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Abstract
Pancreatic β-cell dysfunction in type 2 diabetes (T2D) is intricately linked 

to dysregulated mitochondrial dynamics and proteostatic adaptations. This 
review highlights the pivotal role of post-translational regulation in maintaining 
mitochondrial fusion/fission equilibrium, which governs β-cell survival, glucose-
stimulated insulin secretion (GSIS), and metabolic flexibility. Imbalances in 
mitochondrial dynamics—excessive fission driven by Drp1 and impaired 
fusion via Mfn1/2—exacerbate oxidative stress, ER-mitochondrial crosstalk 
defects, and insulin resistance. Concurrently, proteostatic mechanisms, 
including autophagy, ER stress responses, and the unfolded protein response 
(UPR), are compromised under chronic hyperglycemia, leading to β-cell 
dedifferentiation and apoptosis. Emerging therapeutic strategies targeting 
mitochondrial dynamics (e.g., Drp1 inhibitors, Mfn2 activators) and proteostasis 
(e.g., TFEB activation, GLP1R agonists) demonstrate potential to restore β-cell 
function. Integrating single-cell multi-omics and mitochondrial biology reveals 
β-cell heterogeneity and metabolic reprogramming, emphasizing the need for 
combinatorial therapies to address mitochondrial dysfunction and proteostatic 
collapse in T2D pathogenesis.
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Introduction
Mitochondrial dynamics, governed by the equilibrium between 

fusion and fission, are pivotal for pancreatic β-cell function and 
survival, with dysregulation contributing to the pathogenesis of T2D. 
Mitochondrial fusion, mediated by mitofusins (Mfn1/2), ensures 
mitochondrial DNA (mtDNA) stability and oxidative phosphorylation 
(OXPHOS), both essential for GSIS [1]. Conversely, fission, driven 
by dynamin-related protein 1 (Drp1), facilitates quality control by 

segregating damaged mitochondria for mitophagy. However, excessive 
fission disrupts cristae architecture, reduces ATP synthesis, and 
triggers β-cell apoptosis, as observed in diabetic models [2]. Emerging 
evidence links mitochondrial fragmentation to insulin resistance and 
β-cell failure, with hyperglycemia upregulating Drp1 phosphorylation 
(Ser616) while downregulating Mfn2, creating a pro-fission state that 
exacerbates oxidative stress and NLRP3 inflammasome activation [3].
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Proteostatic adaptations, including autophagy and the unfolded 
protein response (UPR), are critical for β-cell resilience. Chronic 
hyperglycemia overwhelms ER folding capacity, suppressing 
autophagy and promoting toxic protein aggregates like misfolded 
hIAPP, which impair insulin secretion [4,5]. ER stress-induced 
PERK-CHOP signaling further drives mitochondrial fragmentation 
via Drp1 activation, establishing a vicious cycle of β-cell dysfunction 
[6]. Notably, lysosomal Ca²⁺ release activates transcription factor EB 
(TFEB), enhancing mitophagy and mitochondrial quality control 
under metabolic stress6,7. Metabolic reprogramming in T2D β-cells 
involves a shift from glucose to fatty acid oxidation (FAO), generating 
excess ROS that impair GSIS [6,7]. This substrate inflexibility correlates 
with mitochondrial DNA damage and Drp1-dependent mitophagy 
defects [8]. Epigenetic alterations, such as RHOT1 hypermethylation, 
disrupt mitochondrial calcium buffering and insulin secretion, 
highlighting the interplay between metabolic and genomic stress [9]. 
Therapeutic strategies targeting mitochondrial dynamics, including 
Drp1 inhibitors and AMPK activators, restore fusion-fission balance 
and β-cell function [10]. Similarly, GLP-1R agonists like exendin-4 
enhance autophagic flux, mitigating glucolipotoxicity [11].

This review integrates recent advances in mitochondrial dynamics, 
proteostasis, and metabolic reprogramming, offering insights into 
novel therapeutic avenues for T2D.

Overview of Mitochondrial Fusion/fission 
Balance in Insulin Secretion and β-cell 
Survival
Mitochondrial Dynamics and β-Cell Function

Mitochondrial dynamics, governed by the equilibrium between 
fusion and fission, play a pivotal role in pancreatic β-cell function 
and survival. Recent studies highlight that mitochondrial fusion, 
mediated by Mfn1/2, ensures mitochondrial DNA (mtDNA) stability 
and OXPHOS, which are critical for GSIS [1]. For instance, Mfn1/2 
deficiency disrupts mtDNA content, impairing ATP production 
and insulin granule exocytosis, even without overt changes in 
mitochondrial morphology [12]. This underscores fusion’s role 
beyond structural dynamics, directly linking mtDNA maintenance 
to β-cell secretory capacity. Conversely, mitochondrial fission, 
driven by Drp1, is essential for quality control by segregating 
damaged mitochondria for mitophagy. Dysregulated Drp1 activity, 
however, is implicated in pathological fragmentation, leading to ROS 
overproduction, metabolic inefficiency, and β-cell apoptosis2. Notably, 
Drp1 mutations or excessive fission disrupt cristae architecture, 
reducing ATP synthesis and impairing insulin secretion, as observed 
in diabetic models [2,13]. The interplay between fission and fusion 
extends to stress adaptation. Under nutrient overload, β-cells rely 
on fission to eliminate ROS-damaged mitochondria, preventing 
cytotoxic mtDNA mutations [2]. Simultaneously, fusion supports 
metabolic flexibility by enabling mtDNA complementation across 
the network, preserving OXPHOS during glucose stimulation [12]. 
Pharmacological inhibition of fission (e.g., Mdivi-1) rescues β-cell 
viability in lipotoxic conditions, highlighting fission’s dual role in 
homeostasis and pathology [14]. Conversely, impaired fusion, as seen 
in Mfn2-deficient β-cells, reduces mitochondrial cristae density and 
ATP synthase activity, directly correlating with defective GSIS and 
hyperglycemia [15].

Emerging studies also emphasize the ubiquitin-proteasome 
system (UPS) as a co-regulator of mitochondrial dynamics. UPS 
dysfunction exacerbates fission-mediated mitochondrial stress, 
impairing β-cell survival during proteotoxic challenges [2,16]. For 
example, defective ubiquitination of fission machinery components 
disrupts mitochondrial turnover, leading to the accumulation of 
dysfunctional organelles and insulin secretory failure [2,16].

In summary, mitochondrial fusion/fission balance is indispensable 
for β-cell function, integrating metabolic efficiency, redox homeostasis, 
and organelle quality control. Targeting this equilibrium—via Drp1 
inhibition or Mfn2 activation—holds therapeutic potential for 
diabetes.

Mitochondrial Dynamics Dysfunction in T2D Pathogenesis:

Emerging evidence establishes mitochondrial dynamics 
imbalance - particularly excessive fission and impaired fusion - as a 
central mechanism driving insulin resistance, β-cell dysfunction, and 
diabetic complications in T2D. In skeletal muscle and liver tissues, 
hyperglycemia and lipotoxicity disrupt the equilibrium between 
mitochondrial fission (mediated by Drp1) and fusion (regulated by 
Mfn1/2 and OPA1), favoring fragmented mitochondrial networks 
with reduced oxidative capacity [17,18]. This fragmentation correlates 
with diminished ATP production (30-40% reduction vs. controls) and 
elevated ROS generation (>2-fold increase), directly impairing insulin 
signaling through IRS-1 serine phosphorylation [19,20]. β-cells 
exhibit similar dynamics dysregulation, where palmitate-induced 
mitochondrial fission reduces glucose-stimulated insulin secretion by 
45-60% through cytochrome c leakage and caspase-3 activation [21].

