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  Abstract 
Pulmonary fibrosis (PF) is a brutal, progressive lung disease with a lousy prognosis. 
Basically, the lung tissue scars over abnormally, wrecking the structure and shutting 
down function. The core problem is a dysfunctional axis: alveolar epithelial cells 
keep getting injured, immune balance falls apart, and fibroblasts go into overdrive, 
dumping massive amounts of extracellular matrix and remodeling the organ beyond 
repair. Here’s the kicker: metabolic reprogramming is the engine driving this whole 
mess. Mitochondrial dysfunction spikes reactive oxygen species (ROS) and stabi-
lizes hypoxia-inducible factor (HIF-1α), forcing cells to ditch oxidative phosphor-
ylation for aerobic glycolysis. The resulting metabolites—like lactate—aren’t just 
fuel; they act as signaling molecules that mess with epigenetics and cell talk, locking 
in that pro-fibrotic phenotype. Meanwhile, busted lipid metabolism and amino acid 
flux feed the scarring machine. This review breaks down how metabolic rewiring 
fuels PF and explores whether targeting these nodes can actually stop the progres-
sion. 
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1. Overview of PF 

1.1 Epidemiological Characteristics of PF 

Pulmonary fibrosis (PF) refers to a group of disorders in which abnormal repair of the lung interstitium drives pro-
gressive scarring; among them, idiopathic pulmonary fibrosis (IPF) is the most common subtype and, clinically, the 
one that tends to matter most. As a severe, chronic, and progressively fibrosing lung disease, IPF has become a major 
public health concern worldwide, affecting an estimated 3 million people globally [1]. Recent epidemiological studies 
suggest that its prevalence is still climbing, largely in step with population aging [2]. The epidemiology of IPF varies 
quite a bit by region. In general, both incidence and prevalence are higher in North America—especially in the United 
States—than in most European and Asian countries [3]. Data from the United States for 2017-2022 show that the 
age- and sex-adjusted incidence of IPF ranged from 9.8 to 18.4 cases per 100,000 person-years, while the correspond-
ing prevalence fell between 34.4 and 67.1 cases per 100,000 people. Although IPF is generally considered a relatively 
uncommon disease, its relentlessly progressive course, limited treatment options, and poor prognosis place a consid-
erable burden on both patients and healthcare systems. 

http://www.hillpublisher.com/journals/ijcemr/
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1.2 Causes of PF 

