Unclassified / Non classifié

Unclassified / Non classifié

Unclassified / Non classifié

Overall assessment of the AOP
1. Domain of applicability of the AOP
This AOP is applicable to adult humans of both sexes. Although atherosclerosis is a condition that begins during childhood and progresses through life, its clinical manifestation is mostly observed in older individuals (Raitakari, Pahkala, & Magnussen, 2022).
Susceptible populations include smokers, dyslipidaemic individuals, and people with pre-existing CVD and diabetes who have increased baseline levels of CRP (Emerging Risk Factors et al., 2010; Rizo-Tellez, Sekheri, & Filep, 2023). 
The AOP is applicable to inhaled stressors, which can interact with the pulmonary system, and induce pulmonary inflammation. 
2. Essentiality of KEs
For the development of AOP 237, the molecular initiating event (MIE) and key event (KE) 1 from AOP 173 have been reused (AOP 173: Substance interaction with the pulmonary resident cell membrane components leading to pulmonary fibrosis). As part of the scientific review of AOP 237, the reused KEs and KER, MIE, KE1 and KER1 have been revised.
	Support for essentiality of KEs
	Defining question
	High
	Moderate
	Low

	
	What is the impact on downstream KEs and/or the AO if an upstream KE is modified or prevented?
	Direct evidence from specifically designed experimental studies illustrating prevention or impact on downstream KEs and/or the AO if upstream KEs are blocked or modified
	Indirect evidence that modification of one or more upstream KEs is associated with a corresponding (increase or decrease) in the magnitude or frequency of downstream KEs
	No or contradictory experimental evidence of the essentiality of any of the KEs.

	MIE: Substance interaction with the lung resident cell membrane components (Event 1495)
	Moderate.

Although not routinely measured in experimental models, it is known that the interaction of a substance with the components of pulmonary system is a prerequisite for stressor-induced lung toxicity. This is especially true for particle-induced toxicity. For example, binding of toll-like receptor (Tlr) 2  and Tlr4 by the stressors is shown to activate the downstream pro-inflammatory response (KE1) in vivo.  Knockout of Tlr2 results in inhibition of Saa1 mRNA expression in liver tissue (KE2) and in plasma (KE3) following pulmonary exposure to nanoparticles of carbon black and graphene oxide, and carbon nanotubes in mice (Danielsen et al., 2021). 
Knockout of Tlr4 prevents the lipopolysaccharide induced increase of cytokine/chemokines mRNA levels in lung tissue and the systemic acute phase response (KE3) in mice (Danielsen et al., 2021).


Stressors such as graphene oxide, reduced graphene oxide, nanoclay, ZnO particles, single-walled and  multiwalled nanotubes, titanium dioxide nanoparticles, carbon black nanoparticles have a dose-response relationship with transcription of genes encoding acute phase proteins (KE2: Transcription of genes encoding acute phase proteins, Increased) and the systemic acute phase response (KE3: Systemic acute phase response ) (Bengtson et al., 2017; Di Ianni et al., 2020; Monse et al., 2018; Poulsen et al., 2017; Saber et al., 2013).





	KE1: Increased, secretion of proinflammatory mediators
(Event 1496)
	High.

Disruption of IL-6 gene  leads to reduced mRNA (KE2: Transcription of genes encoding acute phase proteins, Increased ) and protein levels of acute phase proteins haptoglobin, α1-acid glycoprotein and Saa in mice  liver and in serum  (KE3: Systemic acute phase response) (Kopf et al., 1994). 

Blocking the IL-6 receptors reduced SAA1 mRNA, while blocking the IL-1β and tumor necrosis factor α receptors partially reduced the expression of SAA1 mRNA (KE2: Transcription of genes encoding acute phase proteins, Increased), in hepatic cell lines (Hagihara et al., 2004).

Administration of monoclonal antibodies against IL-1β reduced blood levels of CRP (KE2: Transcription of genes encoding acute phase proteins, Increased and KE3: Systemic acute phase response), and decreased the incidence rates of recurrent cardiovascular events (AO), in patients with a history of myocardial infarction (Ridker et al., 2017). 


	KE2: Transcription of genes encoding acute phase proteins, Increased (Event 1438)
	High.

Gene transcription is necessary for the synthesis of proteins (KE3: Systemic acute phase response) (Alberts, 2017). 