The molecular interplay between dynamics regulators and 
metabolic stress amplifies T2D progression. Diabetic conditions 
upregulate Drp1 phosphorylation at Ser616 (3.2-fold increase) while 
downregulating Mfn2 expression (40-50% reduction), creating a 
pro-fission state that exacerbates mitochondrial dysfunction [3]. 
This imbalance activates the NLRP3 inflammasome (2.8-fold IL-
1β elevation) and ER stress pathways (50% increase in CHOP 
expression), establishing a vicious cycle of insulin resistance and 
β-cell apoptosis [22]. Notably, mitochondrial fragmentation precedes 
systemic hyperglycemia in prediabetic models, with longitudinal 
studies showing 25% greater fission activity in individuals progressing 
to T2D versus stable prediabetes [23].

Clinical interventions targeting mitochondrial dynamics 
demonstrate therapeutic potential. Metformin restores fusion-fission 
balance by 60-75% in human myotubes through AMPK-mediated 
Drp1 inhibition and PGC-1α-dependent Mfn2 upregulation [23]. 
Similarly, Nrf2 activators like sulforaphane reduce mitochondrial 
fragmentation by 40% in diabetic endothelial cells, improving vascular 
function through BVR-A/GSK3β pathway modulation [24]. Novel 
agents targeting the MIC60 cristae structure protein show promise 
in reversing diabetes-induced cardiac dynamics defects, with MIC60 
overexpression restoring mitochondrial respiration by 2.1-fold in 
cardiomyocytes [24,25].

The pathological convergence of dynamics dysregulation and 
quality control failure further accelerates T2D complications. Impaired 
mitophagy (50% reduced LC3-II/LC3-I ratio) allows accumulation of 
damaged, fission-prone mitochondria that drive diabetic nephropathy 
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through TXNIP/NLRP3-mediated inflammation [26]. In the retina, 
fragmented mitochondria increase VEGF expression by 3.5-fold via 
ROS-HIF1α signaling, directly linking dynamics defects to diabetic 
retinopathy progression [27]. These findings position mitochondrial 
dynamics regulators as biomarkers and therapeutic targets - a concept 
supported by phase II trials showing 27% greater HbA1c reduction 
with Drp1 inhibitors versus standard care [28,29].

Proteostatic Adaptations in β-Cells

Role of Autophagy, ER Stress, and Unfolded Protein Response 
(UPR) in Maintaining β-cell Proteostasis:

Pancreatic β-cells are highly specialized for insulin production, 
making them inherently susceptible to endoplasmic reticulum (ER) 
stress due to the high biosynthetic demand for proinsulin folding and 
processing [30,31]. To maintain proteostasis, β-cells rely on a triad of 
mechanisms: autophagy, ER-associated degradation (ERAD), and the 
unfolded protein response (UPR). The UPR, mediated by sensors like 
IRE1α and PERK, is activated during ER stress to restore proteostasis 
by upregulating chaperones, attenuating global translation, and 
enhancing ERAD [32,33]. For instance, β-cell-specific deletion of 
Atf6α or Ire1α in non-obese diabetic (NOD) mice disrupts UPR 
signaling, leading to β-cell dedifferentiation and accelerated diabetes 
onset [33]. Autophagy complements the UPR by clearing misfolded 
protein aggregates and damaged organelles, which is critical for β-cell 
survival under stress. Loss of autophagy in β-cells triggers apoptosis, 
while defective UPR exacerbates ER stress, resulting in proteotoxic 
β-cell failure [34].

ER stress and UPR activation are tightly linked to β-cell 
dysfunction in diabetes. Chronic ER stress in aging β-cells promotes 
proteostasis collapse, marked by upregulation of ER chaperones 
like HSP90B1 and impaired insulin secretion [35,36]. Conversely, 
unresolved ER stress activates pro-apoptotic pathways, such as the 
PERK-eIF2α-ATF4-CHOP axis, which drives β-cell loss in T2D [37]. 
Autophagy also intersects with UPR signaling; for example, ER-phagy 
(selective autophagy of ER components) is regulated by UPR sensors 
like IRE1α to dynamically remodel ER architecture and prevent ER 
luminal overload [5]. In β-cells, combined defects in autophagy 
and ERAD (e.g., loss of SEL1L and autophagy) lead to massive ER 
expansion, proinsulin retention, and rapid diabetes progression [5].

Recent studies highlight therapeutic potential in targeting these 
pathways. Enhancing UPR adaptive capacity or modulating autophagy 
flux (e.g., via antioxidants like N-acetyl-L-cysteine) mitigates β-cell 
dysfunction in diabetic models. However, excessive autophagy 
activation can paradoxically exacerbate β-cell death, underscoring the 
need for precise regulation [38]. Together, autophagy, ER stress, and 
UPR form an integrated network to safeguard β-cell proteostasis, with 
dysregulation in any node contributing to diabetes pathogenesis [30].

Impact of Chronic Hyperglycemia on β-cell Proteostatic 
Resilience:

Chronic hyperglycemia disrupts β-cell proteostatic resilience 
through multiple interconnected mechanisms. Persistent high glucose 
exposure induces ER stress by overwhelming proinsulin folding 
capacity, leading to PERK-eIF2α pathway activation and subsequent 
translational suppression of critical β-cell identity markers like PDX 

[4]. This ER proteostasis imbalance is exacerbated by glucose-mediated 
suppression of autophagy, allowing toxic protein aggregates like 
misfolded hIAPP to accumulate [39]. Notably, chronic hyperglycemia 
triggers a translational regulatory circuit that selectively reduces 
synthesis of proteins essential for insulin secretion while paradoxically 
increasing chaperones like HSP90B1[40]. The resulting proteostatic 
collapse manifests as β-cell dedifferentiation through ChREBPβ-
mediated transcriptional reprogramming, which drives loss of 
mature β-cell markers and activation of stress-response genes [41]. 
Mitochondrial dysfunction amplifies this crisis, as hyperglycemia 
inhibits GAPDH activity and oxidative phosphorylation, creating a 
vicious cycle of metabolic stress and proteostatic failure [7]. Recent 
studies reveal that adaptive unfolded protein response (UPR) 
mechanisms become exhausted under chronic hyperglycemic 
conditions, with β-cell-specific deletion of UPR mediators like 
ATF6α accelerating apoptosis in diabetic models [32]. Therapeutic 
strategies targeting proteostatic regulators show promise - AMPK 
activation stabilizes glutaminase 1 (GLS1) through TRAP1/HSP75 
interactions to preserve β-cell function [42], while pharmacological 
PERK modulators enhance ER stress resilience without triggering 
apoptotic pathways [4]. Emerging evidence suggests proteostatic 
collapse precedes β-cell mass loss, making early intervention crucial. 
Single-cell analyses demonstrate aging-associated declines in protein 
quality control networks that synergize with hyperglycemic stress to 
accelerate β-cell failure [43].

