International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 7, 2025
https://theaspd.com/index.php

Enhanced Bioremediation of Palm QOil Industrial Emissions
Using Chlorella Sp.: A Sustainable Approach for Air Quality

Improvement and Biomass Valorization

Hotber Edwin Rolan Pasaribu', Dedi Afandi’, Muhammad Yulis’, Rahman Karnila*
'Graduate Student Environmental Sciences, Universitas Riau

*Postgraduate Program, Universitas Riau

*Faculty of Medicine, Universitas Riau

“Department of Marine Chemistry, University of Riau

*Corresponding author’s e-mail: hotberpasaribu2 7@gmail.com

Abstract

Industrial palm oil processing generates significant atmospheric emissions containing particulate matter (PM2.5,
PM10), volatile organic compounds (VOCs), and gaseous pollutants that contribute to respiratory inflammation and
oxidative stress in exposed populations. This study evaluated the ecological engineering potential of Chlorella sp.
supplementation as a bioremediation strategy for mitigating palm oil emission-induced health impacts. Thirty-six adult
male Rattus norvegicus were randomly assigned to three treatment groups: control (clean air), emission-exposed (palm
oil industrial emissions for 6 hours daily), and emission+Chlorella (emissions with 200 mg/kg daily Chlorella sp.
supplementation) over an 8aweek period. Emission exposure significantly elevated inflammatory cytokines (IL-6:
47.2+3.8 vs. 22.14.2 pg/mL; TNFa: 31.842.9 vs. 16.2+1.8 pg/mL; IL-15: 26.3+2.1 vs. 13.7£1.9 pg/mL,
p<0.001) and oxidative stress markers (MDA: 4.8+0.3 vs. 1.9+0.2 nmol/mL) compared to controls. Chlorella sp.
supplementation demonstrated significant protective effects, attenuating inflammatory responses and enhancing
antioxidant capacity through increased superoxide dismutase (SOD) and glutathione (GSH) levels. Principal
component analysis revealed distinct clustering patterns, with PC1 explaining 75.2% and PC2 explaining 8.7% of
total variance, demonstrating clear biochemical differentiation between treatment groups. Correlation analysis showed
strong positive relationships among major air pollutants (PM2.5-VOC: r=0.98; PM2.5-CO: v=0.97; PM2.5-NO2:
r=0.95) and moderate to strong correlations between pollutant exposure and inflammatory markers (TNF-a with
exposure parameters: r=0.73-0.77). The microalgae supplementation effectively modulated the biochemical response
to emission exposure, creating metabolic profiles intermediate between control and emission-only conditions. These
findings demonstrate that Chlorella sp. functions as an effective ecological engineering tool for environmental health
protection, offering a sustainable bioremediation approach for industrial emission mitigation. The study provides
evidence for integrating microalgae-based interventions into comprehensive environmental management strategies for
palm oil industrial areas. The dual benefits of Chlorella sp. as both a biological air quality improvement agent and a
health protective supplement suggest promising applications for ecosystem-based adaptation strategies in industrial
environments. This research contributes to the development of nature-based solutions for addressing industrial pollution
impacts while supporting occupational and community health in palm oil production regions.

Keywords: Bioremediation, Chlorella sp., palm oil emissions, oxidative stress, environmental health, microalgae, air
pollution mitigation.

INTRODUCTION

The global palm oil industry has experienced unprecedented expansion, with Indonesia and Malaysia
collectively contributing approximately 85% of world production, employing over one million workers
across the sector (Ghafoor and Niazi, 2024). This rapid industrialization has generated substantial
environmental and public health challenges, particularly through the emission of atmospheric pollutants
including particulate matter (PM2.5, PM10), volatile organic compounds (VOCs), nitrogen oxides (NOx),
and carbon monoxide (CO), which contribute significantly to regional air pollution and adverse health
outcomes in exposed populations (Li et al., 2019; Okoro et al., 2020).

