
UC Irvine
UC Irvine Electronic Theses and Dissertations

Title

Effects of Dung and Biomass Emissions on Macrophage Defenses, Gene Regulation, and 
Cellular Metabolism

Permalink

https://escholarship.org/uc/item/5jj4d8pb

Author

Monterrosa Mena, Jessica Estefania

Publication Date

2023
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5jj4d8pb
https://escholarship.org
http://www.cdlib.org/


 

UNIVERSITY OF CALIFORNIA, 

IRVINE 

 

 

 

 

Effects of Dung and Biomass Emissions on Macrophage Defenses, Gene Regulation, and 

Cellular Metabolism 

 

 

DISSERTATION 

 

 

submitted in partial satisfaction of the requirements 

for the degree of  

 

 

DOCTOR OF PHILOSOPHY 

 

in Environmental Health Sciences 

 

 

by  

 

 

Jessica Estefania Monterrosa Mena 

 

 

 

 

 

 

 

 

 

 

 

Dissertation Committee: 

Professor Rufus Edwards, Chair 

Adjunct Professor Michael T. Kleinman 

Professor Masashi Kitazawa 

 

 

 

2023



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2023 Jessica Estefania Monterrosa Mena 

 



ii 

 

 DEDICATION  

 
 

 

 

To 

 

 

my partner, Cecilia, my mother, and my siblings 

 

 

in recognition of their support, encouragement, and love  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

TABLE OF CONTENTS 

 
LIST OF FIGURES ....................................................................................................................... vi 

LIST OF TABLES ........................................................................................................................ vii 

LIST OF ABBREVIATIONS ...................................................................................................... viii 

ACKNOWLEDGEMENTS ........................................................................................................... xi 

VITA ............................................................................................................................................. xii 

ABSTRACT OF THE DISSERTATION ...................................................................................... xv 

1. Introduction ............................................................................................................................. 1 

1.1 Overview of solid fuel use ............................................................................................... 1 

1.2 Adverse health outcomes from solid fuel smoke exposure .............................................. 2 

1.3 Toxicity of specific components in solid fuel emissions .................................................. 4 

1.4 Identifying biochemical markers to relate stove-fuel combinations to toxicity ............... 6 

1.4.1 Oxidative potential .................................................................................................... 6 

1.4.2 Cellular mechanisms associated with solid fuel toxicity .......................................... 9 

2. Field site and particulate matter collection ............................................................................ 13 

2.1 Particulate matter source ................................................................................................ 13 

2.2 Particle matter emission factors and chemical constituent analysis ............................... 14 

2.2.1 Chemical composition of dung PM2.5 emissions..................................................... 15 

2.3 Post-site collection toxicology assessment strategy ....................................................... 17 

2.3.1 Aqueous particle suspension preparations .............................................................. 19 

2.3.2 Particle extraction efficiency .................................................................................. 19 

3. Oxidative potential of solid biomass fuel particulate matter emissions ................................ 22 

3.1 Introduction .................................................................................................................... 22 

3.2 Materials and methods ................................................................................................... 23 

3.2.1 Oxidative potential using a semi-automated DTT system ...................................... 23 

3.2.2 Statistical analysis ................................................................................................... 24 

3.3 Results ............................................................................................................................ 25 

3.3.1 Oxidative potential differences between angithi and chulha stove PM emissions . 25 

3.3.2 Fuel source and stove combustion efficiency influence oxidative potential .......... 26 

3.3.3 Variability of oxidative potential measures............................................................. 27 

3.4 Discussion ...................................................................................................................... 29 



iv 

 

3.4.1 Variable oxidative capacity of particulate matter from distinct sources ................. 29 

3.4.2 Limitations .............................................................................................................. 31 

4. Macrophage respiratory burst and viability following exposure to particulate matter 

emissions from solid biomass fuels .............................................................................................. 33 

4.1 Introduction .................................................................................................................... 33 

4.2 Materials and methods ................................................................................................... 36 

4.2.1 Cell culture and PM exposures ............................................................................... 36 

4.2.2 Respiratory burst superoxide measurements .......................................................... 37 

4.2.3 Viability assessment with MTT cell proliferation assay ......................................... 37 

4.2.4 Apoptosis detection with Annexin V staining ......................................................... 38 

4.2.5 Statistical analysis ................................................................................................... 39 

4.3 Results ............................................................................................................................ 39 

4.3.1 Changes in respiratory burst activity following acute exposures to PM ................ 39 

4.3.2 Peak superoxide response inhibition in innate immune cells ................................. 40 

4.3.3 Cell viability dose-responses .................................................................................. 47 

4.3.4 Apoptosis analysis .................................................................................................. 48 

4.4 Discussion ...................................................................................................................... 49 

4.4.1 Macrophage respiratory burst is inhibited by sub-lethal doses of solid biomass fuel 

emissions ............................................................................................................................... 49 

4.4.2 Limitations .............................................................................................................. 51 

5. Gene expression alterations and cell cycle dynamics in macrophages exposed to solid 

biomass fuel PM ........................................................................................................................... 53 

5.1 Regulation of antioxidant gene expression .................................................................... 53 

5.2 Materials and methods ................................................................................................... 56 

5.2.1 Gene expression analysis using Real-Time Polymerase Chain Reaction ............... 56 

5.2.2 Cell cycle analysis using BrdU FITC assay ............................................................ 58 

5.2.3 Statistical analysis ................................................................................................... 58 

5.3 Results ............................................................................................................................ 60 

5.3.1 Particulate matter source-specific effects on mRNA expression of redox and 

metabolic homeostasis-related genes ..................................................................................... 60 

5.3.2 Cell cycle dynamics following exposure at non-lethal doses ................................. 64 

5.4 Discussion ...................................................................................................................... 65 

5.4.1 Transcriptional modulation of redox and metabolic homeostasis-related genes by 

particles from distinct sources ............................................................................................... 65 



v 

 

5.3.1 Limitations .............................................................................................................. 69 

6. Multivariate analysis: Relationship between biomass fuel combustion conditions and 

oxidative particle properties and cellular responses ..................................................................... 70 

6.1 Introduction .................................................................................................................... 70 

6.2 Methods .......................................................................................................................... 72 

6.3 Results ............................................................................................................................ 73 

6.3.1 Differences in emission characteristics between chulha and angithi stoves ........... 73 

6.3.2 Temperature dependent combustion properties influence macrophage oxidative 

stress responses. ..................................................................................................................... 74 

6.4 Discussion ...................................................................................................................... 78 

6.4.1 Possible mechanisms underlying particulate source driven immune cell function 

modulation ............................................................................................................................. 78 

7. Summary Discussion ............................................................................................................. 81 

7.1 Summary of key findings ............................................................................................... 81 

7.2 Key limitations ............................................................................................................... 84 

7.3 Overall significance........................................................................................................ 85 

BIBLIOGRAPHY ......................................................................................................................... 87 

Appendix A: Supporting Material for Chapter 4 .......................................................................... 99 

 

 

 

 

 

 

  

 

 

 

 

 



vi 

 

LIST OF FIGURES 
 

 

Figure 1: Respiratory burst and phagocytosis functions in macrophage cells. ............................. 10 

Figure 2: Photograph of traditional mud cookstoves used in India. ............................................. 14 

Figure 3: Relative abundance of distinct chemicals in solid biomass fuel PM emissions. ........... 17 

Figure 4: Correlation between particle mass loading and extraction of particles ......................... 20 

Figure 5: Oxidative potential of PQN, SRM 1648a, and solid fuel PM emissions. ..................... 27 

Figure 6: Macrophage respiratory burst and phagocytosis in response to PM exposure induces 

intracellular detoxification and antioxidant activity. .................................................................... 33 

Figure 7: Representative time course of macrophage respiratory burst response following acute 

exposure to PM. ............................................................................................................................ 40 

Figure 8: Peak superoxide levels during respiratory burst in PM macrophages exposed to 

biomass PM ................................................................................................................................... 41 

Figure 9: Total superoxide generation during respiratory burst in PM macrophages exposed to 

biomass PM. .................................................................................................................................. 43 

Figure 10: PM source influences mean time at which respiratory burst superoxide generation 

levels peak. .................................................................................................................................... 45 

Figure 11: Dose response cell viability changes assessed by MTT metabolic assay. .................. 47 

Figure 12: Percentage of cells entering apoptosis......................................................................... 48 

Figure 13: Exogenous and endogenous ROS and electrophile compounds activate the 

translocation of Nrf2 ..................................................................................................................... 53 

Figure 14: The glutathione antioxidant pathway defends against oxidative stress. ...................... 54 

Figure 15: Gene expression of antioxidant and metabolic related genes in RAW 264.7 cells ..... 61 

Figure 16: Acute PM exposure influences macrophage cell cycling dynamics. .......................... 64 

Figure 17: Comparison of average emission factors from chulha and angithi stoves. ................. 74 

Figure 18: Associations of combustion PM emissions properties and biological outcomes. ....... 75 

Figure 19: Significant associations of particle OP  properties and in vitro biological outcomes. 76 

Figure 20: Significant associations of high/low VOC ratio and in vitro biological outcomes. .... 77 

Figure 21: Significant associations between gene expression and respiratory burst responses. .. 78 

 



vii 

 

LIST OF TABLES 

 

                                   

Table 1: Average emission factors and standard deviation of PM2.5 for cook fire events. ........... 16 

Table 2: Extraction efficiency for 18 filters used for toxicity experiments. ................................. 21 

Table 3: Summary of mean oxidative potential in PQN and SRM 1648a standards and biomass 

combustion PM from traditional cookstoves ................................................................................ 26 

Table 4: Summary of filter samples used for DTT experiments and oxidative potential results . 28 

Table 5: Summary of Diogenes results ......................................................................................... 46 

Table 6: Primer sequences used for qRT-PCR ............................................................................. 57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

 

LIST OF ABBREVIATIONS 
 

5,5’-dithiobis-2-nitrobenzoic acid (DTNB) 

3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) 

9, 10 phenanthrenequinone (PQN) 

Adenosine triphosphate (ATP) 

Analysis of variance (ANOVA) 

Area under the curve (AUC) 

Bromodeoxyuridine (BrdU)  

Carbon dioxide (CO2) 

Carbon monoxide (CO) 

Coefficient of variance (CV) 

Complementary deoxyribonucleic (cDNA) 

Chronic obstructive pulmonary disease (COPD) 

Deionized water (DI) 

Deoxyribonuclease (DNase) 

Dithiothreitol (DTT) 

Dimethyl sulfoxide (DMSO) 

Elemental carbon (EC) 

Ethanol (etOH) 

Ethylenediaminetetraacetate (EDTA)  

Fetal Bovine Serum (FBS) 

Fine particulate matter (PM2.5) 

Glucose-6-phosphate dehydrogenase (G6pd) 

Glutathione (GSH) 

Glutathione peroxidase enzyme (Gpx) 

Glutathione peroxidase-1 (Gpx1) 

Glutathione reductase (Gsr) 

Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) 



ix 

 

High-performance liquid chromatography–photodiode array–high resolution mass spectrometry 

(HPLC-PDA-HRMS) 

High temperature to low temperature VOC ratio (high/low VOC ratio) 

Humic-like substances (HULIS) 

Lactate dehydrogenase (LDH) 

Lipopolysaccharide (LPS) 

Microgram (µg) 

Microliter (µL) 

Micrometer (µm) 

Micromolar (µM) 

Milligram (mg) 

Milliliter (mL) 

Millimolar (mM) 

Minutes (Min) 

Modified combustion efficiency (MCE) 

Messenger RNA (mRNA) 

NADPH oxidase (NOX) 

NAD(P)H: quinone oxidoreductase 1 (Nqo1) 

Nanospray desorption electrospray ionization–high resolution mass spectrometry (nano-DESI-

HRMS) 

Nicotinamide adenine dinucleotide (NADH)  

Nicotinamide adenine dinucleotide phosphate (NADPH) 

Nuclear factor erythroid 2–related factor 2 (Nrf2) 

Organic carbon (OC) 

Oxidative potential (OP) 

Oxidized glutathione disulfide (GSSG) 

P-value (P) 

Particulate matter (PM) 

Phorbol 12-myristate 13-acetate (PMA) 

Phosphate buffered saline (PBS) 



x 

 

Picomole (pmol) 

Polycyclic aromatic hydrocarbons (PAHs) 

Polytetrafluoroethylene (PTFE) 

Propidium Iodine (PI) 

Quantitative real time polymerase chain reaction (qRT-PCR) 

Reduction-oxidation (redox) 

Residual oil fly ashes (ROFAs) 

Ribonucleic acid (RNA) 

Reactive oxygen species (ROS) 

Standard Deviation (SD) 

Standard error of the mean (SEM) 

Standard reference material 1648a (SRM 1648a) 

Secondary organic aerosols (SOAs) 

Summed 16 PAHs (ΣPAH) 

Time (t) 

Tris(hydroxymethyl)aminomethane (TRIS) 

Volatile organic compounds (VOCs)  

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

 

ACKNOWLEDGEMENTS 
 

I would like to acknowledge all the friends, family, and loved ones who cheered me on over the 

seven-year pursuit of my Ph.D. I express my deepest gratitude to my partner, Cecilia, for 

unwaveringly urging me to embrace the lessons from my errors, to maintain a positive outlook 

throughout this research journey, and offering an abundance of heartfelt encouragement. 

I would also like to thank the many friends and colleagues whose encouragement and kind 

companionship have been invaluable throughout these years. Special thanks to Samantha 

Renusch, my first acquaintance at the Kleinman lab, who adeptly guided me through the 

intricacies of the air pollution lab and introduced me to the fundamentals of macrophage cell 

culture. My heartfelt gratitude extends to all my colleagues at Kleinman lab- Dr. David Herman, 

Dr. Rebecca Johnson Arechavala, Elizabeth Choy, Jayvee Bautista, Bishop Bliss, Irene Hasan, 

Amanda Ting, and many more- for their unwavering camaraderie, continuous assistance, and 

abundant wellspring of inspiration. I would also like to thank Dr. Robert Weltman for his 

assistance with this project, particularly his expertise in particle collection and chemical 

analytical methods, which were invaluable in the completion of this project. Lastly, a sincere 

thank you to my cohort members, the most fun and brilliant study companions one could ask for. 

I would like to acknowledge the support received from my committee co-chairs, Professor 

Edwards and Professor Kleinman, for their invaluable mentorship and consistent support. Their 

guidance, feedback, and dedication to my professional growth have been instrumental. Their 

expertise in air pollution science laid the foundation for my journey through this advanced 

degree. 

I extend my gratitude to various collaborators whose assistance, provision of lab equipment, cell 

lines, and diverse reagents were invaluable to this endeavor. I extend my thanks to Professor 

Kitazawa, a member of my committee, as well as to Dr. Sharon Lim and Dr. Jay Hsu from the 

Kitazawa lab for their support. I also owe a debt of gratitude to Professor Manabu Shiraiwa and 

Dr. Ting Fang for guiding me through atmospheric and particle chemistry-based experiments. 

My appreciation also goes to Professor Angela Fleischman and Dr. Gaja Ramanathan for their 

guidance with flow cytometry-based experiments. The expertise, mentorship, and optimism from 

these collaborators were crucial, and I’m grateful for their enduring support over the years. 

This research received support from EPA STAR R83503601- Characterization of Emissions for 

Small, Variable, Solid Fuel Combustion Sources for Determining Global Emissions and Climate 

Impact and R835425- Impacts of Household Sources on Outdoor Pollution at Village and 

Regional Scales in India. The contents are solely the responsibility of the authors and do not 

necessarily represent the official views of the U.S EPA. The U.S. EPA does not endorse the 

purchase of any commercial products or services mentioned in the publication. 

 



xii 

 

VITA 
 

Jessica Estefania Monterrosa Mena 

Education 

2023 Doctor of Philosophy in Environmental Health Sciences. 

University of California- Irvine. Department of Environmental and Occupational Health. 

Environmental Toxicology track. 

2014 Bachelor of Arts.  

Williams College. Honors in Chemistry. Biochemistry and Molecular Biology 

concentration. 

Experience 

2016-2023 Graduate Student Researcher. U.C. Irvine, Air Pollution Health Effects Laboratory 

2021-2023 Associate Instructor; Teaching Assistant. U.C. Irvine, Department of Public Health 

2014-2016 Research Associate I. Cedars-Sinai Medical Center, Los Angeles, CA 

2012-2014 Chemistry Teaching Assistant. Williams College, MA 

2013  Neuroscience Research Summer Intern. University of Miami Miller Medical School, FL 

2011-2014 Chemistry Research Assistant and Student Fellow. Williams College, MA 

2010-2011 Biology Research Assistant. Williams College, MA 

 

Fellowships and Professional Honors 

2020-2023 Rose Hill Foundation Science & Engineering Fellowship 

2020-2022 U.C. Irvine Department of Environmental and Occupational Health Research Fellowship 

2016 U.C. Irvine Graduate Opportunity Fellowship 

2016 U.C. Irvine DECADE Competitive Edge Program Member 

Certification: Mentoring Excellence, U.C. Irvine Graduate Division  

2013 Williams College Guadino Travel Fellowship 

2010 Heart of Los Angeles Scholarship 

 

Appointments and Activities 

2021-2022 American Heart Association FIT& Early Career Blog Author 

2020 Decade Competitive Edge summer Mentor 

2018-2020 The Loh Down on Science Scriptwriter and Student Fellow 

2017-2021 The BIOTA Project Content Creator 

2017-2018 Brews and Brains Event Organizer 

2012-2013 Williams College Biochemistry and Molecular Biology 1960’s Scholar 

2010-2018 Heart of Los Angeles Alumni Association Mentor 

 

Professional Memberships 

2020-2022 Society of Toxicology Member, 

2021 American Heart Association Member 

2014 (elected) Sigma Xi Scientific Research Society  



xiii 

 

Peer-Reviewed Publications 

Ramanathan G, Chen JH, Mehrotra N, Trieu T, Huang A, Mas E, Monterrosa Mena JE, Bliss B, Herman 

DA, Kleinman MT, Fleischman AG. Cigarette smoke stimulates clonal expansion of Jak2V617F and 

Tet2-/- cells. Front Oncol. 2023;13:1210528. doi:10.3389/fonc.2023.1210528 

 

Fang, T., Huang, Y. K., Wei, J., Monterrosa Mena, J. E., Lakey, P. S. J., Kleinman, M. T., Digman, M. 

A., & Shiraiwa, M. Superoxide Release by Macrophages through NADPH Oxidase Activation 

Dominating Chemistry by Isoprene Secondary Organic Aerosols and Quinones to Cause Oxidative 

Damage on Membranes. Environ Sci Technol. 2022;56(23):17029-17038. doi:10.1021/acs.est.2c03987 

 

Shi, J., Dai, W., Chavez, J., Carreno, J., Zhao, L., Kleinman, MT., Arechavala, RJ., Hasen, I., Ting, A., 

Bliss, B., Monterrosa Mena, JE., Kloner, RA. One Acute Exposure to E-Cigarette Smoke Using Various 

Heating Elements and Power Levels Induces Pulmonary Inflammation. SSRN Journal. Published online 

2022. doi:10.2139/ssrn.4010908 

 

Liang J., Liu N., Xue L., Monterrosa Mena J, Xie T., Geng Y., Huan C., Zhang Y., Taghavifar F., Huang 

G., Kurkciyan A., Barron V., Jiang D, Noble P.W. Mitogen-activated Protein Kinase–activated Protein 

Kinase 2 Inhibition Attenuates Fibroblast Invasion and Severe Lung Fibrosis. Am J Respir Cell Mol Biol. 

