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Abstract: The pathogenesis of diabetes mellitus and its complications involves multiple factors and complex mechanisms. Currently,
clinical treatment options remain limited, posing an ongoing and severe challenge to global public health. Therefore, in-depth research
and understanding are urgently needed to advance the development of therapeutic strategies. Extensive studies have indicated that the
endoplasmic reticulum (ER) and mitochondria are key organelles driving the occurrence and progression of diabetes mellitus and its
complications. Notably, the mitochondria-associated endoplasmic reticulum membranes (MAMSs), serving as a physical and functional
bridge connecting the ER and mitochondria, play a critical role in maintaining organelle functional homeostasis, which underscores the
importance of inter-organelle communication. This review systematically summarizes the integrated structure and regulatory mechan-
isms of MAMs, as well as their physiological functions in mediating inter-organelle signal transduction and material exchange.
Furthermore, it elaborates in detail on the diverse pathogenic roles of MAMs dysfunction in diabetes mellitus and its complications,
with a focus on its involvement in calcium signaling, lipid synthesis and transport, mitochondrial dynamics, cellular stress, and cell
death. In addition, this review specifically points out that multi-component and multi-target holistic regulatory strategies exhibit unique
potential in restoring MAMs homeostasis, thereby providing novel perspectives and potential preclinical intervention approaches for
the “holistic regulation” treatment of diabetes complications. In conclusion, clarifying the role of MAMs in diabetes mellitus and its
complications is expected to lay an important theoretical foundation for the development of preclinical therapeutic strategies, although
significant challenges remain for clinical translation, including tissue-specific targeting, safety, and the lack of validated biomarkers.
Keywords: diabetes-related complications, multi-target therapy, holistic regulation, organelle homeostasis, endoplasmic reticulum

stress

Introduction

Diabetes mellitus has become a major challenge that needs to be urgently addressed in the global public health field. Its
global prevalence has been on a continuous rise, posing a severe threat to human health. According to the latest data from
the International Diabetes Federation (IDF), the number of people with diabetes worldwide reached 537 million in 2021,
and epidemiological models predict that this figure will surge to 1.31 billion by 2050, representing an increase of over
140%." As a metabolic disease characterized primarily by pancreatic B-cell dysfunction, the onset and progression of
diabetes are closely associated with organelle dysfunctions such as mitochondrial abnormalities and endoplasmic
reticulum stress (ERS). With the progression of the disease course, the pathological damage caused by metabolic
disorders will gradually affect the systemic microvascular system and multiple parenchymal organs, ultimately leading

to a series of disabling and life-threatening complications. Diabetic angiopathy mainly includes diabetic kidney disease
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(DKD), diabetic retinopathy (DR), diabetic peripheral neuropathy (DPN) and diabetic cardiovascular complications;
while diabetic organ lesions cover diabetic encephalopathy, diabetes-related liver injury, diabetic foot and refractory
wounds.”” Therefore, clarifying the core pathogenesis of diabetic complications is the premise and key to developing
effective preclinical prevention and treatment strategies.

In recent years, the correlation between organelle homeostasis imbalance and human diseases has become a research
hotspot in the field of life sciences. For living cells, it is crucial to maintain the structural integrity and functional
coordination of various organelles. These organelles do not operate in isolation; instead, they form a dynamic interactive
network through membrane contact sites (MCSs) and vesicular transport, enabling material exchange, signal transduction
and functional regulation, thereby mediating the adaptive responses of cells to changes in the internal and external
environment. In the pathological process of diabetes and its complications, mitochondrial and endoplasmic reticulum
dysfunctions have been proven to be one of the core driving factors.* As the most critical membrane contact structure
between the two, mitochondria-associated endoplasmic reticulum membranes (MAMs) are not only the core hub for
regulating basic biological processes such as intracellular Ca** homeostasis, lipid metabolism, mitochondrial dynamics,
stress response and cell death, but also play a decisive role in the occurrence and development of diabetic complications
through the abnormal activation or inhibition of the above-mentioned pathways.’

Based on this, this review systematically summarizes the structural characteristics and functional regulatory mechan-
isms of MAMs, focuses on elaborating their pathological roles in major diabetes-related complications, and highlights
multi-target and holistic regulatory intervention strategies. It further explores in depth the potential molecular mechan-
isms underlying the regulation of MAMs dysfunction and related signaling networks. The purpose of this review is to
provide a novel “targeted-holistic” synergistic strategy for the preclinical prevention and treatment of diabetes complica-

tions, as well as to lay a theoretical foundation for subsequent translational medicine research.
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Accumulating evidence suggests that MAM alterations in diabetes are dynamic and context-dependent rather than
unidirectional. Early stages may involve adaptive increases in ER—mitochondria coupling, whereas chronic stress leads to
maladaptive hypercoupling or loss of MAM integrity. This stage-dependent perspective may help reconcile conflicting
reports of increased and decreased MAM formation across different diabetic contexts.

Methods

This review aims to systematically summarize the mechanisms underlying the role of MAMs in diabetic complications
and the research progress of their use as therapeutic targets. To ensure the systematicity and comprehensiveness of the
literature search, we developed the following literature search strategy.

Databases Searched
We conducted literature searches using the following databases: PubMed (https://pubmed.ncbi.nlm.nih.gov), and Google

Scholar (https://scholar.google.com). The search time range was set from January 2021 to March 2026. In addition,

classic and highly influential articles published before 2021 were included to provide essential background information.

Search Keywords

The search strategy combined subject headings and free-text terms. The main keywords were as follows: (1) Core
concept terms: mitochondria-associated endoplasmic reticulum membranes, MAMs, ER-mitochondria contacts, mito-
chondria-ER contact sites; (2) Disease-related terms: diabetic complications, diabetic nephropathy, diabetic retinopathy,
diabetic cardiomyopathy, diabetic neuropathy, diabetic encephalopathy, diabetic liver injury, diabetic foot ulcers; (3)
Mechanism-related terms: calcium signaling, lipid metabolism, mitochondrial dynamics, endoplasmic reticulum stress,
autophagy, mitophagy, apoptosis; (4) Keywords were combined using the Boolean operators AND and OR.

Inclusion and Exclusion Criteria

Inclusion criteria: (1) Original research or review articles published in peer-reviewed journals; (2) Studies related to the
role of MAM s in diabetes and its complications; (3) Studies involving the structure, function, regulatory mechanisms, or
therapeutic intervention of MAMs; (4) Articles published in English. Exclusion criteria: (1) Non-English publications;
(2) Incomplete studies such as conference abstracts, comments, and letters; (3) Studies not directly related to MAMs or
diabetic complications; (4) Duplicate publications.

Literature Screening and Data Extraction
Literature screening and data extraction were performed independently by two researchers. Any discrepancies were
resolved through discussion or consultation with a third researcher. The finally included articles were classified and
integrated into corresponding thematic sections according to their research content.

Using the above search strategy, we included more than 90 relevant studies as the basic literature source for this
review.

Structure, Function and Dysregulation of MAMs in Diabetes
Structure of MAMs

Mitochondria and the ER exhibit structural connections and functional interactions. Using electron microscopy combined
with biochemical co-sedimentation assays, Mannella et al® and Zhou et al’ observed that ER vesicles closely contact
mitochondrial membranes, confirming the existence of specific physical links between these two organelles. This contact
region was later identified as a vital functional hub, namely MAMs, which mediates critical life activities between the
two organelles and is essential for maintaining cellular homeostasis.

Morphological studies have shown that this dynamic interface is not tightly apposed but is maintained at a precise
distance of 10-50 nm by a series of tethering proteins. These include the inositol 1,4,5-trisphosphate receptor (IP3R)-
glucose-regulated protein 75 (GRP75)-voltage-dependent anion channel 1 (VDACI) complex, which plays a core
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tethering role, as well as regulatory proteins such as the Sigma-1 receptor (Sig-1R).® The structure of this membrane
contact site is not static; the two organelles are in close proximity but do not overlap. A contact site is considered
functionally active only when the distance between MAMs is < 30 nm, whereas a distance > 30 nm may indicate MAMs
dysfunction. Therefore, the molecular structure of MAMs depends on the tight spatial organization of the ER and
mitochondria, and maintaining an appropriate distance (10-50 nm) is critical for efficient signal transduction and material
exchange.”"'”