Palm oil processing operations generate approximately 1,100 kg CO2 equivalent greenhouse gases per ton
of crude palm oil, with these emissions contributing to respiratory and cardiovascular diseases through
complex pathophysiological mechanisms (Lawal, 2017). Industrial emissions from palm oil processing
facilities trigger oxidative stress and inflammatory cascade activation in exposed populations, with
particulate matter at concentrations of 100 pg/mL significantly decreasing cell viability (p < 0.05) and
increasing oxidative stress markers including reactive oxygen species production (p < 0.01), glutathione
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disulfide/glutathione ratio (p < 0.01), and pro-inflammatory cytokine production such as tumor necrosis
factor-a (p < 0.001) (Lee et al., 2024).

The respiratory system serves as the primary target organ for emission-related health impacts, with
exposure leading to measurable alterations in inflammatory biomarkers including interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-a), and interleukin-1f (IL-1B) (Tylutka et al., 2024). Oxidative stress
represents a fundamental mechanism underlying these emission-induced health effects, characterized by
the imbalance between reactive oxygen species (ROS) production and antioxidant defense capacity.
Particulate matter exposure depletes cellular antioxidant reserves including superoxide dismutase (SOD)
and glutathione (GSH), while simultaneously elevating lipid peroxidation markers such as
malondialdehyde (MDA), resulting in measurable decrements in respiratory function parameters (Zhang
et al., 2023; Naddafi et al., 2022).

Contemporary approaches to environmental health protection increasingly emphasize nature-based
solutions, with microalgae emerging as promising candidates for both environmental remediation and
health protection applications. Microalgae possess several advantageous characteristics including rapid
growth rates, cost-effectiveness, high biomass production, and ease of implementation, positioning them
as sustainable alternatives to conventional environmental remediation technologies (Usmani et al., 2022;
Ethiraj and Samuel, 2024). Recent advances have demonstrated microalgae's exceptional capacity for
pollutant sequestration, oxygen production, and bioactive compound synthesis, extending their
applications from aquatic bioremediation to atmospheric pollutant mitigation, including carbon dioxide
sequestration and volatile organic compound removal (Priya et al., 2022; Gayathri et al., 2021).

Among microalgae species, Chlorella vulgaris has demonstrated particularly robust antioxidant and anti-
inflammatory capabilities relevant to environmental health applications. Clinical studies have established
that Chlorella supplementation significantly improves antioxidant status and attenuates lipid
peroxidation in populations exposed to oxidative stress, including chronic cigarette smokers and patients
with chronic obstructive pulmonary disease (Patil et al., 2022). The bioactive compounds present in
Chlorella species, including chlorophyll derivatives, carotenoids, and phenolic compounds, contribute to
their protective mechanisms through modulation of cellular defense pathways, enhancement of
antioxidant enzyme activities, and reduction of pro-inflammatory cytokine production (Subaramaniyam
et al., 2023). Furthermore, specialized strains such as Chlorella sp. MTF-7 have demonstrated practical
applications in industrial emission remediation, successfully utilizing flue gas from steel plant coke ovens
for growth and on-site bioremediation (Klepacz-Smolka et al., 2011).

The development of integrated ecological engineering systems combining microalgae bioremediation with
health protection strategies represents an innovative approach to addressing industrial emission
challenges. These multifunctional systems can simultaneously provide air quality improvement through
pollutant sequestration while generating bioactive compounds with health protective properties,
positioning microalgae as cornerstone technologies for sustainable industrial emission management
(Wang et al., 2023; Hosny et al., 2025). The dual benefits of environmental remediation and health
protection exemplify contemporary ecological engineering principles that integrate pollution prevention,
environmental restoration, and human health protection (Ayub et al., 2025).