PF is a chronic, progressive lung disease shaped by a complex interplay between genetic susceptibility and environ-
mental factors. Its pathogenesis is not driven by a single pathway; rather, it involves several mechanisms, including 
environmental exposure, drug-induced injury, cellular senescence, genetic abnormalities, and immune-mediated in-
flammation [4]. We’ve known for a while that where you live and what you breathe at work can really take a toll on 
your lungs when it comes to PF [5]. Hang around dust, fumes, or toxic gases long enough, and your susceptibility 
climbs. It’s not just the air outside, either—pollutants [6], cigarettes, and classic occupational hazards like asbestos 
[7], silica, and coal dust [8] all stir the pot. They kick off oxidative stress, rile up inflammatory responses, and do a 
number on alveolar epithelial cells (AECs)—basically setting the stage for fibrosis to gain a foothold. And it doesn’t 
stop there. We’re also looking at environmental contaminants—think arsenic and microplastics—as well as some 
nasty bugs. Pathogens like severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), γ-herpesviruses, human 
immunodeficiency virus (HIV), and even Pseudomonas aeruginosa can pile on the damage. They basically keep 
kicking the lungs while they’re down, driving persistent tissue injury and those wonky, abnormal repair responses 
that just speed the whole miserable progression toward worse PF. Then there’s drug-induced PF—a big player in its 
own right. Culprits like bleomycin top the list, but we’re also seeing trouble with immune checkpoint inhibitors [9] 
and certain tyrosine kinase inhibitors. These guys can set off interstitial lung disease that sometimes snowballs into 
full-blown PF. And it’s not just the chemo agents; plenty of non-antineoplastic drugs have been fingered for fibrotic 
lung injury too. Age is a big one when it comes to IPF. Here’s the thing: as we get older, things start to go sideways 
in the lungs. Telomeres shorten, genomes get shaky, and those crucial alveolar type II (AT2) cells begin to senesce. 
The result? The lung’s ability to regenerate just isn’t what it used to be, paving the way for the disease to take hold 
[10-13]. And let’s not forget the genes. They’re absolutely central to who ends up susceptible to PF in the first place. 
Now, take the genetics. That funky variant in the MUC5B promoter region is a huge red flag. But it’s not just that—
mutations in telomere-related genes, specifically telomerase reverse transcriptase (TERT) and telomerase RNA com-
ponent (TERC), are also major players tied to risk. Here’s an interesting twist: when G2 and S phase-expressed 1 
(GTSE1) starts acting up, it seems to push the fibrosis pedal by meddling with epithelial–mesenchymal transition 
(EMT) [14]. And the plot thickens—more and more data point to persistent, immune-mediated inflammation as a 
real engine driving this whole mess forward. It’s a two-pronged assault here. Both the innate and adaptive arms of 
the immune system jump in, dumping out profibrotic mediators that really pour fuel on the fire. We’re talking the 
usual suspects—transforming growth factor-β (TGF-β), interleukin-6 (IL-6), interleukin-4 (IL-4), interleukin-13 (IL-
13), and interleukin-17 (IL-17). Basically, these guys don’t just show up; they start remodeling the lung tissue into 
scar tissue whether it belongs there or not. And that, in turn, sets off a chain reaction. You get fibroblasts waking up 
and going into overdrive, laying down extracellular matrix like there’s no tomorrow, and the whole tissue structure 
starts remodeling itself into scar tissue. That’s the crux of it: this vicious cycle is what tips the first domino and drives 
the relentless march of PF [15, 16]. 

2. Molecular Mechanisms of PF Pathogenesis 

2.1 The Core Factors in the Occurrence and Development of PF 

If we’re being honest, PF pathology isn’t some neat, step-by-step checklist. It’s messier than that. What we’re really 
looking at is a tangled, ever-shifting conversation between different cell types, tangled signaling pathways, and tissues 
that are trying—and failing—to stay organized. When you boil it all down, it’s a total collapse of the pulmonary 
microenvironment [17]. Here’s the kicker: this whole mess starts when the lung’s internal environment goes hay-
wire—a dead giveaway that PF is taking hold. If you look closely as the disease grinds on, one thing just keeps 
showing up: inflammatory mediators pouring in and flipping the switch to “on” at all the wrong times [18]. Thing is, 
that throws a wrench into the delicate tug-of-war between fixing damaged tissue and scarring it. Instead of healing 
cleanly, you get these botched, overzealous repair jobs that, given enough time, harden into full-blown fibrotic lesions. 
Truth be told, we still haven’t pinned down every last detail of how PF actually works—it remains a bit of a black 
box. But the pieces are starting to fall into place. The picture that’s emerging points to a few key culprits working in 
tandem, driving both the onset and that relentless creep of the disease: 