2019;60(1):41-48. doi:10.1165/rcmb.2018-0033OC 

Cheng H, Dove NC, Mena JM, Perez T, Ul-Hasan S. The Biota Project: A Case Study of a Multimedia, 

Grassroots Approach to Scientific Communication for Engaging Diverse Audiences. Integrative and 

Comparative Biology. 2018;58(6):1294-1303. doi:10.1093/icb/icy091 

Liang J, Zhang Y, Xie T, Liu N, Chen H, Geng Y, Kurkciyan A, Mena JM, Stripp BR, Jiang D, Noble 

PW. Hyaluronan and TLR4 promote surfactant-protein-C-positive alveolar progenitor cell renewal and 

prevent severe pulmonary fibrosis in mice. Nat Med. 2016;22(11):1285-1293. doi:10.1038/nm.4192 

Li Y, Liang J, Yang T, Monterrosa Mena J, Huan C, Xie T, Kurkciyan A, Liu N, Jiang D, Noble 

PW. Hyaluronan synthase 2 regulates fibroblast senescence in pulmonary fibrosis. Matrix Biology. 

2016;55:35-48. doi:10.1016/j.matbio.2016.03.004 

 

Huan C, Yang T, Liang J, Xie T, Cheng L, Liu N, Kurkciyan A, Monterrosa Mena J, Wang C, Dai H, 

Noble PW, Jiang D. Methylation-mediated BMPER expression in fibroblast activation in vitro and lung 

fibrosis in mice in vivo. Sci Rep. 2015;5(1):14910. doi:10.1038/srep14910 

 

 

 

 

 

 



xiv 

 

Select Scientific Abstracts 

JE. Monterrosa Mena, H. Hsu, RJ. Arechavala, I. Hasen, A. Ting, B. Bliss, J. Shi, W. Dai, JN Chavez, J.  

Carreno, L.Zhao, R. Kloner, MT. Kleinman. Inflammatory Gene Expression Changes and Immune 

System Depression in Rats Exposed to a Single 4-hr Exposure to Electronic Cigarette Vapor. University 

of California, Irvine. American Heart Association Scientific Sessions 2022.  

 

J. E. Monterrosa Mena, M. Kleinman, and R. Edwards. Source-Specific Particle Matter Chemical 

Characteristics Influences RAW 264.7 Macrophage Immune Function and Cell Cycle Progression. 

University of California Irvine, Irvine, CA. Society of Toxicology 61st Annual Meeting, 2022.  

 

J. E. Monterrosa Mena, F. Khalaj, C. Faiola, and M. T. Kleinman. Characterizing Atmospheric Particle 

Toxicity from Biogenic and Anthropogenic Sources Using In Vitro Assays. University of California 

Irvine, Irvine, CA.  Society of Toxicology 59th SOT Annual Meeting, 2020. 

 

J. Monterrosa Mena, M.T. Kleinman. Lung Inflammation Mediates Hepatic Pro-Inflammatory Responses 

Leading to Altered Lipid Metabolism. University of California-Irvine 2016 Research Symposium Day.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xv 

 

ABSTRACT OF THE DISSERTATION 
 

 

Effects of Dung and Biomass Emissions on Macrophage Defenses, Gene Regulation, and 

Cellular Metabolism 

 

by 

Jessica Estefania Monterrosa Mena 

Doctor of Philosophy in Environmental Health Sciences 

University of California, Irvine, 2023 

Professor Rufus Edwards, Chair 

 

Introduction: Human exposure to biomass smoke particulate matter has been documented to 

induce immunomodulatory effects that can promote respiratory and cardiovascular injuries. 

Despite the prevalent use of solid fuels and the potential detrimental impact on global health, the 

effects of specific solid biomass fuels on innate immune cell function remains poorly understood. 

Therefore, I aimed to begin to fill this gap by studying the effects of acute exposure to particulate 

matter emissions from dung and mixtures of dung with brushwood used with chulha and angithi 

traditional cookstoves commonly used in India, collected from in-field sampling.  

Methods: Particles collected on to Teflon filters in-field were extracted into aqueous suspension 

for cell-free and cellular in vitro toxicity assessment. The intrinsic cell-free oxidative capacity of 

particulate matter samples was compared to urban particulate matter and a single diesel quinone 

compound using dithiothreitol measures. Biological toxicity was assessed using submerged 

culture exposure with the macrophage-like RAW 264.7 cell line. Biological dose response 

changes in viability and innate immune function were assessed following four-hour exposures. 

Biochemical approaches were used to evaluate respiratory burst, metabolic activity, cell cycling 
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dynamics, and gene expression changes. Associations between combustion emission factors, 

particle oxidative potential, and biological effects were evaluated using multivariate analysis to 

explore how particle toxicity is influenced by combustion processes.  

Results: PM emissions from dung-angithi combustion had higher oxidative potential measures 

than emissions from solid fuel use with chulha cookstoves. The oxidative potential of emissions 

from dung-chulha cookstoves were lower compared to all other sources of PM including urban 

dust and quinone compounds. Acute four-hour exposure to solid biomass particles altered critical 

innate immune respiratory burst function but did not reduce cell viability. Gene expression 

changes were observed following acute exposures in macrophages exposed to all the air 

pollutants studied here, including the downregulation of antioxidant response element 

transcription factor Nrf2 and antioxidant Gpx1, yet an upregulation of detoxifying enzyme Nqo1. 

However, differential gene expression patterns were observed for antioxidant Gsr, and metabolic 

housekeeping gene G6pd. The degree of particle reduction-oxidation (redox) activity, and 

biological respiratory burst dynamics and gene expression changes were associated with 

pyrolysis combustion processes that influence the generation of volatile organic compounds. 

Conclusions: In summary, this dissertation describes differences in the toxicity of air pollution 

particles from distinct sources. Particles generated by the combustion dung fuel and dung 

brushwood mixtures combustion commonly used with chulha and angithi cookstoves, induce 

innate immune cell changes through distinct mechanisms compared to urban dust and quinone. 

This study provides valuable insight into flaming, smoldering, and pyrolysis combustion 

processes that contribute to air pollution compositional differences and particle toxicity related to 

household cooking with solid biomass fuels.  
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1. Introduction 
 

1.1  Overview of solid fuel use 
 

More than 3 billion people worldwide rely on solid biomass fuels such as firewood, crop 

residues, charcoal, and animal waste as a main source of energy for the home 1,2. Solid biomass 

fuels are commonly used for daily cooking, heating, and lighting in low- and middle-income 

countries and rural communities because the materials tend to be readily available and cheaper 

alternatives to cleaner fuels, such as liquid petroleum gas. While estimates vary, over 80% of 

people in sub-Saharan Africa, more than 60% of people in Southeast Asia, and upwards of 50% 

of people in Latin America rely on solid fuels 3–5. Wood, crop residue, and dung materials are 

commonly burned inside households’ living quarters without proper ventilation leading to 

pollutant levels that exceed the World Health Organizations’ (WHO) guidelines for indoor air 

quality and have major global health impacts. Epidemiological studies have reported strong 

associations between indoor solid fuel use and adverse health effects. Exposure to pollutants 

from solid fuel smoke has been linked to chronic heart and lung diseases, cancers, immune 

defense dysfunctions, pneumonia, tuberculosis, low birth weight, diabetes mellitus, and 

premature death 2. These detrimental health effects are particularly concerning for individuals 

who spend most of their time in the kitchen and indoors, such as such as women and children. 

Household air pollution from the use of solid fuels for cooking stands as a primary risk factor for 

global disease burden, with the WHO estimating that exposure to household air pollution was 

responsible for 3.2 million deaths in 2020 from heart disease, stroke, lower respiratory infection, 

chronic obstructive pulmonary disease (COPD) and lung cancer globally 2.   
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Although economic growth has led to reduced reliance on solid biomass fuels in certain global 

regions and the fraction of the population using solid fuels has declined, the expanding human 

population has resulted in an increase in households persistently utilizing solid biomass fuels 6–8.  

The most populous countries, India, and China, which see some of the world’s highest ambient 

air pollution concentrations, together account for about 30% of the world’s population or about 3 

billion people. In 2010, it was estimated that these regions accounted for nearly 90% of the 

estimated global deaths from household air pollution attributed to cooking with solid fuels 9. 

Most of the black carbon and organic carbon emissions in India and China can be attributed to 

residential coal and solid biomass fuel use, as opposed to other countries such as the United 

states where industrial and mobile emission are the dominant contributor of black carbon and 

organic carbon 10. In India, wood, crop residues, and dung cake fuels fulfill about 75% of the 

nation’s domestic energy needs and citizens there experience the highest levels of air pollution 

related fatalities and disease burden globally; exposure to solid biomass fuel emissions is 

attributed to causing 662,000 annual deaths annually 11,12. Dung serves as the predominant 

household cooking fuel in the Indian subcontinent, with India reported to have the highest 

population utilizing dung fuels for cooking compared to any other country 13. Solid fuels are 

expected to continue playing a crucial role as a significant source of household energy in India, 

China, and sub-Saharan Africa, stressing the significance of discerning the components of solid 

biomass fuel emissions that are most hazardous to human health and identifying solutions to 

protect poor households that rely on solid fuels.  

1.2  Adverse health outcomes from solid fuel smoke exposure 
 

Inhalable PM deposits in the respiratory tract and damages lung tissues by directly impairing cell 

membranes, and promoting oxidative stress and inflammation, which are well known 
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mechanisms associated with air pollution related pathologies 14. PM from combustion sources 

(fuel oil burning and diesel exhaust) in addition to causing effects in the lung, also cause 

significant effects on the cardiovascular system 15. Women in rural Indian villages who are 

exposed to indoor air pollution from solid biomass fuels use with traditional cookstoves have a 

greater prevalence of hypertension and tachycardia compared to those who cook in liquid 

petroleum gas (LPG) 16. These cardiovascular effects were linked to systemic inflammation and 

oxidative stress biomarkers, contributing to evidence that solid biofuel smoke predisposes 

women to cardiovascular disease development 16. Higher levels of pro-inflammatory cytokines 

and systemic oxidative stress markers were found in blood collected from solid biomass fuel 

users, but the differences between the chemical components of solid biomass fuel smoke and 

LPG emissions that contribute to these differences in cardiopulmonary function were not 

identified. In a follow up study, this research team also found higher numbers of pulmonary 

airway and immune cells, increased levels pro-inflammatory cytokines and chemokines, and 

markers of oxidative stress in the sputum of women who cook with solid biomass fuels 

compared to those who use LPG 17. The health effects and cellular-level changes reported in 

solid biomass fuel users provide insight into the mechanisms of toxicity from indoor air 

pollution, but few studies compare the toxicity and health impacts arising from specific fuel and 

stove combinations and how these combinations influence smoke composition. 

A major limitation of human health effects exposure studies is that households usually rely on 

whichever mixture of solid biomass fuels are readily available and those vary over time. 

However, fuel type and stove combinations are likely a critical factor contributing to poor health 

outcomes from household air pollution. In an investigation comparing the respiratory impact of 

chronic smoke exposure in women who used either solid biomass fuels with traditional indoor 
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cookstoves or LPG stoves, spirometry assessments indicated that nearly 30% of solid fuel users 

had reduced lung function compared to only 16% of LPG users 18. The prevalence of reduced 

lung function and a diagnosis of COPD was highest amongst women who used dung fuels 

compared to those who primarily use wood or crop residues. The findings imply that specific 

fuels contribute to unique mechanisms promoting upper and lower respiratory symptoms and 

dyspnea, but detailed chemical characterization of the cookstoves emissions associated with 

these fuel-specific health effects remain unknown. In addition, few studies provide insight into 

how dung fuel emissions contribute to disease and toxicity.  

1.3  Toxicity of specific components in solid fuel emissions 
 

Fine particulate matter, particles with a median aerodynamic diameter smaller of 2.5 microns 

(PM2.5), emitted from solid mass burning stoves can remain elevated in homes for many hours 

following cooking events and indoor air concentrations often exceed the WHO’s Indoor Air 

Quality annual average concentration guideline of 5 μg/m3 for PM2.5 emissions 
19. PM2.5 can 

infiltrate deep into the lungs and deposit in the alveoli, where it can penetrate the body’s 

defenses. Smoke emitted from burning solid biofuels is a complex mixture of respirable 

pollutants, including carbon monoxide (CO), carbon dioxide (CO2), coarse (Dp > 2.5 µm), fine 

(Dp ≤2.5 µm), and ultrafine PM (Dp ≤ 0.1 µm), nitrogen and sulfur oxides, volatile organic 

compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs), all of which are associated 

with morbidity and mortality 14. In addition, the combustion of solid biomass fuels results in the 

release of thousands of individual pollutants. The emission factors, a metric linking pollutant 

quantity released to an associated activity (typically expressed as pollutant weight per unit of fuel 

burned), and the chemical composition of these biomass burning emissions are significantly 

influenced by fuel source, stove type, and burn rates, adding complexity to our comprehension of 
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the biological toxicity resulting from solid biomass smoke. Emission factors of PM2.5 from 

smoldering combustion, which refers to the prolonged, low temperature, and flameless burning 

of fuels, are more than double the values observed in flaming combustion processes 20. This 

inefficient burning of solid biomass fuels also results in emissions of higher amounts of 

incomplete combustion compounds, such as CO, compared to more efficient flaming processes. 

Flaming combustion converts more of the biomass fuels to complete combustion products such 

as CO2 and water vapor. Solid biomass fuel emissions vary drastically due to factors such as 

temperature fluctuations during burning events, surface to volume ratios of fuels, and moisture 

content of fuels, which may explain the diversity of health effects and biological toxicity from 

solid biomass fuels observed in biological studies. Chemicals found on the PM surface likely 

initiate disease promoting cellular mechanisms that result in the unique cellular toxicity and 

differences in adverse health effects arising from diverse air pollutant sources.  

The toxicity of PM from distinct types of wood can vary greatly and combustion conditions 

strongly impact differences in toxicity even for the same fuel source 21–25. Rodent exposure 

studies comparing the toxicity of laboratory biomass emissions produced by various American 

forest biomass fuels have established that combustion conditions (flaming or smoldering) 

influence the concentration and composition of pollutants generated, as well as the degree of 

pulmonary toxicity from red oak, peat, pine needles, eucalyptus, and pine materials. Kim et al. 

showed that smoldering combustion has higher emission factors of PM compared to flaming 

combustion, and biological toxicity of emissions for each biomass material varies. For instance, 

differential in vitro immune and pro-inflammatory responses in the lung and bacterial 

mutagenicity were observed based on the distinct combustion phase from which the particles 

originated 22,23. Bolling et al. reported that combustion temperature may influence in vitro 
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immune cell toxicity. Cultures of mixed monocyte and pneumocyte cells exposed to particles 

released from the medium temperature (500-800 ºC) combustion of birch and fir wood mixtures 

using a cast-iron woodstove demonstrate reduced cell numbers (indicated by cell death) and 

higher releases of lactate dehydrogenase (an indicator of cell membrane permeability and cellular 

toxicity), compared to cells exposed to wood emissions from high-temperature (700-1000 ºC) 

combustion or particles representative of traffic related PM 21. This study also revealed complex 

trends in the induction of various pro-inflammatory markers with traffic related particles and 

medium-temperature wood particles inducing a higher release of specific inflammatory markers 

like, IL-6 that are usually produced concurrently with other inflammatory cytokines (IL-1 and 

TNF-α), compared to high-temperature wood. Surprisingly, different patterns for cytokines such 

as IL-8 were observed, which is a chemoattractant agent that attracts and activates inflammatory 

cells. In summary, in vivo and in vitro studies demonstrate that pollutant emission factors, which 

vary according to fuel type and the specific combustion conditions during the burning event are 

determining factors in the toxicity profiles of solid biomass fuels, but the specific toxicological 

effects of distinct solid fuels such as dung is currently not well studied.  

1.4  Identifying biochemical markers to relate stove-fuel combinations to 

toxicity 
 

1.4.1 Oxidative potential 

 

One of the main underlying chemical characteristics of particulate matter thought to drive 

biological toxicity is oxidative potential. Oxidative potential (OP) refers to the ability of PM to 

trigger reactive oxygen species (ROS) formation and induce cellular oxidative stress. Oxidative 

stress occurs when cellular ROS generation overwhelms the innate antioxidant responses and can 

result in deteriorated cell functions. OP can be evaluated using acellular and cellular methods to 
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determine the rate of ROS generation and antioxidant consumption by various air pollutants. PM 

is known to promote biological ROS generation, in part due to the absorbed chemical species on 

the particle surface. PM2.5 is composed of elemental carbon and organic carbon, and components 

such as metals that can adhere to the particle surface. Compounds such as metals and quinones 

can directly participate in Fenton and redox-cycling reaction, while some PAHs can undergo 

oxidative reaction on the particle surface and result in increased redox activity. This ability of 

surface-bounds PAHS to undergo oxidative reactions and form surface-bound quinone-like 

species with high redox potential has been observed for soot, which are fine black carbon-based 

particles and are characteristic of incomplete combustion 26. Soot particles are highly enriched 

with PAHs, which drive their carcinogenic effects 27. Although OP has some limitations in 

predicting biological toxicity, it provides a metric relevant to health effect mechanisms 

associated with PM induced diseases. 

Regional OP of ambient PM is associated with distinct sources of atmospheric pollutants. In 

Delhi, India, atmospheric air samples from regional events occurring in 2019 such as post 

monsoon dry season, Diwali holiday festivals with firework activity, and a winter fog period 

demonstrated different average mass concentrations of PM2.5, distinct volume normalized PM 

OP measures, and chemical patterns linked to each of those events. The mass concentration of 

PM2.5 and their intrinsic OP normalized by volume were highest during the winter fog period 

when atmospheric inversions intensify ambient PM concentrations at a time when biomass 

burning is prevalent. Additionally, each event had a unique chemical signature attributed to 

different air pollutant sources such as elevated chloride and potassium ions attributed to biomass 

burning during the winter fog period, while secondary sulfates and crustal elements associated 

with traffic and resuspended dust sources were more common during the post monsoon season. 
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A high OP in atmospheric air samples from cities with high levels of biomass burning has been 

reported in multiple studies, particularly in the winter time when residential solid biomass fuel 

burning is common 28–30.  

 Ambient PM oxidative properties contribute to poor health outcomes for those in Atlanta, 

Georgia, with a high OP positively correlating with emergency department visits for wheezing, 

asthma, and congestive heart failure 31. Biomass burning activity in Georgia accounted for the 

elevated OP assessed with the dithiothreitol (DTT) assay, a commonly used measure of particle 

redox activity. Biomass burning activity contributed the largest fraction of total historical OP 

within the nearly 10-year study period, contributed to 45% of the overall DTT activity, which 

was higher than the contribution of light-duty gasoline vehicles and heavy-duty diesel vehicles. 

The high DTT activity values occurred in the wintertime when prescribed burns occur in the 

region. In India, episodic pollution events from fireworks in Delhi cause elevated levels of 

ambient PM and have been associated with excess cases of mortalities and hospital admissions 

32. In Latin America and South America, high levels of biomass smoke from prescribed burn 

episodes have also led to increased hospital admission and morbidity amongst sugar cane 

workers 33,34. The OP of pollutants and their links to excess hospitalization from episodic events 

with high atmospheric pollutants, suggests that particle induced oxidative stress contributes to 

poor health outcomes, and therefore it is important to understand the oxidative properties unique 

to solid biomass burning emissions that initiate toxic mechanisms and promote respiratory and 

cardiovascular damage.  
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1.4.2 Cellular mechanisms associated with solid fuel toxicity 

 

Source-specific chemical composition and physical properties of PM likely drive the unique 

toxicity of specific biofuels. However, while higher OP measures have been reported for rice 

straw particles compared to pine stem particles, higher in vitro cellular inflammatory responses 

are observed for pine stem particles compared to rice straw particles 35. Variations in chemical 

composition such as the presence of trace element (copper, zinc) and organic carbon content 

have been attributed to result in differences in OP among specific solid fuel types and may also 

influence the differences in toxicity once PM is inhaled or in in vitro cellular toxicity studies. 

