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Abstract  
N-(1,3-Dimethylbutyl)-N′-phenyl-p-phenylenediamine-quinone, commonly called 6PPD-quinone 
(6PPD-Q), is an environmental transformation product formed when the antiozonant and 
antioxidant 6PPD, widely used in tires, reacts with ozone. 6PPD-Q enters the environment through 
tire wear particles and roadway runoff and has been linked to acute toxicity in aquatic and 
mammalian models, raising concerns about its potential effects on human health. However, its 
impact on human immune responses remains unclear. This study aimed to investigate the effects 
of 6PPD-Q on inflammasome formation and activation, as well as on inflammatory signaling, in 
differentiated THP-1-ASC-GFP macrophage-like cells. Specifically, this study focused on NLRP3 
inflammasome-associated ASC speck formation and interleukin-1 beta (IL-1β) secretion after 
inflammasome activation. ASC speck formation was assessed by live-cell imaging every 30 
minutes for 12 hours after exposure to 0, 1, 10, 50, 100, or 200 ng/mL 6PPD-Q, while IL-1β 
secretion was measured by ELISA at 1, 3, and 12 hours in cells exposed to 0, 10, 50, or 100 ng/mL 
6PPD-Q. No statistically significant differences in IL-1β release were observed between 6PPD-Q-
treated cells and untreated controls at any time point. Similarly, live-cell imaging did not reveal a 
significant dose-dependent effect of 6PPD-Q on ASC speck formation. High variability and outliers 
were noted in both assays, potentially limiting the detection of subtle effects. Overall, these 
findings suggest that, under the conditions tested, 6PPD-Q does not significantly alter IL-1β 
secretion or ASC speck formation in human macrophage-like cells. The observed variability 
underscores the need for further studies with improved experimental consistency, increased 
biological replication, and assessment of additional functional and mechanistic endpoints, such as 
caspase-1 activation, cell viability, or mitochondrial function, to clarify the immunomodulatory 
potential of 6PPD-Q in human cells. 

 

 

 

 

 

 

 

 

 

  



 

Popular scientific summary 
Every day, millions of vehicles travel on our roads, and with each journey, their tires gradually 
wear down, releasing tiny particles into the environment. Among these particles is 6PPD-quinone, 
a chemical that may sound unfamiliar, but one that has recently drawn scientific attention after 
being identified as the culprit behind the mysterious deaths of coho salmon in urban streams 
following heavy rains. This discovery has raised a new question: could this chemical, now shown 
to be widespread and likely to persist in the environment for a long time, also pose a risk to 
humans? 

To explore this, this study set out to investigate whether 6PPD-quinone could impact human 
immune cells, specifically macrophages, which are among the body’s first defenders, detecting 
threats and coordinating inflammation along with other immune cells. In the laboratory, these 
macrophage-like cells were exposed to different amounts of 6PPD-quinone, while watching for 
two key signs of immune activity: the formation of ASC specks, small aggregates that indicate 
activation of a part of the immune system called the inflammasome, and the release of interleukin-
1 beta, a molecule that promotes inflammation. Since no previous studies had examined this 
question in human cells, the research was designed to detect any effect, whether an increase or 
decrease in these immune responses. 

While the results did not show any clear changes in immune markers between treated and 
untreated cells, some differences were noted. However, these were not consistent or strong 
enough to draw firm conclusions about an effect. As one of the first studies to examine how 6PPD-
quinone might interact with the human immune system, these findings provide valuable early data 
and emphasize the need for further research. Ultimately, this work serves as a reminder that 
chemicals from everyday products can find their way into our environment, and that 
understanding their potential impacts on both wildlife and humans is a crucial step toward 
making informed choices about the world we live in. 

 

 

  



 

List of abbreviations 

6PPD  N-(1,3-Dimethylbutyl)-N′-phenyl-p-phenylenediamine  

6PPD-Q N-(1,3-Dimethylbutyl)-N′-phenyl-p-phenylenediamine-quinone 

a.u.  Arbitrary Units 

AC50  Concentration for half-maximal activity 

ASC  Apoptosis-Associated Speck-like protein containing a CARD 

AUC  Area Under the Curve 

BBB  Blood-Brain Barrier 

CARD  Caspase Activation and Recruitment Domain 

CLS  Capillary Leak Syndrome 

DAMP   Danger-Associated Molecular Patterns  

DIV   Days in vitro  

EC50  Median Effective Concentration 

ELISA   Enzyme-Linked Immunosorbent Assay 

FBS   Fetal Bovine Serum 

FOV  Field of View 

GFP  Green Fluorescent Protein  

GSDMD  Gasdermin D 

Il-10  Interleukin-10 

IL-1β  Interleukin-1 beta 

Il-22  Interleukin-22 

Il-6  Interleukin-6 

JAM-C  Junction Adhesion Molecule C 

LOEC  Lowest Observed Effect Concentration  

LPS  Lipopolysaccharide  

NF-κB  Nuclear Factor Kappa-light-chain-enhancer of activated B cells 

NLRP3  NOD-like Receptor Protein 3  



 

NOD-1  Nucleotide-binding Oligomerization Domain 1  

PBS  Phosphate-Buffered Saline  

PI  Propidium iodide 

PMA  Phorbol 12-Myristate 13-Acetate  

PYD  Pyrin Domain 

ROS  Reactive Oxygen Species  

SD  Standard Deviation  

SEM  Standard Error of the Mean 

THP-1   Tohoku Hospital Pediatrics-1 

TNF-α  Tumor Necrosis Factor-alpha  

VE-cadherin Vascular Endothelial Cadherin
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Introduction 
Environmental pollutants are harmful substances released into the environment, posing 
significant health risks to humans and disrupting ecosystems. N-(1,3-Dimethylbutyl)-N′-phenyl-
p-phenylenediamine-quinone (6PPD-Q), a transformation product of N-(1,3-Dimethylbutyl)-N′-
phenyl-p-phenylenediamine (6PPD), is increasingly recognized as a widespread environmental 
pollutant, detected in water sources, road surfaces, the atmosphere, and within various organisms 
(Cao et al., 2022; Deng et al., 2022; Hiki & Yamamoto, 2022; Rauert et al., 2022; Yang et al., 2024a; 
Yang et al., 2024b). The compound in question, 6PPD, is a rubber-derived chemical typically used 
in tires to improve rubber durability and prevent ozone-induced degradation (Cataldo, 2001; 
Cataldo et al., 2015; Lattimer et al., 1983; Layer, 1966). However, oxidation of 6PPD under various 
environmental conditions, such as visible or UV light and heat, produces 6PPD-Q, a chemical 
increasingly recognized for its toxicity (Fang et al., 2023; Fang et al., 2024; Greer et al., 2023; Liao 
et al., 2024; Yang et al., 2024b). 

Since the identification of 6PPD-Q as a toxicant, extensive monitoring has revealed its presence in 
diverse aquatic environments, including urban runoff, streams, and sediments, as well as in 
locations distant from urban centers and traffic roads, across North America, Europe, Asia, and 
Australia (Johannessen et al., 2021; Nedrich, 2022; Rauert et al., 2022; Zeng et al., 2023). Its 
persistence is hypothesized to stem from a strong affinity for organic matter and sediments, which 
would facilitate long-range transport and prolonged environmental persistence (Unice et al., 
2015; Wagner et al., 2018). Notably, studies have demonstrated acute toxicity, including mortality, 
in aquatic organisms such as Oncorhynchus kisutch (Coho salmon) when exposed to urban 
stormwater runoff, a phenomenon termed “Urban runoff mortality syndrome” (Tian et al., 2021; 
Walsh et al., 2005). Moreover, a broad spectrum of aquatic organisms, including fish, crustaceans, 
algae, and aquatic plants, is affected by 6PPD-Q, underscoring its significant ecological impact (Ji 
et al., 2022; Li et al., 2025). Previous studies investigating 6PPD-Q toxicity are summarized in 
Appendix Table 1. 

