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Abstract: The mitochondrial-associated endoplasmic reticulum membrane (MAM) is a 1 

dynamic contact site formed through protein-mediated connections between the 2 

endoplasmic reticulum (ER) and outer mitochondrial membrane. As a pivotal signaling and 3 

metabolic hub, MAM regulates core cellular physiological processes, including calcium 4 

homeostasis, lipid biosynthesis and trafficking, mitochondrial dynamics, autophagy, 5 

apoptosis, and inflammasome formation and activation. Growing evidence indicates that 6 

the disruption of MAM integrity and function is closely associated with various disorders 7 

induced by excessive salt consumption. High salt intake perturbs ER-mitochondrial calcium 8 

ion exchange, partly through elevated intracellular sodium concentrations, leading to the 9 

structural and functional impairment of MAM. This disruption of calcium homeostasis 10 

subsequently triggers the ER and oxidative stress responses, exacerbating cellular 11 

damage. Concurrently, high-salt diets interfere with MAM-mediated lipid synthesis and 12 

transport, contributing to mitochondrial dysfunction and accelerating disease development. 13 

This review summarizes the involvement and underlying molecular mechanisms of MAM 14 

in high-salt diet-related disorders including hypertension, cardiovascular disease, obesity, 15 

and metabolic dysfunction-associated fatty liver disease. Furthermore, this review explores 16 

the translational potential of targeting MAM as a therapeutic intervention, providing novel 17 

insights for developing interventions that target inter-organelle communication to combat 18 

salt-related systemic disorders. 19 

Keywords: mitochondria-associated endoplasmic reticulum membrane, high-salt diet, 20 

calcium homeostasis, lipid metabolism, metabolic disease 21 

 22 

Introduction 23 

In recent years, the mitochondria-associated endoplasmic reticulum membrane 24 

(MAM), a specialized contact zone between the endoplasmic reticulum (ER) and 25 

mitochondria, has been identified as a central macromolecular hub for cellular metabolic 26 

regulation [1,2]. MAM coordinates critical signaling pathways that regulate diverse cellular 27 

processes, precisely controlling calcium ion transport, lipid metabolism, energy balance, 28 

and cell survival and death.  29 

With ongoing changes in dietary patterns, excessive salt consumption has become a 30 
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major public health challenge worldwide. Substantial evidence indicates that excessive salt 31 

consumption is a major risk factor for various metabolic disorders, including hypertension, 32 

chronic kidney disease (CKD), type 2 diabetes mellitus (T2DM), and other cardiovascular 33 

diseases [3]. These diseases exhibit interrelated pathophysiological characteristics that 34 

collectively exacerbate a growing global disease burden. Beyond its well-characterized role 35 

in increasing blood pressure, a high-salt diet exerts a wide-ranging influence on systemic 36 

metabolic homeostasis by triggering inflammatory responses, promoting oxidative stress, 37 

and disrupting lipid metabolism [4,5]. Despite the widespread recognition of the health 38 

hazards posed by excessive salt consumption, the precise molecular mechanisms linking 39 

dietary salt to disease pathogenesis remain unclear.  40 

Emerging research indicates that an imbalance in intracellular homeostasis plays a 41 

pivotal role in the pathological progression of high-salt-diet-related diseases. Under high-42 

salt exposure, MAM dysfunction and integrity compromises lipid metabolism and impairs 43 

cellular function, thereby exacerbating the development of high-salt diet-related diseases. 44 

Consequently, MAM is increasingly regarded as central metabolic regulators and promising 45 

therapeutic targets for intervention in pathologies associated with high salt intake [6,7].  46 

 This review synthesizes the current evidence to propose that MAM dysfunction 47 

serves as a central hub linking high-salt dietary stress to diverse pathologies through 48 

disrupted cellular homeostasis. We elucidated the underlying molecular mechanisms 49 

linking MAM impairment to disease pathogenesis and provided novel insights into the 50 

pathophysiology of high-salt intake-related diseases. Furthermore, this study aims to 51 

provide a theoretical foundation to guide future research and inform the development of 52 

targeted clinical strategies to preserve or restore MAM integrity.  53 

1. Structure and Function of MAM 54 

MAM is a dynamic junctional structure formed between the outer mitochondrial and 55 

ER membranes, and is primarily stabilized by the dynamic association of protein 56 

complexes and lipid interactions [8]. These domains concentrate on diverse functional 57 

molecules, including calcium channel complexes, bridging proteins, and 58 

enzymes associated with lipid biosynthesis, collectively enabling MAM to serve as pivotal 59 
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regulatory hubs [8]. They coordinate essential cellular processes, such as lipid metabolism, 60 

Ca2+ signaling, energy balance, and autophagy, which play crucial roles in both 61 

physiological and pathological development [9,10]. In the following sections, we 62 

systematically elucidate the structural and functional organization of MAM in terms of lipid 63 

synthesis and transport, calcium signaling, energy metabolism, and cell survival [11].  64 

1.1 Lipid Synthesis and Transport 65 

Lipids are fundamental structural and functional components of MAM. Cardiolipin, the 66 

primary phospholipid of the inner mitochondrial membrane, mitigates cardiomyocyte 67 

damage caused by ischemia-reperfusion (I/R) injury by inhibiting cytochrome c release 68 

from mitochondria. Furthermore, MAM regions are enriched in cholesterol and 69 

sphingolipids, forming a localized platform for lipid synthesis and transport [12]. Cholesterol 70 

transfer across the MAM is facilitated by caveolin-1, which forms cholesterol-enriched 71 

signaling domains that regulate cholesterol transfer between the ER and mitochondria [13]. 72 

In addition, MAM harbors various enzymes involved in lipid metabolism, such as 73 

phosphatidylserine synthase and long-chain fatty acid-CoA ligase 4, which regulate 74 

phospholipid homeostasis by controlling the synthesis of phosphatidylserine, 75 

phosphatidylcholine, and related species [14,15].  76 

As a crucial platform for lipid synthesis and transport, MAM contributes to membrane 77 

assembly, lipid metabolism regulation, vesicle formation, and transport. Contact between 78 

the ER and mitochondria facilitates efficient lipid exchange and couples phospholipid 79 

synthesis with cholesterol metabolism. Lipid transporters within the MAM, including 80 

oxidase assembly protein 1 (OXA1) and ceramide transfer protein (CERT), synergistically 81 

regulate the synthesis and transport of fatty acids, triglycerides, and other lipid species [16]. 82 

The coordinated activity of ER-derived fatty acid synthase and mitochondrial fatty acid β-83 

oxidase functions synergistically within the MAM to maintain lipid homeostasis, thereby 84 

supporting the functional requirements of the cell membranes and organelles. Furthermore, 85 

MAM influences the synthesis and degradation of lipid droplets by regulating fatty acid 86 

uptake and release, thereby regulating cellular energy metabolism [17]. Thus, the lipid 87 

transport mechanism mediated by MAM is closely associated with lipid metabolism 88 

disorders, forming a pathological basis for lipid metabolism-related diseases associated 89 
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with high-salt diets [18].  90 

