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Abstract: 
Immune and metabolic processes are increasingly recognized as interconnected determinants of disease 

progression. Immunometabolic reprogramming describes the dynamic adaptation of cellular energy 
metabolism and immune function to environmental and pathological stress, with persistent dysregulation 

contributing to chronic inflammation, metabolic dysfunction, and tissue injury. This review develops a 

systems-level framework for understanding how energy sensing, inflammatory signaling, mitochondrial 

function, and organ-specific metabolic states interact to shape disease phenotypes. We examine the central role 
of the AMPK–mTOR axis, metabolic switching between oxidative phosphorylation and glycolysis, and 

inflammatory pathways involving NF-κB and cytokine networks in coordinating immune–metabolic 

responses. Particular emphasis is placed on mitochondria as an integration hub linking bioenergetic status, 
redox signaling, and inflammatory activation. Organ-specific manifestations across the liver, adipose tissue, 

brain, and cardiovascular system are discussed to illustrate how shared immunometabolic principles generate 

distinct tissue phenotypes. We further consider evidence from systems biology and multi-omics approaches, 

highlighting their potential to identify network-level disease signatures, mechanistic subtypes, and therapeutic 
vulnerabilities. Current therapeutic strategies targeting AMPK, mTOR, inflammatory signaling, oxidative 

stress, and mitochondrial dysfunction are evaluated, with emphasis on the limitations of single-pathway 

interventions and the emerging rationale for integrated or combination approaches. Finally, the translational 
potential of composite immune–metabolic biomarkers, precision immunometabolic stratification, 

computational modeling, and adaptive therapeutic monitoring is discussed. Collectively, immunometabolic 

reprogramming provides a unifying framework that connects systemic energy homeostasis with inflammatory 
signaling and organ dysfunction, offering a mechanistic basis for the development of more precise and durable 

therapeutic strategies across diverse disease states. 
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Graphical Abstract: Immunometabolic Reprogramming: A Systems Framework Linking Energy Homeostasis, Inflammation, and Organ 

Dysfunction. Immunometabolic reprogramming involves a bidirectional interaction between metabolic dysfunction and immune activation. Disrupted 

AMPK–mTOR signaling, mitochondrial dysfunction, and excessive ROS generation promote inflammatory pathways such as NF-κB and 

inflammasome activation, while TNF-α, IL-6, and IL-1β further impair insulin signaling and cellular metabolism. This self-reinforcing metabolic–

inflammatory loop drives persistent dysfunction across the liver, adipose tissue, brain, and cardiovascular system, contributing to diverse chronic 

diseases. Overall, the figure highlights immunometabolic dysfunction as a network-level process and supports integrated therapeutic strategies 

targeting metabolism, inflammation, and mitochondrial homeostasis. 

 

Introduction 

Immune and metabolic systems are tightly 

interconnected in human biology. This relationship 

is increasingly recognized as a fundamental 

determinant of disease susceptibility, progression, 

and therapeutic response. Many acute and chronic 

disorders involve simultaneous immune activation 

and metabolic dysfunction (1-3). Historically, these 

fields were studied separately. Immunology focused 

on host defense and inflammation, while 

metabolism was viewed mainly as energy 

production. This separation shaped most 

experimental and clinical frameworks. This view is 

no longer sufficient. Immune cells depend strongly 

on metabolic state, and metabolic tissues actively 

respond to inflammatory signals (1, 3, 4). This 

establishes a continuous bidirectional interaction 

between immune and metabolic processes. Earlier 

studies often treated metabolism as a passive 

background for immune activity. This assumption is 

now outdated. Immune activation requires rapid 

metabolic reprogramming, while immune mediators 

directly reshape metabolic pathways (1, 3, 5). These 

interactions are dynamic and context-dependent. A 

major limitation of previous research is its pathway-

centric approach. Most studies focus on single 

signaling cascades or isolated molecular targets, 

including cytokines, kinases, or transcription 
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factors. While informative, this reductionist view 

fails to explain system-level disease behavior. Many 

diseases involve network-level dysfunction across 

multiple tissues and organs (6-8). Single-pathway 

targeting often produces only partial or transient 

therapeutic effects due to compensatory 

mechanisms. A systems physiology approach 

provides a more complete framework. It integrates 

immune, metabolic, and organ-level functions into 

a unified model. Disease is therefore viewed not as 

a linear cascade but as a state of network imbalance, 

where disturbances in one node propagate across 

biological systems. This concept is increasingly 

supported by multi-omics studies, which 

demonstrate coordinated metabolic and 

inflammatory alterations across diverse disease 

states (7, 9). The aim of this review is to develop a 

unified framework for immunometabolic 

reprogramming in disease. We focus on how 

systemic energy homeostasis interacts with 

inflammatory signaling across organ systems and 

how these interactions shape disease progression 

and therapeutic response. Immunometabolic 

reprogramming describes the adaptive and 

maladaptive changes in immune and metabolic 

systems under stress conditions, ultimately 

influencing cellular, tissue, and whole-organism 

physiology (3, 5). In health, this system is flexible 

and adaptive. In disease, it becomes dysregulated 

and persistent. Metabolic stress reinforces 

inflammation, and inflammation further disrupts 

metabolic balance. This self-sustaining loop 

contributes to chronic disease progression (1, 10). 