Post-translational Regulation of 
Mitochondrial Dynamics
Key Post-translational Modifiers

Phosphorylation of AMPK/MST1 Signaling in Mitochondrial 
Fission and Apoptosis: 

Recent studies highlight the pivotal role of AMP-activated protein 
kinase (AMPK) and mammalian STE20-like protein kinase 1 (MST1) 
signaling in regulating mitochondrial dynamics and apoptosis. AMPK, 
a cellular energy sensor, directly phosphorylates mitochondrial fission 
regulators such as mitochondrial fission regulator 1-like protein 
(MTFR1L) to promote stress-induced mitochondrial fragmentation, 
which is critical for maintaining metabolic homeostasis during energy 
stress [44]. This process is tightly linked to the phosphorylation of 
Drp1 at serine 616 (S616) and serine 637 (S637), which are key 
events in mitochondrial fission. For instance, EBV-LMP1-driven 
mitochondrial fission enhances Drp1 phosphorylation at these 
residues via AMPK and cyclin B1/Cdk1 signaling, promoting cell 
survival and chemoresistance in nasopharyngeal carcinoma [44]. 
Conversely, excessive Drp1 phosphorylation due to metabolic stress 
or toxic insults (e.g., silver nanoparticles or lead exposure) disrupts 
mitochondrial dynamics, leading to mitochondrial fragmentation, 
oxidative stress, and apoptosis [45].

MST1, another kinase implicated in apoptosis, synergizes 
with AMPK to modulate mitochondrial function. Activation of 
MST1 enhances AMPK signaling, which suppresses apoptosis by 
upregulating FUNDC1 (a mitophagy receptor) and improving 
mitochondrial integrity under diabetic conditions [46]. Furthermore, 
AMPK-dependent phosphorylation of folliculin-interacting 
protein 1 (FNIP1) at serine 220 regulates mitochondrial electron 
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transport chain assembly and fuel utilization, linking AMPK 
activity to mitochondrial adaptation during metabolic stress [47]. 
Dysregulation of this axis, such as impaired AMPK activation 
due to inositol accumulation, restricts mitochondrial fission and 
exacerbates apoptosis under energy-deficient conditions [48]. These 
findings underscore the dual role of AMPK/MST1 phosphorylation 
in balancing mitochondrial fission for quality control and apoptosis 
during metabolic stress, offering therapeutic targets for diseases like 
cancer, neurodegeneration, and diabetes.

Ubiquitination: Parkin-mediated Mitophagy and its 
Dysregulation in T2D:

Parkin-mediated mitophagy, a selective autophagy process 
regulated by the E3 ubiquitin ligase Parkin, plays a critical role in 
mitochondrial quality control by targeting damaged mitochondria 
for degradation via ubiquitination. Dysregulation of this pathway 
has been increasingly implicated in the pathogenesis of T2D, where 
mitochondrial dysfunction and oxidative stress are hallmarks. 
Recent studies demonstrate that Parkin coordinates mitochondrial 
homeostasis by balancing mitophagy with mitochondrial biogenesis 
in metabolic tissues such as adipose tissue. For instance, adipose-
specific deletion of Park2 (encoding Parkin) in mice protects against 
diet-induced obesity but paradoxically exacerbates mitochondrial 
fragmentation and metabolic inflexibility, highlighting tissue-
specific roles of Parkin in T2D progression [49]. In diabetic 
models, impaired mitophagy due to Parkin dysfunction leads to 
accumulation of damaged mitochondria, contributing to insulin 
resistance and hyperglycemia [50]. Metformin, a first-line T2D 
therapy, enhances mitochondrial turnover by promoting Parkin-
dependent mitophagy, suggesting therapeutic strategies targeting this 
pathway [12]. However, hyperactivation of mitophagy in T2D can 
also trigger excessive mitochondrial loss, as seen in fluoride-exposed 
models where calcium supplementation rescues bone mitophagy 
and apoptosis [51]. Emerging evidence links Parkin’s ubiquitination 
activity to metabolic reprogramming, including suppression of the 
pentose phosphate pathway, which may exacerbate oxidative stress 
in diabetic tissues [52]. Furthermore, ROS-NF-κB-p62/SQSTM1 
signaling in T2D amplifies mitophagy defects, driving glucose and 
lipid dysregulation [50]. Recent advances propose nanoparticle-based 
interventions to restore mitophagy flux, offering potential therapies 
for diabetes-associated complications [53]. These findings underscore 
the dual role of Parkin-mediated mitophagy in T2D pathogenesis and 
its potential as a therapeutic target.

Metabolic Stress-Induced Modifications

Hyperglycemia-driven ROS Production and Oxidative 
Modifications of Mitochondrial Proteins:

Chronic hyperglycemia induces mitochondrial dysfunction 
through excessive reactive oxygen species (ROS) generation and 
oxidative post-translational modifications of critical metabolic 
proteins. In pancreatic β-cells, prolonged hyperglycemia elevates 
glycolytic flux, leading to ROS-mediated reversible oxidation of 
cysteine residues in tricarboxylic acid cycle enzymes and oxidative 
phosphorylation complexes, impairing insulin secretion capacity 
[54]. This oxidative stress is exacerbated by hyperglycemia-induced 
epigenetic repression of antioxidant defense systems, creating a vicious 

cycle of ROS accumulation [55]. Mitochondrial proteomic analyses 
reveal that persistent hyperglycemia promotes lysine acetylation 
(Kac) of electron transport chain components, particularly in 
cardiac tissue, which disrupts oxidative metabolism and contributes 
to diabetic cardiomyopathy [3,56]. The resulting mitochondrial 
ROS overproduction triggers structural alterations in retinal cells 
through lipid peroxidation and activates inflammatory pathways in 
neural tissues, linking hyperglycemic oxidative damage to diabetic 
retinopathy and neuropathy [57].

Notably, hyperglycemia-induced ROS modifies mitochondrial 
membrane proteins involved in fission/fusion dynamics. In 
cardiomyocytes, excessive glucose elevates mitochondrial protein 
cross-linking through oxidative modifications of channel proteins 
and translocases, causing pathological mitochondrial swelling and 
cristae remodeling [58,59]. These structural changes are associated 
with impaired complex I activity in peripheral blood mononuclear 
cells from diabetic patients, demonstrating systemic mitochondrial 
dysfunction [60]. Therapeutic interventions targeting mitochondrial 
ROS sources, such as metformin treatment, show efficacy in restoring 
electron transport chain protein expression and mitophagy regulation 
[61]. Recent studies propose that modulating mitochondrial membrane 
potential through redox-sensitive nanoparticles or enhancing Parkin-
mediated mitophagy could mitigate hyperglycemia-induced oxidative 
protein damage [62].

Role of Lysosomal Ca²⁺ Release in TFEB Activation and 
Mitophagy Regulation:

Recent studies highlight the critical role of lysosomal Ca²⁺ 
release in activating transcription factor EB (TFEB) and regulating 
mitophagy, particularly under metabolic or mitochondrial stress. 

Mitochondrial or metabolic stressors, such as nutrient deprivation 
or mitochondrial dysfunction, trigger lysosomal Ca²⁺ efflux, which 
increases cytosolic Ca²⁺ levels. This Ca²⁺ signal activates calcineurin, 
a phosphatase that dephosphorylates TFEB, enabling its nuclear 
translocation to drive the expression of lysosomal and mitophagy-
related genes, including Ndp52 and Optn [6,63]. 

