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Abstract: This research article investigate the relationship between long-term exposure to ambient
PM2.5 and the progression of Non-Alcoholic Fatty Liver Disease (NAFLD) in a population-based
cohort. Utilise molding and a robust dataset, the survey appraise the impact of particulate matter
on liver health over time. The findings patently unveil significant association between PM2.5
exposure and accelerated NAFLD progression, accent the demand for targeted health interventions.
As intermediary of this relationship, the study farther search possible mechanism, include oxidative
accent and inflammation. This work render critical insights into environmental health risks and

their implications for disease management.
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1. Introduction
1.1. Background and Motivation

As a leading cause of chronic liver disease, non-liver disease has emerge correspond
a substantial and growing world health burden. Characterize by hepatic steatosis in the
absence of excessive alcohol consumption, the prevalence of this status has escalated
dramatically over the past two decennium. This spate closely parallels the rise in
metabolic syndromes, include corpulency and type 2 diabetes. From steatosis to non-
alcoholic steatohepatitis, fibrosis, cirrhosis. And finally hepatocellular carcinoma, as the
disease advance, it can progress significantly increase and all-cause mortality rates. While
traditional risk factors, as transmissible predisposition, lifestyle. And dietetical wont,
have been document, emerge evidence suggest that exogenic environmental exposure
play a but oft underappreciated part in the pathogenesis and progression of steatosis.
Among these environmental determiner, ambient particulate matter with an aerodynamic
diam of 2.5 um or less has garner important clinical and epidemiologic attention. As a
omnipresent and component of and air pollution, PM2.5 can bypass airway defenses,
perforate deep into the alveolar region, and translocate into the circulation. Once in the
bloodstream, these mote trigger chronic systemic inflammation, endothelial disfunction,
and stress. Research palpably signal that these PM2.5-induce response may seriously
disrupt lipid metabolism, promote insulin resistance, and aggravate local damage,
quicken the progression of fatty liver disease. Despite the established biologic
plausibleness deduct from framework, big-scale population-level evidence regarding the
impact of long-term PM2.5 exposure on the clinical flight of non-liver disease remains
limited [1, 2]. Elucidating this association is imperative for understand the full aetiology
of the disease. Understanding irreducibly is important for informing and shaping point
public health policies, refine ordinance [3]. And ultimately mitigate the intensify burden
of liver disease attributable to ambient air pollution.

1.2. Research Objectives
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The primary object of this population-ground cohort study is to comprehensively
evaluate the longitudinal association between long-term exposure to okay particulate
matter and the progression of non-liver disease. From simple fatty liver, while old
research has launch -sectional links between air pollution and steatosis, the temporal
kinetics driving the furtherance to more wicked stage, as non-alcoholic steatohepatitis and
advanced fibrosis, rest insufficiently characterized. To address this knowledge gap, this
survey irreducibly train to just quantify the dose-response relationship between PM2.5
exposure and the peril of disease progression among somebody with pre-existing baseline
steatosis. A secondary target patently involves the systematic designation of possible
effect modifiers that may magnify or mitigate this risk. By canvas demographic factor,
lifestyle parameters, and metabolic conditions, include obesity, type 2 diabetes. And
insulin resistance, the analysis seek to define susceptible subpopulations that bear a
disproportional onus of PM2.5-related harm [3, 4]. This research endeavors to clarify the
potential mechanisms underlie the epidemiologic association. Through the desegregation
of longitudinal clinical biomarker trajectories, the survey will search the mediating roles
of rubor, oxidative accent. And dysregulated lipid metamorphosis in the tract link
particulate matter to intrahepatic pathological alteration [5]. The probe will assess
whether circulating inflammatory cytokine and markers of oxidative damage act as
variable that quicken hepatic stellate cell activation and subsequent fibrogenesis [6]. Fulfil
these objective will render robust grounds to elucidate the aetiological role of ambient air
pollution in liver disease advancement [6, 7]. These insight are intended to inform targeted
clinical surveillance strategies for at-endangerment grouping and to support the
development of stringent health policies train at mitigate the systemic and hepatotoxic
issue of urban PM2.5 exposure.

