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Abstract 
Chronic liver diseases share converging biochemical processes driven by oxidative stress, innate 
immune activation, and maladaptive wound-healing, culminating in fibrosis and cirrhosis. Reactive 
oxygen species generated by mitochondrial dysfunction, cytochrome P450 enzymes, and NADPH 
oxidases modify lipids and proteins, triggering hepatocyte injury and death with release of danger 
signals and lipid peroxidation products that amplify inflammatory cascades. Pattern-recognition 
receptors activate NF-κB and NLRP3 inflammasomes, promoting cytokine production, pyroptosis, 
and recruitment of immune cells that further perpetuate oxidative damage and inflammation. These 
events synergistically activate hepatic stellate cells and portal fibroblasts, driving extracellular matrix 
deposition, architectural distortion, and ultimately portal hypertension and liver failure. 
Understanding this oxidative stress–inflammation–fibrosis axis offers an integrated framework to link 
biochemical markers with molecular pathogenesis and to identify therapeutic targets aimed at 
interrupting profibrogenic signaling. 
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Introduction 
Chronic liver diseases (CLDs) such as viral hepatitis, alcohol-associated liver disease, and 
non-alcoholic fatty liver disease (NAFLD) evolve through shared biochemical pathways of oxidative 
stress, inflammation, and fibrogenesis despite diverse initiating etiologies. Reactive oxygen species 
(ROS) generated in hepatocytes and non-parenchymal cells serve as central mediators that couple 
metabolic and toxic insults to downstream inflammatory and fibrotic responses. In NAFLD and its 
progressive form non-alcoholic steatohepatitis (NASH), lipotoxicity, endoplasmic reticulum (ER) 
stress, and mitochondrial dysfunction promote ROS formation, which in turn sensitizes hepatocytes 
to cell death and amplifies innate immune activation.[1][2][3][4][5][6] 
ROS and oxidized macromolecules activate transcription factors such as nuclear factor-κB (NF-κB) 
and inflammasome complexes, notably NLRP3, leading to secretion of interleukins 1β and 18 and 
the induction of pyroptotic cell death in hepatocytes. These inflammatory mediators and 
damage-associated molecular patterns (DAMPs) act on Kupffer cells, recruited monocyte-derived 
macrophages, liver sinusoidal endothelial cells (LSECs), and hepatic stellate cells (HSCs), 
establishing a self-perpetuating inflammatory milieu that drives fibrosis. Hepatic fibrosis itself 
reflects an abnormal wound-healing response characterized by persistent activation of HSCs into 
myofibroblast-like cells and excessive extracellular matrix (ECM) deposition, which, when sustained, 
leads to architectural distortion and cirrhosis.[2][3][4][5][1] 
Biochemical abnormalities observed in CLDs, such as elevated aminotransferases, bilirubin, and 
alkaline phosphatase or reduced albumin, mirror underlying processes of hepatocellular damage, 
cholestasis, and impaired synthetic function and are clinically used to detect disease, grade severity, 
and monitor complications. More advanced cirrhosis is accompanied by complex metabolic 
derangements, including iron overload, hypoalbuminemia, and vitamin B12 deficiency that reflect 
altered protein synthesis, storage, and micronutrient handling by the diseased liver. Integrating these 
clinical biochemical markers with molecular mechanisms along the oxidative stress–inflammation–

