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Adipokine imbalance, increasing renal fibrosis, and dysregulated hepatic gluconeogenesis are three interrelated 
pillars of Type 2 Diabetes Mellitus (T2DM) pathogenesis. Common signaling nodes, such as FOXO1, AdipoR1/R2, 
and JAK/STAT3, that are researched separately but seldom taken into account within a cohesive mechanistic 
framework, are shared by the molecular mechanisms coordinating these events. The molecular biology of 
FOXO1-driven hepatic gluconeogenesis, GLP-1-mediated cAMP/PKA regulation of gluconeogenic programs, 
AdipoR-mediated AMPK activation in insulin sensitization, and JAK/STAT3 propagation of diabetic nephropathy 
are the topics of this review. We present a new idea called Molecular Convergence Nodes (MCNs), which are 
druggable intersections where several disease pathways converge and where pharmacological intervention may 
result in increased therapeutic effect. In conclusion, FOXO1, AdipoR, and STAT3 are actionable MCNs whose 
combined targeting may more successfully disrupt the pathological reinforcement loops of type 2 diabetes than 
existing single-target approaches. We present a research plan for the future that focuses on combination 
pharmacotherapy and MCN-based biomarker identification. 
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1. Introduction: From Isolated Pathways to Convergent Molecular Nodes 

The molecular biology of Type 2 Diabetes Mellitus (T2DM) is defined by a network of interconnected 
signaling cascades that function concurrently in several organ systems (1,2). Although decades of research 
have yielded impressive granular insights into individual pathways, such as the TGF-β/Smad pathway in 
renal fibrosis, the cAMP/PKA axis in glucagon action, or the IRS-1/PI3K/Akt cascade in insulin signaling, a 
persistent limitation of the field has been the tendency to study these cascades in organ-specific isolation 
(3–5). Despite being analytically tractable, this organ-centric viewpoint has led to a fragmented therapeutic 
landscape where medications intended to address one metabolic abnormality seldom avoid problems 
resulting from the others (6). Clinically, individuals with T2DM frequently present with multiple coexisting 
pathologies, including insulin resistance, chronic inflammation, hepatic steatosis, and diabetic nephropathy, 
all of which share common molecular determinants (7,8). Identifying molecular nodes that lie at the 
intersection of several pathogenic pathways may therefore provide opportunities for more effective 

 

 

 



 

