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ABSTRACT: Fibrosis is a common pathological consequence of chronic tissue injury, characterized by 
persistent fibroblast activation, excessive extracellular matrix (ECM) accumulation, and progressive 
impairment of organ function. Although classical fibrogenic pathways, particularly transforming growth 
factor-β (TGF-β) signaling, have been extensively studied, growing evidence suggests that metabolic 
adaptation is an essential component that supports the persistence of the fibrotic phenotype. Among 
metabolic pathways, enhanced glycolytic activity can support fibrotic remodeling in specific cellular 
contexts while also participating in adaptive or reparative responses depending on cell identity and disease 
stage. The glycolysis–lactate–lactylation axis links metabolic alterations with transcriptional 
reprogramming, immune regulation, and extracellular matrix remodeling. This review summarizes the roles 
of key glycolytic regulators, including GLUT1, HK2, PFKFB3, PFKM/PFKP, PKM2, LDHA, MCT1/4, 
and PDK1, across pulmonary, hepatic, renal, cardiac, and cutaneous fibrosis. We further discuss the 
interactions among glycolytic metabolism, TGF-β signaling, HIF-1α activation, YAP/TAZ-mediated 
mechanotransduction, and immune-metabolic communication, highlighting emerging therapeutic strategies 
and challenges in targeting metabolic vulnerabilities in fibrosis. 
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1. Introduction 

Tissue fibrosis is not an independent disease entity but rather a common pathological endpoint shared 
by a wide range of chronic disorders, including pulmonary fibrosis, liver cirrhosis, chronic kidney disease, 
cardiac remodeling, systemic sclerosis, and radiation-induced tissue injury [1–5]. The pathological 
hallmark of fibrosis is characterized by persistent fibroblast activation, accumulation of myofibroblasts, 
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and excessive deposition of extracellular matrix (ECM) components, including type I/III collagens, 
fibronectin, and proteoglycans [6–13]. Under physiological conditions, transient fibroblast activation is 
essential for wound closure and restoration of tissue integrity. However, when injury stimuli, inflammatory 
mediators, hypoxia, mechanical stress, and metabolic disturbances persist, the reparative program can 
become dysregulated, leading to sustained and pathological fibrotic responses. 

Traditional studies of fibrosis have primarily focused on canonical profibrotic pathways, including 
transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), Wnt/β-catenin signaling, 
inflammatory cytokines, integrin-mediated signaling, and extracellular matrix stiffening [5,14–18]. 
Although these pathways remain central regulators of fibrogenesis, they cannot fully explain how 
profibrotic cells maintain stable pathological phenotypes even after the initiating injury signals fluctuate or 
decline. Increasing evidence indicates that persistent fibrotic activation requires tight coupling between 
extracellular profibrotic cues and intracellular metabolic states, which collectively sustain gene expression 
programs, protein synthesis, and matrix remodeling. Activated fibroblasts require substantial amounts of 
ATP to support migration, contractility, and secretion, while metabolic intermediates such as NADPH, 
glycine, proline, UDP-GlcNAc, and other biosynthetic precursors are essential for collagen synthesis, 
hydroxylation, glycosylation, and cross-linking [19–23]. Therefore, metabolic reprogramming is 
increasingly recognized not as a passive consequence of fibrosis but as an active determinant of fibrotic 
niche establishment and maintenance. 

Among various metabolic adaptations, enhanced glycolysis has emerged as one of the most 
consistently observed features across different models of organ fibrosis [24–39]. However, interpreting 
glycolysis solely as an ATP-generating pathway fails to capture its broader pathological significance in 
fibrosis. Glycolytic intermediates can be diverted into anabolic pathways, including the pentose phosphate 
pathway, the hexosamine biosynthetic pathway, and serine/glycine metabolism, thereby supporting 
macromolecule synthesis and extracellular matrix production. Meanwhile, lactate, the end product of 
glycolysis, functions as a multifunctional metabolite rather than merely a metabolic waste product. Its 
biological effects in fibrosis can be categorized into several distinct mechanisms: serving as a metabolic 
substrate for oxidative metabolism and biosynthetic processes, inducing extracellular acidification that 
facilitates latent TGF-β activation, mediating intercellular communication through MCT-dependent lactate 
transport, and acting as a substrate for protein and histone lactylation [40–48]. 

Collectively, previous studies have established important links between glycolytic reprogramming, 
lactate metabolism, and lactylation during fibrotic progression. However, these metabolic processes have 
largely been interpreted as intracellular adaptations within individual profibrotic cells. In this review, we 
extend this concept by proposing the “glycolysis–lactate–lactylation–fibrotic niche axis” as a multicellular 
framework that integrates metabolic reprogramming with tissue-level communication networks. 

The central concept of the fibrotic niche is that metabolic alterations do not occur in isolation within 
fibroblasts or myofibroblasts, but instead reshape the surrounding cellular ecosystem through reciprocal 
interactions among fibroblasts, epithelial cells, endothelial cells, macrophages, and the extracellular matrix 
[49]. Within this framework, activated fibroblasts serve as major regulators of ECM remodeling and lactate 
production, while epithelial and endothelial cells contribute to niche formation through injury responses, 
hypoxia adaptation, and metabolic communication. Meanwhile, macrophages respond to metabolic signals, 
including lactate-associated cues, to regulate inflammatory and fibrotic transitions [50]. Importantly, ECM 
remodeling is not merely a consequence of fibrosis but also actively regulates mechanotransduction, 
including YAP/TAZ signaling, which in turn feeds back to reinforce glycolytic reprogramming [11,51]. 

