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Summary 

 

The prevalence of respiratory diseases in large populations has increased in recent 

decades. This phenomenon has been associated, among other factors, to poor air 

quality in indoor environments. Several hundreds of chemicals belonging to various 

chemical classes, including volatile organic compounds (VOCs), nitrogen oxides (NOx) 

and ozone have been identified in indoor environments. Toxicological information is to 

some extent missing or incomplete for most of them. The focus of studies on indoor air 

quality in the past was on the identification and quantification of individual (single) 

compounds and the evaluation of their toxicological properties with respect to a 

possible risk for human health. Little attention was paid to mixtures of chemicals and 

possible reactions between the chemicals accumulated indoors, in analogy with 

chemical reactions outdoors. Several studies have reported the presence of new 

chemical substances (reaction products) as the result of indoor air chemistry between 

reactive volatile compounds, in particular terpenes, and e.g. ozone with not well known 

toxicological behavior. 

d-Limonene, one of the most common terpenes present in indoor environments through 

its ubiquitous use in fragrances, air-fresheners, cleaning products, food manufacturing 

etc., is reactive towards ozone (O3), hydroxyl radicals (·OH) and alkylperoxy radicals 

(RO2.) leading to various oxidation products.  

The aim of this thesis was to evaluate the potentially toxicological impact of the three 

major limonene oxidation products (LOPs) with ozone: 4-oxopentanal, 4-acetyl-1-

methylcyclohexene, and 3-isopropenyl-6-oxoheptanal on human pulmonary cell lines 

and blood.  

Analytical methodologies (e.g. HPLC-UV, GC-MS) were further developed/optimized to 

analyze the selected chemicals in the air and in the cell culture medium and 

subsequently to evaluate the possible toxic effects such as cell viability, oxidative stress 

and inflammation observed when human lung were exposed to the selected chemical 

products as single compounds or mixtures. 

The findings of the present study clearly demonstrate that the selected chemicals 

caused lung cellular injury characterized by decrease in cell survival, changes in the 

oxidative balance, inflammation and the metabolic activity of the cells. It should be 

emphasized, that with the methodology used is possible to obtain information on 

biological endpoints with in vitro experiments and so to avoid/reduce the number of 

experiments done with animals. 
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Zusammenfassung 

Die Häufigkeit von Erkrankungen der Atemwege in großen Bevölkerungsgruppen  hat in 

den letzten Jahrzehnten zugenommen. Dieses Phänomen wurde unter anderem auf 

eine schlechte Luftqualität in Innenräumen zurückgeführt. Mehrere Hunderte von 

Chemikalien, die zu verschiedenen chemischen Klassen gehören, wie z.B. flüchtige 

organische Verbindungen (VOCs), Stickoxide (NOx) und Ozon, wurden in Innenräumen  

identifiziert. Toxikologische Informationen für die meisten von ihnen fehlen oder sind 

unvollständig. Der Schwerpunkt der Studien über die Raumluftqualität in der 

Vergangenheit lag meistens bei der Identifizierung und Quantifizierung von 

Einzelverbindungen und bei der Bewertung ihrer toxikologischen Eigenschaften im 

Hinblick auf ein mögliches Risiko für die menschliche Gesundheit. Es wurde jedoch 

wenig Aufmerksamkeit auf die Präsenz von Mischungen von Chemikalien und auf 

mögliche Reaktionen zwischen den akkumulierten in Innenräumen Chemikalien, in 

Analogie zu chemischen Reaktionen im Freien, gelegt. In diesem Zusammenhang hat 

man in mehreren Studien auf die Anwesenheit neuer chemischer Substanzen 

(Reaktionsprodukte) als Ergebnis der Raumluftchemie zwischen reaktiven flüchtigen 

Verbindungen hingewiesen. Hierbei wurde insbesondere auf die Reaktion von 

Terpenen mit Ozon hingewiesen, die unter anderem zu Reaktionsprodukten mit nicht 

bekannten toxikologischen Verhalten führt. 

d-Limonen, ein der häufigsten Terpene, das als Duftstoff, biogenes Lösungsmittel und 

Reiniger  in Innenräumen  durch die allgegenwärtige Verwendung von Duftstoffen, 

Lufterfrischungssprays, Reinigungsmitteln, Lebensmittelherstellung etc. verwendet wird, 

reagiert mit Ozon (O3), Hydroxylradikalen (OH.) und Alkylperoxyradikalen (RO2
.) zu 

verschiedenen Oxidationsprodukten. Ziel dieser Arbeit war es, die möglichen 

toxikologischen Auswirkungen der drei Hauptprodukte (LOPs) aus der Reaktion von 

Limonen mit Ozon: 4-Oxopentanal, 4-Acetyl-1-methylcyclohexen und 3-Isopropenyl-6-

oxoheptanal, auf menschliche Lungenzelllinien und Blut auszuwerten.  

Analytische Methoden (z.B. HPLC-UV, GC, GC-MS) wurden weiterentwickelt / 

optimiert, um die ausgewählten Produkte in der Luft, im Zellkulturmedium zu 

analysieren. Anschließend wurden die biologischen Prüfungen durchgeführt und die 

möglichen zytotoxischen Auswirkungen, wie oxydativer Stress und Entzündungen, 

erfasst und  bewertet. Die obenerwähnten Hauptprodukte wurden als Einzel-

verbindungen und als Gemische getestet. 

Die Ergebnisse der vorliegenden Arbeit zeigen deutlich, dass die Hauptprodukte aus 

der Limonen/Ozon Reaktion einen Lungenzellschaden verursachen, der durch die 
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Abnahme der Lebenszeit, Veränderungen des oxydativen Gleichgewichts, der 

Entzündung und der metabolischen Aktivität der Zellen gekennzeichnet ist. Es sollte 

betont werden, dass mit der verwendeten Methodik möglich ist, Informationen über 

biologische Endpunkte mit Experimenten in vitro zu erhalten und somit die Anzahl der 

Tierexperimente zu vermeiden / zu reduzieren.

. 
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1. INTRODUCTION 

 

1.1 Indoor air quality 

 

Indoor air pollution may substantially contribute to overall human exposure, since 

people spend nearly 85-90 % of their time indoors [1, 2]. It is also important to consider 

that air pollutants generally accumulate indoors, thus concentrations of most pollutants 

indoors are typically 5 times higher than outdoors [3]. 

The impact of poor indoor air quality on occupant comfort, health and well-being 

depends on the type of pollutants that are released from various sources (e.g. building 

materials, furnishings), in settings (e.g. inadequate ventilation, high temperature and 

humidity levels) and due to human lifestyles and activities (e.g. household cleaning and 

smoking) [4-6]. The number of people affected by Chronic Obstructive Respiratory 

Diseases (COPD) is rapidly increasing [7] and it will become the third leading cause of 

death by 2030, according to the World Health Organisation (WHO) indicators [8]. In 

spite of the increased prevalence of COPD and evidence that, besides smoking, other 

risk factors, may be associated to its development, only a limited number of studies 

have attempted to assess the association between COPD and indoor air pollution in the 

general adult population [9-12]. In 2004, WHO estimated that asthma sufferers 

numbered approximately 235 million people, and approximately 20 % of the world 

population were suffering from allergic diseases [13]. According to the International 

Study of Asthma and Allergies in Childhood (ISAAC), asthma and rhinoconjuctivitis are 

among the most common diseases among European children [14]. The contributing 

factors are thought to be a combination of genetic predisposition and environmental 

exposure to inhaled substances and particles which induce allergic or irritating reactions 

[15 - 18]. 

For example, air pollution in indoor office environments (i.e. chemical irritants in the 

workplace, indoor allergens) [19 - 22] might initiate or aggravate illness on both 

respiratory [23] and cardiovascular levels [24 - 26], while the presence of tobacco 

smoke in indoor air enhances the risk of developing lung cancer in non-smokers [28 - 

31]. Cardiovascular disease is the leading cause of death in the industrialized world, 

accounting for over 4.35 million deaths each year in Europe and over 1.9 million deaths 

in the European Union [32]. 

A number of studies revealed that an increased prevalence of asthmatic symptoms 

among the personnel [33] is related to cleaning activities including the use of cleaning 
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sprays [34 - 38]. 

The results offered by Sherriff et al., in a study at Bristol University, suggest that the 

development of childhood asthma could be related to the use of various cleaning 

materials and fragrances in the home [39]. 

The Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) 

programme launched by the European Union raised concerns regarding insufficient 

information on the potential human health risks of many inhaled compounds [40]. 

A survey of the literature produced a list of key indoor pollutants present in indoor 

environments together with their demonstrated or hypothesised health and comfort 

effects and is summarized in the table below. 

 

Table 1 Key indoor pollutants and their potential toxic effects on human health. The 

table was adapted from [41]. 

 
Eye/ 

nose 

irritation 

Respiratory 

symptoms 

Allergies 

/ asthma 
Cardiovascular 

Inflammation 

& 

oxidative 

stress 

Ref. 

GAS POLLUTANTS 

VOCS yes yes  yes  [42 - 44] 

NO2  yes yes  yes [45, 46] 

Ozone  yes    [47, 48] 

TERPENE REACTION PRODUCTS 

SOA  yes  yes yes 
[46, 47, 

49] 

 

Terpenoids 

 

yes yes    [46, 47] 

PARTICULATE MATTER 

PM2.5  yes  yes yes [50, 51] 

PM1  yes  yes yes [52, 53] 

Ultra-fine 

particles 
 yes  yes yes [54] 

BIOLOGICAL POLLUTANTS 

Bioaerosols  yes yes  yes [55 - 57] 

where VOCs = Volatile Organic Compounds; NO2 = Nitrogen Dioxide; SOA = 

Secondary Organic Aerosols; PM2.5 or PM1 = Particulate Matter up to 2.5 or 1 

micrometers in size 
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The INDEX project was the first study where a list of air pollutants were prioritised 

according to their potential effects on human health (irritations, respiratory diseases, 

cardiovascular diseases, cancer) [58]. 

Besides indoor air pollutants known for their adverse health effects, concern about 

indoor chemical reactions has grown over the last few years [59]. This is due to 

increasing evidence that products from indoor chemical reactions (e.g. ozone-

terpenes), may contribute to adverse effects on human health [60 - 64]. As an example 

of exacerbated potentially harmful health effects due to air chemistry, ozone–terpene 

reactions produce secondary organic aerosols (SOA), i.e. ultrafine particles, that once 

inhaled have been linked to lung inflammation and systemic effects, including 

cardiovascular issues [65 - 67]. 

 

1.1.1 Terpenes 

 

Terpenes have received considerable attention over the past years, regarding their 

ability to be rapidly oxidized by ozone thereby forming a broad range of reaction 

products [68]. Höppe et al. found that reactions of ozone with terpenes from wood may 

have produced irritative substances for forestry workers [69]. Epidemiological studies 

carried out by Groes et al. indicated that chemical reactions between VOCs and ozone 

(O3) may be responsible for the prevalence of increased sick building syndrome (SBS) 

[70]. 

Terpenes are organic compounds emitted from both natural sources (e.g. conifers, 

fruits…) and consumer products (e.g. detergents, perfumes, air-fresheners…). 

Accordingly, they are among the most abundant indoor air pollutants. Several studies 

have attempted the quantification of terpene compounds in both indoor and outdoor air. 

In this regard, typical concentrations of terpene compounds in indoor air range from 6 to 

200 µg m-3, and can in some cases be greater [71, 72]. Pine wood used as flooring 

material can account for up to 13 % of the total VOC content in indoor air [73]. 

 

1.1.2 Terpenes in consumer products 

 

Sarwar et al. analysed the presence of terpenes in various consumer products (e.g. 

cleaners, air fresheners, perfumes). In the samples analysed by thermal desorption and 

GC/MSD, d-limonene was detected in all tested products. Content analysis of three air 

fresheners and three laundry products carried out by static headspace combined with 

GC/MS analysis indicates the presence of d-limonene (in all six products), α-pinene, β-
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pinene (in five products); carene isomer (in four products); and linalool (in three 

products) [74]. Steinemann, Norgaard et al. examined four kinds of nano-film spray 

products (NFPs), used in an extensive variety of consumer products such as bathroom 

tiles, flooring, textiles and windows. An amount needed for coating 1 m2 surface was 

sprayed toward a stainless steel target plate placed in a closed aerosol chamber (0.66 

m3). The authors noticed that a number of VOCs including d-limonene, chlorinated 

acetones, perfluorinated silane, and nanosize particles were emitted, but some of the 

VOCs identified in the emissions were not listed in the product safety sheets [75, 76]. 

Quite recently, Maupetit and Squinazi have presented emission outcomes obtained 

from 43 incense and scented candle products available in France. The measurements 

of emissions from eight products showed the presence of d-limonene and five other 

VOCs (benzene, toluene, xylene, styrene, naphthalene) [77]. In a study carried out in 

Korea, limonene has been detected at a frequency of 58 % in the headspace phase of 

twenty-six air freshener gel products [78]. On the other hand, in Nazaroff’s study, the 

levels of terpenes ranged from 0.2 to 26 % in various consumer products [79]. However, 

the previous studies do not use the collected data to investigate the possible toxic 

impact on human health which corresponds with the discovered d-limonene levels.  

 

1.2 Limonene 

 

Limonene is one of the most common monoterpenes emitted globally [80]. It is also 

known by a variety of synonyms, including the following: 1-Methyl-4-(1-methylethenyl)-

cyclohexene (IUPAC name); 1,8(9)-p-Menthadiene; 1-methyl-4-isopropenyl-1-cyclo-

hexene; alpha-limonene; dipentene; p-mentha-1,8-diene etc. 

Limonene has been used for many years as a flavour in foods and beverages but it is 

also increasingly used as a biogenic solvent to substitute chlorinated hydrocarbons, 

chlorofluorocarbons (CFCs) and other organic solvents. It is reported to be emitted from 

different sources such as air fresheners, resins and adhesives and it is also applied as 

a wetting and dispersing agent or used in insect control [72, 81]. 

 

1.2.1 Physicochemical properties 

 

Limonene – a colourless liquid hydrocarbon at room temperature – occurs in two 

optically active forms: d-limonene ((R)-enantiomer) and l-limonene ((S)-enantiomer). 

Both isomers (Figure 1) are characterized by a different odours: d-limonene has a 

strong smell of orange/lemon (odour threshold = 1111.29 µg m-3) while l-limonene 
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smells piney (odour threshold = 2778.2 µg m-3) [82 - 85]. 

 

C CH2
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CH3
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O
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H
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Illustration 1

 

Figure 1 Molecular structure of limonene (stereoisomers) 

 

The main chemical form found in nature and used in industry is d-limonene [86, 87]. 

Other physical and chemical properties of limonene are presented in Table 2. The 

information cited in the table below was taken from Concise International Chemical 

Assessment Document No. 5: Limonene. World Health Organization, Geneva, 1998 

[87]. 

 

Table 2 Summary of the physical/chemical properties of limonene  

 d-limonene l-limonene 

CAS no. 5989-27-5 5989-54-8 

Empirical formula C10H16 

IUPAC name (R)-(+)-para-Mentha-1,8-

diene 

(S)-(-)-para-Mentha-1,8-diene 

Molecular weight  136.23 

Boiling point (
0 
C) 175.5 - 176.0 

Melting point (
0 
C) -74.35 

Water solubility (mg L
-1

 at 25 

0
C) 

13.8 - 

Vapour pressure (Pa at 200 

0
C) 

190 - 

Density (g/cm
3
 at 20

0
C ) 0.8411 0.8422 

Henry’s law constant  

(kPa m
3
/mol at 25

0
C) 

34.8
b 

- 

Partition coefficient (Log Kow) 4.23
c
 - 
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Where Kow = Octanol-Water Partition Coefficient; b = value from Assessment Tool for 

the Evaluation of Risk (ASTER) database, Environmental Research Laboratory, US 

Environmental Protection Agency, Duluth, MN, 1991 and Massaldi et al. [88]; c = 

calculated value (ENVIROFATE database, Office of Toxic Substances, US 

Environmental Protection Agency, and Syracuse Research Corporation) [89]. 

 

1.2.2 Production, use, human exposure and regulations 

 

In the US (1984), the consumption of d-limonene was 250 tonnes [90], while in Sweden 

(1994), between 69 and 80 tonnes of d-limonene were used in 48 products, 15 for 

consumers (according to Swedish National Chemicals Inspectorate). In Japan (1993), 

the production volume of d-limonene was about 40 000 tonnes [86]. The annual 

production of limonene in Europe is between 10.000-100.000 tonnes per annum as 

reported by the European Chemicals Agency (ECHA) [91]. 

To be able to accurately assess the potential public health impacts of exposure to 

realistic levels (e.g. indoor environments) of d-limonene and d-limonene ozonolysis 

reaction products, the content of d-limonene in/and the use of the products and 

materials used indoors must be well-known. At present, these data are only partially 

known. However, some information is available about the quantities of production and 

contents of terpenes in products. 

In the review by Holcomb and Seabrook (1995), limonene has been regarded as being 

one of the volatile organic compounds most frequently measured in indoor air [92]. A 

number of indoor measurements revealed that typical average indoor d-limonene 

concentrations range from 2 to 500 µg m-3 [93, 94]. However, and due to lifestyle, 

considerably higher concentrations can be found following different activities. As an 

example, a concentration of 970 µg m-3 of limonene was found after spraying a cleaning 

wax for 15 seconds [95], or 1950 µg m-3 after peeling an orange [96]. 

In the Bangkok office buildings study conducted by Ongwandee et al. (2011), limonene 

was found to be one of the most dominant VOCs with concentrations varying from 113 

to 241 µg m-3. Air fresheners and cleaning products were assessed to be the main 

indoor emission sources involved in this measurement. Within this study, the calculated 

mean of indoor to outdoor ratios of limonene concentrations was greater than 1 [97]. 

Indoor/outdoor ratios (I/O ratios) may vary significantly, depending on the prevalence of 

indoor and outdoor sources, geographical regions, and climatic conditions. The 

determination of differences in I/O ratios helps to monitor the status of indoor 

concentrations of the chemicals investigated. A ratio of less than 1 indicates that the 
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concentration of the chemicals investigated is higher outdoors than indoors, while an 

I/O ratio above 1 indicates a significant accumulation of the chemicals in indoor 

environments more than outdoors [98]. 

In Europe, measurement campaigns (in approximately 80 public buildings) were carried 

out during different seasons to monitor the limonene exposure concentrations among 

other VOCs (e.g. alpha-pinene), as well as the indoor/outdoor ratios of these chemicals. 

From the data obtained, the I/O ratio for d-limonene was ranging from 7 to 132 (these 

values represent average values for all indoor and outdoor measurements) [99]. 

In a study reported by Jia et al., the measurements carried out in southeast Michigan, 

USA, identified that limonene was the dominant terpene compound present among 

nearly 100 VOCs – the detection frequency of limonene in indoor environments based 

on all 37 indoor samples was around 89 % – which were detected in ten mixed-use 

buildings (typically an office area and an industrial/commercial area were selected). 

Remarkable differences were observed in the limonene concentrations monitored in 

offices (average value = 5.5 µg m-3)  and in ambient air (0.01 µg m-3), while the 

difference in limonene concentrations determined in offices and workplace area was not 

statistically different (p-values of 0.83 calculated in Wilcoxon signed rank test (n = 9)) 

[100]. 

A number of investigations including 47 chemicals inhaled by humans, ranked d-

limonene on the 12th position of human olfactory detectability [101]. Tamás et al. 

showed that the perceived air quality in a room with d-limonene and ozone significantly 

decreased when compared to rooms containing only d-limonene or only ozone, as 

noted by human subjects [102]. Their study is in agreement with Knudsen et al. [103]. 

 

1.3 d-Limonene ozonolysis products 

 

High concentrations of ozone are feasible indoors whenever outdoor concentrations are 

elevated or whenever indoor emissions derive from office equipment [104 - 106] or 

devices such as portable ion generators [107 - 109]. Potential sources of ozone include 

electric motors, vent-fog precipitators, copying machines, and laser printers [110 - 114]. 

Peak outdoor ozone concentrations can reach 120-400 µg m-3 in many European 

regions and its infiltration indoors amounts to 20-70 % of outdoor concentrations [115 - 

117]. On the other hand, Allen et al. reported that indoor ozone concentrations were up 

to 490 µg m-3 when generated by electrostatic air cleaners and photocopying machines 

in poorly ventilated rooms [114]. Moreover, particular attention has been given to indoor 

ozone levels in aircraft cabins, since indoor air is recirculated during flights [118]. Mean 
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ozone concentrations in the cabins of aircrafts have been reported to range from 43.1 

µg m-3 [119] to 392.2 µg m-3 [120]. The Environmental Protection Agency (EPA) has 

established an 8-h national ambient air quality standard (NAAQS) concentration of 0.08 

ppmv for ozone [121]. The US Building Assessment Survey Evaluation (BASE) study 

reinforces the idea of ozone’s presence indoors due to its infiltration from outdoors, 

when the authors correlated the ambient ozone concentrations with indoor 

concentrations of some aldehydes (e.g. formaldehyde, acetaldehyde) formed during 

indoor ozone reactions [122]. In 1995, Bernhard et al. confirmed within their study the 

presence of ozone in 56 European buildings (the European Audit project) [123]. 

According to Jensen and Wolkoff (1996), the odour threshold of ozone is 100 µg m-3 

and the threshold of mucous membrane irritation estimate 2 mg m-3 [124]. 

One of the more important types of indoor ozone gas-phase reactions are those with 

terpenes (e.g. d-limonene). The presence of d-limonene as a fragrance in many 

consumer products such as cleaning agents and air fresheners may lead to its 

abundant occurrence in indoor environments. In such a complex environment, the 

evaluation of the potential toxic impact of d-limonene on human health requires a 

complete toxicological evaluation of d-limonene, not only as a single compound but also 

the effect of the combination of d-limonene and other compounds present in the 

environment (e.g. ozone, NO2). This reaction has been reported to form both gaseous 

reaction products (e.g. formaldehyde) and fine and ultrafine particles [68, 125]. The 

concentrations of highly reactive free radicals formed during this reaction as 

intermediates are not well known, even if they are needed to advance in indoor 

chemistry modelling [126]. The reaction between d-limonene and ozone is initiated by 

the oxidative cleavage of the C=C double bonds and the consequent formation of the 

corresponding ozonides. Due to their instability, these ozonides rapidly decompose, 

forming Criegee biradicals and primary products containing a carbonyl group. 

Subsequently, the energy-rich Criegee intermediates may rearrange or may be entailed 

in various reaction steps to generate additional products. The stable oxidation products 

comprise a number of aldehydes (both saturated and unsaturated) and organic acids 

(e.g. formic acid, acetic acid) [127, 128]. The intermediate reactions have also been 

demonstrated to produce highly reactive species such as hydroxyl radicals (OH.) with a 

yield of 0.86 % [129]. Having higher oxidant ability than ozone, such hydroxyl radicals 

can further react with either parent d-limonene or more stable compounds that were not 

oxidized by ozone itself [130 - 133]. In 1999, Calogirou et al. published a paper in which  

possible decomposition pathways of d-limonene oxidized by OH radicals are proposed 

[68]. 



Introduction 
 

9 

 

During experiments investigating d-limonene ozonolysis reaction, various chemical 

products formed have been identified (see Table 3) [134 - 138]. 

 

Table 3 Identified d-limonene ozone reaction products 

Class of 

compound 

Name of compound Ref. 

Peroxides Limonene-1-hydroperoxide 
139 – 140 

 
Limonene-2-hydroperoxide 

Limonene-2-methyl-hydroperoxide 

Epoxides Limonene-1,2-epoxide 

141 – 142 

 

Limonene oxide 

Limonene 8,9-epoxide 

Alcohols/diols  

(di) Carbonyls 3-acetyl-7-hydroxy-6-oxoheptanal 

142 – 145 

5-hexene-2-one 

Methylglyoxal 

3-oxobutanal 

4-oxopentanal (4-OPA) 

6-methyl-5 heptene-2-one 

4-acetyl-1(+/-) methylcyclohexene  

(4-AMCH) 

Formaldehyde 

3-isopropenyl-6-oxoheptanal (IPOH) 

3-acetyl-6-oxo-heptanal 

Hydroxil/carboxyl butanedioic acid 

146 – 150 

4-oxopentanoic acid 

pentanedioic acid 

hexanedioic acid 

3-acetyl-6-oxo-heptanoic acid 

2-isopropenyl-pentadioic acid 

3-isopropenyl-hydroxy-6-oxo-heptanoic 

acid isomers 

3-isopropenyl-hexanedioic acid 

3-carboxy hexanedioic acid 

3-isopropenyl-6-oxoheptanoic acid 

 

As mentioned above, primary and secondary d-limonene products can exist in both gas 

and condensed phase. The partition between these two phases depends on the vapour 
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pressure specific to each compound and the surface area of existing airborne particles. 

The mechanism which contributes to the size and mass growth of particles is directly 

correlated to the low vapour pressure of the chemicals. These will condense and 

absorb on pre-existing particles and smaller particles, generally referred as Secondary 

Organic Aerosols (SOAs) [95, 130, 151 - 153]. 

Weschler and Shields supported the hypothesis of particles generated during the 

reaction of d-limonene with ozone, with yields in the region of 10-15 % [130]. The 

composition of particles - in particular their oxidant potential - is hypothesised to be 

important in assessing health effects [154]. Lamorena and Lee focused on the 

formation of secondary gaseous compounds and ultra-fine particles during ozone-

initiated oxidations with emitted monoterpenes (d-limonene, alpha-pinene, beta-pinene, 

p-cymene) from a car air-freshener. Injection of ozone into the Teflon bag chamber 

containing already the monoterpenes released from the air freshener lead to the 

formation of ultra-fine particles within a size range of 4.4–160 nm. Formaldehyde, 

acetaldehyde, acrolein, acetone, and propionaldehyde were some of the secondary 

gaseous products formed during the ozone-initiated reactions. The authors also 

concluded that the ozone concentration (98 and 196.1 µg m-3) and the temperature (30 

and 40 °C) significantly influenced the generation of gaseous products and the 

formation of particles during the ozone-initiated reactions. Teflon chamber studies were 

also used to investigate the yields of formation of oxygenated organic reaction products 

for gas-phase reactions of the hydroxyl radical (OH·) and ozone (O3) with a common 

cleaning product containing terpenes such as d-limonene, R-terpineol, and geraniol. 