Understanding this framework is essential for 

modern biomedical research. It supports more 

precise therapeutic strategies and encourages 

interventions that target multiple levels of biological 

organization (3). Overall, immunometabolic 

reprogramming represents a shift in how disease is 

understood. It integrates immune signaling, 

metabolic regulation, and organ-level physiology 

into a unified conceptual framework. This 

perspective provides a more realistic view of 

disease biology and opens new directions for 

therapeutic innovation. 

Systems Architecture of Energy Homeostasis 

and Immune Regulation 

Energy homeostasis is a core determinant of 

immune behavior. Cells constantly sense nutrient 

status and adjust their functional state accordingly. 

This regulation is not auxiliary. It sits at the center 

of immune activation and resolution (3, 5, 11, 12). 

At the cellular level, energy sensing is mainly 

coordinated by the AMPK–mTOR axis. AMPK is 

activated under low energy conditions. It promotes 

catabolic pathways and restores ATP balance. 

mTOR responds to nutrient abundance and drives 

anabolic activity. It also supports immune cell 

growth and effector functions. The balance between 

these two pathways shapes immune responsiveness 

in real time (5, 11, 13). Nutrient availability directly 

influences immune cell fate. Under nutrient-limited 

conditions, immune cells may adopt more energy-

conserving or regulatory phenotypes, depending on 

cell type and cellular context. When nutrients are 

abundant, they shift toward activation and 

proliferation. This metabolic reprogramming is not 

merely secondary to immune activation; rather, it is 

integral to immune cell function and effector 

activity (12, 14). 

Immune activation is also associated with metabolic 

switching. Resting immune cells rely mainly on 

oxidative phosphorylation for energy efficiency. 

Activated immune cells shift toward glycolysis, 

even in oxygen-rich environments. This metabolic 

reprogramming supports rapid ATP generation and 

biosynthetic demand. It also facilitates production 

of inflammatory mediators (3, 12, 15). These 

metabolic states are not independent. They are 

dynamically regulated based on environmental and 

intracellular signals. The transition between 

oxidative metabolism and glycolysis is reversible 

but tightly controlled. It reflects the functional needs 

of the immune system at each stage of response (3, 

12, 16). A key feature of this system is the presence 

of feedback loops between energy balance and 

immune tone. Metabolic stress enhances 

inflammatory signaling. In turn, inflammatory 

mediators further disrupt metabolic pathways. This 

creates a self-reinforcing circuit that can stabilize 
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either homeostasis or pathology depending on 

context (12, 17). In chronic disease, this regulatory 

system becomes dysregulated. Persistent nutrient 

excess, hypoxia, and mitochondrial dysfunction can 

shift the balance toward sustained immune 

activation. In several chronic disease contexts, 

AMPK activity is reduced, whereas mTOR 

signaling and glycolytic programs may remain 

relatively elevated. This contributes to chronic low-

grade inflammation and progressive tissue 

dysfunction. Overall, immune function is tightly 

governed by metabolic architecture. Energy sensing 

pathways, nutrient status, and metabolic switching 

collectively define immune cell behavior.  

Disruption of this architecture leads to persistent 

immune activation and loss of physiological balance 

(11, 12, 16). 

 

Inflammatory Signaling as a Driver of Metabolic 

Reprogramming 

Inflammatory signaling is not only a defensive 

response. It is a direct regulator of metabolic state. 

Once activated, immune pathways rapidly reshape 

cellular energy programs. This creates a strong 

bidirectional link between inflammation and 

metabolism (12, 18). Cytokine networks are central 

to this process. Key mediators such as TNF-α, IL-6, 

and IL-1β act across multiple tissues and can 

influence systemic metabolic homeostasis. They 

influence insulin sensitivity, mitochondrial 

function, and substrate utilization. Their effects are 

not localized. They propagate systemically and 

affect metabolic balance across organs. TNF-α is 

strongly associated with insulin resistance. It 

interferes with insulin receptor signaling and 

reduces glucose uptake in peripheral tissues. IL-6 

shows context-dependent effects but is consistently 

involved in chronic inflammatory states. IL-1β 

contributes to metabolic stress by altering 

pancreatic and hepatic function (18, 19). 

These cytokines converge on intracellular signaling 

hubs. NF-κB is one of the central regulators. Once 

activated, it drives transcription of inflammatory 

genes while also modifying metabolic enzyme 

expression. This dual role positions NF-κB as a key 

link between immune activation and metabolic 

reprogramming. Inflammation also disrupts insulin 

signaling pathways. Chronic inflammation alters 

IRS-1 phosphorylation, thereby impairing 

downstream PI3K–AKT signaling and glucose 

transport (12, 18, 20-22). A key concept in this 

context is the chronic inflammatory set-point. In 

many diseases, inflammation does not fully resolve. 