Therefore, the novelty of this review does not lie solely in summarizing glycolysis, lactate signaling, 
or lactylation individually, but rather in integrating these processes into a dynamic metabolic–epigenetic–
cellular interaction network. This perspective highlights fibrosis as a self-reinforcing multicellular 
ecosystem in which metabolic reprogramming may contribute to the establishment and persistence of 



Fibrosis 2026, 4(3), 10012. doi:10.70322/fibrosis.2026.10012 3 of 17 

 

fibrotic niches through cell-type-specific and context-dependent mechanisms. The conceptual framework 
of the glycolysis–lactate–lactylation–fibrotic niche axis (Figure 1) illustrates how glycolytic regulators, 
lactate metabolism, epigenetic regulation, and multicellular communication collectively contribute to the 
formation and maintenance of the fibrotic niche. 

 

Figure 1. The glycolysis–lactate–lactylation–fibrotic niche axis integrates metabolic reprogramming with multicellular fibrotic 
progression. (A) Overview of the proposed glycolysis–lactate–lactylation–fibrotic niche framework. Injury-associated stimuli, 
including hypoxia, inflammatory cytokines, growth factors, acidic stress, and mechanical stress, induce metabolic remodeling in 
fibrosis-associated cells. Activated fibroblasts/myofibroblasts act as central regulators characterized by enhanced glycolysis and 
lactate production. Through reciprocal interactions with epithelial cells, endothelial cells, macrophages, immune cells, pericytes, 
and other stromal populations, glycolytic reprogramming reshapes the fibrotic niche. Extracellular matrix (ECM) accumulation 
and increased matrix stiffness further activate mechanotransduction pathways, generating a positive feedback loop that reinforces 
metabolic adaptation and fibrotic progression. (B) Schematic representation of glycolytic reprogramming in fibrotic cells. 
Increased glucose uptake and enhanced glycolytic activity provide ATP and biosynthetic intermediates to support cellular 
activation, proliferation, and ECM production. Key glycolytic regulators, including GLUT1, HK2, PFKFB3, PKM2, and LDHA, 
function as metabolic nodes controlling glucose utilization, glycolytic flux, and lactate generation. (C) Functional integration of 
major glycolytic regulators in fibrosis. GLUT1 regulates glucose uptake, HK2 controls glycolytic entry and metabolic adaptation, 
PFKFB3 promotes glycolytic flux, PKM2 participates in both glycolytic metabolism and noncanonical transcriptional/protein-
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interaction signaling, and LDHA mediates lactate production. These metabolic and signaling functions converge on fibroblast 
activation and ECM deposition. (D) Multifaceted biological functions of lactate within the fibrotic niche. Lactate acts as more 
than a glycolytic end product and regulates fibrosis through four distinct mechanisms: metabolic substrate utilization, 
extracellular acidification and latent TGF-β activation, MCT1/4-dependent intercellular lactate shuttling, and lactylation-
mediated transcriptional regulation. These processes collectively contribute to profibrotic signaling, gene expression remodeling, 
immune regulation, and ECM accumulation. 

2. Glycolytic Reprogramming as a Central Component of the Fibrotic Niche 

Rather than representing a uniform metabolic switch, glycolytic reprogramming within fibrotic tissues 
should be considered a coordinated adaptation among multiple cellular populations. Fibroblasts and 
myofibroblasts exhibit enhanced glycolytic activity to support contractility, proliferation, and ECM 
production; however, the consequences of this metabolic shift extend beyond individual cells. Through 
lactate production, transport via MCT1/MCT4, extracellular acidification, and metabolic signaling, 
glycolytic alterations can influence neighboring epithelial and endothelial cells, as well as immune 
populations, thereby transforming isolated cellular metabolic changes into a coordinated multicellular 
fibrotic niche [4,49,51]. 

In this context, the fibrotic niche represents a metabolically interconnected microenvironment in which 
different cell types continuously exchange biochemical and mechanical information [49,51]. Fibroblasts 
function as central regulators of ECM remodeling and metabolic adaptation, whereas epithelial and 
endothelial cells contribute to niche formation through injury responses, hypoxia adaptation, and altered 
metabolic communication. Meanwhile, macrophages respond to metabolic and inflammatory cues, thereby 
regulating the transition from tissue repair to persistent fibrosis [4]. Importantly, ECM accumulation is not 
merely a consequence of fibrosis but also functions as an active signaling platform. Increased matrix 
stiffness activates mechanotransduction pathways such as YAP/TAZ, thereby reinforcing glycolytic 
reprogramming, fibroblast activation, and ECM remodeling, thereby generating a self-reinforcing 
metabolic–mechanical feedback loop [12]. 

Glycolysis is a central metabolic pathway for glucose utilization. Under normoxic conditions, most 
quiescent cells preferentially channel pyruvate into the mitochondria, where it is metabolized through the 
tricarboxylic acid (TCA) cycle and oxidative phosphorylation to generate ATP. In contrast, under 
conditions of rapid proliferation or cellular stress, cells may increase glucose uptake and convert a greater 
proportion of pyruvate into lactate even in the presence of sufficient oxygen, a metabolic phenotype 
resembling the aerobic glycolysis described by the Warburg effect [19–27]. Importantly, enhanced aerobic 
glycolysis in fibrotic cells does not imply complete suppression of mitochondrial function. Rather, 
glycolysis, mitochondrial metabolism, glutaminolysis, fatty acid metabolism, and amino acid biosynthesis 
are frequently rewired in parallel, and their coordinated regulation, in a cell type- and disease stage-
dependent manner, collectively supports the initiation and progression of fibrotic responses [28–33,48]. 