Several dicarbonyl reaction products such as 4-oxopentanal, glyoxal, methylglyoxal 

were produced by the selected terpenes in presence of ozone. Total carbonyl yield for 

limonene-ozone reaction was around 5.1 % [155]. 

The review by Calogirou et al. may serve as a supplement on this particular topic since 

a list of oxidation products formed during limonene ozonolysis are presented and 

discussed (e.g. limonon aldehyde, limona ketone etc.) [68]. 

In addition to the above described oxidation products in the gas phase, several studies 

have focused on the formation of particulate matter during terpenes ozonolysis 

experiments. In this regard, an increase in particulate matter of up to 20-fold was 

observed both in chamber experiments [130] and real scenarios [95] when mixing 

different terpenes (e.g. limonene, linalool) with ozone at realistic concentration levels. 

Special interest should be devoted to the increase in the concentration of ultra-fine 

particles (ranging from 0.1 to 0.3 µm) as such particles have the potential to penetrate 

into the blood stream through the alveoli [156]. 
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Nazaroff et al. measured the reaction products formed during the oxidation of three 

consumer products: a cleaner, a degreaser and an air freshener. The studies were 

conducted in presence of ozone ranging from 58.9 to 490.3 µg m-3 and d-limonene 

ranging between 5.6-170 µg m-3, 560-1280 µg m-3 and 3230-4120 µg m-3. The products 

formed during the consumer products’ oxidation were formaldehyde, acetaldehyde, 

acetone, glycolaldehyde, formic and acetic acid. It had previously been noted that only 

formaldehyde, formic and acetic acid were formed, when d-limonene was the only VOC 

present in the mixture. Consecutively, some experiments were conducted by emulating 

the real use-case of the selected consumer products as follows: approx. 50 g cleaner 

(1.2 % d-limonene), 4-7 g degreaser (25 % d-limonene) and an air freshener  

(~ 1.3 % d-limonene) were supplemented with ozone (223.5 - 235.3 µg m-3). The results 

indicated the presence of formaldehyde at 7-8 ppbv averaged over a 12-hour period in 

absence of ozone and 13-20 ppbv in presence of ozone. The number of particles 

produced by the cleaner and degreaser were about 7-15 x 108 times higher when ozone 

was added when compared to those formed in absence of ozone. Additionally, the 

number of particles generated by the use of air freshener in presence of ozone was 3 x 

106 times higher than the number of particles formed by the use of the cleaner without 

ozone. The results concerning the particle mass concentrations showed that cleaners in 

presence of ozone were 18 times higher (≈ 90 µg m-3) than the particle mass 

concentration generated in absence of ozone (≈ 5 µg m-3) [79]. 

Formaldehyde, acetaldehyde, formic acid have been measured in many experiments 

while compounds such as IPOH, 4-OPA, 4-AMCH have been introduced in only a few 

studies. For example, Clausen et al. demonstrated that reactions between d-limonene 

(266709.3 µg m-3) and ozone (7844.4 µg m-3) formed formaldehyde and formic acid as 

major products and found the presence of 4-AMCH, IPOH. Also, a 2-fold increase in 

particles over the background concentration was obtained when d-limonene was added, 

and a 4-fold increase in particles was measured when ozone was added to d-limonene, 

compared to the background [159]. 
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1.3.1 Selected d-limonene ozonolysis products: 4-oxopentanal (4-OPA), 4-acetyl-1-

methylcyclohexene (4-AMCH) and 3-isopropenyl-6-oxoheptanal (IPOH) 

 

Three common d-limonene ozonolysis products [145, 160 – 162]:  4-OPA, 4-AMCH and 

IPOH were selected in this research, with the scope to assess their potential toxic 

effects at the respiratory level. Their selection was done on the basis of their stability 

(e.g. more stable than peroxides), their general abundance with high ozone or hydroxyl 

radical yields [163] and on the hypothesis that terpene reaction products with multiple 

oxygen groups such as dicarbonyls may cause inflammatory and respiratory sensitising 

properties and/or skin irritation [164 – 167]. 

 

Table 4 Physico-chemical properties of selected d-limonene ozonolysis reaction 

products: 4-acetyl-1-methylcyclohexene, 3-isopropenyl-6-oxo-heptanal, 4-oxopentanal 

d-Limonene 

reaction products 

CAS no. MW Vapour 

pressure 

mmHg 

Boiling 

point C 

Water 

solub. 

mg L
-1

 

Structure 

4-acetyl-1-

methylcyclohexene 

C9H14O, (4-AMCH) 

 

6090-09-1 138.21 0.568 205-206 811 

C CH2

  CH3

C

CH3

CH2H3
H3

L-Limonene      D-Limonene

CH3

  

CH3O

O

CHO

1.

2.

3.

4.

O
O

H

CH3

Illustration 1
 

3-isopropenyl-6-

oxo-heptanal 

C10H16O2, (IPOH) 

 

7086-79-5 168.23 1.3 
80.5-82/ 

1 mm Hg 
2920 

C CH2

  CH3

C

CH3

CH2H3
H3

L-Limonene      D-Limonene

CH3

  

CH3O

O

CHO

1.

2.

3.

4.

O
O

H

CH3

Illustration 1

 

4-oxopentanal 

C5H8O2, (4-OPA) 

 

626-96-0 100.12 1.3 
100-105/ 

20 mm Hg 
50000 

C CH2

  CH3

C

CH3

CH2H3
H3

L-Limonene      D-Limonene

CH3

  

CH3O

O

CHO

1.

2.

3.

4.

O
O

H

CH3

Illustration 1

 

 

Only scarse quantitative information is available on the formation of the d-limonene 

ozonolysis reaction products in indoor air, referring to 4-oxopentanal (4-OPA) and 3-

isopropenyl-6-oxo-heptanal (IPOH). Data from a recent study have identified the 

formation of IPOH, 4-OPA and 4-AMCH, when a kitchen cleaning agent (KCA) and a 

plug-in air freshener were used in the presence of low (19.6 µg m-3) and high  

(98 µg m-3) ozone. The KCA was mostly containing d-limonene and dihydromyrcerol 
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while the plug-in air freshener contained dihydromyrcerol, terpineol and linalool as most 

abundant VOCs. At high concentration of ozone, IPOH, 4-OPA and 4-AMCH was 

determined to be around 17 and less than 3 µg m-3 (for 4-OPA and 4-AMCH) when KCA 

was used, while in the case of the use of air freshener only 4-OPA was detected 

(around 70 µg m-3). Using KCA in presence of low ozone concentration, only IPOH was 

determined at around 2 µg m-3, while for the air-freshener none of the selected d-

limonene ozonolysis products was detected [168]. A current study carried out by 

Nørgaard et al. extends the measurement by investigating the concentrations of 4-OPA, 

IPOH and 4-AMCH before and after the replacement of the regular floor cleaning agent 

in the offices of 4 European countries: France, Greece, Hungary, Italy. After the use of 

regular cleaning agents, the offices were characterised by limonene, ozone and their 

ozonolysis products levels, as follows: limonene levels in France were around 13 µg m-

3, ozone was below the limit of detection (LOD) and 4-OPA, IPOH and 4-AMCH were 

below LOD; in Greece, limonene was 32 µg m-3, ozone was 7 µg m-3, IPOH was found 

to be around 1.3 µg m-3 while 4-OPA was 10 µg m-3; in Hungary, limonene 

concentrations were 0.1 µg m-3, ozone was  4 µg m-3 and IPOH in the order of  

0.5 µg m-3  while in Italy, limonene was present at a concentration of 9 µg m-3, ozone 

was 1.5 µg m-3, IPOH was present at the concentration of 10 µg m-3, 4-OPA at 18 µg m-

3 and 4-AMCH at 0.1 µg m-3. After the replacement of the regular floor cleaning agents 

with a common lower total volatile organic compounds, the outcomes showed a 

reduction of 4-OPA, IPOH and 4-AMCH which was in line with the lower limonene 

levels, as follows: in France, limonene level was almost 10-fold lower than before 

replacement of the floor cleaning agent, while ozone and the selected limonene 

ozonolysis products were below LOD; in Greece, the limonene levels were about 1 µg 

m-3, the average ozone level was about 2-fold elevated (e.g. 19 µg m-3), 4-OPA was 

below µg m-3 while IPOH disappeared; in Hungary, ozone was elevated at about 2-fold, 

IPOH disappeared while 4-AMCH appeared (e.g. 0.9 µg m-3) probably due to its outdoor 

presence; in Italy, a low level of limonene was measured of 1.7 µg m-3, 4-OPA was 

observed at the same order as before, while IPOH levels were drastically reduced to 0.4 

µg m-3, the ozone levels increased at 8 µg m-3. One of the author’s conclusion was that 

the formation of limonene ozonolysis reaction products is closely related to the 

presence of ozone, since in France for example, the concentration of the selected 

limonene ozonolysis reaction products was low in line with the absence of ozone. On 

the other hand, in Greece, the measured high levels of 4-OPA were in consonance with 

elevated ozone level. However, the high levels of 4-OPA were associated also to the 

presence of other precursors such as geraniol, linalool or squalene [169]. 



Introduction 
 

14 

 

1.4 Pulmonary toxicity 

 

The main sites of exposure of a noxious agent’s entry into the human body are the 

lungs, skin and the gastro-intestinal tract via inhalation, dermal and oral routes, 

respectively. When insoluble gases, droplets or small solid particles contained in the 

inhaled air (a 70 kg adult is assumed to inhale 20 m3 of air per day [170]) penetrate the 

respiratory tract, they often accumulate on the deep lung areas. The deeper parts of the 

lung (the smallest airways and the alveoli) constitute a favorable situs for the 

accumulation of contaminants due to their narrow diameter characteristics and the low 

air flow velocity. Moreover, the tendency for accumulation increases with the decrease 

in water solubility of the toxicants and the the decrease of particle size (see Figure 2) 

[171 - 173]. 

 

Figure 2 Representation of the deposition patterns of the particles in the human 

respiratory system (the picture was adapted after [171]) 

 

Severe health disorders may result during the respiratory process - inhalation phase, 

when fresh air containing various gaseous components, aerosols and particulate matter 

is moved into the lung through the upper respiratory tract and the conducting airways 

into the terminal respiratory units. When the clearance activity (natural defence 

mechanism of the lung) at this level is not efficient, the potentially toxic agents will be 

diffused from the alveolar membrane into the flow of blood that surrounds the alveoli. 

Once the chemicals are distributed in the blood, they may elicit toxic responses in the 

heart (70 to 80 cm3 of blood per heartbeat irrigates the lung) or they can be distributed 

throughout the whole body [174]. For example, very insoluble gases such as carbon 

monoxide will be absorbed at the pulmonary blood supply level, while gases that are 
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very soluble in water such as formaldehyde will be absorbed nearly completely at the 

nose or upper airways level [175]. However, studies on particle deposition patterns 

indicate that gaseous compounds absorbed on particles surface will follow the 

deposition patterns of the particles [176]. 

 

1.4.1 Lung as the target organ – description 

 

The upper respiratory part includes the nose and pharynx while the conducting airways 

consist of the trachea divided in two main bronchi, which progressively decrease their 

internal diameter and lead into bunches of tiny round air sacs called alveoli, where the 

gas-exchange occurs. Each of these alveoli is surrounded by tiny blood vessels called 

capillaries which are connected to the arteries and veins that move blood through the 

whole body (see Figure 3, taken from National Heart Lung and Blood Institute website 

[177]). 

 

Figure 3 A. General view of respiratory structures in the body, B. Detailed view of the 

airways, alveoli (air sacs), and capillaries (tiny blood vessels), C. Specific view of gas 

exchange (CO2 and O2) between the capillaries and alveoli 

 

Concerning the histological constituents of the lung (see Figure 4), the conducting 

airways (upper and lower part) are covered by a mucosal epithelium – formed by tight 

apical junctions between epithelial cells – that protects the respiratory tract from injury 

produced by chemicals, microbes, and biogenic agents. 

Concerning the morpho-histological characteristics of the bronchial epithelium in the 

case of a normal mammalian lung, this consists of many morphologically distinct cell 

types (basal cells, goblet cells and ciliated columnar cells) which have an active role in 
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airway immune function and mucociliary clearance. Morphological or functional 

alterations in the bronchial epithelium have been associated with airway irritation, 

carcinogenesis, chronic bronchitis and cystic fibrosis [178, 179]. 

The gas-exchange region represents approximately 480 million alveoli which are 

irrigated by the pulmonary artery capillaries that permit air-blood contact. Alveoli are tiny 

structures with a very large surface area (approx. 100 m2) and their epithelium is made 

of two main cell types: the epithelial type I and II cells and occasional brush cells [180]. 

The type I cells are extremely squamous and have an attenuated cytoplasm; they 

totalize only 40 % of the entire alveolar lining cells and cover a large surface area of the 

alveolar surface (about 95 %). On the other hand, the type II cells – cuboidal cells with 

large nucleus and vacuolated cytoplasm – comprise 60 % of the alveolar lining cells. 

They produce surfactant with a bactericidal effect, prevent the alveoli from collapsing 

upon expiration and replace damage type I cells after lung injury [181, 182]. 

Differently from the bronchial epithelium, the alveolar epithelium is not protected by 

mucus and cilia, but by alveolar macrophages which are located at the inter-phase 

between air and lung tissue. The alveolar macrophages or phagocytotic cells are 

derived from blood monocytes. Since monocytes respond slowly to infection, they 

develop into macrophages which become the first defensive line against inhaled 

constituents of the air (being the only macrophages in the body exposed to air). Their 

main role, as a defensive activity, is to keep the alveoli’s surface sterile, to kill and 

ingest the intruders (e.g. phagocytosis of bacteria) and to clean-up the cell debris (e.g. 

phagocytosis of cell debris). When macrophages interact with proteins - released by 

lymphokines - the tumoricidal and microbicidal activity of macrophages is activated 

[183]. They also play an important role in immune response reactions by stimulating 

lymphocytes and other immune cells to respond to the pathogen [184, 185]. 
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Figure 4 The main cell types at the bronchial-alveolar epithelium level (figure was 

modified based on representation of [181] and the drawings prepared by [186]) 

 

1.4.2 Defensive mechanisms of the lung 

 

The inhalants can cause reversible or irreversible harm to the lung or to the extra-

pulmonary sites depending upon several factors such as: physicochemical 

characteristics and concentration of the toxicants, frequency and type of exposure (i.e. 

occupational, accidental or prolonged) and their reaction/interaction with other toxicants 

[187]. Thus, each of the lung cell types – over 40 different cell types – and their function 

can become a potential target for the toxic action of the inhaled chemicals. 

Several studies have revealed that the lung has a great capability to metabolise many 

xenobiotics because of a high number of lung enzymes involved in xenobiotic 

metabolism [188, 189]. These enzymes facilitate the elimination of lipophilic chemicals 

by introducing new functional groups (Phase I reaction), or by conjugating with internal 

cell molecules such as glutathione, amino acids (Phase II) to increase water-solubility 

and further be eliminated in bile and urine [190]. Even though the lung has a great 

capability to biotransform such compounds, there are situations in which the 

biotransformation reactions can transform a harmful/harmless substance into toxic 

metabolites. The lung defends itself from various groups of noxious gases, particulates 

as well as infectious agents by: 

1. Initiating the cytokine host defence mechanism, that plays an important role in 

maintaining the balance in both the immune and inflammatory response. Cytokines are 

a group of protein signal molecules, which act simultaneously to detect and classify the 

injurious and harmless agents. When the cytokine-controlled network of cells has to 
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combat the foreign substance (activation versus tolerance), cytokines act in different 

ways, e.g. to initiate and amplify inflammation, to induce T-cell independent 

macrophage activation etc. [191, 192]. Alveolar macrophages produce pro-inflammatory 

cytokines such as interleukin (IL)-1beta and tumor necrosis factor (TNF-alpha) which 

activate alveolar epithelial cells to produce chemokines such as IL-6, IL-8 [193 - 196]. 

A considerable amount of literature has been published on the use of 

cytokines/chemokines as biomarkers in studies with mice and humans to investigate the 

immune-pathological profile of the respiratory tract, in particular of asthma (that inflames 

the lung airways) and (COPD) associated with damage to proximal bronchial airways 

(bronchitis) and to distal airways and airspaces [197 – 202]. Inflammatory diseases are 

dictated by a dysregulation of the ratio between pro and anti-inflammatory cytokines. In 

several studies a series of pro- and anti-inflammatory cytokines have been selected to 

be considered as indicators for the assessment of the inflammatory process’s status 

after the exposure of humans or animals to different contaminants (see Table 5). 

 

Table 5 Cytokine levels at the lower respiratory tract of both mice and humans (table 

adapted from [203]) 

Type of cytokines Asthma COPD 
Ref. 

Pro-inflammatory Anti-inflammatory Cytokine levels 

IL-6  High High [207 – 211] 

IL-8  High High [213 – 220] 

TNF-α  High High [221 – 225] 

IL-1β  High High [226, 227] 

 IL-4 High High [205, 206] 

IL-10 IL-10 High High [204, 229-234] 

 IL-5 High High [232, 233] 

IL-9 IL-9 High High [234 – 238] 

 IL-13 High -  [239 – 243] 

IL-17  High High [244 – 248] 

 

Pro-inflammatory cytokines including IL-1beta, TNF-alpha, IL-6, IL-8 etc. are acting to 

induce inflammation, while a series of anti-inflammatory cytokines such as IL-4, IL-10, 

IL-13 act to reduce inflammation and to promote healing [249 – 252]. Thus, a higher 

ratio of TNF-alpha / IL-10 that might be determined in the lung shows an upward trend 

of the pro-inflammatory cytokine TNF-alpha and a downward trend of the anti-

inflammatory cytokine IL-10, which can lead to severe lung diseases such as asthma. 
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2. To reduce oxidant damage to biological molecules, the human lung has several 

antioxidant defense mechanisms (e.g. superoxide dismutase, glutathione peroxidase 

and catalase), which participate to the detoxification of reactive products [253 – 256]. 

The over-production of reactive oxygen species (ROS) or reactive nitrogen species 

(RNS) may decrease or inactivate the antioxidant defence. Therefore, it is essential for 

normal cell growth to maintain ROS or RNS balance [257 – 268]. A misbalance in cell 

redox reactions can lead to severe damages of different cellular components such as 

DNA, cell membrane and cytoskeleton damage which are indirectly responsible for 

injuries such as inflammation and tissue damage [269 – 275]. According to current 

knowledge, intracellular glutathione (reduced GSH, oxidized GSSG, nitroso GSNO) 

plays a key role in detoxification, immune modulation, apoptosis, mitochondrial 

respiration etc. [276 - 282]. Furthermore, GSH deficiency has been suggested to play a 

significant role in the pathophysiology of a number of lung diseases: COPD [283 – 287], 

acute respiratory distress syndrome (ARDS) [288, 289], and asthma [290 – 294]. 

 

1.4.3 Respiratory health effects 

 

The human health effects caused by inhalable air pollutants as individuals or mixtures 

have been assessed by carrying out different studies: cohort, in vivo (exposure tests 

using humans or animals: mice, rats) and in vitro (where many different cell types can 

be employed in toxicological tests).  

As mentioned in the literature, due to various inconvenients such as unpredictable 

human health risk, long term exposure (years), diverse human diets, a limited number 

of cohort studies have been carried out regarding people exposed to various consumer 

products containing terpenes such as d-limonene. During 1993-1997, a cohort study 

reported by Rosenman et al. showed 12 % of work-related asthma cases associated 

with human exposure to cleaning products containing d-limonene [33]. 

 

1.4.3.1. In vivo studies 

 

In vivo toxicological studies have demonstrated associations between ambient 

chemicals and numerous pulmonary diseases (e.g. asthma, lung cancer, bronchitis) 

[295 – 297]. Accordingly, several publications are suggesting that certain terpene 

oxidation products can behave as carcinogens (e.g. formaldehyde), asthma promoters 

and irritants (e.g. acetic acid) [298 – 304]. At concentration levels typical for indoor 

environments, toxicological data has linked an increased prevalence of asthmatic 
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symptoms and an increase of eye blinking frequency associated with humans exposed 

to d-limonene-ozone (see Table 6). 

 

Table 6 Data on human health effects of d-limonene-ozone reaction 

Humans Pollutant – concentration Exposure 

time (hrs) 

Human health effects Ref. 

Men 
d-Limonene = 511.2 µg m

-3
 

Ozone = 198 µg m
-3

 
20 min 

-increase of  blinking 

frequency by 17% 

(LOEL of the d-

limonene-ozone 

mixture) 

[306] 

Women 

VOCs (23 compounds) = 26 

mg m
-3

 

d-Limonene = 825.5 µg m
-3

 

Ozone = 78.4 µg m
-3

 

140 min 

-lung function and 

neurobehavioral was 

not compromised 

-no significant response 

of eye blinking 

[305] 

 

Acute effects of d-limonene and ozone mixtures on the human lung function do not 

seem to occur at concentration levels typical for indoor environments, as demonstrated 

in a study with 130 young women exposed for 140 minutes to a mixture of 23 VOCs (26 

mg m-3) containing both d-limonene (833.5 µg m-3) and α-pinene (0.15 ppmv), in 

presence or absence of O3 (78.4 µg m-3) [305]. On the other hand, studies have given 

some evidence of inflammatory reactions at these concentration levels in the respiratory 

system and significant eye irritation. 

Detailed examination of nasal lavage of healthy men exposed to a mixture of VOCs 

(total, ca. 25 mg m-3) carried out by Koren et al., showed that a significant increase of 

neutrophils - an indicator of inflammatory response - was observed even after 24 h 

[307]. 

Data from whole-body human exposures found that 1.8, 40 and 81 ppmv d-limonene 

concentrations did not produce sensory irritation [308]. However, it has later been 

demonstrated that a mixture of d-limonene (1222.4 µg m-3) and ozone (722.3 µg m-3) 

did cause eye irritation and increased blinking frequency of male subjects exposed for 

20 minutes [306]. In agreement with this, the impact of d-limonene ozonolysis products 

was confirmed in a human eye exposure study, in which significantly increased eye 

blink frequency was demonstrated at concentrations below 511.2 µg m-3 of d-limonene 

and 196.1 µg m-3 of ozone. In each d-limonene ozonolysis products mixture, the d-
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limonene/ozone ratio was 1 and the residual ozone was about 7.8 µg m-3 [309]. In 

another study, nasal inflammation was confirmed as a result of 130 non-smoking 

womenexposed to a mixture of 694.6 µg m-3 d-limonene and 78.4 µg m-3 ozone 

(including the reaction products). However, the study failed to link the effect with 

markers of nasal inflammation (interleukin-6, interleukin-8) [310]. 

Quite recently, noticeable attention has been paid to secondary pollutants, suspected to 

be more likely responsible for eyes and airways irritation rather than primary pollutants. 

To support this hypothesis, a considerable amount of in vivo studies (see Table 7) were 

directly looking to the health effects of d-limonene or its oxidative products by exposing 

mice under different experimental conditions such as time exposure, humidity level, or 

by varying the concentration of both d-limonene and ozone. The parameters 

investigated in the majority of the studies were sensory irritation at the upper airway 

level, bronchoconstriction and pulmonary irritation. 

For example, Clausen and co-workers used a mouse bioassay to study the irritancy of 

products resulting from the reaction between d-limonene and ozone. Parameters such 

as sensory irritation, bronchoconstriction and pulmonary irritation were used as bio-

indicators of chemicals airway irritancy. The 16s reaction mixture of ozone (7844.4 µg 

m-3) with large excess of d-limonene (266709.3 µg m-3) produced reductions in the 

respiratory rate of 33 % in mice during 30-min acute exposures. Based on the irritancy 

test outcomes, the investigators concluded that “One or more strong airway irritant(s) of 

unknown structure(s) were formed” that might be responsible for the irritancy effects, 

since neither the reactants (e.g. d-limonene and ozone alone) nor the identified GC-MS 

stable reaction products (e.g. formaldehyde) were satisfactory to clarify the irritancy 

results of the d-limonene-ozone mixture reaction (human sensory irritation of d-

limonene has been measured at 444515.5 µg m-3 [311]. As an extension of previous 

study, Rohr et al., has conducted a similar study with slightly modified concentrations 

for d-limonene (18891.9 µg m-3) and ozone (100015.9 µg m-3). Apart from the similar 

effects observed in the former study on the upper airways, the Rohr’s study 

demonstrated a moderate-lasting adverse effect of d-limonene/ozone reaction products 

in the pulmonary regions [312]. Although the studies of Clausen, Rohr and co-workers 

have been conducted at concentration levels several orders of magnitude higher than 

those typical for average indoor environments, these studies point to potential adverse 

effects that should be addressed in studies at more realistic concentration levels.
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Table 7 Summary of in vivo experiments carried out with animals regarding the health effect of d-limonene-ozone mixture (n.p. = not 

present; NM = not measured) 

d-
Limonenei 

ppmv 

O3i 
ppmv 

RH 
% 

T0C Reaction 
time  
(s) 

d-
Limonene 

ppmv 

O3 
ppmv 

Species 
(animals) 

Exposure 
time (min) 

Endpoints 
 

Summary of 
results 

Ref. 