Smoke generated from the low temperature combustion (550 ºC) of coal has been reported to 

have greater biological toxicity compared to smoke from high temperature combustion (1100 ºC) 

, likely due to the higher output of carbonaceous compounds and PAHs at lower temperatures 35, 

but changes in elemental composition may also play a role. Studies using both acellular and cell 

toxicity approaches provide insight into how various solid biomass fuel sources activate different 

biological pro- and anti-inflammatory response pathways and promote different extents of 

cellular toxicity. There may be multiple components of solid biomass fuel smoke contributing to 

altered cell function or compromised viability in specific cell types. Cow dung is generally 

understood to produce PM with higher OP and more PM per mass of fuel burned, but the 

biological implication of these differences among distinct solid biomass fuel sources remains 

understudied 36–38.  

Airway immune cells such as alveolar macrophages are part of the innate immune system and 

serve as the first defense response in the lung against foreign substances, infectious organisms, 

and inhaled PM. Macrophages internalize foreign material through phagocytosis and release 

antimicrobial mediators such as superoxide and hydrogen peroxide through a “respiratory burst” 
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process involving transient oxygen consumption and nicotinamide adenine dinucleotide 

phosphate oxidase, illustrated in Figure 1. Alveolar macrophages are also involved in 

maintaining redox homeostasis, initiating (and later resolve) inflammation, tissue repair, and 

airway remodeling signaling processes.  

 

Figure 1: Respiratory burst and phagocytosis functions in macrophage cells. 

 

Particulate carbon has been observed in the alveolar macrophages of people exposed to solid 

biomass fuel smoke, and can serve as a graphic indicator of personal cumulative exposure to 

combustion-derived PM 39,40. Some of the soot-containing macrophages are removed by 

mucociliary clearance and are swallowed. Others migrate to the lymph nodes where they are 

retained for years and can release toxic constituents that affect distal organs. For example, the 

sputum of Ethiopian women and children exposed who regularly cook with biomass fuels 

contained alveolar macrophages with significantly more carbonaceous particles compared to 
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sputum from reference participants 41. The elevated carbon loading observed in people exposed 

to high levels of PM suggests that once internalized by phagocytic cells, PM can remain in innate 

immune cells for prolonged periods that may contribute to direct PM-mediated and indirect 

cellular-mediated ROS generation processes that promote oxidative stress and detrimental 

cellular outcomes. Alveolar macrophages exposed to wood PM and fine carbon black particles in 

vitro have reduced phagocytic activity and reduced oxidative burst capacity in response to 

bacterial pathogens 42. The reduced capacity to produce an effective antibacterial response was 

directly related to intracellular particulate loading and might be a factor in the increased 

incidences of pneumonia and other respiratory system disease observations in epidemiological 

studies of individuals exposed to high levels of smoke from indoor cooking activities 43,44. A 

limited body of work has also demonstrated that viral defenses are compromised humans airway 

epithelial cells exposed to in dung smoke and in mice expose to dung smoke 38,45. 

Studies examining the immunomodulatory effects of solid dung fuel pollutants remain limited, 

and much less has been done to describe macrophage antioxidant and metabolic gene expression 

changes following exposure to solid biomass fuels. This study approached this gap by addressing 

three specific aims. The first aim of this work is to relate fuel and stove conditions to the 

composition of smoke PM by characterizing the OP of PM emissions from cookstoves and solid 

fuels that are predominantly used in rural households in the Indo-Gangetic Plain. The second aim 

of this work is to relate toxicity effects to specific fuel and combustion characteristics. Immune 

cell viability, respiratory burst function, oxidative stress, metabolic homeostasis, and gene 

expression of metabolic and glutathione maintenance genes responses were examined using in 

vitro methods with the RAW 264.7 macrophage-like monocyte cell line to model acute 

exposures to solid biomass fuel smoke. The third aim of this study is to conduct a systematic 
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multivariate analysis of the fuel type and combustion conditions against the outcomes explored 

in this study (OP, cytotoxicity, and oxidative stress and metabolic responses). Fuel source and 

cookstove properties were expected to play a meaningful role in particle toxicity due to the 

formation of aromatic compounds and unsaturated bonds with reactive oxidizing and 

electrophilic properties during inefficient combustion processes. PM emissions demonstrating 

high oxidative capacities were thought to exacerbate the negative effects following exposure in 

vitro due to the promotion of intracellular oxidative stress and possible direct inhibition of 

enzymatic processes. Furthermore, cellular exposure to PM with low oxidative properties were 

expected to produce less adverse outcomes due to sustained intracellular homeostasis and stress-

response capabilities. 
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2. Field site and particulate matter collection 
 

The sample collection and characterization of PM emissions were the focus of students Robert 

Weltman’s 46 Master’s thesis and Lauren Fleming’s 47 Ph.D. dissertation work. Extensive details 

of the collection methods, emission factors, and the molecular composition of the biomass 

burning emissions have been described in detail in previous publications 48–50, but are 

summarized herewith for completeness.  

2.1  Particulate matter source 
 

The PM2.5 emissions used in this study were sampled from partially controlled testing from a 

village in Khatela in the Palwal district of Haryana, India. A local cook was hired to prepare 

traditional meals of roti or rice and vegetables for four people carried out in traditional mud 

chulha or angithi cookstoves, pictured in Figure 2.  The chulha is a U-shaped cookstove made of 

bricks and a clay covering and is typically used to cook family meals. Chulha stoves have an 

open front design allowing sufficient supply of oxygen that results primarily in flaming 

combustion with a high modified combustion efficiency (MCE). MCE is a simplified proxy 

value for combustion efficiency calculated by the concentration ratios of CO2 to the sum of CO2 

and CO, defined in equation (1), where ΔCO2 and ΔCO is the change in the measured mixing 

ration of the emission versus the background.  

𝑴𝑪𝑬 =
𝜟𝑪𝑶𝟐

𝜟𝑪𝑶 +  𝜟𝑪𝑶𝟐
 

( 1) 

 

With complete combustion where all carbon is converted to CO2 the MCE is 1. Flaming 

combustion has an MCE of 0.99, while smoldering combustion is in the range of 0.8-0.88 47. The 
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angithi cookstove is made of mud and a clay bowl and is largely smoldering with relatively low 

MCE and is primarily used for cooking animal fodder and simmering milk. The fuels used in the 

chulha stoves were brushwood in the form of branches and twigs, and/or buffalo and cow dung 

cakes. The fuel used in the angithi cookstoves was exclusively dung. 

 

Figure 2: Photograph of traditional mud cookstoves used in India. An angithi stove is pictured 

on the left and a chulha stove loaded with dung cakes is pictured on the right. 

 

2.2 Particle matter emission factors and chemical constituent analysis 
 

Three-pronged metal probes were hung 60 cm above each cookstove and emissions from 

independent cooking events were sampled using PCXR8 pumps (SKC Inc. Universal, PA). PM2.5 

emissions were collected onto polytetrafluoroethylene (PTFE) filters with polymethylpentene 

support rings (2.0 μm, 47 mm, SKC Inc., Fullerton, CA) during meal preparations using cyclone 
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fractionators (2.5 μm, URG Corporation). Concentrations of CO2 and CO were analyzed for all 

samples using a TSI Q-Trak 7575 (TSI, Shoreview, MN) and adjusted for background ambient 

concentrations. The total mass of each fuel type consumed was calculated by weighing the total 

fuel before and after each cooking event, while fuel moisture content was assessed using a 9-volt 

digital moisture meter (model: 50270, SONIN Inc., China). The reported emissions factors and 

PM samples collected by the research team reflect the actual usage in local homes, which differ 

from conditions in controlled laboratory studies.   

PM2.5 from independent cooking events were analyzed via nanospray desorption electrospray 

ionization–high resolution mass spectrometry (nano-DESI-HRMS) and high-performance liquid 

chromatography–photodiode array–high resolution mass spectrometry (HPLC-PDA-HRMS) 

techniques to generate an inventory of the numerous compounds present in the particle phase. 

Parallel studies were conducted on the gas-phase emissions as well.  

2.2.1 Chemical composition of dung PM2.5 emissions 

 

In general, dung fuels used with traditional Indian oven-type angithi stoves yield higher amounts 

of PM2.5, volatile organic compounds (VOCs) and secondary organic aerosols (SOAs) compared 

to brushwood or wood-dung mixtures from chulha stoves. Weltman and Fleming’s studies 

identified differences in the chemical composition of volatile and PM emissions from dung or 

brushwood emissions. MCE and different fuel-stove combinations were shown to influence the 

emission factors of sulfur-containing compounds, halogen-containing compounds, organo-

nitrates, alkanes, alkenes, alkynes, aromatics, terpenes, and oxygenated compounds. Other 

factors such as pyrolysis temperature and fuel moisture may also lead to variability in biomass 

burning emissions, but Weltman and Fleming’s did not find a significant relationship between 
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specific compound emissions and fuel moisture content or meal cooked. However, angithi 

stoves, characterized by lower MCE values compared to chulha stoves, release higher amounts 

of PM2.5 per kilogram of dry fuel burned. Measures using nano-DESI HRMS also detected a 

greater chemical complexity from dung-angithi cookfires (262 compounds) compared 

brushwood only-chulha cookfires, as detailed in Table 1. 

Table 1: Average emission factors and standard deviation of PM2.5 for cook fire events. 

Stove Type chulha chulha chulha angithi 

Fuel cow dung brushwood mixed fuels cow dung 

Emission Factor: 

PM2.5g g/kg dry fuel 

19.2 ± 7.1 

(N = 18) 

7.4 ± 5.7 

(N = 14) 

11.0 ± 2.0 

(N = 13) 

33.2. ± 7.6 

(N = 10) 

MCE 0.865 ± 0.014 0.937 ± 0.035 0.892 ± 0.021 0.819 ± 0.031 

Molecular complexity 

of PM2.5 

212 compounds 

 
93 compounds Not included 262 compounds 

Values represented as the mean of (N) filters for each stove-fuel combination ± standard 

deviation. (Adopted from Fleming et al. 48,49). 

 

The nano-DESI HRMS analysis revealed that the compounds arising from dung and brushwood 

combustion predominantly consist of complex nitrogenated and oxygenated heterocyclic 

compounds, as summarized in Figure 3. Dung emissions from either chulha or angithi stoves are 

primarily composed of nitrogen containing aromatic hydrocarbons (N-HC), with few or no 

oxygen atoms, and exhibit a high degree of unsaturation. The presence of nitrogen containing 

hydrocarbon compounds in dung emissions may be a result of the herbivore diet and digestive 

processes, and the lower combustion efficiencies of dung fuels compared to brushwood 51. 

Oxygen and nitrogen containing hydrocarbons (N,O-HC) are also more abundant in dung 

combustion emission than in brushwood emissions. In contrast, emissions from brushwood 

burning are largely composed of oxygenated hydrocarbons (O-HC), which is typical of woody 

materials that naturally contain lignin. Potassium salts are a well-known flaming biomass 

burning tracer, and are observed in chulha stoves, but are absent from angithi cookfires. The 
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source of potassium salts may be from flaming combustion processes, the potassium content of 

the fuel, but also the specific stove materials and food items cooked.  

 

Figure 3: Relative abundance of distinct chemicals in solid biomass fuel PM emissions. Pie 

chart describing results from nano-DESI-HRMS and illustrate the elemental makeup of PM 

emissions generated from a) dung-chulha, b) dung-angithi, and c) brushwood-chulha fuel-stove 

combinations. Compounds detected include nitrogen containing aromatic hydrocarbons (N-HC, 

blue), oxygen, and nitrogen containing hydrocarbons (N,O-HC, yellow), oxygenated 

hydrocarbons (O-HC, red), potassium salts (purple), or other unassigned compounds (gray). 

(Adopted from Fleming et al. 49) 

 

2.3  Post-site collection toxicology assessment strategy 
 

The relative toxicity of emission from burning dung and mixed brushwood-dung fuels, with 

varying moisture contents, generated under varying combustion conditions has been 

understudied and warrants further investigation. A systematic analysis of the relationship of 

stove type, fuels, and PM emissions toxicity in macrophage cells following acute exposures was 

the focus of this dissertation. Prior studies have established that the diversity of compounds 

emitted from biofuel combustion vary according to fuel type and combustion efficiency. Based 

on the chemical analyses and emission factor estimations conducted in our laboratory, we expect 

the in vitro biological toxicity of cook fire emissions to be influenced by the combustion 

conditions unique to the fuel-stove combination.  
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This dissertation work was conducted using a subset of the cookstove emission Teflon filter 

samples previously used for chemical analysis. A total of 18 individual emission samples were 

used across the toxicology studies, which included five filter extracts from dry dung samples 

from chulha stoves, four wet dung samples from chulha stoves, six mixed fuel (wood-dung) 

samples from chulha stoves, and three dung samples from angithi stoves. Reference compounds 

were also included in the experiments to ascertain if cellular toxicity from solid fuels is 

comparable to that of urban dust and a single quinone compound. The National Institute of 

Standards and Technology (NIST, Gaithersburg, MD) Standard Reference Material 1648a (SRM 

1648a), which is an urban air particulate matter sample collected over a 2-year between 1974 to 

1976, in St. Louis, MO, was used as positive control. It is considered “total suspended particle” 

material with about 50% of particles being less than 10 μm in mean diameter (NIST, Certificate 

of Analysis). SRM 1648a is commonly used for method development, cross-laboratory 

comparisons, and in vitro studies because its chemical composition is well-characterized 52,53. In 

vitro cellular exposures to SRM 1648a is known to induce oxidative stress and DNA damage due 

to the presence of metals like iron 52. A stock solution of SRM 1648a was prepared by weighing 

out and resuspending 1 mg of the powder into cell culture grade water. The chemical standard 9, 

10 phenanthrenequinone (PQN) was also included in this study. This compound is an oxygenated 

derivative of the PAH phenanthrene, produced through photooxidation or chemical oxidation. It 

is a known redox active compound and represents a prominent quinone in diesel exhaust and is 

present in ambient air samples both in the particle-phase and the gas-phase 54. In vitro 

experiments indicate that PQN exerts cytotoxic effects on cells through promoting excess ROS 

formation triggering apoptosis 55. A 5 mM PQN stock solution was prepared in dimethyl 

sulfoxide (DMSO) and was further diluted to a 0.03 µM working concentration using deionized 
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water (DI) immediately preceding experiments. Both SRM 1648a and PQN reference compound 

solutions were stored at -20 °C when not in use. 

2.3.1 Aqueous particle suspension preparations 

 

Particle suspensions were prepared by extracting the particles from the PTFE filters using a 

combination of sonication and shaker techniques. First, filters were placed face down onto a 16-

ounce glass amber jar prefilled with 4 mL of ultrapure cell culture grade water and coated with 

60 µL of 95% ethanol (etOH). The jars were placed in an ultrasonic bath and sonicated for 30 

minutes to dislodge particles. The jars were then placed on a rotary shaker for 15 minutes. This 

process was repeated two more times to maximize particle removal from the filters. To 

determine the extraction efficiency and particle concentration in the aqueous extract, the PTFE 

filters were dried, and the mass of particles was assessed with a microbalance (Cahn C-31 

Microbalance, Thermo). Mass normalized aliquots of the aqueous particle extracts (cookstove 

filter samples and SRM 1648a control) were sonicated for 30 minutes in a water bath prior to use 

for cell-free assays and in vitro cell exposures. All PM extract stocks were stored at -20 °C when 

not in use.  

2.3.2 Particle extraction efficiency 

 

Extraction efficiency was determined by mass, which was assessed by the gravimetric mass 

loading of particles on the Teflon filter during the emission sampling and subtracting the mass of 

the filter after aqueous extraction as summarized in equation (2).  

𝑬𝒙𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) =  
𝒎𝒂𝒔𝒔 𝒆𝒙𝒕𝒓𝒂𝒄𝒕𝒆𝒅 (𝒎𝒈)

𝒎𝒂𝒔𝒔 𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒆𝒅 (𝒎𝒈)
 × 𝟏𝟎𝟎 

 ( 2) 
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Table 2 shows the extraction efficiency for all 18 filters used in this study ranged from. The 

aqueous filter extracts were used for DTT experiments, and for in vitro cell-based experiments 

when the concentration was sufficiently high for dosage. While extraction efficiencies for the 

filter samples used for experiments 55% - 100% as described in Table 2, there was a strong 

correlation observed between high particulate mass loading and extraction of particles from 

filters indicating a favorable extraction procedure, Figure 4. Differences in extraction efficiency 

may be attributed to mass lost from evaporation due to long term storage and errors associated 

with weighing filters, and variations in room humidity and temperature.  

 

 

Figure 4: Correlation between particle mass loading and extraction of particles from 18 filters 

used for toxicity experiments. 
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Table 2: Extraction efficiency for 18 filters used for toxicity experiments.  

Stove Fuel type Moisture Meal 
Filter 

ID 

Blank 

filter pre-

weight 

Mass 

loaded 

(mg) 

Loaded 

filter 

weight 

(mg) 

Post-

extraction 

filter 

weight 

(mg) 

Extracted 

mass  

(mg) 

Extraction 

efficiency 

(%) 

  dry roti 1 81.63 5.03 86.66 82.13 4.53 90% 

  dry rice 2 83.33 3.59 86.93 83.33 3.59 100% 

Chulha dung dry roti 3 85.34 4.20 89.54 86.02 3.52 84% 

  dry rice 4 80.41 9.42 89.82 82.13 7.69 82% 

  dry rice 5 81.96 2.76 84.72 82.52 2.20 80% 

  wet roti 1 83.60 3.28 86.89 84.50 2.39 73% 

Chulha dung wet rice 2 80.70 3.51 84.22 81.34 2.88 82% 

  wet roti 3 84.06 5.71 89.77 85.62 4.15 73% 

  wet rice 4 78.32 6.12 84.44 80.38 4.06 66% 

  wet + dry rice 1 79.31 2.46 81.77 80.18 1.59 65% 

  dry + dry roti 2 82.00 2.80 84.80 82.18 2.62 94% 

Chulha 
dung + 

brushwood 
dry + dry roti 3 81.71 2.63 84.34 82.24 2.10 80% 

  wet + dry roti 4 82.35 3.24 85.59 83.19 2.40 74% 

  wet + dry roti 5 80.19 1.83 82.02 80.61 1.42 77% 

  wet + dry roti 6 80.48 3.21 83.69 81.40 2.29 71% 

  wet 
animal 

food 
1 77.91 1.84 79.75 78.59 1.16 63% 

Angithi dung dry 
animal 

food 
2 81.85 4.48 86.34 82.23 4.10 92% 

  dry 
animal 

food 
3 81.30 5.79 87.09 83.88 3.21 55% 
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3. Oxidative potential of solid biomass fuel particulate matter 

emissions 

3.1  Introduction 

Biological oxidative stress is an important mechanism implicated in PM induced toxicity, which 

occurs when the excessive generation of ROS in vivo overwhelms natural antioxidant defenses. 