1.2 Calcium Channel Complexes and Calcium Ion Signaling 91 

The calcium channel complex located in MAM is a key regulator of intracellular calcium 92 

signaling. This complex comprises ER calcium-releasing channels, mitochondrial calcium 93 

channel proteins on both the inner and outer membranes, and ER calcium-uptake proteins. 94 

Among these, inositol 1,4,5-trisphosphate receptors (IP3Rs) in the ER mediate calcium ion 95 

release, the voltage-dependent anion channel (VDAC) in the mitochondrial outer 96 

membrane facilitates calcium entry into the intermembrane space, and the mitochondrial 97 

calcium uniporter (MCU) in the mitochondrial inner membrane transports calcium ions into 98 

the mitochondrial matrix [19]. Thus, after release from the ER, calcium ions must cross 99 

both the ER and outer mitochondrial membranes before being transported into the 100 

mitochondrial matrix via the MCU. This transmembrane process is crucial for regulating 101 

cellular energy metabolism, activating rate-limiting enzymes in glycolysis, and promoting 102 

ATP synthesis [20,21].  103 

As the primary intracellular calcium stores, the ER and mitochondria maintain close 104 

physical contact and functional crosstalk through MAM, enabling the precise regulation of 105 

calcium ion signaling and cellular calcium homeostasis. Within the MAM, IP3R interacts 106 

with VDAC1 via the molecular chaperone glucose-regulated protein 75 (GRP75), 107 

effectively facilitating calcium ion exchange from the ER to the mitochondria [22]. Once 108 

inside the mitochondrial matrix, calcium ions activate calcium-sensitive metabolic enzymes, 109 

thereby regulating cellular energy production and metabolism, which in turn influence 110 

cellular function and fate. Notably, the precise dynamic regulation of calcium ions governs 111 

cellular physiological processes and directly influences cell death; excessive calcium influx 112 

into the mitochondria dissipates the mitochondrial membrane potential, disrupts function, 113 

and triggers apoptotic pathways [23]. Therefore, MAM-mediated calcium ion signaling not 114 

only participates in the control of normal cellular functions but also in stress responses and 115 

disease progression. 116 

MAM also functions as a key hub in energy metabolism. Mitochondria, acting as the 117 

cellular “powerhouse,” generate ATP via oxidative phosphorylation, whereas the ER 118 

participates extensively in carbohydrate and lipid metabolism as well as protein synthesis. 119 
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By establishing physical membrane contact, MAM facilitates interactions between the two 120 

organelles, thereby maintaining cellular energy homeostasis [24]. Signaling events within 121 

the MAM regulate mitochondrial energy production, influencing oxidative phosphorylation, 122 

ATP synthesis, and respiratory chain efficiency. Through the calcium signaling-mediated 123 

activation of mitochondrial dehydrogenases and other metabolic enzymes, MAM 124 

influences the rate of ATP synthesis. Additionally, MAM participates in the regulation of 125 

glycolysis-related metabolic pathways, such as glycogenolysis and lactate production[25]. 126 

Collectively, MAM not only controls mitochondrial ATP production, but also exerts 127 

pleiotropic effects on cellular and organismal energy metabolism. 128 

1.3 Bridging Proteins 129 

Beyond calcium channel complexes, MAM also contains specialized bridging proteins 130 

that regulate calcium signaling by dynamically controlling the physical contact between the 131 

ER and mitochondria. GRP75, a crucial bridging protein that connects ER-resident IP3Rs 132 

with mitochondrial VDACs, forms a complete calcium channel complex for efficient calcium 133 

transfer. Mitofusin (MFN), a mitochondrial fusion protein, promotes mitochondrial calcium 134 

transport by regulating contact points between the ER and mitochondria [26]. In 135 

cardiomyocytes, MFN2 mediates the connection between the ER and mitochondria and 136 

regulates calcium signaling between these organelles. However, the regulatory role of 137 

MFNs remains controversial. Some evidence suggests that MFN2 also acts as a negative 138 

modulator, reducing ER-mitochondria contact to prevent excessive calcium accumulation 139 

and cytotoxic overload [27]. This dual functionality highlights the complexity of MFN2 in 140 

maintaining calcium homeostasis in the MAM. 141 

1.4 Other Functional Proteins 142 

Beyond the core structural and signaling proteins mentioned above, MAM also 143 

enriched multiple regulatory proteins involved in autophagy, mitochondrial dynamics, 144 

reactive oxygen species (ROS) generation, and inflammatory responses. For example, 145 

AMP-activated protein kinase (AMPK) regulates autophagy by sensing the cellular energy 146 

status and prevents mitochondrial calcium overload by inhibiting MAM formation [28]. 147 

Additionally, autophagy-related molecules, such as PTEN-induced kinase 1 (PINK1) and 148 

Beclin-1 (BECN1), are enriched in MAM, where they participate in autophagy initiation and 149 
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activation. Under stress conditions, MAM recruits ROS-generating proteins, including 150 

endoplasmic reticulum oxidoreductase 1 (ERO1) and p66Shc. These proteins directly 151 

contribute to ROS generation, thereby influencing the cellular redox balance and 152 

determining cell survival and death [29].  153 

Autophagy is a key quality-control mechanism for degrading damaged cellular 154 

components to maintain homeostasis, and is closely associated with MAM [30]. During 155 

nutrient deprivation or other stresses, autophagy-related proteins localized to MAM (such 156 

as ATG14L) activate the mechanistic target of rapamycin complex 2 (mTORC2), thereby 157 

promoting the production and recruitment of autophagy-inducing factors and initiating 158 

autophagosome formation [31]. PINK1, a key regulator of mitophagy, localizes to the MAM 159 

and plays an essential role in mitochondrial regulation and cellular health. Following 160 

autophagy stimulation, PINK1 and BECN1 co-re-localize to MAM, strengthening ER-161 

mitochondrial contacts and promoting the formation of autophagosome precursors 162 

(omegasomes) [32]. Silencing Pink1 impaired BECN1 enrichment in MAM, revealing a 163 

novel role for PINK1 in autophagy regulation. Thus, MAM serves as a central platform that 164 

integrates mitochondrial-ER communication with autophagy regulation by focusing on key 165 

proteins such as PINK1. Dysfunction of the MAM-autophagy axis contributes to the 166 

development of various diseases. 167 

The dynamic equilibrium between mitochondrial fusion and fission is crucial for 168 

preserving mitochondrial function and cellular metabolism. Abnormal mitochondrial 169 

dynamics are involved in various pathologies, including aging and neurodegenerative 170 

diseases. Within the MAM, MFN2 promotes the fusion of the outer mitochondrial 171 

membrane by forming homodimers or heterodimers with MFN1 [33]. Additionally, MFN2 172 

enhances the connection between the ER and mitochondria by interacting with ER, thereby 173 

promoting mitochondrial fusion. Structural studies have indicated that the C-terminal α-174 

helical region of MFN2 forms homodimers or heterodimers, allowing adjacent mitochondria 175 

to approach each other and ultimately fuse [34].  176 

MAM also plays a decisive role in the modulation of cell survival and apoptosis. MAM 177 

participates in the initiation and suppression of apoptotic signals by integrating calcium 178 

signaling, lipid transport, and direct organelle crosstalk. In response to internal and external 179 
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stimuli, MAM modulates the activity of key apoptotic factors, such as Bcl-2 family proteins 180 

and caspases, thereby initiating or inhibiting apoptosis and ultimately influencing cellular 181 

survival and death [35]. For example, MAM induces apoptosis by regulating the calcium 182 

ion and caspase pathways. Conversely, MAM may enhance cell survival by upregulating 183 

the activity of the anti-apoptotic Bcl-2 family. The Bcl-2 family coordinates the balance 184 

between autophagy and apoptosis by regulating mitochondrial outer membrane 185 

permeability. Additionally, MAM participates in modulating stress response-related 186 

pathways that aid cells in maintaining survival under adverse conditions [36]. 187 