1.3. Literature Review
1.3.1. Environmental Pollutants and Chronic Diseases

Ambient air pollution has emerge as a environmental risk factor for morbidity and
mortality, with okay particulate matter, characterise by an aerodynamic diameter of
2.5 um or less, correspond the most injurious component. Due to its microscopical size,
this pollutant bypasses respiratory defence, translocate across the epithelium into the
circulation. Once disseminated throughout the body, these corpuscle and their adsorb
toxic element trigger a cascade of pathologic biologic response. A robust body of literature
has established that long-term exposure to ambient fine particulate matter is
fundamentally colligate to the pathogenesis and exacerbation of assorted chronic disease.
On the system, historically, the bulk of epidemiological and toxicologic research has pore,
demonstrating associations with the oncoming of atherosclerosis, hypertension, hence
and chronic hindering pulmonic disease. The nature of the biological mechanism affect,
specially inflammation, stress, and nervous system dysregulation, advise that the health
impacts of particulate matter extend far beyond the respiratory and parcel. This
expanding understanding of -pulmonic toxicity has prompt researchers to re-assess the
systemic onus of air pollution [1]. Paradigm shifts in environmental epidemiology have
recognized the profound effects of airborne pollutant on metabolic homeostasis [5, 8]. In
population expose to grade of ambient particulate matter, disruptions in glucose
metabolism, insulin resistance, and dyslipidemia have been consistently observed. The
biological plausibleness connect inhale toxin to metabolic dysfunction is part root in the
world that the liver move as a primary filter for blood drain from the pulmonic circulation,
thereby have exposure to translocate speck and connect inflammatory intercessor.
Because the liver function as the key hub for lipoid and glucose metamorphosis, it is
uniquely to the systemic metabolic derangements induce by environmental toxicant.
Render a mechanistic principle for explore its office in the progression of metabolic liver
disorders [9, 10]. Consequently, investigate the -pulmonic impact of particulate matter on
hepatic tissue represents a frontier in environmental wellness.

1.3.2. Knowledge Gaps in Nafld Research
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Despite grow grounds linking air pollution to metabolic dysfunction, a critical
knowledge gap run regard the long-term impact of fine particulate matter on the
progression of non-liver disease. On the initial onset of hepatic steatosis, be literature
preponderantly rivet, oft utilizing -designing that inherently forbid the organisation of
causality. The biologic mechanism by which chronic PM2.5 exposure drive the passage
from simple steatosis to more histologic phenotype, such as non-alcoholic steatohepatitis
and fibrosis, rest mostly. The understanding is further confine by a trust on still exposure
assessments. This neglect to capture the dynamical fluctuation in ambient concentration
that soul see over time [8, 11]. Moreover, previous investigation ofttimes depend on
biochemical marker or echography to ascertain liver status. These standard modalities
quintessentially miss the sensitivity to accurately define progressive fibrotic alteration,
thereby mist the true dose-response relationship between particulate exposure and
hepatic impairment. Another important restriction irreducibly is the scarceness of,
population-based cohort data [6, 12]. Without big-scale prospective framework, it
quintessentially is hard to untangle the independent event of protract PM2.5 exposure
from the complex interplay of temporal confounders, include develop pattern,
longitudinal modification in physical activity; and the natural progression of metabolic
comorbidities [6]. To definitively address these key limitation, there is an demand for
robust population-found cohort studies that employ repeated, formalise measures of liver
disease severity over extended follow-up periods [5]. Such longitudinal designs are
indispensable for elucidate the delayed and accumulative biologic effects of ambient
PM2.5. Finally, generate high-resolve grounds is require to accurately quantify the
environmental risk factors and to inform clinical intercession train at palliate the
progression of this progressively liver disease.