The ability of redox active PM species to generate ROS in vivo, referred to as the OP of particles, 

can be assessed by various acellular techniques. The DTT assay is commonly used to measure 

the depletion of free sulfhydryl groups in DTT over time by redox active compounds such as 

PQN, which catalyze the transfer of electrons from DTT to oxygen thereby producing superoxide 

and converting DTT to its disulfide form 56. Numerous investigations focus on the DTT activity 

in water-soluble aerosol sample extracts, which may be the most biologically relevant due to the 

solubility and capacity for absorption in the respiratory tract. DTT acts as a surrogate for 

biological reductants such as reduced nicotinamide adenine dinucleotide (NADH) or 

nicotinamide adenine dinucleotide phosphate (NADPH) involved in the generation of cellular 

superoxide and oxidative stress processes 57,58. The linear rate of DTT depletion over time is 

proportional to the concentration of redox active constituents in PM extracts, such as black 

carbon and transition metals, and to a lesser extent electrophile compound, providing insight into 

the constituents that generate ROS and oxidize biological molecules to promote oxidative stress 

59,60.  The use of DTT assays has gained popularity due to its strong association with adverse 

health outcomes, while similar associations using alternative OP methods involving the acellular 

depletion of physiologically relevant antioxidants such as ascorbic acid are inconsistent 61,62.   
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The aim of this study was to characterize the DTT activity (rate of depletion of DTT normalized 

by mass) by PM2.5 emissions derived from dung and mixed dung-brushwood solid biofuels used 

with traditional cookstoves commonly used in India to assess the OP of particles from distinct 

sources. We hypothesized that PM emissions from angithi smoldering combustion cookstoves 

would have higher OP (higher DTT depletion rate) properties than PM emissions from chulha 

flaming combustion cookstoves due to the formation of different reactive chemicals from 

inefficient burning of solid biofuels. This study also sheds light on how fuel moisture content 

influences the redox properties of PM emissions from solid fuel cookstoves and compared the 

OP between PM from different sources including chemical standards PQN representing a major 

quinone in diesel, as well as urban dust material SRM 1648a. The analysis aimed to evaluate the 

OP variations of PM2.5 emissions from distinct stove-fuel sources and how combustion 

parameters influence particle reactivity.  

 

3.2  Materials and methods 
 

3.2.1 Oxidative potential using a semi-automated DTT system 

 

Mass normalized aqueous extracts of biomass PM emissions were used to measure the PM-

dependent decay of DTT over a 40-minute period. PQN solution (0.3 µM) as a blank control and 

a blank PTFE filter extract as a negative control were included for each daily experimental batch 

to assess reproducibility, while each cookstove filter extract sample was run in duplicate. The 

blank PTFE filter extract was further diluted 1:10 in cell culture grade water to mimic the highest 

dilution scheme performed with the field sample filter extract stock solutions.  
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Methods from Gao, Fang, and Weber 60,63 were adapted to conduct the water-soluble DTT assay 

measuring the depletion of 100 µM of DTT by PM extracts from cookstove emissions over a 40-

minute period. Stock solutions of PM aqueous extracts were diluted to a concentration of 50 

µg/mL and 0.7 mL of the extract was incubated at 37ºC with continuous shaking with 0.2 mL 

potassium phosphate buffer (0.5 mM) and 0.1 mL DTT (1 mM) in 15 mL polypropylene 

centrifuge tubes. Aliquots (50 µL) were withdrawn at time (t) = 5, 10, 20, 30, and 40 minutes, 

and mixed with 0.5 mL trichloroacetic acid (1% w/v) to quench the consumption of DTT. The 

quenched solution was further mixed with 1 mL Tris buffer (0.08 M Tris buffer with 4 mM 

EDTA (ethylenediaminetetraacetate)) and 0.25 mL of DTNB (0.2 mM, 5,5’-dithiobis-(2-

nitrobenzoic acid) and then diluted with 9.2 mL of Milli Q water. The resulting solution was 

immediately measured for absorbance at 412 nm and a background wavelength at 700 nm using 

the Liquid Waveguide Capillary Cell with an optical path length of 10 cm (World Precision 

Instruments, Inc.) coupled to the ultraviolet-visible spectrophotometer (DH-MINI, Ocean Optics, 

Inc.) and the multi-wavelength light detector (FLAME-T-UV-VIS-ES, Ocean Optics, Inc.). The 

rate of DTT consumption was calculated from the linear regression of absorbance versus time. 

The final oxidative capacity of the PM sample was calculated after subtracting blank filter values 

from the sample values and further normalized by total PM mass in the reaction vial, presented 

as the water-soluble, mass normalized DTT oxidation activity (DTTm, pmol min -1 µg -1). The 

total cookstove PM mass in each reaction vial was calculated to be 35 µg (0.7 mL aliquot  × 

50 µg mL-1 liquid concentration).     

3.2.2 Statistical analysis 

 

All data were expressed as means ± standard error of the mean (SEM), unless otherwise stated.  

To determine the statistical significance of the differences between groups six independent 
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groups: dry dung-chulha, wet dung chulha, mixed fuels with chulha, dung with angithi, PQN, 

and SRM 1648a, the Kruskal-Wallis non-parametric one-way analysis of variance (ANOVA) 

was performed following a normality test. The Dunn multiple comparison post hoc test was used 

to assess pairwise differences between groups. The significance level was set at a =0.05 to 

determine statistical significance.  All statistical analyses were performed using GraphPad Prism 

(version 10.1.0 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com).  

 

3.3   Results 

 

3.3.1 Oxidative potential differences between angithi and chulha stove PM emissions 

 

To assess the oxidative potential of particles from different emission sources, we conducted a 

DTT assay using PM2.5 emissions from biomass combustion with traditional cookstoves, PQN 

standard, and SRM 1648a urban dust. The mean OP of PQN from eight replicate measures was 

determined to be 35.7 pmol min-1 μg-1, while the mean OP of urban dust sample SRM 1648a 

from four replicate measures had a lower value of 21.9 pmol min-1 μg-1. Angithi dung samples 

(N= 3 filters) had an average OP at 50.6 pmol min-1 μg-1, higher than any other PM source tested. 

In contrast, emissions from chulha cookstoves exhibit a lower mean OP than both PQN and SRM 

1648a. Mixed wood-dung fuel emissions used with chulha (N = 6 filters) had a mean OP of 15.2 

pmol min-1 μg-1, which was comparable to the mean OP observed in wet dung chulha emission 

samples (N = 4 filters) of 17.5 pmol min-1 μg-1. Dry dung chulha samples (N = 5 filters) 

exhibited the lowest OP among the PM sources studied, with a mean OP of 10.3 pmol min-1 μg-1. 

The mean OP of the PM samples tested are summarized in Table 3. 

 

http://www.graphpad.com/
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Table 3: Summary of mean oxidative potential in PQN and SRM 1648a standards and 

biomass combustion PM from traditional cookstoves 

 

Sample 
N (filters tested; 

repeat measures *) 

DTT Activity ± 

SD 

PQN 8* 35.7 ± 7.9 

SRM 1648a 4* 21.9 ± 7.2 

Dry dung-chulha 5 10.3 ± 7.8 

Wet dung-chulha 4 17.5 ± 11 

Mixed fuels-chulha 6 15.2 ± 11 

Dung-angithi 3 50.6 ± 28 

DTT activity values represent pmol of DTT consumed, min-1, μg-1 of PM. Values represented as 

the mean ± standard deviation (SD) from different filters used (N) differed for each stove-fuel 

combination. Mean DTT activity values were attained by averaging duplicate or triplicate 

measures of each filter when possible.  

 

3.3.2 Fuel source and stove combustion efficiency influence oxidative potential 

Overall, the PM emissions from angithi stoves were demonstrated to have the highest OP, but 

PM emissions from chulha stoves were lower than PQN and urban dust chemical standard SRM 

1648a. Statistically significant group differences (H = 26.2, P <.001) in the mean OP of particles 

from these sources were observed, summarized in Figure 5. A pairwise post-hoc Dunn’s test 

showed that PM from angithi cookstoves displayed a significantly higher OP (50.6 pmol min-1 

μg-1) compared to chulha dry dung (10.3 pmol min-1 μg-1, P <.001) and chulha mixed fuel 

extracts (15.2 pmol min-1 μg-1, P =.025). Statistically significant differences were also observed 

between PQN (35.7 pmol min-1 μg-1) and dry dung chulha PM (P =.002). However, no statistical 

difference was observed between the OP of dung samples obtained from angithi cookstoves, 

which encompassed both dry and wet moisture content, and the wet dung emissions from chulha 

cookstoves with a lower OP (17.5 pmol min-1 μg-1), likely attributable to the inherent variability 

in the OP across individual filters. 
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Figure 5: Oxidative potential of PQN, SRM 1648a, and solid fuel PM emissions. Mean DTT 

activity ± SEM for 15 filters from chulha stoves (N = 5 dry dung samples, N = 4 wet dung 

samples, and N = 6 mixed wood-dung fuel samples) and three filters from dung combustion with 

angithi cookstoves measured in duplicate or triplicate when possible. * P <0.033, ** P <0.003, 

*** P <0.001.  

 

3.3.3 Variability of oxidative potential measures 

The DTT decay rate varied between filters from the same stove and fuel type, but also between 

replicates of the same filter extract, as summarized in Table 4. Three out of the five chulha dry 

dung filter extracts had a low OP of less than 6 pmol min-1 μg-1. The coefficient of variation 

(CV) for replicate measures of any single dry dung chulha stove filter extract ranged from 30 % 

to 73%. For the four wet dung chulha filter extracts tested, three filters had an OP range between 

11 and 18 pmol min-1 μg-1
 and only one filter had a high OP of 32 pmol min-1 μg-1. The CV for 

replicate measures of any single wet dung filter extract ranged from 2 % to 26 %. The chulha 

mixed fuel extracts exhibited similar variation in OP, with only one out six filters having a high 

OP of 34 pmol min-1 μg-1 and the other five filters having an OP of less than 14 pmol min-1 μg-1. 

The CV for replicate measures of any single mixed fuel chulha filter ranged from 14 % to 50 %. 

Only three dung angithi stove filters were assessed, and all these filter extracts had a high OP 
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exceeding 34 pmol min-1 μg-1. The highest OP average measure for single dung angithi filter was 

76 pmol min-1 μg-1 with the CV for filters extracts of this fuel stove type ranging from 44-48 %. 

The CV for PQN was determined to be 22 %, whereas the CV for SRM 1648a was calculated to 

be 33 %.  

Table 4: Summary of filter samples used for DTT experiments and oxidative potential results 

Sample Type Filter ID 

N (filters 

tested; 

repeat 

measures *) 

Oxidative potential ± CV, 

pmol min-1 µg-1 

Redox active 

control 
PQN 8* 35.7 ± 22% 

Urban dust SRM 1648a 4* 21.9 ± 33% 

Dry dung chulha 1 3 14.5 ± 41% 

 2 2 4.0 ± 46% 

 3 2 5.4 ± 47% 

 4 3 5.9 ± 73% 

 5 2 21.9 ± 30% 

Wet dung chulha 1 2 11.2 ± 2% 

 2 2 13.0 ± 25% 

 3 2 18.7 ± 23% 

 4 2 32.4 ± 26% 

Mixed fuels 

chulha 
1 1 5.7 

 2 2 7.5 ± 14% 

 3 2 11.3 ± 24% 

 4 1 12.0 

 5 2 14.2 ± 50% 

 6 2 34.3 ± 30% 

Dung angithi 1 3 34.3 ± 44% 

 2 1 48.7 

 3 2 76.1 ± 48% 

Oxidative potential of individual solid biomass fuel PM emission filter extracts. The mean DTT 

consumption ± coefficient of variance (CV) for each filter extract was determined from 2-3 

independent experiments except for two mixed fuels-chulha filters (ID 1,4), and one dung-angithi 

filter (ID 2) that were only tested once due to limited sample volumes. 
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3.4  Discussion 

3.4.1 Variable oxidative capacity of particulate matter from distinct sources  

 

The DTT activities for the samples used in this study range from 4 – 76 pmol min-1 μg-1.  The 

PM emissions from angithi stoves demonstrated the highest mean OP, followed by PQN and 

SRM 1648a, while PM emissions from chulha stoves had the lowest OP amongst all the samples 

in this study. The lower OP of flaming chulha stove emissions compared to smoldering angithi 

stoves were expected because flaming combustion results in the formation of complete oxidation 

products such as carbon dioxide, while smoldering combustion results in incompletely oxidized 

products such as carbon monoxide and other redox active compounds 64.   

The results in this study fall in line with previous literature describing that cooking and biofuel 

burning emissions are relatively high. Cooking related organic aerosols and biomass burning 

organic aerosols have been associated with higher DTT activity than ambient particulate matter. 

In fact, one study using a combination of DTT experiments and Positive Matrix Factorization 

mathematical modeling found the DTT activity of biomass burning emissions to be 151 ± 20 

pmol min-1 μg-1, while that of urban cities in the United States ranges from be 10 - 70 pmol min-1 

μg-1, based on data from the water soluble fractions of these samples 65. Other studies have 

reported similar values, with values ranging from about 60-150 pmol min-1 μg-1 for cooking and 

biomass burning related sources 65–67. The exact methodology for conducting DTT experiments 

vary greatly in the literature and can be difficult to compare among various studies. One study by 

Conte et al., reported the DTT activity of SRM 1648a to be 0.0005 nmol min-1 μg-1, which was 

higher than the OP of ash wood pellet combustions using a pellet stoves reported at 0.0003 nmol 

min-1 μg-1 58. A different study by McWhinney et al., reported the DTT activity value of SRM 
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1648a to be less than 10 pmol min-1 μg-1 and have a relatively lower DTT activity than PM from 

diesel exhaust or vehicle sources 68. However, a different study by De Jesus et al., found the 

DTT activity of SRM 1649b (a modern batch of the NIST SRM 1648a sample 69) measured 

0.0242 nmol min-1 μg-1 which is comparable to the values reported in this study of 21.9 ± 7.2 

pmol min-1 μg-1 70
. Additionally, the rate of DTT consumption observed in this study for the same 

concentration of PQN is 1.7 nmol min-1, which is similar to the values reported by Fang et al 63. 

A relatively understudied aspect that may influence the OP of solid biomass fuel sources is the 

moisture content. The fuel moisture content of solid fuels have been shown to influence the 

amounts  of  carbon and nitrogen species emitted during burning 64. The presence of wet biofuel 

is also known to enhance the formation of compounds that promote oxidative reactions and 

reactive hydrocarbon precursor compounds are more readily the formed under humid conditions 

as opposed to arid conditions 66. While not statistically significant, we observed a trend of wet 

dung emissions from chulha stoves having a higher mean OP than either dry dung or mixed 

emissions from chulha cookstoves. The higher OP in wet dung samples may reflect the 

formation of products formed from the inefficient combustion of the wet fuels. While the 

moisture content of emissions from mixed fuels used with chulha stoves varied, the mean OP 

was more similar to the wet dung emissions than to dry dung emissions. The OP results from 

dung-angithi emission samples may reflect the generation of reactive chemicals generated by 

both wet and dry moisture contents of the fuel, as well as the formation of reactive chemicals 

from smoldering combustion.  

Studies comparing the chemical composition differences of PM emissions from anthropogenic 

(man-made emission sources such as vehicle fuel combustion) or biogenic (plant-based 

emissions sources such as solid biofuel burning) sources and their associations with OP have 



 

31 

 

identified secondary organic aerosols (SOAs) chemicals bound to PM to play an important role. 

The presence of chemical species on the PM source such as conjugated polyaromatic precursor 

compounds or nitroaromatics precursor compounds may drive strong OP effects. Other 

chemicals that vary among particulate matter source, such as metals, PAHs, and OC may also 

influence OP 71–73. Biomass burning is also known to contribute significantly to the production of 

humic-like substances (HULIS), a complex class of incomplete combustion products exhibiting 

both nonpolar and polar chemical characteristics. These compounds encompass water-soluble 

nitrogen -containing compounds such as pyridine and imidazole, which exhibit high redox 

activity, possibly facilitated by the unshielded nitrogen atom’s electron accepting capacity 74. 

The biomass samples used in this study include dung samples which contain higher levels of 

nitrogenated aromatic species than brushwood samples, while brushwood samples contain more 

oxygenated aromatics and potassium salts. While this study did not include emission samples 

strictly from brushwood combustion, the DTT activity of mixed fuels PM source did not 

statistically differ from dung only sources. This study adds to the growing evidence showing that 

the oxidative potential of particles generated during cooking with traditional cookstoves highly 

influenced by the fuel source and that particle redox activity is associated with the OC emission 

compositions 75.  

3.4.2 Limitations 

 

The DTT experiments described in this study were conducted using aqueous extracts containing 

the carbonaceous material from cookstove emissions. Carbonaceous material is known to contain 

reactive compounds that participate in redox reactions 76. The variability in observed OP values 

for any single filter likely arose from differences in the amounts of these particles in the reaction 

solution. These particulates were not filtered and the differing ability of PM materials to break 
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apart during sonication or mixing during pipetting preparation may contribute to the variation for 

replicate assays. Additionally, the low number of samples used in this study limits the 

conclusions that can be made regarding the associations between fuel-specific chemical 

composition, such as for brushwood contribution and moisture content, and the OP of particles.  
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4. Macrophage respiratory burst and viability following exposure to 

particulate matter emissions from solid biomass fuels 
 

4.1  Introduction 

Alveolar macrophages residing in the pulmonary alveoli serve as the first responders to inhaled 

pollutants, maintaining local immunologic and tissue homeostasis in the lung. Microbes or 

inhaled contaminants activate cell surface receptors (such as toll-like receptors and pathogen-

associated molecular receptors), which promote engulfment and clearance of the foreign material 

by phagocytosis. This process initiates a respiratory burst in which reduced NADPH oxidase 

enzymes (NOX) generates superoxide and other downstream ROS effector molecules such as 

hydrogen peroxide to clear pathogens and initiate immune defense responses and tissue repair 77.  

 

Figure 6: Macrophage respiratory burst and phagocytosis in response to PM exposure induces 

intracellular detoxification and antioxidant activity. Particle surface properties including the 

presence of oxidant, electrophile, and complex PAH compounds directly introduce ROS. 

Respiratory burst and phagocytosis activity also contribute to cellular mediated ROS generation.  
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While respiratory burst is an essential macrophage function, in vitro exposure to inhaled 

pollutants can alter innate immune cell respiratory burst functions and induce oxidative stress, 

which are linked to air pollutant induced adverse human health outcomes such as COPD 78. PM 

is known to indirectly induce cellular mediated ROS generation by altering NOX activity. 

Macrophage respiratory burst function is commonly assessed with fluorescent and 

chemiluminescent probes that measure the rate of ROS production in vitro. Respiratory burst can 

be rapidly stimulated in macrophages by exposure to zymosan yeast cell wall particles that 

initiate phagocytosis and NOX activity or through treatment with phorbol 12-myristate 13-

acetate (PMA) which alters the molecular inhibition processes associated with NOX regulation 

79. One study by Becker et al., explored ROS generation by in various human inflammatory 

immune cells including neutrophils, eosinophils, monocytes, and alveolar macrophages after a 

20-minute co-exposure with zymosan and either residual oil fly ashes (ROFAs), coal fly ash, 

diesel, silicon dioxide, titanium dioxide, or fugitive dust. The researchers observed that the 

various sources of particulate matter stimulate stimulates ROS generation, but the strength of the 

oxidant response was both cell specific and unique for each type of particle 80. Additional 

treatment of cells with molecular inhibitors that target oxidant radical formation altered the 

levels of ROS generated in the mitochondria cellular compartment or through NOX activity, 

providing an explanation to the observed variability in cellular oxidative stress responses 

following PM exposures. Such studies partially indicate that different immune cell types may 

exhibit unique oxidative stress responses to particles from different sources due to the 

contribution of distinct cellular signaling processes that promote ROS formation.  