therapeutic strategies capable of simultaneously targeting multiple disease processes (9). In this review, we 
concentrate on three molecular nodes that are particularly relevant to T2DM: (1) FOXO1, a transcription 
factor at the intersection of insulin signaling, gluconeogenesis, and oxidative stress; (2) Adiponectin 
Receptors (AdipoR1/R2), transducers of adiponectin-mediated anti-inflammatory and insulin-sensitizing 
actions across the liver, skeletal muscle, and kidney; and (3) JAK/STAT3, a signaling hub that integrates 
cytokine, adipokine, and metabolic inputs to drive renal and hepatic inflammation (10–12). We refer to these 
as Molecular Convergence Nodes (MCNs) and propose that they represent high-value therapeutic targets 
for the next generation of T2DM interventions (13). 
2. FOXO1: Transcriptional Master Regulator of Hepatic Gluconeogenesis 
2.1 FOXO1 Structure, Function, and Regulation 
 Forkhead box transcription factor O1 (FOXO1) is a transcription factor that belongs to the FOXO family and 
is distinguished by its conserved 110-amino acid forkhead DNA-binding region (14). FOXO1 is constitutively 
expressed in the liver and is essential for connecting gluconeogenic gene transcription with food availability 
(15). During fasting, FOXO1 localizes to the nucleus and activates the promoters of the two rate-limiting 
enzymes of gluconeogenesis, PCK1 (encoding PEPCK) and G6PC (encoding G6Pase), when glucagon and 
cortisol levels rise and insulin levels decrease (16,17). FOXO1 is suppressed by insulin via a well-known 
phosphorylation pathway (18). IRS-1/2 tyrosine phosphorylation, recruitment and activation of PI3K, 
production of PIP3, and activation of the serine/threonine kinase Akt (also known as PKB) are all 
consequences of insulin receptor activation (19). Three residues of FOXO1—Thr24, Ser256, and Ser319—are 
directly phosphorylated by Akt, generating docking sites for 14-3-3 chaperone proteins that facilitate 
cytoplasmic sequestration (20). The main insulin-dependent inhibition of hepatic gluconeogenesis is caused 
by the nuclear exclusion of FOXO1 (21). 
2.2 FOXO1 in Selective Hepatic Insulin Resistance 
The phenomenon of selective hepatic insulin resistance, in which the mTORC1-dependent pathway driving 
de novo lipogenesis (DNL) remains insulin-sensitive or even hyperactivated while the PI3K/Akt/FOXO1 axis 
governing gluconeogenesis becomes insulin-resistant, is a conceptually significant aspect of T2DM 
pathophysiology (22,23). The paradoxical coexistence of hyperglycemia (from uncontrolled 
gluconeogenesis) and hypertriglyceridemia (from elevated DNL) in insulin-resistant individuals can be 
explained by this selective resistance (24). Diacylglycerol (DAG) and ceramide buildup, produced by excess 
lipid flow, activate PKCε and PKCδ, respectively, which selectively phosphorylate IRS-1/IRS-2 at inhibitory 
serine residues (25,26). This compartmentalization of signaling is the molecular foundation of selective 
insulin resistance (27). While mTORC2/Akt2-mediated lipogenic signaling is mostly unaffected, 
PI3K/Akt/FOXO1 signaling is blocked (28). JNK activation brought on by ER stress offers another method for 
selective IRS phosphorylation (29). Thus, FOXO1 maintains gluconeogenic production in T2DM by remaining 
inappropriately nuclear (30). 
2.3 GLP-1–cAMP–PKA Modulation of FOXO1 Activity 
GLP-1 signaling research has revealed a new and therapeutically important pathway for FOXO1 control (31). 
Activation of the GLP-1 receptor (GLP-1R) increases intracellular cAMP and activates protein kinase A (PKA) 
by coupling to Gs proteins and adenylyl cyclase (32). Insulin production in pancreatic beta-cells is primarily 
driven by this cAMP/PKA axis (33). However, cAMP/PKA signaling has paradoxical effects in hepatocytes 
that express low levels of GLP-1R: while glucagon-driven cAMP activates FOXO1 via CREB/PGC-1α, GLP-1-
derived cAMP has been shown to phosphorylate and activate SIK2 (salt-inducible kinase 2), which promotes 
CRTC2 phosphorylation and cytoplasmic sequestration, thereby indirectly lower PGC-1α expression and 
gluconeogenic output (34,35). Additionally, without the need for direct hepatic GLP-1R stimulation, 
centrally-derived GLP-1R activation in the hypothalamus affects hepatic FOXO1 activity through vagal 
afferent’s (36). This brain-to-liver regulatory arc most likely involves paracrine signaling from portal 
macrophages (Kupffer cells) and nitric oxide synthase in hepatic stellate cells, resulting in an indirect but 
functionally significant pathway for CNS control of FOXO1-driven gluconeogenesis (37,38). The increased 
hepatic advantages of CNS-penetrant GLP-1RAs over peripheral-only treatments may be explained by an 
understanding of this central-to-hepatic FOXO1 axis (39,40). 
3. Adiponectin Receptor Signaling: AMPK-Mediated Metabolic Protection 
3.1 AdipoR1 and AdipoR2: Structural Biology and Tissue Distribution 
The mechanism behind the pleiotropic metabolic effects of adiponectin was discovered in 2003 by the 
molecular cloning of adiponectin receptors (AdipoR1 and AdipoR2) (41). In contrast to G-protein-coupled 