In summary, as a critical junction linking the ER and mitochondria, MAM plays an 188 

irreplaceable regulatory role in maintaining cellular homeostasis by precisely coordinating 189 

core cellular processes, such as lipid metabolism, calcium signaling, energy balance, 190 

autophagy, dynamics, and apoptosis (Figure 1). Their proper function is essential for 191 

cellular health, and MAM dysfunction is increasingly recognized as a contributing factor in 192 

a wide range of diseases. 193 

2. Effects of High-Salt Diets on MAM Function 194 

2.1 Calcium Homeostasis Dysregulation and Mitochondrial Dysfunction 195 

High salt intake promotes mitochondrial calcium overload by increasing Ca2+ leakage 196 

across the MAM, thereby stimulating excessive ROS production and impairing ATP 197 

synthesis. Mitochondrial calcium overload not only directly stimulates ROS generation, 198 

thereby damaging mitochondrial membrane integrity and function but also inhibits ATP 199 

synthase activity, leading to impaired ATP production. Together, these disturbances disrupt 200 

energy metabolism and damage cellular integrity and function [37]. This pathological 201 

cascade is largely mediated by the IP3R-GRP75-VDAC pathway. Briefly, IP3R serves as 202 

the primary calcium ions release channel in the ER, whereas the molecular chaperone 203 

GRP75 stabilizes the interaction between IP3R and the outer mitochondrial membrane 204 

VDAC1. They then form a ternary complex that facilitates the directional transfer of calcium 205 

ions from the ER to mitochondria. In nephrotic syndrome models, elevated expression of 206 

components along the IP3R-GRP75-VDAC1-MCU axis is closely correlated with the 207 

development of proteinuria [38]. These studies indicate that the IP3R-GRP75-VDAC1 208 
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pathway plays a crucial role in the development of high-salt intake-induced diseases. 209 

Despite the established role of the IP3R-GRP75-VDAC1 complex in high-salt-induced 210 

pathology, the precise molecular mechanisms by which high-salt stress directly modulates 211 

MAM-associated proteins remain incompletely understood. Existing evidence suggests 212 

both direct and indirect pathways. Directly, elevated intracellular sodium ion concentrations 213 

may influence the conformation or post-translational modifications of these proteins. For 214 

instance, high-salt conditions have been shown to enhance IP3R expression, potentially 215 

modulating calcium channel activity and inducing calcium overload [39], although the 216 

upstream kinases involved remain to be fully characterized. Additionally, sodium-induced 217 

changes in membrane lipid composition and fluidity may affect the spatial organization and 218 

stability of MAM protein complexes. Indirectly, high-salt stress triggers ROS production [40], 219 

which can secondarily impact MAM protein expression and function [41]. Oxidative stress, 220 

for example, has been reported to promote the dissociation of the IP3R-GRP75-VDAC1 221 

complex, thereby disrupting calcium homeostasis [42]. Furthermore, high-salt-induced 222 

activation of stress-responsive signaling pathways, such as AMPK [43], which may 223 

transcriptionally regulate the expression levels of MAM-associated proteins [31]. Direct 224 

biophysical evidence, such as structural studies demonstrating sodium binding to these 225 

proteins or high-resolution imaging of MAM complex dynamics under high-salt conditions, 226 

is currently lacking. Nevertheless, the existing indirect evidence supports the concept that 227 

high-salt stress disrupts MAM integrity through multifaceted mechanisms. Future studies 228 

employing advanced techniques, including cryo-electron microscopy, proximity ligation 229 

assays, and targeted proteomics, are warranted to elucidate the precise molecular events 230 

linking high-salt exposure to MAM dysfunction. 231 

2.2 Endoplasmic Reticulum Stress 232 

The sigma-1 receptor (Sigma-1R) is an ER-localized membrane protein that it highly 233 

enriched at MAM, where it physically interacts with IP3R to stabilize calcium signaling 234 

between the ER and mitochondria [44]. Under physiological conditions, Sigma-1R acts as 235 

a molecular chaperone at the MAM, modulating IP3R activity and preventing excessive 236 

calcium transfer to mitochondria. A high-salt diet may dysregulate Sigma-1R expression or 237 

function, thereby compromising its stabilizing role at the MAM. Specifically, high-salt-238 
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induced Sigma-1R dysfunction leads to uncontrolled IP3R-mediated calcium 239 

release, thereby exacerbating endoplasmic reticulum stress (ERS) and disturbing calcium 240 

homeostasis [45]. Hance, high-salt diet triggers ERS and activates the unfolded protein 241 

response (UPR) through the Sigma-1R. One major UPR branch involves protein kinase R-242 

like endoplasmic reticulum kinase (PERK), whose activation leads to phosphorylation of 243 

eukaryotic initiation factor 2alpha (eIF2α). Phosphorylated eIF2α selectively activates 244 

transcription factor 4 (ATF4), which in turn upregulates the pro-apoptotic protein 245 

C/EBP-homologous protein (CHOP) [46]. CHOP promotes apoptosis through multiple 246 

downstream mechanisms, including downregulation of anti-apoptotic factors, such as BCL-247 

2, BCL-XL, and MCL-1, and upregulation of pro-apoptotic proteins, such as BAX and BAK. 248 

These alterations ultimately decrease mitochondrial membrane potential and initiate 249 

apoptotic process [47]. Upregulation of CHOP not only promotes hepatocyte apoptosis and 250 

impairs hepatic metabolism but also exacerbates insulin resistance [48]. Furthermore, 251 

CHOP induces a high expression of ERO1α, which enhances IP3R-mediated Ca2+ release, 252 

leading to mitochondrial calcium overload and structural abnormalities, ultimately activating 253 

the mitochondria-dependent apoptotic pathway [49]. Thus, Sigma-1R serves as a critical 254 

link between high-salt stress, MAM dysfunction, ERS, and downstream apoptotic pathways 255 

through the PERK-eIF2α-ATF4-CHOP pathway. 256 

2.3 Abnormal Lipid Metabolism 257 

High salt consumption disrupts MAM function, partly through the activation of sterol 258 

regulatory element-binding protein 1c (SREBP1c), a transcription factor that promotes 259 

hepatic lipogenesis and insulin resistance, thereby exacerbating metabolic syndrome [50]. 260 

Activated SREBP1c upregulates key lipogenic enzymes such as fatty acid synthetase (FAS) 261 

and acetyl-coenzyme A carboxylase (ACC), thereby enhancing fatty acid synthesis [51]. 262 