In terms of composition, MAMs are a multi-layered platform enriched with various functional proteins, which can be
roughly divided into three components: core tethering complexes, auxiliary stabilizing proteins, and specific signal
regulators.® This multi-layered architecture enables MAMs to act not only as a “channel” for inter-organelle material
exchange but also as a highly integrated signaling hub, playing a key role in maintaining cellular homeostasis and
responding to external perturbations.

Composition of MAMs

As a functional bridge between the ER and mitochondria, MAMs primarily rely on proteins to exert their biological
functions. Based on localization characteristics and molecular functions, MAMs-associated proteins can be classified into
three categories: first, exclusive resident proteins specifically localized to MAMs; second, proteins that are enriched in
MAMs but also distributed in other cellular regions; third, proteins that are transiently recruited to MAMs in a condition-
dependent manner. This localization diversity not only reflects the dynamic nature of MAMs structure but also lays the
foundation for its functional diversity.'' At the functional level, these proteins mediate the tethering between mitochon-
drial and ER membranes, and directly determine the stability of physical connections between the two organelles by
precisely regulating membrane contact distance, contact area, and the number of connection sites.'?

The formation of MAMs is mediated by multiple membrane-anchored tethering protein complexes. To date, several
key complexes have been identified and characterized in mammalian cells, including: (1) Vesicle-associated membrane
protein-associated protein B (VAPB) and protein tyrosine phosphatase-interacting protein 51 (PTPIP51); (2) Oxysterol-
binding protein-related proteins 5/8 (ORP5/8) and PTPIP51; (3) B-cell receptor-associated protein 31 (BAP31) and
mitochondrial fission 1 protein (FIS1); (4) The calcium signaling core composed of IP3R, GRP75, voltage-dependent
anion channel (VDAC), and mitochondrial calcium uniporter (MCU); (5) Mitofusin 2 (MFN2) and mitofusin 1 (MFN1),
which mediate mitochondria-ER membrane tethering; (6) Ribosome-binding protein 1 (RRBP1) and synaptojanin 2-
binding protein (SYNJ2BP)."?

Proteomic studies have identified hundreds to thousands of MAMs-associated proteins across different species and
tissues, with their core components being highly conserved."*!” For example, in MAMs isolated from the retinas of
diabetic rats, a total of 2664 unique proteins were quantified, among which 179 exhibited significant alterations under
diabetic conditions. Functional annotation revealed that these differentially expressed proteins are involved in key
biological processes such as cell survival, inflammatory response, and cellular homeostasis maintenance, indicating
that diabetes can induce dysregulation of protein expression in retinal MAMs, thereby leading to functional
abnormalities.'® In the hearts of db/db mice (a model of type 2 diabetes), MAMs proteomic analysis demonstrated
a fundamental shift in molecular function: from calcium signaling processing and muscle contraction in the healthy state
to energy metabolism disorders centered on mitochondrial dysfunction. This critical transition directly promotes the onset
and progression of diabetic cardiomyopathy.'®

In summary, MAMs possess a highly conserved protein composition and play a key role in maintaining cellular
homeostasis. Their functional dysregulation has emerged as an important pathological basis for the development of
various diabetic complications (Table 1).

Technical Challenges in MAMs Research

Despite remarkable progress in MAMs research in recent years, the field still faces a series of technical challenges. These
challenges largely limit the comparability of results across different studies and may be a major cause of conflicting
reports in the literature regarding the functional status of MAMs (increased vs decreased).
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Table 1 Core Protein Composition of MAMs and Their Structural and Functional Roles

Protein Complex/
Component

Molecular Localization

Major Structural Role in
MAMs

Core Cellular Biological Function

IP3R-GRP75-VDAC| '

IP3R: Endoplasmic Reticulum (ER)

MembraneGRP75: CytoplasmVDACI:
Outer Mitochondrial Membrane (OMM)

Forms the core physical tethering
complex, mediating the bridging
between ER and OMM

Mediates efficient, low-flux transfer of Ca*" from
the ER lumen to the mitochondrial matrix

VAPB-PTPIP5| '3

VAPB: ER MembranePTPIP51: OMM

Forms a direct protein-protein
interaction tethering complex

Maintains the inter-organelle membrane
distance, regulates lipid (eg, cholesterol,
phosphatidylserine) transport and Ca?* signaling

transduction-related tethering
complex

MFN2'3 OMM/ER Membrane Forms trans-tethering via Regulates the tightness of physical connections
homotypic (MFN2-MFN2) or between ER and mitochondria, and participates
heterotypic (MFN2-MFNI) in mitochondrial fusion
interactions

BAP3I-FIS| '3 BAP3I: ER MembraneFISI: OMM Forms an apoptosis signal Transmits apoptosis signals from ER to

mitochondria upon apoptosis initiation,
promoting OMM permeabilization

Sigma-| Receptor (Sig-I1R)®

ER Membrane (MAMs Region)

Molecular chaperone that interacts
with IP3R3, Bip, etc., serving as

Stabilizes IP3R to enhance Ca®* signaling under
ER stress, acting as a stress sensor of MAMs

a scaffold protein

First, there is significant variability in morphological detection methods for MAMs. Transmission electron micro-
scopy (TEM) serves as the gold standard for quantitative analysis of endoplasmic reticulum-mitochondria contact
distances and contact lengths, as well as an essential tool for observing the ultrastructure of MAMs. However, its
outcomes are highly dependent on sample processing protocols (eg, osmotic pressure of fixatives, dehydration steps),
randomness in image acquisition, and the standardization of quantitative analysis methods.'® Studies have shown that
limitations of TEM include low throughput, lengthy sample preparation time, limited field of view, and the requirement
for sample dehydration and staining—all of which may compromise the in situ preservation of MAMs structure.'’
Moreover, contact definition criteria (eg, distance thresholds set at 30 nm, 50 nm, or wider) vary substantially across
laboratories, rendering direct comparison of quantitative results difficult.

Second, proximity ligation assay (PLA) and biochemical fractionation techniques each have limitations in specificity
and resolution. PLA enables in situ detection of interactions between specific protein complexes in MAMs regions, but
its signal intensity is influenced by factors such as antibody quality, fixation conditions, and threshold settings, and it
cannot provide precise subcellular localization information.”® Biochemical fractionation methods (eg, density gradient
centrifugation) are commonly used to obtain MAMs-enriched fractions at present. Nevertheless, lysis conditions,
gradient media (eg, Percoll, Nycodenz, OptiPrep), and centrifugation parameters differ widely among studies, resulting
in variable purity of isolated MAMSs fractions. This may account for the substantial discrepancies in MAMs-associated
proteins identified across different investigations.?' Notably, it is widely agreed among researchers that combining
multiple techniques (eg, TEM coupled with proteomics, PLA integrated with functional assays) is necessary to draw
more reliable conclusions.'”

Third, the selection of cell models and disease stages exerts a decisive influence on MAMs phenotypes. In in vitro
experiments, variations in high-glucose stimulation concentration (5.5 mM vs 25-30 mM), exposure duration (acute vs
chronic), and cell type (primary cells vs immortalized cell lines) can all trigger distinct adaptive changes in MAMSs. For
instance, short-term high-glucose stimulation may induce compensatory enhancement of MAMs, whereas prolonged
stimulation may lead to structural disruption.?° In in vivo studies, different diabetic animal models (eg, STZ-induced type
1 diabetes vs db/db or ob/ob type 2 diabetes models) and different disease stages (early vs advanced) within the same
model may exhibit completely opposite alterations in MAMs.?>?' A recent study found that in diet-induced obese and
type 2 diabetic mouse models, basal MAMs contacts in colonic L-cells were paradoxically enhanced but lost their normal
responsiveness to glucose stimulation, indicating functional remodeling of MAMs at different disease stages.?’

Fourth, MAMs research is also plagued by the lack of standardized measurement techniques. Currently, parameters
adopted for MAMs quantitative analysis across laboratories (eg, contact length, contact area, number of contact sites,
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distance thresholds) lack uniform standards, making cross-study comparison of research results challenging.'®
Establishing standardized workflows for MAMs quantification, developing more specific live-cell dynamic imaging
technologies (eg, contact probes based on FRET or FLIM), and performing cross-validation using multi-omics techniques
will be key directions to advance the field in the future.