From a metabolic perspective, glycolysis consists of an ATP investment phase followed by an ATP 
generation phase. Glucose is sequentially converted into glyceraldehyde-3-phosphate through the actions 
of hexokinase (HK), phosphofructokinase (PFK), aldolase A (ALDOA), and triose phosphate isomerase 1 
(TPI1). Subsequently, glyceraldehyde-3-phosphate is metabolized to pyruvate through a cascade of 
enzymes, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate kinase 
(PGK), phosphoglycerate mutase (PGAM), enolase (ENO), and pyruvate kinase (PK). Pyruvate may either 
enter the mitochondria for oxidative metabolism or be reduced to lactate by lactate dehydrogenase A 
(LDHA), thereby regenerating NAD+. Importantly, glycolytic intermediates are not merely transient 
metabolites but can be diverted into biosynthetic pathways involved in nucleotide, glycoprotein, lipid, and 
amino acid synthesis, thereby providing the metabolic precursors required for extracellular matrix 
deposition and tissue remodeling [22,23,48]. However, alterations in the expression of glycolytic enzymes 
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do not necessarily indicate a proportional increase in glycolytic flux. Although increased expression of 
GLUT1, HK2, PFKFB3, PKM2, or LDHA has frequently been reported in fibrotic tissues and activated 
profibrotic cells, direct assessment of metabolic flux requires complementary functional approaches, 
including glucose uptake assays, lactate production measurements, extracellular acidification rate (ECAR) 
analysis, metabolomic profiling, and stable isotope tracing [31,52]. Therefore, throughout this review, 
changes in glycolytic enzyme expression are interpreted as indicators of metabolic adaptation, whereas 
functional metabolic assays are considered stronger evidence for altered glycolytic activity or flux. 

Within the fibrotic niche, enhanced glycolysis contributes to microenvironmental remodeling through 
several interconnected mechanisms. First, it provides ATP and anabolic intermediates to sustain the activation, 
proliferation, and extracellular matrix production of fibroblasts and myofibroblasts. Second, lactate 
accumulation and extracellular acidification amplify profibrotic and inflammatory signaling pathways, 
including transforming growth factor-β (TGF-β) and nuclear factor-κB (NF-κB). Third, metabolic alterations 
can be linked to transcriptional regulation through post-translational modifications such as histone lactylation. 
Emerging evidence suggests that lactylation may contribute to sustained expression of profibrotic genes. 
However, whether this represents true metabolic memory requires further experimental validation [53]. 
Fourth, monocarboxylate transporter (MCT)-mediated lactate shuttling reshapes intercellular communication 
among epithelial cells, endothelial cells, macrophages, and stromal cells, indicating that lactate functions as 
an intercellular signaling metabolite rather than merely a by-product of glycolysis. Therefore, glycolysis in 
fibrosis should not be regarded as an isolated metabolic pathway but rather as a central metabolic hub that 
integrates tissue injury signals, immune responses, the vascular microenvironment, mechanical cues, and 
extracellular matrix deposition. Importantly, the evidence supporting glycolytic regulators in fibrosis varies 
considerably among different molecules, tissues, and experimental systems. Increased expression of 
glycolytic enzymes primarily represents an association with metabolic adaptation, whereas causal 
relationships require stronger evidence from genetic manipulation, pharmacological intervention, metabolic-
flux analysis, and, when available, human clinical validation. 

3. Pathogenic Roles and Mechanistic Regulation of Key Glycolytic Nodes in Fibrosis 

The strength of evidence supporting glycolytic regulators varies substantially among different 
molecules and disease contexts Table 1. 

Table 1. Evidence hierarchy supporting the roles of glycolytic regulators in fibrosis. 

Glycolytic Regulator Evidence Type Experimental Evidence Fibrosis Context 

GLUT1 
Expression association + functional 

inhibition 
Increased expression; glucose uptake changes Lung fibrosis 

HK2 Pharmacological + genetic evidence 
HK2 inhibition reduces fibroblast activation 

and ECM deposition 
Lung/liver fibrosis 

PFKFB3 
Pharmacological evidence + 

metabolic analysis 
3PO inhibition decreases glycolytic activity 

and fibrosis markers 
Lung/kidney/cardiac 

fibrosis 

PKM2 
Genetic/pharmacological + 

mechanistic evidence 
Regulation of TGF-β signaling, YAP/TAZ 

interaction 
Lung/kidney/liver 

fibrosis 

LDHA Pharmacological + lactate evidence 
LDHA inhibition decreases lactate 

production and myofibroblast differentiation 
Lung fibrosis 

MCT1/MCT4 Functional transport evidence 
Lactate shuttling and intercellular 

communication 
Multiple fibrosis 

models 

GAPDH/ENO1/TPI1 Association/mechanistic evidence Noncanonical functions reported 
Limited fibrosis 

models 
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3.1. GLUT1 and HK2 

Glucose transporter 1 (GLUT1/SLC2A1) is responsible for basal glucose uptake and represents an 
upstream rate-limiting determinant of glycolytic reprogramming. Its expression can be induced by multiple 
fibrogenic stimuli, including hypoxia, transforming growth factor-β (TGF-β), inflammatory cytokines, and 
PI3K-Akt signaling, thereby enhancing glucose influx into fibrosis-associated cells. The biological 
significance of GLUT1 lies not in directly controlling individual downstream glycolytic reactions, but 
rather in determining whether cells possess sufficient substrate availability to enter a high-glycolytic state. 
In pulmonary and renal fibrosis, increased GLUT1-dependent glucose uptake has been closely associated 
with fibroblast activation, enhanced glycolytic flux, and excessive extracellular matrix deposition [48,54]. 
However, the functional consequences of GLUT1 activation are highly cell-type dependent. In epithelial 
cells, endothelial cells, or immune populations, enhanced glycolysis may represent adaptive responses to 
injury, inflammation, or metabolic stress rather than direct drivers of fibrosis. 