80 4.0–6.0 20 ± 

10 

21 ± 

2 

16 48 0.3 – 

0.4 

Balb/c mice 30 Sensory 

irritation 

34.% reduction in 

respiratory rate 

[313] 

48 4 -1 23 ± 

2 

162 44 0.03 Balb/c mice 30 Sensory 

irritation, 

pulmonary 

irritation, 

broncho-

constriction 

33% reductions in 

respiratory rate 

Several d-

limonene 

ozonolysis 

products identified, 

eg. 1-methyl-4-

acetylcyclohexane, 

3-isopropenyl-6-

oxoheptanal, 

formaldehyde, 

formic acid 

[159] 
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51 3.4 N.p. N.p. N.p. Considered

-same as 

admixing 

<0.35 Balb/c mice 60+30min 

with air or 

terpene 

alone 

Sensory 

irritation, 

pulmonary 

irritation, 

broncho-

constriction 

65% reductions in 

respiratory rate 

Airflow limitation 

was aggravated 

with d-limonene 

immediately 

following exposure 

to d-

limonene/ozone 

mixture 

[312] 

46 0.5, 1.2 

or 3.5 

2% 

or 

32% 

N.p. 16 or 30 N.p. 45 Balb/c mice 30 Sensory 

irritation 

Irritation effect was 

exacerbated at low 

humidity/short 

reaction mixtures. 

The lowest O3 

conc. gave the 

same result as d-

limonene alone. 

Residual ozone did 

not cause irritation 

as NOEL for 

[314] 
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sensory  

irritation is >1ppmv 

6 0.8 21 ± 

5 

25,5 

± 2 

N.p. NM but 5.2 

predicted 

0.06 F344 rats 180 Broncho-

alveolar 

lavage fluid 

biomarkers 

and lung 

histeo-

pathology 

Increased levels of 

TNF-α, COX-2, 

SOD in 

macrophages, 

Type II cells were 

induced by the 

reaction products. 

The effect on older 

rats were 

attenuated 

compared with 

younger rats 

[315] 
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40 4 21 ± 

2 

1 16 0,5-0,8 (no 

denuder) 

<0.05 Balb/c mice 30 Sensory 

irritation, 

pulmonary 

irritation, 

broncho-

constriction 

>30% reduction in 

respiratory rate 

and effects in 

conducting airway 

without denuder. 

Denuder employed 

to remove gaseous 

reaction products 

[316] 

52 0.5, 2.5 

or 3.9 

-5 23 ± 

2 

16 N.p. -0.05 Balb/cA 

mice 

1h/day for 

10 

consecutive 

days 

Sensory 

irritation, 

pulmonary 

irritation, 

broncho-

constriction 

broncho-

alveolar 

lavage 

Sensory irritation 

and airflow 

limitation was 

observed. No 

cumulative effect 

with increasing 

exposures and 

pulmonary 

inflammation. No 

effect level of -0,3 

ppmv ozone 

(extrapolated) 

[317] 
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1.4.3.2 In vitro studies 

 

The conduction of human in vivo studies at toxic concentration levels is highly problematic 

for ethical reasons and there are additional ethical and scientific arguments against animal 

in vivo studies. For example, exposure of mice to carcinogens by the inhalation route 

produced cancer at the nasal level [318], rather than developing it at the bronchi level, 

which is commonly observed in humans [319]. Moreover, strong evidence of differences in 

biotransformation enzymes between humans and animals is reinforcing the idea that 

animal data may not be appropriate to predict what actually might occur in human lung 

[320]. 

The EU directive on animal testing (directive 2010/63/EU) promotes the development and 

validation of alternative in vitro methods that could greatly contribute to better assess the 

biochemical and metabolic routes and parameters of chemicals, since the first sign of a 

potential toxic effect occurs at the cellular level. However, there are some limitations when 

running in vitro studies, such as limitations of a wide variety of human cell lines that are 

not recapitulate the phenotype characteristics, the extrapolation of in vitro toxic effects to 

the in vivo situation is not straight forward and there are several aspects, e.g. in vitro 

pharmacokinetics, that need to be understood and considered. 

The first approach by scientists to simulate the respiratory epithelia was to use organ 

slices or isolated organs [321], but experiments of this type have been limited by the lack 

of reproducibility [322] and functional breakdown of the tissue [323]. Clemedson et al. 

[324] observed differences in sensitivity between human cells and other mammalian cells. 

Supporting this observation, Ekwall et al. ran cytotoxicity tests to show that human cell 

lines predict human toxicity more accurately than nonhuman mammalian cell lines [325, 

326]. In comparison to this approach, various cell cultures gained importance by proving to 

be suitable models of the human bronchio-alveolar epithelium (see Table 8). 
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Table 8 In vitro cellular models available to study in vitro toxicity at the pulmonary level 

Location Name Origin Characteristics Ref. 

Bronchial 

NHBE 

Primary cells, not 
from tumor or 
being transformed 

Differentiated and 
polarized, form cilia,  
mucous, limited life span 

[327 – 329] 

Epi Airway 

Commercially 
available primary 
culture 

Differentiated polarized 
model of ciliated and 
goblet cells, form cilia and 
secrete mucous, limited 
life span  

[330, 331] 

Mucil Air 
Commercially 
available primary 
culture 

Differentiated polarized 
model of ciliated and 
goblet cells, cilia, mucous 

[332] 

Calu-3 

Bronchial 
adenocarcinoma 

metabolic capacity, 
mucous production, no 
clear evidence of mature 
cilia 

[333, 334] 

BEAS-2B 

Derived from 
normal epithelial 
cells (immortalized 
by adenovirus  12-
simian virus 40 
hybrid virus) 

Secrete cytokines, used 
for studying inflammatory 
response and metabolism, 
no  functional tight 
junctions, mucous 
secretion, and cilia 

[335] 

16HBE 
14o- 

Transformed 
bronchial 
epithelium (SV40 
large T-antigen) 

Polarized monolayer, 
basal cell like morphology, 
cilia, no mucous secretion  

[336, 337] 

Alveolar 

HAEpC 
(Alveolar 
type I and 
type II) 

Primary human 
alveolar epithelium, 
isolated from 
resected lung 

Type II to type I 
transdifferentiation, 
presence of lamellar 
bodies 

[338] 

A549 
(Alveolar 
type II) 

Derived from 
adenocarcinoma 

Features of alveolar type II 
cells, mucin gene 
expression, no surfactant 
protein A, lack of functional 
tight junctions 

[339, 340] 

H441 

Derived from the 
pericardial fluid of a 
patient with 
papillary lung 
adenocarcinoms 

considered as a model for 
alveolar or bronchial level, 
express mRNA and protein 
of surfactant protein A 

[341] 
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The THP-1 cell line has been used extensively as a suitable in vitro model for primary 

human monocytes/macrophages to study macrophages polarisation, potential 

inflammatory effects of various chemicals, or immune diseases [342, 343]. 

The use of primary cells is not indicated since they reach senescence easily due to a finite 

life span. To re-establish fresh cultures from explanted tissue implies a significant variation 

from one cell culture to another. Thus, immortalized cell lines are preferred, since they 

offer the advantage of indefinite proliferation and good reproducibility within toxicological 

studies. For the implementation of cell cultures in human pulmonary toxicological studies it 

is necessary for the cell lines chosen to have similar characteristics with the cells of the 

human epithelium lung. 

Mechanism-derived information (e.g. cellular and molecular mechanism of toxicity) can be 

provided by running various biological assays. Cytotoxicity assays are used to better 

understand the normal/abnormal biological processes that control cell growth, division and 

death but also to give indications on which compounds might have safety concerns in 

humans. 

The first and most easily observed effect succeeding a cell’s exposure to chemicals is 

based on morphological alteration in the cell shape or size which can be checked by using 

a light microscope. Therefore, the effect of chemicals on the capability of cells to survive 

or to replicate is another indicator of toxicity that can be measured by various parameters 

including cell viability investigated by methods such as dye exclusion (e.g. trypan blue or 

neutral red). This process is normally performed by the exposure of cells to a dye followed 

by counting in a hemocytometer [344 – 346]. Coloured and transparent cells are counted 

with the aid of an optical microscope, and their amount is correlated with the amount of 

dead and viable cells in the cell culture [347]. Generally, one analysis takes at least 5 

minutes per sample [348, 349]. A substantial amount of research is currently being 

oriented towards the development of automatic methods of cell counting such as Coulter 

counting or flow cytometers [350].  

Recent studies have focused on the validation of automatic cell counting instruments for 

different cell lines [351 – 353], instruments which are based on the Coulter technique and 

to which sensing tips are attached [354]. Nonetheless, work still needs to be done in order 

to determine the general validity of these instruments, since the most difficult part to 

validate is the selection of the appropriate sensing tip, especially when the cell diameter is 

not known. 

Toxicants can alter the cell membrane or the organelles membrane which can further lead 

to irreversible processes, such as cellular death. In order to distinguish between the 
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effects of chemicals on specific organelles (e.g. lysosomes, mitochondria) it is 

recommended to apply a combination of several endpoints within the same in vitro 

experiment [355]. 

The most frequent cytotoxic method for determining plasma membrane damage induced 

by chemical compounds is by measuring lactate dehydrogenase (LDH). LDH is a cytosolic 

enzyme that is released into the cell culture medium upon cell damage or lysis. This 

process can occur either by apoptosis or by necrosis [356]. The release of LDH into the 

culture supernatants has been measured for several years by a coupled enzymatic 

reaction using tetrazolium salts in conjuction with diaphorase [357]. Initially, LDH catalyzes 

the conversion of lactate to pyruvate via reduction of NAD+ to NADH. Therefore, 

diaphorase uses NADH to reduce tetrazolium salt to formazan product (red), which 

absorbs strongly at 490-520 nm. The amount of colour formed is proportionate to the 

amount of LDH released in the medium. 

One of the most common methods applied to quantify the number of viable cells after their 

exposure to toxic substances is the Neutral Red Uptake Assay [358]. This cell 

survival/viability technique is assumed to be universal among cell types, independently of 

their nature, and is based on the ability of viable cells to incorporate and bind the 

supravital neutral red dye in lysosomes [359, 360]. Neutral red dye diffuses through the 

plasma membrane, staining the living cells; therefore the decreased amount of neutral red 

retained by the cell culture corresponds to cell death. 

The detection of toxic effects of chemicals at cellular level can also be investigated by the 

identification of changes in cell replication/proliferation (e.g. protein content by Bradford 

assay, bicinchoninic acid assay), cell metabolism (e.g. lysosome and Golgi body activity-

Neutral red uptake, mitochondrial integrity) or by the loss of intracellular enzyme (e.g. 

lactate dehydrogenase – LDH) [361]. 

On the other hand, new screening methods to predict early biological responses to 

potential toxic chemicals have been developed with various biomarkers representatives of 

inflammation response (e.g. cytokines or chemokines) [362, 363] and cellular oxidative 

stress (e.g. glutathione, reactive oxygen species, caspases) [364, 365].  

The most widely used in vitro screening method for studying inflammatory reactions is 

based on the Enzyme-Linked Immuno-Sorbant Assay (ELISA) principle. Considering the 

high sample volume required by ELISA method, recent technology developments to 

quantify multiple cytokines (up to 25 different cytokines) in the same sample at the same 

time has been achieved by multiplex arrays. The most commonly used format is based on 

the utilization of flow cytometry, but there are multiplex array formats also for 
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chemiluminescence or electrochemiluminescence. 

Molecular oxygen is vital for mammalian cells, since it is participating in the generation 

process of metabolites such as adenosine triphosphate (ATP). On the other hand, O2 can 

also be destructive for the cells, in situations when lung cells activated by exposure to 

environmental particulates, oxidants (e.g. ozone, carcinogens) start to release chemicals 

that cause inflammation or produce excessive amounts of ROS or reactive nitrogen 

species (RNS) [366, 367]. 

Due to their high instability and reactivity, many ROS are difficult to measure directly. 

However, three main approaches can be used for in vitro methods: i) electron spin 

resonance for relatively stable radicals, ii) spin trapping methods (isolation of the radical 

and reaction with the trapping molecule to form a stable radical adduct) and iii) 

fluorescence based methods (incubating cells with a non-fluorescent probe which, 

oxidised by intracellular ROS, will convert into a highly fluorescent molecule). 

To reduce deleterious effects of oxidative stress (ROS or RNS), there are many redox 

couples in cells that work together to maintain their homeostasis status. 

The most abundant glutathione species are: (1) Reduced glutathione, GSH, which is the 

active species participating in cell protection; (2) Oxidized glutathione, GSSG, which is 

formed due to the antioxidant activity of glutathione, and therefore increases in the 

presence of oxidative stress caused by e.g. free radicals or peroxides; (3) S-nitroso 

glutathione, GSNO, which is formed due to the conjugation of the thiol group in GSH with 

nitric oxide and peroxynitrite formed during cell metabolism [281]. Generally, the 

impairment in GSSG / GSH or GSNO / GSH ratio indicates an alteration of the cellular 

redox balance which can lead to pathological conditions of the immune or detoxification 

system [368, 369]. 

Several methods have been described in the literature to measure reduced and oxidized 

glutathione. These methods are either based on ELISA tests using commercially available 

kits [370], or on their separation with HPLC using either fluorescence [371, 372] or UV 

detection [373]. ELISA kits usually require a high amount of cells (~106 cells) to do the 

analysis [370]. 

Fluorescent determination, on the other hand, generally provides a considerably higher 

sensitivity, but presents the drawback of requiring a derivatization step in order to form 

fluorescent compounds. Derivatization is normally carried out by the reaction with dansyl 

chloride [371] or with o-phthalaldehyde [372]. Such a derivatization step implies not only a 

longer and more complex sample treatment, but also that the simultaneous determination 

of GSH and GSSG is not possible due to the fact that the derivatization reaction is 
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selective either towards thiol groups or disulphide bonds. 

Today’s availability of human cell lines poses obvious advantages for in vitro studies on 

the human toxicology of the d-limonene-ozone system. However, only a few of the 

available methodologies that are described above have been employed for in vitro studies 

of human toxicology of d-limonene-ozone mixtures [374]. At high concentration levels 

(111128.9 µg m-3 limonene / 7844.4 µg m-3 ozone) these authors reported toxic effects of 

d-limonene ozonolysis reaction products in a human pulmonary cell line (A549) as well as 

in primary human cells isolated from the nasal cavity, the trachea and the bronchus (Mucil 

Air). The study evaluated the variation of the cell proliferation and diverse cytokines such 

as IL-6, IL-8, monocyte chemotactic protein-1 (MCP-1) released from the cells exposed to 

d-limonene, ozone and the unidentified d-limonene-ozone reaction products. 

A statistically significant decrease in cell proliferation was found for A549 cells exposed to 

the limonene-ozone reaction products compared to control cells exposed only to d-

limonene or ozone. An increase of IL-8 and MCP-1 amount was observed in cells exposed 

to d-limonene for 1 hour. On the other hand, the authors noticed a decrease of MCP-1 

levels and cell proliferation when cells were exposed to the limonene-ozone reaction. 

The same cell line (A549) exposed to limonene and limonene-ozone reaction for 4 hours 

increased the amount of IL-8 and MCP-1 when compared to cells untreated. 

When human airway epithelium (MucilAir) was exposed to limonene at a concentration of 

2778.2 µg m-3 for 1 hour / day / 5 days per week during 4 weeks, the inflammation 

outcomes showed an increase of IL-6. The addition of ozone (196.1 µg m-3) to limonene 

caused the release of both IL-6 and IL-8. 

Such results indicate that even if limonene alone does not induce cell death (as they had 

not observed any significant difference on cell proliferation) it poses an inflammatory effect 

which renders the production of cytokines by the cells. Limonene-ozone reaction products, 

on the other hand, are not only inflammatory agents but also may have a role in cell death 

as demonstrated by the decreased cell proliferation. 

They unfortunately did not go further in the chemical characterization of the generated 

atmosphere during the reaction between limonene and ozone, and were thus unable to 

identify the compound(s) responsible for the increased cell death. 
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1.5 Aim of the work 

 

Considering the fact that to date, only one in vitro study using human cells has addressed 

the potential toxic effects of the d-limonene-ozone mixture and that their individual reaction 

products have not been tested as individual compounds and mixtures, more research in 

this area is needed to be carried out for a complete human risk analysis covering these 

chemicals. 

In the present thesis, the potential human health impact of the three selected d-limonene 

ozonolysis reaction products: 4-oxopentanal (4-OPA), 3-isopropenyl-6-oxoheptanal 

(IPOH) and 4-acetyl-1-methylcyclohexene (4-AMCH) as individuals compounds as well as 

their binary and ternary mixture on human lung cells [bronchial (16HBE14o-), alveolar 

(A549), activated macrophages (THP-1)] and blood was evaluated in a wide concentration 

range  (including realistic environmental conditions) by using various in vitro exposure 

methods. 

With the scope to provide accurate biological outcomes, new methodological approaches 

for the separation and quantification of the targeted chemicals in gas mixtures and cell 

culture media based on GC-MSD, GC-FID, HPLC-UV and LC-Orbitrap-MS have been 

developed/optimized and applied. 

 

In vitro toxicological effects have been determined and evaluated through: 

 

(i) Liquid/Liquid interface exposure (LLI), where the human alveolar cells (A549) and 

human bronchial cells (16HBE14o-) cultured in plastic wells were exposed to various 

concentrations of the target chemicals solubilized into the culture media. 

(ii) Air/Liquid interface exposure (ALI), where the apical surface of the selected human 

cells seeded on transwell inserts were directly exposed to various concentrations 

(covering also realistic concentrations found in living environments) of the target chemicals 

prepared as gas phase, by the use of in vitro device (CULTEX). 

(iii) In vitro PyrogenTest (IPT),  where the cryo-preserved human blood in suspension was 

exposed to various concentrations of the selected chemicals with the aim to investigate 

the potential inflammatory capacity of the test chemicals which might pass through the 

alveolar barrier and get in close contact with human blood.
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2. MATERIALS AND METHODS 

 

2.1 Experimental design - Overview 

 

A general experimental design was defined as presented below: 

 

 

Figure 5 General overview of the experimental design 

 

(A) Analysis of d-limonene and its ozonolysis products 4-OPA, IPOH, 4-AMCH 

Before studying the in vitro cytotoxic effects of the targeted chemicals, new methodological 

approaches for the separation and quantification of the tested chemicals in gas mixtures and 

culture media based on gas and liquid chromatography with mass detection (GC/MSD and 

Orbitrap LC/MS) were developed /optimized and applied. 

(A1) Generation of gas atmospheres: 

In order to gain the most information on the cytotoxic effects of d-limonene, ozone, 4-OPA, 

IPOH, 4-AMCH when human lung cells were exposed to the gas phase of the targeted 

chemicals, specific techniques and new set-up of the instruments used to generate gas 

atmospheres (e.g. environmental chambers) were applied. 
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(A2) Stability tests: 

The stability over time exposure of the human lung cells to the above mentioned chemicals 

prepared both in gas and liquid phase were considered as a pre-requisite for reliable 

toxicological studies. 

Therefore, in vitro toxicological studies were carried out through various exposure techniques: 

(B) In vitro exposure methods used 

Several in vitro experiments were performed by directly exposing the human lung cells and 

blood to the test chemicals individually and as mixtures added into the cell culture medium 

(liquid/liquid interface) or prepared as gas phase (air/liquid interface). 

(B1) Liquid/Liquid interface (LLI) 

Individual test compounds (d-limonene, 4-OPA, IPOH, 4-AMCH) and the mixture of (4-OPA + 

IPOH), (4-OPA + 4-AMCH), (IPOH + 4-AMCH), (4-OPA + 4-AMCH + IPOH) were added to the 

cells by solubilizing them into the cell culture medium. Additionally, the above mentioned 

chemicals were added to human blood samples where their potential inflammatory capacity was 

measured by the In vitro Pyrogen Test (IPT). 

(B2) Air/Liquid interface (ALI): 

In vivo human inhalation scenarios were simulated with the use of the CULTEX system, where 

the human lung cells are directly exposed to the gas atmospheres of individual pollutants (d-

limonene, ozone) and the mixture of d-limonene/ozone as well as the mixture of (4-OPA + IPOH 

+ 4-AMCH) in presence/absence of ozone. 

(C) End-points 

A series of end-points such as cell viability, inflammatory response and oxidative stress were 

assessed with the scope of ranking all the compounds tested according to their in vitro potential 

toxicity. 

 

Schematic figures of the different biological experiments (including the selected end-points) 

carried out within this research are described in detail in the following sections. 



Materials and Methods 
 

35 

2.2 Materials 

 

2.2.1 Chemicals and equipment 

 

Chemicals CAS no. Company 

 

Acetonitrile, 99.8 % 75-05-8 Sigma-Aldrich, USA 

4-acetyl-1-methylcyclohexene l, ≥ 95 % 6060-09-1 Sigma-Aldrich, USA 

Antibiotic, antimycotic solution  Invitrogen, USA 

Bradford reagent  Sigma-Aldrich, USA 

Bicinchoninic acid (BCA) protein assay  Thermo Scientific, USA 

Collagen solution, 3 mg mL-1  Sigma-Aldrich, USA 

Cytotoxicity detection kit (LDH)  Roche Life Science, USA 

Dichloro-dihydro-fluorescein diacetate 

(DCFH-DA) 

 Sigma-Aldrich, USA 

Dimethyl sulfoxide 67-68-5 Sigma-Aldrich, USA 

E-Toxate water (pyrogen free) 7732-18-5 Sigma-Aldrich, USA 

Fetal bovine serum (FBS)  Invitrogen, USA 

Fibronectin, lyophilized powder 86088-83-7 Sigma-Aldrich, USA 

Human cryopreserved blood  Merck Millipore, USA 

3-isopropenyl-6-oxo-heptanal,  ≥ 95 % 7086-79-5 Sigma-Aldrich, USA 

Isopropyl alcohol 67-63-0 Sigma-Aldrich, USA 

(+) Limonene oxide, mixture of cis and 

trans 

203719-54-4 Sigma-Aldrich, USA 

d-limonene (liquid form) , ≥ 97 % 5989-27-5 Sigma-Aldrich, USA 

d-limonene (gas cylinder)  Air Liquide, Italy 

L-Glutathione reduced, ≥ 98 % 70-18-8 Sigma-Aldrich, USA 

L-Glutathione oxidized, ≥ 98 % 27025-41-8 Sigma-Aldrich, USA 

Methanol, ≥99.9 % 67-56-1 Sigma-Aldrich, USA 

Metaphosphoric acid, purum, ~65 % HPO3 

basis 

37267-86-0 Sigma-Aldrich, USA 

MILLIPLEX MAP Kit  Merck Millipore, USA 

Monocyte Activation Test kit  Merck Millipore, USA 

Mammalian Protein Extraction Reagent  

(M-PER) 

 Thermo Scientific, USA 

Minimum Essential Medium (MEM)  Invitrogen, USA 

Nitric dioxide (gas) 10102-44-0 Air Liquide, Italy 

4-oxopentanal, ≥95 % 626-96-0 Sigma-Aldrich, USA 

http://www.sigmaaldrich.com/catalog/search?term=86088-83-7&interface=CAS%20No.&lang=it&region=IT&focus=product
http://www.sigmaaldrich.com/catalog/search?term=203719-54-4&interface=CAS%20No.&lang=it&region=IT&focus=product
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Phosphate buffered saline (PBS)  Invitrogen, USA 

Picric acid, ≥98 % 88-89-1 Sigma-Aldrich, USA 

Protein standard set (bovine serum 

albumin) 

 Sigma-Aldrich, USA 

RPMI 1640 medium  Invitrogen, USA 

Recovery cell culture freezing medium  Invitrogen, USA 

S-nitrosoglutathione, ≥97 % 57564-91-7 Sigma-Aldrich, USA 

Sodium Perchlorate monohydrate 7791-07-3 Sigma-Aldrich, USA 

Sodium dodecyl sulfate, ≥99 % 151-21-3 Sigma-Aldrich, USA 

Trypsin/EDTA solution  Invitrogen, USA 

Trifluoroacetic acid 76-05-1 Sigma-Aldrich, USA 

Trypan blue solution 72-57-1 Sigma-Aldrich, USA 

 

Equipment  Company 

Adsorbent Tube Injector System  Sigma-Aldrich, USA 

Amicon ultra- centrifugal filters  Merck Millipore, USA 

Analytic balance  Gibertini Crystal 100, Italy 

Biopur tips  Eppendorf, Germany 

Centrifuge, 5840 R  Eppendorf, Germany 

Centrifuge polypropylene tubes   Eppendorf, Germany 

Centrifuge plates (96-, 6-well plates)  Eppendorf, Germany 

Column YMC ODS-A  YMC Europe GMbH 

Column HP5  J&W Scientific, USA 

Column Kinetex C18  Phenomenex, USA 

Column Synergy Fusion  Phenomenex, USA 

CULTEX system  CULTEX, Germany 

Data loggers (ESCORT DLS)  Cryopak, USA 

Environmental chamber (1m3)  Customer made, Italy 

Gas chromatography systems used: 

-Flame ionization detector AGILENT 6890N GC  

 Agilent, USA 

-DANI Master TD thermal desorber coupled to a Agilent 

7890 GC equipped with a 5975 Mass selective 

Detector 

 Agilent, USA 

-Perkin Elmer Turbomatrix TD650 thermal desorber 

coupled to a Agilent 7890 GC equipped with a 5975 

Mass selective Detector 

 Agilent, USA 

Fluorescence spectrometer  Perkin Elmer, USA 
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HPLC-UV, 1100  Agilent, USA 

Incubator, water jacket CO2  Thermo Scientific, USA 

LC-Orbitrap MS  Thermo Fischer, USA 

Mass flow controlers (MFC)  Brooks Instrument, LLC 

pH meter, 913  Metrohm, Switzerland 

Plates culture (6-, 24-, 96-well plates)  Eppendorf, Germany 

Polipropylene syringe  Sigma-Aldrich, USA 

Scepter pipette  Merck Millipore, USA 

SKC pumps (Pocket Pump)  SKC Inc., USA 

Sterile filters, PVDF  Merck Millipore, USA 

Tenax TA tubes  Supelco, USA 

Tedlar bags  SKC Inc., PA, USA 

Teflon tubes  Garotti, Italy 

Transwells (6-well plate)  Sigma-Aldrich, USA 

UV generator Thermo 49  Thermo Fischer, USA 

Water bath 285, digital  Thermo Scientific, USA 
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2.2.2 Environmental chambers 

 

Environmental test chambers – normally made of glass or stainless steel, materials 

that show little sink effects – simulate an environment in which controlled conditions 

such as temperature, humidity, light, the behavior of a chemical or a chemical reaction 

can be studied [375]. 