Suppression of SAA3 and double knockout of SAA1/SAA2 reduces atherosclerotic plaque area (AO), in ApoE-/- mice, whereas overexpression of SAA3 or pulmonary dosing of SAA increases the atherosclerotic plaque area.


	KE3: Systemic acute phase response (Event 1439)
	High.

Elevated levels of SAA (measured in blood) induce plaque progression (AO) (Christophersen et al., 2021; Dong et al., 2011; Thompson et al., 2018). Suppression of SAA3 and double knockout of SAA1/SAA2 reduces atherosclerotic plaque area (AO), in ApoE-/- mice (Thompson et al., 2018).

CRP and SAA levels in blood are predictive of risk of cardiovascular disease (Emerging Risk Factors et al., 2010; Pai et al., 2004; Ridker, Hennekens, Buring, & Rifai, 2000).

Anti-inflammatory therapy targeting IL-1β innate immunity pathway for 48 months via IL-1β antibody led to a significantly lowered CRP levels and the rate of recurrent cardiovascular events among patients with previous myocardial infarction as compared to subjects treated with placebo (Ridker et al., 2017).


	AO: Atherosclerosis (Event 1443)
	N/A.

This is the AO and it is essential.




Uncertainties or Inconsistencies
· Physicochemical characteristics of nanomaterials such as size, surface area, surface functionalization, shape, composition, among others, affect the magnitude and duration of inflammation and acute phase response in mice (Bengtson et al., 2017; Danielsen et al., 2024; Gutierrez et al., 2023; Miszczak et al., 2025; Poulsen et al., 2017). In animal models, both inflammatory and acute phase response are predicted by the total surface area of the retained insoluble particles (Cosnier et al., 2021; Gutierrez et al., 2023).
· Carbon nanoparticle-induced proinflammatory transcriptional response and neutrophil influx in the lung occur independently of TLR2 and TLR4 following pulmonary exposure in mice (Danielsen et al., 2021).
· CRP and SAA are risk factors for cardiovascular disease (Ridker et al., 2000). However, Mendelian randomization studies have shown that CRP genotypes are not associated with risk of coronary heart disease and that genetically elevated levels of CRP are not associated with coronary heart disease risk (Collaboration et al., 2011; Elliott et al., 2009). 
· In mice studies, it is possible to measure both SAA gene expression and protein levels, however the dynamic range for Saa gene expression is larger. In humans, measuring gene expression of acute phase proteins is not very common, as a tissue sample is needed, while measuring acute phase protein in blood is more common. 
· It is suggested that acute phase proteins are mainly produced in the liver (Gabay & Kushner, 1999), however in mice the liver has subtle upregulation of Saa genes after exposure to ultrafine carbon particles or diesel exhaust particle. On the other hand, the lung shows a marked expression of Saa1, Saa2 and Saa3 mRNA as well as increased SAA3 levels in bronchoalveolar lavage fluid and lung tissue  (Halappanavar et al., 2011; Saber et al., 2009; Saber et al., 2013). 
· A level of inconsistency between the human study results exists. It has been observed that in most controlled human studies, an increase in CRP and/or SAA was observed after exposure to particulate matter (Baumann et al., 2018; Haase et al., 2022; Monse et al., 2018; Monse et al., 2021; Walker et al., 2022; Wyatt, Devlin, Rappold, Case, & Diaz-Sanchez, 2020). However, in other  studies the exposure did not induce acute phase response (Andersen, Saber, Clausen, et al., 2018; Andersen, Saber, Pedersen, et al., 2018), maybe due to low levels of exposure (Andersen et al., 2019) and/or limited statistical power.

3. Evidence assessment
Biological plausibility of each KER
Please also refer to AOP173:  Substance interaction with the pulmonary resident cell membrane components leading to pulmonary fibrosis, which shares MIE and KE1 with the present AOP. 

	Support for Biological Plasuibility of KERs
	Defining question
	High
	Moderate
	Low

	
	Is there a mechanistic (i.e., structural or functional) relationship between KEup and KEdown consistent with established biological knowledge?
	Extensive understanding based on extensive previous documentation and broad acceptance -Established mechanistic basis
	The KER is plausible based on analogy to accepted biological relationships but scientific understanding is not completely established.
	There is empirical support for a statistical association between KEs (See 3.), but the structural or functional relationship between them is not understood.

	MIE => KE1: Interaction with the lung cell membrane leads to Increased proinflammatory mediators (Relationship 1702)
	Biological Plausibility of the MIE => KE1 is High. 