 

receptors, both receptors are seven-transmembrane domain proteins that mainly transduce signals via the 
adaptor protein APPL1 (adaptor protein containing PH domain, PTB domain, and leucine zipper motif 1) 
(42). APPL1 provides the molecular connection between adiponectin and its metabolic benefits by bridging 
receptor activation to downstream AMPK, PPARα, and p38 MAPK signaling (43). AdipoR1 is widely 
expressed, although it is most abundant in skeletal muscle, where it facilitates the absorption of glucose and 
the synthesis of glycogen through the translocation of AMPK and GLUT4 (44). AdipoR2 is mostly expressed 
in the liver, where it suppresses de novo lipogenesis and promotes fatty acid oxidation by activating PPARα 
(45). Podocytes, mesangial cells, and proximal tubular cells of the kidney express both AdipoR1 and AdipoR2, 
which mediate anti-inflammatory and anti-fibrotic actions (46). Tissue-specific pharmacological targeting is 
made possible by each receptor subtype's tissue-specific preponderance (47). 
3.2 AMPK as the Effector Kinase of AdipoR Signaling 
As a cellular fuel gauge, AMP-activated protein kinase (AMPK) is a highly conserved energy-sensing 
heterotrimeric kinase that is triggered by increases in the AMP:ATP ratio during an energy shortage (48). 
APPL1-mediated LKB1 activation, which phosphorylates and activates AMPK at Thr172, is triggered by 
AdipoR1/AdipoR2 activation (49). A wide range of metabolic reprogramming is triggered by activated 
AMPK: phosphorylation of HMGCR reduces cholesterol synthesis; phosphorylation and nuclear exclusion of 
TORC2 (CREB-regulated transcription coactivator 2) reduces PGC-1α and gluconeogenic gene expression; 
and inhibition of ACC (acetyl-CoA carboxylase) reduces malonyl-CoA and disinhibits CPT1, increasing 
mitochondrial fatty acid oxidation (50–52). Through SIRT1-dependent deacetylation and activation of PGC-
1α (different from the transcriptional induction mentioned above), AMPK also promotes mitochondrial 
biogenesis, which is crucial for type 2 diabetes (53). This enhances mitochondrial function and lowers 
mitochondrial oxidative stress, which is linked to beta-cell dysfunction, hepatic lipotoxicity, and renal tubular 
injury (54,55). AdipoR-mediated AMPK activation is therefore a particularly valuable therapeutic node since 
it concurrently tackles insulin resistance, lipotoxicity, and mitochondrial dysfunction (56). 
3.3 AdipoR Signaling in the Kidney 
AdipoR1 and AdipoR2 both mediate the renoprotective actions of adiponectin (57). By suppressing RhoA 
and increasing nephrin production, AdipoR-AMPK signaling in podocytes maintains the actin cytoskeletal 