Despite the promising potential of microalgae-based solutions, limited research has specifically
investigated the protective effects of Chlorella species against palm oil industrial emission-induced health
impacts using controlled experimental models. Previous studies have primarily focused on aquatic
bioremediation applications or general antioxidant properties, with insufficient attention to the
mechanistic pathways through which Chlorella supplementation modulates emission-induced oxidative
stress and inflammatory responses in respiratory tissues. Furthermore, the complex relationships between
emission exposure parameters, inflammatory biomarker responses, and protective intervention efficacy
require comprehensive characterization using standardized animal models that accurately reflect industrial
exposure conditions.

Animal models, particularly Rattus norvegicus, provide essential experimental platforms for investigating
the mechanistic basis of emission-induced health effects and evaluating protective interventions under
controlled conditions. These models enable precise control of exposure parameters, standardized
assessment of physiological responses, and detailed characterization of molecular mechanisms that would
be difficult to investigate in human populations. The use of laboratory animal models is particularly
valuable for establishing causal relationships between specific emission components and health outcomes,

905



International Journal of Environmental Sciences
ISSN: 2229-7359

Vol. 11 No. 7, 2025
https://theaspd.com/index.php

as well as for evaluating the dose-response relationships of potential protective interventions such as
Chlorella supplementation.

The present study addresses these critical knowledge gaps by investigating the protective effects of
Chlorella sp. supplementation against palm oil industrial emission-induced respiratory inflammation and
oxidative stress using a controlled Rattus norvegicus experimental model. We hypothesized that Chlorella
sp. supplementation would significantly attenuate emission-induced inflammatory and oxidative stress
responses through established antioxidant and anti-inflammatory mechanisms, as evidenced by reduced
inflammatory biomarker expression, improved antioxidant enzyme activities, and decreased lipid
peroxidation markers in exposed animals. This research contributes to the development of evidence-based,
nature-based solutions for protecting worker and community health in palm oil production regions while
advancing our understanding of microalgae applications in environmental health protection and
industrial emission mitigation strategies.

MATERIALS AND METHODS

Study Design and Ethical Considerations

This experimental study employed a randomized controlled design with three treatment groups over an 8-
week exposure period. All procedures were conducted in accordance with institutional guidelines for
laboratory animal care and approved by the Institutional Animal Care and Use Committee (IACUC
Protocol #2023-ENV-015). The study followed ARRIVE (Animal Research: Reporting of In Vivo
Experiments) guidelines for transparent reporting.

Animals and Housing

Thirty-six healthy adult male Rattus norvegicus (Sprague-Dawley strain, 8-10 weeks old, 200-250g body
weight) were obtained from a certified laboratory animal supplier. Animals were individually housed in
standard polycarbonate cages under controlled environmental conditions (temperature: 22+2°C, relative
humidity: 55+10%, 12:12 hour light-dark cycle). All animals received standard laboratory chow and water
ad libitum throughout the study period. A 7-day acclimatization period preceded experimental procedures.
Experimental Groups and Randomization

Animals were randomly allocated into three groups (n=12 each) using a computer-generated
randomization sequence: 1).Control Group (C): Exposed to filtered ambient air in standard housing
conditions. 2). Emission Group (E): Exposed to palm oil industrial emissions for 6 hours daily. 3).
Emission+Chlorella Group (E+C): Exposed to palm oil industrial emissions with concurrent Chlorella sp.
Supplementation.

Palm Oil Emission Exposure System

A custom-designed exposure chamber system was constructed to simulate palm oil industrial emission
conditions. The system consisted of stainless steel inhalation chambers (50L capacity) equipped with
continuous air monitoring systems. Palm oil processing emissions were collected from a local palm oil mill
using validated sampling methods and diluted to achieve target concentrations: PM2.5 (150+20 pg/m?3),
VOCs (2.5+0.3 ppm), NOx (0.8+0.1 ppm), and CO (15+2 ppm). Exposure duration was 6 hours daily
(0800-1400 hours) for 8 consecutive weeks.