PM also directly promotes cellular oxidative stress via respiratory tract interactions with particle-

bound chemical oxidants such as hydroperoxides which catalyze ROS generation. The impact of 
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direct chemical oxidation and indirect cellular mediated oxidative stress was the focus of a study 

by Fang et al. exploring macrophage responses exposed to either PQN or isoprene SOA. The rate 

of cell-free superoxide generation is higher in PQN compared to isoprene. Macrophages exposed 

to PQN or isoprene generate superoxide immediately following exposure, but lower 

concentrations of PQN were required to activate the superoxide formation cellular process while 

higher concentrations were needed for isoprene indicating that anthropogenic aromatic quinone 

compounds are more toxic to macrophages than biogenic isoprene compounds. Co-exposure with 

apocynin (a specific NOX inhibitor) reduced the levels of superoxide generated by cells, 

indicating that NOX is a significant source of cellular superoxide. Furthermore, cells exposed to 

either PQN, isoprene SOA, or PMA showed indications of higher membrane fluidity due to lipid 

peroxidation processes, demonstrating that inhaled toxicants could induce superoxide generation 

by NOX that promotes cellular oxidative stress and cytotoxicity.  

In this chapter, the impact of PM emissions from solid biomass fuel use on macrophage 

superoxide production from NOX activity was evaluated. Macrophages are widely used in vitro 

models to explore the cytotoxic effects of air pollutants. The RAW 264.7 is an immortalized cell 

line and is well‐characterized in regard to immune, metabolic and phagocytic functions making 

them attractive for toxicity studies comparing diverse air pollutants 81. Respiratory burst was 

stimulated using PMA in cells that had been previously exposed to solid biomass fuel PM 

emission extracts to assess whether biomass PM emissions modulates normal macrophage 

immune activity and identify whether oxidative stress results from excessive superoxide radical 

formation via NOX. PQN was used as a positive control, since it has shown to promote 

cytotoxicity via redox cycling mechanisms 82. Higher particle OP was hypothesized to influence 

the extent of a respiratory burst in microphages exposed to PM and dose-responses were assessed 
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to evaluate whether exposure to higher PM mass yielded stronger cell responses. Changes in cell 

viability were also assessed to determine whether changes in respiratory burst function could be 

explained by differences in cytotoxicity.  To our knowledge, no other studies have explored the 

effects of exposure to dung combustion emissions on macrophage respiratory burst capacity and 

oxidative stress. 

 

4.2  Materials and methods  
 

4.2.1 Cell culture and PM exposures  

 

RAW 264.7 macrophage-like cells (ATCC TIB-71) were passaged in complete Dulbecco's 

Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% 

penicillin streptomycin until >80% confluent. Cell counts were determined by either using a 

hemocytometer or flow cytometry (BD Accuri C6 Flow Cytometer). Cells were seeded at a 

density of 2.5 × 104 cells per well into 96-well plates with 200 µL complete media and incubated 

at 37 °C and 5% CO2 in an incubator overnight.  

Cell media was replaced with complete media containing 100 µL of PM extracts for exposures. 

An exposure time of four hours was used for all cell-based studies, as this time point has been 

shown to be sufficient to induce stress response activation 83. Sterile cell culture water was used 

as a mock treatment for all biological studies. Cells were treated with one of four dosages 

ranging from 31 µg/cm2, 16 µg/cm2, 8 µg/cm2, and 3 µg/cm2 of PM. A single dosage of a 0.3 µM 

PQN solution (0.1 µg/ mL; 0.03µg/cm2) was used as a positive control. To investigate whether 

acute exposure to PM compromises oxidative burst function, cells were allowed to rest overnight 

for 18 hours before performing respiratory burst measurements using the superoxide 
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chemiluminescent enhancing Diogenes Assay (National Diagnostics, Atlanta GA) according to 

the manufacturer's instructions.  

4.2.2 Respiratory burst superoxide measurements 

 

 Cells in clean media 18-hours post the acute exposure event were coated with 100 µL Diogenes 

reagent and placed inside a temperature controlled luminometer (Centro LB 960 

Chemiluminescent Instrument, Berthold Technologies, Bad Wildbad, Germany) at 37 ºC. Cells 

were stimulated with 100 μM phorbol 12-myristate 13-acetate (PMA), an artificial stimulator 

used to induce macrophage respiratory burst at t = 3 minutes. The chemiluminescent signal was 

continuously monitored for two hours or until all the luminol in the system was consumed. 

Assays were conducted twice using two replicate wells to obtain average endpoint values. The 

total amount of superoxide generated was quantified by calculating the area under the curve 

(AUC) over the 90-minute monitoring period. The rate of superoxide production was assessed by 

finding the time point at which superoxide production peak, or the maximum point over the 90-

minute monitoring period. The final superoxide generation values (AUC and peak) were 

expressed as fold change from mock treated controls. 

4.2.3 Viability assessment with MTT cell proliferation assay 

 

Cells were seeded at an optimal density of 1 × 105 cells per well into 96-well plates with 200 µL 

complete media and incubated at 37 °C and 5% CO2 in an incubator overnight. The media was 

then replaced with complete media containing 100 µL of PM extracts. Sterile cell culture water 

was used as a mock treatment for all biological studies. Cells were treated with dosages ranging 

from 31 µg/cm2, 16 µg/cm2, 8 µg/cm2, and 3 µg/cm2 of PM. Two concentrations of PQN at either 

0.3 µM (0.1 µg/ mL; 0.03µg/cm2) or 0.02 nM (4 µg/ mL; 12.5µg/cm2) were used to determine 
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whether the redox activity of phenanthrenequinone influences cell viability. Cell viability was 

assessed immediately following the 4-hour exposure using the 30-1010K MTT Cell Proliferation 

Assay (ATCC®). Cell viability was determined based on the ability of metabolically active cells 

with intact with mitochondrial oxidoreductase enzymes to reduce the yellow 3-(4, 5-

dimethylthiazolyl-2)-2, 5- diphenyl- tetrazolium bromide (MTT) reagent to form a purple 

formazan product. The exposure media was replaced with fresh cell media and cells were 

incubated with MTT reagent for two hours before proceeding to the detergent incubation step. 

The final absorbance was read using a plate reader (Opsys MR, Thermo Lab Systems, Vantaa, 

Finland) at 570 nm and a background of 630 nm. Assays were conducted using two replicate 

wells and two duplicate plates to obtain average values. The final metabolic activity values were 

expressed as fold change from mock treated controls. 

4.2.4 Apoptosis detection with Annexin V staining  

 

Cells were seeded in 12-well plates at a density of 2.5 x 105 cells per well and exposed to 14 

µg/cm2 of PM extracts for four hours before harvesting cells for apoptosis detection using a 

commercially available apoptosis kit (Annexin V: FITC Apoptosis Detection Kit, BD 

Biosciences). Staining and blocking were performed according to the manufacturer’s 

instructions. In brief, cells were washed with PBS and then counted. A total of 1 x 105 cells were 

incubated with 5 µL of FITC Annexin- V and 2 µL of propidium iodide (0.1 mg/mL solution) in 

a total of 100 µL Annexin V binding buffer. Cells were incubated for 15 minutes in the dark and 

resuspended in an additional 400 µL of Annexin V binding buffer before acquiring data using a 

BD Accuri C6 Flow cytometer and FlowJo software.  
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4.2.5 Statistical analysis 

  

All data were expressed as means ± SEM, unless otherwise stated. Different sample size filters 

(N) were used across experiments, due to sample volume limitations. For respiratory burst 

experiments, N = 5 dry dung-chulha filters, N = 4 wet dung-chulha filters, N = 5 mixed fuels-

chulha filters, and N = 1 dung-angithi filters were used. For MTT experiments, N = 3 dry dung-

chulha filters, N = 3 wet dung-chulha filters, N = 3 mixed fuels-chulha filters, and N = 1 dung-

angithi filters were used. For respiratory burst outcomes and MTT assays, values are normalized 

to the fold-change of 1 for mock controls. For apoptosis experiments, N = 5 dry dung-chulha 

filters, N = 4 wet dung-chulha filters, N = 6 mixed fuels-chulha filters, and N = 3 dung-angithi 

filters were used. For apoptosis analysis, values represent percentage of cells positive for the 

outcome evaluated, from the total cell population analyzed. For respiratory burst and apoptosis 

studies, the statistical significance was assessed using the non-parametric Kruskal-Wallis test 

performed with Dunn’s correction for multiple comparisons following a normality test using a 

significance level of a=0.05. All statistical analyses were performed using GraphPad Prism 

(version 10.1.0 for Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com).  

4.3  Results 
 

4.3.1 Changes in respiratory burst activity following acute exposures to PM 

 

Respiratory burst is characterized by a rapid increase in superoxide that peaks and slowly returns 

to baseline levels. A rapid increase in chemiluminescence is observed after PMA stimulation in 

all cells exposed to PM, indicating that macrophages retain immunocompetent activity following 

exposures. Chemiluminescent readings returned to baseline values by t = 90 minutes, as 

illustrated in Figure 7. The results from this study demonstrate that exposure to PM reduced total 

http://www.graphpad.com/
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superoxide generation and rate of superoxide generation, with changes observed in the maximal 

superoxide levels measures and time to reach the peak superoxide levels. This inhibition of 

macrophage respiratory burst function occurred after an 18-hour resting period in clean media 

following the single 4-hour exposure with particle-spiked media.  

 

Figure 7: Representative time course of macrophage respiratory burst response following 

acute exposure to PM. Macrophages exposed to 31 µg/cm2 of PM from either dry dung or wet 

dung or single dose of PQN (0.03µg/cm2) were stimulated with PMA to induce superoxide 

generation.  

 

4.3.2 Peak superoxide response inhibition in innate immune cells 

 

Statistically significant reductions in maximal peak superoxide generation and total superoxide 

production were observed in all cells treated with biomass PM at all concentrations, with values 

ranging from 0.51-fold to 0.86-fold change, Figure 7. Statistically significant group differences 

in peak superoxide levels for all exposure treatments (H = 32, P <.001 for dosage of 31 µg/cm2) 

were observed. The rate of superoxide generation is markedly different between cells exposed to 

PQN and cells treated with solid biomass fuel PM emissions. Cells exposed to PQN had a mean 
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1.2-fold increase in total superoxide generation compared to mock treated control cells, while the 

mean peak superoxide level decreased by 0.90-fold compared to mock controls. The discrepancy 

between increased total superoxide generation and diminished peak response level is explained 

by the different rates of superoxide generated towards the end of the observation period, where 

PQN exposed cells generated superoxide levels that surpass mock controls, Figure 7. 

 

Figure 8: Peak superoxide levels during respiratory burst in PM macrophages exposed to 

biomass PM concentrations of (A) 31 µg/cm2 (B) 16 µg/cm2 (C) 8 µg/cm2 and (D) 3 µg/cm2. A 

single dose of PQN (0.03µg/cm2) was used as a positive control. * P <0.033, ** P <0.003, *** P 

<0.001. 



 

42 

 

 

 Cells exposed to dry dung PM from angithi stoves exhibited the strongest reduction of peak 

superoxide levels after exposure to the highest dosage of 31 µg/cm2 exhibiting a 0.51-fold 

decrease in the maximal peak response, which was significantly lower than peak response 

observed for mock control cells or PQN (P =.004; P =.019 respectively) as illustrated in Figure 

8A. Less severe reduction nearing 0.7-fold change in peak response compared to control were 

observed at lower concentrations of dung PM from angithi stoves, which were not statistically 

different from mock control values, illustrated in Figure 8 B,C,D. A gradual decrease in peak 

superoxide levels was also observed in cells exposed to wet dung emissions from chulha stoves. 

A statistically significant 0.60-fold decrease in peak superoxide level compared to mock controls 

was observed at the highest dose (p <.001), while the lowest dosage of wet dung PM from chulha 

stoves induced a statistically significant 0.71-fold reduction in peak superoxide level compared 

to mock treatments (P =.031) indicated in Figure 8D. The least pronounced effects were 

observed for chulha dry dung exposures, which induced a consistent statistically significant 

reduction response of nearly 0.70-fold reduction across all dosages compared to mock controls. 

Cells exposed to mixed fuel PM emissions from chulha stoves demonstrated linear dose 

responses. At the higher dosages of 31 µg/cm2 and 16 µg/cm2, strong reduction in maximal peak 

response of 0.65-fold change were observed in cells exposed to mixed fuel PM compared to 

mock treated cells (P =0.003; P =0.004 respectively), while a less pronounced 0.86-fold change 

was observed for the 3 µg/cm2 dosage. 
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Figure 9: Total superoxide generation during respiratory burst in PM macrophages exposed 

to biomass PM. Values were assessed by area under the curve. Cells were treated to 

concentrations of (A) 31 µg/cm2, (B) 16 µg/cm2 (C) 8 µg/cm2, and (D) 3 µg/cm2 of solid biomass 

fuel PM. A single dose of PQN (0.03µg/cm2) was used as a positive control. * P <0.033, ** P 

<0.003, *** P <0.001. 

 

Reductions in total superoxide generation were observed for all cells exposed to biomass PM, 

with values ranging from 0.71-fold to 0.95-fold change for all treatments and dosages studied. 

Statistically significant group differences in total superoxide generation for all exposure 
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treatments (H = 24, P <.001 for dosage of 31 µg/cm2) were observed, illustrated in Figure 9A. 

Cells exposed to PM from dry dung angithi exhibited the least pronounced effects of 0.86-fold 

reduction of total superoxide generation at the higher dosages of 31 µg/cm2 and 16 µg/cm2 

compared to mock control cell and non-linear dose responses were observed at lower dosages, 

illustrated in Figure 9B, C, D. For example, cells exposed to dry dung angithi exposed exhibited 

the strongest reduction in total superoxide generation by 0.71-fold change from mock control at 

the 8 µg/cm2 exposure dose but did not reach statistical significance, Figure 9C. Statistically 

significant reductions in peak superoxide levels were observed in cells exposed to biomass 

particles generated from chulha cookstoves compared to mock controls but exhibited non-linear 

dose responses. Maximal superoxide levels were observed at an average time point of t = 11 

minute for mock control exposures and PQN exposed cells. Superoxide levels peaked earlier 

with chulha sourced biomass PM at all doses studied (31 µg/cm2, 16 µg/cm2, 8 µg/cm2, and 3 

µg/cm2) and generally occurred at t = 8 minutes, as described in Figure 10A-D. A summary of all 

Diogenes results is described in Table 5.  
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Figure 10: PM source influences mean time at which respiratory burst superoxide generation 

levels peak. The minutes until the peak respiratory burst responses was assessed in macrophages 

treated with either (A) 31 µg/cm2 (B) 16 µg/cm2 (C) 8 µg/cm2 and (D) 3 µg/cm2 of solid biomass 

fuel PM. A single dose of PQN (0.03µg/cm2) was used as a positive control. * P <0.033, ** P 

<0.003, *** P <0.001. 
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Table 5: Summary of Diogenes results 

   Total superoxide release Maximum superoxide level 
Time to reach 

peak value 

Dose 
µg/cm2 

Treatment 
N filters; 

replicate 

measures* 

Mean AUC ± 

CV 
Fold change 

vs. control 
Mean Peak 

value ± CV 
Fold change 

vs. control 
Mean min at 

peak ± SD 

0 
Mock control 

* 
3 28181 ± 14%  1725 ± 20%  10.5 ± 1.4 

0.03 PQN * 3 34392 ± 54% 1.2 1568 ± 18% 0.91 11.1 ± 3.4 

31 
Dry dung-

chulha 
5 23545 ± 27% 0.83 1194 ± 30% 0.71 8.4 ± 1.5 

 Wet dung-

chulha 
4 20324 ± 30% 0.72 987 ± 26% 0.60 7.9 ± 0.7 

 Mixed fuels-

chulha 
5 21190 ± 18% 0.78 1062 ± 33% 0.65 8.7 ± 1.3 

 Dung-angithi 1 19409 ± 7% 0.86 786 ± 3% 0.51 10.3 ± 0.8 

16 
Dry dung-

chulha 
5 22844 ± 20% 0.77 1156 ± 31% 0.69 8.3 ± 2.1 

 Wet dung-

chulha 
4 21290 ± 29% 0.74 1064 ± 30% 0.64 7.3 ± 0.5 

 Mixed fuels-

chulha 
5 21658 ± 25% 0.94 1087 ± 30% 0.65 8.8 ± 1.6 

 Dung-angithi 1 23497 ± 6% 0.86 1006 ± 8% 0.66 9.3 ± 1.1 

8 
Dry dung-

chulha 
5 21287 ± 27% 0.84 1155 ± 37% 0.69 7.7 ± 1.2 

 Wet dung-

chulha 
4 20306 ± 22% 0.73 1018 ± 27% 0.61 7.6 ± 0.5 

 Mixed fuels-

chulha 
5 25898 ± 8% 0.77 1308 ± 25% 0.80 7.9 ± 0.9 

 Dung-angithi 1 23139 ± 23% 0.71 1054 ± 11% 0.68 8.3 ± 0.4 

3 
Dry dung-

chulha 
5 21901 ± 31% 0.79 1145 ± 32% 0.69 7.7 ± 0.6 

 Wet dung-

chulha 
4 25179 ± 15% 0.91 1187 ± 26% 0.71 7.9 ± 1.3 

 Mixed fuels-

chulha 
5 26277 ± 24% 0.95 1408 ±26% 0.86 8.3 ± 1.4 

 Dung-angithi 1 21818 ± 22% 0.80 979 ± 19% 0.64 8.8 ± 0.8 

Values represented as the mean ± coefficient of variance (CV) or standard deviation (SD) from 

(N) filters used for each stove-fuel combination. Fold change is normalized to 1 for mock 

controls. Solid biomass fuel samples were measured in duplicate wells and represent two 

biological replicate values, while mock control and PQN were measured in quadruplicate wells 

and represent three biological replicate values.  
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4.3.3 Cell viability dose-responses 

 

MTT reduction activity in cells immediately following a 4-hours of incubation with biomass PM 

did not change from mock treated control cells as described in Figure 11. Cells exposed to 31 

µg/cm2, 16 µg/cm2, 8 µg/cm2, and 3 µg/cm2 of biomass PM showed non-significant fold change 

ranging between 0.98 to 1.08 compared to mock treated cells. Two dosages of PQN were used 

for this study (100 µL of either a 0.02 mM or a 0.3 µM solution of PQN). In comparison to 

controls, a significant reduction of 0.8-fold-change was observed in cells treated with high doses 

of PQN (0.02 mM) compared to mock controls (P <.001), but not to exposures with lower 

concentrations of PQN (0.3 µM) 

 

Figure 11: Dose response cell viability changes assessed by MTT metabolic assay. Cells were 

exposed to SRM 1648a or biomass PM (3-31 µg/cm2). Two concentrations of PQN were used 

(0.03 µg/ cm2 or 12.5 µg/ cm2) were used as a redox active positive control.  Values expressed as 

mean fold change from mock treated controls (value of 1.0) ± SEM.  
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4.3.4 Apoptosis analysis 

 

To confirm whether cytotoxicity was contributing to changes in respiratory burst dynamics, the 

population of cells entering apoptotic pathways was also assessed using flow cytometry. 

Apoptosis was not a major pathway of cytotoxicity in cells following acute exposures to 

SRM1648a or solid biomass fuel emissions, as described in Figure 12A. Less than 2% of cells 

were apoptotic, which was comparable to mock treated cells, Figure 12 B. 

 

Figure 12: Percentage of cells entering apoptosis. Cells were exposed to 14 µg/cm2 PM for 4-

hours before assessing percentage of viable and apoptotic cells by Annexin-V and PI staining. 