Concurrently, lipid transport proteins in MAM play a crucial role in maintaining lipid 263 

metabolism. A high-salt diet disrupts these transport proteins, impairing normal lipid 264 

transfer from the ER to the mitochondria and leading to the pathological accumulation of 265 

lipid droplets in hepatocytes [52,53]. Specifically, CERT facilitates lipid exchange between 266 

the ER and the mitochondria. A high-salt diet causes CERT dysfunction, which, in turn, 267 

disrupts lipid transport and lipid droplet accumulation. Similarly, phosphofurin acid cluster 268 
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sorting protein 2 (PACS-2), a regulator of MAM integrity, participates in ER-mitochondrial 269 

lipid exchange. PACS-2 is impaired by high salt intake, further contributing to aberrant lipid 270 

deposition and hepatic steatosis [54]. Collectively, a high-salt diet promotes hepatic 271 

lipogenesis, worsens insulin resistance, and aggravates metabolic syndrome by activating 272 

SREBP1c and disrupting MAM-mediated lipid transport [55].  273 

2.4 Inflammasome Activation and Inflammation 274 

The activated NOD-like receptor family pyrin domain containing 3 (NLRP3) 275 

inflammasome promotes the maturation and release of IL-1β, triggering potent 276 

inflammatory responses. This mechanism has been validated in various salt-sensitive 277 

conditions, including obesity, T2DM, and cardiovascular diseases [56]. MAM functions as 278 

a critical platform for NLRP3 inflammasome assembly and its structural and functional 279 

integrity directly influence inflammatory activation. A high-salt diet perturbs calcium 280 

channels (such as IP3R and VDAC) within the MAM, leading to the disruption of calcium 281 

transport. The resulting calcium overload and excessive ROS production further promote 282 

NLRP3 inflammasome activation [57]. Additionally, oxidative stress induced by a high-salt 283 

diet activates thioredoxin-interacting protein (TXNIP), thereby initiating NLRP3 284 

inflammasome formation and activation [58]. Therefore, high-salt diet promotes 285 

inflammatory signaling via the TXNIP/NLRP3/IL-1β axis. As a critical hub for NLRP3 286 

assembly, MAM dysfunction not only disrupts calcium homeostasis and mitochondrial 287 

performance but also amplifies inflammatory cascades, thereby exacerbating tissue injury 288 

in salt-related diseases. 289 

3. The Role of MAM in the Progression of Diseases Associated with High-Salt Diets 290 

Long-term high salt consumption is a well-established risk factor for metabolic 291 

disorders with multisystem pathophysiological interactions. By disrupting the structure and 292 

function of MAM, excessive dietary salt interferes with key cellular processes, including 293 

intracellular calcium homeostasis, mitochondrial dynamics, lipid metabolism, and 294 

autophagy, which collectively promote the onset and progression of various high-salt diet-295 

related diseases, such as cardiovascular disease, obesity, fatty liver disease, and insulin 296 

resistance [59]. Therefore, high-salt-diet-induced metabolic disorders are closely 297 
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associated with dysfunctional MAM.  298 

Before discussing individual diseases, it is worth noting that the sensitivity of MAM to 299 

high-salt stress may vary across different organs and cell types. Although the core MAM 300 

machinery, such as the IP3R-GRP75-VDAC1 complex and MFN2, is ubiquitously 301 

expressed, tissue-specific isoforms, differential expression levels of regulatory partners, 302 

and distinct metabolic and calcium-handling demands may confer variable susceptibility to 303 

high-salt-induced MAM disruption. For example, cardiomyocytes and hepatocytes, which 304 

rely heavily on mitochondrial calcium homeostasis for energy production, may be 305 

particularly vulnerable to MAM dysfunction, whereas other cell types with lower metabolic 306 

demands may exhibit greater resilience. A comprehensive understanding of these tissue-307 

specific differences remains an important area for future investigation. Nonetheless, the 308 

following sections summarize the current evidence linking MAM dysfunction to specific 309 

high-salt diet-related diseases across multiple organ systems. 310 

3.1 Role of MAM in Cardiovascular Diseases Associated with High-Salt Diets 311 

MAM dysfunction plays a central role in the pathogenesis of high-salt-diet-induced 312 

cardiovascular diseases. In cardiomyocytes, MAM disruption causes an imbalance in 313 

calcium homeostasis, which impairs myocardial contraction and relaxation, ultimately 314 

leading to heart failure [60]. Concurrently, a high-salt diet upregulates transient receptor 315 

potential canonical 3 (TRPC3) expression, enhancing TRPC3-mediated calcium influx in 316 

vascular smooth muscle cells (VSMCs) and promoting vasoconstriction [61]. Additionally, 317 

high salt intake induces mitochondrial dysfunction and abnormal autophagy. MAM 318 

dysregulation further exacerbates myocardial injury through intertwined mechanisms 319 

involving oxidative stress, energy metabolism disorders, and apoptosis, thereby promoting 320 

the development and progression of cardiovascular diseases [62]. 321 

3.1.1 MAM and Hypertension Associated with High-Salt Diets 322 

Hypertension is one of the most common disorders associated with an excessive salt 323 

intake. High salt intake disrupts the MAM function by elevating intracellular calcium ion 324 

levels, leading to an imbalance in calcium homeostasis. This disturbance impairs the 325 

contraction-relaxation equilibrium in VSMCs, ultimately resulting in hypertension [63]. Both 326 

clinical observations and experimental studies have demonstrated that a high-salt diet 327 
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significantly increases TRPC3 expression, with TRPC3 expression positively correlated 328 

with salt intake. In THP-1 monocytes, high-salt treatment elevates TRPC3 mRNA levels 329 

and increases intracellular calcium ions [64]. Similarly, in salt‑sensitive hypertensive rats, 330 

TRPC3 expression was significantly increased in the aorta, carotid artery, and mesenteric 331 

artery [65].  332 

MAM participates in the pathogenesis of hypertension by regulating mitochondrial 333 

function. A high salt intake disrupts mitochondrial dynamics in MAM, leading to impaired 334 

cellular energy metabolism and increased oxidative stress, which collectively promotes 335 

development [66,67]. Moreover, MAM-mediated lipid metabolism is disrupted in high-salt 336 

environments, increasing oxidative stress and inflammatory responses, which collectively 337 

promote the onset and progression of hypertension [68]. As MAM participates in regulating 338 

vascular endothelial function, MAM dysfunction impairs endothelial-dependent 339 

vasoregulation, further exacerbating hypertension [11]. Given the association between 340 

hypertension and ERS, enhanced autophagy or ER-autophagy alleviates ERS and 341 

reduces hypertensive tissue damage by clearing misfolded proteins and restoring ER 342 

homeostasis [69]. 343 

3.1.2 MAM and Myocardial Damage Associated with High-Salt Diets 344 

NLRP3 inflammasome recruitment and MAM composition play crucial roles in 345 

myocardial I/R injury. Inhibition of caspase-1 activity significantly improves cardiac 346 

contractility following I/R injury [70]. Likewise, ASC-deficient mice exhibit attenuated levels 347 

of I/R-induced inflammatory cytokines IL-1β and IL-18 along with reduced myocardial 348 

infarction, fibrosis, and cardiac dysfunction [71]. Several proteins that maintain ER-349 

mitochondrial connections have been associated with I/R injury. For instance, loss of the 350 

mitochondrial inner membrane motor-regulated protein optic atrophy 1 (OPA1) increases 351 

myocardial sensitivity to I/R injury, whereas inhibition of mitochondrial fission protein 1 352 