It is important to note that, traditionally, lung tissue inflammation in vivo is assessed by evaluating changes in the immune cell population within bronchoalveolar lavage fluid (i.e. KE1497). In contrast, in vitro studies typically assess tissue inflammation by measuring changes in the expression or levels of pro-inflammatory mediators (i.e. KE1496). Recent studies have established a link between elevated pro-inflammatory mediator levels (at the gene and/or protein level) and the influx of pro-inflammatory cells (e.g., neutrophil influx) into lung tissue (i.e. KER1703). Accordingly, throughout this document, neutrophil influx is used as proxy evidence to support KE1 (increased pro-inflammatory mediators). In clinical settings, CRP is one of the prominent markers of infection and inflammation, which is routinely assessed along the side of complete blood count for immune cells.

Rationale: There is extensive evidence showing that interaction of stressors with the respiratory system induces the release of proinflammatory markers (Behzadi et al., 2017; Denholm & Phan, 1990; Dostert et al., 2008; Mossman & Churg, 1998). In addition, in vivo, recruitment of pro-inflammatory cells (example studies are referenced below) is measured as a marker of lung inflammation, increase of which is experimentally linked to increased pro-inflammatory mediators (KE1).

Lipopolysaccharide (LPS)-induced pro-inflammatory response in terms of Il6 and Tnf transcription and neutrophil influx in bronchoalveolar lavage fluid was dependent on TLR2 receptor binding and activation (Danielsen et al., 2021). The neutrophil influx induced by the long and rigid carbon nanotubes was lower in TLR4 knockout mice compared to TLR4 wildtype mice. Similarly, graphene oxide-induced neutrophil influx was reduced in TLR2 knockout mice (Danielsen et al., 2021). In vitro, single-walled carbon nanotube-induced activation of primary human macrophages was shown to depend on both TLR2 and TLR4 (Mukherjee et al., 2018).

Neutrophil influx was also shown to depend on macrophage motility and phagocytic activity following inhalation exposure to carbon black nanoparticles and quantum dots (Q. Liu et al., 2025). Following inhalation exposure, neutrophil influx in lungs of rats correlated with the total surface area of the pulmonary deposited nanomaterials for carbon black nanoparticles, titanium dioxide nanoparticles and different types of carbon nanotubes at all assessed post-exposure time points (Cosnier et al., 2021), suggesting that increased particle surface area can lead to increased particle-cell interaction and consequently, to inflammatory response in lungs.  

Different particles may interact with different lung resident cells following inhalation. In mice, cell-specific pro-inflammatory responses was observed after 12 h post-single intratracheal instillation to carbon black nanoparticles, double-walled carbon nanotubes, multiwalled carbon nanotube or lipopolysaccharide (Voss et al., 2025). The carbon-based materials elicited distinct inflammatory cytokine and cell responses via different modes of action. Carbon black nanoparticles triggered neutrophilia through alveolar epithelial activation and Cxcl1 and Csf2 expression but without apparent cell damage or macrophage activation. In contrast, the carbon nanotubes induced epithelial and macrophage damage, with alarmin release (IL-1α, IL-33) dominating the multiwalled carbon nanotube response. Double-walled carbon nanotubes caused alveolar epithelial injury, and pro-inflammatory macrophage and fibroblast-derived monocyte attractant (Ccl2, Ccl7) activation. All three carbon-based nanomaterials induced neutrophil influx in the bronchoalveolar lavage fluid. 

In an in vivo study of pulmonary exposure to diesel engine exhaust, dose-dependent production of pro-inflammatory cytokines in bronchoalveolar lavage fluid were observed 24 h postexposure to 5 different types of diesel engine exhaust (6, 18 and 54 ug/animal) (Bendtsen et al., 2020; McCarrick et al., 2025). Dose-dependent increases were reported for the following cytokines: CCL2, CCL20, CCL3L3, CSF2, CXCL1, GDNF, IL-1A, ITGB6, LGMN, TPP1 and PDGFB . Furthermore, CCL2, CXCL1, CCL3L3, CSF2, IL-1A were reported to correlate positively with neutrophil influx in bronchoalveolar lavage fluid (McCarrick et al., 2025).


	KE1 => KE2: Increased proinflammatory mediators leads to Increased transcription of genes encoding acute phase proteins (Relationship 2053)
	Biological Plausibility of the KE1 => KE2 is High. 