architecture of foot processes (58). Adiponectin inhibits ECM formation and TGF-β1 production in mesangial 
cells via blocking mTOR via AMPK (59). By increasing antioxidant enzymes (SOD2, catalase) and decreasing 
NADPH oxidase activity, AMPK activation in proximal tubular cells lowers oxidative stress (60). These 
protective inputs are eliminated in T2DM by hypoadiponectinemia, which results in renal AdipoR 
insufficiency, which speeds up tubular oxidative stress, mesangial enlargement, and podocyte damage (61). 
Notably, clinical investigations have demonstrated that SGLT2 inhibitors, which are now the first-line 
treatments for cardiorenal protection in type 2 diabetes, upregulate adiponectin levels, indicating that part 
of its renoprotective impact may be mediated through AdipoR pathway restoration (62). This mechanistic 
understanding makes direct AdipoR agonism a viable additive renoprotective tactic (63). 
4. JAK/STAT3 Signaling: Inflammatory Driver of Diabetic Nephropathy 
4.1 JAK/STAT3 Pathway Architecture in Renal Cells 
A classic intracellular signaling mechanism for a variety of cytokines, including as IL-6, IL-10, leptin, 
oncostatin M, and interferon-γ, is the JAK/STAT3 signaling axis (64). Upon ligand interaction, JAK1, JAK2, 
and TYK2 in renal cells connect to cytokine receptor subunits and transphosphorylate one another (65). By 
phosphorylating STAT3 at Tyr705, activated JAKs cause dimerization, nuclear translocation, and binding to 
promoter regions that are sensitive to STAT3 (TTCNNNGAA) (66). TGF-β1, MCP-1 (CCL2), VEGF-A, 
fibronectin, collagen I/IV, and SOCS3 are among the kidney's STAT3 target genes; the latter creates a 
negative feedback loop by inhibiting JAK (67,68). The counterintuitive suppression of SOCS3 expression in 
the diabetic kidney permits unchecked JAK/STAT3 activation, potentially due to epigenetic silencing via 
DNMT3a-mediated promoter methylation (69). The principal JAK2 deactivation phosphatase, protein 
tyrosine phosphatase 1B (PTP1B), is inactivated by reactive oxygen species (ROS), which causes high 
hyperglycemia to independently activate JAK2 (70). Through RAGE, advanced glycation end products 
(AGEs) offer an extra activation input (71). Even after diabetic recovery, a persistent inflammatory state is 
created by the convergence of cytokine, glucose, and AGE signals on the JAK/STAT3 cascade (72). 
4.2 STAT3 and Podocyte Apoptosis 
DN progression is both characterized by and driven by podocyte loss (73). Podocytes cannot renew once they 
are gone, and the glomerular scarring that results is permanent (74). Through a number of mechanisms, 



