staining (200X); (I) Quantitative of TUNEL staining; (J) 685 
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Western blot analysis of the RIP3 expression level in the pancreas; (K-L) Representative images and relative 686 

fluorescence intensity of DHE staining in the pancreas (600X); (M) ATP levels in the pancreas; (N) Ultrastructural 687 

alterations in the pancreas; (O-P) Western blot analysis and quantitatives of the GRP78, phosphor-IRE1α, IRE1α 688 

and PDI expression level in the pancreas. n = 3-6, Error bars indicate the SEM; ∗ P < 0.05 vs Sham; # P < 0.05 vs 689 

Vehicle. RIP3, receptor-interacting protein kinase 3; LDH, lactate dehydrogenase; TUNEL, TdT-mediated dUTP 690 

Nick-End Labeling; AP, acute pancreatitis; DHE, Dihydroethidium; GRP78, glucose-regulated protein 78; WT, 691 

Wild-type; KO, knockout; LPS, lipopolysaccharide. 692 

 693 

  694 
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Figure 5. Overexpression of TRPM4 in AR42J aggravated cerulein induced cell death and mitochondrial 695 

dysfunction.  696 

 697 

(A) Supernatant LDH levels; (B) Supernatant amylase levels; (C-D) Representative images and relative 698 

fluorescence intensity of Mito-Tracker red (1500X) in AR42J cells; (E) ATP levels in AR42J; (F-G) Representative 699 

images and relative fluorescence intensity of DHE (1500X) in AR42J cells; (H) FRAP levels in AR42J; (I-J) Western 700 

blot analysis and quantitative of the phosphor-eIF2α, eIF2α, phosphor-IRE1α, IRE1α, GRP78 and PDI expression 701 

level in AR42J; (K) Western blot analysis and quantitative of the TRPM4 expression level in AR42J; (L) 702 

Representative images of immunofluorescence staining of Fluo-3 (1500X) in AR42J cells; (M) Flow cytometry 703 

analysis of Fluo-3 in AR42J cells. n = 6, error bars indicate the SEM; ∗ P < 0.05 vs Sham; # P < 0.05 vs Vehicle. 704 

DHE, Dihydroethidium; LPS, lipopolysaccharide; TRPM4, Transient receptor potential cation channel melastatin 705 
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4; GRP78, glucose-regulated protein 78; LDH, lactate dehydrogenase; 9-phen, 9-phenanthrol; Cer, Cerulein; 706 

FRAP, Ferric ion reducing antioxidant power; Pl, plasmid.  707 

 708 

  709 
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Figure 6. 9-phenanthrol inhibited cerulein induced cell death and mitochondrial dysfunction.  710 

 711 

(A) Supernatant amylase levels; (B) Supernatant LDH levels; (C) Representative images of Mito-Tracker red and 712 

DHE (1500X) in AR42J cells; (D) Relative fluorescence intensity of Mito-Tracker red and DHE in AR42J cells; (E) 713 

ATP levels and FRAP levels in AR42J; (F) Western blot analysis of the PGC-1α and PINK1 expression level in 714 

AR42J; (G-H) Western blot analysis and quantitative of the phosphor-IRE1α, IRE1α, GRP78 and CHOP 715 

expression level in AR42J; (I) Representative images of Mito-Tracker red and DHE (1500X) in AR42J cells; (J) 716 
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Relative fluorescence intensity of Mito-Tracker red and DHE in AR42J cells; (K) ATP levels and FRAP levels in 717 

AR42J; (L-M) Western blot analysis of the phosphor-eIF2α, eIF2α, phosphor-IRE1α, IRE1α, GRP78 and CHOP 718 

expression level in AR42J; (N-O) Representative images and relative fluorescence intensity of Fluo-3 (1500X) in 719 

AR42J cells. n = 3-4, error bars indicate the SEM; ∗ P < 0.05 vs Sham; # P < 0.05 vs Vehicle. DHE, Dihydroethidium; 720 

LPS, lipopolysaccharide; GRP78, glucose-regulated protein 78; LDH, lactate dehydrogenase; CHOP, C/EBP 721 

homologous protein; FRAP, Ferric ion reducing antioxidant power; Pl, plasmid.  722 

 723 

  724 
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Figure 7. NMDAR interacts with TRPM4 to induce ER stress and cell death in AR42J.  725 

 726 

(A-B) Supernatant LDH levels; (C) Supernatant amylase levels; (D) Representative images of Mito-Tracker red 727 

and DHE (1500X) in AR42J cells; (E) Relative fluorescence intensity of Mito-Tracker red and DHE in AR42J cells; 728 

(F) ATP levels and FRAP levels in AR42J; (G-H) Western blot analysis and quantitative of the phosphor-eIF2α, 729 

eIF2α, phosphor-IRE1α, IRE1α, GRP78 and PDI expression level in AR42J; (I) Supernatant LDH levels; (J) 730 

Supernatant amylase levels; (K) Representative images of Mito-Tracker red and DHE (1500X) in AR42J cells; (L) 731 

Relative fluorescence intensity of Mito-Tracker red and DHE in AR42J cells; (M) ATP levels and FRAP levels in 732 
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AR42J; (N-O) Western blot analysis and quantitative of the phosphor-eIF2α, eIF2α, phosphor-IRE1α, IRE1α, 733 

GRP78 and PDI expression levee in AR42J. n = 6, error bars indicate the SEM; ∗ P < 0.05 vs Sham; # P < 0.05 vs 734 

Vehicle. DHE, Dihydroethidium; LPS, lipopolysaccharide; GRP78, glucose-regulated protein 78; LDH, lactate 735 

dehydrogenase; FRAP, Ferric ion reducing antioxidant power; Pl, plasmid; NMDA: N-methyl-d-aspartate. 736 

 737 

  738 
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Figure 8. NMDAR interacts with TRPM4 to induce ER stress and pancreatic injury in experimental AP.  739 

 740 

(A) Representative photos of H&E staining of the pancreas (200X); (B) Pancreatic injury scores; (C) Percentages 741 

of necrotic areas; (D-E) Representative images and relative fluorescence intensity of DHE staining in the 742 

pancreas (400X); (F) Ultrastructural alterations in the pancreas; (G) Western blot analysis of the PGC-1α 743 

expression level in the pancreas; (H) Western blot analysis of the GRP78, phosphor-IRE1α and IRE1α expression 744 



44 

level in the pancreas. n = 3-6, error bars indicate the SEM; ∗ P < 0.05 vs Sham; # P < 0.05 vs Vehicle. AP, acute 745 

pancreatitis; GRP78, glucose-regulated protein 78; LPS, lipopolysaccharide. 746 

 747 

  748 
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Figure 9. Graphical abstract.  749 

 750 

When AP occurs, Ca2+ overload leads to ER stress and cell death through TRPM4/NMDARs-mediated 751 

mitochondrial dysfunction in pancreatic exocrine acinar cells.  752 

 753 