(FIS1) and dynamin-related protein 1 (DRP1) exerts cardioprotective effects [72].  353 

Ca2+ signaling plays a pivotal role in the excitation-contraction coupling in 354 

cardiomyocytes. I/R induces cytoplasmic Ca2+ accumulation, leading to mitochondrial 355 

calcium overload. This activates the mitochondrial matrix chaperone cyclosporin D (CypD), 356 

triggering the opening of the mitochondrial permeability transition pore and ultimately, cell 357 
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death [73]. Reducing ER-mitochondria contacts effectively prevents Ca2+ accumulation 358 

and consequent cell death. Although abnormal calcium homeostasis is closely associated 359 

with diabetic cardiomyopathy, the specific mechanisms linking MAM to diabetes-induced 360 

calcium dysregulation remain to be fully elucidated [74-76]. High salt intake induces 361 

mitochondrial calcium overload by enhancing calcium release from the ER, thereby 362 

triggering mitochondrial dysfunction, apoptosis, and impaired myocardial metabolism, 363 

which collectively increase the cardiac workload [77]. MAM plays a crucial role in 364 

maintaining calcium homeostasis and mitigating high-salt-induced cardiomyocyte injury by 365 

regulating the IP3R-GRP75-VDAC1 complex [78]. Additionally, a high-salt diet may alter 366 

intracellular signaling and energy metabolism, creating permissive conditions for the 367 

initiation and progression of myocardial I/R injury [79]. 368 

The mitophagy receptor FUN14 domain-containing 1 (Fundc1) is a highly conserved 369 

mitochondrial protein containing three transmembrane α-helices. Its amino terminus (N-370 

terminus) faces the cytosol, whereas its carboxy terminus (C-terminus) is located in the 371 

intermembrane space. Fundc1 contains a microtubule-associated protein 1A/1B light chain 372 

3 (LC3)-binding motif, enabling interaction with LC3 to recruit mitochondria to 373 

autophagosomes and promote mitochondrial fission by directly interacting with Drp1 at the 374 

MAM [80,81]. Fundc1 is essential for MAM integrity and normal Ca2+ transport from the ER 375 

to the mitochondria in cardiomyocytes. Cardiac-specific knockout of Fundc1 disrupts the 376 

MAM architecture and results in cardiac dysfunction [16]. Under high salt conditions, AMPK 377 

inactivation increases Fundc1 stability, inducing abnormal MAM formation, mitochondrial 378 

calcium accumulation, and mitochondrial dysfunction, thereby contributing to cardiac 379 

dysfunction. Conversely, AMPK activation reverses high-salt-induced myocardial injury by 380 

inhibiting high-glucose-promoted MAM formation, mitochondrial Ca2+ overload, and 381 

mitochondrial dysfunction [6]. Collectively, these findings suggest that pharmacological 382 

strategies targeting AMPK activation, FUNDC1 modulation, or the IP3R-GRP75-VDAC1 383 

complex may offer novel therapeutic approaches for high-salt-induced myocardial injury. 384 

3.1.3 MAM and Atherosclerosis-Related Diseases 385 

Mitochondrial and ER calcium signaling oscillations are fundamental for maintaining 386 

the physiological properties of vascular cells. Precise Ca2+ transport from the ER to 387 
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mitochondria is largely governed by the composition and regulation of MAM [82]. 388 

Mitochondrial fusion proteins MFN1 and MFN2 are particularly important [83]. Combined 389 

knockout of Mfn1 and Mfn2 in adult mouse cardiomyocytes impaired cardiac function, 390 

increased left ventricular end-diastolic volume, and reduced cardiac contraction fraction. In 391 

the Mfn2-knockout model, the ER-mitochondria contact area was significantly diminished, 392 

Ca2+ transport was defective, and mitochondrial ROS levels were elevated [84].  393 

Based on these observations, several lines of evidence suggest that MAM dysfunction 394 

may contribute to atherosclerosis through multiple interconnected pathways. One 395 

prominent mechanism involves the generation of ROS. Studies have indicated that reactive 396 

chemicals such as ROS play a pivotal role in atherosclerosis. During atherosclerosis, 397 

cholesterol crystals are deposited in the vessel wall, triggering inflammatory damage. 398 

Excessive ROS production and consequent activation of the NLRP3 inflammasome are 399 

particularly common in this process. Macrophages phagocytose cholesterol crystals to 400 

trigger NLRP3 inflammasome activation, a process involving a series of molecular events 401 

including lysosomal protease leakage into the cytoplasm, mitochondrial ROS 402 

overproduction, and decreased intracellular potassium ion concentration [85].  403 

Given the well-established correlation between excessive ROS and MAM structural 404 

damage, it has been hypothesized that MAM injury contributes to atherosclerosis 405 

progression, potentially through ROS-mediated pathways. However, it is important to 406 

recognize that ROS directly damage vascular endothelial cells and promote 407 

atherosclerosis through MAM-independent pathways, such as lipid peroxidation and 408 

endothelial dysfunction. Furthermore, the relationship between MAM dysfunction and 409 

atherosclerosis is complicated by the fact that multiple pathological drivers, including 410 

dyslipidemia, inflammation, and oxidative stress, converge in this disease, making it difficult 411 

to isolate the specific contribution of MAM disruption to atherosclerosis. Therefore, while 412 

the hypothesis that MAM injury promotes atherosclerosis via ROS is mechanistically 413 

plausible, it currently remains an inference based on associative evidence rather than a 414 

validated causal pathway. 415 

In addition to ROS-mediated mechanisms, MAM dysfunction may also promote 416 

atherosclerosis by affecting lipid metabolism and apoptosis. A high-salt diet disrupts lipid 417 
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metabolism via SREBP activation, whereas MAM mitigates salt-induced dyslipidemia by 418 

regulating phospholipid synthesis and cholesterol metabolism. Furthermore, a high-salt 419 

diet activates caspase-dependent apoptosis via oxidative stress and ERS, and MAM 420 

suppresses salt-induced cell death by modulating Bcl-2 family proteins and caspase 421 

activity [86].  422 

The inflammatory pathway, particularly the NLRP3 inflammasome, represents another 423 

critical link between MAM to atherosclerosis. Notably, the NLRP3 inflammasome, which 424 

can be assembled at the MAM, has been extensively implicated in atherosclerosis. 425 

Apolipoprotein E (ApoE)-deficient mice spontaneously develop atherosclerotic plaques 426 

under high salt stress. IL-1β deficiency significantly reduces the atherosclerotic lesion area 427 

in ApoE-null mice by up to 30% [87]. Similarly, IL-18 receptor (IL-18R) deficiency exerts 428 

anti-atherosclerotic effects. Nevertheless, NLRP3 inflammasome may not be the sole 429 

inflammatory activation in atherosclerosis [88]. Previous studies have indicated that in 430 

ApoE-knockout mice, genetic ablation of key NLRP3 pathway components (such as 431 