Hexokinase 2 (HK2) catalyzes the phosphorylation of glucose to glucose-6-phosphate, representing 
the first committed step of glycolysis. HK2 is frequently upregulated in proliferative or stress-responsive 
cells and can localize to the outer mitochondrial membrane, where it participates in the regulation of energy 
metabolism, mitochondrial function, and cell survival [55]. In fibrotic diseases, HK2 exerts multifaceted 
functions. On one hand, HK2 represents an important regulatory node controlling glucose entry into 
glycolysis and may influence glycolytic flux depending on cellular context and metabolic demand. On the 
other hand, HK2 promotes lactate production, thereby providing metabolic substrates for lactate-mediated 
epigenetic regulation. 

In pulmonary fibrosis models, TGF-β induces HK2 expression, whereas HK2 inhibition attenuates 
TGF-β-driven fibroblast proliferation, migration, and the expression of α-smooth muscle actin (α-SMA) 
and collagen [56]. In liver fibrosis, activated hepatic stellate cells exhibit increased dependence on HK2-
mediated glycolysis. Rho et al. reported in Cell Metabolism that HK2-driven lactate accumulation promotes 
histone lactylation and facilitates hepatic stellate cell activation; both genetic and pharmacological 
inhibition of HK2 effectively reduced hepatic stellate cell activation and alleviated liver fibrosis [57]. 
Collectively, these findings indicate that HK2 may represent an important metabolic regulatory node 
linking glycolytic adaptation, lactate accumulation, and chromatin remodeling during fibrogenesis. Within 
the fibrotic niche, HK2-mediated metabolic remodeling may influence not only fibroblast activation but 
also metabolic communication with neighboring immune and epithelial populations. 

3.2. PKM2 

Pyruvate kinase catalyzes the conversion of phosphoenolpyruvate (PEP) to pyruvate, constituting the 
final rate-limiting step of glycolysis. Among its isoforms, pyruvate kinase M2 (PKM2) exhibits remarkable 
structural and functional plasticity. In its tetrameric form, PKM2 functions as a highly active glycolytic 
enzyme that efficiently promotes pyruvate production. In contrast, the dimeric or monomeric forms are 
more prone to nuclear translocation, where PKM2 participates in transcriptional regulation, protein–protein 
interactions, and intracellular signal transduction [58–60]. Consequently, PKM2 functions not only as a 
metabolic enzyme controlling pyruvate generation but also as a signaling regulator whose nuclear 
localization and protein interactions may contribute to profibrotic phenotypes independently of glycolytic 
flux. Importantly, PKM2 activity may have distinct consequences depending on cellular identity. While 
PKM2 activation in fibroblasts or pericytes may support a profibrotic transition, PKM2-dependent 
metabolic adaptation in immune or epithelial cells may participate in tissue repair responses. 

In pulmonary fibrosis, PKM2 has been shown to interact with Smad7, thereby attenuating its negative 
feedback regulation of TGF-β signaling. This mechanism suggests that PKM2 may promote fibrosis 
through noncanonical signaling functions in addition to its metabolic role [61]. In addition, PKM2 is closely 
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linked to extracellular matrix stiffness sensing, acting as a mechano-metabolic signaling node that converts 
matrix stiffening into enhanced glycolytic activity and fibroblast activation [62]. In liver fibrosis, 
pharmacological promotion of PKM2 tetramerization or inhibition of aberrant PKM2 activation suppresses 
hepatic stellate cell activation. Moreover, PKM2 regulates fibrogenesis by modulating glycine-dependent 
metabolism and the availability of metabolic precursors required for collagen biosynthesis, thereby 
influencing fibrosis across multiple organs [63,64]. In renal fibrosis, PKM2 contributes to pericyte-to-
myofibroblast transition and the progression from acute kidney injury (AKI) to chronic kidney disease 
(CKD). Its nuclear translocation and interactions with mechanotransduction regulators such as Yes-
associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) are considered key 
mechanistic events underlying these processes [65,66]. Collectively, the pathogenic role of PKM2 extends 
well beyond the enhancement of glycolysis itself and is closely associated with its multifunctional identity 
as a metabolic enzyme, transcriptional coregulator, and mechanosensitive signaling protein. Thus, PKM2 
represents a potential metabolic–mechanical interface connecting intracellular glycolysis with tissue-level 
niche remodeling. 

3.3. LDHA and Multifaceted Roles of Lactate in Fibrosis 

Lactate dehydrogenase A (LDHA) catalyzes the reduction of pyruvate to lactate while simultaneously 
regenerating nicotinamide adenine dinucleotide (NAD+), thereby maintaining glycolytic activity under 
conditions of increased metabolic demand [67]. Across different fibrotic diseases, elevated LDHA 
expression and lactate accumulation have been observed in activated fibroblasts and other fibrosis-
associated cell populations. However, accumulating evidence suggests that lactate should not be interpreted 
simply as a metabolic endpoint of glycolysis. Instead, lactate acts as a biologically active metabolite that 
links intracellular metabolic remodeling with extracellular signaling, intercellular communication, and 
transcriptional regulation within the fibrotic microenvironment. 