Instead, it stabilizes at a persistent low-grade level. 

This state is not static. It is actively maintained by 

feedback between immune and metabolic systems. 

Metabolic stress reinforces inflammatory signaling. 

At the same time, inflammation further destabilizes 

metabolic control. This creates a self-sustaining 

loop that is difficult to interrupt once established 

(18, 23, 24). In chronic disease, this loop becomes 

dominant. Mitochondrial dysfunction, nutrient 

excess, and tissue stress all contribute to its 

persistence. The system shifts away from 

homeostasis and toward a stable pathological state. 

Overall, inflammatory signaling functions as a 

metabolic reprogramming system. It reshapes 

energy utilization, disrupts insulin signaling, and 

establishes feedback loops that can stabilize chronic 

disease states (12, 17, 25). 

 

Organ-Specific Immunometabolic 

Reprogramming 

Immunometabolic reprogramming does not occur 

uniformly across the body. Each organ shows a 

distinct response profile based on its metabolic 

demand, immune environment, and functional role. 

However, the underlying pattern is consistent. 

Immune activation and metabolic dysfunction 

evolve together in a tissue-specific manner (12, 26). 

 

  - Liver 

The liver is a central hub for metabolic and immune 

integration. It regulates glucose and lipid 

homeostasis while also participating in systemic 

inflammatory responses (27). During inflammation, 

hepatocytes shift toward an acute-phase response. 

This includes increased production of proteins such 

as CRP and fibrinogen. While protective in the short 

term, this response alters systemic metabolic 
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balance (28). Chronic inflammation disrupts hepatic 

lipid and glucose metabolism. Insulin signaling 

becomes impaired. Lipid accumulation increases. 

Over time, this contributes to metabolic disorders 

such as fatty liver disease and insulin resistance (28-

31). The liver therefore acts as both a metabolic 

regulator and an immune-responsive organ. Its dual 

role makes it highly sensitive to immunometabolic 

stress (32). 

 

  - Adipose Tissue 

Adipose tissue is no longer considered a passive 

energy storage site. It is an active immunometabolic 

organ (33). In obesity and metabolic stress, adipose 

tissue undergoes immune cell infiltration. 

Macrophages become a prominent immune cell 

population within inflamed adipose tissue. These 

cells shift toward a pro-inflammatory phenotype 

(33-35). Adipokine signaling is also disrupted. 

Adiponectin levels decrease, while leptin and pro-

inflammatory mediators increase. This imbalance 

contributes to systemic inflammation and insulin 

resistance. Adipose tissue therefore acts as a major 

amplifier of systemic immunometabolic 

dysfunction (18). 

 

  - Brain 

The brain has high and continuous energy demands. 

It is highly sensitive to metabolic disturbances and 

inflammatory signaling (36). Neuroinflammation is 

a key feature of many neurological disorders. 

Microglial activation plays a central role in this 

process. Once activated, microglia produce 

inflammatory mediators that alter neuronal function 

(37, 38). Energy failure further exacerbates this 

state. Mitochondrial dysfunction and impaired 

glucose utilization lead to synaptic instability (39). 

This affects neural network function and cognitive 

processes. The brain is therefore particularly 

vulnerable to combined metabolic and 

inflammatory stress (40). 

 

  - Cardiovascular System 

The cardiovascular system is strongly influenced by 

immunometabolic interactions. Endothelial cells are 

central regulators of vascular homeostasis (41). 

Under inflammatory conditions, endothelial 

function becomes impaired. Nitric oxide signaling 

is reduced. Vascular tone regulation is disrupted. 

This leads to endothelial dysfunction, a key early 

event in vascular disease (42). Chronic 

inflammation promotes vascular remodeling. 

Smooth muscle cell proliferation increases (43). 

Lipid deposition and immune cell infiltration 

contribute to atherosclerotic plaque formation. 

These processes collectively link metabolic 

dysfunction with cardiovascular disease 

progression. Overall, organ-specific 

immunometabolic reprogramming reflects a 

coordinated but tissue-dependent response to 

systemic stress. While each organ exhibits unique 

features, all share a common pattern of coupled 

metabolic and inflammatory disruption (44) (Table 

1). 

 

Mitochondria as the Central Integration Hub 

Mitochondria occupy a central position in 

immunometabolic regulation. They are not only 

energy-producing organelles. They also function as 

signaling platforms that connect metabolism with 

immune activity (45). In many diseases, 

mitochondrial function becomes impaired. This 

bioenergetic failure reduces ATP production and 

limits cellular flexibility. Tissues with high energy 

demand are particularly affected. Over time, this 

contributes to progressive organ dysfunction (46). 

Mitochondrial dysfunction is also closely linked to 

redox imbalance. Reactive oxygen species (ROS) 

are generated as by-products of oxidative 

phosphorylation. Under physiological conditions, 

ROS act as signaling molecules. They help regulate 

adaptation and stress responses (47). 

When mitochondrial function is disrupted, ROS 

production increases beyond physiological levels. 

This shift changes ROS from signaling mediators 

into drivers of cellular damage and inflammation. A 

key feature of this system is the feedback loop 

between mitochondria and immune signaling (48). 