Two biological replicates for each individual PM filter sample were included to assess the mean 

values ± SEM.  The percentage of (A) healthy viable cells or (B) cells entering apoptosis are 

illustrated. Less than 2% of all cells observed were apoptotic. * P <0.033, ** P <0.003, *** P 

<0.001. 
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Interestingly, viability was higher in cells treated with urban dust SRM 1648a (mean = 88%) 

than in mock treated cells (mean = 81%). The lowest viability was observed in cells treated with 

dry dung from chulha (mean = 68%), which was significantly lower than SRM1648a treated 

cells (P =.05). While no significant differences in cells entering late apoptosis were observed 

among the different exposure groups compared to mock controls, the changes in the viable cell 

population corresponded with differences in the percentage of cells entering early apoptosis. For 

example, mock treated cells had a mean of 12% of cells entering early apoptosis, while cells 

treated with SRM 1648a had a mean of 5% of cells entering apoptosis. Cells treated with dry 

dung from chulha also had significantly higher proportion of cells in early apoptosis (mean = 

25%) compared to SRM1648a treated cells (mean = 5%, P =.04). While not statistically 

significant, trends for biomass treated cells revealed a higher proportion of cells in early 

apoptosis compared to the mock controls.  

 

4.4  Discussion 
 

4.4.1 Macrophage respiratory burst is inhibited by sub-lethal doses of solid biomass 

fuel emissions 

 

The results from this study demonstrate that a single acute 4-hour exposure to biomass particles 

alters respiratory burst dynamics, a critical innate immune function. Macrophage exposure to 

sublethal concentrations of solid biomass fuel PM resulted in modulated respiratory burst 

dynamics involving accelerated initial superoxide generation, yet diminished peak responses, and 

a decrease in the total amount of superoxide generated compared to mock controls. Respiratory 

burst inhibitions were captured 18-hours following the replacement of PM exposure media with 
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clean media, indicating that immunomodulatory effects of PM and PQN persist in macrophages 

even 22-hours after an initial 4-hour exposure to solid biomass fuel emissions.  

Superoxide is a precursor to reactive oxygen species formation, while the extent of oxidative 

burst is a partial indicator of the immunocompetence and ROS accumulation in cells. While the 

results of this study indicate that cells are not generating excessive superoxide via NOX 

activation following acute 4-hour exposures to solid biomass PM, depressed respiratory burst 

following exposure to PM has been observed in other studies.  One study showed that 24-hour 

exposures to PM2.5 led to respiratory burst suppression in rabbit alveolar macrophages stimulated 

with zymosan, and particle number, mass, and metal content was associated with the inhibited 

response 84. Various others studies have shown that wildfire, woodsmoke, and black carbon PM 

emissions deplete antioxidant enzymes, reduced respiratory burst responses, and impaired 

bacterial clearance following exposure to nonlethal doses of PM 42,85–90. While the results in this 

study do not provide insight into the mechanism or specificity of altered macrophage respiratory 

burst response to specific fuel-stove combinations, these findings do indicate that the redox 

cycling capacity associated with PQN influences cellular toxicity in a manner that is different 

from solid biomass fuels.   

Changes in cell respiratory burst dynamics were not due to cytotoxicity. The results of this study 

do not indicate any statistically significant changes in mitochondrial activity, cell membrane 

damage, and apoptosis following 4-hour exposures to solid biomass fuel PM emissions. Rather, 

PM exposed cells have non-significant increases in metabolic activity. This phenomenon of non-

significant increased metabolic activity in PM exposed cells has been observed in other studies 

exposing cells in vitro to relatively low contractions or short exposure periods 91. These viability 

results were confirmed by an additional assessment of intracellular ATP levels. Cells exposed to 
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the relatively lower concentration of PQN had a non-significant increase in intracellular ATP 

compared to mock controls, but a non-significant decrease in intracellular ATP were observed 

for solid fuel treated cells. These opposing trends in intracellular ATP were not considered to be 

indicative of cytotoxicity but indicate that PQN and solid biomass fuel emissions may have 

different impacts on cellular energy homeostasis (Appendix A1). While mitochondrial stress was 

not the focus of this study, mitochondrial proton and electron leaks could impact cellular 

superoxide production and minor fluctuations in mitochondrial respiration may also impact 

cellular energy homeostasis 92. Such energy fluctuations could contribute to the ability for PQN 

treated cells to sustain respiratory burst responses and may explain the attenuated responses in 

biomass treated cells but warrants further investigation. Changes in apoptosis were not assessed 

in PQN treated cells. However, significant differences in the percent of viable cells and the 

initiation of apoptosis were observed between cells exposed to urban dust and cells exposed to 

PM emissions from chulha stoves. Together these findings provide valuable insight into 

macrophage respiratory burst functions alterations following exposures to sub-lethal 

concentration of solid biomass fuel emissions and indicate pollutants from diverse sources may 

have impacts immune cell function and viability via distinct mechanisms.  

4.4.2 Limitations 

 

There are several limitations that should be considered with the results of in vitro exposure 

studies. These results only reflect effects from a single 4-hour exposure and further studies 

containing additional time points should be used to verify these conclusions. Furthermore, 

studies using higher dosages of PM would provide insight into the concentrations needed to 

induce macrophage cell death. However, the sample volume that could be used for experiments 

was limited due to the finite number of solid biomass filters and PM mass attained from field 
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sampling. Finally, while the results of this study indicate that exposure to non-lethal 

concentrations of PM inhibits respiratory burst to modulate superoxide generation, a detailed 

molecular mechanism that explains the reduced superoxide generation capacity is not directly 

addressed in this study. Cellular redox status is not assessed in this study and the influence of 

reductive and oxidative stress is not directly addressed. These results should be replicated, and 

future studies should focus on understanding whether factors such as diminished expression of 

NOX, direct enzymatic inhibition of NOX by PM components, or changes in the expression of 

other antioxidant neutralizing proteins explain the observed effects in superoxide generation 

capacity in macrophages exposed to PM.  
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5. Gene expression alterations and cell cycle dynamics in 

macrophages exposed to solid biomass fuel PM 
 

5.1  Regulation of antioxidant gene expression 
 

ROS and electrophile compounds are recognized to activate nuclear factor (erythroid-derived 2)-

like 2 (Nrf2) transcription factor and the subsequent transcription of antioxidants and 

cytoprotective genes. Nrf2 targets include antioxidants glutathione (GSH), glutathione reductase 

(Gsr), and glutathione peroxidase-1 (Gpx1), detoxification enzyme 

NAD(P)H: quinone oxidoreductase 1 (Nqo1), and metabolism gene glucose-6-phosphate 

dehydrogenase (G6pd), which facilitate cellular adaptation to toxic insults and maintain redox 

and metabolic homeostasis, illustrated in Figure 13.   

 

Figure 13: Exogenous and endogenous ROS and electrophile compounds activate the 

translocation of Nrf2 , a transcription factor that regulates the transcription of various 

antioxidants and cytoprotective genes. 
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Figure 14: The glutathione antioxidant pathway defends against oxidative stress. Oxidative 

stress promotes a cellular shift to the oxidized state of glutathione disulfide (GSSG). Nrf2 

regulates the expression of genes involved in maintaining a reduced GSH pool and NADPH 

regeneration. Nrf2 also regulates the transcription of oxidant detoxification enzymes such Nqo1, 

which also depend on the availability of NADPH cofactors.  

 

GSH is an antioxidant containing a sulfhydryl group (-SH) which exists in two redox states, as it 

can participate in reduction and conjugation reactions to mitigate the effects of cellular reactive 

species such as peroxides. Oxidative stress shifts the ratio of reduced GSH and oxidized 

glutathione disulfide (GSSG). Multiple molecular players maintain GSH homeostasis during 

oxidative stress, including glutathione reductase (Gsr) which reduces oxidized glutathione 

disulfide (GSSG) back to its reduced GSH form using NADPH as a reducing cofactor. However, 

GSH also participates in the enzymatic activity of Gpx1, acting as a cofactor to catalyze the 

detoxification of hydrogen peroxide. Other Nrf2 targets such as Nqo1 detoxify toxic quinones 

into hydroquinone and utilize either NADH or NADPH as reducing cofactors. The levels 

reducing cofactors GSH and NADPH are maintained by G6pd, the rate-limiting enzyme of the 

fundamental pentose phosphate cellular metabolic pathway 93–95. The interconnected relationship 
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between antioxidant and detoxifying enzyme activity, and energy-dependent processes is 

illustrated in Figure 14.  

Dysregulation of Nrf2 expression and function is implicated in PM induced lung injury and the 

exacerbation of respiratory diseases such as emphysema and COPD. Disruption of the GSH 

antioxidant system is implicated in the development and progression of  respiratory diseases such 

as COPD and cardiovascular diseases including atherosclerosis 96,97. PM can alter intracellular 

levels of GSH, GPx1 and Gsr and thereby modulate the cellular redox state and disrupt normal 

cell signaling processing. However, it remains unclear how different air pollutants drive changes 

in the regulation of the Nrf2 response pathway and dynamic antioxidant, detoxification, and 

metabolic adaptation gene responses. Several studies report that PM oxidants and electrophiles 

activate Nrf2 to induce the expression of antioxidants.  For example, the PAH content and 

oxidative potential of diesel exhaust particles and ambient PM have been reported to play an 

important role in inducing Nrf2 activity and downstream antioxidants enzymes in macrophages 

following 6-hour in vitro exposures 98. Similarly, Nrf2 and downstream genes levels were 

upregulated in the blood sample from elderly people with coronary artery disease in response to  

traffic related population 99. However, other patterns of Nrf2 dysregulation have also been 

observed in studies using human alveolar macrophages from smokers, which show that basal 

Nrf2 messenger RNA (mRNA) expression and its target genes is lower among older smokers, 

compared to younger smokers 100.  

Women who cook exclusively with biomass fuels have been found to have higher protein 

expression of Nrf2 and NQO1 in sputum samples compared to LPG users 101. While Nrf2 and 

NQO1 provide adaptive protection from PM elicited oxidative stress, NQO1 overexpression has 

been linked to susceptibility to COPD and pulmonary  cancer 102–104. This may be explained by 
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the diverse functions of Nqo1 involving cell proliferation,  cell cycle progression, and metabolic 

regulation 105. To further understand the changes in macrophage respiratory burst which were 

seen after exposure to solid biomass fuel PM, the mRNA expression of transcription factor Nrf2, 

and the expression of downstream target genes, Gpx1, Gsr, Nqo1, and G6pd were assessed after 

an acute in vitro exposure using RAW 264.7 macrophages. Changes in cell cycle progression in 

cells exposed to biomass PM emissions were also explored to study the relationship between 

cellular redox state, metabolism, and changes in normal macrophage cell function.  

 

5.2   Materials and methods 
 

5.2.1 Gene expression analysis using Real-Time Polymerase Chain Reaction 

 

Gene expression was assessed using quantitative real time polymerase chain reaction (qRT-

PCR). RAW 264.7 cells were plated at a density of 2.5 x 105 cells per well on a 24-well plate and 

were treated with to 26 µg/cm2 of PM extracts for four hours before harvesting total ribonucleic 

acid (RNA) using TRI reagent. A single dosage of a 0.3 µM PQN solution (0.1 µg/ mL; 0.005 

µg/cm2) was used as a positive control for a redox active compound. Sterile cell culture water 

was used as a mock treatment for all biological studies. RNA was isolated and purified using 

Directzol RNA microprep kit (Zymo Research) according to manufacturer’s instructions. The 

quantity and quality of RNA was determined by measuring absorbance at 260 nm and 280 nm 

using a NanoDrop Lite spectrophotometer (ThermoFisher). Reverse transcription of 0.5 µg of 

total RNA to generate complementary deoxyribonucleic (cDNA) was performed using the 

iScript™ acid cDNA synthesis kit (Bio-Rad) using a single cycle reaction starting with priming 

at 24 ˚C for five minutes, reverse transcription at 46 ˚C for 20 minutes, and inactivation at 95 ˚C 
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for one minute to make cDNA. Synthesized cDNA was then diluted 1:5 and 1 uL was amplified 

per well on a BioRad CFX Connect thermocycler using the iTaq Universal SYBR green 

supermix (Bio-Rad). The qRT-PCR cycle conditions were initiated by an initial denaturation at 

95˚C for three minutes, followed by 40 cycles of denaturing step (95 ˚C for 10 seconds), 

annealing step (60 ˚C for 60 seconds) and extension step (72 ˚C for 60 seconds). The BioRad 

CFX Manager software version 3.1 was used to determine Cq values. Primer sequences were 

selected from previously published sequences and are listed in Table 6. The relative expression 

levels of nuclear factor erythroid 2–related factor 2 (Nrf2) 106, glutathione peroxidase 1 (Gpx1) 

107, NAD(P)H quinone dehydrogenase 1 (Nqo1) 108, glutathione reductase (Gsr) 109, and glucose-

6-phosphate dehydrogenase (G6pd) 93 were calculated using the comparative Ct method (2^-

ΔΔCt) 110 using glyceraldehyde 3-phosphate dehydrogenase (Gapdh) 111 as the reference gene. 

The specificity of the amplification products was confirmed by melting curve analysis.  

Table 6: Primer sequences used for qRT-PCR 

Nrf2 forward 5’-CTGAACTCCTGGACGGGACTA-3’ 

Nrf2 reverse 5’-CGGTGGGTCTCCGTAAATGG-3’ 

Gpx1 forward 5’- CCACCGTGTATGCCTTCTCC-3’ 

Gpx1 reverse 5’- AGAGAGACGCGACATTCTCAAT-3’ 

Nqo1 forward 5’- TTCTGTGGCTTCCAGGTCTT-3’ 

Nqo1 reverse 5’-TCCAGACGTTTCTTCCATCC -3’ 

Gsr forward   5’- CACGGCTATGCAACATTCGC -3’ 

Gsr reverse 5’- TGTGTGGAGCGGTAAACTTTT-3’ 

G6pd forward 5’- CCTACCATCTGGTGGCTGTT-3’ 

G6pd reverse 5’- CATTCATGTGGCTGTTGAGG-3’ 

Gapdh forward 5’-GAAGCCCATCACCATCTTCCA-3’ 

Gapdh reverse 5’-TTGGCTCCACCCTTCAAGTG-3’ 
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5.2.2 Cell cycle analysis using BrdU FITC assay 

 

Cells were seeded in 12-well plates at a density of 2.5 x 105 cells per well and exposed to 14 

µg/cm2 of biomass particulate extracts before quantifying cell cycle progression with 

immunofluorescent staining of incorporated bromodeoxyuridine (FITC BrdU Flow Kit; BD 

Sciences). A single dosage of a 0.3 µM PQN solution (0.1 µg/ mL; 0.003 µg/cm2) was used as a 

positive control for a redox active compound. Sterile cell culture water was used as a mock 

treatment for all biological studies. Following exposure with PM, cells were incubated with 10 

µL of 1 mM BrdU solution in PBS for 2-hours. Cells were harvested by scraping and washed 

with staining buffer (PBS + 2% FBS) and centrifuged at 1200 rpm (Allegra 6R Centrifuge) for 

five minutes before proceeding to fixation and permeabilization steps, as described by the 

manufacturer. Cells were treated with 30 µg of Deoxyribonuclease (DNase) diluted in phosphate 

buffered saline (PBS) for 45 minutes before proceeding to incubate the cells for 20 minutes with 

1 µL of anti-bromodeoxyuridine (BrdU) antibody in 50 µL BD perm/wash buffer. Finally, cells 

were incubated with 50 µg propidium iodine (PI) resuspended in a total of 1 mL of staining 

buffer before acquiring cell staining data with a flow cytometer. Data was acquired using a BD 

Accuri C6 Flow cytometer and FlowJo software. Samples were measured in duplicate and 

represent two biological replicate values, while controls represent three biological replicate 

values. 

5.2.3 Statistical analysis 

 

All data were expressed as means ± SEM, unless otherwise stated. Different sample size filters 

(N) were used across experiments, due to sample volume limitations. For qRT-PCR experiments, 

N = 3 dry dung-chulha filters, N = 4 wet dung-chulha filters, N = 3 mixed fuels-chulha filters, 
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and N = 2 dung-angithi filters were used. Samples were measured in duplicate wells and 

represent two biological replicate values, while controls represent three biological replicate 

values. Gene expression data were normalized to Gapdh within each plate, and values are 

normalized to the fold-change of 1 for mock controls. For cell cycle analysis, values represent 

percentage of cells positive for the outcome evaluated, from the total cell population analyzed. 

For gene expression analysis, the statistical significance was assessed following a normality test 

using a Bonferroni-corrected one-way ANOVA and a significance level of a=0.05. For cell cycle 

experiments, N = 5 dry dung-chulha filters, N = 4 wet dung-chulha filters, N = 6 mixed fuels-

chulha filters, and N = 3 dung-angithi filters were used. For cell cycle analysis, the statistical 

significance was assessed using the non-parametric Kruskal-Wallis test performed with Dunn’s 

correction for multiple comparisons following a normality test using a significance level of 

a=0.05. All statistical analyses were performed using GraphPad Prism (version 10.1.0 for 

Windows, GraphPad Software, San Diego, CA, USA, www.graphpad.com).  

 

 

 

 

 

 

 

 

http://www.graphpad.com/
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5.3 Results 
 

5.3.1 Particulate matter source-specific effects on mRNA expression of redox and 

metabolic homeostasis-related genes 

 

Figure 15 shows the results of this study demonstrating that all PM treatments generally resulted 

in a downregulation of Nrf2 and Gpx1 gene transcription, and upregulation of Nqo1. However, 

different transcriptional response trends were observed for Gsr and G6pd among cells exposed to 

PM from varying sources. Statistically significant differences in mean fold change in Nrf2 

expression between groups (F (6,34) = [5.0], P <.001) were observed. Nrf2 mRNA levels are 

significantly downregulated after 4-hour exposures to all treatments, except chulha dry dung PM 

emissions, (Figure 15A). Macrophages exposed to SRM 1648a and PQN had significantly 

reduced expression of Nrf2 by to almost half compared to those of mock treated cells (mean = 

0.5-fold change, P =.03 and mean= 0.4-fold change, P =.01, respectively.) Cells exposed to solid 

biomass fuel emissions demonstrated similar statistically significant downregulation of Nrf2. 

Cells exposed to wet dung PM from chulha stoves showed a 0.6-fold reduction (P =.01), while 

cells exposed to mixed fuels PM from chulha stoves showed a 0.5-fold reduction (P =.01), and 

cells exposed to dung PM from angithi stoves showed a 0.6-fold reduction compared to mock 

treated controls (P =.01). Cells exposed to chulha dry dung PM exhibited a similar trend of 

reduced Nrf2 expression of 0.8-fold compared to mock controls, but these effects did not reach 

statistical significance. 
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Figure 15: Gene expression of antioxidant and metabolic related genes in RAW 264.7 cells 

exposed to 26 µg/cm2 of PM extracts or 0.005 µg/cm2 of PQN for four hours. The relative 

expression levels of (A) Nrf2, (B) Gpx1, (C) Nqo1, (D) Gsr, and (E) G6pd  normalized to Gapdh 

mRNA were expressed as fold change from mock treated controls.  * p <0.033,  ** p <0.003, 

*** p <0.001. 

 

Statistically significant differences in mean fold change of Gpx1 expression between groups 

were also observed (F (6,34) = [8.2], P <.001). The mRNA levels of Gpx1 were downregulated 

by nearly half in PM exposed groups compared to mock treated controls (Figure 15B). 