Beyond its classical role in supporting glycolytic regeneration of NAD+, lactate can participate in 
metabolic exchange between cells. Through oxidation back to pyruvate, lactate may serve as an alternative 
carbon source for mitochondrial metabolism in specific cellular contexts, thereby contributing to metabolic 
flexibility during tissue stress. This concept is consistent with the lactate shuttle theory, which highlights 
lactate as an intermediary metabolite involved in energy redistribution rather than merely a terminal waste 
product of glycolysis [40,41]. Although the contribution of lactate utilization to fibrosis remains less 
extensively characterized than its signaling functions, emerging studies suggest that metabolic coupling 
between different cell populations may influence the adaptation and persistence of fibrotic tissues. 

A more established mechanism linking lactate to fibrosis involves extracellular acidification and 
regulation of profibrotic signaling. Increased glycolytic activity and LDHA-mediated lactate production 
enhance proton accumulation and reduce extracellular pH, thereby facilitating the activation of latent TGF-
β and promoting myofibroblast differentiation [27]. In pulmonary fibrosis models, elevated lactate levels 
have been detected in fibrotic tissues and fibroblasts, while exogenous lactate treatment induces the 
expression of α-smooth muscle actin (α-SMA), calponin, collagen I, and collagen III, at least partly through 
pH-dependent activation of latent TGF-β [27]. Consistently, inhibition of lactate production attenuates 
TGF-β-induced fibroblast activation, supporting a functional link between the LDHA–lactate axis and 
persistent profibrotic signaling [28,29]. Notably, these observations primarily reflect the consequences of 
lactate-associated extracellular acidification and microenvironmental remodeling, rather than direct 
evidence for lactate acting as a conventional cytokine-like signal. 

In addition to modifying the extracellular environment, lactate also contributes to communication 
between distinct cellular populations through monocarboxylate transporters (MCTs). MCT1 and MCT4 
regulate lactate influx and efflux, allowing metabolic information generated within one cell population to 
influence neighboring cells, including fibroblasts, epithelial cells, endothelial cells, and immune cells [42–
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47,68,69]. Such lactate exchange provides a potential mechanism through which localized metabolic 
alterations are propagated across the tissue and contribute to the formation of a metabolically interconnected 
fibrotic niche. Nevertheless, the biological consequences of lactate transport are likely to depend on the 
identity and metabolic state of both lactate-producing and lactate-receiving cells. 

More recently, lactate has emerged as an important substrate for protein and histone lactylation, 
providing a potential link between metabolic states and gene regulation. Histone lactylation, particularly 
H3K18 lactylation, has been implicated in the regulation of fibrosis-associated transcriptional programs, 
including genes involved in fibroblast activation and inflammatory responses [46,47]. Studies in hepatic 
and renal fibrosis models have suggested that enhanced glycolytic activity and lactate accumulation may 
promote lactylation-associated changes in gene expression [57,70]. However, the current evidence remains 
context-dependent. While increased global lactylation levels have been reported in fibrotic conditions, 
direct locus-specific evidence linking individual lactylation events to persistent profibrotic transcriptional 
activation remains limited. Therefore, whether lactylation represents a stable form of metabolic memory 
requires further experimental validation. 

Taken together, the biological significance of lactate in fibrosis extends beyond its production by 
LDHA. Lactate may influence fibrotic progression through interconnected but mechanistically distinct 
processes, including metabolic substrate utilization, extracellular acidification, MCT-dependent metabolic 
communication, and lactylation-mediated regulation of gene expression. The relative contribution of these 
mechanisms is likely determined by cellular identity, tissue context, and disease stage, emphasizing the 
need to interpret lactate biology within the broader framework of the fibrotic niche. 

3.4. PDK1, Monocarboxylate Transporters, and Other Glycolysis-Associated Regulatory Nodes 

Pyruvate dehydrogenase kinase 1 (PDK1) phosphorylates and inhibits pyruvate dehydrogenase (PDH), 
thereby limiting the entry of pyruvate into the tricarboxylic acid (TCA) cycle and redirecting metabolic 
flux toward lactate production [71]. In TGF-β-stimulated pulmonary fibroblasts, PDK1 expression is 
markedly upregulated and promotes the establishment of a glycolytic phenotype. Conversely, treatment 
with the PDK inhibitor dichloroacetate (DCA) restores pyruvate flux into mitochondrial oxidative 
metabolism, leading to reduced expression of α-smooth muscle actin (α-SMA) and collagen. These findings 
suggest that PDK1 contributes to the maintenance of the metabolic state required for myofibroblast 
activation and persistence [72]. 

Beyond PFKFB3, additional members of the phosphofructokinase (PFK) family and the 
monocarboxylate transporter (MCT) system have emerged as critical regulators linking glycolytic flux to 
fibrotic progression. PFKM and PFKP regulate the irreversible rate-limiting step of glycolysis and thereby 
influence carbon flux distribution. In addition to controlling glycolytic activity, these enzymes have been 
implicated in lactate production, protein lactylation, and inflammatory signaling. Meanwhile, MCT1 and 
MCT4 mediate transmembrane lactate transport, facilitating metabolic communication among fibroblasts, 
immune cells, and epithelial cells and collectively sustaining a profibrotic microenvironment. 