Mitochondrial stress activates inflammatory 

pathways such as NF-κB and inflammasome 
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signaling (49). In turn, inflammatory mediators 

further impair mitochondrial function. This creates 

a self-reinforcing cycle (50). As this cycle 

progresses, metabolic stability declines. Cells shift 

away from efficient oxidative metabolism toward 

glycolytic pathways. This metabolic shift supports 

short-term survival but reduces long-term 

efficiency. In parallel, inflammatory signaling 

becomes more persistent (51). 

 

Organ Key metabolic role 
Immune response 

pattern 
Disease outcome 

Liver 
Glucose and lipid 

homeostasis 

Acute-phase inflammatory 

response 

Fatty liver disease, 

insulin resistance 

Adipose tissue 
Energy storage and 

endocrine signaling 

Macrophage-driven 

inflammation 

Obesity-related 

metabolic syndrome 

Brain 

High energy 

demand, neuronal 

signaling 

Microglial activation and 

neuroinflammation 

Neurodegeneration, 

cognitive decline 

Cardiovascular 

system 

Vascular regulation 

and perfusion 

Endothelial inflammation 

and remodeling 

Atherosclerosis, heart 

failure 

Table 1. Organ-specific features of immunometabolic reprogramming.

 

In advanced disease states, this process contributes 

to metabolic collapse. Energy production becomes 

insufficient to meet tissue demands. At the same 

time, inflammatory activity remains elevated. This 

imbalance accelerates tissue damage and functional 

decline (52). Because of this central role, 

mitochondria are increasingly considered 

therapeutic target nodes. Interventions that restore 

mitochondrial function or reduce oxidative stress  

 

 

may help break the cycle of immunometabolic 

dysfunction. These strategies aim to restore both 

energy balance and immune regulation rather than 

targeting a single pathway (53). Overall, 

mitochondria function as a central integration hub 

linking energy metabolism with immune signaling. 

Their dysfunction represents a key driver of both 

metabolic imbalance and chronic inflammation 

across multiple disease states (Table 2). 

 

Mitochondrial 

feature 

Pathological change Downstream effect Clinical relevance 

ATP production Reduced oxidative 

phosphorylation 

Energy deficit Organ dysfunction, 

fatigue syndromes 

ROS signaling Excessive ROS 

generation 

Oxidative stress and 

inflammation 

Chronic inflammatory 

diseases 

Metabolic 

flexibility 

Shift toward glycolysis Reduced efficiency Cancer, immune 

activation states 

Immune 

interaction 

Activation of 

inflammasome pathways 

Sustained 

inflammation 

Multisystem chronic 

disease 

Table 2. Mitochondrial alterations and their immunometabolic consequences.

Systems Biology and Multi-Omics Perspectives 

Immunometabolic reprogramming cannot be fully 

understood through single-pathway analysis. The 

system operates across multiple biological layers. 

These include genes, transcripts, proteins, 

metabolites, and cellular networks. Systems biology 

provides the framework to integrate these layers 

into a coherent view (9, 54). Transcriptomic 

profiling has revealed distinct signatures associated 

with immunometabolic states (55). In inflammatory 
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conditions, genes related to glycolysis, cytokine 

signaling, and stress responses are consistently 

upregulated (56). At the same time, oxidative 

phosphorylation and mitochondrial gene programs 

are often suppressed (57). These coordinated 

changes suggest broader cellular reprogramming 

rather than isolated activation of individual 

pathways (55). Metabolomics has further 

strengthened this view (58). Changes in glucose 

utilization, lipid metabolism, and amino acid 

pathways are closely linked to immune activation 

states (12). Specific metabolic profiles can 

distinguish between acute inflammation, chronic 

low-grade inflammation, and resolution phases. 

This supports the idea that metabolism itself 

encodes immune status (59). 

Network biology approaches provide an additional 

layer of insight. Instead of focusing on individual 

molecules, these methods map interactions between 

genes, proteins, and metabolites (58). In 

immunometabolic disease, network connectivity 

often becomes rewired. Key hubs such as NF-κB, 

HIF-1α, and mTOR emerge as central regulatory 

nodes. Disruption of these hubs can propagate 

system-wide effects (12). Integration of multilayer 

datasets is essential for a complete understanding of 

disease mechanisms. Combining transcriptomic, 

proteomic, and metabolomic data allows for more 

accurate disease phenotyping. It also improves 

identification of mechanistic subtypes within 

clinically similar conditions. This is particularly 

relevant in heterogeneous diseases such as sepsis, 

diabetes, and cancer (58). Computational modeling 

plays an increasingly important role in mechanistic 

discovery. Dynamic models can simulate 

interactions between immune and metabolic 

pathways under different conditions. These models 

help identify feedback loops, tipping points, and 

system stability thresholds. In some cases, they can 

also predict therapeutic response patterns based on 

network structure (54). 