2.1.1 Recurrent Damage and Dysfunction of Alveolar Epithelial Cells 
Repeated hits to AECs are widely seen as the spark that ignites PF. Whether it’s cigarette smoke, airborne particulates, 
viral invaders, or autoimmune crossfire, these triggers don’t hold back—they damage vulnerable AECs or shove them 
into programmed cell death. Once injured, AECs don’t stay quiet. They blast out distress signals, most notably TGF-
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β and platelet-derived growth factor (PDGF), kicking fibroblasts and myofibroblasts into high gear. TGF-β, the un-
disputed heavyweight champ of pro-fibrotic cytokines, drives them to multiply like crazy and transform into scar-
spewing myofibroblasts while cranking up extracellular matrix (ECM) production—effectively putting the pedal to 
the metal in PF progression [19]. Adding fuel to the fire, inflammatory stalwarts like tumor necrosis factor-alpha 
(TNF-α), IL-6, and IL-1β settle in, sustaining chronic, low-grade chaos. Through immunometabolic reprogramming, 
they rewire cellular metabolism to double down on scar formation. Making things worse, senescent AECs pump out 
a nasty cocktail known as the senescence-associated secretory phenotype (SASP) [20]—a toxic mix of inflammatory 
signals and matrix-remodeling factors that traps the lung in a loop of repetitive fibrotic remodeling. Far from mere 
collateral damage, this epithelial dysfunction is now recognized as the main engine driving progressive destruction 
deep in the distal lung. Rogue epithelial subsets, such as transitional basal-like cells, stir the pot further by hijacking 
metabolism and prying open chromatin accessibility. JUNB O-GlcNAcylation serves as a prime example of this 
molecular-level rewiring. Bottom line: these cells aren’t just innocent bystanders; they’re active, major movers steer-
ing IPF forward. 

2.1.2 Immunocellular Homeostasis Imbalance 
Lately, the immune system’s role in PF has really been having its moment in the sun [21]. Thing is, this fibrotic 
microenvironment throws a wrench into the lungs’ immune balance. We’re talking specifically about the delicate 
seesaw between T helper 1 (Th1) and T helper 2 (Th2) cells, plus that tug-of-war between T helper 17 (Th17) and 
regulatory T (Treg) cells getting thrown completely out of whack. This throws a wrench in the whole progression. 
Macrophage homeostasis gets seriously derailed—it’s less about repair and more about scarring, thanks to that lop-
sided tilt toward profibrotic M2 macrophages over their reparative counterparts. Thing is, this shift gums up efferocy-
tosis, so all that cellular debris just sits there, letting inflammation smolder. Those M2s then start dumping out the 
usual suspects—TGF-β and PDGF—which go straight to work activating fibroblasts and botching the tissue repair 
process. Net result? They’re pouring gasoline on the fire of PF progression [22]. 

2.1.3 Abnormal Activation and Proliferation of Fibroblasts/Myofibroblasts 
Here is the real muscle behind the scarring: those aberrantly activated fibroblasts and myofibroblasts. They’re the 
ones laying down all that excess ECM. Turns out, a collagen receptor called discoidin domain receptor 1 (DDR1) 
gets cranked way up in the fibroblasts of IPF patients. Once it’s switched on, DDR1 basically puts the brakes on Fas 
ligand-induced apoptosis—doing it through the nuclear factor-κB (NF-κB) signaling pathway. The result? These 
stubborn cells refuse to die off and just camp out inside the fibrotic lesions [23]. Plus, check out the fibroblasts from 
IPF patients—they’re not just biochemically off; they’ve gone stiff. We’re talking a noticeable uptick in cellular 
rigidity and a beefed-up capacity to churn out collagen. Turns out, these biomechanical shifts are tightly coupled to 
the wonky activation of focal adhesion kinase (FAK) [24]. 

2.2 Metabolic Reprogramming Drives the Progression of Fibrosis 

2.2.1 Oxidative Stress: The Signal that Triggers Metabolic Reprogramming 
Oxidative stress is basically a lopsided trade-off: too many reactive oxygen species (ROS) getting pumped out, not 
nearly enough cleared. It’s a key upstream switch that doesn’t just kick off the mess but keeps the metabolic repro-
gramming grinding. In PF, mitochondria go haywire, becoming a major source of that intracellular ROS overload. 
Here’s the kicker: beyond just wreaking havoc, ROS actually tricks the system. It stabilizes hypoxia-inducible factor-
1α (HIF-1α), fooling cells into thinking they’re suffocating even when oxygen’s fine [25, 26]. HIF-1α then cranks up 
transcription of glycolysis heavy hitters—glucose transporter 1 (GLUT1), pyruvate kinase M (PKM), lactate dehy-
drogenase A (LDHA)—while slamming the brakes on mitochondrial oxidative phosphorylation (OXPHOS). This 
yanks energy production toward fast-but-sloppy glycolysis. ROS also flips stress-response switches like p38 mitogen-
activated protein kinase (p38 MAPK), which phosphorylates activating transcription factor 2 (ATF-2), rippling down 
to tweak peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) and steer cells toward fatty 
acid oxidation (FAO). And yeah, ROS lights up inflammatory pathways like NF-κB, teaming up with that glycolytic 
surge to stoke the fire. Let that ROS buildup persist, and it starts shredding mitochondrial guts—direct hits to mito-
chondrial DNA (mtDNA), proteins, and lipids—trashing the electron transport chain. This doesn’t just choke adeno-
sine triphosphate (ATP) production; it traps cells in a self-perpetuating nightmare of oxidative stress and metabolic 
chaos [27-29]. 
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Figure 1. Oxidative stress: the signal triggering metabolic reprogramming. 