https://journalmed.org/


   International Journal of Clinical & Translational Medicine   ISSN: 4015-352X 

https://journalmed.org  Volume 2| Issue 1| 2026 
 171 

fibrosis axis is essential both for refining risk stratification and for rational design of targeted therapies 
in CLDs.[7][3][8][4][5][1] 
Methods 
This narrative review synthesizes recent evidence on oxidative stress, inflammatory signaling, and 
fibrogenesis in chronic liver diseases by focusing on mechanistic and translational studies in 
NAFLD/NASH, hepatic fibrosis, and cirrhosis. Peer-reviewed articles describing cellular and 
molecular pathways, experimental models, and human biochemical profiles were examined to 
delineate how ROS, innate immune sensors, and stromal cell activation interact to shape disease 
progression and clinical phenotypes. Particular emphasis was placed on work linking ROS production 
sites and detoxification systems with NF-κB and NLRP3 activation, stellate cell biology, and standard 
biochemical markers used in clinical practice.[3][8][4][5][6][7][1][2] 
Results 
Oxidative Stress and ROS Generation in Liver Injury 
In CLDs, ROS arise from multiple intrahepatic sources, including damaged mitochondria, the 
mitochondrial electron transport chain, cytochrome P450 isoforms such as CYP2E1, xanthine 
oxidase, and several NADPH oxidase (NOX) homologs expressed in hepatocytes, HSCs, and Kupffer 
cells. Chronic ethanol exposure, viral infection, cholestasis, and excess fatty acids each increase 
mitochondrial ROS production and impair antioxidant systems, thereby lowering the threshold for 
oxidative injury. In NAFLD and NASH, lipotoxic species and ER stress further amplify 
mitochondrial dysfunction and ROS formation, promoting lipid peroxidation and formation of 
reactive aldehydes that covalently modify proteins and DNA.[4][5][6][1][2][3] 
Activated HSCs show a complex redox phenotype: although early work suggested loss of antioxidant 
capacity, subsequent studies indicate that activated HSCs upregulate glutathione and hydrogen 
peroxide detoxifying enzymes, which protect them from ROS-induced apoptosis while still allowing 
ROS-dependent signaling. In HSCs, ROS activate MAPKs and NF-κB, upregulating expression of 
collagen type I (COL1A1, COL1A2), chemokines such as MCP-1, and tissue inhibitors of 
metalloproteinases (TIMP1), thereby favoring matrix accumulation. NOX isoforms, including the 
phagocytic NOX2 expressed in HSCs, contribute to ROS generation that drives fibrogenic cascades, 
while simultaneously modulating activation of Kupffer cells and infiltrating macrophages. 
Collectively, these findings position ROS not only as toxic by-products but as central second 
messengers that link diverse hepatic injuries to inflammatory and fibrotic responses.[1][3][4] 
Inflammatory Signaling, NF-κB, and the NLRP3 Inflammasome 
ROS and DAMPs produced during hepatocyte stress and death engage pattern-recognition receptors, 
leading to activation of NF-κB, a master regulator of inflammatory gene expression in hepatocytes, 
Kupffer cells, and other hepatic immune cells. NF-κB signaling induces transcription of 
pro-interleukin-1β and pro-interleukin-18 as well as NLRP3 and pro-caspase-1, thereby priming cells 
for inflammasome activation. A second set of signals, including mitochondrial ROS, oxidized 
mitochondrial DNA, and thioredoxin-interacting protein, promotes assembly of the NLRP3 
inflammasome complex, which activates caspase-1, enabling maturation of IL-1β and IL-18 and 
inducing pyroptotic cell death via gasdermin pores in hepatocytes.[5][2][3] 
Hepatic Stellate Cell Activation and Fibrogenesis 
Hepatic fibrosis represents the final common pathway of many CLDs and is characterized by 
excessive synthesis and deposition of interstitial collagens and other ECM proteins in the space of 
Disse and portal tracts. Chronic injury from ethanol, viral hepatitis, toxins, drugs, or cholestasis 
triggers an abnormal wound-healing response in which quiescent, vitamin A-rich HSCs 
transdifferentiate into proliferative, contractile myofibroblast-like cells that are the principal source 
of fibrotic ECM. ROS, TGF-β, platelet-derived growth factor, and inflammatory cytokines converge 
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on HSCs and portal fibroblasts to drive activation, proliferation, and upregulation of collagen and 
TIMP genes, tipping the balance toward matrix accumulation rather than degradation.[3][4][1] 
ROS-activated signaling pathways, including JNK and NF-κB, increase transcription of 
pro-fibrogenic genes in HSCs, while NOX-derived ROS potentiate HSC activation and survival. In 
parallel, hepatocyte apoptosis and pyroptosis provide apoptotic bodies and DAMPs that further 
stimulate HSCs and macrophages, reinforcing the fibrogenic niche. Over time, the persistent 
activation of HSCs and myofibroblasts leads to bridging fibrosis, nodule formation, and cirrhosis, 
with associated hemodynamic changes such as increased intrahepatic resistance and portal 
hypertension.[4][1][3] 
Biochemical Correlates in Cirrhosis and Advanced Chronic Liver Disease 
Biochemical tests used in clinical practice—such as serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), alkaline phosphatase (ALP), bilirubin, albumin, and total protein—reflect 
ongoing hepatocellular injury, cholestasis, and synthetic capacity in CLDs. In cirrhosis, elevated 
bilirubin and ALP mirror cholestatic processes and impaired excretory function, whereas 
hypoalbuminemia indicates compromised protein synthesis and portends worse prognosis. Studies 
profiling patients with cirrhosis demonstrate significant derangements in liver function tests alongside 
nutritional abnormalities, including iron overload and vitamin B12 deficiency, which correlate with 
disease severity and clinical outcomes.[8][7] 
Advanced fibrosis and cirrhosis are also associated with more subtle shifts in biochemical parameters 
that may not be captured by conventional tests alone, prompting the development of composite 
biochemical scores and elastography-based tools to better evaluate disease stage. For example, 
machine-learning approaches integrating multiple biochemical variables have been proposed to track 
the natural progression of liver disease beyond simple threshold-based interpretations. Nevertheless, 
the core biochemical profile in cirrhosis—elevated transaminases and cholestatic enzymes with 
reduced albumin—remains tightly linked to the underlying oxidative stress–driven injury, 
inflammatory responses, and fibrogenic remodeling described above.[10][11][7][8] 
Representative Methods to Investigate Biochemical Processes in Liver Disease 
The biochemical and molecular processes shaping CLD progression are investigated by 
complementary experimental and clinical approaches that probe oxidative stress, inflammation, and 
fibrosis at multiple levels. Table 1 summarizes representative methods and their principal targets 
along the oxidative stress–inflammation–fibrosis axis.[6][7][2][5][1][3][4] 
Table 1. Representative methods to study biochemical processes in chronic liver disease 
Method type Principal 