 

including transcriptional upregulation of pro-apoptotic members of the Bcl-2 family (Bax, Bak), suppression 
of the survival factor Bcl-xL, and induction of TRPC6, a transient receptor potential channel that mediates 
calcium influx and calcineurin/NFAT-driven podocyte dedifferentiation, STAT3 promotes podocyte 
apoptosis (75–77). Additionally, Smad3 is activated by STAT3-driven TGF-β1 synthesis, which causes 
proteinuria by downregulating nephrin and synaptopodin, two essential structural proteins of the slit 
diaphragm (78). Adipokine signaling and STAT3 in podocytes have a significant and little-known relationship 
(79). Leptin stimulates TGF-β1 production and death in podocytes by directly activating STAT3 through the 
long form of the leptin receptor (LepRb) via JAK2/STAT3 (80). The hyperleptinemic condition of obesity-
associated type 2 diabetes may serve as a persistent direct stimulus for podocyte STAT3 activation, 
irrespective of systemic inflammation, because podocytes express LepRb (81). A new mechanistic target 
that has received little attention in DN research is the podocyte-intrinsic leptin-JAK/STAT3-TGF-β1 loop 
(82). 
4.3 JAK/STAT3 and Tubulo-Interstitial Fibrosis 
Long-term renal outcomes in type 2 diabetes are significantly influenced by tubulointerstitial fibrosis, which 
goes beyond glomerular damage (83). Tubular cells lose their epithelial identity (downregulating E-cadherin 
and zonula occludens-1) and gain mesenchymal traits (upregulating vimentin, α-SMA, and fibronectin) 
during the tubular epithelial-to-mesenchymal transition (EMT), which is facilitated by activated STAT3 (84). 
Major makers of collagen I and III, EMT-derived interstitial myofibroblasts are responsible for the gradual 
interstitial fibrosis that damages the renal parenchyma and lowers GFR (85). Crucially, the hepatic and 
adipokine axis interact with JAK/STAT3 in the kidney (86). Renal STAT3 is strongly activated by IL-6, which 
is produced in excess by visceral adipose tissue and inflammatory hepatocytes in type 2 diabetes (87). A self-
sustaining inflammatory circuit is created when AGEs produced by long-term hyperglycemia bind on renal 
RAGE receptors to activate NFκB, which transcriptionally upregulates both JAK2 and IL-6 (88,89). The poor 
effectiveness of RAS inhibitors alone in stopping the development of DN is likely due to the fact that blocking 
any one input to this circuit with current monotherapies leaves the others intact (90). 
5. Molecular Convergence Nodes (MCNs): A Novel Therapeutic Framework 
5.1 Conceptual Basis of MCNs 
Systems biology and network pharmacology are the sources of the idea behind Molecular Convergence 
Nodes (MCNs) (91,92). Certain biological components, such as proteins, transcription factors, or kinases, 
receive inputs from and disseminate outputs to numerous separate pathogenic pathways in a disease 
characterized by multiple crossing signaling cascades (93). Because a single pharmacological intervention at 
an MCN disrupts multiple disease-relevant cascades simultaneously, these convergence nodes can be 
distinguished from linear pathway components by their high connectivity and potential to produce 
disproportionately large therapeutic effects when targeted (94). 
We propose that FOXO1, AdipoR1/R2, and JAK/STAT3 satisfy the requirements for MCNs in T2DM (95). 
Gluconeogenesis, oxidative stress resistance, and mitochondrial quality control are the outputs of FOXO1, 
which combines inputs from insulin, GLP-1, glucagon, glucocorticoids, and AMPK (96). AdipoR combines 
inputs and outputs from adiponectin with AMPK, PPARα, and anti-inflammatory signaling in the kidney, 
muscle, and liver (97). JAK/STAT3 combines inputs from AGEs, leptin, IL-6, and elevated glucose with 
outputs to inflammation, fibrosis, apoptosis, and EMT in several renal cell types (98). 
5.2 Evidence for MCN Connectivity 
Crucially, the three suggested MCNs are related to each other (99). AdipoR is linked to FOXO1 suppression 
because AMPK, which is activated downstream of AdipoR, phosphorylates and activates SIK family kinases, 
which inhibit CRTC2 and thus lower FOXO1 co-activator activity (100). On the other hand, increased FOXO1 
activity in insulin-resistant hepatocytes transcriptionally upregulates SELE and inflammatory cytokine 
genes, feeding systemic inflammation that activates renal JAK/STAT3 (101). Under inflammatory conditions, 
STAT3 has been shown to transcriptionally suppress AdipoR2 in hepatocytes, resulting in a negative 
feedback loop where JAK/STAT3 activation decreases AdipoR-mediated cytoprotection (102). 
These connections imply that a medication that can modulate all three MCNs at the same time, such as an 
AMPK activator that also suppresses STAT3 (as metformin partially does) in combination with an AdipoR 
agonist and a selective FOXO1 inhibitor, could stop T2DM-related organ damage at several levels at once 
(103,104). The next stage of T2DM medication research should prioritize the development of such MCN-
targeting combo methods (105). 
6. Future Research Directions and Clinical Translation 