Given the widespread presence of 6PPD-Q and growing concerns about its toxicity, recent 
research has begun to focus on its potential effects on organisms beyond aquatic species. Multiple 
studies have now used Mus musculus (house mouse) as a model organism to assess the potential 
effects of 6PPD-Q in mammals (Fang et al., 2023; Qiu et al., 2026; Yang et al., 2024b). In this model, 
6PPD-Q was found to induce inflammation in the liver by upregulating mRNA levels of nucleotide-
binding oligomerization domain (NOD-1), tumor necrosis factor-alpha (TNF-α), and interleukin 
Il-22 (Fang et al., 2023). Additionally, 6PPD-Q-related inflammation in mice has been observed in 
the intestines, with higher doses of 6PPD-Q increasing cytokine levels in the jejunum and ileum, 
specifically Il-1, Il-6, and TNF-α (Yang et al., 2024b). In mouse pulmonary macrophages, exposure 
to 6PPD-Q has been shown to promote inflammatory responses, as evidenced by increased 
expression of Il-1β, Il-6, TNF-α, and Il-10, together with activation of the Nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) signaling pathway (Qiu et al., 2026) 

This evidence that 6PPD-Q induced pro-inflammatory cytokines in mammals prompted further 
research into its effects on humans. Notably, both 6PPD and its transformation product 6PPD-Q 
have been detected in human biological samples, including urine, breast milk, and blood plasma, 
with concentrations influenced by demographic factors, environmental exposure, and 
physiological conditions (Liu et al., 2024; Wu et al., 2024b; Yang et al., 2024a; Zhao et al., 2023). 
These findings indicate that humans are exposed to 6PPD-Q through multiple routes, including 
inhalation, ingestion, and dermal contact, and that exposure is not limited to any specific 
population group (Du et al., 2022; Hiki & Yamamoto, 2022; Wu et al., 2024b; Yang et al., 2024a). 
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Importantly, 6PPD-Q levels have been reported to be significantly higher in females than in males, 
with high concentrations detected in breast milk, suggesting potential gender differences in 
susceptibility (Wu et al., 2024b). Additionally, studies of blood plasma have revealed lower 
concentrations of 6PPD-Q than in urine, indicating differences in the compound's excretion and 
distribution within the body (Yang et al., 2024a). 

Beyond its presence in human samples, recent research has revealed that 6PPD-Q can induce 
mitochondrial dysfunction, leading to neurological impairments and exacerbating 
neurodegenerative disease by disrupting mitochondrial membrane potential and reducing energy 
metabolism (Fang et al., 2024; Grasse et al., 2023; Mahoney et al., 2022). Additionally, 6PPD-Q has 
been shown to disrupt vascular endothelial barrier integrity, including increasing blood-brain 
barrier (BBB) permeability, by decreasing the expression of genes involved in cell-cell adhesion 
(such as occludin, junction adhesion molecule C (JAM-C), and vascular endothelial cadherin (VE-
cadherin)) and by increasing the expression of genes such as intracellular zona occludin proteins; 
effects that might be further exacerbated by the induction of the pro-inflammatory cytokines IL-
1β and TNF-α, which increase endothelial permeability and may drive capillary leak syndrome 
(CLS) (Greer et al., 2023; Liao et al., 2024). These findings underscore the need for a deeper 
understanding of how 6PPD-Q affects cellular and systemic health, particularly through 
inflammatory and immune pathways.  A historical overview of 6PPD and 6PPD-Q research 
highlights the progression from the introduction of 6PPD as a tire additive in the mid-20th century 
to the recent identification of 6PPD-Q as a widespread environmental pollutant with acute toxicity 
to aquatic species and emerging concerns for human health (Figure 1). This timeline summarizes 
key discoveries, including unexplained die-offs of coho salmon in urban streams, identification of 
6PPD-Q as the causal toxicant, expansion of research to other fish and aquatic species, detection 
of 6PPD-Q in human urine, and the current focus on its toxicokinetics and health effects in 
mammals. 

  
Figure 1. Timeline of 6PPD and 6PPD-Q in environmental and human health research, tracing the 
introduction of 6PPD as a tire additive in the mid-20th century, the emergence of unexplained coho salmon 
die-offs in the 1990s, the identification of 6PPD-Q as the causative toxicant in 2021, and the rapid expansion 
of research on its acute toxicity, human exposure, and potential health effects from 2022 to the present. The 
figure includes a 3D molecular structure of 6PPD-Q and an image of human macrophages to illustrate the 
transition from environmental detection to in vitro research on human health impacts. The timeline is 
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adapted from key findings in Cataldo (2001), Du et al. (2022), Fang et al. (2024), Jankowski et al. (2025), Ji 
et al. (2022), Johannessen et al., 2021, Lattimer et al. (1983), Liu et al. (2024), Mahoney et al. (2022), Tian 
et al. (2021), Yang et al. (2024b), Zhao et al. (2023), and others. Created with Canva.com. 

Inflammation is a fundamental biological response to environmental stressors and is essential for 
protecting the body from harm. As the first line of defense, the innate immune system relies on 
inflammation as a primary protective mechanism. This response is mediated by cytokines, small 
signaling proteins that regulate pro- and anti-inflammatory responses (Zhang & An, 2007). Pro-
inflammatory cytokines, such as IL-1β, play a key role in initiating inflammation to eliminate 
harmful pathogens, protect tissues, and initiate healing. However, while inflammation is vital for 
defense and repair, an excessive or uncontrolled inflammatory response, even if acute, can be 
detrimental, contributing to conditions ranging from fatigue to cancers and heart diseases 
(Amalraj & Gopi, 2021). Therefore, understanding the factors that initiate, modulate, and regulate 
inflammation is fundamental to elucidating its role in health and disease. 

One key mechanism of inflammation is the inflammasome pathway. Inflammasomes are 
multiprotein complexes that activate specific caspase proteases, such as caspase-1 (Agostini et al., 
2004; Chen et al., 2023).  Typically, an inflammasome consists of three main parts: a sensor 
protein, an adapter protein, and an effector enzyme. The NOD-like receptor protein 3 (NLRP3) 
inflammasome is among the most well-studied and plays a crucial role in the innate immune 
system (Agostini et al., 2004; Hoss et al., 2017). Upon activation by diverse cellular stress signals, 
NLRP3, which contains a pyrin domain (PYD), recruits the adaptor protein apoptosis-associated 
speck-like protein containing a CARD (ASC), which contains a caspase activation and recruitment 
domain (CARD), thereby recruiting pro-caspase-1 to the inflammasome complex (Jenster et al., 
2023; Oroz et al., 2016). The PYD of NLRP3 interacts with the PYD of ASC, while the CARD of ASC 
interacts with the CARD of pro-caspase-1 (Dick et al., 2016; Jenster et al., 2023; Oroz et al., 2016). 
ASC assembles into a large structure called an ASC speck, which serves as a signaling platform for 
downstream processes (Dick et al., 2016; Hoss et al., 2017). This assembly enables the conversion 
of pro-caspase-1 to active caspase-1, which then cleaves pro-IL-1β, releasing mature IL-1β 
(Agostini et al., 2004; Chen et al., 2023; Dick et al., 2016). 

Furthermore, the inflammasome is closely linked to pyroptosis, a highly inflammatory form of 
programmed cell death. Pyroptosis is initiated when activated caspase-1 cleaves gasdermin D 
(GSDMD), releasing its N-terminal fragment, which forms pores in the plasma membrane. These 
pores allow the release of mature IL-1β and other pro-inflammatory cytokines into the 
extracellular space (Broz, 2025; Dick et al., 2016; Shi et al., 2015). The released IL-1β binds to the 
IL-1 receptor on nearby cells, further amplifying the inflammatory response. As the cell undergoes 
pyroptosis, additional intracellular contents, including danger-associated molecular patterns 
(DAMPs), are released. These DAMPs are recognized by pattern recognition receptors on 
neighboring immune cells, thereby propagating and sustaining inflammation (Agostini et al., 
2004; Baroja-Mazo et al., 2014; Dick et al., 2016). 

This study seeks to investigate the effects of 6PPD-Q on NLRP3 inflammasome formation and 
activation and its subsequent impact on human immune responses. This focus is motivated by the 
established understanding that NLRP3 inflammasome activation typically requires two signals: a 
priming signal that induces NF-κB-mediated transcription of inflammasome components, and a 
second activation signal, often involving cellular stressors such as potassium (K+) efflux or 
mitochondrial dysfunction (Auwerx, 1991; Cecil et al., 2017; Fang et al., 2004; O’Brien et al., 2017; 
Walev et al., 1995; Zou et al., 2025). Notably, disruption of mitochondrial membrane potential can 
increase the production of reactive oxygen species (ROS), which are known activators of the 
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NLRP3 inflammasome (Meissner et al., 2008; Nagar et al., 2021; Zou et al., 2025). Given prior 
evidence suggesting that 6PPD-Q may disrupt mitochondrial membrane potential, it is 
hypothesized that 6PPD-Q could enhance ROS production and thereby increase or modulate 
NLRP3 inflammasome formation and activation. 

To experimentally investigate these effects, an appropriate in vitro model is required. THP-1 cells, 
a human leukemia cell line, can be differentiated from monocytes into macrophage-like cells when 
exposed to a phorbol ester such as Phorbol 12-myristate 13-acetate (PMA) (Auwerx, 1991). 
Following differentiation, THP-1 cells can be primed with lipopolysaccharide (LPS), a well-
characterized primer of inflammasome formation (Auwerx, 1991; Perregaux & Gabel, 1994; 
Walev et al., 1995), thereby enabling exploration of the interaction between 6PPD-Q exposure and 
inflammasome-mediated inflammation. The specific cells to be employed, THP-1-ASC-GFP cells, 
contain a plasmid encoding an ASC-GFP fusion gene under the control of an NF-κB promoter, 
permitting visualization of ASC speck formation upon NF-κB activation, such as during the priming 
signal of canonical NLRP3 inflammasome activation. Accordingly, THP-1 cells differentiated and 
primed in this manner may serve as a robust system for assessing the effects of 6PPD-Q on NLRP3 
inflammasome formation, ASC speck visualization, and downstream inflammatory responses in 
human immune cells (see Appendix Table 2 for reported 6PPD-Q concentrations, cell types, 
exposure durations, and biological responses in previous in vitro studies). 