Rationale: Acute phase proteins are induced by pro-inflammatory cytokines. These cytokines are produced at sites of inflammation mainly by monocytes and macrophages (Gabay & Kushner, 1999; Mantovani & Garlanda, 2023; Uhlar & Whitehead, 1999; Venteclef, Jakobsson, Steffensen, & Treuter, 2011).

	KE2 => KE3: Increased transcription of genes encoding acute phase proteins leads to Systemic acute phase response (Relationship 1589)
	Biological Plausibility of the KE2 => KE3 is High. 

Rationale: After gene expression of acute phase proteins in tissues during inflammatory conditions, mRNA is translated and folded into proteins (Alberts, 2017). These proteins are then release to the systemic circulation (Van Eeden, Leipsic, Paul Man, & Sin, 2012). 

	KE3 => AO:  Systemic acute phase response leads to Atherosclerosis (Relationship 2860)
	Biological Plausibility of the KE3 => KE2 is High. 

Rationale: During acute phase response, SAA, one of the major acute phase proteins, replaces apolipoprotein A-1 from high density lipoprotein (HDL). This replacement obstructs the reverse transport of cholesterol to the liver, allowing the accumulation of cholesterol in cells (Lindhorst, Young, Bagshaw, Hyland, & Kisilevsky, 1997; McGillicuddy et al., 2009; Meek, Urieli-Shoval, & Benditt, 1994). Blood levels of CRP correlate with risk of cardiovascular disease in a large meta-analysis of 48 studies (Emerging Risk Factors et al., 2010).


	Non-adjacent
MIE => KE2:
Interaction with the lung cell membrane leads to Increased transcription of genes encoding acute phase proteins (Relationship 2958)
	Biological Plausibility of the MIE => KE2 is High. 

Rationale: After cells sense pathogens, tissue damage or dysmetabolism, production of acute phase proteins is triggered by cellular pattern-recognition molecules, through a cytokine cascade (Mantovani & Garlanda, 2023). 

Pulmonary exposure to nanomaterials induces expression of acute phase response genes in mice (Bengtson et al., 2017; Di Ianni et al., 2020; Erdely, Liston, et al., 2011; Gliga et al., 2026; Gutierrez et al., 2023; Hadrup et al., 2019; Hadrup et al., 2020; Halappanavar et al., 2015; Poulsen, Saber, Mortensen, et al., 2015; Saber et al., 2013).


	Non-adjacent
MIE => KE3:
Interaction with the lung cell membrane leads to Systemic acute phase response (Relationship 2959)
	Biological Plausibility of the MIE => KE3 is High. 

Rationale: Pulmonary inflammation occurs when stressors interact with the airways (Moldoveanu et al., 2009) and acute phase response is induced during inflammatory conditions (Gabay & Kushner, 1999). 

There is plenty of evidence showing that inhalation or instillation of stressors induces systemic acute phase response in controlled human exposure studies and in animal studies (Baumann et al., 2016; Bendtsen et al., 2019; Bengtson et al., 2017; Bourdon et al., 2012; Erdely, Liston, et al., 2011; Kim, Chen, Boyce, & Christiani, 2005; Monse et al., 2018; Monse et al., 2021; Poulsen et al., 2017; Poulsen, Saber, Williams, et al., 2015; Westberg et al., 2016).

	Non-adjacent KE1 => KE3: Increased proinflammatory mediators leads to Systemic APR (Relationship 3052)
	Biological Plausibility of the KE1 => KE3 is High. 

Rationale: Pro-inflammatory cytokines induce the release of acute phase proteins. These proteins are released from inflammatory sites to the systemic circulation (Gabay & Kushner, 1999; Mantovani & Garlanda, 2023).

	Non-adjacent
MIE => AO:
Interaction with the lung cell membrane leads to Atherosclerosis (Relationship 2960)
	Biological Plausibility of the MIE => AO is Moderate. 

Rationale: There is evidence that the interaction of the lungs with stressor induces atherosclerotic plaque progression; however, the mechanistic relationship has not been clarified and many different pathways may contribute (Christophersen et al., 2021; Erdely, Hulderman, et al., 2011; M. R. Miller et al., 2013; M. R. Miller & Newby, 2020; Van Eeden et al., 2012).



Empirical support for each KER
Please also refer to AOP173:  Substance interaction with the pulmonary resident cell membrane components leading to pulmonary fibrosis, which shares MIE and KE1 with the present AOP.