Statistically significant downregulation of Gpx1 mRNA levels were observed in SRM 1648a 

treated cells which had levels reduced by 0.33-fold (P <.001), while PQN treated cells had a 
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reduction of 0.4-fold (P =.002) compared to control cells. Angithi dung exposed cells showed a 

0.35-fold reduction (P <.001) compared to untreated cells. Cells exposed to chulha emissions 

also demonstrated similar reductions in Gpx1 expression with a 0.6-fold reduction observed in 

chulha dry dung exposed cells (P =.005), and a 0.5-fold reduction observed in both in chulha wet 

dung and mixed fuel exposed cells (P <.001, P =.003 respectively).  

While Nrf2 and Gpx1 genes were downregulated following acute exposure to PM from various 

sources, the expression of antioxidant gene Nqo1 was upregulated in macrophages treated with 

PQN and biomass fuel sources (Figure 15C). Statistically significant differences in mean fold 

change in Nqo1 expression between groups (F (6,32) = [19.0], P <.001) were observed. Angithi 

dung exposure led to a significant upregulation of Nqo1, showing a remarkable 6.6-fold increase 

compared to untreated controls (P <.001). Furthermore, Nqo1 gene expression levels of angithi 

dung exposed cells exceeded those observed in the other exposure groups and was statistically 

higher compared to PQN, SRM 1648a, and PM from chulha stoves (P <.001). Cells exposed to 

solid biomass fuel emissions or PQN exhibited a nearly 2-fold upregulation of Nqo1 compared to 

mock controls, although the difference did not reach statistical significance. A 1.9-fold 

upregulation of Nqo1 was observed in cells exposed to dry dung from chulha stoves, which was 

similar to the change observed in cells exposed to mixed fuels from chulha exhibiting a 2.2-fold 

upregulation, compared to untreated controls. A similar trend was also observed in cells exposed 

to wet dung from chulha stoves, with a 2.5-fold upregulation of Nqo1 expression. This 

upregulation was comparable to the 2.4-fold upregulation observed in PQN exposed cells. In 

contrast, cells treated with SRM 1648a exhibited a 0.9-fold change in Nqo1 expression.  

The expression of Gsr and G6pd was also upregulated in cells exposed to solid biomass fuels.  

The changes in Gsr expression exhibited similar trends to the observed changes in Nqo1 gene 
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expression following acute exposure to PM. Statistically significant differences in mean fold 

change in Gsr expression between groups (F (6,34) = [5.5], P <.001) were observed (Figure 15D) 

Exposure to dung-angithi PM resulted in a significant upregulation of Gsr expression of 2.3-fold 

compared to untreated cells (P =.01). Upregulation of Gsr expression in cells exposed to dung-

angithi emissions surpassed the levels induced by other PM treatments and demonstrated 

statically significant differences compared to cells exposed to SRM 1648a (P =.01), PQN (P 

=.006), and chulha mixed fuels (P =.05). Cells exposed to wet or dry dung from chulha stoves 

also demonstrate a moderate but non-significant upregulation of Gsr by nearly 1.7-fold 

compared to untreated controls. Chulha mixed fuel exposed cells did not differ from mock 

controls (mean = 1.1-fold change). Cells exposed to SRM 1648a and PQN exposures exhibited 

downregulated Gsr gene expression by 0.7- and 0.6-fold, respectively, albeit not statistically 

significant.  

Finally, statistically significant differences in mean fold change in G6pd expression between 

groups (F (6,34) = [4.7], P =.001) were observed (Figure 15E). Exposure to PQN also led to a 

downregulation of G6pd gene expression, with a notable decrease of 0.5-fold compared to 

untreated controls. This reduction was significantly lower than the groups exposed to dry dung 

from chulha (P =.04), mixed fuels from chulha (P =.02), and dung from angithi (P =.01). While 

statistical significance in G6pd expression was not achieved solid biomass fuel exposed cells 

against mock controls, these exposures resulted in relatively higher levels of G6pd mRNA 

compared to the controls. The G6pd mRNA levels in chulha dry dung and wet dung exposed 

cells were increased by 1.6- and 1.7-fold respectively, which was comparable to cells exposed to 

the 1.8-fold fold upregulation observed in macrophages exposed to dung PM from angithi stoves. 

G6pd mRNA levels in cells exposed to chulha mixed fuels did not differ from mock controls 
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(mean = 1.2-fold change). Macrophages exposed to SRM 1648a also exhibited a marginal 

decrease in G6pd mRNA levels, reaching approximately 0.8-fold relative to controls.  

5.3.2 Cell cycle dynamics following exposure at non-lethal doses 

  

Cell cycle progression and pro-apoptotic changes were assessed with intracellular staining paired 

with flow cytometry techniques. Minor differences in cell cycle progression were observed after 

acute exposures to PM from various sources, illustrated in Figure 16.  

 

Figure 16: Acute PM exposure influences macrophage cell cycling dynamics. Percentage of 

cells in G0/G1, G2/M, or S phase following exposure to 14 µg/cm2 for 4-hours. Two biological 

replicates for each individual PM filter sample were included to assess the mean values. * P 

<0.033, ** P <0.003, *** P <0.001. 

 

The mean percentage of cells in G0/G1 phase was 45% for mock control cells, which was 

unchanged in cells exposed to dry dung PM from chulha (mean = 46%), wet dung PM from 

chulha (mean = 45%), and dung PM from angithi (mean = 42%). Cells treated with SRM 1648a 

had a higher percentage of cells in G0/G1 phase (mean = 55%) but did not reach statistical 
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significance. This increase in G0/G1 phase in SRM 1648a treated cells also corresponded to a 

reduced percentage of cells in the active division S-phase (mean = 34%). The mean percentage 

of cells in S-phase among mock controls was 41% and cells exposed to dry dung from chulha 

(mean = 42%), wet dung from chulha (mean = 38%), or dung from angithi (mean = 38%) did not 

differ significantly from control cells. Cells treated with mixed wood-dung fuel chulha PM had 

statistically significant reductions in the percentage of cells in G0/G1 phase compared to SRM 

1648a treated cells (mean = 38%, P =.01). This corresponded with statistically significant 

difference of cells in S-phase, with mixed fuel treated cells having a higher percentage of cells 

actively dividing compared to SRM 1648a treated cells (mean = 54%, P =.008).   

 

5.4 Discussion 
 

5.4.1 Transcriptional modulation of redox and metabolic homeostasis-related genes 

by particles from distinct sources 

 

The results in this study fall in line with previous scientific findings indicating that the 

expression of antioxidant related genes could be either upregulated or downregulated by PM 

from distinct sources. Unexpectedly, Nrf2 and Gpx1 gene expression was consistently 

downregulated in cells exposed to all PM treatments, but there were variable effects on the 

expression of other target genes downstream of Nrf2 such as Nqo1, Gsr, and G6pd following 

exposure to either SRM 1648a, PQN, or biomass fuel emissions from distinct stove sources. It is 

possible that gene transcription studies do not reflect the protein levels activity and regulatory 

mechanistic changes impacted by PM exposure. A study by Li et al. demonstrated that Nrf2 

protein accumulated in the nucleus in macrophages and epithelial cells following exposure diesel 

exhaust particles, but changes in Nrf2 protein activity were not accompanied by increased Nrf2 
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mRNA expression at any time point 98. Their results indicated that diesel exhaust particles also 

had variable effects on the expression of specific antioxidants following acute 3-hour exposures, 

showing increased expression of heme oxygenase and Nqo1, but no changes in the levels of 

Gpx1 and Gsr compared to controls. Studies comparing the effects of multiple air pollutants on 

antioxidant gene expression have also demonstrated that transcriptional responses are likely both 

cell specific and are differentially activated by different PM sources. Urban PM SRM 1648a and 

cigarette smoke extract have been shown to differentially alter the expression of genes encoding 

Gpx1 and Gsr antioxidant enzymes in human epithelial cells. One study reported that 24-hour 

exposures to SRM 1648a resulted in the downregulation of both Gpx and Gsr genes, while 

exposure to cigarette smoke extract decreased Gpx1 gene expression, but increased Gsr gene 

expression levels when compared to control cells 112.  

While activation of the antioxidant response system has been extensively studied in cells 

exposure to PM sourced from urban environments, this study provides insight into the effects 

induced by exposure to dung and mixed biofuel PM emissions from traditional cookstoves. The 

results from this chapter indicate that Gpx1 gene expression is significantly reduced by SRM 

1648a, PQN, and solid fuel PM emissions when compared to mock controls. Nonsignificant 

downregulation of Gsr was observed in SRM 1648a and PQN treated cells compared to mock 

controls. On the other hand, Gsr upregulation was observed in biomass treated cells, with 

significant upregulation observed in cells exposed to PM from angithi stoves compared to cells 

exposed to SRM 1648a. These results indicate that PM particles from different sources 

contribute to oxidative stress by reducing the expression of antioxidant enzyme-encoding genes, 

such as Gpx1. However, chemical compounds unique to biomass combustion conductions play a 
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role in the differential transcriptional modulation of Gsr, with cells exposed to PM from angithi 

stoves exhibit a strong upregulation compared to other PM treatments 

Exposure to SRM 1648a also resulted in decreased expression of Nqo1, and G6pd although these 

were not significant when compared to the mock control. However, the expression of Nqo1 and 

G6pd were significantly higher in biomass PM treated cells when compared to SRM 1648a. 

Emissions from dung-angithi emissions exhibited the strongest upregulation response of these 

genes, further indicating that PM properties associated with combustion source properties 

contribute to the transcriptional modulations observed in this study.  Nqo1 was upregulated by all 

treatments except SRM 1648a. The expression of Nqo1 was highly upregulated by the PQN, 

which was expected response to a quinone positive control. However, it is interesting to note that 

PQN treated cells also exhibited the strongest reduction in G6pd mRNA. Together these results 

indicate that PM emissions from distinct sources and with different chemical properties 

differentially influence the transcription of antioxidant and metabolic genes.  

Some possible explanation for these findings may involve the intricate relationship between post-

transcriptional regulation and post-translational regulation of these key enzymes. For example, 

studies using cell free approaches have shown that PM can deplete antioxidant enzymes and 

reduce activity of Gpx and GSH, which may in part be due to the reactive surface properties of 

PM 113. In fact, compounds found in in aqueous cigarette smoke extracts and diesel exhaust 

particle extracts have been shown to modify enzymes via irreversible covalent modifications, 

likely through reaction with conjugated carbonyl compounds 114. Disruptions of normal 

enzymatic processes by various sources of PM is known to contribute to cellular oxidative stress, 

however more studies should be conducted to explore how the direct modification of antioxidant 

enzymes related to transcriptional and translational level effects.  
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This study focused on genes that mitigate the cellular oxidative stress from PM, but Nqo1 and 

G6pd enzymes have multiple cellular roles. Nqo1 is also known to regulation of cell cycle 

progression at the G2/M phase and its overexpression is associated with increased cell 

proliferation in cancer cells 115. Similarly, G6pd is involved in cellular carbohydrate metabolism, 

direct regeneration of pyridine nucleotide cofactors, and activation of pro-oncogenic pathways 

116. Various in vitro studies have demonstrated that PM may induce cell cycle alterations and 

therefore, changes in cell cycle were explored in this study. Some studies have shown that the 

percentage of human bronchial epithelial cells in S phase decreased and  the percentage of cells 

in G2/M phase increased significantly after exposure to ambient urban PM2.5 from winter 

seasons 117,118, whereas other studies have shown a delay in S-phase progression 119.  Changes  in 

cell cycle dynamics are generally related to DNA damage and the complex activation of repair 

mechanism responses, which are influenced by the presence of specific PAHs adsorbed on the 

particle surface and cell specific metabolic capacity 120.  

In this study, we observed that 4-hour exposures to PM induced minor effects on cell cycle 

progression compared to mock controls. The most striking changes differences in cycle 

progression patterns were observed between macrophages treated with SRM 1648a and cells 

exposed to mixed dung brushwood fuel from chulha stove, which had opposing effects. Cells 

treated with SRM 1648a, had more cells in G0/G1 phase, corresponding with less cells in S-

phase, an effect that has previously reported in macrophages following acute exposure to SRM 

1648a 121. In contrast, cells exposed to mixed fuel emissions from chulha stoves demonstrated a 

higher percentage of cells in S-phase, which corresponded with less cells in the G0/G1 phase. 

The results from this study overall demonstrate that properties associated with PM source have 
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different effects on gene expression changes and cell cycle changes, and cells respond to biomass 

fuel PM in drastic different ways than responses observed for SRM 1648 a material.  

5.3.1 Limitations 

 

One of the main limitations of this study is the exploration of gene expression only at a single 

time point and at a single exposure dose. The exploration of gene expression at multiple time 

points and multiple doses would provide insight into the highly dynamic changes that may occur 

in a dose-dependent manner. Gene expression changes may be transient, and therefore a single 

time window may not capture delayed effects. The genes selected for this study may also be 

regulated by multiple overarching regulatory pathways, which were not explored in this study. 

For example, Nqo1 activation is regulated by multiple regulatory pathways and could be elicited 

by Aryl hydrocarbon receptor activity, an alternative stress response pathway that was not the 

focus of this study. Studies focusing on multiple regulatory pathways could provide further 

insight into the mechanistic changes that are relevant to disease initiating pathways. 

Additionally, this study would benefit from an additional exploration into the protein level 

changes occurring simultaneously, to further ascertain the mechanistic impact of gene expression 

changes. 
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6. Multivariate analysis: Relationship between biomass fuel 

combustion conditions and oxidative particle properties and 

cellular responses 
 

6.1  Introduction 

Various components of PM2.5 have been linked with detrimental health outcomes 122,123. For 

example, human exposure studies have found that ambient elemental carbon (EC) concentrations 

are strongly associated with changes in hospital admissions for cardiovascular health outcomes, 

while organic carbon (OC) has a greater impact on respiratory outcomes 124. Combustion 

conditions play a pivotal role in the formation of emissions from biomass burning and 

differences in the chemical composition may have different levels of toxicity. In this study, we 

assessed how combustion processes influence particle oxidative potential properties and examine 

the relationship between emission factors and modulation of macrophage biological responses. 

The combustion temperature and efficiency differences between smoldering and flaming fires 

are typically represented by MCE. MCE is derived from CO2 and CO gases representing 

differences in flaming and non-pyrolysis smoldering combustion processes. Organic emissions 

from the combustion of woody materials such as levoglucosan have been found to be enhanced 

during flaming combustion and are reduced in the smoldering phase of combustion, when 

oxygenated organic species prevail 125.  However, emission factors (g emissions/ kg fuel burned) 

are dependent on various temperature driven chemical processes unique to fuel-stove combustion 

conditions. Dynamic changes in oxygenation, temperature of the fire, and surface area to volume 

ratio of the fuel also contribute to the formation of OC, and the generation of low molecular 

weight PAHS found in the vapor phase versus high molecular weight PAHS adsorbed on to 

particulates 126. MCE, driven by emission factors predominantly emitted during the flaming 
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phase of combustion, only partially explains the total variations in emission factors for PM, OC, 

EC, and PAHs 127. Pyrolysis (the thermal decomposition of organic materials in the absence of 

oxygen) is an important factor driving the solid biomass fuel emission factors. Pyrolysis 

temperature influences the VOC profile of biomass fires and the formation of PAHs, which is 

represented by a high temperature to low temperature VOC ratio (high/low VOC ratio) 128. The 

high/low VOC ratio is derived from the proportion of ethyne to furan emissions reflects the 

relative contribution of high and low temperature processes to combustion emissions, and has 

been shown to best predict VOC emissions profiles 129.  

Particulate matter from different sources and distinct composition have been shown to differently  

influence cell viability and transcriptional changes, with urban, fine, and diesel exhaust reference 

particles inducing different levels of responses in human bronchial epithelial cells 130.  PM matter 

from mobile sources, coal combustion, and wood combustion sources have also been previously 

found to differentially modulate the gene expression of antioxidants heme oxygenase 131. 

Assessing how combustion processes that influence PM composition contribute to cellular 

toxicity can provide insight into how cellular adaptations, such as oxidative stress responses, are 

influenced by particles from different sources. Here, we assess how solid biomass fuel emission 

factors related to MCE, high/low VOC ratios, and OC influenced particle OP, and how these 

particle properties correlated with macrophage respiratory burst and transcription of oxidative 

stress and metabolic response genes. 
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6.2  Methods 
 

Mean emission factors for each individual combustion event are presented on a gram per 

kilogram of dry fuel basis ± SEM unless otherwise noted. For PAH emissions, we use the 

summed 16 PAH assessment (ΣPAH) representing ubiquitous environmental PAHs. Samples 

include dry dung-chulha (N = 5), wet dung -chulha (N = 4), mixed (wood-dung) fuels-chulha (N 

= 6), and dung- angithi (N = 3) fuel stove combinations. To determine the statistical significance 

of the differences in the mean emission factors results among independent groups, a one-way 

ANOVA was performed using a Bonferroni correction for repeated measures using a 

significance level of a=0.05. Biological endpoints are normalized to the mock control sample 

value of 1 for each individual combustion event sample. Bivariate and multivariate analysis were 

performed by Spearman’s nonparametric correlation to assess the correlation coefficient r. 

Different sample sizes (N) were used across experiments and are listed in the figure legends. The 

null hypothesis that there is no correlation between the two variables (r = 0). The variables with 

evidence of a two-tailed P <.05 association were considered significant. All statistical analyses 

were performed using GraphPad Prism (version 10.1.0 for Windows, GraphPad Software, San 

Diego, CA, USA, www.graphpad.com). 

 

 

 

 

 

http://www.graphpad.com/
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6.3  Results 
 

6.3.1 Differences in emission characteristics between chulha and angithi stoves 

 

The 18 filter samples from this study are a subset of a larger set of samples sourced from 

individual combustion events. Significant differences in the mean emission factors were 

observed between mixed fuel-chulha stove emissions and dung-angithi stove emissions, but no 

significant differences in the emission factors for chulha stoves used with wet or dry dung, or 

mixed dung-brushwood fuels, as described in Figure 17. Significant differences for emission 

factors were observed for the larger dataset used for chemical analysis, but statistically 

significant differences in this study were limited by the smaller sample size of samples available 

for the toxicological analyses (data not shown.) The samples used in this study showed major 

differences between the angithi stoves used with dung and the chulha stoves used with mixed 

brushwood-dung fuels. Angithi stoves were characterized by a lower MCE and higher OC 

emissions compared to chulha stoves, corresponding with a higher emission of PM2.5, which are 

characteristic of highly polluting traditional Angithi stoves. A borderline significant difference (P 

=.054) in the high/low VOC ratio was also observed between angithi stoves and mixed fuels 

chulha stoves, with angithi stove emissions having the lowest high/low VOC ratio. 
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Figure 17: Comparison of average emission factors from chulha and angithi stoves. Fuel and 

stove combinations influence (A) MCE, (B) elemental carbon, (C) organic carbon, (D) PM2.5 , 

(E) ΣPAH, and (F) the high/low VOC emission profile (F). * P <0.033, ** P <0.003, *** P 

<0.001, # = a borderline significant difference.   

 

6.3.2 Temperature dependent combustion properties influence macrophage oxidative stress 

responses.  

 

To assess how solid biofuel PM emission factor characteristics influence macrophage cell 

function, associations with biological outcomes including superoxide generation dynamics from 

respiratory burst assessments and gene expression of antioxidant and metabolic related genes 

were explored. The combustion properties and particle properties significantly associated with in 
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vitro biological outcomes include MCE, OC, high/low VOC ratio, and DTT OP, as summarized 

in Figure 18.  

 

Figure 18: Associations of combustion PM emissions properties and biological outcomes. 