In light of limited data on how 6PPD-Q might modulate the human inflammatory response and 
immune system, particularly its potential to influence inflammasome assembly, pyroptosis, and 
the underlying mechanisms, this research could help address a critical gap in understanding the 
compound's potential to induce inflammation and immune dysregulation in humans. As one of the 
first studies to explore these effects in a human in vitro model, it aims to provide novel insights 
into the biological activity of 6PPD-Q. These findings could ultimately support the development of 
biomarkers for assessing human exposure and contribute to a better understanding of the health 
risks associated with this emerging environmental pollutant, highlighting the urgent need for 
further investigation into the impacts of modern-world contaminants. 

Aim and objectives 

Aim 
This study aims to investigate the impact of 6PPD-Q on inflammasome formation and 
inflammatory signaling, with a specific focus on its potential effects on human innate immunity. 
Using differentiated THP-1-ASC-GFP cells as macrophage-like cells, this study will assess whether 
exposure to 6PPD-Q alters the immune response, particularly through ASC speck formation and 
IL-1β production. 

Objectives  
To investigate the effects of environmentally relevant concentrations of 6PPD-Q on LPS-primed 
THP-1-ASC-GFP macrophage-like cells under NLRP3 inflammasome-activating conditions. 

To use live-cell microscopy to visualize ASC speck formation via GFP following 6PPD-Q treatment. 

To measure IL-1β release at specific time points post-6PPD-Q exposure using ELISA, comparing 
treated samples with untreated controls. 
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To determine whether 6PPD-Q modulates NLRP3 inflammasome activation, as evidenced by ASC 
speck formation and IL-1β release, in LPS-primed THP-1-ASC-GFP macrophage-like cells. 

Material and methods  

Cell culture 
THP1-ASC-GFP (InvivoGen, Catalog #thp-ascgfp) were cultured in RPMI-1640 medium (Gibco, 
Catalog #A10491-01) supplemented with 10% premium, heat-inactivated fetal bovine serum 
(FBS) (Biowest, Catalog #S181BH) and penicillin-streptomycin (Merck, Catalog #P0781 & 
#P4333) (100 U/mL penicillin; 100 µg/mL streptomycin) at 37 °C and 5% CO2 in a humidified 
incubator. Cells were maintained at densities between 2 × 106 and 6 × 105 cells/mL and passaged 
every 2-3 days to a final density of 6 × 105 cells/mL. Cells were harvested by centrifugation at 300 
× g for 5 minutes at room temperature, and the cell pellet was resuspended in 20 mL of fresh 
medium. All experiments were performed using cells between passages 16 and 21. To maintain 
selection pressure, 200 µg/mL zeocin (InvivoGen, Catalog #ANT-ZN-1) was added to the medium 
every other passage. Prior to use in assays, cells were cultured in a medium without zeocin to 
avoid interference with experimental readouts. 

THP1-ASC-GFP differentiation 
Prior to each experiment, THP1-ASC-GFP monocytes were differentiated into macrophage-like 
cells by treatment with PMA (InvivoGen, Catalog #tlrl-pma) at 100 nM in RPMI medium for 24 
hours (for live-cell imaging) or 36 hours (for ELISA). Following differentiation, cells were washed 
twice with phosphate-buffered saline (PBS) at 37 °C, and fresh cell culture medium was added. 
The cells were then allowed to rest at 37 °C in a humidified incubator with 5% CO2 for 72 hours, 
after which the respective experiments were performed. 

Treatment 
For inflammasome activation, THP1-ASC-GFP monocytic cells were primed with 100 ng/mL LPS-
B5 Ultrapure (InvivoGen, Catalog #tlrl-pb5lps) for 4 hours. After priming, cells were exposed to 
6PPD-quinone (MedChem Express, Catalog #HY-153169) at environmentally relevant 
concentrations ranging from 1 ng/mL to 200 ng/mL. After 1 hour, nigericin (InvivoGen, Catalog 
#tlrl-nig) was added at a final concentration of 3 µM to induce NLRP3 inflammasome assembly. 
Controls included differentiated cells treated with 6PPD-quinone alone and vehicle controls 
containing equivalent concentrations of the respective solvents. 

ELISA 
Six-well plates were seeded with 1.5 million cells per well, and 6PPD-Q was added to designated 
wells at concentrations of 10, 50, and 100 ng/mL. After the addition of nigericin, cell culture 
supernatants were collected at 1, 3, and 12 hours. At the end of the treatment period, supernatants 
from each well were centrifuged at 300 × g for 5 minutes to remove suspended cells and cellular 
debris, then subsequently stored at -70 °C until ELISA testing. 

IL-1β concentrations in the centrifuged supernatants were quantified using the Human IL-1 
beta/IL-1F2 DuoSet ELISA kit (R&D Systems, Catalog #DY201), supplemented with the DuoSet 
Ancillary Reagent Kit 2 (R&D Systems, Catalog #DY008B), following the manufacturer’s 
instructions. 96-well plates were coated overnight at room temperature with the capture 
antibody, then blocked with reagent diluent for 90 minutes. Standards (prepared in duplicate) and 
diluted samples (prepared in triplicate) were added and incubated at room temperature. After 
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washing, detection antibodies and streptavidin-horseradish peroxidase were applied 
sequentially, with plate washes between each step using a 1X wash buffer and an automated plate 
washer. Subsequently, TMB ELISA substrate solution was added, and the reaction was incubated, 
stopped with 2 N sulfuric acid, and absorbance was measured at 450 nm with wavelength 
correction at 571 nm using a microplate photometer (Multiskan FC, Thermo Fisher Scientific). 

ELISA data were analyzed using GraphPad Prism, version 11.01, for Windows (GraphPad 
Software, Boston, MA, USA). Technical triplicates were averaged for each experimental replicate, 
and mean values were normalized and expressed as fold change relative to the untreated control 
(0 ng/mL 6PPD-Q) at each time point. The relative IL-1β response was used for statistical analysis. 
A mixed-effects model was used for statistical analysis to account for missing data, followed by 
Dunnett’s multiple-comparison post hoc test comparing each 6PPD-Q concentration with the 
corresponding untreated control at each time point. All steps were performed at room 
temperature unless otherwise specified, and all reagents were equilibrated to room temperature 
before use. 

Live-cell imaging 
ASC speck formation was quantified in differentiated THP-1-ASC-GFP macrophage-like cells 
exposed to a range of 6PPD-Q concentrations (0, 1, 10, 50, 100, or 200 ng/mL) under four 
treatment conditions: 6PPD-Q only, LPS + 6PPD-Q + nigericin, LPS + 6PPD-Q, and 6PPD-Q + 
nigericin. For each treatment group, cells were tested at all six 6PPD-Q concentrations to assess 
both direct and modulatory effects of 6PPD-Q on ASC speck formation. The 6PPD-Q only group 
refers to cells treated with 6PPD-Q only, without the addition of canonical inflammasome 
activators such as LPS or nigericin, serving to isolate the direct effect of 6PPD-Q on ASC speck 
formation. Positive controls included LPS + 6PPD-Q + nigericin (positive control for NLRP3 
inflammasome activation), while LPS + 6PPD-Q and 6PPD-Q + nigericin served as priming and 
activation controls, respectively. Each experimental replicate was performed using THP-1 cells 
from a different passage. For each replicate, cells were independently differentiated into M1 
macrophage-like cells, seeded, and treated according to the experimental protocol. For each 
treatment and concentration, n = 3 experimental replicates were performed, with two technical 
replicates (wells) per condition in each experiment. 

Live-cell imaging was performed using an EVOS M7000 Imaging System (ThermoFisher) equipped 
with a 10X objective and an on-stage incubator to maintain cells at 37 °C and 5% CO2 throughout 
the experiment. Cells were seeded in Nunc™ 96-Well Optical-Bottom Microplates (Black, TC 
surface; ThermoFisher, Catalog #165305). During imaging, cells were maintained in complete 
media as described in the Cell Culture section, and outer wells were filled with PBS to minimize 
edge effects. 

Imaging was conducted in both the green fluorescent protein (GFP) channel (EVOS GFP filter cube: 
excitation 470/22 nm, emission 525/50 nm) and the transmitted-light (trans) channel. The trans 
channel was used to calculate cell confluence. Images were acquired every 30 minutes over a 12-
hour period, capturing four fields of view per well arranged in a single vertical (1 × 4) strip 
centered within each well. Each condition and treatment was performed in duplicate wells. The 
system’s automated stage and time-lapse acquisition features enabled automated sampling and 
imaging of multiple fields of view per well throughout the experiment. 