Therefore, when interpreting and comparing MAMs-related studies, full consideration must be given to the afore-
mentioned technical and methodological differences. Understanding these technical challenges is crucial for promoting
the development of the MAM s field and facilitating the transition from mechanistic research to clinical translation.*'

Core Cytological Functions of MAMs

As a key connection hub between mitochondria and the endoplasmic reticulum, the core physiological functions of
MAMs involve the regulation of cellular physiological processes such as calcium signaling, lipid synthesis and transport,
mitochondrial dynamics, cellular stress, and cell death.

MAMs Participate in the Regulation of Calcium Signaling

Calcium ions (Ca”"), as ubiquitous second messengers, are crucial for cell survival and function.”” By forming a highly
efficient microdomain enriched with key calcium-handling proteins, MAMs serve as a central hub for the precise
regulation of intracellular Ca®" signaling.®>** Under physiological conditions, MAMs-mediated calcium signaling is
a highly coordinated multi-step process: extracellular signal stimulation triggers the activation of IP3R or ryanodine
receptors (RyR) on the endoplasmic reticulum membrane, mediating the release of Ca®" from the ER lumen into the
MAMs region. Subsequently, the released Ca*" is captured by GRP75 in the cytoplasm. Acting as a molecular bridge,
GRP75 binds IP3R at one end and VDACI on the outer mitochondrial membrane at the other end, thereby “delivering”
Ca®" to the mitochondrial surface. Ultimately, upon sensing the high-Ca®" microenvironment in the mitochondrial
intermembrane space, the MCU complex located on the inner mitochondrial membrane opens, driving Ca*" influx into
the mitochondrial matrix.'?

The precise regulation of this process relies on multiple MAMs-resident proteins: tethering proteins including MFN2
and VAPB-PTPIP51 structurally ensure the efficiency and fidelity of calcium transfer by maintaining an optimal
membrane distance of 10-30 nm. Meanwhile, the Sig-1R, acting as a molecular chaperone, stabilizes IP3R under ER
stress to enhance calcium flux, whereas Bcl-2 family proteins can interact with IP3R to inhibit its excessive opening,
serving as a functional “brake”.

MAMs-mediated mitochondrial calcium uptake is of critical physiological significance. On the one hand, a moderate
increase in Ca”" within the mitochondrial matrix acts as a potent signal to activate key dehydrogenases in the
tricarboxylic acid cycle (eg, pyruvate dehydrogenase, isocitrate dehydrogenase) as well as F,Fy-ATP synthase, thereby
directly promoting ATP synthesis to meet cellular energy demands. On the other hand, acting as a “calcium buffer”,
mitochondria rapidly uptake Ca®" from the MAMs region, which helps terminate ER calcium release and prevent
cytoplasmic calcium overload, thus shaping the frequency and amplitude of calcium oscillations and ensuring the proper
decoding of downstream signaling pathways.''

Of note, calcium signaling homeostasis mediated by MAMs is closely associated with insulin signal transduction.
MAMs play a dual role in insulin resistance. On the one hand, proper structure and function of MAMs are essential for
maintaining insulin sensitivity. MAMs provide the necessary ATP support for insulin signaling pathways (such as the
PI3K/Akt pathway) by regulating mitochondrial calcium uptake and energy metabolism. Meanwhile, MAMs also serve
as an important component of the insulin receptor signaling complex and participate in the regulation of glucose uptake
in response to insulin stimulation.'' On the other hand, under pathological conditions, dysfunctional MAMs can directly
induce the development of insulin resistance. Studies have shown that high-fat diet or high-glucose stimulation can alter
the expression or localization of key proteins in MAMs (such as PTP1B and MFN2), triggering disordered endoplasmic
reticulum-mitochondrial calcium transport and mitochondrial dysfunction. This in turn inhibits the normal transmission
of insulin signaling pathways by activating stress kinases including JNK and PKC.’~* Notably, the transition between
“protective MAMs” and “pathological MAMs” depends on the nature, intensity, and duration of the stimulus. Recent
studies have found that short-term high-glucose stimulation induces compensatory enhancement of MAMs, whereas

6 https: Diabetes, Metabolic Syndrome and Obesity 2026:19



Shi et al

prolonged stimulation leads to structural disruption of MAMs and impaired insulin signaling.'' In addition, down-
regulation of MAMs-associated proteins (such as PACS-2 and MFN2) in hepatocytes of obese and type 2 diabetic mice is
positively correlated with the severity of insulin resistance.”>*® Therefore, MAMs are the intersection of cellular energy
metabolism and calcium signal integration. In the hyperglycemic stress environment of diabetes, disruption of MAMs
structure or functional abnormalities of regulatory proteins can easily shift calcium signaling from “precise regulation” to
“uncontrolled transfer”, triggering mitochondrial calcium overload, ROS burst and energy crisis, and ultimately initiating
the apoptotic program. These are the common cellular events underlying various diabetic complications.

MAMs Participate in Lipid Synthesis and Transport

Lipid metabolic homeostasis is essential for maintaining membrane integrity, energy storage and signal transduction in
cells. MAMs serve as a core intracellular platform for lipid synthesis and distribution, and are particularly responsible for
regulating the metabolism of phospholipids, cholesterol and sphingolipids, as well as their directional transport to
mitochondria. Structurally, MAMs are enriched with a variety of key enzymes and carrier proteins involved in lipid
synthesis and transport. For instance, after phosphatidylserine (PS) is synthesized in the endoplasmic reticulum, it can be
further modified by phosphatidylserine synthases that are locally enriched in MAMs. Subsequently, lipid transfer proteins
(eg, the ORP5/8 and VAPB-PTPIP51 complexes) located on MAMs mediate its transport to the outer mitochondrial
membrane. Within mitochondria, PS is rapidly decarboxylated to form phosphatidylethanolamine (PE), which can be
transported back to the endoplasmic reticulum for the synthesis of other phospholipids.?’

Under conditions of hyperglycemia and insulin resistance in diabetes, the lipid metabolic function of MAMs
undergoes significant dysregulation. On the one hand, hyperglycemia can induce the abnormal activation of the sterol
regulatory element-binding protein (SREBP) pathway in the MAMs region, leading to the over-synthesis of cholesterol
and triglycerides.”® On the other hand, impaired lipid transport function of MAMs—such as abnormal expression or
function of the VAPB-PTPIP51 complex—reduces the efficiency of phospholipid (eg, cardiolipin) delivery to
mitochondria.'® Insufficient cardiolipin content in mitochondria directly impairs the stability and activity of electron
transport chain complexes, exacerbating oxidative phosphorylation disorders and ROS production.”” Meanwhile, the
ectopic accumulation of lipids in non-adipose tissues (eg, liver, kidney, myocardium) is a crucial initiating factor for
diabetes-related steatosis, lipotoxicity and organ damage.>*>? Therefore, MAMs-mediated lipid metabolic imbalance
constitutes a key link connecting metabolic disorders in diabetes with organelle dysfunction.

MAMs Participate in the Regulation of Mitochondrial Dynamics

Mitochondria are in a dynamic balance of continuous fusion and fission, a process known as mitochondrial dynamics.
MAMs act as a strategic command center for regulating mitochondrial dynamics, which is essential for maintaining
mitochondrial network integrity, function and quality control.*

Mitochondrial fusion is mainly mediated by mitofusin 1 and 2 (MFN1/2) as well as optic atrophy 1 (OPA1).>* Among
these, MFN2 has a unique dual localization: it is not only located on the outer mitochondrial membrane to facilitate
mitochondria-mitochondria fusion, but also resides on the endoplasmic reticulum membrane. By forming MFN2-MFN1
/2 trans-complexes, MFN2 directly tethers the endoplasmic reticulum to mitochondria, thereby shaping the MAMs
structure.®>*® Therefore, MFN2 is a core molecule linking mitochondrial dynamics and MAMs integrity. Mitochondrial
fission is dominated by dynamin-related protein 1 (Drpl), which is recruited to the fission sites on the outer mitochon-
drial membrane.>’® Emerging evidence indicates that the endoplasmic reticulum pre-wraps and constricts mitochondria
to mark future fission sites, a process that is highly dependent on MAMs.*® The INF2 protein on the endoplasmic
reticulum membrane can promote actin polymerization, and cooperates with the Spirel1C protein in the MAMs region to
jointly provide a structural scaffold for the recruitment and oligomerization of Drp1.*’

In diabetic complications, the hyperglycemic environment generally shifts mitochondrial dynamics toward excessive
fission (fragmentation).**** The underlying mechanisms involve: 1) Downregulated expression or functional inhibition
of MFN2, which impairs MAMs tethering and mitochondrial fusion capacity;** 2) Enhanced activation of Drpl, with
increased phosphorylation levels (eg, via PKC3 and CaMKII), leading to greater recruitment to mitochondria-ER contact
sites with augmented MAMs formation.**** The resulting mitochondrial fragmentation is characterized by low
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respiratory efficiency, increased ROS production, and susceptibility to autophagic clearance. When the autophagic
capacity of cells is overwhelmed, dysfunctional mitochondria accumulate and trigger apoptosis.*? This phenomenon
has been confirmed in diabetic cardiomyocytes, renal tissues and podocytes in diabetic kidney disease, as well as retinal
ganglion cells in diabetic retinopathy.