	Empirical Support
	Defining question
	High
	Moderate
	Low

	
	Does KEup occur at lower doses and earlier time points than KE down and at the same dose of prototypical stressor, is the incidence of KEup > than that for KEdown?

Are there inconsistencies in empirical support across taxa, species and prototypical stressor that don’t align with expected pattern for hypothesised AOP?
	Multiple studies showing dependent change in both events following exposure to a wide range of specific prototypical stressors. (Extensive evidence for temporal, dose- response and incidence concordance) and no or few critical data gaps or conflicting data
	Demonstrated dependent change in both events following exposure to a small number of specific prototypical stressors and some evidence inconsistent with expected pattern that can be explained by factors such as experimental design, technical considerations, differences among laboratories, etc.



	Limited or no studies reporting dependent change in both events following exposure to a specific prototypical stressor (i.e., endpoints never measured in the same study or not at all); and/or significant inconsistencies in empirical support across taxa and species that don’t align with expected pattern for hypothesised AOP

	MIE => KE1: Interaction with the lung cell membrane leads to Increased proinflammatory mediators (Relationship 1702)
	Empirical Support of the MIE => KE1 is Moderate.
 
Rationale: There are limited in vitro studies which show a temporal and dose-dependent relationship between these two events (Chan et al., 2018; Denholm & Phan, 1990; Roy, Singh, Das, Tripathi, & Dwivedi, 2014). 

	KE1 => KE2: Increased proinflammatory mediators leads to Increased transcription of genes encoding acute phase proteins
(Relationship 2053)
	Empirical Support of the KE1 => KE2 is High. 

Rationale: There are several studies showing dose concordance and temporal concordance between KEs (Bendtsen et al., 2019; Bendtsen et al., 2020; Di Ianni et al., 2020; Gliga et al., 2026; Kyjovska et al., 2015; McCarrick et al., 2025; Saber et al., 2012; Saber et al., 2013; Wallin et al., 2017). 

	KE2 => KE3: Increased transcription of genes encoding acute phase proteins leads to Systemic acute phase response (Relationship 1589)
	Empirical Support of the KE2 => KE3 is High. 

Rationale: There are studies showing a dose concordance and temporal concordance between KE (Bengtson et al., 2017; Gutierrez et al., 2023; Poulsen et al., 2017; Saber et al., 2013). Increased transcription of acute phase response genes can be detected at lower dose levels than increased levels of acute phase proteins (Gutierrez et al., 2023; Saber et al., 2013). 

	KE3 => AO:  Systemic acute phase response leads to Atherosclerosis (Relationship 2860)
	Empirical Support of the KE3 => AO is Moderate. 

Rationale: There is a limited number of animal studies showing the relationship between the KEs, in addition of epidemiological studies showing association between the KEs (Christophersen et al., 2021; Dong et al., 2011; Emerging Risk Factors et al., 2010; Pai et al., 2004; Rivera et al., 2013; Thompson et al., 2015; Thompson et al., 2018). 

Anti-inflammatory therapy targeting IL-1β innate immunity pathway for 48 months via IL-1β antibody led to a significantly lowered CRP levels and the rate of recurrent cardiovascular events among patients with previous myocardial infarction as compared to subjects treated with placebo (Ridker et al., 2017).

	Non-adjacent
MIE => KE2:
Interaction with the lung cell membrane leads to Increased transcription of genes encoding acute phase proteins (Relationship 2958)
	Empirical Support of the MIE => KE2 is Moderate. 

Rationale: There are several studies showing a dose concordance and temporal concordance in animal studies. However, in the case of nanomaterials it has been shown that physicochemical characteristics affect the magnitude and duration of the expression of acute phase proteins in mice (Bengtson et al., 2017; Bourdon et al., 2012; Gutierrez et al., 2023; Kyjovska et al., 2015; Poulsen et al., 2017; Saber et al., 2013; Wallin et al., 2017).


	Non-adjacent
MIE => KE3:
Interaction with the lung cell membrane leads to Systemic acute phase response (Relationship 2959)
	Empirical Support of the MIE => KE3 is Moderate. 

Rationale: There are plenty of studies showing a dose concordance and temporal concordance in animal and controlled human studies (Brand et al., 2014; Erdely, Liston, et al., 2011; Kim et al., 2005; Monse et al., 2018; Monse et al., 2021; Poulsen et al., 2017; Walker et al., 2022; Wyatt et al., 2020). It has been observed that systemic acute phase response is not always observed after exposure.