 

6.1 Biomarker Development Based on MCNs 
Clinical tests that measure MCN activity must be created and verified if MCNs are to direct tailored T2DM 
treatment (106). Functional indicators for FOXO1 might include circulating PEPCK activity and fasting 
gluconeogenic flow as determined by stable isotope tracer investigations (e.g., 2H2O gluconeogenesis tests) 
(107). Candidate biomarkers for AdipoR signaling include urine AMPK phosphorylation indicators in 
exfoliated tubular cells, plasma HMW adiponectin, and adipokine receptor expression in renal biopsy tissues 
(108). Soluble gp130 levels, urine STAT3 phosphopeptides, and renal biopsy STAT3 immunohistochemistry 
have demonstrated initial diagnostic usefulness for JAK/STAT3 in inflammatory kidney disorders (109). 
6.2 MCN-Targeting Drug Combinations 
We suggest the following hypothesis-driven medication combinations for clinical research based on the 
MCN framework: (1) Adiporon or omega-3-derived AdipoR agonist (AdipoR/AMPK activation) + semaglutide 
(GLP-1RA, FOXO1 suppression) + baricitinib or low-dose tofacitinib (JAK/STAT3 inhibition) to concurrently 
target all three MCNs (110–112). (2) mTOR inhibitor (FOXO1 derepression in certain situations) + IL-6 
receptor antibody (upstream JAK/STAT3 blocking) + SGLT2 inhibitor (adiponectin upregulation, renal 
hemodynamic protection) (113,114). To find responder subgroups, these combinations should be evaluated 
in patient cohorts stratified by biomarkers (115). 
6.3 Epigenetic Regulation of MCNs 
Epigenetic control is a new but little-studied aspect of MCN biology (116). SIRT1-mediated deacetylation 
regulates FOXO1 activity, and NAD+ depletion causes SIRT1 levels to decrease with age and type 2 diabetes 
(117). In inflammatory hepatocytes, DNMT3a has been shown to methylate the AdipoR2 promoter, 
suppressing adiponectin response (118). In diabetic kidneys, SOCS3 promoter hypermethylation maintains 
JAK/STAT3 hyperactivity (119). These epigenetic changes indicate that strategies to restore the epigenetic 
landscape should be used in addition to MCN-targeting pharmacotherapy, such as using DNMT inhibitors to 
reactivate silenced AdipoR2 and SOCS3 or NAD+ precursors (NMN, NR) to activate SIRT1 and restore FOXO1 
acetylation dynamics (120,121). 
Discussion 
The concept of Molecular Convergence Nodes (MCNs) offers a systems-level framework for understanding 
the complex molecular architecture of Type 2 Diabetes Mellitus (T2DM) (122,123). Unlike traditional 
approaches that focus on individual signaling pathways, the MCN model emphasizes highly connected 
molecular hubs that integrate signals from multiple pathogenic processes. Given that T2DM involves 
simultaneous disturbances in glucose metabolism, lipid homeostasis, inflammation, oxidative stress, and 
tissue remodeling, targeting isolated pathways may not adequately address disease progression. MCNs 
provide a mechanistic explanation for why many single-target therapies improve selected metabolic 
parameters yet fail to completely prevent long-term organ damage. 
Among the proposed MCNs, FOXO1 represents a particularly important regulatory node linking insulin 
signaling, hepatic glucose production, and metabolic stress responses (124). Persistent FOXO1 activation 
contributes to excessive gluconeogenesis and hyperglycemia in insulin-resistant states. The phenomenon 
of selective hepatic insulin resistance further highlights the importance of FOXO1, as gluconeogenic 
signaling becomes resistant to insulin while lipogenic pathways remain active. This divergence contributes 
to the coexistence of hyperglycemia and dyslipidemia that characterizes T2DM. The ability of GLP-1 
receptor agonists to indirectly suppress FOXO1 activity further supports its central role in metabolic 
regulation and identifies FOXO1 as a promising therapeutic target (125,126). 
AdipoR1 and AdipoR2 constitute a second MCN that connects adipokine signaling with energy metabolism, 
mitochondrial function, and tissue protection (127). Reduced adiponectin signaling is increasingly 
recognized as a mechanistic contributor to insulin resistance and diabetic organ injury. Through activation 
of AMPK and PPARα pathways, AdipoR signaling enhances glucose utilization, promotes fatty acid 
oxidation, improves mitochondrial function, and suppresses inflammatory responses. In the kidney, AdipoR-
mediated signaling protects podocytes, mesangial cells, and tubular epithelial cells from metabolic stress 
and fibrosis. The observation that therapies such as SGLT2 inhibitors can increase adiponectin levels further 
suggests that restoration of AdipoR signaling may contribute to their cardiorenal benefits (128). 
The JAK/STAT3 pathway serves as a third MCN by integrating inflammatory, metabolic, and fibrotic signals 
(129). Hyperglycemia, AGEs, oxidative stress, leptin, and inflammatory cytokines all converge on this 
pathway, promoting renal inflammation, podocyte injury, and tubulointerstitial fibrosis. Sustained 
activation of JAK/STAT3 contributes to diabetic nephropathy through regulation of genes involved in 