 

Therapeutic Targeting of Immunometabolic 

Pathways Therapeutic strategies targeting 

immunometabolic dysfunction are shifting from 

single-pathway inhibition toward integrated system 

modulation. This change reflects a broader 

understanding of disease as a network-level 

imbalance rather than a linear signaling defect (60, 

61). AMPK activators are among the most studied 

metabolic modulators. By enhancing cellular energy 

sensing, AMPK promotes catabolic metabolism and 

improves metabolic flexibility. It also suppresses 

excessive inflammatory signaling (61, 62). Agents 

such as metformin indirectly engage this pathway 

and demonstrate both metabolic and anti-

inflammatory effects in clinical settings (60, 61). 

mTOR signaling represents a complementary 

nutrient-sensing axis that, in contrast to AMPK, 

generally promotes anabolic activity, cellular 

growth, and immune activation. mTOR controls 

cellular growth, protein synthesis, and immune 

activation. Its inhibition reduces immune cell 

proliferation and dampens inflammatory responses. 

However, systemic suppression of mTOR can also 

affect tissue repair and normal immune function, 

which limits long-term use in some contexts (63). 

Anti-inflammatory metabolic therapies aim to 

directly link immune modulation with metabolic 

correction. These approaches target shared nodes 

between inflammation and metabolism rather than 

isolated cytokines. This includes interventions that 

reduce oxidative stress, restore mitochondrial 

function, or normalize glucose utilization in 

activated immune cells (60, 64). 

Combination therapy is increasingly considered 

more effective than monotherapy. Disease processes 

are maintained by multiple redundant pathways. 

Targeting only one node often leads to 

compensatory activation of alternative routes (65, 

66). Combining metabolic and immune modulators 

may produce more stable and sustained therapeutic 

outcomes (60, 61). Single-target interventions have 

clear limitations. They often produce partial 

responses or temporary improvement. In chronic 

diseases, feedback loops rapidly restore the 

pathological state. This reduces long-term efficacy 

and increases relapse risk (67). These limitations 

highlight the need for system-level intervention 

strategies (68, 69). Precision immunometabolic 

therapy represents a more advanced concept. It 

involves stratifying patients based on metabolic and 
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immune profiles. Treatment is then tailored to 

specific network dysfunctions rather than broad 

disease categories. This approach integrates 

biomarkers, functional data, and systems-level 

modeling to guide therapeutic decisions (70). 

Overall, effective therapeutic targeting of 

immunometabolic pathways requires a shift from 

isolated molecular interventions to integrated 

system-level strategies that address both metabolic 

dysfunction and immune dysregulation 

simultaneously. 

 

Translational Biomarkers and Clinical 

Relevance 

Translational biomarkers play a central role in 

linking immunometabolic mechanisms with clinical 

practice. They provide measurable signals of 

underlying immune and metabolic activity (9, 71). 

In immunometabolic diseases, single biomarkers 

are often insufficient. The dynamic and 

multilayered nature of immunometabolic regulation 

limits the ability of individual biomarkers to capture 

the complexity of disease states (72). Circulating 

cytokines are widely used markers of immune 

activation. TNF-α, IL-6, and IL-1β reflect 

inflammatory burden. However, their interpretation 

depends heavily on metabolic context. Similar 

cytokine levels may represent different disease 

states depending on energy balance and organ 

function. Metabolic markers add another layer of 

information. Glucose levels, lipid profiles, lactate, 

and insulin resistance indices provide insight into 

systemic metabolic status. When combined with 

inflammatory markers, they offer a more complete 

view of disease activity (73, 74). Biomarkers of 

mitochondrial function are receiving increasing 

attention. These include indicators of oxidative 

phosphorylation efficiency, ROS balance, and 

mitochondrial DNA release. Such markers reflect 

the integration point between energy failure and 

inflammatory activation (75). Composite biomarker 

panels are emerging as a more reliable approach. 

Instead of relying on a single variable, these panels 

integrate immune, metabolic, and mitochondrial 

signals. This improves both sensitivity and 

specificity in disease characterization (9). It also 

better reflects the network nature of 

immunometabolic dysfunction (69). Disease 

stratification is one of the most important 

applications of these biomarkers. Patients with 

similar clinical diagnoses may have very different 

underlying immunometabolic profiles. Biomarker-

based phenotyping helps identify these subgroups. 

This can improve prognosis and guide therapeutic 

decisions (76-78). 

It is also important to distinguish between 

diagnostic and predictive utility. Diagnostic 

biomarkers identify the presence of disease. 

Predictive biomarkers estimate disease progression 

or treatment response (79, 80). In immunometabolic 

disorders, predictive markers are often more 

clinically valuable, as they reflect dynamic system 

behavior rather than static disease states. Overall, 

translational biomarkers provide a critical bridge 

between mechanistic immunometabolic research 

and clinical application. Their greatest value lies not 

in isolation, but in integrated interpretation across 

immune, metabolic, and mitochondrial domains (9, 

10, 71, 72). 

 

Disease Applications Across Organ Systems 

Immunometabolic reprogramming is a shared 

underlying mechanism across a wide range of 

human diseases. Although clinical presentations 

differ substantially between organ systems, the core 

biological pattern remains consistent (5, 12). 