In addition to PFKFB3, other PFK isoforms also contribute to metabolic remodeling during fibrosis. 
Muscle phosphofructokinase (PFKM) and platelet phosphofructokinase (PFKP) catalyze the conversion of 
fructose-6-phosphate to fructose-1,6-bisphosphate, constituting a key irreversible and rate-limiting step in 
glycolysis. Recent studies have shown that PFKP is responsive to TGF-β stimulation, promoting the 
glycolytic switch in renal tubular epithelial cells and driving renal interstitial fibrosis through enhanced 
metabolic reprogramming. Conversely, inhibition of PFKP suppresses glycolytic activity in tubular 
epithelial cells and attenuates fibrotic progression [48]. Moreover, PFKM has been reported to activate the 
NF-κB signaling axis by promoting lactate accumulation and histone H3 lysine 18 lactylation (H3K18la), 
thereby amplifying inflammatory responses and accelerating renal fibrosis [73]. Collectively, these findings 
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suggest that the PFK family constitutes an integrated regulatory network linking glycolytic flux, lactate 
metabolism, protein lactylation, and inflammatory profibrotic signaling [53]. 

MCT1 and MCT4 are the principal transporters responsible for transmembrane lactate trafficking, 
maintaining intracellular and extracellular lactate homeostasis while serving as critical transport hubs 
connecting LDHA activity with paracrine signaling [69]. Through MCT-dependent intercellular transport, 
lactate facilitates metabolic communication among fibroblasts, immune cells, epithelial cells, and endothelial 
cells, thereby establishing a “lactate niche” that supports the persistence and progression of fibrosis. 

In addition to these well-characterized regulators, several downstream glycolytic enzymes have 
recently been implicated in the metabolic adaptation associated with fibrosis, although direct mechanistic 
evidence remains relatively limited. 

Triosephosphate isomerase 1 (TPI1) catalyzes the reversible interconversion between dihydroxyacetone 
phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP), representing an essential node for maintaining 
glycolytic carbon flux. Beyond its canonical metabolic function, TPI1 also exerts non-metabolic regulatory 
activities that influence oxidative stress, cell death pathways, and tissue repair. However, compared with its 
canonical glycolytic function, the contribution of TPI1-mediated noncanonical mechanisms to fibrosis 
remains less well established. Recent evidence indicates that dopaminylation of endothelial TPI1 suppresses 
ferroptosis-associated profibrotic paracrine signaling, thereby promoting regenerative repair following lung 
injury and reducing subsequent fibrotic remodeling. These findings suggest that TPI1 may function as an 
important regulator balancing tissue regeneration and fibrogenesis [74–76]. 

α-Enolase (ENO1) catalyzes the conversion of 2-phosphoglycerate to phosphoenolpyruvate during the 
later stages of glycolysis. In addition to its metabolic role, ENO1 has increasingly been recognized for its 
roles in cell adhesion, migration, and intracellular signaling. These observations indicate that ENO1-
associated profibrotic effects cannot be solely attributed to increased glycolytic flux. During fibrosis, ENO1 
may facilitate fibroblast activation and extracellular matrix (ECM) deposition through modulation of TGF-
β signaling, focal adhesion kinase (FAK)-related pathways, and cell migratory capacity. 

Other glycolytic enzymes, including glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 
phosphoglycerate kinase 1 (PGK1), and phosphoglycerate mutase 1 (PGAM1), have likewise been 
implicated in metabolic remodeling during fibrosis. Beyond catalyzing glycolytic reactions, GAPDH 
regulates cell fate by modulating the NAD+/NADH redox balance, cellular oxidative status, and 
noncanonical protein–protein interactions. Therefore, the contribution of GAPDH to fibrosis may involve 
both metabolic regulation and glycolysis-independent signaling functions. PGK1 supports the bioenergetic 
demands of activated fibroblasts through ATP generation, whereas PGAM1 links glycolysis to serine and 
glycine metabolism, thereby providing biosynthetic precursors required for collagen synthesis [77]. In 
addition, intermediate glycolytic enzymes such as aldolase A (ALDOA) may contribute to ECM 
biosynthesis by regulating glycolytic carbon partitioning. Nevertheless, compared with HK2, PFKFB3, 
PKM2, and LDHA, the roles of these enzymes in fibrosis remain incompletely understood. Future studies 
integrating single-cell metabolomics, spatial transcriptomics, and stable isotope tracing will be essential for 
elucidating their precise contributions to fibrotic metabolic reprogramming. 

Collectively, glycolytic enzymes involved in fibrosis should not be considered as uniform metabolic 
regulators. Some enzymes primarily contribute to fibrotic progression by altering glycolytic activity and 
metabolic flux, whereas others exert additional moonlighting functions via transcriptional regulation, 
intracellular signaling, or protein–protein interactions. Dissecting these distinct mechanisms is essential for 
determining whether the profibrotic phenotype is driven by metabolic rewiring or by glycolysis-
independent regulatory functions. 
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4. Mechanisms by Which Glycolytic Enzymes Promote Fibroblast-to-Myofibroblast Transition and 
Extracellular Matrix Deposition 