2.2.2 Multiple Metabolic Reprogramming Signatures of Key Cell Types in PF 

2.2.2.1 AECs 
Here’s the weird part about AT2 cells in PF: even when oxygen’s plentiful, they ditch the high-efficiency oxidative 
phosphorylation (OXPHOS) pathway and crank up glycolysis instead. Look at AT2 cells carrying that pathogenic 
surfactant protein C mutant, SP-C I73T—studies show their glycolytic engines go into overdrive, leaving a noticeable 
pileup of extracellular lactate in their wake [30]. Now, lactate isn’t just metabolic trash. It’s a signaling molecule in 
its own right, actively rousing fibroblasts and spurring collagen deposition. In short, it pours gasoline on the fibrotic 
fire. And while this glycolytic surge is happening, OXPHOS clearly takes a hit—you see mitochondrial biogenesis 
slump and overall function go downhill. No shocker here: the result is a double whammy of too little ATP and way 
too much ROS [31]. Leave that going on long enough, and you’re looking at epithelial cells that just give up—sliding 
into dysfunction, premature senescence, and outright apoptosis [32]. So, what’s actually calling the shots upstream? 
All signs point to the AMP-activated protein kinase (AMPK) signaling pathway getting knocked out of commission. 
AMPK’s basically the cell’s master fuel gauge, after all—when its activity dips, the whole metabolic setup goes 
haywire. Glycolysis goes into overdrive, and the mitochondria? They just slack off. Flip the script, though, and crank 
that AMPK signaling back up, and you can actually rein in those wonky metabolic phenotypes and dial back the 
fibrosis in live models. 

Lipid metabolic reprogramming is a major contributor to AEC dysfunction, marked mainly by impaired FAO and 
a breakdown in lipid homeostasis [33]. Under physiological conditions, AT2 cells depend heavily on FAO to maintain 
energy homeostasis. During PF, however, downregulation of acyl-CoA synthetase short-chain family member 3 
(ACSS3), together with mitochondrial dysfunction, suppresses carnitine palmitoyltransferase 1A (CPT1A)-mediated 
FAO. The result is abnormal fatty acid buildup and lipid droplet formation—changes that, in turn, drive lipotoxicity 
and further aggravate epithelial cell injury. In addition, dysregulated sphingolipid metabolism has emerged as another 
hallmark of metabolic dysfunction in PF. Shifts in the expression of major sphingolipid species—including sphingo-
myelin (SM), ceramide (Cer), and sphingosine-1-phosphate (S1P)—can drive fibrogenesis, in part by modulating 
apoptosis, autophagy, and inflammatory responses [34]. 

Hard proof that AECs actually rewire their amino acid metabolism is still pretty thin on the ground. Even so, the 
field’s gotten obsessed with those metabolic middlemen—the intermediates—and whatever they’re doing down-
stream in PF. This kind of reprogramming basically messes with the distribution of key intermediates across different 
pathways. Take ACSS3: it gives propionate metabolism a boost, which ends up flooding the system with succinyl-
CoA while starving it of acetyl-CoA and ATP [30]. And acetyl-CoA? It’s the Grand Central Station of metabolism, 
linking glucose, lipids, and amino acids. But it’s not just about keeping the cellular lights on; it also feeds straight 
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into epigenetic regulation—histone acetylation and the like—showing just how tight the link is between metabolic 
reprogramming and epigenetic control. 