Immune activation and metabolic dysfunction 

evolve together and reinforce each other over time. 

This interaction is dynamic, context-dependent, and 

often self-sustaining (81). 

 

  - Metabolic diseases 

Obesity and type 2 diabetes represent prototypical 

examples of immunometabolic dysfunction (82). 

Chronic excess nutrient availability leads to 

sustained metabolic stress. This state triggers low-

grade, persistent inflammation rather than acute 

immune activation (83). Adipose tissue plays a 

central role in this process. As adipocytes expand, 

local hypoxia and cellular stress signals increase. 

This promotes infiltration of immune cells, 

particularly pro-inflammatory macrophages. These 
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immune cells shift adipose tissue from an energy 

storage organ into an active inflammatory site. At 

the same time, adipokine secretion becomes 

dysregulated. Protective signals such as adiponectin 

decrease, while pro-inflammatory mediators 

increase. This imbalance directly worsens systemic 

insulin sensitivity (84). The liver is also affected 

early in disease progression. Hepatic lipid 

accumulation and impaired insulin signaling 

contribute to systemic metabolic inflexibility (85). 

Over time, metabolic and inflammatory loops 

become self-reinforcing, driving progressive 

disease severity (86-88). 

 

  - Cardiovascular diseases 

Cardiovascular pathology is strongly shaped by 

immunometabolic interactions (89, 90). Endothelial 

cells are highly responsive to inflammatory and 

metabolic stress signals. When exposed to chronic 

inflammation, endothelial function becomes 

progressively impaired. A key early event is the 

reduction of nitric oxide bioavailability. This 

disrupts vascular relaxation and promotes 

endothelial dysfunction (91, 92). In parallel, lipid 

retention and immune cell adhesion increase within 

the vascular wall. Importantly, atherosclerosis is not 

only a lipid storage disorder. It is a chronic 

inflammatory process layered on top of metabolic 

dysfunction. Macrophages and T-cells actively 

contribute to plaque progression and instability 

(93). In heart failure, the role of metabolism 

becomes even more pronounced. Cardiomyocytes 

rely heavily on mitochondrial oxidative 

metabolism. When mitochondrial efficiency 

declines, energy supply becomes insufficient to 

meet physiological demand. This energy deficit 

contributes directly to contractile dysfunction and 

disease progression (94, 95). 

 

  - Cancer metabolism and immune escape 

Cancer represents a highly adaptive 

immunometabolic system rather than a purely 

genetic disease (17). Tumor cells reprogram their 

metabolism to support continuous proliferation. 

One of the most characteristic changes is the shift 

toward aerobic glycolysis, even in oxygen-rich 

environments. This metabolic adaptation is not only 

for energy production. It also supports biosynthesis 

and rapid cellular growth. At the same time, it 

reshapes the tumor microenvironment. Immune 

cells within tumors are also metabolically 

reprogrammed (96-99). Competition for nutrients 

and local accumulation of metabolic by-products 

impair effective immune responses. This leads to 

functional exhaustion of cytotoxic immune cells 

(100). Additionally, inflammatory signaling within 

the tumor microenvironment does not necessarily 

eliminate cancer cells. Instead, it can promote 

survival, angiogenesis, and tissue remodeling. This 

creates a stable but pathological ecosystem that 

supports tumor progression and immune escape 

(101). 

 

  - Neurodegeneration and brain energy failure 

Neurodegenerative disorders are closely associated 

with both metabolic failure and chronic 

neuroinflammation (102, 103). Neurons have high 

and continuous energy demands, relying primarily 

on oxidative phosphorylation. Mitochondrial 

dysfunction can impair synaptic transmission and 

increase neuronal vulnerability to metabolic stress 

(104). Microglia play a central role in disease 

progression. Under stress conditions, they adopt a 

chronically activated phenotype. This leads to 

sustained release of inflammatory mediators within 

the brain microenvironment. Importantly, neuronal 

injury and immune activation reinforce each other. 

Energy failure increases vulnerability to 

inflammation, while chronic inflammation further 

impairs mitochondrial function and synaptic 

integrity. In diseases such as Alzheimer’s and 

Parkinson’s, this bidirectional loop becomes a 

major driver of progressive neurodegeneration (102, 

105, 106). 

 

  - Chronic inflammatory disorders 

Chronic inflammatory diseases, including 

autoimmune conditions, reflect persistent disruption 

of immunometabolic balance. In these states, 

immune activation does not return to baseline after 

an initial trigger. Instead, inflammation becomes 

self-sustaining (107). Metabolic stress maintains 
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immune activation, while inflammatory signaling 

continuously disrupts metabolic regulation. This 

creates a stable pathological state rather than a 

transient response. Tissue damage accumulates 

gradually over time. Depending on the organ 

involved, this can manifest as fibrosis, functional 

decline, or systemic symptoms. Importantly, these 

conditions highlight that inflammation and 

metabolism are not separate processes. They operate 

as a single integrated system that can become 

pathologically locked (108, 109). 