Before each experiment, the glass walls of the environmental chambers were cleaned 

with a detergent and washed with clean water. Subsequently, a purge phase with 

clean air (filtered pre-compressed outdoor air) dried the chamber for approximately 24 

hours. In this thesis, experiments were conducted in controlled environmental glass 

chambers at various sizes from 0.45 and 1m3, in which the reaction between d-

limonene and ozone was monitored. 

 

2.2.3 Human cell lines. In vitro exposure systems 

 

Three different human cell lines, representatives of the upper and lower airways of the 

lung, are being studied in order to assess the cytotoxic potential of the selected test 

chemicals, as follows: pulmonary alveolar epithelial cell line (A549), bronchial 

epithelial cell line (16HBE14o-) and human leukemia cell line (THP-1) which was 

further differentiated in human macrophages. Additionally, human cryopreserved 

blood was considered within the present study for the detection of the tested 

chemicals that can induce a fever or inflammation response when they enter into the 

body. 

Two different in vitro exposure systems, the conventional liquid/liquid exposure (6-, 

24-, 96-well plates) and the air/liquid exposure (transwell porous membranes) were 

the tools used to expose the cells to the test compounds. The liquid/liquid interface 

system (LLI) offers the advantage to simultaneously test multiple concentrations of the 

test chemicals, including negative and positive controls as well as a large number of 

replicates, while the air/liquid exposure system (CULTEX device), closely simulates 

the in vivo inhalation situation by allowing the direct exposure of the apical surface of 

the cell culture to the chemicals. 
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2.3 Methods and procedures 

 

2.3.1 Generation of controlled d-limonene-ozone gas atmospheres in 

environmental chambers 

 

For these experiments, a concentrated (10 ppmv) stream of d-limonene from a 

commercial cylinder was injected into the air line of the environmental chamber. 

Ozone was generated by an UV generator (Thermo 49C) and injected into the 

environmental chamber which was further connected to the in vitro CULTEX system. 

 

2.3.1.1 Procedure for the preparation of the environmental chambers before injection 

of d-limonene and ozone 

 

Before generating controlled atmospheres containing the d-limonene ozone mixture, 

preliminary preparation of the glass environmental chambers (0.45 and 1 m3) was 

executed as follows: 

1. Chambers were operated with Zero air at 0.5 air exchange per hour (ACH). 

Zero air is supplied by an oil free compressor with a line treatment system composed 

of a double molecular sieve dryer (mean dew point < -75 °C), a treatment for 

chemicals removal with an activated charcoal column and pre/post filters for particles 

removal.  

2. The total air flow was set at 3.75 L min-1. The total air flow of collected 

samples was set to be not above 80 % of the total incoming zero air flow. The air 

flows were controlled and monitored with the use of electronic driven mass flow 

controllers (MFCs). 

3. Air inside the chamber was mixed continuously by an electric fan to ensure 

homogeneity. 

The air exchange rates in the test chamber were controlled at the beginning of the 

experimental activity using the sulphur hexafluoride decay technique (according to 

American Society for Testing and Materials (ASTM E741)). Homogeneity was 

simultaneously controlled with the use of multiple sampling points in the evaluation of 

air exchange rates. 

4. Both temperature and relative humidity were monitored continuously in the 

experimental chamber by the use of data loggers. The temperature was conditioned 

by the laboratory temperature, which was set at 23 °C with an observed fluctuation 

within 1.5 °C. The humidity level, set at 50 %, was achieved by the mixing of dry and 

humidified air. Humidified air was obtained by bubbling dry air into ultrapure grade 
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purified MilliQ water. The dry air flow was regulated accordingly to keep relative 

humidity under control. 

5. Background and sink effects were controlled and monitored in the chamber 

before the test execution. Background controls for VOCs are performed on regular 

basis. They were performed by sampling and analysing VOCs and carbonyl 

compounds with sorbent tubes and analysed with the methods reported hereafter. 

6. Background VOCs level in the chamber was monitored, resulting to be below 

20 µg m-3 for TVOCs and 2 µg m-3 for single targeted VOC. For this type of test, sink 

effects were tested separately for terpenes and ozone, in order to estimate their 

steady state concentration. In the case of terpenes, reversible effects could take 

place, while for ozone, given its high reactivity, the sink effect test was also included 

in the passivation step. Passivation was obtained when all possible "reactivity" of the 

materials in the chamber was saturated and only reversible sinks were left to happen. 

In the dynamically operated chamber (with a continuous flow of zero air), with a 

continuously feeding of the chamber with the chemical under investigation at the 

targeted level, several samples were taken at different points in time to profile the 

concentration. Operating the chamber in a dynamic mode resulted in the stabilization 

of the concentration at a steady state value that corresponded to the targeted value 

for the test. 

7. Before running the reaction test of d-limonene-ozone mixture, the chambers 

were cleaned by passivating them with a mean concentration of 10000 ppmv of ozone 

over one day. 

 

2.3.1.2 Procedure for d-limonene, ozone injection 

 

The experimental set-up used to generate controlled atmospheres of d-limonene 

ozonolysis reaction products (see Figure 6) included the following steps: 

1. Standard d-limonene was delivered to the experimental chambers from 

commercially available concentrated gas cylinders (10 ppmv). Injection into the 

chambers was made into the flow of Zero air just before it enters the chamber itself. 

The flow of concentrated d-limonene in dry air was regulated by the use of mass flow 

controllers. Injection of d-limonene was started and maintained overnight to reach a 

stable steady state. The time required to reach the steady state concentration 

depends directly on the air exchange rates: the higher the air exchange rate, the 

faster the steady state concentration is reached. In this experiment, a 0.5 ACH (Air 

Change per Hour) was set up, therefore the steady state was reached after 

approximately 9 hours. 
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2. Once the target concentration of d-limonene was confirmed by preliminary TD-

GC-MSD analysis, ozone was injected into the chamber. Ozone was produced by the 

use of a UV-light generator in a flow of Zero dry air. A blank test in the chamber with 

the injection of ozone and without the presence of d-limonene was carried out as well 

and the ozone concentration reached was around 70 ppbv (this target ozone 

concentration was selected since is comparable with the ozone concentration 

normally found indoors). Ozone concentration was monitored with the use of a UV 

photometric Ozone Analyser. 

3. After 24 hours from the ozone injection, a steady state system was reached for 

the reaction between ozone and d-limonene. Thereafter, the air inside the chamber 

was collected for VOCs and carbonyls analysis. Sampling of air inside the chambers 

was made at regular intervals to monitor the concentration evolution. The following 

time-scheme was applied to sample the VOCs and carbonyl compounds: sampling 

after 30', 60', 120', 180', 240', 360', and 24h from starting ozone injection. 

 

Figure 6 Generation of gas atmosphere containing d-limonene-ozone mixture in 1m3 

environmental chamber 

 

After the experiments were carried out, the chamber was cleaned by flushing it with 

humidified Zero air for at least 72 hours. Then background samples were evaluated in 

order to assure the cleanliness of the environmental chamber. 
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2.3.2 Generation of controlled gas mixture atmospheres with 4-OPA, IPOH, 4-

AMCH (in absence or presence of ozone) in Tedlar bags (TBs) 

 

Considering that the target chemicals 4-OPA, IPOH, 4-AMCH are not commercially 

available in concentrated compressed gas cylinders, the use of Tedlar bags (TBs) 

were considered to be an effective and reasonable approach for the generation of a 

controlled atmosphere containing the above mentioned compounds (e.g. less 

consumption of chemical reagents), atmosphere that was further delivered to the in 

vitro CULTEX system. 

In order to comply with the total volume required by the continuous in vitro exposures 

experiments (e.g. 1 and 2 hours), TBs with a capacity of 50 L were prepared following 

the next steps: 

 

2.3.2.1 Clean-up procedure of TBs 

 

Brand new TBs need several cleaning cycles before they can be used due to the 

presence of a high level of chemical contaminants (see Results and Discussion 

chapter), mainly composed of phenol and dimethylacetamide (CAS number 127-19-

5), reported also in the literature [376, 377]. 

The TBs cleaning procedure was executed by several washing cycles consisting in 

filling and emptying the TBs with dry and humid air. Between the washing cycles, (e.g. 

at least 10 washing cycles), the TBs were kept in an oven at 100 °C for 2 hours. 

The efficacy of the cleaning process was monitored by sampling inner air over TENAX 

TA tubes followed by qualitative analysis carried out by TD-GC-MS analysis. 

 

2.3.2.2 Generation of the gas atmosphere mixture of 4-OPA + IPOH + 4-AMCH in 

absence of ozone 

 

Once the TBs were cleaned, test atmospheres were prepared by vaporization of the 

selected chemical compounds (4-OPA, IPOH, 4-AMCH) in a flow of dry air. The flow 

of dry air was controlled with the use of MFC which it was set to be at around  

2 L min-1. 

The vaporization of the target liquid chemicals was realized using a glass chamber 

heated to 100°C through which both water and the selected chemicals were injected 

into the TBs. The utilized Teflon tube was protected from light (see Figure 7). By this 

procedure, a level of 50 % of relative humidity was reached. The amount of test 
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compounds to be injected was calculated from the vapor pressure data of each single 

compound and adjusted accordingly after the evaluation of sink effects inside the TBs. 

To aid vaporization and to prevent possible degradations, the injection of chemical 

compounds into the ATIS system was done over the injection of the amount of water 

needed. 

The total duration of a TBs filling (at 80 % of its whole capacity) was around 20 

minutes, which sufficed for complete vaporization. 

 

Figure 7 Injection of a mixture of water-target compounds 4-OPA, IPOH, 4-AMCH in 

TBs with the scope to generate gaseous atmosphere. On the left side: the heater and 

on the right side: the TBs protected from light with aluminium foil  

 

2.3.2.3 Generation of the gas atmosphere mixture of 4-OPA+IPOH+4-AMCH in 

presence of ozone 

 

For the preparation of TBs with an atmosphere that includes both the selected d-

limonene ozonolysis reaction products 4-OPA, IPOH, 4-AMCH and ozone, the steps 

described below were executed: 

1. Initially, a TB of 5 L volume containing ozone at a very high concentration (ca. 

100 ppmv) was prepared by attaching the TB directly to the UV-generator (see Figure 

8). 

Approximately 30 mL of ozone (this final amount was determined experimentally by 

injecting different volumes (mL) of concentrated ozone from the TB of 5 L to the TB of 

50 L) was aspirated from the TB by using a polypropylene (PP) syringe and then 

injected in the TB (50 L) which was already containing the target mixture of 4-OPA, 

IPOH, 4-AMCH prepared as described above. 
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Figure 8 Main steps involved in the generation of gas mixture atmospheres in TBs: 1. 

Ozone generator; 2. Sampling of ozone with the PP syringe; 3. Injection of ozone in 

the TBs already containing the mixture of 4-OPA+IPOH+4-AMCH 

 

In order to avoid light degradation of the chemical mixture in the TBs, the bags were 

covered with aluminum foil and used for the in vitro exposure experiments within the 

same day of preparation. Furthermore, both d-limonene ozonolysis reaction products 

concentration and background contamination was checked in the gaseous mixture 

created in TBs, by collecting various samples with a flow/low volume setup [50 mL 

min-1]. 

For the CULTEX reference line a second TB was prepared and filled only with 

humidified zero air. 

 

2.3.3 Chemical analysis of d-Limonene and ozonolysis reaction products: 4-

OPA, 4-AMCH, IPOH by TD-GC-MS 

 

2.3.3.1 Sampling procedure for d-limonene and d-limonene ozonolysis reaction 

products: 4-OPA, IPOH, 4-AMCH 

 

Prior to sampling, the flow rate of the pump was calibrated by pumping laboratory air 

through a representative Tenax TA tube and measuring the flow by means of a 

primary calibrator. Additionally, Tenax tubes were preconditioned by pumping an inert 

gas (helium or nitrogen) at 300 °C for two hours at a flow rate of 50 mL min-1 and the 

blank background chromatogram of each tube was recorded by thermal desorption-

GC-MS. The preconditioned tubes were tightly closed with Swagelock caps and 

stored at room temperature away from any sources of VOCs until they were used for 

air sampling. For quality assurance purposes, a blank Tenax tube was stored 

together with the Tenax TA tubes in the same box in order to use it as field blank. 

Duplicate air samples containing VOCs were collected from variously sized 

environmental chambers (0.45 and 1 m3) by pumping the air through Tenax TA 
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sorbent tubes using commercial portable SKC pumps. Samples were collected by 

connecting the bottom entrance of the Tenax tube to the calibrated pump. In the case 

that samples were collected from the inside of environmental chambers or from tubes 

in the stream of air, the tubes were inserted directly through the sampling port and 

attached by Swagelok fittings. When TBs were in use, it was also possible to sample 

without using fittings, by the means of Teflon tubes ¼ internal diameters. In all cases 

it was ensured that the sample procedure was leak tight. 

 

2.3.3.2 Breakthrough phenomena investigation 

 

In order to ensure data quality, any breakthrough phenomena was evaluated by 

placing in-line a second tube after the sampling tube, as represented in Figure 9. In 

this way, any pollutant that was not retained by the primary tube would be adsorbed 

in the second one. Thus, considering that the amount of pollutants on the secondary 

tube was below the detection limits in all cases it can be excluded that the primary 

tube suffered from breakthrough and thus, the amount adsorbed on such tube was 

representative of the amount of pollutant present in the sampled air. 

 

 

Figure 9 Breakthrough phenomena investigation 

 

Unless otherwise stated, air sampling was carried out at 100 mL min-1. However, the 

flow rate was lowered to 50 mL m-1 whenever a high concentration of chemicals was 

expected (e.g. 150 µg m-3) to avoid breakthrough phenomena that would lead to a 

false result. The collected sample volume varied according to the chemicals' 

concentration in the sampled air spanning from 250 milliliters (concentrated TBs and 

gas cylinder flows) up to a maximum of 7.2 L (real environment for high sensitivity 

detection of very low concentrated chemical species). 
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2.3.3.3 Analytical method (TD-GC-MS) for the quantification of d-limonene and its 

ozonolysis reaction products: 4-OPA, 4-AMCH, IPOH 

 

The Tenax TA tubes were analysed using a Perkin Elmer Turbo Matrix 650 thermal 

desorber (TD) coupled to an Agilent 7890 GC-MS system. Desorption was carried out 

at 280 °C for 10 min followed by introduction of the sample into the GC. The column 

was a 60 mt x 0.25 mm with 0.25 µm film thickness (J&W HP5-MS UI, 5 % Phenyl 

Methyl Siloxane). The GC oven programme was as follows: 10 °C for 1 min, ramp 1: 2 

°C min-1 to 50 °C, and ramp 2: 12 ° C min-1 to 300 °C hold for 2 min. Helium was used 

as carrier gas at an inlet pressure of 0.97 bar (ca. 1.5 mL min-1). The mass 

spectrometer was operated in TIC/Scan mode from 30 to 550 amu. Transfer line and 

source were kept at 220 °C. Diluted reference standards were prepared in methanol 

or acetonitrile solutions and were spiked into Tenax TA tubes, dried under a low flow 

stream of Helium and then analyzed with the TD-GC-MSD system. Three points 

calibration were applied (R2 > 0.995) using authentic standards in methanol for 4-

OPA. Analysis duration takes approx. 44 minutes. 

The method was adapted for the analysis of samples collected at high (ppmv) and low 

(ppbv) concentrations: (i) direct injection of the collected air sample into the column to 

achieve the maximum sensitivity; (ii) split injection mode of the collected air sample in 

order to avoid the saturation of the chromatographic system and to enable evaluation 

of highly concentrated samples. The direct injection was performed using a Perkin 

Elmer Turbo Matrix 650 TD, directly connected with the analytical column, while the 

split injection was performed using a DANI Master TD Thermal Desorber connected 

with the split/splitless injector of the GC. The parameters used for split injection mode 

are the following: The column was a 30 mt x 0.25 mm with 1 µm film thickness (J&W 

HP5-MS UI, 5 % Phenyl Methyl Siloxane). The injector was in split mode set at 250 0C 

with a split ratio of 1:50. The detector 5975 Mass Selective Detector was operating 

from 30 to 530 amu scan range. T-line at 280 0C, source at 250 0C. The GC oven 

temperature was initially set at 40 0C hold for 7.5 min, with rate 1 at 4 0C min-1 to 90 

0C and rate 2 at 15 0C min-1 to 300 0C, hold for 2 min. 
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2.3.3.4 Stability tests of 4-OPA, 4-AMCH, IPOH in the culture medium by GC-FID 

 

The potential interaction of selected chemicals with the cellular medium components 

(e.g. proteins) was investigated before running any in vitro toxicological test. The 

reason behind is that this interaction of the test chemicals with the culture medium 

would lead to an uncontrolled environment exposure for cells, since the target 

chemical concentration would be continuously modified over time. Therefore, 

qualitative tests were prepared and performed for the evaluation of the stability of 4-

OPA, IPOH, 4-AMCH solubilized into cell culture medium. The stability of chemicals 

was assessed for diverse culture medium formulation covering 24 hours – the 

maximum exposure time used – as indicated below: 

(i) Target chemicals were solubilized at a concentration of 0.6 mg mL-1 into the 

culture medium, which was containing two different concentrations of fetal bovine 

serum: one with 10 % and the other with 1 %. 

(ii) The glass vials containing aliquots of chemicals prepared in culture medium 

were kept at 37 +/- 1 °C for 24 hours (incubator temperature and time conditions used 

during cell exposure) and aliquots were analyzed at given time intervals 1, 2 3 and 24 

hours (after their solubilization into the culture medium). 

The chromatographic peak areas of the target chemicals solubilized into culture 

medium was compared to the corresponding peak areas of the standards prepared in 

acetonitrile. 

The stability of chemicals prepared in the culture medium was analyzed using an 

Agilent GC 6890 with a liquid injection autosampler. The injector was set up in split 

mode at 250 °C, with a split ratio of 1: 20. The flame ionization detector (FID) was at 

250 °C. The column used was a J&W HP-5MS, 5% Phenyl Methyl Siloxane, 30 mt x 

0.25 mm i.d. with 1 µm film thickness. The GC oven temperature was initially at 40 °C 

hold for 7.5 min, then rate 1 at 4 °C min-1 to 90 °C, rate 2 at 15 °C min-1 to 300 °C, 

hold for 2 min. Helium was used as carrier gas at 1.5 mL min-1. The injection volume 

used was 1 µl. 
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2.3.3.5 Intracellular glutathione species (GSH, GSSG, GSNO) determination by in 

house HPLC-UV method 

 

Instrumental: 

HPLC-UV equipment: 

The separation and determination of GSH, GSSG and GSNO molecules was carried 

out using an Agilent 1100 Series HPLC system composed of binary pump, 

autosampler and diode array detector (Agilent, Santa Clara, USA). Their separation 

was achieved on a ODS-A C18 column (YMC, Japan.YMC-Pack, 150 mt x 4.6 mm) 

with a  5 µm particle size, coupled to a Guard-c precolumn (YMC-Pack, 10 mt x 1-4,0 

mm). Data were processed with ChemStation software (version A.08.03, Agilent). 

The HPLC analysis was performed using isocratic elution with a mobile phase’s 

composition of water/acetonitrile (H2O / AcN: 95 / 5, v / v), trifluoroacetic acid (TFA : 

0.1%) and sodium perchlorate (12 mg mL-1) and a flow rate that was adjusted to 1 mL 

min-1. The detection wavelength was set at 215 nm by UV detector. The column oven 

temperature was kept at room temperature, while the auto-sampler temperature was 

maintained at 4 0C. A volume of 10 µL of standards or sample solutions (e.g. the cell 

culture lysate) was directly injected to the HPLC equipment and further analysed. 

Under these conditions the three selected glutathione species were simultaneous 

determined in less than 6 minutes. 

Different chromatographic conditions such as mobile phase ratio, injection volume, 

flow rate were optimised before the validation of the method. In-house validation was 

evaluated by linearity, limits of detection (LODs), limits of quantification (LOQs), 

reproducibility, repeatability and recovery. 

In order to avoid degradation of glutathione, standard solutions and samples were 

prepared in amber vials and cooled to 4 0C on the auto sampler well plate. A fractional 

factorial design was applied for the optimisation of the mobile phase composition used 

in the chromatographic separation of GSH, GSSG and GSNO. Moreover, their 

stability during the analysis was checked at the beginning and the end of analysis. 

Additionally, the potential degradation of standards stored under different conditions 

(4, -20, -80 0C) was verified. These temperatures were selected to interrupt any 

enzymatic activity in the cells, thereby minimizing the risk of any species inter-

conversion from the moment of exposure to the target pollutants finishes and the 

analysis of intracellular glutathione species in the cells takes place. 

Extraction equipment: 

The ultrasonic water bath (Starsonic 35, 28-34 Hz) was supplied by Liarre, Italy. A 

5417R centrifuge (Eppendorf, Germany) was used to separate the supernatant from 



Materials and Methods 
 

49 

the cellular debris. Microcentrifuge tubes (Amicon filters, Millipore, USA) were used to 

collect, filtrate and concentrate the cellular extract. The protein quantification from the 

cellular debris was performed by using an EnSpire Multimode Plate Reader with 

integrated software (Perkin Elmer). 

Exposure equipment for human lung cells: 

Direct exposure of the human lung cell lines (A549) at the air/liquid interface was 

performed by using an in vitro cell culture exposure device named CULTEX 

(Germany). 

Chemical liquid treatment of the selected cell lines was carried out in cell culture 

plates under a biological fume hood (Steril-CTH, Angelantoni Life Science) and then 

placed in an incubator Forma Series II 3110 Water-Jacketed CO2, (Thermo Scientific, 

USA). 

Preparation of glutathione standard solutions: 

Stock solutions containing 20 mM GSH (MW 307.3), GSSG (MW 612.6), GSNO (MW 

336.3), were prepared in the same buffer as was used for the intracellular extraction 

of glutathione (e.g. 0.5 % picric acid + 25 mM ammonium sulfate added to the mobile 

phase). Since picric acid has been shown to be an explosive compound [378], safety 

guidelines (e.g. working under a well-ventilated fume hood, wearing protective 

equipment etc.) were applied during all the experiments to prevent inherent dangers 

of picric acid use. 

Stability test: 

Glutathione stability in standards solutions and biological samples was done in order 

to check their decomposition or oxidation of glutathione molecules over time. Aliquots 

of the standard solutions (GSH, GSSG, and GSNO) were stored at -80 0C for 10 

months (weekly verification tests were performed by quantifying diluted aliquots of 

selected glutathione species). 

 

2.3.3.6 Metabolomics screening analysis using LC-MS Orbitrap in ad hoc experiments 

 

LC-MS analyses were performed on a Ultimate 3000 micro flow-liquid 

chromatography system (Dionex) coupled on-line with a LTQ Orbitrap XL Fourier 

Transform high-resolution mass spectrometer (Thermo Scientific) equipped with an 

electrospray ionisation source (ESI). The LC-MS system was operated using XCalibur 

2.0.7 software (for the MS) and Chromeleon 6.8 software (for the LC). 

A 96-well plate containing samples was placed on the auto-sampler of the LC system. 

Samples were loaded and pre-concentrated on a Waters Atlantis T3 guard cartridge 

(2.1 mm x 10 mm, 3 µm). Metabolites were separated on a Waters Atlantis T3 column 



Materials and Methods 
 

50 

(1.0 x 150 mm, 3 µm). The micro LC pump was operated at a flow rate of 40 µl min-1. 

The eluents used were (A) 0.1 % HCOOH in Milli-Q H2O, (B) 0.1 % HCOOH in 

CH3CN and (C) 0.1% HCOOH in CH3OH. 

The linear gradient used to achieve the analytes separation was as follows: 0-1.5 min: 

95 % A, 5 % C; 10 min: 2 % A, 48 % B, 50 % C; 10-11 min: 2 % A, 48 % B, 50 % C; 

11.1 min: 2 % A, 98 % B; 11.1-12 min: 2 % A, 98 % B; 12 min: 2 % A, 98 % B; 12.1 

min: 98 % A, 2 % C; 12.1-17 min: 98 % A, 2 % C. 

The LTQ Orbitrap instrument was operated in the MS mode using the Orbitrap 

analyser. 

Optimised settings were as follows: Capillary voltage, 45V; Tube lens voltage, 135 V; 

Spray voltage, +3.5 kV; Transfer capillary temperature, 200 °C. The FTMS (Orbitrap) 

analyser was calibrated using a solution of caffeine, MRFA (L-methionyl-arginyl-

phenylalanyl-alanine aceate x H2O) and Ultramark 1621 in the range m/z 50-1000. 

MS acquisition was performed over the full m/z range with a scan time of 0.7s. The 

resolution was 30,000 FWHM and mass accuracy was in the range 1-5 ppm. LC-MS 

data were generated in the continuum mode. 

Analysis design for metabonomics involves the analysis of quality controls (QCs) to 

establish the repeatability and intermediate precision of the LC-MS method, analytical 

blanks (for possible contamination) and randomised study samples (negative control 

and treated cell extracts). A batch of analysis corresponds to a biological replicate (6 

independent experiments) including untreated (C = control or negative control) and 

treated with low dose (L), which represents the chemical concentration that is 

generally selected based on the toxic effect that it has on the cellular viability of the 

selected cell cultures (e.g. inducing a reduction of 1 % loss of cellular viability) and 

with  high dose (H), that corresponds to the chemicals concentration which reduces 

the cellular viability by 10 %). Samples were run in a randomized order with the 

analytical blanks and QCs analyzed 9 times during the sequence. 