2.2.2.2 Immune cells 
Zoom into that IPF microenvironment, and you’ll see the immune cells have gone rogue metabolically. They’re lean-
ing hard into glycolysis for their energy fix—even when oxygen is practically begging to be used. This isn’t just a 
quirk; it fits hand-in-glove with those proinflammatory and profibrotic activation states. Single-cell data paints a cool 
picture: glycolytic activity isn’t uniform across the macrophage lineup in IPF lungs. Check out the profibrotic sub-
sets—they pack more of a glycolytic punch, which basically keeps their engines running hot, pumping out those nasty 
mediators non-stop and driving the whole disease forward. But it’s not just the myeloid side causing trouble. T cells 
are dropping the ball metabolically, too, adding to that immune chaos. When mitochondrial DNA leaks out of CD8+ 
T cells, it trips the cyclic GMP-AMP synthase-stimulator of interferon genes-interferon regulatory factor 3 (cGAS-
STING-IRF3) alarm, kicking off type I interferon responses. On the flip side, constant antigen bombardment wears 
those mitochondria down, tanking interferon-γ (IFN-γ) production. Put it all together, and it’s clear: metabolic burnout 
and cellular exhaustion are feeding into the IPF pathology in equal measure. 

Lipid metabolism is clearly front and center in the immune cell drama of IPF—especially in macrophages—and it 
tracks tightly with how sick patients get and how they fare clinically. Take the mitochondrial calcium uniporter 
(MCU): it’s jacked up in pulmonary macrophages from IPF patients. That spike basically wakes up the p38 
MAPK/ATF-2 pathway and cranks out more PGC-1α, ultimately shoving cellular metabolism toward FAO [35]. This 
FAO-heavy adaptation? It’s likely a huge reason these macrophages get roped into those botched fibrotic repair jobs. 
Zoom in on the specific lipid pathways, and you see the peroxisome proliferator-activated receptor gamma 
(PPARG)/secreted phosphoprotein 1 (SPP1)/CD44 axis in alveolar macrophages gone haywire. PPARG—the big 
boss of lipid metabolism regulation—takes a nosedive, while its downstream target SPP1 surges. Couple that with 
CD44-mediated chatter between cells, and you’ve got a perfect storm driving fibrosis forward [36]. 

Amino acid metabolism? It’s right at the heart of PF progression. Beyond just fueling cell proliferation and cough-
ing up the raw materials for ECM deposition, it’s deeply tangled up in immune regulation and tissue remodeling. And 
here’s the kicker: the arginine–ornithine axis really steals the show as a defining metabolic fingerprint in IPF. Myeloid 
cells—loaded with arginase 1 (ARG1)—crank out tons of ornithine. That stuff acts as a precursor for proline and 
collagen, basically greasing the wheels for that pathological ECM buildup. To make matters worse, extracellular ATP 
can poke fibroblasts via the purinergic receptor P2X4 (P2RX4) to spill IL-6, which doubles down on ARG1 expres-
sion. It’s a nasty positive feedback loop that just locks in the fibrosis [37]. And it’s not just the arginine pathway 
causing trouble. When serine and glycine metabolism goes sideways, it gums up collagen synthesis, pushing the 
fibrosis needle further. Finally, if you peek at the gene enrichment data, you’ll see endoplasmic reticulum (ER) stress 
markers lighting up all over the amino acid metabolic pathways. Looks like cells might be trying to survive that ER 
stress by rewiring how they handle amino acids—a shift that, ironically, ends up driving the disease forward [38]. 