Chlorella sp. Preparation and Administration

Chlorella vulgaris biomass was obtained from a certified commercial supplier and processed according to
standardized protocols. The microalgae were cultivated under controlled conditions, harvested, and freeze-
dried to preserve bioactive compounds. Chlorella sp. supplementation was administered via oral gavage
at a dose of 200 mg/kg body weight daily, dissolved in 2 mL sterile phosphate-buffered saline (PBS). The
dosage was determined based on previous efficacy studies and preliminary dose-response evaluations.
Sample Collection and Processing

Following the 8-week exposure period, animals were fasted for 12 hours and anesthetized using ketamine-
xylazine combination (100mg/kg and 10mg/kg, respectively, intraperitoneally). Blood samples (5 mL)
were collected via cardiac puncture using sterile syringes and transferred to EDTA-coated tubes. Samples
were centrifuged at 3000 rpm for 15 minutes at 4°C, and plasma was separated and stored at -80°C until
analysis.

Biomarker Analyses

Plasma concentrations of inflaimmatory cytokines including interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-a), and interleukin-1B (IL-1B) were quantified using commercially available enzyme-linked
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immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN, USA) according to manufacturer
protocols with modifications for optimal sensitivity. All samples were analyzed in duplicate to ensure
measurement reliability, and optical density was measured at 450 nm using a microplate reader with
wavelength correction at 540 nm. Oxidative stress parameters were assessed through multiple
complementary assays to provide comprehensive evaluation of antioxidant status. Malondialdehyde
(MDA) levels, representing lipid peroxidation end-products, were determined using the thiobarbituric acid
reactive substances (TBARS) method with spectrophotometric detection at 532 nm. Superoxide dismutase
(SOD) activity was measured using the xanthine oxidase method, monitoring the inhibition of nitroblue
tetrazolium reduction at 560 nm, while glutathione (GSH) content was assessed using Ellman's reagent
with detection at 412 nm. All oxidative stress assays were performed using standardized
spectrophotometric methods with appropriate quality controls and blank corrections.

Pulmonary function assessment was conducted using forced expiratory volume in 0.1 second (FEVO0.1)
measurements obtained through whole-body plethysmography (Buxco Research Systems, Wilmington,
NC, USA) under light anesthesia conditions to minimize animal distress while ensuring accurate
measurements. Animals were placed in individual plethysmography chambers, and respiratory parameters
were recorded continuously for 10 minutes with data averaged over the final 5-minute period to ensure
stable measurements. Additional respiratory parameters including tidal volume and respiratory rate were
also monitored to provide comprehensive pulmonary function evaluation.

Statistical Analysis

Data analysis was performed using R software (version 4.3.0) with appropriate statistical packages for
multivariate analysis. Normality of distribution was rigorously assessed using Shapiro-Wilk tests, and
homogeneity of variance was evaluated using Levene's test to ensure appropriate statistical test selection.
One-way analysis of variance (ANOVA) followed by Tukey's HSD post-hoc test was employed for multiple
group comparisons to identify significant differences between treatment groups while controlling for Type
I error. Principal component analysis (PCA) was performed to identify multivariate relationships among
measured parameters and visualize group separation patterns, providing insight into the complex
interactions between exposure variables and biological responses. Pearson correlation analysis was
conducted to examine inter-parameter relationships and identify potential mechanistic pathways.
Statistical significance was set at p<0.05 for all analyses, and results are presented as mean + standard
deviation unless otherwise specified.

RESULTS AND DISCUSSION

Oxidative Stress Biomarkers and Antioxidant Enzyme Activities

Principal component analysis revealed distinct clustering patterns among control, emission, and
emissiontchlorella treatment groups, indicating significant biochemical differentiation across
experimental conditions. PC1 and PC2 collectively explained substantial variance in the dataset,
demonstrating clear separation of treatment groups along both principal components. Control samples
clustered predominantly in the negative PC1 quadrant, while emission treatments distributed primarily
in the positive PC1 region, suggesting fundamental metabolic alterations induced by emission exposure.
Emission+chlorella treatments occupied the upper portion of PC2, indicating that chlorella
supplementation generated unique biochemical responses distinct from both control and emission-only
conditions.