NLRP3, ASC, or Caspase-1) does not significantly alter atherosclerotic lesions compared 432 

to ApoE-knockout control or wild-type mice [89]. These conflicting findings highlight the 433 

need for further investigations to clarify the specific role of the NLRP3 inflammasome in 434 

the pathogenesis of atherosclerosis. 435 

Collectively, while existing evidence points to plausible connections between MAM 436 

dysfunction and atherosclerosis through ROS, lipid metabolism, and inflammatory 437 

pathways, direct experimental evidence linking MAM to the pathogenesis of human 438 

atherosclerosis remains limited. The proposed role of MAM in atherosclerosis is primarily 439 

inferred from associations involving ROS, NLRP3 inflammasome activation, and lipid 440 

dysregulation rather than from direct mechanistic studies. Future research should prioritize 441 

tissue-specific MAM-targeted interventions in preclinical atherosclerosis models to 442 

establish causality, examine MAM integrity in human atherosclerotic lesions, and 443 

investigate whether MAM dysfunction precedes or merely accompanies atherosclerotic 444 

progression. Addressing these gaps is essential for determining whether MAM is a viable 445 

therapeutic target in salt-related cardiovascular diseases. 446 

3.2 Role of MAM in Obesity Induced by High-Salt Diets 447 
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A high-salt diet is an important contributor to obesity, and its mechanism is closely 448 

linked to MAM dysfunction. Impaired MAM activity disrupts the lipid metabolism in 449 

adipocytes, thereby affecting the balance between MAM synthesis and breakdown. 450 

Specifically, MAM dysfunction reduces the activity of key lipolytic enzymes, such as 451 

triglyceride lipase and hormone-sensitive lipase, thereby inhibiting triglyceride hydrolysis. 452 

Concurrently, mitochondrial dysfunction caused by MAM impairment suppresses fatty acid 453 

β-oxidation. Together, these defects diminish lipid clearance, promote fat accumulation, 454 

and ultimately promote obesity [90]. In addition, MAM regulates autophagy in adipocytes. 455 

Dysfunctional MAM impairs autophagy in fat cells, leading to insufficient degradation of 456 

lipid droplets and aggravating abnormal intracellular lipid accumulation, which further 457 

exacerbates obesity [91]. Although direct evidence in high-salt-induced obesity models is 458 

limited, pharmacological activation of AMPK to restore MAM integrity represents a potential 459 

therapeutic strategy that warrants further investigation.  460 

3.3 Role of MAM in Metabolic Dysfunction-Associated Steatotic Liver Disease 461 

Mitochondrial dysfunction plays a central role in the pathogenesis of metabolic 462 

dysfunction-associated steatotic liver disease (MASLD). Under oxidative stress, inhibition 463 

of mitochondrial electron transport chain activity increases ROS production and causes 464 

mitochondrial dysfunction. Mitochondrial dysfunction impairs hepatic mitochondrial β-465 

oxidation, leading to fatty acid accumulation, lipotoxicity, and the activation of 466 

proinflammatory pathways. Defective mitophagy hinders the clearance of damaged 467 

mitochondria and exacerbates cellular injury. Additionally, mutations and damage to 468 

mitochondrial DNA further compromise mitochondrial function and disrupt the energy 469 

metabolism. ROS overproduction contributes to hepatocyte injury and fibrogenesis, 470 

collectively driving MASLD progression [92]. High-salt diet is a major contributor to MASLD 471 

development. Beyond increasing blood pressure, excessive salt intake disrupts hepatic 472 

lipid metabolism through multiple mechanisms, leading to abnormal fat accumulation in the 473 

liver, thereby promoting the onset and progression of MASLD [93-95]. 474 

Excessive dietary salt intake is widely recognized as a key factor in metabolic 475 

disorders [96]. Within the ER, sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) is the 476 

core protein responsible for maintaining calcium homeostasis by pumping calcium ions 477 
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from the cytoplasm into the ER lumen at the expense of ATP [97]. Research has indicated 478 

that high-salt diets impair SERCA function, leading to the abnormal release of calcium ions 479 

from the ER into the cytosol via alternative channels. This process depletes the ER calcium 480 

pool and causes excessive calcium accumulation in the cytoplasm (and ultimately in 481 

mitochondria), thereby triggering mitochondrial dysfunction and apoptosis. When ER 482 

function is disrupted by calcium homeostasis imbalance or protein misfolding, ERS is 483 

induced, activating the UPR, a complex signaling network aimed at restoring ER 484 

homeostasis [98]. However, sustained or severe ERS may contribute to the onset and 485 

progression of metabolic diseases by triggering apoptosis and related pathways [99].  486 

Heat shock protein A9 (HSPA9), a molecular chaperone localized to MAM, plays a 487 

crucial role in maintaining MAM structure and regulating calcium homeostasis, lipid 488 

metabolism, and mitochondrial function [100]. A high-salt diet promotes fatty acid synthesis 489 

and triglyceride accumulation by activating the SREBP1c pathway, a key transcription 490 

factor involved in fatty acid synthesis. SREBP1c activation upregulates key lipogenic 491 

enzymes, including fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), and 492 

stearoyl-CoA desaturase (SCD). As it serves as a critical platform for SREBP1c activation, 493 

MAM dysfunction leads to excessive SREBP1c activation. Furthermore, altered HSPA9 494 

expression exacerbates SREBP1c activation by affecting MAM structure and function, 495 

thereby contributing to MASLD pathogenesis [101]. Although these strategies remain 496 

largely experimental, they provide a rationale for developing MAM-targeted interventions 497 

for salt-aggravated MASLD.  498 

Collectively, a high-salt diet promotes hepatic lipogenesis, worsens insulin resistance, 499 

and aggravates MASLD by activating SREBP1c and disrupting MAM-mediated lipid 500 

transport. Beyond high-salt stress, emerging evidence from toxicological models supports 501 

the central role of MAM in regulating ferroptosis in metabolic liver diseases [102]. However, 502 

whether MAM disruption-induced ferroptosis contributes to high-salt diet-related liver 503 

diseases remains unclear.  504 

3.4 Role of MAM in High-Salt Diet-Induced Insulin Resistance 505 

MAM influences insulin sensitivity by coordinating calcium homeostasis, lipid 506 

metabolism, mitochondrial function, and insulin signaling pathways, thereby contributing to 507 
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the development of insulin resistance. MAM regulate Ca2+ transfer between the ER and 508 

mitochondria. Dysregulation of the IP3R-Grp75-VDAC1 complex disrupts Ca2+ transport, 509 

thereby impairing insulin sensitivity. A high-salt diet disrupts calcium homeostasis in MAM, 510 

leading to reduced Akt kinase activity and diminished Akt phosphorylation, thereby 511 

impeding insulin signaling and promoting insulin resistance. On the other hand, MAM 512 

dysfunction also causes lipid metabolism disorders, enhances oxidative stress and 513 

inflammatory responses, and impairs pancreatic beta cell metabolic function, collectively 514 

exacerbating insulin resistance [103-105]. 515 

3.5 Role of MAM in CKD 516 

Recent studies have revealed that MAM plays a crucial role in the progression of CKD 517 

driven by high-salt intake. Excessive dietary salt intake increases oxidative stress and 518 

inflammatory responses in the kidneys, leading to tubulointerstitial injury and fibrosis. 519 