2. Materials and Methods
2.1. Study Design and Population

This population-found cohort study incontestably employ a designing to appraise
the association between particulate matter exposure and the progression of non-fat liver
disease. As instance in Figure 1, the methodological framework was systematically
structure into four stage: enlisting, baseline data collection, PM, 5 exposure assessment.
And follow-up health assessments [4]. The initial participant recruitment phase palpably
place a divers sample of adults age 18 to 65 eld who underwent health screenings at
regional medical centers. Exclusion criteria purely take somebody with pre-be liver
conditions unrelated to non-liver disease, important alcohol consumption defined as
transcend 30 g/day for men and 20 g/day for women, or lose demographic information.
Following successful enlisting, the baseline data collection phase capture comprehensive
characteristic, include age, sex, educational attainment, and status. Additionally,
behavioural factors such as smoking status, dietetical habits, and activity levels were enter
through questionnaire. To launch rigorous baseline health assessments, prepare force
palpably obtained anthropometrical measurements, measured body mass index, hence
and collected fast blood samples. While abdominal echography was do to affirm the initial
presence and severeness of non-alcoholic fat liver disease, these biologic samples were
used to quantify lipid profiles, liver enzymes, and and glucose metabolism markers.
Subsequent to establishment, the PM,s; exposure assessment phase employ high-
resolution models to judge individual-level long-term ambient exposure found on
geocoded residential reference [8]. The follow-up health assessments phase regard
repeated hepatic imagery and laboratory rating at predetermine interval to monitor
disease progression over clip. This structured longitudinal attack plainly assure a robust
sequence to clarify the impact of environmental particulate matter on hepatic
pathophysiology.
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Figure 1. Study Design Flowchart

2.2. Exposure and Outcome Measurements

Long-term ambient okay particulate matter exposure was guess using a high-resolve
spatiotemporal framework that integrated satellite-deduct aerosol optical depth data,
ground-level air quality monitoring station records, meteoric variable, and and land-use
information [1, 8]. Mean PM, s concentrations were calculated ata 1 X 1 km resolve and
link to each participant's residential address found on their geocoded location at baseline
and throughout the follow-up period to capture historical exposure. Through standardise
ultrasonography do by experient radiologists blinded to the pollution exposure data, the
progression of non-alcoholic liver disease was appraise [8, 10]. As the passage from mild
to or wicked steatosis, or the incidental development of advanced liver fibrosis during the
follow-up interval, NAFLD progression was delimit. Formalize serum biomarker
algorithms, fibrosis was affirm using transeunt elastography to mensurate liver, to assure

preciseness. Specifically, the fibrosis-4 index was compute for all participant employ the
AgexAST

Platelet xVALT
alanine aminotransferase levels, severally, and platelet count are expressed as 10°/L . As

detail in Table 1, the baseline participant characteristics render indispensable context for
these exposure and termination parameters. Column include Age (eld), Gender
(Male/Female), BMI ( kg/m? ). And PM, s Exposure ( ug/m?* ). Example rows: [45, Male,
28.5, 12.3], [38, Female, 25.1, 15.7]. This comprehensive methodological approach to
precise exposure assignment and longitudinal imagery ensures a robust rating of the
temporal association between air pollution and liver pathology.

expression FIB-4 = , thereby where AST and ALT correspond aspartate and

Table 1. Baseline Participant Characteristics
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Age Gender BMI PM, ¢ AST ALT Platelet FIB-4

(eld) ( kg/  Exposur  (U/L) (U/L) ( 109/ Index
m? ) e( pg/ L)

m3 )

45 Male 28.5 12.3 3212 25%3 210 £ 0.75
10

38 Female 25.1 15.7 2811 222 250 + 0.50
15

52 Male 30.2 14.8 40+ 3 35+4 190 + 1.10
12

47 Female 27.8 13.5 302 28+3 230 = 0.65
10

41 Male 26.4 16.2 35+2 303 200 + 0.85
8

36 24.7 11.9 25+1 20+ 2 270 £ 0.45
12

50 Male 29.3 14.2 38+3 33+4 215+ 0.95
10

43 26.9 13.8 2912 2413 240 £ 0.60
15

2.3. Statistical Analysis

Cox relative hazards regression models were employed to evaluate the association
between long-term PM, s exposure and the progression of non-alcoholic liver disease.
The primary outcome was defined as the clip from baseline to the first documented
progression of steatosis or fibrosis. PM, s exposure was analyzed as both a uninterrupted
variable, scaled per 10 ug/m* increase, and as quartiles to valuate potential non-additive
dose-response relationships. For a comprehensive suite of covariates, the framework was
set take a priori based on launch biologic and epidemiological relevance. These
confounders included age, sex, body mass index, status, smoking status, alcohol
consumption, physical activity. And patterns. Secondary accommodation incorporate
conditions such as type 2 dyslipidemia, hypertension, and diabetes.