MAMs Participate in the Regulation of Autophagy and Mitophagy

In addition to participating in the regulation of endoplasmic reticulum stress and oxidative stress, MAMs also play a key
role in the initiation and regulation of autophagy and mitophagy. Autophagy is a highly conserved cellular degradative
process that maintains cellular homeostasis by forming double-membraned autophagosomes to encapsulate and eliminate
damaged organelles, misfolded proteins, and pathogens. Based on cargo specificity, autophagy can be classified into non-
selective macroautophagy and selective types such as mitophagy.*’

Studies have demonstrated that MAMs serve as a critical platform for autophagosome membrane formation. Under
autophagy-inducing conditions, the endoplasmic reticulum membrane generates pre-autophagosomal structures at
MAMs, which then interact with other organelles including mitochondria to promote autophagosome elongation and
maturation. Multiple proteins located at MAMs are involved in this process: for instance, the VAPB-PTPIP51 complex
not only mediates ER-mitochondria tethering but also participates in the recruitment of autophagy-related proteins such
as LC3 and ATG14;***" meanwhile, the BAP31-FISI complex plays an important role in autophagic signal
transduction.*®

MAMs also act as a core regulator in mitophagy. The PINK 1/Parkin pathway is the best-characterized mechanism for
selective mitophagy. In healthy mitochondria, PINK1 is rapidly degraded; however, upon loss of mitochondrial
membrane potential, PINK1 stably accumulates on the outer mitochondrial membrane and recruits Parkin to damaged
mitochondria, thereby triggering mitophagy. Both PINK1 and Parkin localize to MAMs, and the structural integrity of
MAMs is essential for PINK 1/Parkin-mediated mitophagy.*’ Furthermore, other MAMs-associated proteins, including
MEFN2 and FUNDCI, regulate mitophagy: MFN2 acts as a receptor for Parkin to facilitate the removal of damaged
mitochondria, whereas FUNDC1 mediates PINK 1/Parkin-independent mitophagy under hypoxic conditions.”

Dysregulation of autophagy and mitophagy is one of the major pathogenic mechanisms in diabetic complications.
A high-glucose environment impairs MAMs structure and suppresses PINK 1/Parkin-mediated mitophagy, leading to the
accumulation of damaged mitochondria and further exacerbating oxidative stress and apoptosis.’' Therefore, restoring
MAMs-mediated autophagy and mitophagy represents a promising preclinical therapeutic strategy for diabetic complica-
tions, although its clinical applicability requires further validation. For example, black raspberry anthocyanins protect the
retina by activating mitophagy via inhibiting the PTP1B-ERS axis;’* ginsenoside Ro alleviates endothelial injury in
diabetic retinopathy by promoting mitophagy through the Epacl/AMPK pathway.>

MAMs Participate in Cellular Stress
Cellular stress, particularly ERS and oxidative stress, plays a central role in the pathogenesis of diabetic complications.
MAMs serve as a key hub for integrating and coordinating these two stress responses.

When ERS occurs, the three major sensors of the unfolded protein response (UPR)—PERK, IREla and ATF6—are
activated. Among them, PERK has been confirmed to be partially localized at MAMs.>* Activated PERK not only
globally regulates protein synthesis by phosphorylating elF2a, but also directly phosphorylates key proteins on MAMs
(eg, altering the conformation of MFN2), thereby modulating the tightness and function of MAMs.>*> Meanwhile, ERS
leads to increased release of calcium from the calcium store in the MAMs region, exacerbating mitochondrial calcium
influx through the IP3R-GRP75-VDAC! channel.’® On the other hand, excessive ROS generated by mitochondrial
dysfunction can diffuse back to the MAMs region, oxidatively modifying proteins on the endoplasmic reticulum
membrane (eg, IP3R, SERCA), disrupting calcium homeostasis and further aggravating ERS, thus forming an ERS-
ROS vicious cycle.”” The Sig-1R on MAMs acts as a stress sensor and molecular chaperone; it is activated in the early
stage of ERS, maintains moderate calcium signaling by stabilizing IP3R3, and helps preserve the structural integrity of
MAMs, which constitutes an important protective mechanism for cells against stress.”® However, under the chronic stress
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of sustained hyperglycemia in diabetes, this protective mechanism may be exhausted, transforming MAMs from a stress
coordination hub into an amplifier of apoptotic signals.

MAMs Participate in Cell Death
MAMs are a core platform for regulating cell fate, especially mediating mitochondria-dependent apoptosis. They
integrate multiple apoptotic signals from the endoplasmic reticulum and cytoplasm, and decisively control mitochondrial
outer membrane permeabilization (MOMP)—the irreversible point of apoptosis.’”**® The activation and mitochondrial
localization of the pro-apoptotic proteins Bax/Bak are critical steps in the execution of apoptosis.®® Studies have found
that the early activation of a subset of Bax occurs in the MAMs region.’ BAP31, which resides on the endoplasmic
reticulum, forms a pro-apoptotic complex with FIS1 on the outer mitochondrial membrane at MAMs. Upon receiving
death signals, this complex can be cleaved to generate p20 BAP31, which promotes the recruitment and activation of
Caspase-8 and facilitates the transmission of apoptotic signals to mitochondria.®*** More importantly, MAMs-mediated
calcium signaling is a potent trigger of apoptosis.®* As described in section 2.3.1, the pathological, excessive calcium flux
from the endoplasmic reticulum into mitochondria via MAMs is the direct cause of mitochondrial membrane potential
collapse, persistent opening of the mitochondrial permeability transition pore (mPTP), and cytochrome C release. In
addition, Bcl-2 family proteins on MAMs (eg, the anti-apoptotic Bcl-2 and Bcl-xL) directly interact with IP3R to
modulate its calcium channel activity, thereby inhibiting excessive pro-apoptotic calcium transfer under physiological
conditions.®

In diabetic complications, hyperglycemia creates a pro-apoptotic microenvironment by disrupting MAMs structure
(eg, downregulating MFN2 and PACS-2) and function (eg, enhancing IP3R-VDACI coupling and inhibiting protective
autophagy).***%*¢7 This exacerbates calcium-mediated mitochondrial damage, while weakening the protective “brake”
effect of proteins such as Bcl-2, leading to a marked increase in cellular sensitivity to apoptotic stimuli.®® Therefore, the
functional integrity of MAMs is a critical switch that determines cell survival in the hyperglycemic environment of
diabetes (Figure 1).

MAMs Dysfunction: A Common Pathway Driving Diabetic Complications

The pathological changes of MAMs in diabetic complications do not follow a uniform pattern, but instead exhibit
a seemingly paradoxical phenomenon: the number and extent of ER-mitochondria contacts are reduced in some tissues or
disease stages, while excessive formation occurs in others. This discrepancy is not merely due to experimental error, but
likely reflects the complex regulatory functions of MAMs under different pathophysiological conditions. Specifically, the
“decrease” or “increase” in MAMs may correspond to two distinct pathological states. On the one hand, impaired
structural integrity of MAMs (eg, increased contact distance, downregulated expression of key tethering proteins)
reduces the efficiency of material exchange and signal transduction between the ER and mitochondria. This “hypofunc-
tional” state is frequently observed in the early stage of disease or in certain tissues under chronic stress, such as renal

% and hippocampal neurons in diabetic encephalopathy.”’ The consequences include

tissue in diabetic nephropathy
disrupted calcium transport, disordered energy metabolism, and increased cellular susceptibility to apoptotic stimuli.
On the other hand, “excessive formation” or “hyper-coupling” of MAMSs is commonly seen in the progressive stage of
disease or in specific cell types, such as cardiomyocytes in diabetic cardiomyopathy’' and retinal vascular endothelial
cells in diabetic retinopathy.?! This “hyper functional” state triggers abnormal massive Ca>" influx from the ER into
mitochondria, leading to mitochondrial Ca*>" overload, explosive ROS production, and irreversible apoptosis.