Glycolytic enzymes contribute to fibrogenesis through at least five interconnected mechanisms. First, 
they provide the energy and metabolic intermediates required to sustain myofibroblast function. Activated 
myofibroblasts require substantial bioenergetic and biosynthetic support to maintain stress fiber formation, 
cell migration, proliferation, and collagen secretion. Enhanced glycolytic flux rapidly supplies ATP while 
simultaneously fueling the pentose phosphate pathway, serine/glycine biosynthesis, and the hexosamine 
biosynthetic pathway, thereby supporting the metabolic demands associated with extracellular matrix 
(ECM) production and tissue remodeling [19–23]. Second, glycolytic enzymes amplify transforming 
growth factor-β (TGF-β) signaling. TGF-β induces the expression of multiple glycolytic regulators, 
including HK2, PFKFB3, and LDHA. In turn, lactate accumulation and extracellular acidification promote 
the activation of latent TGF-β, thereby establishing a self-reinforcing positive feedback loop that sustains 
profibrotic signaling [27,28,56,78]. Third, glycolytic reprogramming stabilizes hypoxia-inducible factor-
1α (HIF-1α) and reinforces hypoxia-like transcriptional programs. Enhanced glycolytic activity, together 
with alterations in tricarboxylic acid (TCA) cycle intermediates, influences the activity of prolyl 
hydroxylases, resulting in HIF-1α stabilization. Activated HIF-1α subsequently induces the transcription of 
glycolysis-associated genes, including GLUT1, HK2, PFKFB3, LDHA, and PDK1, thereby establishing a 
feed-forward metabolic circuit that further enhances glycolytic reprogramming [26,79]. Fourth, glycolysis 
is tightly integrated with mechanotransduction. Matrix stiffening activates mechanosensitive pathways such 
as Yes-associated protein/transcriptional coactivator with PDZ-binding motif (YAP/TAZ), focal adhesion 
kinase (FAK), and Rho-associated coiled-coil-containing protein kinase (ROCK), which in turn promote 
glycolytic reprogramming. Enhanced glycolysis subsequently provides the energy and biosynthetic 
resources necessary for cellular contractility and ECM production, thereby sustaining a reciprocal 
mechano-metabolic feedback loop that drives progressive fibrosis [12,80–84]. Fifth, glycolytic metabolism 
contributes to the establishment of epigenetic memory. Lactate serves as the substrate for histone lactylation, 
which promotes an open chromatin configuration at the promoters or regulatory regions of profibrotic genes, 
including COL1A1, ACTA2, SOX9, inflammatory mediators, and other fibrosis-associated genes. This 
epigenetic remodeling stabilizes the myofibroblast phenotype and facilitates the persistence of fibrogenic 
transcriptional programs [46,47,53,57,85–88]. 

Importantly, excessive ECM deposition is not solely determined by increased collagen gene 
transcription. Collagen biosynthesis is a highly coordinated process involving protein translation, proline 
and lysine hydroxylation, glycosylation, triple-helix assembly, secretion, extracellular cross-linking, and 
the dynamic balance between matrix deposition and degradation. Glycolytic enzymes indirectly facilitate 
collagen maturation by supplying ATP, maintaining the NAD+/NADH redox balance, and generating 
essential biosynthetic intermediates, including UDP-N-acetylglucosamine (UDP-GlcNAc), NADPH, and 
amino acid precursors [20–23]. Furthermore, lactate accumulation and extracellular acidification regulate 
the activity of matrix metalloproteinases (MMPs), lysyl oxidases (LOXs), integrin activation, and immune 
cell function, thereby influencing both the rate and direction of ECM remodeling during fibrosis [40–47,88]. 

5. Organ-Specific Evidence for Glycolytic Reprogramming in Fibrosis 

Evidence supporting glycolytic reprogramming is most comprehensively established in pulmonary 
fibrosis. Studies of lung tissues from patients with idiopathic pulmonary fibrosis (IPF), primary pulmonary 
fibroblasts, and experimental animal models consistently demonstrate aberrant activation of multiple 
glycolysis-associated regulators, including HK2, PFKFB3, PKM2, LDHA, PDK1, and the lactate metabolic 
pathway [26–32,61,89,90]. Collectively, these findings indicate that metabolic reprogramming is a central 
feature of pulmonary fibrogenesis and contributes to persistent fibroblast activation and extracellular matrix 
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(ECM) accumulation. In liver fibrosis, activation of hepatic stellate cells (HSCs) is accompanied by 
coordinated enhancement of both glycolysis and mitochondrial metabolism. Multiple glycolysis-associated 
regulators, including HK2, PFKFB3, PKM2, MCT1, and protein lactylation, have been demonstrated to 
participate in HSC activation and the progression of hepatic fibrosis [36–38,57,63,85,91]. These 
observations suggest that metabolic remodeling in activated HSCs involves the integration of glycolytic 
and mitochondrial pathways rather than a simple shift toward aerobic glycolysis. In renal fibrosis, distinct 
forms of glycolytic reprogramming have been identified in proximal tubular epithelial cells, pericytes, 
fibroblasts, and macrophages. Among the reported metabolic regulators, PFKFB3, PKM2, and the lactate–
lactylation axis have emerged as particularly important drivers of renal fibrogenesis by coordinating 
metabolic adaptation with inflammatory and epigenetic responses [34,65,66,70,78,86]. In cardiac fibrosis, 
ischemic injury, pressure overload, and inflammatory stimuli induce glycolytic activation in cardiac 
fibroblasts. Glycolysis-associated programs involving PFKFB3, PKM2, and YAP-dependent metabolic 
signaling contribute to post-myocardial infarction remodeling as well as pressure overload-induced cardiac 
fibrosis [39,92–94]. These findings further support a close interplay between metabolic reprogramming and 
mechanotransduction during cardiac fibrotic remodeling. In cutaneous fibrosis and keloid formation, 
enhanced glycolysis has likewise been associated with increased fibroblast proliferation, migration, and 
collagen synthesis. Several glycolysis-related regulators, including PGK1, LDHA, HIF-1α, and the TGF-
β–KLF5 signaling axis, have been implicated in the pathogenesis of pathological scar formation [95–97]. 
Together, these observations indicate that although the dominant metabolic regulators may differ among 
organs, glycolytic reprogramming represents a conserved pathogenic mechanism underlying fibroblast 
activation and fibrotic progression across multiple tissues. 