 

Current Challenges and Knowledge Gaps 

Despite rapid progress in immunometabolic 

research, several key limitations still restrict clinical 

translation. Most of these challenges are not merely 

technical; they reflect the absence of a sufficiently 

integrated physiological framework. They reflect 

the absence of a fully unified physiological 

framework. A major issue is the lack of integrated 

system-level models. Most current studies still 

focus on isolated pathways or single organ systems. 

This makes it difficult to predict whole-body 

responses. Immunometabolic reprogramming 

inherently involves multiple organ systems (110), 

yet most experimental designs remain reductionist. 

Another important challenge is biological 

heterogeneity. Immunometabolic responses vary 

significantly between individuals. Factors such as 

age, sex, genetic background, microbiome 

composition, and comorbidities all influence system 

behavior. As a result, identical stimuli can produce 

very different immune and metabolic outcomes 

(111, 112). 

The translational gap between experimental models 

and human disease is also substantial. Many 

mechanistic findings are generated in simplified in 

vitro or animal systems. While these models are 

useful, they often fail to capture the complexity of 

human immunometabolic interactions. This limits 

predictive accuracy in clinical settings (113, 114). 

Biomarker validation remains another critical 

barrier. Although many candidate markers have 

been identified, few have achieved robust clinical 

validation. Single biomarkers often lack specificity 

due to overlapping immune and metabolic 

pathways. Even multi-marker approaches require 

standardization before widespread clinical adoption 

(115, 116). Therapeutic specificity is also a major 

limitation. Many current interventions target broad 

pathways such as inflammation or metabolism. 

However, these pathways are deeply 

interconnected. As a result, interventions may 

produce unintended effects in non-target tissues. 

This reduces long-term efficacy and increases 

variability in patient response. Overall, these 

challenges highlight the need for more integrated 

research strategies. A systems-level approach that 

combines physiology, multi-omics data, and 

computational modeling is essential to move the 

field forward. 

 

Future Directions 

The field of immunometabolic research is rapidly 

moving toward more integrated and predictive 

frameworks. Future progress will depend on 

shifting from descriptive biology to system-level 

modeling of disease dynamics. A key direction is 

systems-level disease modeling. Instead of 

analyzing isolated pathways, future models will 

integrate immune, metabolic, and organ-level 

interactions. These models will aim to capture 

dynamic behavior over time, including feedback 

loops and tipping points in disease progression. 

Another major development is the integration of 

artificial intelligence with physiological networks. 

Machine learning approaches can identify hidden 

patterns across multi-omics and clinical datasets. 

When combined with mechanistic models, AI can 

help improve prediction of disease trajectories and 

treatment response. However, interpretability will 

remain essential for clinical use. Personalized 

immunometabolic medicine is also expected to 

become a central goal. Patients with the same 

clinical diagnosis often show distinct 

immunometabolic profiles. Future approaches will 

stratify patients based on immune–metabolic 

network signatures rather than broad disease labels. 

This will support more precise and targeted 

interventions. Multi-target drug development is 

another important direction. Given the network 

nature of immunometabolic dysfunction, single-
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target therapies are often insufficient. Future 

therapeutic development may increasingly focus on 

coordinated modulation of multiple metabolic, 

inflammatory, and mitochondrial pathways. Real-

time metabolic–immune monitoring represents a 

further step toward clinical translation. Continuous 

or near-real-time assessment of metabolic and 

inflammatory markers could allow dynamic 

treatment adjustment. This would shift clinical 

practice from static measurement to adaptive 

disease management. 

 

Discussion 

Immunometabolic reprogramming provides a 

unifying framework for understanding disease 

across multiple biological scales. The findings 

summarized in this review support the concept that 

immune and metabolic systems are not parallel 

processes but deeply integrated components of a 

single regulatory network. This integration becomes 

particularly evident under conditions of chronic 

stress, where physiological balance is replaced by 

stable pathological states. A central insight from 

current evidence is that disease cannot be fully 

explained through linear pathway activation. 

Instead, pathological states emerge from network-

level reorganization involving immune signaling, 

metabolic flux, and organ-level adaptation. This 

network behavior explains why many diseases share 

convergent features despite distinct clinical 

presentations. One of the most important 

implications of this framework is the 

reinterpretation of chronic inflammation. Rather 

than being a localized or self-limiting response, 

chronic inflammation represents a sustained 

metabolic state. In this context, inflammatory 

signaling is not merely a driver of pathology but also 

a reflection of underlying metabolic instability. This 

bidirectional relationship creates a feedback loop 

that stabilizes disease progression. Mitochondrial 

function emerges as a key determinant in this 

system. As central hubs of bioenergetics and 

signaling, mitochondria integrate environmental 

stress, metabolic demand, and immune activation. 

When mitochondrial integrity is compromised, both 

energy production and immune regulation become 

dysregulated. This positions mitochondria as critical 

nodes in the transition from physiological 

adaptation to pathological persistence. 