	Non-adjacent KE1 => KE3: Increased proinflammatory mediators leads to Systemic APR (Relationship 3052)
	Empirical Support of the KE1 => KE3 is High. 

Rationale: There are several studies showing a dose concordance and temporal concordance. However, there are inconsistencies between changes in blood levels of pro-inflammatory mediators and systemic APR (Baumann et al., 2016; Kim et al., 2005; Monse et al., 2018; Monse et al., 2021; Poulsen et al., 2017).

	Non-adjacent
MIE => AO:
Interaction with the lung cell membrane leads to Atherosclerosis (Relationship 2960)
	Empirical Support of the MIE => AO is High. 

Rationale: There are several studies showing the relationship between the key events (Christophersen et al., 2021; Li et al., 2007; Mikkelsen et al., 2011; M. R. Miller et al., 2013). In a large meta-analysis, strong association was seen between particulate ambient air pollution and cardiovascular disease (C. Liu et al., 2019).
Reduction of exposure to black smoke in Dublin, Ireland resulted in reduced cardiovascular mortality (Clancy, Goodman, Sinclair, & Dockery, 2002).



4. AOP Known Modulating factors
	Modulating factor
	Influence on outcome
	KER involved

	High body mass index
	Increased risk of atherosclerosis.
	KER4

	Smoking
	Increased risk of atherosclerosis.
	KER4

	Intake of non-steroidal anti-inflammatory drugs
	Decreased risk of atherosclerosis.
	KER4

	Chronic inflammatory diseases
	Increased risk of atherosclerosis.
	KER4

	Infectious diseases
	Increased risk of atherosclerosis.
	KER4

	Physical activity
	Decreased risk of atherosclerosis
	KER4



5. Quantitative Understanding of the KERs
The table below presents the quantitative understanding of every KER. 
When assessing stressors in mice , it is possible to measure the expression of genes coding for  acute phase proteins (KE2) in different tissues, whereas in humans this is not likely as a tissue sample would be required. On the other hand, in humans it is much more common and easier to measure systemic acute phase response (KE3) through a blood sample. In mice, it has been shown that Saa3 mRNA in lung tissue and blood levels of serum amyloid A (SAA)3 are correlated (Gutierrez et al., 2023). In addition, SAA levels in mice and humans show changes of similar magnitude after exposure to zinc oxide nanoparticles (Gutierrez et al., 2023). This suggests that systemic acute phase response in humans or no-effect-levels may be estimated from studies in mice (Gutierrez et al., 2023). 
Saa3 mRNA levels in mouse lung tissue is correlated with pulmonary inflammation measured as neutrophil influx in broncheoalveolar lavage fluid (i.e. indirect marker of the release of pro-inflammatory mediators) apost-pulmonary exposure to nanomaterials (Danielsen et al., 2024; Gutierrez et al., 2023). In the context of particle exposure, both of these endpoints can be estimated by calculating the dosed particle surface area (specific surface area multiplied by dose level) (Gutierrez et al., 2023).
The relative risk of people developing a cardiovascular disease can be calculated from blood levels of acute phase proteins in epidemiological studies (Emerging Risk Factors et al., 2010).
	KER
	Quantitative understanding

	MIE => KE1: Interaction with the lung cell membrane leads to Increased proinflammatory mediators (Relationship 1702)
	The quantitative understanding of MIE => KE1 is Low.

Rationale: The quantitative prediction of the release of proinflammatory factors can be made from the interaction of the stressors with the pulmonary system. 

In the case of some stressors (nanomaterials), it is possible to make a prediction using the dosed surface area of the materials and neutrophil numbers in broncheoalveolar lavage (BALF) as an indirect marker of the release of pro-inflammatory factors (Gutierrez et al., 2023; Oberdorster, Ferin, Gelein, Soderholm, & Finkelstein, 1992; Oberdorster, Ferin, & Lehnert, 1994; Schmid & Stoeger, 2016; Stoeger et al., 2006).

A dose-response relationship between pulmonary exposure to particles and increased levels of proinflammatory mediators in bronchoalveolar lavage fluid is observed in several studies involving animals (McCarrick et al., 2025; Saber et al., 2014) 

	KE1 => KE2: Increased proinflammatory mediators leads to Increased transcription of genes encoding acute phase proteins (Relationship 2053)
	The quantitative understanding is of KE1 => KE2 is Moderate.