These effects stem, in part, from the key regulators of MAM in the cellular metabolism and 520 

signaling networks. A high-salt diet induces mitochondrial dysfunction and ER stress in the 521 

kidney [106], processes closely linked to the disruption of MAM integrity and function [107]. 522 

In CKD, MAM impairment disrupts the release of calcium ions from the ER to mitochondria 523 

via complexes such as IP3R-GRP75-VDAC1. Calcium dyshomeostasis causes renal cell 524 

dysfunction and exacerbates kidney injury. A high-salt diet affects lipid synthesis and 525 

transport in MAM, leading to intracellular lipid accumulation. This persistently activates 526 

ERS and inflammatory responses, triggering the UPR and promoting apoptosis, thereby 527 

accelerating CKD progression [107]. MAM-associated proteins also contribute significantly 528 

to the pathogenesis of CKD. For instance, in CKD, abnormal expression of Drp1 leads to 529 

excessive mitochondrial fission, whereas reduced expression of MFN2 results in 530 

diminished mitochondrial fusion, collectively altering mitochondrial morphology and 531 

function [108]. A deeper understanding of the structure, function, and specific roles of MAM 532 

in CKD pathophysiology will provide a scientific foundation for novel therapeutic strategies. 533 

Future research should further explore the detailed mechanisms of MAM involvement in 534 

CKD and evaluate the feasibility and efficacy of therapeutic strategies targeting MAM 535 

integrity and signaling pathway. 536 

3.6 Role of MAM in T2DM  537 
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High salt intake increases the risk of developing T2DM through multiple mechanisms. 538 

For instance, a high-salt diet induces insulin resistance by reducing insulin sensitivity, 539 

inhibiting insulin mRNA expression, impairing insulin signaling, and increasing angiotensin 540 

II production [109]. During the progression of T2DM, glucotoxicity-induced pancreatic β-541 

cell dysfunction is associated with alterations in the mitochondria and ER. Studies have 542 

indicated that under high-glucose and high-fat conditions, pancreatic β-cells exhibit MAM 543 

dysfunction, leading to increased mitochondrial calcium uptake, mitochondrial dysfunction, 544 

and subsequent impairment of glucose-stimulated insulin secretion. MAM dysfunction 545 

further triggers ERS and apoptosis, exacerbating β-cell injury [110].  546 

Ca2+ signaling in MAM regulates mitochondrial bioenergetics [111], and mitochondrial 547 

Ca2+ uptake is critical for the glucose-stimulated ATP increase in β-cells [112]. Studies have 548 

revealed that β-cell dysfunction associated with glucotoxicity increases organelle 549 

confinement in human islets and INS-1E cells, whereas the mitochondrial Ca2+ transfer 550 

capacity progressively declines over time [113]. These findings suggest that MAM 551 

represents a potential therapeutic target for restoring insulin sensitivity in the peripheral 552 

tissues of T2DM patients. 553 

3.7 MAM and Alzheimer's Disease 554 

MAM are increasingly being recognized as pivotal players in the pathogenesis of 555 

Alzheimer’s disease (AD). Recent studies indicated that high-salt diets are associated with 556 

an elevated overall risk of dementia, and high salt intake is significantly correlated with 557 

cognitive impairment, a connection likely mediated by neuronal dysfunction and impaired 558 

synaptic plasticity [114]. In animal models, a high-salt diet causes cognitive impairment, 559 

neuronal loss, and immune activation, leading to tau protein accumulation [115]. For 560 

example, a high-salt diet exacerbates anxiety-like behavior, cognitive decline, and neuronal 561 

loss in the hippocampal CA1 region in AD mice. The influence of high salt intake on 562 

cognitive function and dementia risk involves multiple mechanisms, including hypertension, 563 

oxidative stress, and inflammatory responses, all of which are associated with AD 564 

pathogenesis [116].  565 

MAM dysfunction contributes to AD through several interconnected pathways, 566 

including disruption of Ca2+ homeostasis, induction of ERS, defective mitophagy, 567 
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imbalance in mitochondrial fission and fusion, lipid metabolism disorders, and heightened 568 

inflammation. These alterations collectively represent the key pathophysiological 569 

mechanisms of AD. Altered MAM function-driven lipid metabolism disorders and calcium 570 

imbalances emerge in the initial stages of AD progression and may contribute to early 571 

cognitive decline [117]. Mitochondrial dysfunction, another key feature of AD, leads to 572 

abnormal cellular energy metabolism and impaired neuronal function. MAM dysfunction 573 

exacerbates mitochondrial damage, compromises neuronal viability, and accelerates the 574 

progression of AD. For instance, abnormalities in MAM-resident proteins, such as VDAC 575 

and IP3R cause mitochondrial calcium overload and disrupt energy synthesis [118].  576 

Inflammation plays a pivotal role in AD by exacerbating excessive Aβ deposition and 577 

tau hyperphosphorylation, ultimately resulting in neuronal injury. MAM dysfunction further 578 

intensifies inflammatory responses, thereby aggravating AD pathology. Notably, the MAM 579 

is a key site for Aβ generation. For instance, abnormal expression of inflammation-580 

associated proteins in the MAM, such as ACAT1, may promote Aβ generation. In addition, 581 

amyloid precursor protein (APP), β-site APP-cleaving enzyme 1 (BACE1), and γ-secretase 582 

are all localized in the MAM. BACE1 cleaves APP to produce sAPPβ and the C-terminal 583 

fragment C99. C99 is transported to MAM and cleaved by γ-secretase to yield Aβ and APP 584 

intracellular domain (AICD). Furthermore, MAM is considered a key pathway for Aβ entry 585 

into mitochondria, although alternative routes, such as direct translocation through 586 

mitochondrial membrane channel proteins (e.g., transient receptor potential melastatin-2 587 

(TRPM2) channel) or Presenilin-2 (PS2), have also been proposed in the literatures 588 

[119,120]. Knockdown of Mfn2, which participates in MAM anchoring, reduces the proximity 589 

between the mitochondria and ER, decreases γ-secretase activity, and reduces the intra- 590 

and extracellular levels of Aβ40 and Aβ42 [121]. Pharmacological interventions targeting 591 

MAM offer novel therapeutic strategies for AD. For instance, strategies aimed at 592 

normalizing MAM protein expression or activity can potentially restore mitochondrial 593 

function, reduce Aβ production, and slow the progression of AD. Furthermore, the 594 

regulation of lipid metabolic pathways in MAM may also exert beneficial effects in the 595 

treatment of AD [122].  596 

In summary, MAM acts as a critical intracellular regulatory hub and plays a central role 597 
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in the pathogenesis of high-salt-diet-related diseases. Excessive salt intake disrupts the 598 

structural integrity of MAM, leading to calcium dyshomeostasis, mitochondrial dynamics 599 

disorders, lipid metabolism abnormalities, and autophagy dysfunction. This cascade of 600 

cellular events subsequently triggers pathological alterations across multiple organ 601 

systems including the cardiovascular, metabolic, and nervous systems. From hypertension 602 

and myocardial injury to obesity and fatty liver disease, insulin resistance, T2DM, and AD, 603 

MAM dysfunction constitutes a common molecular basis for these disorders (Figure 2). 604 