readouts / 
targets 

Main process 
interrogated 

Strengths Limitations 

Standard liver 
biochemistry 
(ALT, AST, ALP, 
GGT, bilirubin, 
albumin, TP) 

Enzymes, 
bilirubin, 
plasma proteins 

Hepatocyte 
injury, 
cholestasis, 
synthetic 
function 

Widely 
available, low 
cost, 
longitudinal 
monitoring 

Limited specificity 
for etiology, 
indirect for fibrosis 

Oxidative stress 
assays 
(GSH/GSSG, 
MDA, 4-HNE 
adducts, ROS 
probes) 

Antioxidant 
status, lipid 
peroxidation 
products, ROS 
levels 

Oxidative stress 
and redox 
signaling 

Direct 
assessment of 
redox 
imbalance, 
mechanistic 
insights 

Sample handling 
sensitive, often 
research-oriented 
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Cytokine and 
inflammasome 
profiling (ELISA, 
multiplex, Western 
blot) 

IL-1β, IL-18, 
TNF-α, NF-κB, 
NLRP3, 
caspase-1 
activation 

Inflammatory 
and 
inflammasome 
pathways 

Pathway 
specificity, links 
to innate 
immunity 

May require tissue 
samples, temporal 
variability 

HSC activation 
markers (α-SMA, 
COL1A1/2, 
TIMP1 expression) 