The EVOS software (version 1.6.2563.149) was used for initial image acquisition and basic 
processing. For quantitative analysis of ASC specks, images were exported and further processed 
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using FIJI/ImageJ (version 1.54p with Java 21.0.7, 64-bit) and  RStudio (version 2026.06.0+242). 
Fluorescent ASC specks were visualized and quantified using automated detection algorithms. The 
image analysis workflow was developed and validated on a randomized subset of 36 images to 
optimize speck detection across varying image intensities and backgrounds observed between 
replicates. 

To address uneven illumination and pixel intensities across replicates, background subtraction 
was performed using the rolling ball algorithm (radius = 2 pixels, sliding option enabled) and 
repeated four times. After background correction, two thresholding methods (MaxEntropy and 
Triangle) were applied independently to generate binary masks. These methods were selected 
after evaluating several common thresholding algorithms (including Otsu, Yen, and Rényi 
entropy) on the validation subset; MaxEntropy and Triangle produced masks that most closely 
matched the number and appearance of specks observed by manual inspection, despite intensity 
differences between replicates. The resulting binary masks from the two thresholding strategies 
were combined using the Image Calculator's AND operator, generating a final mask that retained 
only particles detected by both methods. This intersection approach was chosen to increase the 
specificity of speck detection and reduce false positives. Particle analysis was then performed on 
the final mask using the Analyze Particles plugin, with size thresholds set to 4-350 pixels2 and 
circularity restricted to 0.8-1.0 to identify compact, speck-like structures. 

Data processing and statistical analysis 
Raw counts were normalized to confluence by dividing by the confluence proportion 
(confluence/100) per field of view (FOV), accounting for cell density differences. Normalized 
counts from four FOVs per well and time point were averaged, and technical replicate wells were 
further averaged to produce a single time course per treatment and experiment. The confluence-
normalized ASC speck response over time was integrated using the trapezoidal rule to calculate 
the area under the curve (AUC), which represents the cumulative ASC speck response over the 
imaging period, as given by Equation (1): 

 
𝐴𝐴𝐴𝐴𝐴𝐴 = ��

𝐶𝐶𝑖𝑖 + 𝐶𝐶𝑖𝑖+1

2
� × (𝑡𝑡𝑖𝑖+1 − 𝑡𝑡𝑖𝑖),

𝑛𝑛−1

𝑖𝑖=1

 (1) 

where Ci and C(i+1) denote confluence-normalized ASC speck response values (arbitrary units, a.u.) 
at consecutive time points (ti and t(i+1)), with units in a.u. × min (specks × min). AUC values were 
calculated separately for each treatment within each independent experiment. Data from the three 
independent experiments were combined for analysis. 

Before statistical testing, AUC values were assessed for normality using the Shapiro-Wilk test and 
for homogeneity of variance using Levene's test. Differences in cumulative ASC speck responses 
across the four treatment conditions, both with concentrations combined and within individual 
6PPD-Q concentrations, were evaluated using Kruskal-Wallis, followed by pairwise Wilcoxon tests 
with Benjamini-Hochberg correction. Dose-response analyses for each treatment condition were 
conducted by fitting linear regression, Spearman correlation, and four-parameter logistic models. 
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Results 

ELISA 
IL-1β concentrations were quantified by ELISA after inflammasome activation with nigericin at 1, 
3, and 12 hours. Both raw IL-1β concentrations (pg/mL) and relative IL-1β responses (fold change 
relative to untreated controls) were analyzed to assess the effect of 6PPD-Q on inflammatory 
cytokine release. Statistical analysis was performed using a mixed-effects model to evaluate the 
effects of 6PPD-Q concentration, time point, and their interaction, followed by Dunnett’s multiple-
comparisons post hoc test comparing each 6PPD-Q-treated sample to the untreated 6PPD-Q 
control. Across all time points and 6PPD-Q concentrations, mean IL-1β concentrations (pg/mL) ± 
standard deviations are shown in Figure 2 and Appendix Table 4. Standard deviations were large 
across most experimental conditions and often comparable to or greater than the mean, indicating 
high variability between replicates. No clear concentration- or time-dependent pattern was 
observed in IL-1β secretion following 6PPD-Q exposure. 

 
Figure 2. Raw IL-1β concentrations measured by ELISA. Data are presented as the mean ± standard 
deviation (SD) of IL-1β concentrations. IL-1β concentrations (pg/mL) were measured after exposure to 0, 
10, 50, and 100 ng/mL 6PPD-Q at 1, 3, and 12 hours after inflammasome activation. Values represent the 
mean ± SD from three independent experimental replicates. Data are presented without normalization; 
statistical analysis was performed on normalized data and is shown in Figure 3. Figure created using 
Microsoft Excel. 

To account for inter-experimental variability, IL-1β concentrations were normalized to the 
corresponding untreated control (0 ng/mL 6PPD-Q, exposed to LPS and nigericin) at each time 
point, with the untreated control set to 1 and treated groups expressed as fold change relative to 
this value. Relative IL-1β responses are presented in Figure 3. A mixed-effects model was used to 
assess the effects of 6PPD-Q concentration, time point, and their interaction on the relative IL-1β 
response. No significant effects of 6PPD-Q concentration (p = 0.6321), time point (p = 0.8050), or 
their interaction (p = 0.8588) were detected. Dunnett's multiple-comparisons post hoc test 
showed no significant differences between any 6PPD-Q-treated group and the corresponding 
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untreated 6PPD-Q control at 1, 3, or 12 hours (all adjusted p-values > 0.05), confirming that none 
of the 6PPD-Q-treated groups differed significantly from the untreated control at any time point. 
As shown in Figure 3, the mean relative IL-1β responses for the 10, 50, and 100 ng/mL 6PPD-Q 
groups were generally lower than those of the untreated 6PPD-Q control. However, these 
differences were not statistically significant, and no consistent concentration- or time-dependent 
trend was observed.  

 
Figure 3. Relative IL-1β response following 6PPD-Q exposure at three time points. Data are expressed as 
fold change relative to the corresponding untreated (0 ng/mL 6PPD-Q) control within each experimental 
replicate, with untreated controls normalized to a value of 1. Fold changes were calculated using the mean 
of technical replicates for each experimental replicate. Bars represent the mean fold change ± standard error 
of the mean (SEM) across three experimental replicates. Statistical significance was assessed using a mixed-
effects model to test for effects of 6PPD-Q concentration, time point, or their interaction, followed by a 
Dunnett's multiple-comparisons post hoc test to show differences between any 6PPD-Q-treated group and 
the corresponding untreated 6PPD-Q controls. Statistical analysis and figure generation were performed 
using GraphPad Prism version 11.01 for Windows. 

Live-cell imaging  
Cumulative ASC speck formation over the entire time course was calculated by integrating the 
confluence-normalized ASC speck counts over time using the trapezoidal rule, giving a single 
cumulative response value for each treatment condition at each 6PPD-Q concentration. Peak 
response was analyzed separately as the maximum confluence-normalized ASC speck count 
observed during the imaging period. This analysis was used to assess ASC speck formation for 
each treatment condition at each 6PPD-Q concentration. This approach provides a single value 
that reflects both the magnitude and duration of speck formation for each replicate, which may be 
particularly useful for capturing asynchronous or transient responses that may not be apparent 
at individual time points (Ball et al., 2017; Herring et al., 2024). As shown in Figure 4, the data 
distribution is notably heterogeneous, with boxplots revealing significant right-skewness in most 
groups, except for the LPS + 6PPD-Q + nigericin group, which shows a slightly left-skewed 
distribution. Summary statistics, calculated from the three independent experiments and 
presented in Appendix Table 3, confirm high variability, with both the standard deviation (SD) 
and the standard error of the mean (SEM) reflecting the spread of values within each group. Given 
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the small sample size of three experimental replicates per group (n = 3), the standard error of the 
mean remains relatively high, further emphasizing the variability present in the dataset. This 
pronounced variability, together with the presence of outliers within each treatment group (as 
visualized in Figure 4), indicates substantial heterogeneity in ASC speck formation between 
experimental replicates. Such variability was also observed between fields of view and early/late 
time points, likely reflecting technical artifacts or biological asynchrony, which may obscure 
potential trends or dose-response relationships and complicate the interpretation of treatment 
effects. 