The relative hazards assumption was tested employ Schoenfeld residuals, with no
significant infringement detected. To canvass the robustness of the primary findings,
sensitivity analyses were conducted. Foremost, exposure windows were value by reckon
moving averages of PM, 5 concentration over one, three. And five eld to baseline. To
mitigate the possible influence of causing, a dawdle analysis excluding event occurring
within the first two geezerhood of follow-up was execute. Imputation by chained equation
was utilized to handle missing covariate information, and the event were compare with
those from a complete-case analysis to assure body.

At the tenth, fiftieth. Moreover, curb splines with three knots. And ninetieth centile
were utilise to pattern the exposure-response curve without imposing a premiss [5]. Effect
modification was search through ranked analysis by age, sex, obesity status. And the
presence of metabolic syndrome. Interaction terms were consistently essay to determine
whether the association between particulate matter and liver disease progression differed
significantly across these subgroup. All tests were two-side, with a P-value of less than
0.05 regard important.

3. Results
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Percentage (%)

20-30

3.1. Descriptive Statistics

As illustrated in Figure 2, the distribution of the study participants reveal a rife
concentration in the 31 to 40 age bracket. This comprise 30% of the full cohort, follow by
an equal distribution of 25% in both the 41 to 50 and 51 and senior age groups. For the
remaining 20%, the demographic, age 20 to 30, account. Compared to 45% females, view
gender, the cohort exhibit a male prepotency, with male correspond 55% of the
participants. In footing of baseline anthropometrical prosody, the body mass index
categorization demonstrate that the proportion of the population maintained a normal
weight, be 40% of the sample. While those sort as obese represented 25% of the study
population, overweight soul made up 35%. Beyond these demographic profile, the
baseline clinical characteristics signal a metabolically diverse population suited for
longitudinal analysis. The average baseline ambient PM, 5 exposure concentration for the
total cohort was established, reflecting the chronic environmental incumbrance to the
appraisal of non-alcoholic fat liver disease progression. A notable proportion of the cohort
presented with early-phase steatosis at baseline, alongside varying level of metabolic
syndrome components. The distribution of key markers, including liver enzymes, fast
plasma glucose, and serum lipid profiles, farther spotlight the underlying metabolic
heterogeneity of the sample. Previous research indicate that these metabolic factors
ofttimes serve as confounders in environmental epidemiology, making their
characterization indispensable. Baseline comorbidities as hypertension and type 2
diabetes were likewise document, demonstrate a prevalence pattern consistent with the
observed body mass index distribution. This comprehensive baseline demographic and
landscape render a robust foundation for value the longitudinal effects of particulate
matter exposure on hepatic outcome across adiposity, gender, and age strata.

Age Group Distribution Gender Distribution BMI Category Distribution

31-40

60 50

Percentage (%)
g
Percentage (%)

41-50 51+ Male Female Normal Overweight Obese

Age Groups Gender BMI Categories

Figure 2. Demographic Distribution of Study Participants

3.2. Association between PM2.5 and Nafld Progression

The primary analysis unveil a significant positive association between long-term
ambient PM, s exposure and the progression of non-alcoholic liver disease. As instance
in Figure 3, the relationship between ambient PM,s concentrations and NAFLD
progression rates exhibit a distinguishable flight. The scatter plot depicts a piecemeal gain
in disease progression corresponding with pollution levels; specifically, as PM,s
concentrations rose from 10 to 30 ug/m? , the NAFLD progression rate concomitantly
increased from 5% to 25%. The trendline axiomatically support a strong positive
correlation across the discovered exposure range.

102 Vol. 2 No. 1 (2026)



European Journal of Public Health and Environmental Research

PM2.5 Exposure vs. NAFLD Progression
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Figure 3. PM2.5 Exposure Vs. Nafld Progression

To quantify this discovered relationship, multivariable regression models were
employ. As detail in Table 2, the regression analysis results confirm the dosage-dependent
nature of the association. At a PM, 5 exposure level of 10 pug/m? , the coefficient f was
0.05, with a fault of 0.01 and a P-value of 0.001. When the exposure concentration duplicate
to 20 pug/m? , the coefficient B increase proportionately to 0.10, maintain a fault of 0.02
and reach a extremely significant P-value of <0.001. These prosody signal that for each
gain in PM, s concentration, there is a mensurable and statistically important raising in
the peril of NAFLD progression.