Myofibroblast 
markers and 
ECM proteins 

Stellate cell 
activation and 
fibrogenesis 

Cell-level 
resolution, 
quantitative 
fibrosis 
signaling 

Tissue-based, may 
not directly 
translate to simple 
blood tests 

Imaging and 
elastography 
(FibroScan, MR 
elastography) 

Liver stiffness, 
architectural 
changes 

Fibrosis and 
cirrhosis 

Non-invasive 
staging, useful 
for monitoring 

Operator 
dependence, 
influenced by 
inflammation or 
congestion 

Hemorheology and 
microcirculation 
studies 

Blood viscosity, 
flow properties 
in cirrhosis 

Vascular 
changes, portal 
hypertension 

Links systemic 
and hepatic 
hemodynamics 

Specialized 
equipment, less 
widely available 

Discussion 
The oxidative stress–inflammation–fibrosis axis provides a unifying conceptual framework to 
understand how diverse etiologies of CLDs converge on common biochemical and molecular 
pathways that culminate in cirrhosis and its complications. Persistent ROS production from 
mitochondrial dysfunction, CYP2E1, and NOX complexes both injures hepatocytes directly and acts 
as a signaling intermediate to activate NF-κB, JNK, and related transcriptional programs in 
parenchymal and non-parenchymal liver cells, which fosters pro-inflammatory and pro-fibrotic gene 
expression. The same ROS-rich environment primes and activates NLRP3 inflammasomes, linking 
oxidative stress to caspase-1–dependent maturation of IL-1β/IL-18 and pyroptosis, further feeding 
into DAMP release and immune cell recruitment. In this context, Kupffer cell reprogramming and 
monocyte-derived macrophage influx, alongside dysfunctional LSECs, orchestrate a 
microenvironment that continuously stimulates HSC activation and ECM 
production.[2][5][6][1][3][4] 
Clinical biochemical markers used to diagnose and monitor CLDs constitute macroscopic readouts 
of these micro-scale processes, yet they provide limited mechanistic resolution, which motivates 
efforts to integrate them with molecular biomarkers and imaging-based assessment tools. For 
instance, elevated transaminases indicate hepatocyte leakage but not the balance between apoptotic, 
necrotic, and pyroptotic death, each of which may have distinct implications for downstream immune 
activation and fibrogenesis. Similarly, hypoalbuminemia and micronutrient deficiencies in cirrhosis 
capture global loss of synthetic and storage functions but do not specify the contributions of 
endothelial dysfunction, portal hypertension, or altered gut–liver axis to disease progression. 
Combining conventional liver function tests with panels reflecting oxidative stress, cytokine profiles, 
and HSC activation markers may improve risk stratification and provide more precise therapeutic 
targets.[12][10][11][7][8][5][3][4] 
Conclusion 
The liver’s central role in metabolism, detoxification, and immune surveillance renders it particularly 
vulnerable to the intertwined effects of oxidative stress, inflammation, and aberrant wound-healing 
that characterize chronic liver diseases. ROS-driven activation of NF-κB and NLRP3 
inflammasomes, coupled with HSC transdifferentiation into ECM-producing myofibroblasts, forms 
a biochemical axis that underlies progression from reversible injury to irreversible fibrosis and 

https://journalmed.org/


   International Journal of Clinical & Translational Medicine   ISSN: 4015-352X 

https://journalmed.org  Volume 2| Issue 1| 2026 
 174 

cirrhosis, echoing in the characteristic patterns of liver biochemical tests seen at the bedside. Bridging 
traditional clinical biochemistry with mechanistic insights into redox and inflammatory signaling 
opens opportunities to design therapies that not only suppress upstream etiologic factors but also 
directly modulate the oxidative and immune milieu that drives fibrogenesis. As multi-parametric 
biomarker panels and systems-biology approaches mature, an integrated, mechanism-guided strategy 
holds promise for transforming the diagnosis, monitoring, and treatment of chronic liver diseases 
across their entire spectrum. 
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