 
Figure 4. Effect of 6PPD-Q in combination with inflammasome activators on the cumulative confluence-
normalized ASC speck response. Boxplots show the distribution of cumulative confluence-normalized ASC 
speck count (specks × min) for each treatment group: 6PPD-Q only; LPS + 6PPD-Q + nigericin (positive 
control for NLRP3 formation); LPS + 6PPD-Q; and 6PPD-Q + nigericin. The effect of 6PPD-Q was explored 
both alone (6PPD-Q only) and in combination with canonical inflammasome activators (LPS + nigericin, LPS, 
and nigericin), with all groups tested at each 6PPD-Q concentration (0, 1, 10, 50, 100, 200 ng/mL). For each 
independent experiment (n = 3), the cumulative response was calculated by integrating the confluence-
normalized ASC speck time course (every 30 minutes over 12 hours) using the trapezoidal rule, giving one 
cumulative response value per treatment condition and 6PPD-Q concentration. Individual points (black 
dots) represent these cumulative response values from each experimental replicate (cells from independent 
passages, differentiated and treated separately), highlighting the distribution and variability of responses. 
For this figure, 6PPD-Q concentrations (0, 1, 10, 50, 100, and 200 ng/mL) were grouped to compare overall 
treatment effects. The box indicates the interquartile range, the line denotes the median, and whiskers 
extend to 1.5 times the interquartile range. Statistical significance between treatment conditions was 
assessed using the Kruskal-Wallis test followed by pairwise Wilcoxon rank-sum tests with Benjamini-
Hochberg correction. The figure was created using RStudio (version 2026.06.0+242). 

Prior to statistical testing, the dataset was checked for missing values, duplicates, and negative 
counts; none were detected, confirming data integrity. Furthermore, the distribution of 
cumulative ASC speck values within each treatment group was assessed for normality using the 
Shapiro-Wilk test and for homogeneity of variance using Levene’s test. While most groups did not 
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significantly deviate from normality, the Nigericin-only group failed the normality test (p = 
0.00036), and Levene’s test indicated a significant violation of the homogeneity of variance 
assumption across groups (p < 0.001). Given these results and the relatively small sample size per 
group (n = 3), nonparametric tests were used for group comparisons. In addition, the 6PPD-Q only 
group exhibited the highest proportion of zero ASC speck counts (26%), compared to much lower 
rates in the positive control groups (e.g., 0.17% for LPS + 6PPD-Q + nigericin), and high-count 
events (>150 specks/image) were almost exclusively observed in the LPS + 6PPD-Q + nigericin 
(32.8%), as confirmed by quantitative analysis (supplementary data available upon request). 

The Kruskal-Wallis test revealed significant differences in integrated ASC speck response among 
treatment groups (chi-squared = 42.09, df = 3, p < 0.001). The group medians for integrated ASC 
were: 6PPD-Q only (median = 995), LPS + 6PPD-Q + nigericin (median = 6,721), LPS + 6PPD-Q 
(median = 3,135), and 6PPD-Q + Nigericin (median = 1,422). Pairwise Wilcoxon rank-sum tests 
with Benjamini-Hochberg correction confirmed that all treatment groups differed significantly 
from one another (all adjusted p-values < 0.01). The median integrated responses were highest in 
the LPS + 6PPD-Q + nigericin group, followed by LPS + 6PPD-Q, 6PPD-Q + Nigericin, and the 6PPD-
Q only group. To visualize these differences and the distribution of responses across treatments 
and concentrations, Figure 5 presents a grouped bar plot of the integrated ASC speck response for 
each treatment group and 6PPD-Q concentration. 

 
Figure 5. Concentration-dependent effect of 6PPD-Q on cumulative ASC speck response under different 
inflammasome activation conditions. Bar plots show the mean cumulative, confluence-normalized ASC 
speck response (specks × min) for each treatment condition (6PPD-Q only, LPS + 6PPD-Q, LPS + 6PPD-Q + 
nigericin, and 6PPD-Q + nigericin) across increasing 6PPD-Q concentrations (0, 1, 10, 50, 100, and 200 
ng/mL) in THP-1-ASC-GFP cells. The cumulative response was calculated by integrating the confluence-
normalized ASC speck time course (30-minute intervals over 12 hours) using the trapezoidal rule. Bars 
represent the mean cumulative response from three independent experiments, with error bars indicating 
the standard error of the mean (SEM). Individual points represent the cumulative response values from 
each independent experiment (cells from separate passages that were differentiated and treated 
independently). Statistical comparisons were performed separately for each 6PPD-Q concentration using 
the Kruskal-Wallis test, followed by pairwise Wilcoxon rank-sum tests with a Benjamini-Hochberg 
correction. The figure was created using RStudio (version 2026.06.0+242). 
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To assess whether increasing 6PPD-Q concentration affected ASC speck formation, both linear 
regression and Spearman correlation analyses were performed on cumulative ASC speck values 
across increasing 6PPD-Q concentrations (supplementary data available). Neither analysis 
revealed a significant trend between 6PPD-Q concentration and ASC speck response (for the 
6PPD-Q only group: linear regression slope = 1.51, p = 0.36; Spearman's rho = 0.33, p = 0.18; LPS 
+ 6PPD-Q group: slope = -2.64, p = 0.70; Spearman's rho = -0.22, p = 0.37; 6PPD-Q + Nigericin 
group: slope = 4.02, p = 0.48; Spearman's rho = 0.19, p = 0.45; LPS + 6PPD-Q + Nigericin group: 
slope = -12.54, p = 0.30; Spearman's rho = -0.36, p = 0.14). Similarly, a four-parameter logistic fit 
(log-logistic model) failed to detect a significant dose-response relationship; none of the model 
parameters were statistically significant (all p-values > 0.05, except for the upper and lower 
asymptotes), and the model showed a poor fit to the data (residual standard errors: 6PPD-Q only, 
498.1; LPS + 6PPD-Q, 2,157.8; 6PPD-Q + Nigericin, 1,747.7; LPS + 6PPD-Q + Nigericin, 3,749.5). 
The relationship between 6PPD-Q concentration and ASC speck formation was relatively flat or 
highly variable across all treatments, with only minor, non-significant changes at certain 
concentrations (e.g., 100 ng/mL for 6PPD-Q only and LPS + 6PPD-Q + Nigericin, and 10 ng/mL for 
LPS + 6PPD-Q and 6PPD-Q + Nigericin). These findings are corroborated by visual inspection of 
the scatter plot (Figure 4), which shows high variability and outliers at each concentration, factors 
that may have contributed to the poor model fit and obscured any underlying monotonic or 
sigmoidal dose-response trend. 

Discussion 
This study utilizes both ASC speck formation detection and IL-1β release measurement as 
indicators of NLRP3 inflammasome formation and activation. This dual approach effectively 
captures key aspects of inflammasome assembly and cytokine secretion (Broz, 2025; Hoss et al., 
2017; Lee et al., 2025a; Nagar et al., 2021). However, evidence indicates that ASC speck formation 
and IL-1β release are not always strictly coupled (Dick et al., 2016; Herring et al., 2024); specks 
may form without significant IL-1β secretion, and IL-1β can be released in the absence of 
detectable specks under certain conditions (Dick et al., 2016; Nagar et al., 2021; Xue et al., 2025). 

The selected 6PPD-Q test concentrations were based on reported environmental concentrations 
of 6PPD-Q, as summarized in Appendix Table 1, and on concentration ranges used in previous 
experimental studies, as displayed in Appendix Table 2. Contrary to the initial hypothesis that 
6PPD-Q exposure would activate the NLRP3 inflammasome, evidenced by increased ASC speck 
formation and IL-1β release, in human macrophage-like cells, no statistically significant changes 
in these endpoints were observed following 6PPD-Q exposure, even after LPS priming and 
nigericin stimulation (Figure 3 and Figure 4), suggesting that perhaps the short-term (1 h) 
exposure window may have been insufficient for 6PPD-Q to induce measurable inflammasome 
activation under the experimental conditions. This finding stands in contrast to a growing body of 
literature reporting a range of adverse effects of 6PPD-Q in diverse in vitro models, including 
neuronal, hepatic, endothelial, and reproductive cell types, where longer exposures and/or higher 
concentrations resulted in cytotoxicity, mitochondrial dysfunction, or impaired cellular functions 
(see Appendix Table 2) (Lee et al., 2025b; Liao et al., 2024; Mahoney et al., 2022). 

ELISA 
Statistical analysis detected no significant differences in relative IL-1β response between 
untreated and 6PPD-Q-treated cells. This suggests that, under the conditions tested, 6PPD-Q did 
not significantly affect IL-1β production. However, as shown in Figure 3, the mean relative IL-1β 
responses across all 6PPD-Q-treated groups were lower than those of the untreated controls. 
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Despite these lower responses, post hoc analysis did not identify statistically significant 
differences compared with the corresponding untreated controls. In addition, the inability to 
normalize IL-1β concentrations to cell number may have contributed to variability in the observed 
responses. 