 

2.3.4 Biological measurements carried out in human cells and blood 

 

2.3.4.1 Human alveolar epithelial cell line (A549) description 

 

The human tumour alveolar epithelial cell line (ATCC #: CCL-185™) established in 

1972 derived from an alveolar carcinoma and in accordance with toxicology literature, 

it has been characterized as a type II pulmonary epithelial cell model for drug 

absorption and metabolism (see Figure 10). 
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Figure 10 Observation of viable A549 cells done under Nikon optical microscope 

 

As reported by Foster et al., the A549 cell line forms a confluent monolayer with a 

morphology characteristic of type II cells that have preserved their polarity and their 

ability to transport elements out of the basolateral side. Additionally, Lieber et al. 

observed the presence of short and small microvilli on the surface of A549 cells and 

the lamellar body was within cytoplasm, those characteristics closely matching the 

type II alveolar cell phenotype [379]. Also, it has been reported that A549 cells have 

conserved expression and functionality of some of the P450 isoenzymes involved in 

xenobiotics metabolism: CYPs 1A1, 1B1, 2B6, 2C, 2E1 [380]. 

The main functions of type II alveolar cells (also called Type II pneumocytes) are as 

follows: 1) to synthesise and secrete the pulmonary surfactant, 2) to control the 

alveolar fluid levels by water recapture using active sodium transport to return excess 

alveolar surface water to the interstitial fluid, and 3) to be the progenitor cell which can 

proliferate to restore both type I and type II cells after an alveolar disorder produced 

by harmful inhaled xenobiotics. 

Reported as being a valuable model for studies of lung epithelial structure and the 

occurrence, development, and treatment of lung cancer [381, 382 ], A549 cells were 

used in the present research to assess the toxic effects of inhaled chemicals at the 

pulmonary epithelium level. 

 

2.3.4.2 Human leukemia cell line (THP-1) description 

 

The human monocytic leukemia cell line THP-1 (ATCC #: TIB-202™) was isolated by 

Tsuchiya et al. from the blood of a boy suffering from acute monocytic leukaemia (see 

Figure 11) [384]. 
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Figure 11 Observation of viable differentiated THP-1 cells under Nikon optical 

microscope 

 

The THP-1 cell line can be stopped from proliferating and activated to differentiate 

into functional macrophages cells, after treatment with phorbol esters (PMA). Previous 

studies attempted to identify a more natural inducer of differentiation in THP-1 cells, 

but none of the tested compounds (vitamin D, retinoic acid or cytokines: IL-1, IL-2, 

TNF, GM-CSF) had the capacity to completely induce the differentiation [383 – 386]. 

The criteria for selecting the THP-1 cell line for this research were: (1) it should 

possess an enzymatic activity typical of monocytes [387] and (2) it should not have 

prominent chromosomal abnormalities as other lines of human leukemia cells [388].  

The THP-1 differentiated macrophages cells are considered as a valuable in vitro 

model for the investigation of human macrophages involvement in inflammatory 

disease since they can release a series of pro-inflammatory cytokines which further 

can secrete cytokines such as IL-8, IL-6, and MCP-1, leading to lung inflammation 

[389, 390]. 

 

2.3.4.3 Human bronchial epithelial cell line (16HBE14o-) description 

 

The 16HBE14o- cells (see Figure 12) were a gift from Dr. Dieter C. Gruenert 

(Cardiovascular Research Institute at the University of California, San Francisco, 

California, USA). 
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Figure 12 Observation of viable 16HBE14o- cells under Nikon optical microscope 

 

It has been reported by Cozens et al. that this cell line was generated by the 

transformation of normal bronchial epithelial cells obtained from a one-year-old male 

heart-lung transplant patient [337]. As mentioned by the same author, the 16HBE14o- 

cells retain differentiated epithelial morphology by forming polarized cell layers with 

cilia and microvilli [391]. Other studies have demonstrated that the 16HBE14o- has 

the potential to be used in drug absorption models [392, 393] and has the capacity to 

react to inflammatory stimuli like the primary human bronchial epithelial cells [394]. 

Much of the recent literature has been using polarized 16HBE14o- cells to study drug 

transport [393], gene delivery [395], and the barrier function of the airway epithelium 

[396]. 

Major factors that promote the differentiation of 16HBE14o- cells in culture are the 

extracellular matrix (colagen-fibronectin coated supports), the growth medium 

containing retinoic acid and culture at an air-liquid interface [397]. It has been 

demonstrated that by maintaining these conditions, the cells retain the properties of 

differentiated airway epithelial cells, including the formation of tight junctions, 

regulated ion transport and morphological features, including apical microvilli and cilia 

[398]. 

16HBE14o- has been used for toxicity studies with diesel exhaust ultrafine particles 

[399], with biodegradable nanoparticles [400] and cigarette smoke [401]. 

 

2.3.4.4 Cryopreserved Human Whole Blood description 

 

Controlled cryopreserved human whole blood (Figure 13) was purchased from Merck, 

(Darmstadt, Germany) and used according to the manufacturer’s instructions. 

The alveolar regions are an attractive site for absorption into systemic circulation. 

Therefore, some of the inhaled chemicals (depending on their physical-chemical 
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characteristics) which enter the respiratory tract can be deposited in peripheral lung 

tissue. At this point, they can easily cross the pulmonary blood barrier and gain 

access to the blood circulation, further being transferred to the liver and other 

tissues/organs. 

Reliable in vitro tests designed to predict unexpected harmful effects of various 

chemicals/drugs are highly requested in immunologic diagnosis. In order to improve 

assay reproducibility, researchers have compared the reactivity of the cryopreserved 

blood with that of fresh blood, since fresh blood poses various problems such as high 

variability between samples, short time for analysis after blood collection and 

problematical continuous availability of fresh blood samples.  The cryopreservation 

procedure proposed by Schindler et al., demonstrates that fresh blood can be 

substituted with cryopreserved blood without affecting the viability and functionality of 

monocytes and lymphocytes and it offers several advantages such as a 

homogeneous batch of blood, preliminary tests to certify the absence of blood 

infections such as HIV or hepatitis and the reduction of variability of inter- and intra-

aliquot blood. In the execution of In vitro Pyrogen Test (IPT), the reaction of 

cryopreserved blood to different pyrogenic and non-pyrogenic substances showed a 

similar performance to fresh blood [402]. 

 

 

Figure 13 Observation of viable human cryopreserved blood under Nikon optical 

microscope  

 

2.3.4.5 Cell culture maintenance, sub-culturing and counting protocols 

 

Cell culture maintenance 

The derived human cell lines A549 and THP-1 were routinely cultivated in RPMI 1640 

medium, supplemented with 10 % fetal bovine serum (FBS), 2 mM L-glutamine, 100 

unit mL-1 penicillin and 100 µg mL-1 streptomycin at 37 °C under humidified 

atmosphere containing 5 % CO2. 
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The human bronchial epithelial cell line (16HBE14o-) was cultured in flasks in-house 

coated with a solution containing LHC basal medium, 1 mg mL-1 human fibronectin, 3 

mg mL-1 bovine collagen type I, and 1 mg mL-1 BSA. The composition of the cell 

culture medium was prepared by mixing MEM and 10 % fetal bovine serum 

supplemented with penicillin (100 units mL-1) and streptomycin (100 µg mL-1). Once 

the solution was prepared, the distribution across the surface was carried out 

immediately to make sure that the entire surface was wetted. Subsequently, all the 

coated materials were dried overnight under laminar air flow and neutralised by 

washing twice with PBS before seeding the cells. 

In order to keep a good reproducibility between experiments by avoiding variations of 

their phenotype, the cells were used only between the 3rd and 15th passage after 

thawing. Additionally, all cell cultures were tested monthly for the presence of 

mycoplasma. 

 

Cell sub-culturing procedure 

Prior to sub-cultivation, the cell culture conditions (e.g. confluence, fungi 

contamination) were examined under a light microscope. The following steps of the 

subculture procedure were executed: 

1. The culture media was aspirated and the cell culture monolayer was washed 

twice with 5 ml of PBS;  

2. 5 ml of 0.25 % trypsin-EDTA was added to the adherent cells (A549 and  

16HBE14o-) and incubated with cells for a maximum of 5 minutes. THP-1 rounded 

floating cells were harvested by transferring a certain amount of cells into a new flask 

containing new fresh media; 

3. A549 and 16HBE14o- cell suspension was transferred to a 15 ml Falcon tube 

and centrifuged at 1200 rpm for 5 minutes;  

4. the supernatant was aspirated and the pellet was re-suspended in fresh 

complete media;  

5. cell viability was assessed by an automatic cell counter, Scepter pipette;  

6. an adequate amount of cells was added to the new culture flasks already 

containing 15 mL of complete media preconditioned at 37 0C in a humidified 5 % CO2 

incubator. 
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Cell counting protocol 

The number of all types of cells was determined by using the automatic cell counter, 

Scepter 2.0 pipette. The scepter counting procedure was applied using manufacturer 

instructions (Millipore). Briefly, the cellular suspension was counted, as follows: 

1. Sample preparation was carried out by taking an aliquot from the mother cellular-

suspension and diluted in phosphate PBS to a total minimum volume of 100 µL 

2. The sensor tip was selected based on the cell diameter 

3. The Scepter pipette was turned on, and the sensor tip was attached  

4. The pipette was fixed inside the Eppendorf tube with the cellular suspension and by 

pressing the plunger of the pipette, 50 µL of the cell suspension was drawn into the 

sensor channel. 

5. Once counting was complete, the sensor was detached and with the displayed 

histogram, the viable/dead cell number was calculated based on cell volumes or cell 

sizes indication. 

 

2.3.4.6 In vitro exposure method: Liquid-Liquid interface (LLI) and its protocols 

 

The cytotoxic effects of the selected chemicals were investigated by, on the one hand, 

exposing in vitro cultures of human pulmonary epithelial cells (A549 and 16HBE14o-) 

and human blood to the compound which was previously solubilized into the culture 

medium (liquid/liquid interface exposure method); and, on the other hand, exposing in 

vitro cultures of human pulmonary epithelial cells (A549 and 16HBE14o-) to the 

chemicals prepared in gas atmospheres (air/liquid interface exposure method applied 

by the use of CULTEX system). 
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Figure 14 Schematic illustration of the experimental steps followed in the study where 

the human alveolar, bronchial cells and blood are exposed to the test chemicals 

solubilized into the culture media 

 

Before exposure of the cells to the multiple concentrations of the selected chemicals 

(in 96-well plates), the stability of the above mentioned chemicals prepared in different 

composition of the culture medium (e.g. 1 % and 10 % of FBS) was determined over 

time. 

 

Preparation of test chemicals 

Stock solutions were freshly prepared by dissolving the chemicals in the cell culture 

medium (DMEM supplemented with 1 % FBS). Serial dilutions from the stock solution 

were freshly prepared and used within the same experiment day. For NRU assay, 

where the cytotoxic effects of chemicals was tested on cellular viability, the stock 

solutions of the mixtures (binary and ternary) were also prepared in the DMEM 

supplemented with 1 % FBS. The initial concentration of the mixtures was based on 

the IC50 calculated from the concentration-response experiments with the individual 

chemicals. Then 10 different concentrations were prepared by serial dilution with a 

dilution factor of 2. 

To assess the cytotoxic potential of chemicals on human lung cells, various 

biomarkers were selected and measured via different biological assays, as follows: 
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(i) Neutral red uptake, Presto blue assays and Scepter counting pipette were 

performed to detect the chemical’s cytotoxicity impact on the cellular viability. 

(ii) Lactate dehydrogenase (LDH) assay was used to measure the amount of LDH 

released into the culture medium, being an indicator of cellular membrane damage. 

(iii) Reactive oxygen species (ROS) and intracellular glutathione content (reduced 

-GSH, oxidised - GSSG, nitroso - GSNO) were determined to investigate the 

involvement of test compounds in the oxidative stress process. 

(iv) Cytokines/chemokines levels released in the culture medium were quantified 

to explore the potential inflammatory/allergenic capacity of the tested chemicals. 

(v) In addition, perturbation of the cellular metabolic activity was investigated in 

cells exposed to a well-defined mixture of 4-OPA, IPOH and 4-AMCH. 

A simultaneous measurement of the selected endpoints was possible to be executed 

from the same experiment (biological samples) according to the next figure: 

 

 

Figure 15 Schematic representation of the biological experimental set-up to measure 

ROS, cytokines and LDH from the same pool of cells exposed to chemicals by LLI 

technique 

 

More details on the execution of each step will be presented in the next paragraphs. 

As presented in the chart below, a 24-well plate was used to quantify all three 

intracellular glutathione species (reduced GSH, oxidized GSSG and nitroso GSNO). 

For control purposes, aliquots from the cellular medium were taken to measure the 

cytokines levels.  

 

Figure 16 Schematic representation of the biological experimental set-up to quantify 

intracellular glutathione species (GSH, GSSG, GSNO) from cells exposed to 

chemicals by LLI technique 
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A general flow chart designed to measure the perturbation in the metabolism activity 

of cells exposed to the mixture of 4-OPA, IPOH, 4-AMCH compared to negative 

control (untreated cells) is presented in Figure 17. As a first step, concentration-

response curves were built, from which both Lowest-Observed-Adverse-Effect 

Concentration (LOAEC) and No-Observed-Adverse-Effect Concentration (NOAEC) 

were calculated. Afterwards (2nd step), cell culture medium and cells treated with 

LOAEC and NOAEC were prepared for chemical analysis (e.g. quantification of 

chemicals in the culture medium, metabolomics analysis, as described in section 

2.3.4.3.2). 

 

 

Figure 17 Schematic representation of the biological experimental set-up used for the 

metabolomics analysis. The negative control (cells untreated) were receiving medium 

alone, then the same approach was followed for the metabolomics analysis 

 

A 96-well plate layout used to obtain concentration-response curves by Neutral Red 

Uptake assay (NRU) is presented in Figure 18. The assay was done as described in 

the section 2.3.4.8. 
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Figure 18 Layout of 96-well plate used to generate concentration-response curves. 

BG refers to backgrounds (test chemical in the culture medium); NC refers to negative 

controls (cells grown in the culture medium); PC refers to positive control (cells with 

sodium dodecyl sulfate added into the culture medium); C1-C10 refers to a serial 

dilution of chemicals prepared in culture medium and added to cells (where C1 stands 

for the highest concentration used) 

 

Conditions for cell culture exposed to the liquid form of tested chemicals 

Conventional culture conditions were applied for the exposure of A549 and 16HBE 

14o- cells to the individual chemicals: d-limonene, 4-OPA, IPOH and 4-AMCH and 

their selected binary/ternary mixtures. 

For NRU, LDH, cytokine/chemokine and ROS experiments, cells were seeded at a 

culture density of 30.000 cells/ well in culture medium (DMEM w/o phenol red, 

supplemented with 1% FBS) and grown as a monolayer in Nunc 96 well-plate at 37 

°C and 5 % CO2. After reaching 90-100 % confluence, cells were incubated for 24 

hours with varying concentrations of selected chemicals. After treatment, aliquots of 

the culture medium were saved for cytokine/chemokine analysis. 

For the intracellular glutathione determination, the A549 and 16HBE14o- cells were 

plated in a Falcon 24 well-plate at the density of 100.000 cells / well and grown as 

monolyer in complete culture medium. After reaching 90-100 % confluence, cells were 

treated with the same chemical concentrations that were applied in ROS experiments. 

Accordingly, for the NRU assay, ten different concentrations as high as 115 mM of 4-

OPA, 17.5 mM of IPOH 5.8 mM of 4-AMCH and 100 μM of d-limonene, corresponding 

to their maximum solubility in the culture media, were added to the cells. In the case 

of ROS, cytokines and GSH determination, cells were incubated with the lowest 

observed concentration (LOEC) of the chemicals, which caused statistically significant 

loss of the cellular viability when compared with the negative control. 



Materials and Methods 
 

61 

Controls 

For each plate, negative, positive and background controls were included. The 

negative control wells received medium alone (untreated cells) and the background 

control consisted of culture medium containing the tested chemicals. The positive 

control wells, in the case of NRU assay, received 1 % of sodium dodecyl sulphate 

(SDS), while for the ROS assay, 55 µM of tert-Butyl hydroperoxide (TBHP). Both SDS 

and TBHP were added to the cells to demonstrate their capability to respond to 

chemicals, the negative control (untreated cells) was used as reference for the treated 

cells, while the background control was included to confirm that no reaction occurred 

during the assay due to the chemical itself. 

 

Sampling and sample preparation protocol for metabolomics analyses 

Cell cultures and chemical treatment:  

A549 cells at a density of 3 x 105 were seeded in 3 mL complete culture medium (6-

well plate, Falcon). Cells were maintained in a sub-confluent state (80 %) under 

standard cell culture conditions (37 °C, 5 % CO2, 95 % humidity). For each 

experimental condition six biological replicates have been performed. Cells were 

harvested at 72 h for metabolomics experiments. 

 

Cell lysate and culture medium sampling: 

(1) After 72 hours of chemical treatment of the A549 cells, the cell culture medium 

was removed (3 mL) and transferred into a 15 mL falcon tube, then stored at -80 °C. 

(2) Cells from each well were washed twice with a volume of 1 ml PBS (this step was 

done by working on ice).  

(3) Cell lysates (metabolites) were obtained by re-suspending each well in 500 µl of 

ice-cold methanol. Cells were mechanically harvested with a sterile plastic disposable 

cell scraper. The cells were transferred into a 1.5 mL Eppendorf tube. Each well was 

washed with an additional 250 µl ice-cold methanol and collected into the respective 

Eppendorf.  

(4) The recovered cell lysate was sonicated at 50 W for 5 min and further centrifuged 

at 15.000 x g for 15 min at 4°C. The supernatant was stored in a new 1.5 mL 

Eppendorf tube at -80 °C. 

Sample preparation for metabolomics experiments: 

(1) Cell culture medium: 

50 µl of the culture medium sample was transfered into an Eppendorf tube. Then the 

tubes were vortexed and centrifuged at 15.000 x g for 10 min at 4°C. The medium 

http://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0CC4QFjAB&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FTert-Butyl_hydroperoxide&ei=wbF5U5bYFZSw7AbSo4HoDA&usg=AFQjCNFWKNogQ3v7cGsHO5ueYnfew6GzPA&bvm=bv.66917471,d.bGE
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samples were diluted 1:10 in Milli-Q water. The samples were transferred into 96-well 

plates. The plates were covered with a suitable cover mat prior to LC-MS analyses. 

(2) Cell lysates: 

The methanol solution was evaporated to dryness using the speed vacuum system 

(30 min, cooling system at 10 °C). Then the samples were re-suspended in 100 µl of 

the LC-MS mobile phase (0.1 % formaldehyde in a solution of milli-Q water: Methanol, 

95: 5) and centrifuged at 15.000 x g for 10 min at 4 °C. 

The samples were transferred into 96-well plates and covered with a suitable cover 

mat prior to LC-MS analyses. 

 

Incubation of human blood via the In vitro Pyrogen Test (IPT) 

The IPT test is based on the human fever reaction after incubation of blood with a 

sample followed by analysis with enzyme-linked immunosorbent assay (ELISA) to 

measure the level of cytokine released, if any. The test detects all kinds of pyrogens 

present in the sample and is specific for humans since it is based on the reaction with 

human whole blood. The main steps of the In vitro Pyrogen method are: (i) incubation 

of the blood with the test chemicals; (ii) the measurement by ELISA of the amount of a 

biomarker of inflammation, which in this case is the interleukin 1-beta (IL-1 β). 

 

Procedure for the cryo-blood incubation with test chemicals  

1. The cryo-preserved blood stored in liquid nitrogen was thawed at 37 °C. 

Homogenization of the blood was done by gently inverting the closed glass vials. In 

order to avoid variation between samples due to different aliquots of blood, a blood 

pool was obtained by combining different blood vials into one pyrogen-free reservoir. 

2. Six parts of RPMI 1640 (pyrogen-free) and one part of cryo-preserved blood 

were gently mixed and distribute it to the samples (e.g. test chemicals at various 

concentrations). 

3. Samples were then incubated for 18 h (the optimal time identified in these 

experiments) at 37 °C ± 1 °C and 5 % CO2. Also, optimization of the blood distribution 

over time it was taken into consideration (see Results and Discussion). 

4. Before adding the samples into the coated 96-well plate, the samples 

containing blood with chemicals were carefully mixed to assure their homogeneity. 

5. ELISA analysis (reading at an absorbance wavelength of 450 nm) was done 

immediately, or the plate with the samples was stored for later use. For storage, 

sealed plates were frozen at − 20 °C for no longer than 1 week or at − 70 °C for no 

longer than 8 weeks. 



Materials and Methods 
 

63 

The manufacturer’s instructions were followed for the preparation of standard curves 

(LPS and IL-1β) as well as for the quantification of the inflammatory response 

released from blood incubated with airborne contaminants. 

 

Controls 

For each plate, negative, positive and background controls were included. The 

negative control wells contain medium with only blood, the positive control was 

prepared at various concentrations of the lipopolisacharide (LPS) from Escherichia 

coli strain O113 (WHO reference material), while the background control consisted of 

test chemicals prepared in the culture medium. 

 

2.3.4.7 In vitro exposure method: Air-Liquid interface exposure method and its 

protocols 

 

 

Figure 19 Schematic illustration of the experimental steps followed in the study where 

human bronchial and alveolar cells are directly exposed to the chemicals at the 

air/liquid interface 

 

The in vitro studies performed with selected chemicals as gas vapours were 

accompanied by a series of analytical methods and techniques, which were 

developed and adapted to quantify and prepare the chemicals as gas atmospheres: 
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-GC-MS method for the quantification of 4-OPA, IPOH and 4-AMCH collected during 

air sample. 

-CULTEX system set-up was adapted to operate with Tedlar bags filled with the 

generated vapors of 4-OPA, IPOH, 4-AMCH in presence/absence of ozone. 

Various end-points such as cell viability, inflammation response were evaluated 

following the main steps presented in the figure below. 

 

Figure 20 Schematic representation of the main steps needed for the exposure and 

endpoints when cells are exposed to chemicals at the air/liquid interface. 

 

In order to simulate a near-realistic inhalation exposure, the cell exposure at air/liquid 

interface was carried out by using an in vitro aerosol exposure device called CULTEX, 

which allows a direct contact of the apical side of the air-lifted cells with the gaseous 

phase containing the volatile compounds. 

 

The whole CULTEX system (shown in Figure 21) is composed of two exposure 

modules integrated in an air circuit system which are used as explained below. 

 

Figure 21 Representation of the CULTEX exposure module (the picture was modified 

based on images collected from CULTEX website: http://www.cultex-

laboratories.com/Catalog/Modules/cultex-cg-module-24mm.php?p=Images. Gas inlet 

– exposure atmosphere is pulled across the apical surface of the cells. Gas outlet – 
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Picture modified by D. Lipsa  

http://www.cultex-laboratories.com/Catalog/Modules/cultex-cg-module-24mm.php?p=Images
http://www.cultex-laboratories.com/Catalog/Modules/cultex-cg-module-24mm.php?p=Images
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the atmosphere is removed from the chamber by a vacuum pump at a constant flow 

rate for all chambers. Water inlet tube – the connection of the 1st module with the 

water bath is done by a silicone tube. Water outlet tube – makes the connection with 

the silicone tube of the 2nd module 

One of the exposure modules was used to have the functionality of the system under 

control during the experiment during cell exposure to Zero Air. The other module was 

used to study the biological effects during cell exposure to the selected chemicals. 

Prior to this selection, both chambers were tested under control conditions and after 

establishment of their equivalence one of them was dedicated to Zero Air (negative 

control of the system) while the other was selected for actual exposure 

measurements. 

The lower part of each exposure module housed three vessels filled with medium and 

specially designed for cells cultured on porous membrane inserts. The optimal 

temperature of the nutrient medium (37 °C) was controlled by an external water bath 

which circulated a regulated flow of water (37 °C) through the system. The exposure 

top part of the modules was constituted of three Teflon trumpets through which the 

gaseous and particulate pollutants are delivered in a continuous flow to the apical side 

of the cells. The test atmosphere was entering and leaving the module sucked via 

negative pressure. The lower base of the trumpets inlet was located 2 mm above the 

apex cells during exposure. This space was checked before each experiment using a 

stainless steel washers of 1 mm. 

 

Exposure experiments executed with CULTEX by using standard chemicals prepared 

in gas cylinder 

In the experiments where cells were exposed to commercially available concentrated 

pollutants prepared in a gas cylinder, such as d-limonene and nitrogen dioxide, the 

mainstream flows were obtained with a positive flow given by the gas cylinders (the 

measurement line) and by the compressed zero air (the reference line). The 

mainstreams were started 12 hours before the actual experiment took place (the flows 

of Zero Air and of concentrated gas cylinder were open and left to stabilize overnight). 

Samples for concentration and background controls purposes were taken by the 

means of T shaped swagelok systems placed on the mainstream tubes before the 

deviation for the CULTEX feed. Samples (both VOCs and carbonyl type) were 

collected at convenient times before and after the execution of a series of test, on a 

daily basis. 
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A. 
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Figure 22 Exposure of human lung cells to pollutants such as d-limonene and NO2 in 

a gas cylinder using the CULTEX system: A. CULTEX basic scheme (including the 

exposure modules). B. Gas cylinder set-up scheme 
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Exposure experiments executed with CULTEX for d-limonene-ozone mixture 

prepared in 0.45 m3 environmental chamber 

 

In the experiments where the cells were exposed to the generated atmosphere from 

d-limonene-ozone reaction, the measurement line was modified with the use of a 

pump to realize the mainstream flow (see Figure 23). For background control 

purposes, VOCs and carbonyl samples were taken from the chamber before the 

injection of d-limonene. 

 

Figure 23 Exposure of human lung cells to a generated atmosphere of d-limonene-

ozone reaction in 0.45 m3 environmental chamber connected to the CULTEX system. 