TFEB activation enhances mitophagy by promoting 
autophagosome-lysosome fusion and lysosomal biogenesis, thereby 
clearing damaged mitochondria and maintaining β-cell function 
during metabolic stress [6,63] Lysosomal Ca²⁺ release is tightly 
coupled with ER-to-lysosome Ca²⁺ refilling, a process essential for 
sustaining TFEB activity and mitophagy induction. 

Disruption of this Ca²⁺ cycling, such as by pharmacological 
inhibition of calcineurin (e.g., FK506), impairs TFEB nuclear 
translocation and mitophagy, leading to mitochondrial ROS 
accumulation and reduced β-cell viability [64]. Conversely, forced 
TFEB nuclear translocation rescues mitophagy defects, underscoring 
TFEB’s central role in coordinating lysosomal Ca²⁺ signaling with 
mitochondrial quality control [64]. 

These mechanisms are conserved in multiple cell types, including 
macrophages and neurons, where TFEB activation mitigates 
lysosomal stress and supports cellular adaptation to metabolic or 
oxidative challenges [65,66] (Table 1).



J Fam Med 12(2): id1383 (2025)  - Page - 05

Yang S Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

Proteostatic Adaptations and 
Mitochondrial Crosstalk
Autophagy-Mitophagy Axis

LATS2-MTORC1-TFEB Axis in Coordinating Autophagy and 
Mitochondrial Turnover: 

The LATS2-MTORC1-TFEB axis plays a crucial role in 
coordinating autophagy and mitochondrial turnover. LATS2 is an 
autophagy substrate and regulates β-cell apoptosis triggered by 
impaired autophagy, indicating a stress-sensitive multicomponent 
cellular loop coordinating β-cell compensation and survival  [67]. 
MTORC1 specifically controls TFEB and TFE3 cytosolic retention, 
whereas AMPK is essential for TFEB and TFE3 transcriptional 
activity [68]. This dual and opposing regulation of TFEB and TFE3 
by MTORC1 and AMPK is reminiscent of the balance between 
anabolic and catabolic processes in cells. TFEB, as a master regulator 
of lysosomal biogenesis and autophagy, can be phosphorylated by 
mTORC1, which affects its nucleocytoplasmic shuttling and activity 
in response to nutrient availability [69]. When MTORC1 is inhibited, 
TFEB can translocate to the nucleus and induce the expression of 
lysosomal and autophagic genes, promoting autophagy and lysosomal 
function, which in turn helps to clear damaged mitochondria and 
maintain mitochondrial quality control  [70]. This axis is vital for 
cellular homeostasis and has implications for various diseases, 
including cancer, neurodegenerative disorders, and metabolic 
diseases.

DRAK2-mediated Impairment of Autophagic Flux in Diabetic 
β-cells:

Recent studies highlight the critical role of Death-associated 
protein kinase-related apoptosis-inducing kinase-2 (DRAK2) in 
disrupting autophagic flux in pancreatic β-cells during T2D. DRAK2, a 
serine/threonine kinase, is markedly upregulated in pancreatic tissues 
of humans, non-human primates, and mice with T2D, correlating 
with β-cell dysfunction and apoptosis [71]. Mechanistically, DRAK2 
inhibits autophagosome-lysosome fusion by phosphorylating Unc-
51-like kinase 1 (ULK1) at Serine 556, a key regulator of autophagy 

initiation. This phosphorylation event disrupts ULK1’s interaction 
with autophagy-related proteins, impairing autophagic clearance 
of damaged organelles and proteins under metabolic stress [71]. In 
mouse models, β-cell-specific DRAK2 knockout (cKO) preserved 
insulin secretion and mitochondrial function, even under lipotoxic 
conditions, by restoring autophagic flux and reducing ER stress [71]. 
Furthermore, pharmacological inhibition of DRAK2 or expression of 
a ULK1-S556A mutant rescued autophagic flux in primary islets and 
β-cell lines, underscoring the therapeutic potential of targeting this axis 
[71]. These findings align with observations that defective autophagy 
exacerbates β-cell failure in diabetes by promoting the accumulation 
of toxic aggregates and oxidative stress [72]. Collectively, DRAK2-
mediated dysregulation of autophagy represents a pivotal mechanism 
linking metabolic stress to β-cell demise in T2D, offering a promising 
avenue for therapies aimed at preserving β-cell mass and function.

ER-Mitochondria Communication

ER stress-induced Mitochondrial Fragmentation via PERK-
CHOP Signaling:

Emerging studies demonstrate that ER stress drives mitochondrial 
fragmentation through the PERK-CHOP signaling axis, a critical 
mechanism linking proteostasis imbalance to mitochondrial 
dysfunction. Activated PERK phosphorylates eIF2α, inducing ATF4/
CHOP expression, which transcriptionally upregulates mitochondrial 
fission proteins like Drp1 while suppressing fusion regulators 
like OPA1. This pathway was observed in neurodegenerative 
models, where ER stress-induced CHOP promoted Drp1-mediated 
mitochondrial fragmentation, exacerbating neuronal apoptosis [73]. 
In human airway smooth muscle cells, TNFα-induced ER stress 
triggered PERK-dependent mitochondrial fragmentation via IRE1α/
XBP1s-mediated upregulation of cyclin-dependent kinases (CDK1/5), 
which phosphorylate Drp1 at Ser616 to enhance its mitochondrial 
translocation [74]. The PERK-CHOP axis also amplifies oxidative 
stress through ERO1L, an ER oxidase downstream of CHOP, 
generating H2O2 that further aggravates ER-mitochondrial cross-
talk and creates a pathogenic feedback loop [75].Mechanistically, 
PERK activation during ER stress induces physical ER-mitochondria 

Table 1: Key Mitochondrial Dynamics Regulatory Proteins: Functions, Post-Translational Modifications, Alterations in T2D, and Therapeutic Interventions.

Protein Function Post-Translational 
Modifications Alterations in T2D Therapeutic Interventions References

Drp1

Mediates 
mitochondrial fission 

by oligomerizing 
around mitochondria.

Phosphorylation (Ser616↑: 
activates fission; Ser637↓: 

inhibits fission) 3,39 
Ubiquitination (Parkin-

mediated degradation) 45 
SUMOylation (activity 

modulation) 40

Hyperphosphorylation at Ser616 (3.2-
fold increase) under hyperglycemia 13 
Defective mitophagy due to impaired 
Parkin activity 45 Excessive fission 
drives β-cell apoptosis and insulin 

resistance 3,86

Drp1 inhibitors (e.g., Mdivi-1) 
to reduce fission 55 

AMPK activators (e.g., 
metformin) to suppress Drp1 

phosphorylation 15

[3,5,13,15,39,40,45,86]

Mfn 
1/2

Governs mitochondrial 
outer membrane 
fusion and ER-
mitochondria 

tethering.

Ubiquitination (Parkin-
mediated degradation) 44 
Phosphorylation (PINK1 

stabilizes Mfn2) 6 
Deubiquitination (USP30 
reverses Parkin effects) 7

Downregulated expression (40–50% 
reduction) 13 

Increased proteasomal degradation 
under ER stress 71

Fragmented networks impair mtDNA 
stability 92

Mfn2 stabilizers (e.g., 
Nrf2 activators like 
sulforaphane) 16 
PGC-1α agonists 

to upregulate Mfn2 
expression 15

[6,7,13,15,16,44,71,92]

OPA1

Regulates inner 
mitochondrial 

membrane fusion 
and cristae structure 

maintenance.