During cell seeding and differentiation, considerable variability was observed in the number of 
cells attached to the culture plates. As shown in Figure 2, the standard deviation (SD) of IL-1β 
concentrations measured by ELISA was included to illustrate variability within the dataset. In 
several conditions, the SD was close to or greater than the mean IL-1β concentration, indicating 
that the data were substantially spread out (Cumming et al., 2007). Culture conditions for THP-1 
cells, including seeding density, incubation time, and differentiation conditions, can significantly 
influence cell morphology, cytokine production, and responses to differentiation stimuli (Aldo et 
al., 2013). In this study, both cell size and the number of attached cells varied considerably 
between experimental replicates, which may have contributed to the observed variability. One 
possible explanation is that high cell density in the culture flask prior to seeding affected 
subsequent differentiation and attachment efficiency. Variability may be reduced in future 
experiments by improving consistency during cell plating, minimizing differences in cell 
attachment between wells, and increasing the number of biological replicates (Cumming et al., 
2007; Hirsch & Schildknecht, 2019). 

A wide range of IL-1β levels measured by ELISA was likely due to substantial differences in the 
number of cells seeded onto the test plates used to generate the ELISA supernatants. Due to time 
constraints and concerns about cell viability, two plates were prepared and seeded from the same 
T75 flask and cell passage. As a result, these plates served as technical replicates rather than 
independent biological replicates, which are ideal. Technical replicates do not capture true 
biological variability; differences between these plates may reflect procedural or equipment-
related variation rather than biologically meaningful differences (Bell, 2016; Hirsch & 
Schildknecht, 2019; Wu & Hamada, 2021). 

Because the measured IL-1β levels varied, the ELISA data were normalized to fold changes. For 
each condition, the treated sample was divided by the corresponding untreated (0 ng/mL 6PPD-
Q) sample to calculate a fold-change response. This normalization enabled comparison of the 
relative effects of 6PPD-Q while reducing bias from differences in cell plating, including variation 
in cell numbers. Fold-change data were then analyzed using a mixed-effects model, followed by 
Dunnett’s multiple-comparisons test. A two-way ANOVA would typically be preferred for 
assessing the effects of 6PPD-Q concentration, time point, and their interaction on IL-1β response. 
However, to account for the missing data point, a mixed-effects model was used instead, allowing 
evaluation of whether 6PPD-Q altered IL-1β response relative to control and whether this effect 
varied across collection times. Dunnett’s multiple-comparisons post hoc test was used to compare 
each 6PPD-Q-treated group with the corresponding untreated control. Dunnett’s test is 
appropriate when multiple treatment groups are compared against a single control group (Lee & 
Lee, 2020). 

Live-cell imaging  
The live-cell imaging results revealed substantial variability in ASC speck formation across 
replicates, treatments, and time points. Notably, images from field F03 frequently captured the 
edge of the well, likely contributing to increased variability and potential edge effects, a known 
source of technical noise in multi-well plate imaging. Additionally, segmentation errors were 
evident, including zero ASC speck counts for the LPS + 6PPD-Q + nigericin treatment in replicate 
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3, which is biologically implausible and likely reflects a failure in image analysis rather than a true 
absence of specks. While the expected ranking of treatments (LPS + 6PPD-Q + Nigericin > LPS + 
6PPD-Q > 6PPD-Q + Nigericin > 6PPD-Q only) was generally observed, some replicates deviated 
from this pattern; for example, in replicate 2, 6PPD-Q + Nigericin showed the highest ASC speck 
count, followed by LPS + 6PPD-Q, suggesting technical artifacts. Patterns of zero ASC speck counts 
also varied across time points and replicates, with the highest zero rates often clustering at the 
beginning or end of the time course (e.g., time points 1, 21, 22, 23, and 24), which may reflect 
periods of low cell activity, imaging artifacts, or focus issues. 

The concentration range used in the live-cell imaging setup (0, 1, 10, 50, 100, or 200 ng/mL 6PPD-
Q) was sufficient to estimate the lower and upper asymptotes of the dose-response relationship 
between 6PPD-Q concentration and ASC speck formation, but it did not yield statistically 
significant estimates of the slope or the EC50 (the concentration producing a half-maximal 
response), both key parameters for defining a dose-response relationship. When fitting a four-
parameter logistic dose-response model, the relationship between 6PPD-Q concentration and ASC 
speck formation was relatively flat or highly variable across all treatments, with only minor, non-
significant changes at certain concentrations (e.g., 100 ng/mL for 6PPD-Q only and LPS + 6PPD-Q 
+ Nigericin, and 10 ng/mL for LPS + 6PPD-Q and 6PPD-Q + Nigericin) (supplementary data 
available upon request). This raises concerns about the tested concentrations in this study, a 
crucial aspect of in vitro assays that directly influences the accuracy and interpretability of 
statistical analyses (Hothorn, 2014; Schürmeyer et al., 2025).  

Importantly, log-equidistant concentrations are widely used because they ensure a uniform data 
distribution and reduce human bias, thereby enhancing the reliability of results (Clothier et al., 
2013; Schürmeyer et al., 2025; Weimer et al., 2012). Furthermore, Bayesian optimal design 
incorporates prior knowledge, such as EC50 and concentration for half-maximal activity (AC50) 
values, to improve model precision and reduce sample size, with tools like the OCCE Shiny app 
facilitating customized concentration series even with limited prior information (Schürmeyer et 
al., 2025; Wang & Yang, 2014). This is particularly important given the high variability and lack of 
clear monotonic trends observed in the data, which may be partly attributable to the limited 
number and spacing of concentrations tested. Therefore, consideration of these tools and the 
inclusion of additional, approximately log-equidistant concentrations, particularly between 50 
and 100 ng/mL, may have improved characterization of the dose-response relationship. 

Limitations 
This study has several limitations that should be considered when interpreting the results. One 
limitation is the use of an in vitro THP-1-ASC-GFP macrophage-like cell model, which does not fully 
reproduce the complexity of in vivo immune responses or interactions within a whole organism. 
Although in vitro models are useful and ethically preferable for studying specific cellular 
mechanisms, they cannot fully capture systemic immune responses, including interactions 
between different cell types, tissues, organs, and metabolic processes. 

Several limitations should be considered when interpreting the ELISA results. Variability was 
observed in IL-1β concentrations between replicates, with standard deviations often comparable 
to or exceeding the mean values. This variability may have reduced the ability to detect significant 
differences between untreated and 6PPD-Q-treated groups. One likely factor was variation in cell 
seeding and attachment. Another limitation was missing data, necessitating a mixed-effects model 
instead of a conventional two-way ANOVA. Additionally, some plates were prepared from the 
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same flask and cell passage, representing technical rather than fully independent replicates, which 
limits the strength of conclusions.  

Live-cell imaging also had limitations. Although it allowed tracking of ASC speck formation over 
time, the results were affected by high variability, edge effects, and differences in focus, cell 
distribution, and confluence across fields, reducing the reliability of the analysis. Automated 
detection, while reducing bias, could misidentify background fluorescence or artifacts as specks, 
leading to false zero counts where speck formation was expected. These technical issues may have 
contributed to variability and affected accuracy. 

This study focused on ASC speck formation and IL-1β release, which provide valuable insight into 
NLRP3 inflammasome activation. However, it should be supplemented with additional assays, 
such as western blotting for caspase-1 or gasdermin D cleavage, flow cytometry for cell counting 
and ASC speck quantification, or LDH release assays to assess pyroptosis, to provide a more 
comprehensive view of the activation process. To validate these findings, studies frequently use 
LDH release to assess pyroptosis; western blotting and RT-qPCR to measure protein and mRNA 
levels of NLRP3, GSDMD, and caspase-1; propidium iodide staining to assess cell death; 
mitochondrial membrane potential assays to assess mitochondrial dysfunction; and genetic 
knockouts or mutants lacking inflammasome components. Although these approaches could have 
complemented the current data, they were not explored due to various constraints. Overall, these 
limitations suggest the results are preliminary. While no clear evidence was found that 6PPD-Q 
significantly increases IL-1β or ASC specks, technical variability may have hindered the detection 
of subtle effects. 

Conclusion  
Overall, the ELISA results indicated no statistically significant differences in IL-1β release between 
6PPD-Q-treated cells and untreated controls at 1, 3, or 12 hours. Although the mean relative IL-1β 
response was lower in several 6PPD-Q-treated groups, these differences did not reach statistical 
significance. This suggests that, under the conditions of this study, 6PPD-Q does not markedly 
elevate IL-1β production in THP-1-ASC-GFP macrophage-like cells. 

The live-cell imaging data revealed significant differences in ASC speck formation among the 
experimental groups, as confirmed by a Kruskal-Wallis test (chi-squared = 42.09, df = 3, p < 0.001). 
Post hoc pairwise Wilcoxon rank-sum tests with Benjamini-Hochberg correction showed that all 
pairwise comparisons were significant (all adjusted p < 0.01). However, analysis showed no dose-
dependent relationship between increasing 6PPD-Q concentrations and ASC speck formation, 
indicating that 6PPD-Q did not induce a clear concentration-dependent increase in inflammasome 
speck formation in this model. 