Therefore, changes in the structure and function of MAMs may follow a biphasic regulatory mode: at the initial stage
of disease, cells may enhance MAMs formation to compensatory maintain ER-mitochondrial communication in response
to metabolic stress. However, when pathological stimuli such as high glucose and high lipid persist and exceed the
cellular compensatory capacity, MAMs may shift toward structural disruption or hyperfunction, eventually acting as
a “catalyst” that amplifies damaging signals. Understanding this dynamic evolutionary process is critical for precisely
targeting MAMs function and avoiding potential risks caused by inappropriate therapeutic timing.

Dysfunction of MAMs has been increasingly recognized as a key and shared pathological mechanism underlying the
development and progression of various diabetic complications. The hyperglycemic environment can directly disrupt the
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Figure | The core cytological functional network of MAMs. Figures were created using BioRender (https://www.biorender.com/). No artificial intelligence tools were used
in the generation of any figures or images.

structural integrity and functional coordination of MAMs, thereby impairing calcium ion transfer, lipid exchange, and
energy metabolism coupling between the ER and mitochondria, and ultimately triggering extensive organelle dysfunction
and tissue damage.

In the central nervous system, structural integrity of MAMSs in hippocampal neurons is impaired in diabetic
encephalopathy models, characterized by increased distance and reduced contact area between the ER and mitochondria.
This leads to downregulated expression of the IP3R-GRP75-VDACI1-MCU calcium channel complex, which in turn
causes impaired mitochondrial calcium uptake, excessive ROS production, and decreased ATP synthesis, ultimately
compromising synaptic plasticity and cognitive function.”® In pancreatic B-cells, prolonged hyperglycemic exposure
induces ER stress, excessive mitochondrial fission, and energy depletion through MAMs-mediated dysregulated Ca®"
transfer, accelerating B-cell dysfunction and apoptosis, and promoting the onset and progression of type 2 diabetes.
Meanwhile, impaired MAMs structural integrity in peripheral tissues such as the liver, muscle, and adipose tissue also
interferes with insulin signaling transduction and exacerbates systemic insulin resistance.””

At the target organ level, MAMs abnormalities are widely involved in multiple diabetic complications including
DKD, diabetic cardiomyopathy (DCM), diabetic retinopathy, impaired skin wound healing, and diabetic neuropathy.
Using in situ proximity ligation assay, Yang et al found that the number of MAMSs in renal biopsy tissues of DKD
patients decreased significantly with the progression of pathological grades (from Ila to class III), which was closely
associated with the downregulated expression of key regulatory proteins such as DsbA-L, PACS-2, and MFN-2.”* Cao
et al further confirmed that under high-glucose stimulation, downregulated MFN2 expression in podocytes attenuates its
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interaction with PERK, leading to MAMs structural damage, mitochondrial dysfunction, and cell apoptosis.”* Liu et al
demonstrated in renal tubular epithelial cells that high glucose upregulates MAPKI1 and inhibits PACS-2 expression;
MAPKI1 can directly bind to PACS-2 to promote its degradation, disrupt MAMs integrity, and induce mitochondrial
fragmentation. Notably, treatment with the MAPK1 inhibitor VX-11e effectively restores PACS-2 levels, reconstructs
MAMs structure, and significantly alleviates proteinuria and renal injury.”*

In diabetic cardiomyopathy, Wei et al discovered that the hyperglycemic and hyperlipidemic environment promotes
excessive MAMs formation by upregulating acid sphingomyelinase (ASMase), resulting in disordered and massive Ca**
influx from the ER into mitochondria and subsequent calcium overload. This process is regulated by MICU1 and
ultimately triggers oxidative stress and cardiomyocyte apoptosis.”> In addition, Zhang et al reported that the circadian
rhythm gene Bmall is downregulated under high glucose conditions, which inhibits Bcl2 transcription, attenuates the
inhibitory effect of Bcl2 on IP3R, promotes excessive Ca®" release to mitochondria via MAMs, and induces calcium
overload and cell death.”® Other studies have indicated that hyperglycemia enhances MAMs connectivity by inhibiting
AMPKa2 and upregulating FUNDC1, which also leads to cardiac energy metabolism disorders.”” Meanwhile, the
PACS2/IP3R2/FUNDC1/VDACI signaling axis has been confirmed to mediate excessive MAMs assembly, inhibit
oxidative phosphorylation, and activate the mitochondria-dependent apoptotic pathway.”®

In diabetic skin wound models, Xian et al found that oxidative stress-induced endothelial cell senescence is associated
with excessive MAMs formation, specifically characterized by enhanced interaction of the IP3R1/GRP75/VDACI1
complex, which causes mitochondrial Ca®" overload and functional impairment.”®

In terms of diabetic retinopathy, Wang et al revealed through proteomic analysis that prolonged hyperglycemia
significantly alters the retinal MAMs-associated protein profile, affecting pathways related to inflammation, calcium
homeostasis, and energy metabolism.'® Meanwhile, Ca**/calmodulin-dependent protein kinase II (CaMKII) is abnor-
mally activated to promote cell apoptosis. Moreover, decreased MFN2 expression and upregulated Drpl drive mitochon-
drial fragmentation, which together facilitate Bax translocation to mitochondria and cytochrome C release, thereby
activating the canonical apoptotic program.”’

In diabetic bladder dysfunction, a complication related to peripheral neuropathy, damage to Schwann cells is
particularly critical. Hyperglycemia impairs MAMs structure and function in Schwann cells, inducing PERK pathway
activation (increased ER stress), IP3R-mediated abnormal calcium signaling, and excessive mitochondrial fission caused
by Drpl/MFN2 imbalance, ultimately leading to Schwann cell damage. Since Schwann cells are essential for maintaining
the myelin sheath and function of peripheral nerves, their damage can further impair the nerves innervating the bladder,
inducing or exacerbating bladder dysfunction.”’

In summary, although the specific manifestations of MAMs in different complications may present as “decreased
quantity” or “excessive formation”, their core pathological consequences are highly consistent: enhanced ER stress,
impaired calcium homeostasis, abnormal mitochondrial dynamics, energy metabolism disorders, and activated cell
apoptosis. Therefore, MAMs not only serve as a key hub linking diabetic metabolic disorders to multi-organ damage,
but also provide promising preclinical intervention targets and strategies for the development of novel therapies, such as
targeting PACS-2, MFN2, FUNDCI1, MAPKI1, or regulating calcium channel complexes. However, significant challenges
remain before these strategies can be translated into clinical practice (Table 2 and Figure 2).

Clinical Evidence for Targeting MAMs in the Prevention and Treatment of
Diabetic Complications
Diabetic Kidney Disease

DKD is one of the most common and devastating microvascular complications of diabetes, and also a leading cause of
End-Stage Renal Disease (ESRD) worldwide. Recent studies have demonstrated that structural and functional disorders
of MAMs play a central role in the pathogenesis and progression of DKD. In a hyperglycemic microenvironment, the
stability of MAM s is disrupted, inducing mitochondrial dysfunction, ERS, and cell death, which ultimately lead to renal
fibrosis and progressive loss of renal function. A study by Li et al® found that stabilizing the VDAC1/GRP75/IP3R
complex can restore intracellular calcium homeostasis, thereby effectively alleviating the degree of renal fibrosis.
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Table 2 MAMs Dysfunction as a Common Pathogenic Pathway in Diabetic Complications

Type of Complication

Main Model/Sample

Characteristic Changes of
MAMs

Key Regulatory Molecules/Pathways

Functional Outcomes

Tissue-Specific MAMs
Phenotype

Diabetic Encephalopathy”®

Hippocampal Neurons
(Animal Model)

Impaired structural integrity
(increased distance,
decreased contact area)

Downregulated IP3R-GRP75-VDACI-MCU Complex

Impaired Ca®* transfer — Increased ROS,
Decreased ATP — Impaired Cognitive
Function

Decreased MAMs
integrity

Type 2 Diabetes’?