Okxidative stress biomarkers showed strong loadings on PC1, with variables such as MDA
(malondialdehyde), TNF-alpha, and LPO (lipid peroxidation) score exhibiting positive correlations with
emission treatments. Similar patterns have been documented by Mohanty and Samanta (2016), in their
multivariate analysis of oxidative stress biomarkers, where lipid peroxidation, protein carbonylation and
superoxide dismutase showed highest association as predictors of environmental impact. Additionally,
GSH (glutathione) levels demonstrated negative loading on PC1, consistent with its role as an antioxidant
defense mechanism that becomes depleted under oxidative stress conditions. Environmental toxicology
studies have established that reactive oxygen species (ROS) damage tissues and cellular components
through oxidative stress, supporting the observed biomarker patterns in emission-exposed groups.
Antioxidant enzyme activities, including SOD (superoxide dismutase) and FEVO_3, exhibited strong
positive loadings on PC2, particularly associated with chlorella-supplemented treatments. Previous
research has demonstrated that microalgae, particularly Chlorella species, possess significant antioxidant
capabilities and can modulate cellular defense mechanisms. Studies investigating toxicity assessment
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towards Chlorella vulgaris from organic aromatic compounds have established the protective mechanisms
employed by chlorella under environmental stress conditions. Furthermore, recent investigations into
complexation with extracellular polymeric substances (EPS) have shown how these compounds reduce
toxicity of heavy metals towards organisms, potentially explaining the intermediate positioning of
emission+chlorella treatments in the PCA biplot.
Biomarker NO2 and NOZ2_5 variables showed distinct clustering with chlorella treatments, suggesting
altered nitrogen metabolism pathways. Environmental monitoring studies utilizing multivariate
approaches have increasingly recognized the importance of nitrogen-related biomarkers in assessing
ecosystem health. PCA applications in environmental assessments have proven effective in identifying
main causes of parameter variations through relationships between physico-chemical and biological
variables. Environmental studies have emphasized that integrating analytical chemical analysis with
carefully selected biological endpoints can facilitate identification of species at risk from environmental
contaminants, supporting the comprehensive biomarker approach utilized in this investigation.
Classification of oxidative stress indicators follows established frameworks where Type 1 biomarkers
represent oxidized lipids, proteins or nucleic acids, while Type 2 biomarkers indicate activation of
biochemical pathways leading to ROS formation. Results demonstrate that emission treatments primarily
activated Type 1 biomarkers, evidenced by elevated MDA and LPO scores, while chlorella
supplementation appeared to modulate Type 2 biomarkers through enhanced antioxidant enzyme
activities. Contemporary research has shown that oxidative stress levels can be measured through specific
biomarkers using indirect colorimetric or fluorometric assays, validating the methodological approach
employed in this study.
Bioremediation potential of Chlorella species has gained considerable attention in environmental
engineering applications. Recent investigations have demonstrated that recycling of culture water from
Chlorella vulgaris cultivation can be identified as the most sustainable production process for commercial
bio-fuel facilities, indicating broader applications for chlorella-based treatment systems. Environmental
applications of microalgae have shown promising results in aquatic environments where microalgae serve
as important primary producers providing nutrients for various organisms, suggesting potential ecosystem-
level benefits of chlorella-based emission treatment strategies.
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Figure 1. PCA Biplot (PC1 vs PC2): Effects of Emission Exposure and Chlorella Supplementation on
Oxidative Stress Biomarkers.