1. Environmental chamber; 2. Manifold; 3. Cultex exposure chambers; 4. Mass flow 

controllers; 5.Vacuum pumps 



Materials and Methods 
 

68 

Technical approaches to generate the d-limonene-ozone reaction in 0.45 m3 chamber 

A scheme overview of the environmental chamber set-up connected to the CULTEX 

system is presented below: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 Chamber set-up connected to the CULTEX basic scheme 
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At the beginning of the test, a steady state concentration of d-limonene was built and 

maintained for at least 16 hours in the glass chamber. The glass environmental 

chamber was continuously fed from a concentrated gas cylinder, from which the 

concentrated stream was injected in the humidified Zero Air just before entering the 

chamber. 

The pump for generating the mainstream of air for the CULTEX system was then 

started and, after a suitable stabilization time of not less than two hours, also the 

CULTEX flow pump was started. 

VOCs and carbonyls samples were taken at regularly intervals of time. 

1. At the end of the d-limonene CULTEX test, the ozone injection was started 

and maintained for 24 hours in the chamber. At this stage a new steady state situation 

was achieved in which both chemicals and secondary reaction products were at a 

constant concentration. VOCs and carbonyls were monitored during the reaction. 

The pump for generating the mainstream of air for the CULTEX system was then 

started and, after a suitable stabilization time of not less than two hours, also the 

CULTEX flow pump was started. 

2. At the end of the test, the d-limonene supply was stopped and ozone 

maintained overnight in order to achieve the steady state concentration of ozone 

alone. Samples of VOCs and carbonyls were taken to check for background residual 

concentration of chemicals (either d-limonene or secondary reaction products). 

The pump for generating the mainstream of air for the CULTEX system was then 

started and, after a suitable stabilization time of not less than two hours, also the 

CULTEX flow pump was started.  

At the end of the CULTEX ozone test, ozone generation was stopped and the test 

chamber was flushed with humidified Zero Air for cleaning. 

 

Controls used for the Air-Liquid interface (CULTEX system) 

Two different negative controls were considered for this exposure approach. One 

negative control (Incubator) refers to the control cultures that were left unexposed and 

kept in a CO2 incubator for 1 or 2 hours, time that corresponds to the exposure 

duration of cells exposed to air/liquid interface by the use of CULTEX. These cell 

cultures were both apically and baso-laterally supplemented with complete culture 

medium. The second negative control (Zero Air or Clean air) refers to the cell cultures 

that were left in the CULTEX system for 1 and 2 hours, being exposed to Zero Air. 

The Zero Air control was used as control of the system reproducibility (for the 

optimisation of exposure conditions) as well as a control for all gas tested compounds 

as individuals or mixtures. 
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As positive control, nitrogen dioxide (NO2) generated in a distribution line starting from 

a gas cylinder was applied to the cultures in the CULTEX exposure system, due to its 

capacity to induce cytotoxic effects such as oxidative stress, membrane damage etc. 

Additionally, cell cultures grown on inserts were exposed to a medium containing 

lipopolysaccharide (LPS), with the scope to verify their capacity to secrete cytokines. 

The resulting cellular responses confirmed the validity of the experimental setup for 

the cell exposure system. 

 

Zero Air (also called Clean air) preparation procedure 

Compressed air delivered to the system (Zero Air) is dried with molecular sieves to 

achieve a dew point below -45 °C. Afterwards, the air was treated with activated 

charcoal to remove residual content of volatile organic compounds (VVOCs, VOCs, 

SVOCs) and filtered to remove particles. 

 

Preparation of various levels of relative humidity 

Humidified air was obtained by bubbling dry Zero Air into Milli-Q grade water. A 

second empty bubbler was placed after to remove water droplets and to stabilize 

humidity in the flow up to a 85-95 % RH level. Humid air was then proportionally 

mixed with dry Zero Air to obtain the desired level of Relative Humidity (50 or 80 %). 

The final value of Relative Humidity was controlled by placing a T/RH data logger at 

the exit/exhaust of the CULTEX system. The role of the humidifier device (bubbler) 

was to keep the good physiological conditions of the cell in order to avoid cell 

dryness. 

 

Exposure experiments executed with CULTEX by using Tedlar bags 

In the experiments where cells were exposed to the selected d-limonene ozonolysis 

products in gas phase prepared in TBs, the reference line of the system was modified 

(see Figure 25). Air from the TBs was drawn by the use of membrane pumps and the 

flow was controlled by the use of mass flow controllers. 



Materials and Methods 
 

71 

 

 

 

 

 

 

 

 

 

 

Figure 25 Tedlar bag set-up connected to the CULTEX basic scheme 

 

The main flow and flow through the CULTEX system, both for the atmosphere under 

investigation and for the reference Zero Air, were maintained in all experiments at 

around 120 mL m-1 (main flow) and 2 mL m-1 (flow through apical side of the cells) 

respectively with a maximum allowed deviation from the set point of 5 %. 

 

 

Figure 26 Exposure of human lung cells to gaseous phase of the mixture of 4-OPA, 

IPOH, 4-AMCH in presence or absence of ozone generated in TBs connected to the 

CULTEX system 

 

Recovery tests for 4-OPA, IPOH, 4-AMCH within CULTEX system 

Preliminary recovery tests were conducted on the CULTEX system connected to the 

tedlar bags, in order to verify possible loss of chemical compounds before arriving at 

the cells (between Tedlar bag supply and the system line of CULTEX). Therefore, two 

different sampling positions were applied, as can be observed in Figure 27: in the first 

position Tenax TA tubes were placed in the inlet (before the gas is distributed to the 
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CULTEX exposure chambers) and in the second position, Tenax TA was placed at 

the “end of the inlet”. The “end of the inlet” represents the point where the gas flow is 

sucked out of the exposure chamber by the pump. This “in-out” process assures the 

continuous fumigation of the cells by the gas flow. 

 

 

Figure 27 Sampling position of Tenax tube on the CULTEX system collected for the 

recovery test: 1. Tenax tubes added immediately before the gas atmosphere is 

distributed to the cells; 2. Tenax tubes added immediately after the CULTEX 

chambers (gas atmospheres already fumigated the cell culture) 

 

The sampling flow was determined by the actual CULTEX flow, set at 2 mL min-1; the 

samples were collected for one hour. The analysis was performed with TD-GC-MSD 

and splitted injection as described in chemical analysis section. 

 

Cell culture differentiation of THP-1 and 16HBE14o- cells 

For the experiments where differentiation was needed, the following protocols were 

applied: 

(a) Differentiation of THP-1 cells into attached macrophages-like cells was performed 

on Park’s protocol. Based on his findings, 5 ng mL-1 PMA treatments in the THP-1 

cells were inducing their differentiation without undesirable gene up-regulation and 

with a good reaction response to secondary stimuli such as 10 ng mL-1 LPS [403]. 

Before their differentiation, the THP-1 cells were centrifuged for 5 min at 1200 rpm, 

and resuspended in fresh culture medium. Subsequently, the THP-1 cells 

(1x106/well/1.5 mL) were seeded into porous membrane inserts in presence of 5 ng 

mL-1 PMA and incubated overnight to differentiate them into macrophage phenotype 

(e.g. flat in shape, with well-developed Golgi apparatuses increased size, granularity, 

and decreased division) [403]. 
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(b) Differentiation of 16HBE14o- involves growing cells on porous supports at an air-

liquid interface (ALI) which will enable cells to undergo mucociliary differentiation 

[336]. The media used to support growth and differentiation on porous membrane 

inserts was prepared as follows: 50 : 50 mixture of DMEM and LHC basal medium 

supplemented with retinoic acid which was added to suppress or reverse squamous 

metaplasia in culture [396]. 

 

Protocol for culturing human cells on porous membrane 

Prior to seeding the cells on the porous membrane, the transwells were 

preconditioned in an incubator for 1 h with culture media (RPMI 1640) supplemented 

with FBS (10 %; v/v) and antibiotic mixture (1 %; v/v) to both sides (bottom 2.5 mL; 

top 1.5 mL) in order to improve cell attachment. 

Thereafter, the following procedure was applied: 

1. The adherent subcultures cells (A549 and 16HBE14o-) were harvested with trypsin, 

counted and seeded at a density of 70 x 104 cells cm-2 for A549 cells, and 110 x 104 

cells cm-2 for 16HBE14o- . The cellular suspension containing THP-1 cells was added 

directly into inserts at their optimal density (100 x 104 cells/insert). 

2. Cells were allowed to attach to the porous membrane as follows: 24 h for A549 

cells and THP-1 cells, and 72 h for 16HBE14o-. 

3. Complete culture medium was added below (2.5 mL) and above (1.5 mL) the cells. 

4. Once cell confluence was achieved (> 85 %), the upper layer of culture media was 

removed, the membranes were washed twice with warmed PBS from both sides and 

then transferred to CULTEX holders  

5. CULTEX holders were filled with serum free medium supplemented with HEPES 

buffer used to maintain a constant pH of the medium 

At the end of exposure time, inserts were removed and replaced in their six well 

plates, where fresh serum (1 %) culture media was added to both sides. After this, 

cytotoxic effects were investigated using different assay endpoints. 

 

Preparation of the CULTEX system for the air-lifted exposure experiments 

Before exposing the cells to the gas atmospheres, several actions were considered as 

preliminary preparatory steps: (i) The water bath was switched on to reach the optimal 

temperature (37 0C) for the cell culture; (ii) The confluence of the cell culture and 

possible microbial contamination were checked; (iii) The pump was switched on; the 

total flow rate as well as the flow rate which are distributed in each Teflon trumpet was 

measured; (iv) The CULTEX chambers were filled with approximately 10 ml of serum 
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free culture medium; (v) Meanwhile, the apical cellular medium from the inserts was 

discarded and the cells were washed twice with PBS; (vi) Then the 6 inserts 

containing the cell culture monolayer were added into the CULTEX chambers; (vii) 

The medium level was checked for each of the 6 exposure holders with the aim to 

ensure that it moistened the insert’s membrane only from the basal side (the cells will 

be fed from the basal side and exposed to volatile chemical at their apical side for 1 or 

2 hours - optimal time for exposure without loss of cellular viability); (viii) after 

exposure, the inserts were taken out and placed into a 6-well plate already containing 

complete fresh medium. The 6-well plates were added into the incubator; (ix) after a 

pre-established time of incubation, various bioassays were run (e.g. cell viability, 

inflammation etc.). 

 

2.3.4.8 In vitro protocols: Cell viability by Neutral red uptake assay 

 

Neutral red uptake assay is based on the protocol described by the National Institute 

of Health (NIH) [404] and it was used to quantify the number of viable cells after their 

exposure to different chemicals [405]. 

 

NRU assay procedure 

(1) After exposure to the tested compounds, cells were rinsed with pre-warmed PBS 

(2) 250 µl of pre-warmed 25 µg mL-1 neutral red (NR) solution (in medium) was added 

to each well and then incubated at 37 0C for 3 h to enable the uptake of the neutral 

red dye by the cells 

(3) The NR solution was aspirated and the plates were washed with pre-warmed PBS 

(4) 200 µl of a solubilisation solution (acetic acid / water / ethanol) was added to the 

cells  

(5) The plates were protected from light and gently shaken for 20 min; then left to 

incubate for 30 min at room temperature 

(6) Subsequently, the plates were added to the plate reader (Perkin Elmer) where the 

absorbance was recorded at 540 nm. 

NRU reagents preparation: 

 Neutral red solution was obtained by mixing Neutral Red in dye in DMEM 

medium containing 5 % FBS, 4mM glutamine and penicyllin and streptamycin. The 

solution was filtered through 0.2 µm Nylon filters. 

 The lysis solution contained acetic acid / water / ethanol (1: 49 : 50, v/v/v). 
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2.3.4.9 In vitro protocols: Cell viability by Presto blue assay 

 

The Presto blue reagent (resazurin-based solution) was applied according to the 

manufacturer’s protocol, in order to assess the viability of A549 cells exposed to 

chemicals that were used in the metabolomics analysis. The Presto blue reagent was 

added to the wells (1:100) and then, the plate (cells+medium+Presto blue) was 

incubated at 37 0C for 15 minutes. After this period of incubation, the plates were 

added to the plate reader, where fluorescence (Excitation/Emission = 560/590) was 

recorded. 

 

2.3.4.10 In vitro protocols: Cell viability by Lactate dehydrogenase assay 

 

Loss of membrane integrity was assessed by measuring lactate dehydrogenase 

(LDH) released into the cellular medium. The quantity of LDH released in the medium 

was determined using a commercially available kit, Cytotoxicity detection Kit (LDH) 

(Roche Molecular Biochemicals, Lewes, UK) and following the manufacturer’s 

instructions. 

Briefly, cells were cultured on porous membrane inserts and exposed to gaseous 

chemical atmospheres for 1 or 2 h. Following exposure, a new culture media 

containing 1 % FBS was added to the cells and then cells were incubated for 24 hrs. 

Aliquots of culture media and the reagent mixture provided by the kit were mixed in a 

96-well plate followed by 30 minutes incubation at room temperature, in the dark. Stop 

solution was added and the plate was read at 490 nm. 

 

2.3.4.11 In vitro protocols: Inflammation by Cytokine/Chemokines assay 

  

Cell culture supernatants were used to quantify the production of cytokines using a 

MILLIPLEX MAP Kit (HCYTOMAG-60K, Millipore, Billerica, MA), according to the 

manufacturer’s protocol. This approach allowed for the simultaneous measurement of 

the following Human Cytokines/Chemokines: EGF, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-

12(p40), IL-13, IL-15, RANTES, TNFα, VEGF. Briefly, supernatants were centrifuged 

for 10 minutes to remove debris and 25 µl were added to 25 µl of assay buffer. Then, 

25 µl of magnetic beads coated with specific antibodies were added to this solution 

and incubated for 2 hours at RT with shaking. At the end of the incubation, the plate 

was washed twice in buffer and incubated for 1 hour with 25 µl of biotinylated detector 

antibody at room temperature. Then, the plate was incubated for 30 min at RT with 

Streptavidin–Phycoerythrin, washed twice, and incubated with 150 µl of sheath fluid 
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for 5 minutes at RT. The plate was run immediately on a Luminex® 100™/200™ 

platform (Luminex Corporation) with xPONENT 3.1 software. Standard curves for 

each cytokine (in duplicate) were generated by using the reference cytokine 

concentrations supplied. The assay was performed in a 96-well plate, using all the 

assay components provided in the kit. All incubation steps were performed at room 

temperature and in the dark to protect the beads from light. 

 

2.3.4.12 In vitro protocols: Oxidative stress by reactive oxygen species assay 

 

The production of ROS was measured using a cell permeant reagent 2', 7'-

dichlorofluorescein diacetate (DCFH-DA) that can passively enter the cells and be 

deacetylated by cellular esterase to a non-fluorescent compound (DCFH) which can 

later be oxidized by ROS into a highly fluorescent compound, 2’, 7’ –dichlorofluorescin 

(DCF) [406]. 

 

Procedure for ROS measurement 

After the cells were seeded on a dark 96-well microplate and allowed to attach 

overnight, on the day of the experiment, cells are washed once with PBS. 

Subsequently, cell cultures were stained with DCFDA 25 μM for 45 minutes at 37 0C. 

Cells were then washed once with PBS and incubated with 200 μl/well of selected 

chemicals for the desired period of time. The fluorescent plate reader was set at an 

excitation wavelength of 485 nm, and emission wavelength 535 nm. 

 

ROS reagents preparation: 

The stock solution of DCFH-DA (200 mM in DMSO) was prepared and stored at  

-20 0C, protected from light. On the day of experiment, a diluted 10 mM stock solution 

was prepared in complete medium and was used for the preparation of 20 µM DCFH-

DA working solution. 50 µM Tert-butyl hydroperoxide is used as the positive control 

compound. 

 

2.3.4.13 In vitro protocols: Oxidative stress by glutathione species assay  

 

Extraction procedure of GSH, GSSG, GSNO species from human cells 

For the cells exposed to the test chemical solubilized into the culture media, initially 

the supernatant was discarded; then the same steps were applied as for the air-lifted 

exposure conditions, as follows: 
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(i) culture medium was discarded from the cells exposed to the test chemicals 

solubilized into the culture media; (ii) cells were washed twice with cold PBS (200 µL 

for 24-well plate and 300 µL for 6 well plate); (iii) 300 µL or 600 µL of ammonium 

sulfate (25 mM) dissolved in 0.5 % picric acid - prepared in mobile phase - was added 

to the cells (during this step, cells were kept on ice); (iv) After incubation at -18 0C for 

10 minutes, the cellular homogenates were mechanically scraped for approximately 5 

minute and transferred to an Amicon 3K Ultra Millipore filter; (v) the cellular 

suspension was sonicated in icy water for 2 minutes; (vi) then it was centrifuged for 15 

minutes at 4 0C (12.000 g) in order to remove proteins and high molecular weight 

compounds prior to HPLC analysis; (vii) finally, the supernatant was immediately 

transferred to a pre-chilled dark amber vials and injected into the HPLC or stored at -

80 0C for further analysis of GSH, GSSG and GSNO. The pellet (containing proteins) 

was collected from the Amicon 3K Ultra Millipore filter and further quantified by 

Bradford method according to the manufacturer's recommended protocol. 

 

2.4 Data processing and statistical analyses 

 

(i) Dose-response relationships by NRU assay 

Background subtraction was applied for all the measurements, thereafter the obtained 

measurements of the absorbance of NRU assay - the optical densities (ODs) - were 

normalized by dividing the OD of each well to the average OD of the negative control 

(cells untreated). Then the data was further expressed as percentage, according to 

the formula:  

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = �
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑒𝑥𝑝𝑜𝑠𝑒𝑑  𝑐𝑒𝑙𝑙𝑠

𝑚𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 ∗ 100 

Concentration values represented on X-axis were log transformed, thereafter a 

nonlinear regression curve fit (four parameter sigmoidal curve) was plotted versus 

cellular viability values (y axis) using the GraphPad Prism v.5.0. IC50 values are a 

direct output of GraphPad based on the function 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
(𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)

(1 + 10�𝑙𝑜𝑔𝐼𝐶 50−𝑥 ∗𝐻𝑖𝑙𝑙𝑆𝑙𝑜𝑝𝑒 ))
 

while LOEC was calculated for each cell line by running ANOVA-Dunnett’s multiple 

comparison post-test. Differences were considered to be statistically significant when 

p values were less than 0.05. 
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(ii) Metabolomics analysis  

Data input and handling: An experimental design table was created for each of the 6 

batches of analysis. To each batch was associated a .csv file containing the following 

information on the analysis sequence: sample name (QC, blank, sample), sample 

code, file name (unique name in a sequence), treatment (C, L H), sample type 

(supernatant medium or cell extract). Raw data files were converted into Network 

CommonData Form (NetCDF) format using the "File Converter" tool of XCalibur 

software and placed on a server ready for data processing. 

Data processing: LC-MS data processing was performed using the open-source 

XCMS software package (http://masspec.scripps.edu/xcms/xcms.php) (version 1.14.1 

running under R version 2.8.1) that uses several algorithms written in R language. An 

R package, so-called "MCG" was developed in-house. The MCG package facilitates 

the systematic data processing of LC-MS data through a systematic workflow. MCG 

extracts, nonlinearly aligned retention time and accurate mass of LC-MS produced 

peaks, in a time range of 2-16 min. The basic output of the MCG programme consists 

of a table of intensities for detected peaks in each sample with peaks labelled by m/z 

and rt values (where m/z is the mass-to-charge ratio and rt the retention time in s). 

Data pre-processing: The first step was to filter and detect the peaks. In this step, the 

ion chromatograms were extracted and the "matched filter" algorithm [407, 408] was 

applied. The peak detection algorithm is based on cutting the LC-MS data into slices, 

a fraction of a mass unit wide, and then operating on those individual slices in the 

chromatographic time domain. Extraction was performed using parameters of the 

extraction method as follows: rtcut = c(2,15)*60, profmethod = "bin", fwhm = 30, max 

= 10, snthresh = 6, step = 0.01, steps = 2, mzdiff = 0.025. 

After detecting peaks in individual samples, the peaks were matched across samples 

to allow calculation of retention time deviations and relative ion intensity comparison. 

This is accomplished using the density algorithm for chromatographic data. Optimized 

settings were: mzppm = 10, mzabs = 0, minsamp = 1, minfrac = 0.5, bw = 5, minfrac = 

0.7, minsamp = 2, mzwid = 0.013, mzVsRTbalance = 10, mzCheck = 0.2, rtCheck = 

15, kNN = 10. For the function Groupval, parameters were as follows: GMeth = 

c("medret","maxint"), GVal  = "into", GInt  = "into", DiffClass = "AllBinaries", 

KEGGComplete = 0, UseDiff = c(p = 0.01, fc = 5, camera = 0.05). 

These groups were then used to identify and correct drifts in retention time from run to 

run. Chromatograms were aligned using the "Obiwarp" algorithm [409]. For every 

group, the median retention time and the deviation from median for every sample in 

that group was calculated. The method parameters were as follows: GroupBW = 1, 

http://masspec.scripps.edu/xcms/xcms.php
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NumPass = 1, missing = 1, smooth = "loess", extra = 1, span = 0.2, profStep = 1,   

response = 1, factorDiag = 2, factorGap = 1, localAlignment = 0, initPenalty = 0. 

Missing peaks can occur because they could be missed during the peak detection 

step or because an analyte was not present in a sample. An additional step, so-called 

fill peak, was used. To account for the missing peak data, a mathematical function is 

used to approximate the difference between deviations and interpolate in sections 

where no peak groups are present. 

Normalization was applied to correct for changes in the sensitivity of the detector 

across the analytical sequence or changes in the sample concentration [410]. In the 

case of cell culture medium, the data matrix obtained from XCMS was then 

normalized to a common MS total useful signal (MSTUS): i.e. the sum of the areas of 

the peaks that are found in all the chromatographic runs in the set. This method 

forces all samples in a set of experiments to have equal total intensity. 

In the case of cell extracts, normalization of the signal was performed using the 

Probabilistic Quotient Normalization method "PQ". It is based on the calculation of a 

most probable dilution factor by looking at the distribution of the quotients of the 

amplitudes of a test spectrum by those of a reference spectrum. 

A peak intensity table (m/z, rt, intensities) was generated for each of the 6 batches of 

analysis and submitted to statistical treatment. 

Statistical data analysis for metabolomics: A statistical data analysis was performed to 

identify differentially regulated metabolites in the whole experiment in pairwise 

comparisons of high (H) and low (L) exposure doses vs control (C) for each of the 6 

biological replicates. 

In order to identify differentially regulated features, a paired t-test was used for 

comparison of treated cell lines (L, H) against untreated cells (C). The programme 

calculated a fold change and carried out the test between samples from two 

nominated groups (H or L vs C) and ranked the m/z, rt values in order of the t-statistic 

(or p value). The features that failed to have an adjusted p-value < 0.05 for the test 

were rejected.  

A fold change was calculated between experiment groups (H or L vs C) for each 

feature. The fold-changes (FC) were computed from the average values across 

biological replicates. This method assessed formally whether the true differential 

expression is greater than a predefined FC criterion (threshold = 2). Metabolites are 

considered to be differentially expressed if they show a fold-change of at least 2 (up- 

or down-regulated) and also satisfy p < 0.05. 

Further peak redundancy removal (de-isotoping and de-adduction) was carried out by 

auto-correlating intensity feature values across quality control samples into the pc 
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group windows calculated by the CAMERA open source package, identifying adducts 

and isotopes occurring from the parent molecular ions. 

Data from the 6 independent analysis batches (corresponding to the 3 biological 

replicates) were combined for processing. The m/z features retained after statistical 

analysis were then submitted to database search for annotations. 

Mass-based metabolite identification: METLIN and the Human Metabolite DataBase 

(HMDB, http://www.hmdb.ca) were used for mass-based metabolite identification. 

METLIN is a web based database developed by the Scripps Research Institute to 

facilitate the identification of metabolites using accurate mass data. It includes an 

annotated list of structural information for known metabolites. HMDB focuses on 

metabolites found in human body fluid. These databases have links to other public 

databases such as the Kyoto Encyclopedia of Genes and Genomes (KEGG). 

Public database annotations were performed of the processed datasets with putative 

metabolites matching these queries. A local copy of the HMDB data base was used 

for the query for speed reasons, whereas the standard KEGG API (KEGGSOAP 

package) was used to query the METLIN online database. Annotations were carried 

out by matching the measured accurate masses ± 0.01 amu with theoretical ones. 

 

(iii) Cytokines/chemokines analysis 

Background controls were substracted from all fluorescence values obtained after 

measurement. Cytokine/chemokines concentrations in sample were determined with 

a 5-parameter logistic curve. Final concentrations were calculated from the mean 

fluorescence intensity and expressed in pg mL-1. 

 

(iv) Intracellular glutathione analysis 

The peak area of the glutathione standards are plotted (concentration vs. area) on a 

regression linear curve that is fitting through these points. The peak area of the 

glutathione biological samples was normalised based on the protein content of each 

biological sample. Thereafter, the concentrations of the unknown samples are 

determined from the standard fit and any specified dilution factors are applied.

http://www.hmdb.ca/
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3. RESULTS AN D  D ISCUS SION  

 

This chapter focuses on the in vitro biological effects obtained from individual and 

mixtures of chemicals: d-limonene, ozone, and their reaction products 4-OPA, IPOH, 

4-AMCH, tested on human pulmonary cell lines (bronchial-16HBE14o-, alveolar-A549 

and macrophages-THP-1) and human blood. In order to provide accurate biological 

outcomes, various chemical and biological methods/techniques were developed or 

optimized. 