Pancreatic B-Cells

Dysregulated Ca®" Transfer

Hyperglycemia-Induced MAMs Disorder

Increased ER Stress, Enhanced
Mitochondrial Fission, Decreased ATP — (-
Cell Apoptosis

Dysregulated MAMs
function

Insulin Resistance (Liver/
Muscle/Adipose)”?

Peripheral Tissues

Impaired MAMs Structure

Blocked Insulin Signaling — Aggravated
Insulin Resistance

Impaired MAMs structure

Diabetic Nephropathy®*7374

Renal Biopsy Tissues,
Podocytes, Renal Tubular
Epithelial Cells

Decreased MAMs Quantity
or Structural Damage

Downregulated DsbA-L, PACS-2, MFN2; Upregulated
MAPK

Mitochondrial Fragmentation, Podocyte/
Renal Tubular Apoptosis — Proteinuria,
Renal Injury

Decreased MAMs
quantity

Diabetic Car'diomyopathy”'78

Cardiomyocytes
(Hyperglycemic-
Hyperlipidemic Model)

Excessive MAMs Formation

Upregulated ASMase, MICUI, PACS2/IP3R2/FUNDCI/
VDACI; Downregulated Bmall; Downregulated
AMPKo2/Upregulated Fundc|

Ca®* Overload — Increased Oxidative
Stress, Decreased ATP — Myocardial
Remodeling and Dysfunction

Excessive MAMs
formation

Diabetic Skin Wound Healing
Impairment’®

Endothelial Cells
(Wound Model)

Excessive MAMs Formation

Upregulated IP3R1/GRP75/VDACI| Complex

Ca%* Overload — Mitochondrial
Dysfunction — Endothelial Cell Senescence

Excessive MAMs
formation

Diabetic Kidney Disease
(DKD) 16,79

Retinal Cells

Impaired MAMs Stability

Downregulated MFN2, Upregulated Drpl, Activated
CaMKII

Mitochondrial Fragmentation — Bax
Translocation, Cyt c Release — Cell
Apoptosis

Enhanced MAMs coupling

Diabetic Kidney Disease
(DKD)””

Schwann Cells

Impaired MAMs Structure/
Function

Upregulated PERK, Abnormal IP3R, Upregulated Drpl,
Downregulated MFN2

Increased ER Stress, Enhanced
Mitochondrial Fission — Schwann Cell
Injury — Neuropathy

Impaired MAMs structure
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Research by Dai et al*® confirmed that down-regulating the overexpression of VAPB-PTPIP51 can ameliorate the
abnormal tight junction of pathological MAMs and podocyte injury. In addition, overexpression of DsbA-L can up-
regulate the expression level of MFN2, exerting a protective effect on renal tubular cells.*® As a structural scaffold
protein of MAMs, the deletion of PACS-2 expression can exacerbate mitochondrial dysfunction, whereas PACS-2
overexpression can promote mitophagy;®® A study by Liu et al’* revealed that MAPK 1 impairs the structural integrity
of MAMs by degrading PACS-2, and its specific inhibitor VX-1le exerts a significant renoprotective effect. Up-
regulating the expression of SERCA2 can restore the function of endoplasmic reticulum calcium pumps, thereby
reducing podocyte apoptosis.®® In diabetic nephropathy, MAMs predominantly exhibit reduced number and structural
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disruption, which is in sharp contrast to the excessive formation of MAMs observed in diabetic cardiomyopathy,
reflecting the distinct response patterns of different organs to high glucose stress.”*

Diabetic Retinopathy

DR is a common microvascular complication of diabetes, characterized clinically by retinal vascular leakage, tissue
ischemia, neovascularization, and neurodegeneration, which can lead to irreversible vision loss in severe cases. In
contrast to the reduced number of MAMSs characteristic of diabetic nephropathy, MAMs in diabetic retinopathy exhibit
a state of hyper-coupling, characterized by enhanced ER-mitochondria contact and aberrant activation of the IP3R1-
GRP75-VDAC]! axis.®' This tissue-specific difference may be related to the high sensitivity of retinal vascular
endothelial cells to calcium signaling. As a dynamic contact region between the endoplasmic reticulum and mitochon-
dria, MAMs are involved in regulating key physiological processes such as intracellular calcium homeostasis, oxidative
stress response, mitochondrial quality control, and cell apoptosis, and their dysfunction is closely associated with the
pathological progression of DR. Studies have shown that under DR pathological conditions, MAMs exhibit the
characteristic of “excessive coupling”, driven by the activation of the IP3R1-GRP75-VDACI axis, which ultimately
results in mitochondrial Ca?" overload, ROS burst, opening of the mPTP, and Caspase-3-dependent cell apoptosis; the
calcium chelator BAPTA-AM can effectively reverse this pathological process, confirming the central role of calcium
overload in the pathogenesis of DR.* A vicious cycle exists between ERS and MAMs dysfunction: the ERS inducer
tunicamycin can mimic the pathological effects of hyperglycemia and significantly enhance the degree of MAMs
coupling.®® PTPIB, as a key regulatory factor of the ERS pathway, is highly expressed in the retinal tissues of DR
patients; small vesicles derived from mesenchymal stem cells (MSCs) can target and inhibit PTP1B expression by
delivering miR-125a-5p, activate the PINK 1/Parkin-mediated mitophagy pathway, and thus alleviate retinal injury.®®
Black raspberry anthocyanins can also exert a retinal protective effect by inhibiting the PTP1B-ERS axis.>? In addition,
ginsenoside Ro can activate the Epacl/AMPK pathway to promote mitophagy; whereas the hyperglycemic environment
can activate the PKC&/Drp1 signaling pathway, which on the one hand inhibits PINK 1/Parkin-mediated mitophagy, and
on the other hand promotes the dissociation of hexokinase II (HK-II) from mitochondria, exerting a dual effect that
hinders the clearance of damaged mitochondria.”®> Meanwhile, hyperglycemia can also induce excessive mitochondrial
fission by activating the PKC&/Drpl signaling pathway, further exacerbating mitochondrial homeostasis imbalance; in
this process, Drpl can promote the dissociation of HK-II from mitochondria, further weakening the HK-II-PINK1-
mediated mitophagy pathway.** The above-mentioned mitochondrial homeostasis imbalance process exacerbates retinal
vascular endothelial cell apoptosis and vascular lesions, suggesting that MAMs dysfunction plays a key regulatory role in
the development of DR.

Diabetic Peripheral Neuropathy

DPN is currently the most prevalent and severe complication of diabetes, and its pathogenesis is closely associated with
Schwann cell injury and axonal degeneration.® In diabetic peripheral neuropathy, MAMs in Schwann cells mainly show
impaired structural integrity, which is distinct from the excessive formation of MAMs observed in diabetic cardiomyo-
pathy. Downregulation of MFN2 results in disrupted ER-mitochondrial tethering, leading to enhanced endoplasmic
reticulum stress and excessive mitochondrial fission.*® Studies have shown that in a hyperglycemic environment,
abnormal expression of MFN2 impairs the structural stability of MAMs, leading to enhanced PERK-mediated endo-
plasmic reticulum stress, dysregulated IP3R-controlled calcium signaling, and Drpl-mediated excessive mitochondrial
fission. These perturbations further trigger oxidative stress responses, energy metabolism disorders, and apoptosis in
Schwann cells, ultimately exacerbating nerve damage and demyelinating lesions.”” Tang Bi Formula (TBF) has been
shown to stabilize the balance between mitochondrial fission and fusion, inhibit Schwann cell apoptosis and oxidative
stress responses by activating the AMPK-PGC-10-MFN2 signaling pathway, thereby improving mitochondrial function
and promoting the repair of nerve injury.*® In addition, inhibition of Drpl-mediated excessive mitochondrial fission can
alleviate calcium overload and oxidative stress in the MAMs region, exerting a protective effect on peripheral nerve
function.®” Paconiflorin (PF), the main active component of Paeonia lactiflora, can enhance mitochondrial protein
processing capacity, direct antioxidant activity, and the regulatory function of the mitochondrial interactome by
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upregulating the expression of mitochondrial thioredoxin 2 (Trx2) in Schwann cells. This consequently improves
mitochondrial function under hyperglycemic conditions, reduces ROS production, and enhances mitochondrial mem-
brane potential as well as mtDNA stability.*® The total glucosides of pacony (TGP) capsule has also been shown to
upregulate Trx2 system protein expression, alleviate demyelinating lesions, and improve pain threshold and nerve
conduction velocity in DPN model rats.*® On the other hand, Compound Qiying Granules (CQYG) exerts
a neuroprotective effect by inhibiting endoplasmic reticulum stress and apoptotic pathways. Results of proteomic analysis
demonstrated that CQYG can significantly regulate the abnormally expressed proteins in the sciatic nerves of DPN rats,
inhibit abnormal endoplasmic reticulum protein processing, excessive activation of the PERK pathway, and activation of
apoptosis-related signaling pathways. This further improves the ultrastructure of mitochondria and endoplasmic reticu-
lum, reduces the inflammatory response and apoptosis of Schwann cells, and ultimately promotes the repair and
functional recovery of the myelin sheath structure of nerve fibers.®