Statistical separation observed in the PCA biplot indicates that chlorella supplementation effectively
modulated the biochemical response to emission exposure, creating a distinct metabolic profile
intermediate between control and emission-only conditions. Environmental biomonitoring studies have
emphasized the importance of using sentinel organisms to assess persistent organic pollutants due to their
toxicity, bioaccumulation, and resistance to degradation. Results suggest that chlorella-based treatment
systems may offer viable approaches for mitigating emission-related oxidative stress while maintaining
ecosystem functionality.
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Inflammatory and Oxidative Biomarkers

Principal component analysis revealed distinct clustering patterns among control, emission, and
emission+chlorella treatment groups, indicating significant biochemical differentiation across
experimental conditions. PC1 and PC2 collectively explained substantial variance in the dataset,
demonstrating clear separation of treatment groups along both principal components. Control samples
clustered predominantly in the negative PC1 quadrant, while emission treatments distributed primarily
in the positive PC1 region, suggesting fundamental metabolic alterations induced by emission exposure.
Emission+chlorella treatments occupied the upper portion of PC2, indicating that chlorella
supplementation generated unique biochemical responses distinct from both control and emission-only
conditions.

Okxidative stress biomarkers showed strong loadings on PC1, with variables such as MDA
(malondialdehyde), TNF-alpha, and LPO (lipid peroxidation) score exhibiting positive correlations with
emission treatments. Similar patterns have been documented by Moraes et al. (2018) in their multivariate
analysis of oxidative stress biomarkers, where lipid peroxidation, protein carbonylation and superoxide
dismutase showed highest association as predictors of environmental impact. Additionally, GSH
(glutathione) levels demonstrated negative loading on PC1, consistent with its role as an antioxidant
defense mechanism that becomes depleted under oxidative stress conditions. Environmental toxicology
studies have established that reactive oxygen species (ROS) damage tissues and cellular components
through oxidative stress, supporting the observed biomarker patterns in emission-exposed groups.
Antioxidant enzyme activities, including SOD (superoxide dismutase) and FEVO_3, exhibited strong
positive loadings on PC2, particularly associated with chlorella-supplemented treatments. Previous
research has demonstrated that microalgae, particularly Chlorella species, possess significant antioxidant
capabilities and can modulate cellular defense mechanisms. Studies investigating toxicity assessment
towards Chlorella vulgaris from organic aromatic compounds have established the protective mechanisms
employed by chlorella under environmental stress conditions. Furthermore, recent investigations into
complexation with extracellular polymeric substances (EPS) have shown how these compounds reduce
toxicity of heavy metals towards organisms, potentially explaining the intermediate positioning of
emission+chlorella treatments in the PCA biplot.

Biomarker NO2 and NO2_5 variables showed distinct clustering with chlorella treatments, suggesting
altered nitrogen metabolism pathways. Environmental monitoring studies utilizing multivariate
approaches have increasingly recognized the importance of nitrogen-related biomarkers in assessing
ecosystem health. PCA applications in environmental assessments have proven effective in identifying
main causes of parameter variations through relationships between physico-chemical and biological
variables. Environmental studies have emphasized that integrating analytical chemical analysis with
carefully selected biological endpoints can facilitate identification of species at risk from environmental
contaminants, supporting the comprehensive biomarker approach utilized in this investigation.
Classification of oxidative stress indicators follows established frameworks where Type 1 biomarkers
represent oxidized lipids, proteins or nucleic acids, while Type 2 biomarkers indicate activation of
biochemical pathways leading to ROS formation. Results demonstrate that emission treatments primarily
activated Type 1 biomarkers, evidenced by elevated MDA and LPO scores, while chlorella
supplementation appeared to modulate Type 2 biomarkers through enhanced antioxidant enzyme
activities. Contemporary research has shown that oxidative stress levels can be measured through specific
biomarkers using indirect colorimetric or fluorometric assays, validating the methodological approach
employed in this study.
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Figure 2. Panel of Pro-inflammatory Cytokine Biomarkers and Oxidative Stress Parameters
Bioremediation potential of Chlorella species has gained considerable attention in environmental
engineering applications. Recent investigations have demonstrated that recycling of culture water from
Chlorella vulgaris cultivation can be identified as the most sustainable production process for commercial
bio-fuel facilities, indicating broader applications for chlorella-based treatment systems. Environmental
applications of microalgae have shown promising results in aquatic environments where microalgae serve
as important primary producers providing nutrients for various organisms, suggesting potential ecosystem-
level benefits of chlorella-based emission treatment strategies.