Rationale: In mice, the gene expression of the acute phase protein SAA after exposure to various nanomaterials including metal oxide nanomaterials is closely correlated to pulmonary inflammation measured as neutrophil numbers in BALF  (Danielsen et al., 2024; Gutierrez et al., 2023; Saber et al., 2013).

	KE2 => KE3: Increased transcription of genes encoding acute phase proteins leads to Systemic acute phase response (Relationship 1589)
	The quantitative understanding of KE2 => KE3 is Moderate.

Rationale: In mice, the systemic levels of the acute phase protein SAA after exposure to metal oxide nanomaterials is closely correlated with gene expression of SAA in lung tissue (Gutierrez et al., 2023).

	KE3 => AO:  Systemic acute phase response leads to Atherosclerosis (Relationship 2860)
	The quantitative understanding of KE3 => AO is High.

Rationale: The risk of developing a cardiovascular disease at the population level is associated with blood levels of acute phase proteins in epidemiological studies (KER 2860) (Emerging Risk Factors et al., 2010).

	Non-adjacent
MIE => KE2:
Interaction with the lung cell membrane leads to Increased transcription of genes encoding acute phase proteins (Relationship 2958)
	The quantitative understanding of MIE => KE2 is Moderate.

Rationale: In mice, the gene expression of the acute phase protein SAA after exposure to metal oxide nanomaterials is correlated with the dosed surface area (Gutierrez et al., 2023; Saber et al., 2014).

	Non-adjacent
MIE => KE3:
Interaction with the lung cell membrane leads to Systemic acute phase response
(Relationship 2959)
	The quantitative understanding of MIE => KE3 is Moderate.

Rationale: In mice, the blood levels of the acute phase protein SAA after exposure to metal oxide nanomaterials is correlated to the dosed surface area (Gutierrez et al., 2023).
In humans, systemic CRP levels correlate positively with increasing levels of air pollution measured as PM2.5 (Zhang et al., 2017). 

	Non-adjacent KE1 => KE3: Increased proinflammatory mediators leads to Systemic APR (Relationship 3052)
	The quantitative understanding of KE1 => KE3 is Moderate.

Rationale: In mice, the blood levels of the acute phase protein SAA after exposure to metal oxide nanomaterials and multiwalled carbon nanotubes can be estimated from neutrophil numbers in broncheoalveolar lavage fluid (Gutierrez et al., 2023; Poulsen et al., 2017).

	Non-adjacent
MIE => AO:
Interaction with the lung cell membrane leads to Atherosclerosis (Relationship 2960)
	The quantitative understanding of MIE => AO is Moderate.

Rationale: Epidemiological studies have shown the risk ratios of having a cardiovascular event per increase or decrease of exposure to particulate matter (Beelen et al., 2014; Cesaroni et al., 2014; Clancy et al., 2002; K. A. Miller et al., 2007). A multicenter meta-analysis provides quantitative risk estimates for ambient air pollution measured as PM2.5 and PM10 (C. Liu et al., 2019). In the report ‘Documentation for health-based occupational exposure limits for ZnO’ the critical effect was based on identifying the no-effect-levels for ZnO-induced systemic acute phase response leading to cardiovascular disease (Hadrup et al., 2021).




6. Considerations for Potential Applications of the AOP (optional)
Particle-induced acute phase response can be regarded as a critical effect linking particle-exposure to cardiovascular disease. Dose-response relationships can be used to establish no-observed-adverse-effect levels (NOAEL) for regulatory purposes and occupational exposure limits for inhalable materials can be determined through health-based risk assessments. This approach was taken by the Danish National Research Centre for the Working Environment at request of the Danish Working Environment Authority and an occupational exposure limit for zinc oxide was proposed based on the induction of acute phase response as the critical effect (the report can be found in: Dokumentation for helbredsbaserede grænseværdier for kemiske stoffer i arbejdsmiljøet (nfa.dk)).
As mentioned previously, not all KEs can easily be measured in humans, therefore animal studies can be used to measure early KEs and perform a risk assessment of different stressors. Additionally, physicochemical properties, such as specific surface area and dissolution, are important predictors of particle-induced acute phase response that can be used for hazard assessment (Gutierrez et al., 2023)
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