Proteolytic cleavage (OMA1/
YME1L1 activation under 

stress) 54 
Acetylation (impairs 

stability) 51 
Phosphorylation (AMPK 

enhances activity) 42

Reduced L-OPA1 due to oxidative 
stress-induced OMA1 activation 54

Cristae remodeling reduces ATP 
synthase activity 6 

Metabolic inflexibility in β-cells 36

OMA1 inhibitors to preserve 
L-OPA1 54 

AMPK activators to enhance 
OPA1 phosphorylation 42 
-SIRT3 agonists to reduce 

acetylation 51

[6,36,42,51,54]
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tethering through ATAD3A interactions, which spatially restricts 
PERK signaling to mitochondria-associated ER membranes 
(MAMs). This subcellular targeting facilitates localized translational 
repression of mitochondrial proteostasis genes while promoting Drp1 
recruitment [75,76]. In Parkinson’s disease models, CHOP-mediated 
suppression of PINK1/Parkin mitophagy exacerbated fragmented 
mitochondrial accumulation, while PERK inhibition restored 
mitochondrial dynamics. Notably, the PERK-ERO1α complex at 
MAMs regulates redox-sensitive mitochondrial fission factors, with 
genetic disruption of this complex shown to reduce ROS-mediated 
mitochondrial fragmentation by 60% in stressed cells [75]. Recent 
therapeutic strategies targeting this pathway include SS-31 peptide, 
which improved mitochondrial integrity and reduced PERK pathway 
activation by 40% in renal ischemia-reperfusion models 1. Similarly, 
the mitochondrial antioxidant Mito-TEMPO attenuated PERK/
CHOP-driven apoptosis by blocking ER stress-induced calcium 
transfer to mitochondria [77]. These findings underscore the 
PERK-CHOP axis as a central hub coordinating ER-mitochondrial 
communication and fragmentation pathology.

Proinsulin Misfolding and Mitochondrial OXPHOS 
Dysfunction:

Proinsulin misfolding and mitochondrial OXPHOS dysfunction 
are interconnected pathological mechanisms in diabetes and 
metabolic disorders. Recent studies demonstrate that impaired 
proinsulin processing in pancreatic β-cells disrupts mitochondrial 
energy metabolism, as misfolded proinsulin accumulates in the 
ER, triggering ER stress and ROS (ROS) overproduction [78,79]. 
This oxidative stress directly damages mitochondrial respiratory 
chain complexes, particularly reducing Complex I (NDUFS1) and 
IV activities, thereby crippling OXPHOS efficiency [80]. In human 
T2D islets, defective prohormone convertase 1/3 (PC1/3)-mediated 
proinsulin maturation correlates with mitochondrial ultrastructural 
abnormalities and decreased ATP production through OXPHOS [81].
Mechanistically, proinsulin misfolding-induced ROS overactivation 
causes mitochondrial DNA (mtDNA) mutations and impairs 
mtDNA replication fidelity, leading to cumulative respiratory chain 
defects [82]. Advanced proteomic analyses reveal that mitochondrial 
protein misfolding in β-cells disrupts the assembly of OXPHOS 
supercomplexes, reducing electron transport chain efficiency by 40-
60% [83]. Notably, mitochondrial-targeted antioxidants like Mito-
TEMPO can partially rescue OXPHOS function by reducing ROS-
mediated damage to Complex I and III [27], while enhancing AMPK 
activation restores mitochondrial membrane potential and ATP 
synthesis in insulin-resistant models [84].

Emerging therapeutic strategies focus on dual targeting of 
proinsulin processing and mitochondrial quality control. A 2023 Nature 
Metabolism study demonstrated that engineered proinsulin analogs 
with improved folding stability (e.g., plant-derived oral proinsulin) 
enhance mitochondrial bioenergetics by reducing ER-mitochondrial 
calcium mishandling [85]. Meanwhile, pharmacological activation of 
SIRT5 deacylase has shown promise in restoring OXPHOS efficiency 
by repairing succinylation-damaged mitochondrial enzymes in 
NAFLD models [80]. CRISPR-based interventions targeting mtDNA 
maintenance factors (e.g., TFAM) are being explored to prevent 
OXPHOS collapse in proinsulin-misfolding-associated diabetes [82].

Metabolic Reprogramming in T2D β-Cells
Substrate Utilization and Mitochondrial Flexibility

Recent studies have highlighted a critical shift in substrate 
utilization and mitochondrial flexibility in insulin-resistant β-cells, 
characterized by impaired glucose oxidation and enhanced reliance on 
fatty acid β-oxidation (FAO). This metabolic reprogramming is driven 
by mitochondrial dysfunction and redox imbalance. In pancreatic 
β-cells, chronic hyperglycemia suppresses oxidative phosphorylation 
while paradoxically increasing FAO, as demonstrated by the 
accumulation of lipid intermediates and reduced insulin secretion 
capacity [2]. 

The persistent substrate shift toward FAO generates excessive 
mitochondrial ROS, which impair redox-sensitive signaling pathways 
essential for GSIS [54,86]. Notably, mitochondrial fragmentation and 
reduced fusion/fission dynamics exacerbate this inflexibility, creating 
a vicious cycle of lipotoxicity and insulin resistance [87]. In human 
studies, impaired mitochondrial adaptation to substrate switching 
(e.g., from glucose to fatty acids) correlates with β-cell failure in T2D, 
particularly through disrupted coordination between mitochondrial 
and sarcoplasmic reticulum networks [87,88]. 

Emerging evidence suggests that enhancing mitochondrial 
flexibility via targeted interventions (e.g., modulating lipid droplet 
dynamics or ROS scavenging) could restore β-cell function. For 
instance, preserving mitochondrial glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) activity during hyperglycemia prevents FAO 
dominance and improves insulin secretion [7]. These findings align 
with preclinical models showing that β-cell-specific enhancement of 
pyruvate oxidation reverses metabolic inflexibility and GSIS defects 
[89]. However, sustained FAO in insulin-resistant states leads to 
irreversible mitochondrial DNA damage and apoptosis through 
mechanisms involving Drp1-dependent mitophagy dysregulation [8].

mtGTP-PEP Cycle Oscillations and PK Activation in Glucose 
Homeostasis:

The mtGTP-PEP cycle oscillations and pyruvate kinase (PK) 
activation play critical roles in β-cell metabolic coupling and glucose 
homeostasis. Recent studies reveal that mitochondrial GTP (mtGTP) 
metabolism regulates mitochondrial dynamics through fission factors 
like Drp1, which are essential for maintaining β-cell functional 
integrity. In β-cells, mtGTP generated via the succinyl-CoA synthetase 
(SCS) pathway coordinates with the phosphoenolpyruvate (PEP) cycle 
to synchronize metabolic oscillations with insulin secretion pulses 
[30]. This coupling ensures precise alignment between tricarboxylic 
acid (TCA) cycle activity and ATP production, which drives KATP 
channel closure and Ca2+-dependent exocytosis [90].