 

3.1 Development/optimisation of chemical and biological methods 

 

In order to reach the thesis objectives, both chemical and biological methods were 

developed and/or optimized, as listed below: 

 

- Analytical methods (TD-GC-MSD and GC-FID) were optimized for the analysis of 

the test compounds in air and cellular medium with high resolution and high precision 

(RSD < 8 %); 

- Analytical method (HPLC-UV) was optimized for the quantification of three 

intracellular glutathione species (RSD < 5 %) applied to evaluate the oxidative stress 

in human pulmonary cells exposed to selected compounds; 

- In vitro exposure CULTEX device was adapted to study the biological effects of 4-

OPA, IPOH, 4-AMCH as mixtures in presence/absence of ozone and d-limonene in 

presence/absence of ozone on human pulmonary cell lines (e.g. exposure time, 

relative humidity etc.); 

- The seeding procedure of human cell culture was optimised for both liquid/liquid and 

air/liquid exposure conditions taking into consideration parameters such as well 

surface, type of cell, incubation time etc.; 

- Sensitive and reproducible biological methods were optimised for the analysis of cell 

death and determination of inflammatory response in human blood. 
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3.1.1 Determination of secondary reaction products 4-OPA, 4-AMCH, IPOH in cell 

culture medium (GC-FID) and gas atmospheres (GC-MS) 

 

3.1.1.1 Determination of stability of secondary reaction products 4-OPA, 4-AMCH, 

IPOH solubilized into the culture medium (GC-FID) 

 

Outcomes from the compounds solubilized in culture medium containing 10% fetal 

bovine serum (FBS) showed different stability between chemical compounds over 

time, as indicated in Figure 28. 

The 4-OPA is the least stable compound, showing a significant degradation, more 

than 50 % ± 2.9 after 24 hours, followed by IPOH which shows a significant 

degradation, around 50 % ± 5.58, after 24 hours. 

The 4-AMCH compound is the more stable compound showing no degradation during 

the whole incubation with the culture medium (24 hours). 

On the other hand, outcomes from analysis where the compounds were solubilized 

into the culture medium containing only 1 % FBS, showed that 4-OPA is slightly 

degradated, around 6 % ± 0.16 after 24 hours, while both IPOH and 4-AMCH are the 

more stable compounds showing no degradation after 24 hours. Under these 

conditions (e.g. where to the culture medium was added 1 % FBS) the kinetic 

analytical measurements covering the intervals of time exposure 0, 1, 2, 3 and 24 

hours confirmed the stability of each tested compounds involved in the toxicological 

studies on human lung cells.
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Figure 28 Stability analysis of 4-OPA, 4-AMCH and IPOH solubilized in culture medium at various concentration of Fetal Bovine Serum 

(FBS) carried out by GC-FID over time (0, 1, 2, 3, 24 hours) (n=3 ± STD)
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In the comparison of the results obtained when varying the concentration of FBS in the 

culture medium, it can be seen that, in particular, the concentration of measured 4-OPA in 

10 % FBS is about 16-fold lower than the concentration of tested compounds prepared in 

1 % FBS, measured after 24 hours incubation. The higher concentration of serum (e.g. 10 

% FBS) added as cellular nutrient in the cell culture medium influenced the stability of the 

chemicals 24 hours after their preparation in culture medium, especially for 4-OPA and 

IPOH. The degradation that occurs under high serum conditions might be explained by the 

interaction of the aldehyde compounds and the residual NH2-groups of the FBS leading to 

the formation of a Schiff base. 

Additional tests (e.g. Presto blue assay) on cell culture growth under the selected culture 

medium conditions (1 % FBS) showed that the reduction of FBS did not influence the 

metabolism activity of the cells. Therefore, in order to keep the concentrations of 4-OPA, 

IPOH, 4-AMCH as stable as possible during the selected exposure times of human 

pulmonary cells to the compounds, the concentration of FBS added to culture medium 

was reduced from 10 % to 1 %. 

 

3.1.1.2 Determination of 4-OPA, 4-AMCH, IPOH in gas atmospheres prepared as a 

mixture in Tedlar bags 

 

The potential cytotoxic effects of the selected chemicals 4-OPA, IPOH, 4-AMCH derived 

from the gas phase reaction of d-limonene with ozone were investigated on human 

pulmonary cell lines by the use of an air/liquid exposure system. Considering that humans 

are exposed to mixtures, rather than individual chemicals, an atmosphere mixture of the 

selected d-limonene ozonolysis products was thus considered. 

In order to simulate a real world setting, the chemicals were mixed in Tedlar bags in a ratio 

of 13 % (4-OPA): 1 % (4-AMCH): 86 % (IPOH), that reflect those found in an exposure 

scenario identified in specific settings (e.g. after using an indoor cleaning kitchen product) 

[168]. Moreover, the mixture of these chemicals was tested both in presence and in the 

absence of ozone. 

An estimation of the total mass of each chemical potentially inhaled by an adult (approx. 

70 kg) was made by assuming a breathing volume of 20 m3/day [170] multiplied by the 

concentration of each chemicals measured in a real environment (e.g. 50 µg for 4-OPA; 4 

µg for 4-AMCH, 340 µg for IPOH). 

Thereafter, the human lung cells exposure to the gas mixture of 4-OPA, IPOH, 4-AMCH 

directly at the air/liquid interface was made possible by adapting the in vitro CULTEX 

system to two Tedlar bags: one filled with the chemical mixture and the other one filled 

with Zero air (called also Clean air). 
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3.1.1.3 Results obtained after clean-up procedure of TBs 

 

The clean-up procedure applied to Tedlar bags was monitored by pumped sampling of 

inner air with Tenax TA sorbent tubes followed by thermal desorption-gas chromatography 

and mass selective detection, as described in the Materials and Methods chapter. 

Preliminary in vitro exposure experiments with TBs that were not previously cleaned were 

carried out. Based on the biological outcomes, both contaminants phenol and DMA 

present in TBs showed a significant role in the pulmonary cells survival. Both bronchial 

(16HBE14o-) and alveolar (A549) cells were exposed to Zero Air that was refilled in new 

TBs (without being previously cleaned). After 1 hour exposure, loss of cell viability 

measured in bronchial cells was determined as being around 25 %, while after 2 hours 

exposure, more than 40 %. Similar results were observed for alveolar cells after 1 hour 

and 2 hours exposure (e.g. more than 20 % of cells and 30 %, respectively). 

After repeated cleaning cycles of TBs, the abundance of both phenol and N, N-

dimethylacetamide (DMA) was drastically reduced. By applying these repeated cleaning 

cycles, the tedlar bags were considered appropriate to further be used in the in vitro 

exposure experiments since these conditions did not alter the cellular viability of both 

types of cell lines (bronchial and alveolar). See chromatograms below: 
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Figure 29 Chromatogram of a 5-cycles cleaned Tedlar bag still containing DMA (retention 

time=14) and phenol (retention time=16) 

 

 

Figure 30 Chromatogram of a 10-cycles cleaned Tedlar bag 

 

The findings regarding the presence of both phenol and DMA are consistent with findings 

reported in several papers [376, 377]. Tedlar bags (polyvinyl fluoride) are known to include 

the above mentioned odorous compounds, latent solvents used in the production of Tedlar 

film, which have been reported by Ruth et al. at a maximum concentration of 7200 µg m-3 

and 1200 µg m-3 respectively [411]. 



Results and Discussion 
 

87 

3.1.1.4 Results on the performance of the analytical method for the determination of 4-

OPA, 4-AMCH, IPOH in gas atmospheres 

 

The method applied for this case was obtained by slightly adapting the ISO method (ISO 

16000-6:2004) based for the identification of VOCs (e.g. limonene, toluene) that did not 

include the specific compounds 4-OPA, IPOH and 4-AMCH. 

Due to the high final concentration of chemicals generated in the TBs, the samples were 

analysed with Thermal desorption, Gas chromatography, splitted injection and Mass 

Selective Detection (TD-GC-MSD). Under such conditions, as described in the Materials 

and Methods chapter, chemical compounds such as d-limonene, 4-oxopentanal, toluene, 

4-acetyl-1-methylcyclohexene, 3-isopropenyl-6-oxo-heptanal etc. were separated within 

36 minutes. 

 

 

Figure 31 Chromatogram obtained within TD-GC-MSD method for the determination of 4-

OPA, IPOH, 4-AMCH among other volatile organic compounds as follows: 1. Toluene 

(retention time = 13.29), 2. 4-OPA (retention time = 17.8), 3. 6-MHO (retention time = 23), 

4. d-Limonene (retention time = 24.13), 5. Dimetyloctane (retention time = 24.97), 6. 4-

AMCH (retention time = 26.15), 7. Dihydrocarbon (DHC) (retention time = 27.14), 8. IPOH 

(retention time = 28.2) 

 

Selection of the most appropriate column for the GC separation of the target compounds 

was made according to the suggested columns on the different ISO standards (e.g. ISO 

16200- 1:2001 – Workplace air quality, and 16017-1:2000 – Indoor, Ambient and 

Workplace air) regarding the GC analysis of VOCs. In this sense, the ISO standards 
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suggest the use of HP5, HP1 or DB624, adapting the most suitable column to the specific 

set of compounds. 

Considering the relatively high polarity of our compounds, either HP5 or DB624 seemed to 

be the most appropriate ones for the separation. However, DB624 column has the 

disadvantage of a lower high operating temperature, thus the high temperatures required 

for the elution of some of the compounds would damage the column in continued use and 

was thus discarded. 

Both limits of detection (LODs) and limits of quantification (LOQs) of the method were 

determined by spiking 6 Tenax-TA tubes with different volumes of standard solutions 

containing 1 and 0.1 ng µL-1. The selection of the sorbent material (a phenylenoxid-

polymer that has a good affinity for organic compounds and is thermally stable) is based 

on the ISO 16017-1:2000 standard. Afterwards, the tube samples were subjected to GC-

MS analysis. Triplicate determinations were carried out on each investigated compound. 

The LODs and LOQs for the selected d-limonene ozonolysis products are calculated as an 

absolute value (e.g. ng) and are presented in the table below. 

 

Table 9 Determination of the limit of detection (LOD) and quantification (LOQ) of 4-OPA, 

IPOH, 4-AMCH 

 

LOD ng at Signal/Noise = 3 LOQ ng at Signal/Noise = 10 

ng 

4-OPA 4-AMCH IPOH 4-OPA 4-AMCH IPOH 

7.2 1.6 5.3 24.0 5.2 17.8 

 

3.1.1.5 Results regarding the target concentration of the chemical mixture and ozone 

prepared in Tedlar bags 

 

To calculate the total target amount of chemicals as gas phase in Tedlar bags, two factors 

were considered:  

- The vapour pressure of the most concentrated compound in the mixture, IPOH and 

- The possible sink effects of compounds inside the Tedlar bags, including the liquid-

vapour equilibrium. 

After calculations and preliminary practical evaluation, the following absolute amounts of 

chemicals were set as target concentrations to be available as mg/40 L in the Tedlar bags 

for the in vitro exposure: 0,27 mg/40 L of 4-OPA; 0,03 mg/40 L of 4-AMCH and 1,91 

mg/40 L of IPOH. 
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The gas mixture of 4-OPA + IPOH + 4-AMCH in absence of ozone showed stability during 

the whole in vitro exposure period (up to 2 hours) since the concentration of the targeted 

compounds quantified by GC-MS was the same before and after the in vitro experiment. 

When ozone was added to the gas mixture, no other secondary products were observed 

to be formed when using the GC-MS method. 

The stability test of the mixture prepared as gas phase was carried out in triplicate for 

each exposure experiment. 

 

3.1.2 Development and optimisation of the HPLC-UV method for the detection and 

quantification of intracellular glutathione species 

 

(i) Optimisation of the HPLC mobile phase used to separate GSH, GSSG and GSNO 

A fractional factorial design was considered for the optimisation of the mobile phase 

composition used in the chromatographic separation of GSH, GSSG and GSNO. A set of 

sixteen combinations of the four selected mobile phase compounds (water, acetonitrile, 

trifluoroacetic acid and sodium perchlorate) was carefully chosen to be tested in a 

practical way according to the ranges specified in Table 10. The mobile phases to be 

tested were selected to ensure a representative model of all the possible combinations of 

their four main constituents: water, acetonitrile, trifluoroacetic acid and sodium perchlorate 

(e.g. 1st combination tested was consisting in water (80 %) : acetonitrile (20 %) : 

trifluoroacetic acid (0 %) : sodium perchlorate (0 mg mL-1). 

 

Table 10 Tested mobile phase composition consisting in water, acetonitrile, trifluoroacetic 

acid and sodium perchlorate 

Mobile phase compositions tested 

H2O (%) 80 90 95 100 

Acetonitrile (%) 20 10 5 0 

TFA (%) / Sodium perchlorate (mg 

mL
-1

) 

 

0 / 0 0 / 0 0 / 0 0 / 0 

0.05 / 6 0.05 / 6 0.05 / 6 0.05 / 6 

0.1 / 12 0.1 / 12 0.1 / 12 0.1 / 12 

0.15 / 18 0.15 / 18 0.15 / 18 0.15 / 18 
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Effects of the water percentage on peak resolution 

The dependence of the resolution between the peaks corresponding to GSH, GSSG and 

GSNO on the composition of the mobile phase was evaluated by both partial least 

squares regression and multiple linear regression analysis. Subsequently, it was possible 

to determine the optimum mobile phase that provided baseline separated peaks (that is R 

> 1.5) for all three species in the shortest analysis time (see Figure 32). The mobile phase 

containing higher water/acetonitrile ratios in the mobile phase resulted in considerably 

longer analysis times and was thus discarded. 
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Figure 32 Effect of the mobile phase composition on the chromatographic resolution of 

reduced, oxidised and nitroso- glutathione forms. Numbers indicated on the x axis 

correspond to the composition of eluent presented in the Table 10 (n = 4) 

 

Effects of the addition of trifluoroacetic acid to the mobile phase 

The addition of a defined amount of TFA to the mobile phase ensured complete 

protonation of the molecules under investigation and thus symmetric peak shape. An 

increase in this amount resulted in a poorer reproducibility of the results which was 

probably due to a poor performance of the chromatographic phase under such acidic 

conditions. Other acids (e.g. phosphoric or sulfuric) were also evaluated, and showed a 

similar performance. However, given that TFA was already tested during cell lysis, it was 

considered as the optimum acid in order to avoid introducing an additional variation into 

the method that could cause interferences with the sample matrix. 
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Effects of sodium perchlorate on GSSG stability 

Degradation of GSSG was observed to be negligible during the chromatographic run if at 

least 12 mg mL-1 of sodium perchlorate were added into the mobile phase containing 

water/acetonitrile (95/5, v/v) and 0.1 % trifluoroacetic acid (see Figure 33). 

 

 

Figure 33 Percentage degradation of GSSG calculated based on sodium perchlorate 

amount added to the mobile phase (n=3) 

 

(ii) Column effectiveness 

Column selection was based on the solubility and structure of the group of analytes tested 

(see Table 11). 
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Table 11 Chemical characteristics of glutathione molecule 

Name Structure Acidic dissociation constant Log P 

pKa (most 

acidic) 

pKa (most basic) 

GSH 

 

2.12 9.65 -3.6 

GSSG 

 

2 9.61 -4.9 

GSNO 

 

2.21 9.28 -2.97 

 

The degree of separation achieved with the selected C18 column was also investigated 

with two other types of reversed phase C18 columns in order to select the most suitable 

column for the separation of the three glutathione species. 

Columns evaluation was conducted with the aim to identify the best column with which a 

good separation between selected molecules (resolution), a short time eluting peaks and a 

good peak shape can be achieved. For this test analysis, columns were selected on the 

basis of a slight modification in the stationary phase; exploiting the more polar oriented 

stationary phase, such as the Kinetex, Synergy Fusion column resulted in a confirmation 

that no overlap with other peaks took place during the optimal separation with the C18 

YMC column.  

Chromatogram runs obtained for these purposes are reported in Figure 34. 
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Figure 34 Separation of the three glutathione forms on the above mentioned columns 

using glutathione standards: 1. Reduced glutathione; 2. Oxidized glutathione; 3. S-nitroso-

glutathione 

The YMC ODS-A column was selected as optimum since a shortest analysis time was 

achieved within 6 minutes, a better peak shape (no peak tailing) of GSSG standard was 

obtained when compared to the Kinetex column and no overlapping of glutathione species 

with matrix components was observed when biological samples were analysed. A 

representative overlay chromatogram of the selected standard glutathiones and 

intracellular glutathione species determined in A549 cells exposed to NO2 is shown in 

Figure 35. 

 

 
Figure 35 Chromatograms (overlay) obtained under optimum conditions with the YMC 

ODS-A column representing a mixture of GSH, GSSG and GSNO standards and the 

intracellular glutathione species determined in A549 exposed to NO2 
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The presence/absence of ghost peaks or peaks hidden under the main peaks (GSH, 

GSSG and GSNO) that might appear due to biological samples, (in this case, from the 

cellular extract of human cells) was investigated by an additional method. The cell extracts 

were spiked with different concentrations of the selected glutathione standards, as follows: 

for GSH, 0.25; 0.5; 0.75; 1; 1.25 mM; for GSSG, 0.125; 0.25; 0.325; 0.5; 0.625 mM; and 

for GSNO, 0.167; 0.333; 0.5; 0.667 mM. 

Determination of GSH, GSSG and GSNO under basal conditions (cells that were not 

treated) from 6 biological replicates, using various number of cells (e.g. 100 000; 290 000; 

435 000) was used as reference. Then the same number of cells was spiked with the 

various concentrations oft he glutathione standards mentioned above. In the figure below 

(e.g. determination of reduced glutathione – GSH in both biological samples (100 000 

cells) spiked with GSH standard and GSH standard alone), the results show that there is a 

correspondence (linearity) between the biological samples spiked with glutathione 

standards and the glutathione standards injected alone, with R=0.995 (for spiked samples) 

and R=0.997 (for standard). The same approach was applied for the determination of 

GSSG and GSNO in spiked samples. A good linearity between the spiked samples and 

standards (R=0.997 and R=0.996 for spiked samples and GSSG standard, respectively; 

R=0.995, and R=0.998 for spiked samples and GSNO standard, respectively) was 

observed, which confirms the absence of other peaks hidden under the molecules of 

interest: GSH, GSSG and GSNO. 

 

Figure 36 Comparison of reduced glutathione (GSH) at various concentrations 

determined in spiked biological samples and GSH standard solutions 
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(iii) Evaluation of the HPLC-UV method performance 

For the in-house validation of this HPLC-UV method, parameters such as limit of 

detection, limit of quantification, reproducibility and repeatability were evaluated. 

 

Sensitivity detection and quantification limits 

With the given mobile phase, the  sensitivity, detection and quantification limits for GSH, 

GSSG and GSNO (standard solutions) were calculated based on the calibration curves 

generated for each individual analyte (see Table 12). Calibration curve correlation 

coefficients (R2) of 0.998, 0.997 and 0.997 for reduced, oxidized and S-nitroso- glutathione 

respectively were obtained (see Figure 37). 

 

 

 

Figure 37 Calibration curves of the three glutathione species (reduced – GSH, oxidised – 

GSSG, and nitroso – GSNO) where concentrations were plotted against the area units of 

the peaks within HPLC-UV chromatogram (n = 3 ± SD) 
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Table 12 Detection, quantification limits and sensitivity obtained for GSH, GSSG, GSNO 

within the proposed method 

 
Detection limit 

[µM] 

Quantification limit 

[µM] 

Sensitivity 

[µM] 

GSH  0.16 0.54 0.02 

GSSG  0.08 0.26 0.01 

GSNO  0.02 0.05 0.002 

 

Repeatability and reproducibility 

The repeatability of the method (evaluated by the RSD) was assessed from four 

concentrations of each of the glutathione species and its four replicates. The RSD values 

for GSH, GSSG and GSNO ranged from 0.05 to 0.16 %; 0.01 to 0.6 % and 0.02 to 0.09 %.  

Long term reproducibility of the method (2 months) was assessed by the RSD from four 

different concentrations of freshly prepared standard solutions. The RSD was < 5% for all 

three glutathione species (0.9–2.7 % for GSH; 0.4-2.9 % for GSSG and 0.2-1.4 % for 

GSNO). 

 

Recovery tests 

Glutathione recovery was determined by spiking 6 biological replicates of A549 cells with 

two different concentrations of the standard solutions (GSH, GSSG and GSNO). Following 

the extraction procedure mentioned in the Materials and Methods section, the cellular 

extracts were injected immediately in HPLC. The percentage recovery of the present study 

ranged from 98.7 % to 100.1 %. 

 

Storage of standard solutions 

Standards stored at 4 ºC showed stability for up to 3 days (7 % RSD) and for up to 2 

months at -80 °C (5 % RSD). 

 

A key objective of the present study was to develop and optimise an analytical method 

based on liquid chromatography coupled with a UV detector to simultaneously identify and 

quantify GSH, GSSG and GSNO in human epithelial cells. In this respect, a fast and 

reproducible method, based on liquid chromatography, coupled to UV detection, was 

developed and optimised in order to identify and quantify free glutathione species (GSH, 

GSSG, and GSNO) produced in human cells. The developed method has the advantage 

of allowing the direct and simultaneous determination of the three most abundant 

glutathione species in cells, avoiding time-consuming, tedious derivatization steps as 
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commonly described in the literature [412, 413]. Within this method, intracellular 

glutathione species were possible to be determined in different experimental set-ups, such 

as a low number of biological samples (≈104 cells) and different cell exposure techniques 

(e.g. direct injection of the chemicals into the culture medium and direct exposure of the 

cells to the chemicals as a gas atmosphere). This aspect has significant implications in the 

biological field because it gives the researcher the freedom to choose the best 

experimental plate design for toxicological studies, without being limited to use a certain 

number of cells (≈106) as requested by some commercial kits. In comparison with the LC-

ES/MS method applied to quantify the three glutathione species (GSH, GSSG, GSNO) 

content in plants [414] the HPLC-UV method appears to be faster, in terms of both time of 

analysis and time required for sample preparation. 

 

3.1.3 Optimisation of extraction procedure of intracellular glutathione species from human 

cell lines 

 

As previously published, metal chelators are able to stop enzymatic activities and to 

prevent the oxidation process of reduced glutathione [415, 416]. Therefore, in order to 

solve both deproteinization and to prevent oxidation of glutathione, effects of various acids 

were tested for the extraction of intracellular GSH, GSSG and GSNO from the A549 cell 

line. This was based on the use of acids, low temperatures and four especially designed 

lysis buffers: 1) Lysis no.1: Cells were incubated at room temperature with 300 µL of 

Mammalian Protein Extraction Reagent (M-PER) lysis buffer; 2) Lysis no.2: Cells were 

incubated at -18 ºC with 300 µL of a 5 % trifluoroacetic acid aqueous solution and 

scrapped using a rubber policeman; 3) Lysis no.3: Cells were incubated at -18 ºC with 300 

µL of a 5 % metaphosphoric acid aqueous solution and scrapped; 4) Lysis no.4: Cells 

were incubated at -18 ºC with 300 µL of a 0.5 % aqueous picric acid solution and 

scrapped. 

On the other hand, it has been demonstrated that in acidic conditions, artifactual formation 

of GSNO may appear due to the chemical interaction between GSH and nitrite. As 

demonstrated by Yap et al., treatment of the biological samples with ammonium sulfamate 

or N-ethylmaleimide resulted in an accurate assessment of GSNO content. Therefore, in 

order to accurately determine the GSNO content in the cells, nitrite neutralisation under 

acidic conditions was considered in our work by adding ammonium sulfate to the acidic 

solution (0.5 % picric acid) prepared to obtain the cellular extract [417]. 

After the incubation step (5 minutes), the homogenates were transferred to an Amicon 3K 

Ultra Millipore filter and centrifuged at 12.000 g for 15 minutes in order to remove proteins 
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prior to HPLC analysis. Finally, the supernatant was directly injected into the HPLC 

system for the analysis of GSH, GSSG and GSNO. 

 

Table 13 The amount of GSH extracted from the alveolar and bronchial epithelial cells by 

using each of the above described procedures for the lysis of the cells. 

Lysis procedure A549 cells 

GSH [µM] 

16HBE14o- cells 

GSH [µM] 

MPER lysis buffer, room temperature 2.8 ± 1.1 4.0 ± 1.8 

5 % TFA, -18 ºC 1.7 ± 0.5 2.2 ± 0.61 

5 % MPA, -18 ºC 0.9 ± 0.52 1.6 ± 0.77 

0.5 % picric acid, -18 ºC 10.3 ± 0.2 15.3 ± 0.38 

 
As can be observed, the lysate providing the highest intracellular GSH extraction is that of 

picric acid, which was thus selected for further analysis of intracellular GSH, GSSG and 

GSNO in cells exposed to different test compounds. 

 

3.1.4 Optimisation of cellular density on different seeding surfaces (24, 96-well plates and 

transwell porous membrane inserts) 

 

3.1.4.1 Optimisation of the in vitro cell cultures seeded on 24-, 96-well plates 

 

Preliminary tests were conducted to find the optimal cell density in 24 and 96-well plates 

after 24 hours incubation time since the number of cells and exposure time can 

significantly influence the outcome of the colorimetric assay (false high or false low cell 

counts). Therefore, both cell lines (A549 and 16HBE14o-) were seeded in the range of 

50.000 to 250.000 cells per well tested for 24-well plate and 3.000 to 100.000 cells per 

well for 96-well plate. Neutral red uptake was selected to evaluate the survival/viability of 

the cells. 

The optimal cell number was selected based on the linearity range of the cell number and 

absorbance values (see Figure 38 for results obtained in 96-well plate and Figure 39 for 

24-well plate). 
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Figure 38 Linearity range for A549 and 16HBE14o- cell numbers and the Neutral red 

uptake absorbance level obtained for 3 independent experiments with 3 replicates each 

(R2 ≥ 0.978) 

 

  
Figure 39 Linearity range for A549 and 16HBE14o- cell numbers and the Neutral red 

uptake absorbance level obtained for 3 independent experiments with 3 replicates each 

(R2 ≥ 0.988) 

 

3.1.4.2 Optimisation of the in vitro cell cultures seeded on transwell porous membrane 

inserts 

 

For the air/liquid interface exposure experiments, cells were seeded onto porous transwell 

membrane (A549 cells: 3 x 105 cells / insert; THP-1 cells 1 x 106 cells / insert; 16HBE14o- 

5 x 105 cells/insert) with a pore diameter of 0.4 m (Falcon, PET membrane) and were 

directly exposed to gas atmospheres by the use of an air-lifted CULTEX exposure system 

in which the cells were fumigated for 1 and 2 hours with a flow of selected gas 

atmospheres.  
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The whole procedure regarding the cell culture preparation on permeable microporous 

membranes was reviewed [418] and optimized (e.g. optimal density).  