Diabetic Cardiomyopathy

Diabetic Cardiomyopathy (DCM) is primarily characterized by cardiomyocyte metabolic disorders and progressive
cardiac dysfunction. In diabetic cardiomyopathy, MAMs predominantly exhibit excessive formation, which is in sharp
contrast to the tissue-specific feature of reduced MAMs number observed in diabetic nephropathy. A high-glucose and
high-fat environment promotes excessive MAMs formation by upregulating acid sphingomyelinase (ASMase), leading to
mitochondrial calcium overload and cardiomyocyte apoptosis.”” In the pathological progression of DCM, MAMs can
exhibit two abnormal states: excessive formation or functional impairment, both of which lead to mitochondrial calcium
overload and cardiomyocyte apoptosis. Ferulic acid (FeA), a monophenolic active component derived from various
plants, can regulate the PACS2/IP3R2/FUNDC1/VDACI signaling pathway of MAMs, inhibit hyperglycemia-induced
MAMSs structural abnormalities, restore the balance of mitochondrial biogenesis and dynamics, and improve oxidative
phosphorylation function and ATP synthesis efficiency. Consequently, it significantly suppresses mitochondria-mediated
cardiomyocyte apoptosis and alleviates cardiomyocyte injury.”® Brain and muscle Arnt-like protein 1 (Bmall), as a core
circadian clock transcription factor, can directly bind to and promote the transcription of the Bcl2 gene, thereby
enhancing the inhibitory effect of Bcl2 on IP3R. This action reduces MAMs-mediated Ca®" release, inhibits mitochon-
drial calcium overload, further improves mitochondrial function, reduces ROS accumulation and cell apoptosis, and
ultimately alleviates cardiac hypertrophy, fibrosis and diastolic dysfunction in diabetic cardiomyopathy.”® Protein kinase
RNA-like endoplasmic reticulum kinase (PERK) is a key sensor of endoplasmic reticulum stress that is localized on
MAMSs. Through its dominated signaling pathway (PERK-ATF4-CHOP), PERK plays a central role in ROS-mediated
ER stress-induced cardiomyocyte apoptosis, thus significantly accelerating the development of cardiac systolic and
diastolic dysfunction in DCM.”!

Diabetic Encephalopathy

Diabetic Encephalopathy (DE) is mainly clinically manifested as cognitive decline, and the vulnerability of hippocampal
neurons is a key link in its pathogenesis. Calcium signal transduction disorders and mitochondrial dysfunction caused by
MAMs structural damage are important molecular bases for the occurrence of DE. In diabetic encephalopathy, MAMs in
hippocampal neurons mainly present impaired structural integrity (increased contact distance and decreased contact
area), which is distinct from the hyper-coupling of MAMs observed in diabetic retinopathy.”® Furthermore, Lipinl can
enhance IP3R-GRP75-VDAC1-MCU-mediated Ca®" transfer by maintaining the integrity of MAMs, improve mitochon-
drial calcium homeostasis and redox balance, thereby alleviating hyperglycemia-induced MAMs structural abnormalities,
mitochondrial dysfunction, synaptic plasticity damage, and cognitive deficits in DE.”°

Diabetic Liver Injury

Diabetes is often accompanied by the occurrence of Non-Alcoholic Fatty Liver Disease (NAFLD). In liver tissue, MAMs
are key sites for coordinating lipid synthesis, transport, and oxidative metabolism. In diabetes-associated liver injury,
MAMs dysfunction is mainly manifested as impaired lipid transport, which differs from the pathological mechanism
dominated by calcium overload in cardiac and retinal tissues. The efficiency of MAMs-mediated phosphatidylserine
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transport from the endoplasmic reticulum to mitochondria decreases, leading to insufficient mitochondrial cardiolipin
synthesis and subsequent oxidative phosphorylation dysfunction.”” Under the hyperglycemic state of diabetes, dysfunc-
tion of hepatic MAMs leads to decreased efficiency of lipid transport from the endoplasmic reticulum to mitochondria,
thereby exacerbating intracellular lipid accumulation and oxidative stress response in hepatocytes. Studies suggest that
SIRT1 can maintain the structural stability of MAMs by inhibiting MDM2 expression and disrupting its interaction with
MAMs resident proteins, reduce IP3R1-GRP75-VDACI-mediated excessive Ca’’ transfer, improve mitochondrial
calcium homeostasis and redox balance, thereby alleviating high-calorie intake-induced MAMs abnormal enrichment,
mitochondrial dysfunction, hepatic steatosis, and metabolic disorders in NAFLD.”® Melatonin can maintain MAMs
structural integrity by binding to IP3R and downregulating its expression, reduce IP3R-GRP75-VDACI1-mediated
excessive Ca”" transfer, and then promote autophagy by activating the AMPK/mTOR pathway, thereby alleviating
lipid load-induced MAMs abnormal enrichment, hepatic lipid accumulation, and metabolic disorders in NAFLD.*
Dimethyl fumarate (DMF), a methyl ester derivative with anti-inflammatory and antioxidant properties, can inhibit high-
energy stimulation-induced excessive MAMs enrichment and abnormal expression of IP3R1/GRP75/VDAC1/MCUI1
proteins by activating the SIRT1 signaling pathway, reduce mitochondrial calcium overload and oxidative stress, improve
mitochondrial respiratory chain function and membrane potential, thereby significantly inhibiting lipid accumulation and
alleviating non-alcoholic fatty liver disease.”

Diabetic Foot Ulcers
In diabetic foot ulcers (DFU), MAMs are predominantly characterized by excessive formation, a feature similar to that in
diabetic cardiomyopathy, but distinct from the pattern of reduced MAMs quantity in diabetic nephropathy. Excessive
MAMs formation mediated by IP3R1/GRP75/VDACI leads to endothelial cell senescence and impaired angiogenesis.”®
DFU are often accompanied by an abnormal increase in extracellular mitochondria-derived vesicles (MDVs). In DFU
tissues, MDVs are key mediators affecting mitochondrial function and oxidative stress response. Under the hypergly-
cemic state of diabetes, MDV secretion increases under the regulation of SNX9, which promotes fibroblast apoptosis,
exacerbates intracellular oxidative stress, disrupts mitochondrial structure, and inhibits aerobic metabolism. Studies
suggest that SNX9 inhibitors can block MDV generation and its mediated mitochondrial dysfunction, restore mitochon-
drial dynamic balance and redox homeostasis, thereby improving hyperglycemia-induced abnormal MDYV increase,
mitochondrial damage, oxidative stress, and delayed wound healing in diabetic mouse models.’® Histatin 1 (Hst1) is a 38-
amino acid histidine-rich short peptide in human saliva; it can inhibit IP3R1/GRP75/VDACI1-mediated excessive
formation of MAMs by activating ERK-mediated Nrf2 nuclear translocation, reduce mitochondrial calcium overload
and oxidative stress, improve mitochondrial function and membrane potential, thereby significantly inhibiting endothelial
cell senescence, promoting angiogenesis, and accelerating diabetic wound healing.”® Future research needs to further
explore whether traditional wound-healing medicinal materials directly regulate MAMs function in wound cells to
promote wound healing (Table 3).