6. Therapeutic Implications and Future Challenges 

Targeting glycolytic enzymes has emerged as a promising therapeutic strategy for the treatment of 
fibrosis. A variety of glycolysis-targeting agents, including 2-deoxy-D-glucose (2-DG), 3PO, LDH 
inhibitors, dichloroacetate (DCA), PKM2 conformation modulators, monocarboxylate transporter (MCT) 
inhibitors, metformin, AMP-activated protein kinase (AMPK) activators, and several multitarget small-
molecule compounds, have demonstrated antifibrotic efficacy in cellular and experimental animal models 
[28,54,64,72,76,88,91,98–101]. Despite these encouraging preclinical findings, the clinical translation of 
glycolysis-targeted therapies faces several major challenges. First, glycolysis is a fundamental metabolic 
pathway required for normal cellular homeostasis. Consequently, systemic inhibition of glycolytic enzymes 
may produce undesirable effects on immune cell function, epithelial regeneration, cardiac performance, 
and skeletal muscle metabolism. Second, the metabolic requirements of fibrotic tissues evolve throughout 
disease progression. Distinct pathological stages—including the early inflammatory phase, the 
fibroproliferative phase, and the late-stage fibrotic or sclerotic phase—are likely to exhibit different 
metabolic vulnerabilities and may therefore require stage-specific therapeutic interventions. Third, the 
functions of glycolytic enzymes are highly dependent on both cell type and subcellular localization. For 
example, PFKFB3 exerts distinct, and in some contexts even divergent, biological functions in fibroblasts, 
renal tubular epithelial cells, endothelial cells, and myeloid cells. Accordingly, future therapeutic strategies 
should emphasize cell type-specific drug delivery, temporally optimized intervention, and rational 
combination therapies to maximize therapeutic efficacy while minimizing systemic toxicity. 

An ideal research framework should incorporate multiple complementary approaches. Single-cell 
transcriptomics, spatial metabolomics, and stable isotope tracing should be integrated to comprehensively 
map glucose metabolic flux across distinct cellular populations within fibrotic tissues. Genetic models with 
cell type-specific manipulation of glycolytic enzymes will be essential for dissecting their functions in 
fibroblasts, epithelial cells, endothelial cells, and immune cells. In parallel, mechanically tunable 
extracellular matrix (ECM) models should be employed to elucidate the reciprocal interactions between 
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matrix stiffness and glycolytic reprogramming. Finally, there remains a pressing need to develop in vivo 
imaging approaches and robust biomarkers that simultaneously monitor glycolytic activity, lactate 
accumulation, protein lactylation, and ECM deposition, thereby facilitating mechanistic investigation and 
therapeutic evaluation in fibrotic diseases [102–107]. 

7. Conclusions 

Glycolytic enzymes play multifaceted roles in tissue fibrosis that extend far beyond their canonical 
metabolic functions, encompassing metabolic catalysis, signal transduction, epigenetic regulation, and 
intercellular communication. Among these regulators, HK2 governs glucose entry into the glycolytic pathway 
and drives the lactate–lactylation axis; PFKFB3 promotes glycolytic activity and supports fibroblast 
activation; PKM2 integrates metabolic regulation with TGF-β signaling and mechanotransduction through its 
conformational plasticity and nuclear functions; whereas LDHA and monocarboxylate transporters (MCTs) 
coordinate lactate production, transport, and microenvironmental acidification, thereby further promoting 
TGF-β activation, immune modulation, and histone lactylation. Collectively, these glycolytic regulators 
constitute a central pathogenic network that links tissue injury, metabolic reprogramming, myofibroblast 
stabilization, and extracellular matrix (ECM) deposition during fibrogenesis. Looking forward, therapeutic 
strategies targeting glycolytic enzymes should not simply aim for global suppression of glycolysis. Instead, 
future interventions should focus on selectively disrupting pathological metabolism–phenotype coupling 
according to organ context, cell type, disease stage, and metabolic flux characteristics. Such precision 
metabolic targeting is expected to maximize antifibrotic efficacy while minimizing adverse effects associated 
with systemic metabolic inhibition, ultimately providing a more rational framework for the development of 
metabolism-based therapies for fibrotic diseases. 

The major metabolic targets and their reported antifibrotic mechanisms Table 2. 

Table 2. Glycolytic enzymes and lactate-associated pathways as therapeutic targets in fibrosis. 

Target Main Mechanism in Fibrosis Antifibrotic Effects References 

HK2 
Promotes glycolysis, lactate production, and 

H3K18 lactylation to activate fibroblasts/HSCs 
Reduced fibroblast activation and 

ECM deposition 
[56,57] 

PFKFB3 
Drives glycolytic reprogramming and lactate-

mediated profibrotic signaling 
Decreased collagen synthesis and 

fibrosis progression 
[26,89,90] 

PKM2 
Regulates glycolysis, TGF-β signaling, and 

collagen biosynthesis 
Reduced fibroblast transition and 

fibrosis 
[61,66] 

LDHA/MCT axis 
Controls lactate production and transport, 

regulating fibrotic communication 

Reduced myofibroblast 
differentiation and ECM 

accumulation 

[27–29, 
42–47,69] 

PDK1 
Redirects metabolism toward glycolysis by 

inhibiting mitochondrial oxidation 
Restored oxidative metabolism 

and reduced fibrosis 
[71,72] 

Other glycolytic enzymes 
(GAPDH, ENO1, PGK1, 

PGAM1) 

Participate in noncanonical regulation of 
migration and transcription 

Potential antifibrotic targets [75–77,95] 
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