2.2.2.3 Fibroblasts 
Under pathological conditions, pulmonary fibroblasts show a striking metabolic change: they move away from highly 
efficient oxidative phosphorylation and lean instead on less efficient, but quicker, aerobic glycolysis-the so-called 
“Warburg effect.” Activated fibroblasts take up much more glucose and upregulate key glycolytic enzymes, including 
LDHA. As a result, glycolytic flux rises sharply [39, 40], with a marked increase in lactate production. During fibro-
genesis, lactate does quite a bit more than simply accumulate. It can directly promote fibroblast activation and push 
these cells toward myofibroblast differentiation. At the same time, through epigenetic mechanisms such as histone 
lactylation, lactate also shapes the expression of profibrotic genes in nearby cells, including macrophages—among 
them TGF-β, vascular endothelial growth factor A (VEGFA), and platelet-derived growth factor A (PDGFA). In ad-
dition, lactate can set up metabolic coupling between different cell types, helping to sustain a profibrotic microenvi-
ronment [39]. 

Beyond shifts in glucose metabolism, lipid metabolic reprogramming also calls a lot of the shots in deciding fibro-
blast fate—and in steering how fibrosis takes hold. We’re looking at a whole web of processes here: fatty acid syn-
thesis (FASN), fatty acid uptake, FAO, and cholesterol metabolism [41]. Look at what’s going on in the lungs of IPF 
patients—you see this distinct shift in how fibroblasts handle their fatty acid metabolism. Here’s the thing: when 
fibroblasts get activated, they ramp up fatty acid synthesis and uptake. They need those extra lipids to build membrane 
phospholipids and signaling molecules—basically fueling their own rapid proliferation [42]. But here’s the twist: 
FAO gets throttled back. The bottleneck is CPT1A—the rate-limiting gatekeeper for mitochondrial fatty acid β-
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oxidation—which just doesn’t work right in IPF. When CPT1A falters, lipid peroxides start stacking up, and autoph-
agy winds down. That combo ends up giving fibroblasts even more incentive to multiply, pushing the whole fibrotic 
process along. Flip the script, though: fire up the adiponectin (APN)/CPT1A axis, and you get the opposite effect. It 
nudges fatty acid oxidation back online, dials down lipid peroxidation, and gets autophagy going again—that’s what 
ultimately puts the brakes on fibrosis [43]. 

Amino acid metabolic reprogramming is doing double duty in PF. It cranks out the raw materials fibroblasts need 
to mass-produce collagen and other ECM components, while also jumping headfirst into cellular signaling [44]. 
Glutamine metabolism is a prime example—it’s basically the core driver of fibroblast activation. Cathepsin K (CTSK) 
builds up in fibrotic lung tissue, teams up with sorting nexin 9 (SNX9) via endocytosis, and plugs right into TGF-
β1–triggered SMAD3 activation. This cascade spikes glutaminase 1 (GLS1) expression, piling up glutamine inside 
cells and putting the pedal to the metal on collagen production. Then you’ve got serine and glycine—the literal build-
ing blocks of collagen—whose metabolic pathways light up in activated fibroblasts to meet the insane demand for 
new ECM. But here’s the kicker: these amino acid intermediates aren’t just passive substrates. They also nudge gene 
expression via metabolite–epigenetic coupling. Take arsenic-associated PF: fibroblasts churn out lactate, which AECs 
convert to lactyl-CoA, bumping up histone H3 lysine 18 lactylation (H3K18la) to juice up profibrotic factors via 
YTHDF1, locking in a vicious feedback loop. 

PF isn’t some linear disease—it’s a messy tangle where your genetics clash with years of environmental hits. The 
core problem is rogue activation of AECs, fibroblasts, and macrophages, throwing tissue repair off balance and driv-
ing excessive ECM deposition. Increasingly, cellular metabolic reprogramming is recognized as a major player in 
both initiation and progression. The signature moves? Glycolysis goes into overdrive, mitochondria malfunction, and 
lipid metabolism goes haywire. These tweaks do double duty: they fuel myofibroblast activation and churn out raw 
materials for collagen synthesis, while pumping out signaling molecules like lactate and succinate that actively stir 
inflammation and lock in fibrotic progression. Targeting key metabolic regulators—think LDHA and CPT1A—opens 
seriously promising therapeutic avenues. 
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