Table 3 Experimental Evidence of Targeting MAMs in Diabetic Complications

Type of Complication Core Abnormal | Key Regulatory Examples of Intervention Strategies | Main Mechanisms of Action
Characteristics Targets/Pathways
of MAMs
Diabetic Kidney Disease Decreased MAMs | VDACI/GRP75/IP3R, Stabilizers of MAMsS complex Stabilize MAMs complex structure, inhibit
(DKD)*6:66:69.7480 quantity, VAPB-PTPIP51, DsbA-L, | components or inhibitors abnormal calcium flux, enhance
structural PACS-2, MFN2, mitophagy, restore mitochondrial
damage; impaired MAPK-PACS-2 Axis, function, alleviate renal fibrosis
calcium SERCA2
homeostasis

(Continued)
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Table 3 (Continued).

Type of Complication

Core Abnormal
Characteristics
of MAMs

Key Regulatory
Targets/Pathways

Examples of Intervention Strategies

Main Mechanisms of Action

Diabetic Retinopathy
(DR)52,53,8 1-84

Enhanced MAMs
coupling, leading
to Ca?* overload

IP3RI-GRP75-VDACI
Axis, PTPIB-ERS Axis,
PKC&/Drpl, PINKI/
Parkin

Calcium chelators, targeting PTPIB,
activating the AMPK pathway and
inhibiting Drp| have emerged as
promising intervention strategies for
improving MAMs function in diabetes
complications.

Inhibit excessive Ca®* transfer, alleviate
ER stress, activate mitophagy, reduce ROS
production and cell apoptosis

Diabetic Peripheral
Neuropathy (DPN)77'85_
89

Impaired MAMs
structure,
resulting in lipid/
calcium transport
disorders

VAPB-PTPIP51, MFN2,
Drpl, AMPK-PGC-lo-
MFN2 Pathway, Trx2,
PERK Pathway

Activating the AMPK pathway, inhibiting
Drpl, upregulating Trx2 and inhibiting the
ERS/apoptosis pathway are effective
strategies for improving MAMs function in
diabetes-related complications.

Upregulate MFN2 to stabilize MAMs,
inhibit Drp |-mediated excessive
mitochondrial fission, alleviate oxidative
stress and Schwann cell apoptosis, repair
myelin structure

Diabetic Cardiomyopathy
(DC M)75,76,90,9 I

Excessive MAMs
formation or
dysfunction,
leading to calcium
overload

Bcl2-IP3R Axis, ASMase,
FUNDCI, PERK-ATF4-

CHOP Pathway, PACS2/
IP3R2/FUNDCI/VDACI
Axis

Modulating the Bmall/Bcl2 axis,
inhiFbiting ASMase, and targeting the
FUNDCI or PERK pathway are potential
therapeutic approaches for restoring
MAMs homeostasis in diabetes
complications.

Inhibit pathological calcium release,
regulate ASMase activity, improve energy
metabolism, inhibit cell apoptosis, alleviate
myocardial injury

Diabetic Encephalopathy
(DE)™

Impaired MAMs
structure,
resulting in
calcium signal
transduction

Sig-1R—IP3R-GRP75—
VDACI Axis, Sigma-|
Receptor/BIP/PERK/
elF20/ATF4/CHOP
Pathway, Lipin|

Sigma-| receptor agonists, Modulating
Lipinl

Upregulate Sig-IR to stabilize calcium
channel complex, restore mitochondrial
function, improve ATP synthesis, protect
synaptic plasticity

disorders
Diabetic Liver Injury Dysfunctional FUNDCI, MFN2, SIRTI, | Activating SIRT |, Administration of Enhance mitochondrial fatty acid
(NAFLD)?*-%° MAMs, resulting AMPK/mTOR Pathway, melatonin, Dimethyl Fumarate (DMF) oxidation, promote mitophagy, reduce
in impaired lipid IP3R-GRP75-VDACI lipid droplet accumulation, improve redox
transport Axis balance

Diabetic Foot Ulcer

Excessive MAMs

IP3R/GRP75/VDACI

SNX9 inhibitors, Hstl polypeptide

Regulate local MAMs homeostasis,

(DFU)78%¢ formation, leading | (Calcium Overload), improve microcirculation, delay cell
to endothelial/ ERK/Nrf2 Pathway, senescence, promote angiogenesis and re-
fibroblast SNX9 epithelialization, accelerate wound healing
senescence
.
Conclusion

Although current studies have fully established the central role of MAMs in diabetic complications, this field still faces
a series of critical unresolved issues, especially the dynamic evolutionary patterns of MAMSs during disease progression
and the translational feasibility of precise regulatory strategies.

First, MAMs undergo temporal dynamic changes during disease progression, making the timing of intervention
crucial. Studies have shown that the structure and function of MAMs are not static, but are dynamically remodeled
according to the duration and intensity of pathological stimuli. In the early stage of disease, cells may enhance MAMs
formation to compensatory maintain endoplasmic reticulum-mitochondrial communication, which represents a protective
adaptive response. However, when pathological stimuli such as high glucose and high lipids persist and exceed cellular
compensatory capacity, MAMs may shift toward structural disruption or functional hyperactivity, ultimately acting as
a “catalyst” amplifying injury signals.’” Recent studies further confirm that in early diabetic cardiomyopathy, increased
MAMSs contacts may represent a compensatory response, whereas sustained calcium overload eventually leads to
cardiomyocyte apoptosis as the disease progresses.”” Therefore, understanding the temporal dynamic evolutionary
patterns of MAMs is clinically significant for identifying the optimal intervention window.

Second, nonselective modulation of MAMs carries potential risks, and precise regulatory strategies urgently need to
be established. As a hub integrating multiple signaling pathways, MAMs function is bidirectional: appropriate MAMs

activity is essential for maintaining cellular homeostasis, whereas either excessive enhancement or inhibition of MAMs
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function can trigger severe consequences. On the one hand, excessive MAMSs formation induces mitochondrial calcium
overload, reactive oxygen species burst, and cell apoptosis;”® on the other hand, complete ablation of MAMs structure
may disrupt material exchange and signal transduction between the endoplasmic reticulum and mitochondria, leading to
energy metabolic disorders and insulin resistance.”” Thus, an ideal therapeutic strategy should be “precise regulation”
rather than “complete activation or inhibition”—that is, targeting specific protein complexes or signaling pathways of
MAMs to restore functional homeostasis rather than simply enhancing or blocking them.

Third, the clinical translation of MAMs research faces multiple challenges. At present, MAMs-targeted intervention
strategies remain largely at the preclinical stage, with considerable progress needed before clinical application. Specific
challenges include: (1) Target specificity and delivery efficiency: Designing small molecules or nanoformulations that
precisely target MAMs while avoiding nonspecific effects on other membrane structures represents a key technical hurdle
for clinical translation; (2) Systematic elucidation of mechanisms: Multi-omics technologies such as proteomics,
lipidomics, and spatial transcriptomics are required to comprehensively map the regulatory landscape of drug effects
on MAMs protein interaction networks and local lipid microenvironments, and to identify core therapeutic targets;’' (3)
Efficacy evaluation and biomarkers: There is an urgent need to establish a biomarker system based on MAMs functional
status to objectively assess intervention effects, and to validate safety and efficacy in diabetic patients through well-
designed clinical trials;*' (4) Precise matching with disease stages: Given that MAMs may exhibit opposite patterns at
different disease stages, future therapeutic strategies require personalized design based on individual disease stages to
avoid a “one-size-fits-all” intervention model.

In summary, as a critical hub connecting the endoplasmic reticulum and mitochondria, MAMs play a central role in
the development and progression of diabetic complications. MAMs-targeted interventions have opened new avenues for
the preclinical treatment of diabetic complications. Nevertheless, it must be emphasized that these strategies remain at an
experimental stage and are not yet ready for clinical application. However, translating mechanistic research into clinical
application still requires in-depth elucidation of the dynamic evolutionary patterns of MAMs during disease progression,
establishment of precise regulatory strategies, and overcoming technical challenges including targeted delivery and
efficacy evaluation. Integrating the concept of “holistic regulation” with modern cell biology research is expected to drive
the development of more comprehensive and effective preclinical prevention and treatment strategies, providing novel
experimental options for the large global population with diabetes, although further validation is required before clinical
application.
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