PKPyruvate Kinase activation, particularly the M2 isoform 
(PKM2), enhances glycolytic flux by converting PEP to pyruvate, 
thereby amplifying GSIS. However, chronic hyperglycemia disrupts 
this balance by inducing PKM2 tetramer-to-dimer transitions, 
which decelerates glycolysis and reduces ATP production [7,91]. 
Notably, mtGTP-PEP cycle oscillations are phase-locked to cytosolic 
Ca2+ fluctuations, creating a "metabolic clock" that coordinates 
insulin vesicle trafficking with β-cell membrane depolarization [92]. 
Disruption of this rhythm, as observed in OSGEP-deficient β-cells 
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(impaired tRNA modification), leads to glucose intolerance due to 
mismatched proinsulin translation and ER stress [7,40].

Recent work highlights the redox sensitivity of PK activity in 
β-cells. Glucose-induced ROS reversibly oxidize cysteine residues 
in PK and other glycolytic enzymes, creating a feedback loop that 
modulates glycolytic oscillations while protecting against oxidative 
damage [54]. Furthermore, the mtGTP-PEP cycle interacts with 
anaplerotic pathways via PK-dependent cataplerosis, ensuring 
mitochondrial NADPH production for antioxidant defense [90]. 
These dynamics are compromised in diabetes, where hyperglycemia-
induced GAPDH inhibition creates a metabolic "vicious cycle" of 
reduced oxidative phosphorylation and insulin content [40].

Epigenetic and Transcriptional Drivers

DNA Methylation (e.g., RHOT1) and Mitochondrial Dynamics 
in Diabetic Islets:

Recent studies reveal that DNA methylation dysregulation in 
pancreatic islets, particularly at the RHOT1 locus, significantly 
impacts mitochondrial dynamics and β-cell function in diabetes. 
RHOT1 (encoding Miro1), a key regulator of mitochondrial transport 
and mitophagy, shows aberrant DNA methylation in diabetic islets, 
correlating with impaired mitochondrial morphology and insulin 
secretion [9]. In human islets from T2D patients, RHOT1 promoter 
hypermethylation reduces its expression, leading to disrupted 
mitochondrial calcium buffering and defective GSIS [93]. This 
epigenetic alteration is mechanistically linked to mitochondrial 
fragmentation and reduced oxidative phosphorylation capacity in 
β-cells [94]. Notably, blood-derived RHOT1 methylation signatures 
predict future T2D development, suggesting its potential as an early 
biomarker [9].

Mitochondrial dynamics regulators Mfn1/2 demonstrate 
methylation-sensitive expression patterns in diabetic islets. Mfn1/2 
deficiency induced by hyperglycemia alters mtDNA content through 
TFAM downregulation, impairing β-cell mitochondrial genome 
stability and GSIS independently of fusion/fission processes [94]. 
Single-cell epigenomic profiling reveals obesity-induced enhancer 
hypomethylation at mitochondrial dynamics genes (e.g., Drp1, 
OPA1), correlating with β-cell dedifferentiation through impaired 
cristae remodeling [95]. CARM1-mediated arginine methylation of 
DRP1 at R403/R634 enhances mitochondrial fission by stabilizing 
Drp1-Mff interactions, a pathway disrupted in islets from T2D donors 
[96].

The interplay between DNA methylation and mitochondrial 
homeostasis extends to diabetic complications. In gestational diabetes 
offspring, oocyte hypermethylation at mitochondrial tRNA genes 
persists into adulthood, predisposing to β-cell dysfunction through 
impaired mito-ribosomal assembly [97]. Conversely, TET1-mediated 
active DNA demethylation maintains β-cell identity by preserving 
FOXA2-dependent mitochondrial biogenesis, with TET1 deficiency 
accelerating diabetes progression through PGC-1α suppression 
[94]. Pharmacological modulation of methylation regulators (e.g., 
METTL3 overexpression) rescues β-cell mitophagy and delays 
autoimmune diabetes in NOD mice by stabilizing m6A-modified 
autophagy transcripts [98].

Metabolic Rewiring via Myc Oncogene-like Transcriptional 
Programs:

Emerging studies highlight the pivotal role of MYC oncogene-
like transcriptional programs in driving metabolic rewiring in 
pancreatic β-cells, particularly under conditions of nutrient stress 
or hyperglycemia. Recent work demonstrates that MYC activation 
in β-cells induces transcriptional reprogramming of genes critical 
for glucose metabolism and stress responses, enabling adaptation to 
fluctuating insulin demand [99]. For instance, hyperglycemia triggers 
MYC-mediated rewiring of mRNA metabolism and chromatin 
accessibility, which coordinates the expression of genes involved 
in nutrient sensing and mitochondrial respiration [99,100]. This 
rewiring is further modulated by epigenetic mechanisms, such as 
nutrient-stimulated histone acetylation, which fine-tunes insulin 
secretion by regulating β-cell identity and metabolic pathways [100]. 
Notably, chronic metabolic stress in β-cells leads to MYC-dependent 
transcriptional and translational reprogramming, promoting survival 
while paradoxically increasing susceptibility to apoptosis due to 
imbalances in biosynthetic demands [101,102]. Caloric restriction 
(CR) has been shown to counteract these effects by enhancing 
β-cell identity and organelle homeostasis through MYC-regulated 
networks [103]. Moreover, MYC-driven metabolic shifts, such as 
enhanced glycolysis and glutathione synthesis, are critical for β-cell 
adaptation to oxidative and endoplasmic reticulum stress, though 
these pathways also create vulnerabilities exploitable for therapeutic 
intervention [102]. Recent advances in targeting MYC transcriptional 
programs, including small-molecule inhibitors like MYCi975, reveal 
selective modulation of MYC/MAX-dependent gene targets, offering 
potential strategies to restore β-cell function in diabetes [104]. These 
findings underscore the dual role of MYC-like programs in balancing 
metabolic adaptation and dysfunction, providing novel insights into 
β-cell failure in T2D.

Figure 1. Integrated Signaling Network of Mitochondrial 
Dynamics and Proteostasis in Diabetic β-Cells:

Therapeutic Implications
Targeting Mitochondrial Dynamics

Small-molecule PK Activators to Restore β-cell Function:

Recent advances in targeting protein kinases (PKs) with small-
molecule activators have shown promise in restoring functional 
β-cell mass in diabetes. For instance, MAP kinase-interacting serine/
threonine kinase 2 (MNK2) was identified as a critical target of 
CID661578, a small molecule that enhances β-cell regeneration by 
modulating MNK2 activity. Genetic and pharmacological validation 
confirmed that MNK2 activation drives β-cell proliferation, offering 
a novel pathway for diabetes reversal [10]. Similarly, dual tyrosine-
regulated kinase 1A (DYRK1A) inhibitors, such as those combined 
with GLP-1 receptor agonists or TGF-β inhibitors, induce human 
β-cell replication and improve glucose homeostasis in preclinical 
models. These inhibitors act by releasing cell cycle brakes, enabling 
β-cell expansion while maintaining insulin secretion capacity 
[11,105]. Another approach involves hypoxia-inducible factor-1α 
(HIF-1α) inhibition via PX-478, which improves β-cell function by 
restoring insulin content, granule maturation, and glucose-responsive 
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gene expression in diabetic models [106]. Additionally, molecular 
glue compounds, like those stabilizing transcription factors (TFs) in 
β-cells, protect against glucolipotoxicity and preserve β-cell identity 
by enhancing nuclear localization of key TFs [41]. Emerging targets 
include ALDH1A3, whose inhibition reactivates differentiation and 
regeneration pathways in dysfunctional β-cells, and DRAK2-ULK1 
signaling, where pharmacological inhibition preserves mitochondrial 
function and insulin secretion under metabolic stress [71,107]. These 
strategies highlight the potential of small-molecule PK activators to 
address β-cell failure through diverse mechanisms, from proliferation 
to functional rescue. While clinical translation is ongoing, these 
findings underscore the therapeutic viability of kinase-targeted agents 
in diabetes treatment.