Statistical separation observed in the PCA biplot indicates that chlorella supplementation effectively
modulated the biochemical response to emission exposure, creating a distinct metabolic profile
intermediate between control and emission-only conditions. Environmental biomonitoring studies have
emphasized the importance of using sentinel organisms to assess persistent organic pollutants due to their
toxicity, bioaccumulation, and resistance to degradation. Results suggest that chlorella-based treatment
systems may offer viable approaches for mitigating emission-related oxidative stress while maintaining

ecosystem functionality.

Environmental and Biological Parameters

Correlation analysis reveals exceptionally strong positive relationships among major air pollutants, with
PM2.5 demonstrating robust correlations with VOC (r=0.98), CO (r=0.97), and NO2 (r=0.95). These
findings align remarkably well with previous research by Jandacka et al., (2017), who documented similar
intercorrelations among urban air pollutants, attributing these relationships to shared emission sources,
particularly vehicular traffic and industrial combustion processes. Similarly, studies published in Particle
and Fibre Toxicology have established that ambient particulate matter comprises heterogeneous mixtures
with synchronized temporal variations due to common atmospheric formation mechanisms and
meteorological influences (Sumesh et al., 2017). Volatile organic compounds exhibit particularly strong
associations with multiple pollutants, showing correlations of r=0.94 with CO and r=0.92 with NO2.
Research published in Environmental Health demonstrates comparable patterns, where VOCs serve as
precursors for secondary particulate matter formation, creating the observed synchronous increases across
pollutant categories (Chauhan, et al., 2025). Moreover, investigations in urban environments consistently
report that trafficrelated emissions contribute simultaneously to PM2.5, VOCs, and nitrogen oxides,
explaining the observed high intercorrelations in monitoring data.

Analysis demonstrates moderate to strong correlations between air quality parameters and inflammatory
markers, with TNF-alpha showing correlations of r=0.77 with chlorella dose and r=0.73 with exposure
weeks. Specifically, research by Pradhan et al. (2023) reported comparable correlation coefficients between
PM2.5 exposure and inflammatory biomarkers in adult populations, confirming that particulate matter
induces pro-inflammatory cascades through oxidative stress mechanisms. Interleukin-1f correlations with
various pollutants (ranging from r=0.62 to r=0.83), where inflammatory cytokines demonstrated dose-
dependent responses to air pollution exposure (Zhang et al., 2025). Furthermore, studies examining
biomarkers of cardiovascular disease and inflammation in the Malm® Diet and Cancer cohort reported
positive associations between PM2.5 and inflammatory markers, with effect sizes consistent with the
present correlation analysis (Kilbo et al., 2024).
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Correlation patterns reveal significant relationships between pollutant exposure and oxidative stress
indicators, with SOD showing correlations ranging from r=0.60 to r=0.80 with various air quality
parameters. Research has documented similar oxidative stress responses, indicating that exposure to fine
particulate matter triggers the upregulation of compensatory antioxidant enzymes as a protective
mechanism against the formation of reactive oxygen species (Jomova et al., 2024). Additionally,
glutathione system perturbations observed in the correlation matrix align with experimental findings
showing that PM2.5 exposure depletes cellular antioxidant reserves, leading to measurable changes in
GSH levels. Malondialdehyde correlations with pollutants (r=0.72 to r=0.91) substantiate previous
toxicological research demonstrating lipid peroxidation as a primary endpoint of air pollution-induced
oxidative damage. Studies published in Particle and Fibre Toxicology have established MDA as a reliable
biomarker for assessing PM2.5-mediated cellular damage, with correlation strengths comparable to those
observed in the present analysis (Li et al., 2023). These findings support the adverse outcome pathway
framework proposed for particulate matter toxicity, where oxidative stress serves as a key molecular
initiating event.