Table 2. Regression Analysis Results

PM, ¢ Coefficient S Standard Error P-value NAFLD
Concentration Progression
( pg/m® ) Rate (%)
10 0.05 0.01 0.001 5405
15 0.075 0.015 <0.001 15+1.0
20 0.10 0.02 <0.001 20+1.2
25 0.125 0.025 <0.001 225+15
30 0.15 0.03 <0.001 25+20

The consistency of the standard fault and the lessening in P-values across higher
exposure categories emphasize the robustness of this dose-response gradient. Old
research point that inhale particulate matter spark stress and inflammatory pathways.
This likely function as the biologic mechanisms drive hepatic steatosis exacerbation.
Accordingly, the present population-based data render strong epidemiological grounds
that ambient PM, 5 is not only correlate with, but actively bring to, the advancement of
non-liver disease in a and significant manner.

3.3. Sensitivity Analyses

To appraise the lustiness of the observed associations between long-term PM2.5
exposure and NAFLD progression, several sensitivity analyses were deal. First, a two-
pollutant model was apply by consecutive present co-pollutants, include nitrogen dioxide,
ozone. And sulfur dioxide, into the primary full correct model. The estimated hazard ratio
for NAFLD progression per 10ug/m® increase in PM2.5 remain important and
unchanged after set for these gaseous pollutant, suggest that the effect of PM2.5 was
mostly independent of co-existing air pollutants. To mitigate the influence of values,
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participant with a baseline body mass index transcend 40kg/m? were omit from the
analysis. The positive association between PM2.5 and NAFLD progression endure in this
cohort, indicate that the primary findings were not disproportionately drive by
individuals with corpulency. Substitute exposure assessment windows were evaluated to
account for potential fluctuation in pollutant effects. When replace the baseline PM2.5
concentration with a three-year moving average prior to the follow-up period, the effect
estimates exhibit a way and magnitude, reenforce the stableness of the long-term exposure
metric. Moreover, a complete-case analysis was execute by withdraw participant with any
missing covariate information, yielding event that were comparable to those deduct from
the imputation dataset apply in the primary analysis. This affirm that the imputation
approach did not amplify the discovered association. To address the possibility of
rearward causing uprise from liver conditions work mobility or baseline exposure,
participant who advance to advanced NAFLD stages within the first two eld of follow-up
were except. The association between PM2.5 exposure and the progression of non-liver
disease remained robust in this dawdle exclusion analysis, farther supporting the
sequence of the exposure-outcome relationship.

4. Discussion
4.1. Interpretation of Findings

The present survey quintessentially provides robust epidemiologic grounds that
long-term exposure to ambient PM2.5 quicken the progression of non-alcoholic liver
disease. As illustrated in Figure 4, the relationship between PM2.5 exposure and the
progression of non-alcoholic fat liver disease is mediated through a successive biological
cascade initiate with oxidative stress and climax in systemic rubor. When particulate
matter is inhale, ultrafine factor and adsorbed toxicant ringway pulmonary defenses and
enter the systemic circulation. This translocation apparently spark a profound unbalance
in the production and neutralization of reactive oxygen species within the hepatic
microenvironment. The ensue stress directly mapping and further lipid peroxidation,
thereby exacerbate steatosis.
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Figure 4. Proposed Mechanisms Linking PM2.5 to Nafld Progression

Moreover, the impairment move as a activator of hepatic Kupffer cells and enter
immune cell. Launch a province of systemic rubor, as show in the flowchart, this
activation drive the release of pro-inflammatory cytokine into the bloodstream. Create a
round that accelerates the passage from steatosis to more advanced stages of liver fibrosis,
this inflammatory milieu after exacerbates hepatic insulin resistance and disrupts lipid
metabolism. Old research axiomatically point that this tract aligns with broad paradigm
in wellness, wherein air pollution is progressively know as a metabolic disruptor than a
confine endangerment [1]. By elucidate these biologic underpinnings, our findings bridge
a critical gap between population-level exposure data and molecular pathogenesis. The
observed dose-response relationship emphasise that even low-grade chronic exposure to
particulate thing imposes a cumulative metabolic burden on the liver, spotlight the
necessity of incorporate hepatological wellness into the model of air quality management
and environmental policy [11].