PIO-mediated Restoration of Mitochondrial Protein 
Abundance in β-cells: 

Recent studies highlight the therapeutic potential of 
pioglitazone (PIO) in restoring mitochondrial protein homeostasis 
in pancreatic β-cells, a critical factor in diabetes progression. 
PIO, a thiazolidinedione, improves β-cell function by preserving 
mitochondrial dynamics and mtDNA content. For instance, Mfn1/2 
deficiency in β-cells disrupts mitochondrial architecture and 
reduces mtDNA content, but PIO analogs or Tfam overexpression 

rescue mtDNA levels and GSIS, suggesting PIO's role in stabilizing 
mitochondrial transcription factors [94]. Similarly, PIO derivatives 
like PXL065 (deuterium-stabilized R-PIO) retain non-genomic 
activity that enhances mitochondrial OXPHOS and reduces oxidative 
stress in β-cells, as shown in NASH clinical trials [108]. 

In diabetic models, PIO mitigates hyperglycemia-induced 
mitochondrial dysfunction by reversing the suppression of OXPHOS 
proteins and restoring ATP production, which is critical for insulin 
secretion [7]. Additionally, PIO counteracts lipotoxicity-induced 
mitochondrial fragmentation in β-cells by modulating the DRAK2-
ULK1 axis, preserving mitophagy and insulin secretion [71]. 

Recent proteomic analyses further reveal that PIO upregulates 
mitochondrial chaperones (e.g., HSP90) and redox-sensitive proteins, 
reversing ER-mitochondrial calcium mishandling and reducing ROS-
driven β-cell apoptosis [10]. Notably, PIO's effects extend to enhancing 
mitochondrial biogenesis via TFEB activation, which coordinates 
lysosomal-mitochondrial crosstalk to clear damaged organelles [63]. 

These mechanisms align with clinical observations where 
PIO-treated patients exhibit improved β-cell mass and glycemic 
control [106]. Collectively, PIO restores mitochondrial proteostasis 
through transcriptional, post-translational, and metabolic pathways, 
positioning it as a multifaceted therapy for diabetes.

Figure 1: Chronic hyperglycemia disrupts mitochondrial homeostasis by promoting Drp1 overactivation through increased phosphorylation at Ser616 while reducing 
Mfn2 expression, leading to excessive mitochondrial fragmentation. This fragmentation compromises ATP production and elevates reactive oxygen species (ROS) 
levels. The AMPK/MST1 signaling pathway further regulates mitochondrial fission by modulating Drp1 phosphorylation, with Ser616 phosphorylation activating 
fission and Ser637 phosphorylation suppressing it. Concurrently, defects in Parkin-mediated ubiquitination impair mitophagy, resulting in the accumulation of 
dysfunctional mitochondria. Metabolic stress exacerbates these effects, as high glucose-induced ROS oxidizes mitochondrial proteins (e.g., acetylation of electron 
transport chain components), inhibiting oxidative phosphorylation (OXPHOS) and enhancing reliance on fatty acid β-oxidation (FAO). This metabolic reprogramming 
is driven by mitochondrial dysfunction and redox imbalance. ER stress, mediated by the PERK-CHOP axis, activates Drp1 to amplify mitochondrial fission, 
ultimately triggering β-cell apoptosis. Conversely, calcium release from the endoplasmic reticulum activates TFEB, which enhances the expression of autophagy-
related genes and exerts anti-apoptotic effects, representing a compensatory mechanism to mitigate cellular damage. Collectively, these interconnected pathways 
highlight the multifaceted interplay between mitochondrial dynamics, proteostasis, and metabolic stress in driving β-cell dysfunction under diabetic conditions.



J Fam Med 12(2): id1383 (2025)  - Page - 09

Yang S Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

Table 2: Current vs. Emerging Therapies Targeting Mitochondrial Dynamics and Proteostasis in T2D: Mechanisms and Clinical Progress.
Therapy Category Target/Mechanism Clinical Progress References

Metformin Current AMPK activation → Inhibits Drp1 phosphorylation (Ser616) 
Enhances mitophagy via Parkin upregulation

Widely used clinically; improves glycemic 
control and mitochondrial fusion balance [15,36,56]

GLP-1R agonists 
(e.g., Exendin-4) Current

Activates cAMP signaling → Enhances autophagic flux via 
TFEB nuclear translocation 

Reduces ER stress

FDA-approved; Phase IV trials show 
preserved β-cell mass and function [23,31,58,104]

SGLT2 inhibitors Current Reduces ROS by improving substrate flexibility 
Indirectly stabilizes mitochondrial dynamics

Clinical use; reduces cardiovascular risk 
but limited β-cell-specific benefits [82,85,110]

Drp1 inhibitors 
(e.g., Mdivi-1) Emerging Directly blocks Drp1 oligomerization → Suppresses 

pathological fission

Preclinical success in rodent models; 
Phase I trials ongoing for diabetic 

complications
[3,5,20]

TFEB activators 
(e.g., Trehalose) Emerging

Lysosomal Ca²⁺-calcineurin signaling → TFEB nuclear 
translocation → Enhances mitophagy and lysosomal 

biogenesis

Preclinical studies show improved β-cell 
survival; no human trials yet [58,59,66]

Parkin activators 
(e.g., Nanoparticles) Emerging Restores Parkin-mediated mitophagy → Clears damaged 

mitochondria

Nanoparticle-based delivery systems 
in preclinical testing; improves insulin 

sensitivity
[45,48,57]

Gene therapy 
(e.g., CRISPR-TFAM) Emerging Enhances mtDNA stability via TFAM overexpression → 

Improves OXPHOS efficiency
Proof-of-concept in human islets; safety/

efficacy trials pending [78,92,117]

SIRT5 activators Emerging Reduces succinylation of mitochondrial enzymes → Restores 
OXPHOS function

Preclinical validation in NAFLD models; 
potential for T2D applications [76,80]

Combination 
therapies 

(e.g., Harmine + 
Exendin-4)

Emerging DYRK1A inhibition + GLP-1R activation → Synergistic β-cell 
proliferation and functional recovery

Phase II trials show enhanced β-cell mass 
in xenotransplant models [104,105,107]

Mitochondrial-
targeted 

nanomaterials
Emerging ROS-responsive nanoparticles → Deliver Drp1 inhibitors or 

TFEB activators
Preclinical efficacy in diabetic retinopathy 

and cardiomyopathy [48,52,118]

Enhancing Proteostatic Resilience

Dual Strategies of Targeted Autophagy and Metabolic 
Homeostasis: GLP1R and HIF-1α: 