 

extracellular matrix deposition, apoptosis, and inflammatory signaling. The suppression of endogenous 
negative regulators such as SOCS3 further amplifies pathway activity and may contribute to the persistence 
of renal injury despite improvements in glycemic control (130). 
A major strength of the MCN framework is the recognition that FOXO1, AdipoR signaling, and JAK/STAT3 
do not function independently. Instead, these nodes are connected through multiple feedback and feed-
forward interactions. AMPK activation downstream of AdipoR signaling can suppress FOXO1 co-activator 
activity, thereby reducing hepatic gluconeogenesis (131). Conversely, increased FOXO1 activity may 
enhance inflammatory signaling that contributes to activation of renal JAK/STAT3 pathways (132). Evidence 
also suggests that inflammatory STAT3 signaling can suppress AdipoR2 expression, reducing adiponectin-
mediated cytoprotection (133). These interactions indicate that the three MCNs form a dynamic regulatory 
network rather than isolated signaling modules. 
The existence of this interconnected network has important therapeutic implications. Targeting a single 
MCN may provide only partial benefit because the remaining nodes can continue to reinforce disease-
promoting pathways. Combination approaches designed to simultaneously modulate FOXO1, AdipoR 
signaling, and JAK/STAT3 activity may therefore produce greater therapeutic effects than monotherapies. 
This concept mirrors successful network-based treatment strategies used in other complex diseases, 
including cancer and HIV infection, where simultaneous disruption of multiple interconnected pathways has 
substantially improved clinical outcomes (134). 
An additional dimension of MCN biology is provided by epigenetic regulation. SIRT1-dependent control of 
FOXO1 activity, DNMT3a-mediated suppression of AdipoR2 expression, and SOCS3 promoter 
hypermethylation all suggest that epigenetic mechanisms contribute to persistent dysregulation of these 
signaling nodes (135–137). Such alterations may help explain the phenomenon of metabolic memory, in 
which the risk of diabetic complications remains elevated despite subsequent improvement in glycemic 
control (138,139). Consequently, therapeutic strategies aimed at restoring normal epigenetic regulation may 
complement direct pharmacological targeting of MCNs. 
Several limitations of the current framework should be acknowledged. Much of the mechanistic evidence 
supporting the proposed MCNs originates from animal models and in vitro studies, and further validation in 
human tissues is required. In addition, the degree to which these signaling networks vary among individuals 
remains unclear. Genetic variation, environmental influences, microbiome composition, and concurrent 
therapies may all influence MCN activity and therapeutic responsiveness. Furthermore, the safety and 
feasibility of long-term combination therapies targeting multiple MCNs will require careful evaluation in 
clinical studies (140). Despite these limitations, the MCN framework provides a unifying model that 
integrates diverse aspects of T2DM pathophysiology into a coherent mechanistic network. By identifying 
FOXO1, AdipoR1/R2, and JAK/STAT3 as highly connected signaling hubs, this approach offers new 
opportunities for biomarker development, patient stratification, and rational combination therapy design. 
Future studies should focus on validating MCN activity in human disease, developing reliable biomarkers of 
node activity, and testing biomarker-guided combination therapies capable of simultaneously targeting 
multiple disease-driving pathways (141–145). 
 Conclusion 
Molecular Convergence Nodes (MCNs), a unique paradigm for comprehending and addressing the molecular 
pathophysiology of type 2 diabetes, have been presented in this review (141). By analyzing FOXO1, 
AdipoR1/R2, and JAK/STAT3 as high-connectivity signaling hubs rather than isolated pathway components, 
we uncover a landscape of molecular interconnections that explains the systemic nature of organ damage 
associated with type 2 diabetes and implies the inherent limitations of single-target therapies (142–144). 
MCN-based combination treatment can be readily translated into preclinical proof-of-concept studies since 
the three MCNs suggested here are individually well-validated targets with available pharmacological 
methods for their regulation (142–144). The creation of clinical biomarkers that can measure MCN activity 
in specific patients is a significant advancement that allows for sensible patient classification and customized 
combination medication (145). 
In the end, the MCN of nephrology, hepatology, neuroendocrinology, and adipocyte biology around a shared 
molecular story that has the potential to change type 2 diabetes from a chronic illness that can be managed 
into a disease that can be prevented and possibly reversed (141,145). 
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