This insight not only deepens our understanding of high-salt diet-induced diseases but also 605 

provides new theoretical support for developing intervention strategies targeting MAM 606 

homeostasis. Thus, maintaining or restoring MAM homeostasis may represent a novel 607 

approach for preventing and treating pathologies associated with high-salt diets.  608 

4. Summary and Outlook 609 

A high-salt diet acts as a significant metabolic stressor and exerts a pathogenic impact 610 

far beyond merely elevating the blood pressure. This review systematically assessed the 611 

core role of high-salt diets contributing to the disruption of the structure and function of 612 

MAM, which in turn triggers widespread cellular metabolic disorders. Specifically, high salt 613 

intake interferes with key MAM complexes such as IP3R-GRP75-VDAC1, disrupting 614 

calcium homeostasis between the ER and mitochondria. This induces mitochondrial 615 

calcium overload, excessive ROS production, and impaired energy metabolism. 616 

Furthermore, a high-salt diet induces ERS, activates UPR, and impairs mitochondrial 617 

function via MAM, collectively leading to cellular dysfunction and injury.  618 

High salt levels also increase hepatic lipid synthesis and impair lipid transport by 619 

activating transcription factors, such as SREBP1c, and disrupting the function of lipid 620 

transporters, such as CERT and PACS-2. These alterations promote abnormal lipid droplet 621 

accumulation and cause systemic lipid metabolism disorders. Together, these changes 622 

exacerbate mitochondrial structural and functional impairment, sustain ERS, amplify 623 

oxidative stress, and activate NLRP3 inflammasome. Ultimately, they drive the onset and 624 

progression of multiple diseases, including hypertension, cardiovascular disease, MASLD, 625 

insulin resistance, CKD, and neurodegenerative disorders. 626 
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Research on the pathogenic mechanisms linking MAM to high-salt diets is evolving 627 

and numerous critical questions await in-depth exploration. Future investigations should 628 

focus on the following directions: elucidating the specific molecular mechanisms by which 629 

high-salt diets regulate MAM composition and dynamic membrane contacts; clarifying 630 

tissue-specific responses of MAM to high-salt stress in different organs, such as blood 631 

vessels, liver, kidney, and nervous system, and defining their unique roles in organ-specific 632 

damage; exploring intervention strategies that modulate the activity of key MAM proteins 633 

(e.g., MFN2, GRP75, IP3R) to reverse high-salt-induced cellular damage and metabolic 634 

disorders; and developing novel pharmacological or natural bioactive molecules that target 635 

the integrity and function of MAM, thereby providing potential clinical approaches for the 636 

prevention and treatment of high-salt diet-related diseases.  637 

Several limitations in the current literature should be acknowledged, which also point 638 

to key directions for future research. First, the vast majority of evidence linking high-salt 639 

diets to MAM dysfunction is derived from animal models and cell-based systems. Clinical 640 

data directly examining MAM integrity or MAM-associated molecular markers (e.g., plasma 641 

or tissue levels of IP3R, GRP75, VDAC, or MFN2) in relation to dietary salt intake in human 642 

populations remain scarce. Future translational studies, including case-control and cohort 643 

studies, are urgently needed to validate whether MAM disruption occurs in humans under 644 

high-salt conditions and whether it correlates with disease progression. Second, the dose-645 

response relationship between salt intake and MAM structural/functional impairment has 646 

not been characterized systematically. It remains unclear whether MAM disruption follows 647 

a threshold-dependent pattern or exhibits progressive deterioration with increasing salt 648 

exposure. Well-controlled dose-escalation studies in both preclinical models and, where 649 

feasible, human subjects are warranted to establish the quantitative relationship between 650 

salt burden and MAM damage. Addressing these gaps is essential for translating MAM-651 

targeted strategies into clinical practice. 652 

In summary, MAM represents not only a novel perspective for understanding the 653 

pathogenic mechanisms of high-salt diet-induced diseases but also a crucial bridge linking 654 

nutritional stress to cellular metabolic disorders. An in-depth investigation of MAM in high-655 

salt-diet-related diseases will provide a theoretical foundation for elucidating disease 656 
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pathogenesis and offer both theoretical frameworks and practical directions for developing 657 

novel therapeutic strategies aimed at restoring inter-organelle communication and 658 

metabolic homeostasis. Encouragingly, studies on other pathological conditions have 659 

demonstrated the feasibility of MAM-targeted interventions. For instance, pharmacological 660 

intervention with 2-aminoethyl diphenyl borate (an IP3R1 inhibitor) or VBIT-12 (a VDAC1 661 

oligomerization inhibitor) attenuated MAM ultrastructure injury and prolonged the survival 662 

time in rats following hemorrhagic shock, revealing the systemic benefits of modulating key 663 

MAM proteins [123]. However, whether these inhibitors can rescue high-salt diet-induced 664 

MAM injury remains to be investigated, which is a critical step toward translating MAM-665 

targeted strategies for salt-related diseases into clinical practice. 666 
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Figure legends 

Figure 1 Schematic diagram of mitochondria-associated endoplasmic reticulum 

membrane (MAM) and key molecular components.  

MAM is a dynamic membrane contact site between the endoplasmic reticulum (ER) and 

the mitochondria. The diagram highlights major functional modules: 1) lipid synthesis and 

transport, involving Caveolin-1 and cholesterol (Chol); 2) Ca2+ channel complex, centered 

on the IP3R-GRP75-VDAC1 complex and MCU, regulating calcium flux; 3) adaptor 

proteins, such as MFN2, which tether the two organelles; and 4) cellular regulation, 

including autophagy (BECN1 and PINK1), energy sensing (AMPK), and apoptosis 

(caspase). The release of cytochrome c indicates the role of MAM in cell death signaling 

pathway. This figure was created using SciDraw based on the molecular mechanisms 

described in this review. The key molecular components and pathways are derived from 

representative references [11,19,22,26,29,31,35]. 

Figure 2. Mitochondria-associated endoplasmic reticulum membrane (MAM) 

dysfunction serves as a convergent mechanism in the pathogenesis of multiple 

diseases.  

This schematic illustrates that the disruption of molecular networks in MAM contributes to 

metabolic, cardiovascular, and neurodegenerative disorders. Key pathological 

mechanisms include: 1) calcium dysregulation, in which disrupted IP3R-GRP75-VDAC1-

mediated calcium signaling is implicated in myocardial injury, insulin resistance, and 

neurodegenerative processes; 2) metabolic dysfunction, in which altered lipid metabolism 

through FAS/SCD/ACC pathways at MAM promotes obesity, fatty liver disease, and 

atherosclerosis; 3) mitochondrial impairment, in which abnormal mitochondrial dynamics 

(DRP1/MFN/OPA1), and energy production (ETC) contribute to pancreatic β-cell failure, 

cardiac injury, and neurological degeneration; and 4) cellular stress activation, in which 

MAM-localized stress sensors (HSPA9, Caspase-1, TRPC3), and amyloidogenic 

processing (BACE1) drive inflammatory and degenerative processes in chronic kidney 

disease, Alzheimer’s disease, and cardiovascular disorders. This figure was created using 

SciDraw and integrates pathological mechanisms supported by representative references 

[6,7,16,38,50,54,61,64,80,81,84,92,101,107,110,115,117,118,121].  

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of