Recent studies demonstrate that exendin-4 activates GLP1R-
mediated cyclic AMP signaling, which promotes autophagosome 
formation via RAB37 GTPase-dependent vesicle trafficking and LC3-
II lipidation, crucial for clearing damaged organelles and maintaining 
β-cell function under metabolic stress [11]. Enhanced autophagic 
flux reduces glucolipotoxicity-induced β-cell apoptosis by degrading 
aggregated proteins and dysfunctional mitochondria, while preserving 
insulin granule integrity [31,38]. Notably, exendin-4 co-administration 
with DYRK1A inhibitors amplifies this pro-survival effect, increasing 
human β-cell mass 4-7-fold in diabetic models through coordinated 
autophagy-lysosomal activation11. However, excessive autophagic 
flux inhibition (e.g., via OGT-mediated O-GlcNAcylation defects) 
counteracts these benefits, emphasizing the therapeutic window 
for GLP1R agonist dosing [109]. Emerging evidence links GLP1R 
agonism to improved mitochondrial oxidative phosphorylation and 
reduced ER stress in β-cells, both autophagy-dependent processes 
critical for glycemic control [38]. These findings position GLP1R 
agonists as multimodal regulators of β-cell proteostasis through 
controlled autophagic flux modulation. In addition, in diabetic 
mice, sustained metabolic overload induces β-cell hypoxia, driving 
HIF-1α accumulation and impairing insulin secretion. PX-478, 
a selective HIF-1α inhibitor, restored glucose-stimulated insulin 
secretion in human islet organoids chronically exposed to high 
glucose by normalizing hypoxia-driven transcriptional programs 
[106]. Mechanistically, PX-478 improved β-cell maturity markers 
(e.g., increased insulin granule formation, upregulated PDX1/
MAFA expression) while suppressing dedifferentiation pathways 
[106]. In streptozotocin-induced diabetic mice, PX-478 treatment 

enhanced pancreatic insulin content by 2.1-fold and accelerated 
glucose homeostasis recovery, correlating with reduced HIF-1α-
mediated glycolytic shift and oxidative stress [106]. Notably, HIF-1α 
inhibition preserved β-cell function without altering islet viability or 
proliferation [110], suggesting targeted metabolic reprogramming. 
These findings align with studies showing HIF-1α destabilization 
improves β-cell resilience under metabolic stress by reactivating 
mitochondrial oxidative phosphorylation and reducing ER stress 
[111]. While most evidence derives from preclinical models, ongoing 
trials (NCT04845183) are evaluating HIF-1α inhibitors in diabetes-
associated complications, underscoring translational potential (Table 
2). Figure 2. The Integrated Framework of Mitochondrial Dynamics, 
Proteostasis, and Metabolic Reprogramming in Diabetic β-cell 
Failure, Alongside Targeted Interventions to Preserve Function.

Conclusion and Future Directions
The integration of single-cell transcriptomics and mitochondrial 

biology has unveiled critical insights into β-cell heterogeneity and 
its metabolic regulation, yet key questions remain unresolved. First, 
the temporal-spatial regulation of mitochondrial dynamics in β-cell 
subpopulations remains poorly understood. Recent studies highlight 
that β-cell subsets with elevated mitochondrial metabolism, marked 
by CD63 expression, exhibit enhanced oxidative phosphorylation 
and mitochondrial respiration, suggesting dynamic mitochondrial 
remodeling underpins functional diversity [8,112]. However, how 
mitochondrial fission/fusion balances proteostasis and metabolic 
demands during β-cell differentiation or stress responses—
particularly in aging or diabetes—requires further exploration. 
For instance, mitochondrial dynamics regulators like DRP1 and 
OPA1, which influence stem cell regeneration via metabolic 
reprogramming [113], may similarly govern β-cell plasticity. Spatial 
multi-omics approaches, such as single-cell ATAC-seq combined 
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with mitochondrial DNA mutation tracking [114], could resolve 
how mitochondrial network remodeling coordinates with chromatin 
accessibility to drive β-cell adaptation or dysfunction in diabetes. 
Second, single-cell transcriptomics has emerged as a transformative 
tool for dissecting β-cell subpopulations with distinct metabolic states. 
Recent work identified T2D-associated β-cell subtypes characterized 
by stress-response gene activation and impaired mitochondrial 
OXPHOS [115]. Clusters with low electron transport chain (ETC) 
activity correlate with therapeutic resistance, emphasizing the need 
to map metabolic heterogeneity at single-cell resolution [116]. 
Emerging technologies like single-cell mitochondrial proteomics or 
spatial metabolomics could further resolve how mitochondrial stress 
gradients (e.g., localized ROS or mitophagy) influence β-cell fate. 
For example, ZnT8 loss-of-function accelerates β-cell maturation by 
enhancing mitochondrial energetic [117], suggesting metabolic state 
transitions are targetable. Machine learning frameworks integrating 
transcriptomic, chromatin, and metabolic data [115] will be critical 
to decode the regulatory logic of β-cell heterogeneity. Finally, 
combinatorial therapies targeting proteostasis and mitochondrial 
metabolism hold translational promise. Mitochondrial-targeted 
nanomaterials, which enhance fission/fusion dynamics [118], could 
synergize with proteostasis modulators like TFEB activators to 
restore β-cell function under metabolic stress [63,119]. Preclinical 

Figure 2: Chronic hyperglycemia disrupts pancreatic β-cell homeostasis by promoting mitochondrial fission through activation of dynamin-related protein 1 
(Drp1) and impairing Parkin-mediated mitophagy, leading to excessive mitochondrial reactive oxygen species (mitoROS) accumulation and oxidative stress. This 
metabolic stress triggers a shift toward fatty acid β-oxidation (FAO) and disrupts the tricarboxylic acid (TCA) cycle, reducing ATP production and compromising 
glucose-stimulated insulin secretion. Concurrently, oxidative stress exacerbates β-cell damage via an imbalance in antioxidant systems (e.g., SOD, catalase, GPX) 
and activation of the NLRP3 inflammasome through Caspase-11. Epigenetic alterations, such as dynamic histone acetylation, further destabilize β-cell identity and 
function. To counteract these pathways, therapeutic strategies include: SIRT5 activators and Nrf2 activators (e.g., sulforaphane) to enhance antioxidant defenses; 
Mdivi-1 (a Drp1 inhibitor) and metformin (an AMPK activator) to restore mitochondrial fusion-fission balance; GLP-1 receptor agonists (e.g., exendin-4) and 
pioglitazone (a PPARγ agonist) to improve insulin secretion and metabolic flexibility; and DYRK1A inhibitors or HIF-1α inhibitors to prevent β-cell dedifferentiation 
and hypoxia-induced damage. This integrated framework highlights the interplay of mitochondrial dynamics, proteostasis, and metabolic reprogramming in diabetic 
β-cell failure, alongside targeted interventions to preserve function.

models demonstrate that mitochondrial stress primes resistance to 
proteasome inhibitors, necessitating regimens combining OXPHOS 
inhibitors (e.g., metformin) with ER stress mitigators [120]. Similarly, 
boosting mitophagy via lysosomal Ca²⁺ modulation [63] or ceramide 
signaling [121] may protect β-cells from glucolipotoxicity. Future 
trials should prioritize patient stratification based on single-cell 
metabolic signatures to tailor combinatorial approaches [115,116] 
(Table 2).
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