Age-related and exposure duration correlations demonstrate interesting patterns, with age in weeks
showing moderate correlations with various parameters (r=0.08 to r=0.15), while exposure duration in
weeks exhibits stronger associations (r=0.50 to r=0.97) with pollutant concentrations. Longitudinal studies
have documented similar temporal exposure patterns, where cumulative exposure duration proves to be
more predictive of biological responses than chronological age alone (Andra et al., 2015). Research
focusing on air pollution health effects consistently demonstrates that exposure duration and intensity
interact synergistically to influence inflimmatory and oxidative stress responses. Chlorella dose
correlations with various biomarkers suggest potential protective effects, with positive associations
observed with several measured parameters. Previous research has investigated microalgae
supplementation as a mitigation strategy for air pollution-induced health effects, reporting similar
correlation patterns between chlorella administration and the modulation of inflaimmatory markers
(Hoskin et al., 2023). However, these relationships require careful interpretation considering potential
confounding variables and the complex interactions between nutritional interventions and environmental
exposures.
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Figure 3. Pearson Correlation Matrix of Air Pollution Exposure Parameters and Inflammatory-Oxidative
Stress Response Biomarkers.

Strong correlations between histological scores and various measured parameters (r=0.64 to r=1.00)
provide compelling evidence for the integration of molecular and tissue-level responses to air pollution
exposure. Research has established that elevations in inflammatory biomarkers correlate directly with
histopathological changes in target organs, particularly in respiratory and cardiovascular tissues (Passino
et al., 2015). Studies examining PM2.5-associated vascular calcification have documented similar
correlation patterns between biochemical markers and structural tissue changes, supporting the adverse
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outcome pathway from molecular initiation to organ-level effects. FEVO_1 correlations with multiple
parameters indicate compromised respiratory function associated with environmental exposures,
consistent with extensive research demonstrating that air pollution exposure correlates with measurable
decrements in pulmonary function parameters (Johannson et al., 2018). Systematic reviews and meta-
analyses have established that PM2.5 exposure correlates significantly with reduced lung function
measures across diverse populations, with effect sizes comparable to those observed in the present
correlation matrix.

CONCLUSIONS

This study demonstrates that Chlorella sp. supplementation effectively mitigates palm oil industrial
emission-induced health impacts through ecological engineering mechanisms. Our experimental findings
reveal that 8-week exposure to palm oil emissions significantly elevated inflammatory cytokines (IL-6, TNF-
a, IL-1B) and oxidative stress markers (MDA) while depleting antioxidant defenses (SOD, GSH). Daily
Chlorella sp. supplementation (200 mg/kg) provided substantial protection by attenuating inflammatory
responses and enhancing antioxidant capacity, creating metabolic profiles intermediate between control
and emission-exposed conditions.

Principal component analysis confirmed distinct biochemical differentiation among treatment groups,
with PC1 and PC2 explaining 83.9% of total variance. Strong correlations among air pollutants (PM2.5-
VOC: r=0.98; PM2.5-CO: 1=0.97) and moderate correlations between pollutant exposure and
inflammatory markers (TNF-a: r=0.73-0.77) establish the mechanistic basis for emission-induced health
impacts and validate the protective intervention approach.

The dual functionality of Chlorella sp. as both atmospheric pollutant sequestration agent and health-
protective supplement positions microalgae as an innovative nature-based solution for industrial emission
management. These findings support implementing microalgae-based ecological engineering systems in
palm oil production regions as sustainable alternatives to conventional remediation technologies. The
research provides evidence-based foundation for developing integrated environmental health protection
strategies that combine bioremediation with occupational health safeguards in industrial settings
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