Another important aspect is the heterogeneity of 

immunometabolic responses across tissues. Organ-

specific differences in metabolic demand and 

immune composition shape distinct disease 

phenotypes. However, despite this heterogeneity, 

the underlying principle of coupled immune–

metabolic dysfunction remains consistent. This 

suggests that organ-specific diseases may represent 

different manifestations of a shared systemic 

framework. From a translational perspective, these 

findings suggest that therapeutic durability may 

depend not only on the potency of individual targets 

but also on the capacity to restore network stability 

across metabolic, inflammatory, and mitochondrial 

compartments. The integration of multi-omics 

technologies has significantly advanced this field by 

enabling the characterization of disease states across 

multiple biological layers. Transcriptomic, 

proteomic, and metabolomic datasets consistently 

demonstrate coordinated alterations in immune and 

metabolic pathways. However, translating these 

findings into clinically actionable frameworks 

remains a major challenge. Another critical gap lies 

in biomarker interpretation. While numerous 

candidate biomarkers exist, their clinical utility is 

often limited by contextual variability. The same 

biomarker can reflect different physiological states 

depending on metabolic and inflammatory context. 

This reinforces the need for composite, systems-

based biomarker panels rather than single-marker 

approaches. Overall, the immunometabolic 

framework shifts the conceptualization of disease 

from pathway dysfunction to network instability. 

This shift has profound implications for both basic 

research and clinical translation. It suggests that 

future progress will depend on the ability to 

integrate multi-layer biological data into predictive 

models that reflect the dynamic nature of disease. 

Finally, this perspective supports a transition toward 

precision immunometabolic medicine. Instead of 

categorizing diseases based solely on clinical 

phenotype, future approaches will likely rely on 

underlying network signatures. This may enable 
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more accurate stratification of patients and more 

effective therapeutic targeting. 

 

Conclusion 

Immunometabolic reprogramming represents a 

unifying principle in modern disease biology. 

Across diverse conditions, immune activation and 

metabolic dysfunction appear tightly coupled. This 

coupling is not incidental. It reflects a core 

organizational feature of biological systems under 

stress. Evidence from molecular studies, multi-

omics datasets, and clinical observations 

consistently supports this integrated view. Disease 

cannot be fully explained by isolated pathways. It 

emerges from coordinated dysfunction across 

immune, metabolic, and organ-level networks. This 

perspective marks a clear shift from pathway 

biology toward systems physiology. Instead of 

focusing on single signaling cascades, the emphasis 

moves to dynamic interactions between energy 

homeostasis, inflammatory signaling, and tissue 

function. Disease is therefore better understood as a 

state of network imbalance rather than a linear 

molecular defect. This shift has important 

implications for therapeutic innovation. Targeting 

single molecules often produces limited or 

temporary effects. In contrast, system-level 

strategies that address multiple interconnected 

nodes may offer more durable outcomes. This 

includes combined metabolic and anti-

inflammatory approaches, as well as interventions 

targeting mitochondrial function and cellular energy 

balance. Finally, immunometabolic reprogramming 

provides a conceptual foundation for precision 

medicine. By integrating biomarkers, functional 

data, and systems-level analysis, it becomes 

possible to stratify patients based on underlying 

biological networks rather than broad clinical 

labels. This approach may ultimately lead to more 

effective, individualized, and mechanistically 

guided therapies. 

 

Mechanistic and Translational Relevance 

Immunometabolic reprogramming provides a 

mechanistic framework linking cellular energy 

sensing, inflammatory signaling, mitochondrial 

function, and organ-level dysfunction across diverse 

disease states. At the cellular level, metabolic 

pathways such as AMPK–mTOR signaling, 

glycolysis, and oxidative phosphorylation 

dynamically regulate immune cell activation and 

functional phenotype, while inflammatory 

mediators reciprocally reshape substrate utilization, 

insulin signaling, and mitochondrial activity. 

Persistent disruption of these interactions 

establishes self-reinforcing feedback loops 

involving metabolic stress, oxidative imbalance, 

and inflammatory signaling, thereby promoting the 

transition from adaptive responses to chronic 

pathological states. Mitochondria represent a 

critical integration node within this network because 

impaired bioenergetics and excessive reactive 

oxygen species generation can simultaneously 

compromise cellular function and amplify 

inflammatory pathways. From a translational 

perspective, this integrated model supports 

therapeutic strategies that move beyond isolated 

cytokine or metabolic targets toward coordinated 

modulation of interconnected immunometabolic 

pathways. AMPK activation, mTOR modulation, 

restoration of mitochondrial homeostasis, reduction 

of oxidative stress, and selective control of 

inflammatory signaling represent potentially 

complementary therapeutic approaches. 

Importantly, the network architecture of 

immunometabolic disease also provides a rationale 

for combination therapies and biomarker-guided 

patient stratification. Integrated immune, metabolic, 

and mitochondrial biomarker profiles may help 

identify mechanistic disease subtypes, predict 

therapeutic responsiveness, and support precision 

immunometabolic interventions. Future integration 

of multi-omics profiling with computational 

network modeling may further enable identification 

of actionable regulatory nodes and dynamic 

treatment strategies tailored to individual disease 

states.  
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