Spearman correlation coefficients (r) for associations of combustion emissions factors, particle 

oxidative potential (OP) properties from DTT assay assessment, and biological outcomes 

including respiratory burst function assessment with the Diogenes assay and changes in gene 

expression of antioxidant and metabolic related genes. 

 

Emission factors were highly variable among stove-fuel combinations and no significant 

associations between in vitro biological outcomes and PM2.5, EC, or ΣPAH were found. Particle 

OP had statistically significant negative associations macrophage peak superoxide levels (Figure 

19A), significant positive associations with Nqo1 gene expression (Figure 19B), and significant 
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negative associations with Gpx1 gene expression (Figure 19C). In other words, exposure to 

particles with a high oxidative capacity correlated with an attenuated accumulation of superoxide 

generation during respiratory burst, downregulation of antioxidant Gpx1, yet upregulation of 

detoxifying enzyme Nqo1. In general, Gpx1 expression is negatively associated with Nqo1 

expression, but positively associated with Nrf2 expression, but changes in the Nrf2 gene 

expression is not associated with the any other endpoint (Figure 18).  

 

Figure 19: Significant associations of particle OP  properties and in vitro biological outcomes. 

Associations with (A) peak superoxide levels reflect Diogenes values from N = 5 dry dung-

chulha, N = 4 wet dung-chulha, N = 5 mixed fuels-chulha, and N = 1 dung-angithi samples. 

Associations with (B) Nqo1 gene expression and (C) Gpx1 gene expression reflect gene 

expression values from N=3 dry dung-chulha, N = 4 wet dung-chulha, N = 3 mixed fuels-chulha, 

and N = 2 dung-angithi samples. 

 

While both high/low VOC ratio and MCE factors are influenced by complex temperature 

dependent combustion process, MCE had statistically significant negative associations with Gsr 

and Nqo1 expression only, but no significant associations with particle OP (Figure 18). The 

high/low VOC ratio factor had statistically significant negative associations with particle OP 

(Figure 20A), significant positive associations with macrophage total superoxide generation 

assessed by Diogenes AUC (Figure 20B), statistically significant negative associations with 

Nqo1 (Figure 20C) and Gsr (Figure 20D) gene expression. These results indicate that particles 

with lower values for high/low VOC ratio were correlated with higher particle redox activity, 
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stronger inhibition of macrophage superoxide generation during respiratory burst, and 

upregulation of antioxidant gene expression compared to particles with elevated high/low VOC 

ratio values.  

 

Figure 20: Significant associations of high/low VOC ratio and in vitro biological outcomes. 

The high/low VOC ratio was missing for N = 1 dry dung-chulha sample. Associations with (A) 

oxidative potential reflect N = 4 dry dung-chulha, N = 4 wet dung-chulha, N = 6 mixed fuels-

chulha, and N = 3 dung- angithi samples. Associations with (B) total superoxide generation 

reflect Diogenes values from N=4 dry dung-chulha, N = 4 wet dung-chulha, N = 5 mixed fuels-

chulha, and N = 1 dung-angithi samples. Associations with (C) Nqo1 and (D) Gsr gene 

expression values represent N=2 dry dung-chulha, N=4 wet dung-chulha, N = 3 mixed fuels-

chulha, and N = 2 dung- angithi samples. 

Gsr expression had statistically significant negative associations with both peak (Figure 21A) 

and total superoxide levels during macrophage respiratory burst and statistically significant 

positive with metabolic-related G6pd gene expression (Figure 21C). G6pd gene expression also 

had statistically significant negative associations with macrophage total superoxide generation 
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(Figure 21B). These findings indicate that the ability of macrophages to rapidly accumulate 

endogenous superoxide and sustain superoxide production for extended periods is linked to an 

intricate relationship between the expression of genes related to antioxidant capacity and cellular 

energy maintenance. Together these findings from this study indicate that changes in gene 

expression of antioxidant can be both up and downregulated by particles from difference 

combustion sources, and the extent of macrophage respiratory burst inhibition is influenced by 

cellular redox and energy transcriptional adaptions in response to exposure to particles with 

distinct chemical profiles. 

 

Figure 21: Significant associations between gene expression and respiratory burst responses. 

Associations between Gsr and peak superoxide levels (A), total superoxide generation B), and 

G6pd gene expression (C) reflect N = 4 dry dung-chulha, N = 4 wet dung-chulha, N = 3 mixed 

fuels-chulha samples. Figures (A) and (B) include N = 1 dung- angithi sample, and (C) which 

includes N = 2 dung-angithi samples.   

 

 

6.4   Discussion 
 

6.4.1 Possible mechanisms underlying particulate source driven immune cell 

function modulation 

 

This study assessed the how solid biomass fuel combustion conditions that contribute to the 

differences in PM emissions and chemical composition, influence the oxidative potential of 

particles and their associations with macrophage respiratory burst and gene expression changes. 
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Particles with a lower value of high/low VOC ratios were found to have a higher OP, which 

indicates that pyrolysis-driven combustion processes contribute to the generation of organic 

compounds with electrophilic and highly redox properties, yet no association between MCE and 

particle OP were found. Emissions characterized by reactive particle surface properties and 

lower high/low VOC ratios were associated with alterations in macrophage respiratory burst 

dynamics, overall resulting in inhibited superoxide peak responses and total superoxide 

generation in activated macrophages. Reduction in superoxide production could be partially 

explained by increased expression of antioxidant genes that mitigate the accumulation of ROS. 

Emissions from dung-angithi fuel-stove combinations had lower MCE and high/low VOC ratios 

compared to any other fuel-stove combination and these temperature-dependent combustion 

processes were shown to influence macrophage gene expression. Particles from combustion 

processes characterized by lower MCE and high/low VOC ratios were correlated with a higher 

upregulation of Gsr antioxidant and Nqo1 detoxification enzymes compared to particles from 

combustion processes with higher MCE and higher values of high/low VOC ratios. However, 

fluctuating cellular energy demands via changes in NADPH cofactor pools associated with 

NOX, Gsr, and Nqo1 enzyme activity may also play a role, which are typically maintained by 

G6pd rate-limiting enzyme. The results from this study show significant associations between 

Gsr gene expression and G6pd expression, indicating that cellular redox homeostasis and 

respiratory burst are intricately linked. 

Differences in particle-mediated biological responses by solid biomass fuel emissions is likely 

influenced by the presence of aromatic compounds and constituents with unsaturated bonds with 

the ability to participate oxidizing and electrophilic reactions, typically generated during 

inefficient combustion processes. While this study suggests that redox imbalance and cellular 
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stress response activation are differentially induced by combustion processes characterized by 

lower MCE and high/low VOC ratios, it is unlikely that a singular mechanism or pathway is 

solely accountable for the changes in innate immune cell functional reported here. Nrf2 

activation mechanisms and antioxidant induction pathways are known to be activated in response 

to PM, yet this study shows Nrf2 and Gpx1 genes were downregulated following exposure to all 

solid biomass fuel PM. Disruptions of normal enzymatic processes by various components of 

PM or complex transcriptional regulation processes may contribute to the downregulation of 

specific antioxidant genes. There are known complex interactions and feedback loops between 

the many cellular stress response signaling cascades, promoting diverse intracellular changes 

relating to cell function. For example, Nqo1 expression is also influenced by Aryl Hydrocarbon 

Receptor signaling pathway, which regulates the catabolism of PAHs 108. The contribution of 

PAHs to overall cellular toxicity was expected to be minimal in this study due to their low 

aqueous solubility and use of aqueous filter extract samples for this study. However, PAHs 

bound to the particle surface may influence particle reactivity and their overall biological effects. 

Overall, in this study PM with low oxidative properties resulted in less adverse outcomes, 

sustained intracellular redox homeostasis, and low induction of stress-response genes. These 

findings overall support the mounting evidence that particles from distinct sources induce 

cellular toxicity via different mechanisms.  
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7. Summary Discussion 
 

7.1  Summary of key findings 
 

The experiments and findings in this study described within this dissertation describe how 

temperature-dependent combustion processes from the use of dung and mixed dung-brushwood 

fuels with traditional Indian cookstoves influence the OP of PM2.5 emissions. An in vitro innate 

immune cell exposure model was used for toxicological assessments and to explore how PM 

from distinct sources affect macrophage viability, respiratory burst, cell cycle dynamics, and the 

expression of important antioxidants and energy-related gene targets. Correlation analyses 

revealed particle OP and biological effects were related to the emission factors emitted during 

individual combustion events. 

Differences between the oxidative potential of PM2.5 emissions from chulha stoves, angithi 

stoves, and urban dust were observed. PM2.5 emissions from angithi smoldering combustion 

cookstoves were found to have a higher oxidative potential than PM emissions from chulha 

flaming combustion cookstoves, urban dust and the single diesel quinone compound PQN, 

whereas the OP of chulha stoves emissions was lower than both reference compounds. While no 

statistically significant differences in OP were observed among the chulha cookstoves flaming 

combustion used with fuels of varying moisture levels, a trend of higher OP was observed for 

wet dung and mixed fuels compared to dry dung fuels. While smoldering and flaming processes 

that contribute to stove MCE was initially considered to be the main driving factor influencing 

OP, multivariate analysis revealed that high/low VOC ratio was correlated OP. However, both 

MCE and high/low VOC were associated with multiple biological endpoints. Overall, pyrolysis 

processes are an important factor driving OP and particle redox activity.  
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Toxicology assessments were conducted using submerged culture exposure with the RAW 264.7 

macrophage cell line. The overall findings from biological studies support the growing scientific 

evidence that distinct combustion sources alter innate immune cell functions through different 

molecular mechanisms. Cell viability was assessed through various approaches and no 

significant reductions were observed after 4-hour exposures to PM from different sources. Acute 

exposure to solid biomass fuels PM emissions did not reduce metabolic activity in macrophages 

immediately following exposure. Sustained viability was confirmed 18-hours post exposure 

using an additional evaluation of cytotoxicity measuring LDH secretion by cells with damaged 

cell membranes and no statistically significant differences were observed for cells exposed to 

urban dust, PQN, or solid biofuel emissions compared to mock controls (Appendix A2). 

Cell death from apoptotic mechanisms was also assessed using staining with PI, which binds to 

the double stranded DNA of cells with damaged plasma membranes (such as in late apoptotic or 

necrotic cells) and with recombinant annexin V staining, which binds to the outer plasma 

membrane in apoptotic cells. Apoptosis was not identified as a major pathway of cytotoxicity in 

cells following acute exposures, with viability ranging between 68%-88% across all groups. 

Significant differences in viability and entry into apoptosis were observed only between urban 

dust and dry dung chulha emissions. Viability was moderately higher in cells treated with urban 

dust compared to mock controls, whereas viability was lowest in cells treated with dry dung from 

chulha. Cells treated with dry dung from chulha also had a significantly higher proportion of 

cells in early apoptosis compared to cells exposed to urban dust. Together these findings indicate 

that macrophages do not exhibit major differences in viability following acute exposure to solid 

biomass fuels, urban dust, or PQN.  



 

83 

 

The main biological effects observed in this study following macrophage exposure to air 

pollutants included inhibited respiratory burst and altered gene expression of metabolic and 

glutathione maintenance genes responses. Respiratory burst dynamics affected by solid biomass 

fuels include reduced peak levels of superoxide accumulated in the initial stage, accelerated rate 

of superoxide generation characterized by a faster time to reach superoxide generation peak, and 

diminished overall superoxide generation throughout the response period compared to mock 

controls. These effects did not exhibit a linear dose response. Additionally, the effects induced 

by solid biomass fuels differed from PQN, with PQN overall having no effect on total amount of 

superoxide generated, did not exhibit accelerated rate of superoxide generation compared to 

mock controls, and had increased overall superoxide generation compared to mock controls. 

Changes in respiratory burst were associated with particle OP and high/low VOC ratio, but not 

with MCE indicating that pyrolysis processes and combustion efficiency influence the redox 

activity of particles, and the severity of biological impacts. Overall, acute macrophage exposures 

to solid biomass fuel stove emissions resulted in differential impacts on cellular oxidative stress 

and innate immune cell function compared to PQN and urban dust.  

Macrophages exposed to all solid biofuel emissions, urban dust, and PQN exhibited under 

expression of gene Nrf2 (encoding the important transcription factor for activation of the 

antioxidant response element) and Gpx1 (encoding the antioxidant involved in hydroperoxides in 

a GSH dependent manner). Increased expression of Nqo1 (encoding the enzyme involved in 

detoxifying quinones) was observed in cells exposed to solid biofuel emissions and PQN, but not 

urban dust. Differential gene expression patterns were observed for Gsr (encoding the 

antioxidant involved in GSH regeneration) and G6pd (encoding the housekeeping enzyme 

providing cofactor substrates for antioxidants) among solid fuels, urban dust, and PQN. These 
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gene expression changes were also associated with high/low VOC ratio factor and particle OP, 

and to a lesser extent MCE. Due to the changes in oxidative and electrophilic stress responses 

observed following exposure to air pollutants, cell cycle dynamics were expected to be affected. 

However, the effects on cell cycle progression compared to mock controls were minimal, with 

significant differential patterns in cell cycle progression observed only between SRM 1648a and 

mixed fuels PM emissions from chulha stoves.  

7.2  Key limitations 
 

The results in this dissertation reflect macrophage effects from PM samples collected during 

household cooking events, which provides a more realistic insight into the how fuel-stove 

combinations influence particle toxicity compared to laboratory generated particles. However, a 

major limitation of this approach is the restricted sample size of the filters available for the 

studies in this investigation, especially for the dung-angithi fuel-stove combination. The number 

of filters used across experimental studies varied due to limitations in the sample volumes and 

extract concentration following extraction of PM from filters. The effects from filters from any 

single fuel-stove combination are highly variable, and further evaluation with a higher sample 

size is needed to ascertain if the values from these studies represent outliers. Overall, chulha and 

angithi cookstoves were shown to have different OP and distinct biological effects. However, the 

low number of samples used in this study limits the conclusions that can be made regarding the 

associations between fuel mixtures and OP. The moisture content in the brushwood-dung fuel 

combinations and angithi-dung samples likely influences emission composition, but their effect 

on OP remains ambiguous given the variability in the results. Furthermore, these studies were 

conducted with aqueous filter extracts, which do not fully reflect the full impact of other toxic 
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pollutants created during combustion such as water insoluble compounds, compounds in the 

volatile phase, and less polar PAHs.  

The results in this study indicate that multiple regulatory pathways may contribute to the acute 

biological effects observed. In this study, we observed how acute 4-hour exposures resulted in 

immune cell dysfunction many hours after the PM was removed from cell culture media. 

However, a major limitation of the biological studies here is the use of the immortalized mouse 

macrophage cell line RAW 264.7. The use of primary cells harvested from rodents, or the use of 

human cell lines would provide more relevant insight into the molecular mechanistic changes 

relevant to human disease models. Given the limited sample size of this study, we were not able 

to validate our findings in multiple cell lines, include multiple exposure dosages, and include 

multiple time points, which would also provide insight into the dynamic processes that contribute 

to cellular dysfunction. Additionally, some of these mechanistic details could be explored with 

the use of inhibitors to identify the role of mitochondria, NOX, and other molecular proteins. The 

contribution of multiple regulatory pathways could be ascertained by measuring protein level 

changes through various time points or with inhibitors to block activation of specific pathways 

such as negative inhibitors of Nrf2. Overall, the implication of these effects over extended 

periods and in models of chronic exposure warrants further investigation.  

7.3  Overall significance 
 

This study provides insight into the toxicity of solid biomass fuels. We show differences in 

toxicity from air pollutants generated by the combustion of dung fuels and dung-brushwood 

mixtures commonly used with chulha and angithi cookstoves, adding to the limited information 

that exists about air pollutants from specific fuel-stove combinations. The limited studies that 
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have explored the effects of dungs have primarily focused on lab generated particles and dung 

fuels only. While prior research has predominantly focused on the impact of  dung and other 

solid biomass fuels on epithelial cells, this study highlights notable effects on normal 

macrophage function and varying impacts from air pollutants originating from different 

combustion sources and mixed fuel sources. The biological effects of solid biofuels have been 

previously shown to be cell specific. Changes in macrophages function and oxidative stress 

response are known to contribute to various cardiopulmonary diseases, such as atherosclerosis. 

Therefore, the results in this study provide valuable insight into how innate immune cell 

dysfunction contributes to overall detrimental pulmonary and cardiovascular health outcomes 

from solid fuel exposure.  
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Appendix A: Supporting Material for Chapter 4 
 

 

Figure A1: Intracellular ATP levels in macrophages following 4-hour exposure to PM. 

RAW 264.7 cells were seeded at a concentration of 1.5 x 104 cells per well in a 96 well plate and 

exposed to 50 µg of PM per well (16 µg/cm2) for four hours before assessing intracellular 

adenosine triphosphate (ATP) levels with the Luminescent ATP Detection Kit (Abcam) according 

to the manufacturer’s instructions using a Centro LB 960 Chemiluminescent Instrument 

(Berthold Technologies, Bad Wildbad, Germany). Intracellular ATP levels were determined by 

linear regression from an ATP standard curve (0-10 µM). A total of N = 5 dry dung-chulha 

filters, N = 4 wet dung-chulha filters, N = 3 mixed fuels-chulha filters, N = 2 dung-angithi filters 

were used in this experiment. Two biological replicates for each individual PM filter sample 

were included to assess the mean intracellular ATP concentration. SRM1648a and PQN were 

included to compare the effects of PM from different sources. Lipopolysaccharide (LPS) was 

used as positive control for ATP depletion, with cells being exposed to 1µg of LPS (3.1 µg/cm2). 

All data were expressed as means ± SEM.  Statistical significance was assessed at P <0.05 using 

the nonparametric Mann-Whitney compared to mock control cells. The LPS positive control and 

the SRM1648a treated cells showed statistically significant reductions in intracellular ATP 

compared to mock treated controls (P =.029 got both samples). No statistically significant 

differences in intracellular ATP were observed for cells exposed to solid biofuel PM emissions 

compared to mock controls. 
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Figure A2: Lactate dehydrogenase cytotoxicity assay. Cell viability was determined by 

measuring the cellular release of LDH from the cytosol into the extracellular cell media 22-

hours after initial acute exposure to PM, using the Pierce LDH Cytotoxicity Kit (Thermo Fisher) 

according to manufacturer’s instructions. RAW 264.7 cells were plated at a density of 2.5 x 105 

cells per well on a 24-well plate and were treated with 100 µL of PM extracts in a total of 500 

µL media for four hours. Macrophages rested in clean media after the 4-hour exposure to PM. 

Cells were exposed to lipopolysaccharide bacteria membrane (LPS, 13 µg/cm2), SRM 1648a, 

biomass PM (26 µg/cm2), or PQN (0.003 µg/cm2) and then allowed to rest in clean media for 18-

hours before accessing LDH secretion. Values represent the mean percent of cell with excess 

LDH secretion normalized to the mock control of 1 ± SEM. A minimum of two biological 

replicates for each exposure sample was used to assess the mean values. A total of N = 5 dry 

dung-chulha filters, N = 4 wet dung-chulha filters, N = 3 mixed fuels-chulha filters, N = 2 dung-

angithi filters were used in this experiment. Statistical significance was assessed at P <0.05 

using the nonparametric Mann-Whitney compared to mock control cells. Increased secretion of 

LDH indicates cell membrane damage, and these results confirm that cells treated with biomass 

emissions did not exhibit any cytotoxicity when compared to mock controls. Cells exposed to 

SRM1648a or PQN demonstrated a higher percentage of cytotoxic cells compared to mock 

control cells, but effects were not statistically significant. 