Together, these findings imply that 6PPD-Q does not substantially enhance IL-1β release nor 
produce a dose-dependent increase in ASC speck formation under the test conditions. 
Nonetheless, the results should be interpreted with caution due to high variability among 
replicates, differences in cell attachment, and limited sample size, which may have compromised 
the study's sensitivity and obscured subtle effects. 

In conclusion, this investigation offers preliminary insights into the potential immunomodulatory 
effects of 6PPD-Q on inflammasome-related responses in human macrophage-like cells. While no 
definitive activation of NLRP3 inflammasome signaling was observed, the observed variability 
underscores the necessity for further research. Future studies should improve control over cell 
seeding and imaging parameters, increase the number of biological replicates, and include 
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additional markers of inflammation and cytotoxicity to assess whether 6PPD-Q affects human 
immune responses more accurately.  

Ethical aspects and impact on society 
This study employs the THP-1 cell line, a human monocyte-derived cell line, to investigate the 
impact of 6PPD-Q on inflammasome formation. The use of in vitro cell culture addresses the ethical 
concerns associated with live animal experimentation, which has been employed in previous 
studies (Fang et al., 2023; Liao et al., 2024; Yang et al., 2024b). Unlike conventional animal models, 
in vitro cell culture avoids the need to sacrifice live animals, reducing animal suffering and aligning 
with the 3Rs principle in scientific research (Replacement, Reduction, and Refinement).  

Nonetheless, an important ethical consideration in this study pertains to the use of the InvivoGen 
THP-1-ASC-GFP cell line, which is derived from male monocytes. Previous studies have shown that 
pregnant females are particularly susceptible to 6PPD-Q exposure, with elevated concentrations 
detected in their urine relative to males (Lee et al., 2025b; Liu et al., 2024; Wu et al., 2024b). This 
raises concerns about the generalizability of the study's findings, as the use of male-derived cells 
may underestimate the effects of 6PPD-Q in human females, particularly pregnant women. This 
limitation highlights the need for future studies that incorporate female-derived cell lines or 
alternative models that better reflect women's biological responses to 6PPD-Q exposure. 

The findings of this study contribute to the growing understanding of how 6PPD-Q may influence 
human immune responses. As the detection of 6PPD-Q in roadway runoff and aquatic 
environments increases, assessing its potential to induce inflammation remains crucial for 
environmental and public health. Although no statistically significant changes in IL-1β response 
were observed, the data provide valuable preliminary insights into human macrophage-like cell 
responses to 6PPD-Q exposure. These results may inform future research, risk assessments, and 
environmental policies aimed at minimizing exposure to 6PPD-Q contaminants. 

Future perspectives 
To further elucidate the effects of 6PPD-Q on inflammasome activation and cellular health, several 
methodological improvements and complementary assays are recommended for future studies. 
First, directly measuring the intracellular concentration of 6PPD-Q would provide critical insight 
into dose-response relationships and cellular uptake dynamics. Flow cytometry, potentially using 
a fluorescently labeled 6PPD-Q analog or a suitable probe, could quantify compound uptake at the 
single-cell level, enabling correlation between intracellular 6PPD-Q levels and ASC speck 
formation or other functional readouts. Second, future ELISA experiments should be designed to 
mirror the treatment conditions and time course used in live-cell imaging. This would enable 
direct comparison between IL-1β secretion and ASC speck kinetics, strengthening the link 
between inflammasome assembly and downstream cytokine release. 

Additionally, incorporating a lactate dehydrogenase (LDH) release assay would provide valuable 
information on cell viability and cytotoxicity under each treatment condition. Since inflammasome 
activation can lead to pyroptosis and membrane rupture, measuring LDH release would help 
distinguish between reduced ASC speck formation due to true inhibition of inflammasome 
assembly versus loss of viable cells (Broz, 2025). This is particularly important for interpreting 
results under conditions where high compound concentrations or prolonged exposure may 
induce cell death independently of inflammasome activity (Dick et al., 2016; Heid et al., 2013; 
Herring et al., 2024; Vande Walle & Lamkanfi, 2016). 
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Appendix  
Table 1. Reported concentrations and measurements of environmental 6PPD-Q samples. 

Location 6PPD-Q 
Amount 

Environme
nt Type 

Land Use Collection 
method 

Species 
affected 

References 

Seattle, WA, 
USA 

50–1,270 
ng/L 

Roadway 
runoff 

Urban 
Highway 

Storm 
events 
(Composite 
24 h) 

Coho 
salmon 

Tian et al., 
2021 

Los 
Angeles, 
CA, USA 

270–400 
ng/L 

Roadway 
runoff 

Urban 
Highway 

Storm 
runoff 
(Grab) 

Coho 
salmon 

Tian et al., 
2021 

Nanaimo, 
BC, Canada 

48–5,580 
ng/L 

Stormwater Urban Post-rain 
events 
(Grab) 

Coho 
salmon, 
trout 

Monaghan 
et al., 2021 

Toronto, 
ON, Canada 

930–2,850 
ng/L  

Urban 
stream 
(Don River) 

Urban 7-hour rain 
event 
Composite 
(42 h) 

Salmonids Johannesse
n et al., 
2021 

Hong Kong 21–243 
ng/L 

Urban 
runoff 

Dense 
Urban 

Rain events 
(Grab) 

Fish 
(general) 

Cao et al., 
2022 

Michigan, 
USA 

54–660 
ng/L 

Road 
puddles 

Various After rain 
(Grab) 

Fish 
(general) 

Nedrich, 
2022 

Australia 0.44–88 
ng/L 

Urban river Sub-urban After rain 
(Grab) 

Fish 
(general) 

Rauert et 
al., 2022 

Multiple 
cities, 
China 

2.4–7,250 
pg/m³ 

Air Urban Air filter (24 
composite) 

Urban 
animals 
(e.g., 
Humans) 

Zhang et al., 
2022 

Taiyuan, 
Shanghai, 
Guangzhou, 
China 

Median 1.7–
6.7 pg/m³ 

Air Urban Air filter (24 
composite) 

Humans  Cao et al., 
2022 

China  4.02–2,369 
ng/g 

Indoor 
parking lot 
dust 

Urban  Vacuum 
collection 
(Grab) 

Humans Deng et al., 
2022 

China  10.5–509 
ng/g 

Road dust Urban 
roads 

Vacuum 
collection 
(Grab) 

Humans Deng et al., 
2022 

Tokyo, 
Japan 

116–1,238  
ng/g 

Road dust Urban 
streets 

Vacuum 
collection 
(Composite) 

Humans Hiki & 
Yamamoto, 
2022 

Southern 
China 

0.25 ng/L Pre-treated 
drinking 
water 

Urban Filter (Grab) Humans Zhang et al., 
2023 

Ningbo, 
China 

 0.85–
12.58 μg/kg 

Roadside 
soil 

Urban Topsoil 
Sample 
(Composite) 

Soil 
microbes 

Wu et al., 
2024a 
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Table 2. Reported adverse effects of 6PPD-Q across diverse in vitro studies, including exposure 
concentrations, cell types, exposure durations, observed biological responses, and potency values. 

6PPD-Q 
concentration 
(nominal) 

Cell type and 
species 

Exposure Biological 
response 

Potency References 

0.1–10 µM Primary 
dopaminergic 
neurons (rat) 

24 h Exacerbated 
Lewy neurite 
formation, 
mitochondrial 
dysfunction 
(↓ATP-linked 
respiration, 
↑mROS), 
decreased 
glycolytic 
metabolites, 
altered TCA 
cycle 
intermediates 

LOEC: 1 µM  Fang et al., 
2024 

0.58 µM HepG2 
(Human) 

24 h NRF2/ARE 
activation 

AC50 = 0.58 
µM (170 µg/L) 

Jankowski et 
al., 2025 

0.66 µM HepG2 
(human) 

24 h PXR activation AC50 = 0.66 
µM (200 µg/L) 

Jankowski et 
al., 2025 

>8.9 µM 
(nonselective) 

Rat primary 
cortical 
neurons (rat) 

12 days (DIV 
0–12) 

Network 
formation 
(MEA) largely 
inactive 

Lowest AC50 
> highest 
tested 

Jankowski et 
al., 2025 

0.0148 µM 
(nonselective) 

Rat primary 
cortical 
neurons (rat) 

40 min (MEA 
acute) 

Acute network 
activity 
change 
(sparse) 

Lowest AC50 
= 0.0148 µM  

Jankowski et 
al., 2025 

0.57 µM Rat primary 
cortical 
neurons (rat) 

5 days (DIV 7–
12) 

Cytotoxicity 
(neuron count 
loss) in 
neurite 
outgrowth 

AC50 = 0.57 
µM 

Jankowski et 
al., 2025 

None up to 8.8 
µM 

Human 
neuroprogenit
or hNP1 
(human) 