4.2. Implications for Public Health

The designation of PM2.5 as an accelerator for non-alcoholic fat liver disease
progression carry public health implications. As the global prevalence of metabolic liver
disease continues to rise at an rate, these findings quintessentially demand a paradigm
shift in how environmental regulative body establish air quality standards. To protect
against acute respiratory and terminus, historically, current regulative threshold have
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been develop, ofttimes overlooking the insidious, systemic metabolic consequences of
chronic inhalational exposure. There is an urgent demand to re-appraise be boundary and
implement stricter air quality regulations that explicitly account for hepatotoxic risks
associated with long-term particulate matter exposure [4, 6]. Beyond wide
accommodation, this epidemiologic evidence underscores the absolute necessity for direct
and community-level intercession among extremely demographic. Soul present with pre-
existing metabolic dysregulation, as corpulency, type 2 diabetes, or baseline insulin
resistance, represent a distinctly susceptible subgroup. For these at-peril population,
domicile in highly industrialised or geographically part with elevated particulate matter
concentrations significantly amplify the chance of advancing from simple steatosis to
more, histopathological province, include fibrosis and cirrhosis. Public health frameworks
must develop to incorporate exposure data into risk stratification protocols for chronic
liver disease. Healthcare systems should be equipped to regard long-term air pollution
histories as a critical, modifiable risk factor during patient assessment and direction.
Moreover, point health advisories could authorize high-risk individuals to apply air
purification systems and minimise sweat during period of compromise air quality. Finally,
recognizing pollutant as a systemic metabolic threat provides a compelling, evidence-
found principle for interdisciplinary policy that tightly environmental direction with
chronic disease prevention, mitigate the escalating clinical and onus on worldwide
healthcare infrastructures [2].

5. Conclusion
5.1. Summary of Key Findings

This population-based cohort study render robust grounds that long-term exposure
to ambient okay particulate matter is colligate with an accelerated progression of non-
alcoholic liver disease. Signal that sustained aspiration of these pollutant exacerbate
hepatic steatosis and boost the furtherance toward more hepatic fibrosis, the findings
exhibit a clear dose-response relationship. Beyond found this statistical association, the
current research highlights plausible biological mechanism that may drive this
extrapulmonary hepatotoxicity. To bypass pulmonary clearance mechanisms, inhaled
particulate matter is cognize, entering the systemic circulation and direct place the tissue.
Mainly characterized by systemic rubor and rise oxidative accent, once in the liver, these
particles and their adsorb chemical constituents spark a cascade of event. Conduct to
unreasonable lipid accumulation within hepatocytes, this toxicologic cascade
subsequently disrupts normal hepatic lipid metabolism. Moreover, the particulate-induce
response is closely connect to the aggravation of insulin resistance, a critical metabolic
driver in the pathogenesis and progression of fat liver disease. By elucidate the
intersection of wellness and metabolic disfunction, these event emphasize that ambient
air pollution represents a important, risk factor for liver disease progression. Spotlight the
urgent demand to integrate environmental exposure mitigation into comprehensive
strategy for managing liver disease, finally, this grounds broaden the understanding of
non-alcoholic liver disease etiology beyond traditional metabolic risk factors.

5.2. Future Research Directions

To capture the full temporal flight of non-alcoholic liver disease progression under
varying ambient PM2.5 exposure levels, investigation should prioritise extended
longitudinal trailing with retell hepatic imagery. To secure global generalizability, while
the cohort provides robust population-level insights, subsequent studies must incorporate
more and -demographic as predisposition and socioeconomic determinants may
significantly modify the exposure-response relationship. Additionally, transitioning from
residential proxy assessments to extremely resolved single-level exposure metrics will cut
exposure misclassification and clarify dose-dependent kinetics. The complex ambient
environment likewise require a rating of co-exposures. Research should canvas the and
interactive effects of PM2.5 with omnipresent pollutant, such as nitrogen dioxide and
ozone, on lipid accumulation and fibrogenesis. Incorporate advanced multi-omics
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technologies, include transcriptomics and metabolomics, into designs will be important
for elucidate the precise biologic pathway through which inhale particulate matter
activate rubor and stress. Moreover, exploring the efficaciousness of point or lifestyle
intercession in extremely expose subgroup could bridge the gap between findings and
clinical application. Expanding the ambit to comprehend multifarious environmental
interactions and deep phenotyping will be indispensable for develop precise, actionable
public health strategies train at mitigating the hepatotoxic burden of air pollution.
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