5 days No selective 
DNT/cytotoxic
ity 

— Jankowski et 
al., 2025 

None up to 8.8 
µM 

iCell 
GlutaNeurons 
(human 
iPSC‑neurons) 

5 days No selective 
neurite/synap
se effects 

— Jankowski et 
al., 2025 

0.14 µM RTgill‑W1 
(rainbow 
trout gill) 

24 h Membrane 
integrity loss 
(↑ PI‑positive 
cells) 

BMC = 0.14 
µM (42 µg/L) 

Jankowski et 
al., 2025 

0.21 µM RTgill‑W1 
(rainbow 
trout gill) 

24 h Decreased cell 
count 

EC50 = 0.21 
µM (63 µg/L) 

Jankowski et 
al., 2025 
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0.024–0.050 
µM 

RTgill‑W1 
(rainbow 
trout gill) 

24 h Broad 
organelle 
morphology 
change 

PAC = 0.024 
µM (7.2 µg/L) 
original; 0.050 
µM 
confirmatory 

Jankowski et 
al., 2025 

>30 µM (no 
mortality) 

Fathead 
minnow 
larvae 
(Pimephales 
promelas) 

24 h Mortality NOEC > 30 µM Jankowski et 
al., 2025 

2.5 µM Fathead 
minnow 
larvae 
(Pimephales 
promelas) 

4 days Transcriptomi
cs (tPOD) 

tPOD = 2.5 µM 
(750 µg/L) 

Jankowski et 
al., 2025 

>25 µM (no 
mortality) 

Zebrafish 
larvae (Danio 
rerio) 

0–5 dpf Mortality NOEC > 25 µM Jankowski et 
al., 2025 

1, 10, 20, 50, 
100 µM 

Ishikawa 
(Human 
endometrial) 

24–48 h Reduced cell 
viability, 
impaired 
spheroid 
attachment, 
altered gene 
expression at 
1 µM 

EC50 
(viability): 
~20 µM; LOEC 
(attachment/o
utgrowth): 1 
µM 

Lee et al., 
2025b 

1, 10, 20, 50, 
100 µM 

BeWo (Human 
trophoblast) 

24–48 h Dose-
dependent 
cytotoxicity 
(≥10 µM) 

EC50 
(viability): 
~10 µM 

Lee et al., 
2025b 

20–1,000 
µg/L 

hCMEC/D3 
(Human brain 
endothelial) 

48 h Increased BBB 
permeability, 
no cytotoxicity 

LOEC (BBB 
permeability): 
1,000 µg/L 

Liao et al., 
2024 

5–80 µg/L RTgill-W1 
(rainbow 
trout gill cell) 

24 h Decreased cell 
viability at 80 
µg/L, 
increased 
Oxygen 
Consumption 
Rate (OCR) at 
20 µg/L 

Effect at 80 
µg/L 
(viability), 2x 
OCR at 20 
µg/L 

Mahoney et 
al., 2022 

5–80 µg/L RTL-W1 
(rainbow 
trout liver 
cell) 

24 h No significant 
cytotoxicity or 
OCR effect 

— Mahoney et 
al., 2022 

10 µg/L Primary 
rainbow trout 
gill cells 

Acute 
(minutes) 

Increased OCR 
(uncoupling) 

LOEC: 10 µg/L 
(OCR) 

Mahoney et 
al., 2022 

1–100 µM Human liver 
S9 fraction, 
HLM 

1 h Rapid 
metabolism to 
phase I/II 
metabolites 

— (no 
cytotoxicity 
endpoints) 

Yang et al., 
2024a 
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1–100 µM Human liver 
microsomes 
(HLM) 

1 h Formation of 
N-dealkylated, 
carboxy, 
carbonyl, 
reductive, and 
conjugated 
metabolites 

— (no 
cytotoxicity 
endpoints) 

Yang et al., 
2024a 

0.1 mg/L (100 
µg/L) 

Synechocystis 
sp. 
(cyanobacteri
a) 

240 
generations 
(60 days) 

Toxicity 
phase: 
Decreased 
PSII activity, 
NADPH, ATP 
levels, and 
carbon 
fixation rate (-
28%) 

— You et al., 
2024 

DPF denotes days post-fertilization. Confirmatory refers to an experiment designed to validate the 
exploratory study. DIV indicates days in vitro. MEA stands for microelectrode array. 

 

Table 3. Descriptive summary statistics (mean, standard deviation [SD], and standard error of the 
mean [SEM]) for the cumulative (integrated) ASC speck response and peak response across 
inflammasome activation conditions and 6PPD-Q concentrations. Values are calculated from three 
independent experimental replicates and are presented for descriptive and graphical purposes. 
Individual replicate values used for statistical analyses are not included in this table. 

Treatment 6PPD-Q 
(ng/mL) 

Mean 
Integrated 
Response 

SD 
Integrated 
Response 

SEM 
Integrated 
Response 

Mean Peak SD Peak 

6PPD-Q only 0 806.277421 435.179504 251.251004 107.199091 86.2441354 
6PPD-Q only 1 1,062.40241 725.92425 419.112561 82.0653016 14.8713945 
6PPD-Q only 10 772.11654 108.693743 62.7543617 53.8020368 13.1374651 
6PPD-Q only 50 794.553365 531.04218 306.597345 94.6963328 52.6213073 
6PPD-Q only 100 1,447.05787 179.547143 103.661591 125.336398 42.1477042 
6PPD-Q only 200 1,053.10519 702.55744 405.621727 133.156252 63.9300054 
LPS + 6PPD-Q 
+ Nig. 

0 8,013.36416 1,643.69997 948.990622 394.648392 80.1548808 

LPS + 6PPD-Q 
+ Nig. 

1 7,308.40376 2,374.63543 1,370.99641 330.779307 130.528096 

LPS + 6PPD-Q 
+ Nig. 

10 7,482.98499 6,418.92688 3,705.96916 388.231984 324.922935 

LPS + 6PPD-Q 
+ Nig. 

50 7,151.19812 4,592.85256 2,651.68466 292.260579 182.389339 

LPS + 6PPD-Q 
+ Nig. 

100 4,581.28512 2,279.32317 1,315.96784 230.873294 146.398032 

LPS + 6PPD-Q 
+ Nig. 

200 5,670.88845 4,613.18568 2,663.42399 328.337484 278.032931 

LPS + 6PPD-Q 0 4,252.21843 2,726.17312 1,573.95678 212.005779 109.095511 
LPS + 6PPD-Q 1 4,318.62065 1,500.11516 866.091891 252.108467 84.1823917 
LPS + 6PPD-Q 10 3,233.86091 2,138.98193 1,234.94179 181.571979 71.3891554 
LPS + 6PPD-Q 50 3,465.28318 2,581.84964 1,490.63158 158.860608 95.0465103 
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LPS + 6PPD-Q 100 2,348.51984 1,197.72324 691.505833 220.059305 233.476977 
LPS + 6PPD-Q 200 3,816.6742 2,909.66263 1,679.8945 264.473245 211.186048 
6PPD-Q + Nig. 0 1,530.51444 393.222758 227.027265 187.483829 105.918891 
6PPD-Q + Nig. 1 1,164.96269 446.685661 257.894087 120.447137 40.5083324 
6PPD-Q + Nig. 10 2,766.19004 3,323.05621 1,918.5674 186.597691 195.715595 
6PPD-Q + Nig. 50 1,765.46283 442.970285 255.749013 136.741454 27.2457809 
6PPD-Q + Nig. 100 2,859.69712 2,267.22638 1,308.98376 253.102738 158.964075 
6PPD-Q + Nig. 200 2,344.97019 1,847.25901 1,066.51549 200.527186 66.5186325 

The treatments are listed as follows, with abbreviations explained: 6PPD-Q only, LPS + 6PPD-Q + Nig. refers 
to LPS combined with 6PPD-Q and Nigericin, LPS + 6PPD-Q, and 6PPD-Q + Nigericin (abbreviated as 6PPD-
Q + Nig.). 

 

Table 4. Mean and standard deviation of ELISA IL-1β concentrations. 
Time 0 ng/mL 10 ng/mL 50 ng/mL 100 ng/mL 
 Mean SD Mean SD Mean SD Mean SD 
1 Hour 982 1259.3 910.4 1190.2 1299.1 1754.9 824.6 1078.9 

3 Hours 2116.4 1783.5 2837.2 2596.2 1337.8 1263.9 2446.2 2234.6 

12 Hours 1318.5 1929.8 852.1 1134.3 1047.8 1590.8 765.1 1034.4 
Mean and standard deviation (SD) of IL-1β concentrations following 6PPD-Q exposure. ELISA measured IL-
1β concentrations (pg/mL) after exposure to 0, 10, 50, and 100 ng/mL 6PPD-Q at 1, 3, and 12 hours from 
three independent ELISA experiments. 
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