For example, a range of seeding A549 cell density (32 x 103 cells cm-2 to 1.0 x 105 cells 

cm-2) was selected to identify the optimum growth onto 0.4 um porous membranes with a 

growth area of 4.27 cm2. Thus, the appropriate cell number, which reached a 70-80 % 

confluence, was further selected based on the observation made by the use of a light 

microscope (see Figure 40). The same approach was studied also for the other cell lines 

mentioned above. 

A.  B.  C.  

Figure 40 Illustration of the different cell densities of plated A549 cells. A. Cell density 32 

x 103 cells cm-2 B. Cell density 7.0 x 104 cells cm-2 C. Cell density 1.0 x 105 cells cm-2 

Microscope observation revealed that a better homogenous monolayer was achieved 

when transwell porous membranes were pre-incubated for 2 hours prior to seeding with 

complete medium (bottom = 2.5 ml, top = 0.5 ml). At the moment of cells seeding, the 

culture medium was removed only from the top and substituted with 1.5 ml of fresh culture 

media containing the cell suspension at the density mentioned above. 

 

3.1.5 Evaluation of the performance of an automated cell counting pipette versus 

traditional cell counting (Trypan blue) 

 

As commonly used methods used to investigate the status of cellular viability such as 

Trypan blue are often tedious and time consuming, the objective of this work was to 

assess the performance of the automatic counting pipette compared to the traditional 

counting dye exclusion method. The ability of the handy Scepter 2.0 automated 

microcoulter pipette to count dead, viable and total cells was tested by comparison of the 

results with those achieved by hemocytometer measurements based on Trypan blue dye. 

This evaluation was carried out for two human cell lines (A549 and 16HBE14o-). 

One of the major challenges in this regard was to hand-pick the sensor tip specific for 

these cells. An initial screening was applied in order to determine which was the most 

suitable sensing tip for counting the bronchial cell lines 16HBE14o- (see Figure 41). 
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Therefore, three different cell suspensions were counted using both sensors and Trypan 

blue for both cell lines. 

 

Figure 41 Viable cells counting of 16HBE14o- using Scepter 2.0 and both sensing tips of 

40 and 60 m 

 

According to the results, the 60 µm sensing tip seems to be the most appropriate for cell 

counting in both cell lines, as it provides similar results to those obtained with Trypan blue 

exclusion assay. Using the 40 µm sensor, on the other hand, leads into a slight 

underestimation of total cell count, and was thus discarded. 

The results of the measurements obtained for total cell count of both cell lines in the 

different cultures, after 24 hours of treatment with 1 % dimethyl sulfoxide (DMSO), are 

summarized in Table 14. 

Dilution solutions for A549 cells were prepared with a dilution factor of 1.3 (dilution 1), 1.5 

(dilution 2) and 2 (dilution 3), while for 16HBE14o- cells the dilution factors were 2, 1.3, 2.5 

respectively. 
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Table 14 Total cell counts obtained for A549 and 16HBE14o- by Trypan blue and Scepter 

measurement (n = 3). 

 A549 cell line 16HBE14o- cell line 

Cell 

culture 

samples 

Trypan 

blue  

cells mL
-1

 

Scepter 2.0 

cells mL
-1

 

Tip 40 µm 

Scepter 2.0 

cells mL
-1

 

Tip 60 µm 

Trypan 

blue  

cells mL
-1

 

Scepter 2.0  

cells mL
-1

 

Tip 40 µm 

Scepter 2.0  

cells mL
-1

 

Tip 60 µm 

Initial 

solution 

424 110  416 030 401 380  401360 

Dilution 1 309 040 240 540 306 110 214 440 159 310 191 340 

Dilution 2 229 200  221 230 158 600  148 060 

Dilution 3 115 220 100 160 102 510 61 200 76 550 55 830 

 
Table 15 Evaluation of the coefficient variation of both selected methods for total cell 

counting 16HBE14o- (cells mL-1= NOperator*103, n = 12) executed by well-trained 

operators 

Trypan blue Scepter pipette 

N NOperator1 NOperator2 NOperator1 NOperator2 

1 237.8 129.5 197.5 197.4 

2 211.2 231.4 196.5 205.5 

3 239.7 234.6 201.5 211.6 

4 231.7 229.8 200.7 186.4 

5 202.3 217.4 200.1 157.2 

6 214.2 183.7 201.4 221.5 

Mean 213.6 198.1 

Stdev 31.234 15.466 

RSD 14.62% 7.81% 



Results and Discussion 
 

103 

Figure 42 shows the comparison of the results obtained for the total cell count of 16HBE 

14o- cell line achieved by both techniques. A good correlation is obtained, with a slope of 

0.98, thus indicating the validity of the Scepter 2.0 procedure, when compared to the 

analogous cell counts with Trypan blue. 

 

 

Figure 42 Comparison of total cell count obtained by Trypan blue and Scepter 2.0 for both 

cell lines (R2=0.99, n=3, horizontal standard bars stand for counts done by Scepter 

pipette, while the vertical standard bars for Trypan blue) 

 

The pipette provides analogous results to those obtained by dye exclusion counting, as 

demonstrated by the high correlation observed between both counting procedures. In this 

regard, correlation indexes higher than 0.95 were obtained in all cases, the p-values being 

below 0.001. Additionally, cell counting with the Scepter 2.0 pipette is considerably faster, 

requiring only 30 seconds to perform the analysis in contrast to the 5 minutes using a 

hemocytometer method, and is thus especially interesting for those cases in which a fast 

and accurate cell count is necessary (for example in case of air / liquid interface 

exposure). Additionally, Scepter 2.0 enables a more precise and accurate method, with 

coefficients of variation below 8 % in all cases. 
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3.1.6 Optimisation of the air/liquid interface exposure conditions 

 

Flow rate and pH of the culture medium conditions 

Measurement of the CULTEX system reproducibility was performed by repeated exposure 

of the A549 cells to Zero Air at a flow corresponding to 2 mL min-1 for each vessel of the 

exposure module, as reported in the literature. Another parameter that was considered in 

the validation of the CULTEX reproducibility was the pH of the culture medium. In order to 

avoid pH variability during the whole exposure time (maximum 2 hours), 25 mM HEPES 

was added to the culture medium (RPMI 1640) as suggested in literature [418]. Also, the 

flow of each Teflon trumpet, through which the compounds as gas phase are delivered 

into a continuous flow to the apical side of the cells, was adjusted at 2 mL min-1 each time 

at the beginning of the experiments. 

 

Performance of the two exposure chambers/modules 

In order to validate the CULTEX device reproducibility under these conditions, cell viability 

by Scepter pipette was assessed. As shown in Figure 45, these exposure conditions 

proved to give a viability of cells higher than 80 %, close to that of unexposed cell cultures 

which were maintained in the incubator (37 ˚C, 5 % CO2) without medium at the apical 

side of the cells. For in vitro experiments, where cells were exposed to tested compounds, 

the values of cells exposed to Zero air that were lower than 80 % were considered as 

outliers, therefore the experiments were discarded. 
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Figure 43 Evaluation of cellular viability by Scepter pipette of A549 cells exposed to Zero 

Air within CULTEX system (n=25±STD) A. Results (% cellular viability) from cells kept in 

Incubator and cells exposed to Zero air in both CULTEX exposure modules B. Results (% 

cellular viability) from cells exposed to Zero air in the CULTEX 2 holding the three vessels 

(insert 4, insert 5, insert 6) C. Results (% cellular viability) from cells exposed to Zero air in 

the CULTEX 1 holding the three vessels (insert 1, insert 2, insert 3) 

 

Evaluation of two relative humidities of Zero Air on cellular viability 

The impact of the Zero Air at two relative humidities (RH 50 and 80%) was assessed on 

cellular viability of A549 cells. As shown in Figure 44, no statistically significant 

differences were obtained for A549 cells exposed for 2 hours to Zero Air at both tested 

relative humidities. 

B C 

A 
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Figure 44 Comparison of cellular viability data from cells exposed to Zero Air under two 

relative humidity (RH) conditions (50 and 80 %) (n = 3 ± STD) 

 

Evaluation of different exposure times on cells exposed to Zero Air 

Different exposure times were performed by exposing A549 cells to Zero Air. The aim of 

this experiment was to identify the maximum time of exposure at which cell viability is not 

statistically different from the 80 % value, which was considered as the minimum 

acceptable value within all experiments. 

Figure 47 shows the effect of Zero Air airflow on the A549 cells at different exposure 

times: 1 h, 2 h, 2 h 30 min and 3 hours. As can be observed, after 2 hours and 30 minutes 

of exposure, the cell viability was reduced to around 75 % when compared to the negative 

control (Incubator) while after 3 hours cell viability reached around 65 %. The linear trend 

observed between the selected time exposure has a R2 higher than 0.98. Therefore, in 

order to avoid a “masking effect” due to Zero Air in the experiments where cells are 

exposed to test compounds, the maximum exposure time selected was 2 hours. 
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Figure 45 Effects of time exposure on cellular viability of cells exposed to Zero air (n=9 ± 

STD). 

 

The main scope of this work was to set up the optimal culture conditions and an in vitro 

exposure system allowing the direct exposure of human pulmonary cells to the test 

compounds as gas phase. 

 

3.2 In vitro studies with human lung cells and blood exposed to d-limonene and 

ozonolysis products 4-OPA, 4-AMCH, IPOH via liquid/liquid interface 

 

3.2.1 Evaluation of cytotoxic effects of d-limonene, 4-OPA, 4-AMCH, IPOH and the 

binary/ternary mixtures of 4-OPA, 4-AMCH, IPOH via liquid / liquid interface 

 

3.2.1.1 Concentration-response relationship for alveolar (A549) and bronchial (16HBE 

14o-) cells determined by Neutral Red Uptake assay 

 

Following chemical treatment for 24 hours, NRU assay was carried out to determine the 

status of cell viability. As can be observed in the figure below, a concentration dependent 

decrease in cell viability was observed for both cell lines only when treated with 4-OPA 

and IPOH. The dash line represents the trend of 4-parametric sigmoidal curve fit. The 

results were expressed as percentage (%) of control (untreated cells) ± SD of 3 

independent experiments (6 replicates each). 
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Figure 46 Concentration-response curves obtained from A549 and 16HBE14o- cells 

exposed to A. 4-AMCH (0 to 5.8 mM), B. 4-OPA (0 to 115 mM), C. IPOH (0 to 17.5 mM), 

D. d-limonene (0 to 100 µM) 

 

Particular behavior was noticed when A549 cells were incubated with 4-OPA. As depicted 

in Figure 46 B, the shape of the dose response curve changes (the trend changes from 

decreasing viability to increasing viability). This means that a lower concentration of 4-

OPA on adenocarcinomic human alveolar epithelial cells (A549) induces acute damage, 

rather than at higher concentrations (p < 0.05). This type of response has been well 

recognized in the literature as a hormetic mechanism [419]. Different studies have 

demonstrated that beneficial biological effects were found when different types of cancer 

cells (e.g. lung cancer) were exposed to low doses of radiation rather than higher doses 

[420]. Several studies testing drugs with hormetic mechanism, on both cancer and normal 

cells, found that some drugs altered cancer cells while normal cells did not induce 

perturbation on their metabolism [421, 422]. From the outcomes of biological effects of 4-

OPA on both selected cell lines, it is possible to conclude that at the highest 

concentrations (28.7 - 57.5 - 115 mM) 4-OPA had a different effect on bronchial cells 

when compared to alveolar cells. A plateau effect can be noticed on the bronchial cell line 

A B 

D C 
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while a statistically different increased signal of cell viability referring to lysosome integrity 

is achieved on alveolar cells. 

 

Table 16 Comparison of the sensitivity of bronchial (16HBE14o-) and alveolar (A549) cell 

lines exposed to 4-OPA by one-way analysis of variance (ANOVA) with Tukey’s multiple 

comparison test 

Cell lines name and 4-OPA 

[mM] 

Mean 

Diff 

Significance 95% CI of 

diff 

A549 vs 16HBE14o- at 

115 mM 

17 
p < 0.005 

10 to 24 

A549 vs 16HBE14o- at 

57.55 mM 

23 p < 0.005 17 to 30 

A549 vs 16HBE14o- at 

28.75 mM 

13 p < 0.005 5.7 to 19 

 

As a general view of the potential toxic effects of tested compounds on cellular viability of 

both pulmonary cell lines, the bronchial (16HBE14o-) cells showed a more sensitive 

reaction than the alveolar (A549) cells. 

However, based on the curves obtained, the concentration of each chemical where 50 % 

of cells are inhibited was determined by calculating the specific half maximal inhibitory 

chemical concentration (IC50). Additionally, the lowest observable effect concentration 

(LOEC) which causes statistically significant loss of cellular viability from the untreated 

cells was determined (see Table 17). The aim to estimate the LOEC value is to assure 

that the potential cytotoxic effects of the tested chemicals on the cell cultures is observed 

due to their net effect (extracted from bias signals) and not due to their different 

concentration’s effect. 
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Table 17 Calculated values of LOEC and IC50 for both alveolar (A549) and bronchial 

(16HBE14o-) cell lines based on the concentration-response curves obtained for the 

individual chemicals (NA = not applicable) 

Cell lines Chemicals LOEC 

mM 

p value IC50 

mM 

95% 

confidence 

interval 

A549 

4-OPA 0.9 <0.005 1.62 1.47 to 1.78 

IPOH 1.1 <0.005 3.58 3.04 to 4.21 

4-AMCH 2.9 <0.005 NA NA 

16HBE14o- 

4-OPA 0.9 <0.005 1.45 1.28 to 1.64 

IPOH 0.6 <0.005 3.36 2.57 to 4.09 

4-AMCH 2.9 <0.005 NA NA 

 

Based on the consideration above, the tested chemicals 4-OPA and IPOH inhibited cell 

growth of both cell lines (A549 and 16HBE14o-) in a dose-dependent manner. 

Comparison of IC50 for all tested compounds suggests that the most potent compound to 

damage the lysosome integrity of both cell lines is 4-OPA, since it has the lowest IC50. Its 

potential toxic effect was similar for both cell lines, with no statistically different p value (95 

% confidence interval). The IC50 of IPOH in A549 cells was approximately 3.6 mM while 

for 16HBE14o- it was found to be approximately 3.4 mM. However, when their IC50 was 

compared based on their 95 % confidence interval, no statistical difference between them 

was noticed. The IC50 of 4-AMCH and d-limonene could not be established in the selected 

concentration range, which was limited due to their maximum water solubility of 811 mg L-1 

at 25 0C and 13.8 mg L-1, respectively. 

Between the present in vitro study and the in vivo study described by Wolkoff et al. [423] 

some common points can be noticed. Strong evidence of severe irreversible lung effects 

were induced by 4-OPA when mice were exposed to ≤ 100 mg m-3, thus limiting their 

study to establish the concentration that causes 50 % reduction of the respiratory rate 

(RD50) and the lowest observed adverse effect level (LOAEL). According to their toxicity 

ranking study, IPOH was the second compound which played a substantial role in 

reducing the respiratory rate of mice, with a RD50 of 130 mg m-3, while for 4-AMCH RD50 

was 3390 mg m-3 and RD50 of d-limonene corresponding to 6000 mg m-3. 

 

Summing up the results, it can be concluded that most severe effects on human lung cells 

(A549 and 16HBE14o-) were given by 4-OPA, followed by IPOH, while both 4-AMCH and 
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d-limonene showed a similar toxic behavior on cellular viability determined by Neutral Red 

Uptake assay. 

 

In the present study, a similar set of experiments were conducted to investigate the toxic 

effects of binary (4-OPA + IPOH; 4-OPA + 4-AMCH; IPOH + 4-AMCH) and ternary (4-OPA 

+ IPOH + 4-AMCH) mixtures on the cellular viability of alveolar epithelial cells (A549) and 

bronchial epithelial cells (16HBE14o-) by means of NRU assay. The experiments were 

carried out for both cell lines under the same culture medium conditions as previously 

mentioned. 

Because the toxicity of 4-OPA, IPOH and 4-AMCH are very different, their mixtures were 

prepared based on their individual IC50 calculated above. 

Ten different dilutions with a dilution factor of 1.3 were considered to generate their 

concentration-response curves. The initial concentration of the mixtures was calculated as 

a total concentration of each IC50 of individual chemical added to the mixture (see Table 

18). 

 

Table 18 Total concentration of the tested mixtures expressed as mM 

Chemicals IPOH + 

4-OPA 

IPOH + 

4-AMCH 

4-AMCH + 

4-OPA 

4-OPA + IPOH + 4-AMCH 

IPOH 

(%) 66.1 37.7  31.5 

4-OPA 

(%) 33.9  76.3 16.2 

4-AMCH 

(%)  62.3 23.7 52.3 

Total [mM] 5.3 9.3 7.6 11.1 
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Figure 47 Concentration-response curves obtained from A549 (red line) and 16HBE14o- 

(purple line) cells exposed to E. binary mixture of IPOH + 4-AMCH, F. binary mixture of 4-

OPA + 4-AMCH, G. ternary mixture of IPOH + 4-OPA + 4-AMCH, H. binary mixture of 

IPOH + 4-OPA 

 

Mixture toxicity of the target chemicals 4-OPA, IPOH, 4-AMCH on A549 and 16HBE14o- 

cells was evaluated by means of IC50 and LOEC (see Table 19a). 

E F 

G H 
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Table 19a Calculated values of LOEC and IC50 for both alveolar (A549) and bronchial 

(16HBE14o) cell lines based on the concentration-response curves obtained the mixture of 

the tested compounds (NA = not applicable) 

Cell lines Chemicals 

LOEC 

mM 

p value IC50 

mM 

95% 

confidence 

interval 

A549 

IPOH+4-OPA 0.84 < 0.005 0.99 0.90 to 1.09 

4-AMCH+IPOH 1.9 < 0.006 NA NA 

4-OPA+4-AMCH 0.71 < 0.003 NA NA 

4-OPA+4-

AMCH+IPOH 

1.04 

< 0.001 

1.8 1.68 to 2.06 

16HBE14o- 

IPOH+4-OPA 0.84 1.49 1.40 to 1.59 

4-AMCH+IPOH 1.4 < 0.005 NA NA 

4-OPA+4-AMCH 0.71 < 0.0002 NA NA 

 4-OPA+4-

AMCH+IPOH 

1.04 
< 0.005 

1.9 1.81 to 2.02 

 

Interestingly, the mixture of 4-OPA + IPOH indicated a different growth effect on A549 

cells when compared to the growth effect observed on 16HBE14o- cells. A lower 50 % 

inhibition concentration (IC50) is needed in the case of A549 cells (0.99 mM) than on 

16HBE14o- cells (1.49 mM), to obtain a similar inhibitory effect on cell growth. On the 

other hand, the ternary mixture 4-OPA + IPOH + 4-AMCH has similar inhibitory growth 

effects on both cell lines (p > 0.05). 

 

Evaluation of interactive effects of the binary/ternary mixtures 

The interactive toxicity of binary/ternary mixtures was evaluated by applying the method 

published by A. Hernandez Garcia et al. [424]. This statistical test can predict the mode of 

action of a mixture as being “additive”, “antagonistic” or “synergistic” by comparing the 

values obtained from the experimental tests with those calculated. The calculation of toxic 

effects of the mixtures was based on the Colby’s formula: 

Ho: Cell viabilityH (x + y + …z) = (Cell viability x)*(Cell viability y)*….*(Cell viability z)/100,  

where Ho is the null hypothesis, x, y and z represent the percentage of cellular viability of 

each individual compound. 

The evaluation of the interactive effects of mixtures was calculated by the difference 

between the observed response and the null hypothesis (Ho): 

Cell viability difference = Cell viability observed –Cell viability hypothesized 
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If the statistical difference is not relevant, the effect is considered to be “additive”; if the 

difference is statistically relevant in the positive direction then the compound interaction is 

considered “antagonistic”; if the difference is negative then the effect is called a 

“synergetic” effect. 

When the method was applied to the tested compounds, the following results were 

observed: 

 

Table 19b Interaction of toxicity response for the binary or ternary mixture’s where the 

Observed effect represents the experimental number of viable cells (expressed as 

percentage) obtained; the Calculated effect represents the number of viable cells 

(expressed as percentage) that was calculated based on the Colby’s formula. A = 

antagonistic, S = synergetic and Ad = additive 

 A549 (% of living cells) 16HBE14o- (% of living cells) 

IPOH 

+ 4-

OPA 

IPOH + 

4-

AMCH 

4-OPA 

+ 4-

AMCH 

Mix 

all 

IPOH + 

4-OPA 

IPOH + 

4-

AMCH 

4-OPA + 

4-AMCH 

Mix 

all 

Observed 

effect 

68 75 >65 77 63 75 >65 75 

Calculated 

effect 

41 49 66 37 37 39 51 27 

Difference 27 26 -1 40 26 36 14 48 

Interactive 

effects 

A A S A A A Ad A 

 

As documented in the table above (based on the cell viability results analysed by 

comparing data obtained experimentally or from mathematical formula), the mixture of 

IPOH + 4-OPA interact to produce antagonistic effects on the cellular viability of both cell 

lines. As a general observation, the effects of the tested mixtures IPOH + 4-AMCH and 

IPOH + 4-OPA + 4-AMCH were mainly antagonistic. This means that between these 

chemicals there is a competitive interaction. On the other hand, the mixture of 4-OPA and 

4-AMCH interact to produce synergistic effects (an effect which is greater than the sum of 

each chemical’s effect alone) on A549 cells, while on 16HBE14o-, their interaction 

produces an additive effect (the effects of 4-OPA and 4-AMCH as individual chemicals 

were added together). 
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Taken together, the maximum tolerated concentration for all tested compounds, both as 

individuals as well as their mixtures, is around 0.5 mM (as indicated by the LOEC value in 

the tables above) therefore it was selected as being the optimal highest concentration to 

be further tested in the following cytotoxicity assays: oxidative stress (intracellular reactive 

oxygen species and glutathione contents measurements) and inflammation / allergy 

response (various cytokines measurements). 

 

3.2.1.2 Oxidative stress in alveolar (A549) and bronchial (16HBE14o-) epithelial cells 

measured by reactive oxygen species (ROS) assay 

 

Based on the ROS method described in Materials and Methods chapter, both A549 and 

16HBE14o- cells were incubated at various times (60, 120, 210 and 1440 minutes) with 

the individual test compounds 4-OPA, IPOH, 4-AMCH and their binary/ternary mixtures at 

concentrations ranging from 0 to 500 µM. Results showed (see Figure 48 A-G) that for the 

lower concentrations 0-8 µM, the fluorescent signal of ROS production is not significantly 

different from A549 cells untreated, therefore, they were all polled as an estimation of the 

background signal (S0) and further treatment was done for the three highest 

concentrations based upon (S-S0). Moreover, same tendency was seen for all tested 

compounds (see Figure 48 A-G). 
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Figure 48 A-G ROS production measured in A549 cells at 60 minutes for all tested 

compounds. A. 4-OPA; B. 4-AMCH; C. IPOH; D. 4-OPA + 4-AMCH; E. IPOH + 4-AMCH; 

F. IPOH + 4-OPA; G. 4-OPA + IPOH + 4-AMCH  

 

Single treatment with IPOH for 24 hours at a concentration of 500 μM, produced 100-times 

more ROS signal in A549 cells when compared to the ROS signal generated from cells 

treated with 4-OPA or 4-AMCH. As shown in Figure 49, the increased ROS formation is 

proportionate to the compounds concentration. Only in the case of 4-OPA and 4-AMCH, a 

significant increase in the amount of reactive ogygen species was measured after 60 

minutes (60 min > 120 > 210). When cells were exposed for 24 hours to 4-OPA the ROS 

production returned to the baseline level (see Figure 48 A -G). A possible explanation for 

IPOH producing the highest levels of ROS on A549 cells when compared to 4-OPA, could 

be that 4-OPA has no C=C double bond, therefore it is less reactive than both IPOH and 

4-AMCH. Moreover, due to its lipophilic character, IPOH is absorbed most efficiently by 

the cells, via lipid portions of the cellular membrane. The difference in ROS formation 

between 4-AMCH and IPOH may be due to their chemical structure. IPOH is an open-

chain compound (more flexible) while 4-AMCH is a ring compound. All this could mean 

that IPOH would be able to reach cellular receptors more easily than 4-AMCH. IPOH is 

also more reactive due to its external C=C double bound compared to the internal C=C 

double bound in the ring of 4-AMCH. However, more experiments are needed to support 

this hypothesis. 
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Figure 49 Intracellular ROS levels measured in A549 cells exposed to individual test 

compounds at 31.2; 125 and 500 µM after a treatment of 60, 120, 210 and 1440 min  

 

In terms of ROS formation, the most active individual compound IPOH was evaluated in 

presence of 4-OPA and 4-AMCH, both as a binary and ternary mixture. The binary mixture 

IPOH + 4-OPA displayed the highest ROS level formation in A549 cells when compared to 

the other mixtures tested. The addition of 4-OPA to IPOH showed an increased in ROS 

levels equivalent to a 1.7-fold change than the ROS production obtained with IPOH alone 

(see Figure 50). 



Results and Discussion 
 

118 

 

     

 

Figure 50 Kinetic measurements of intracellular ROS formation in A549 cells exposed to 

tested compounds individually and their binary/ternary mixture in the range of 0 to 500 µM 

(n=8 ± SD) 

 

In the same way regarding time exposure and concentration, 16HBE14o- cells were 

treated with the tested compounds. 

Results showed that for the lower concentrations 0-8 µM, the fluorescent signal for ROS 

formation was not statistically different when compared to the control group (see as 

example Figure 51). Therefore, they were pooled and used as an estimation of the 

background signal which was further used for substraction. 
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A.  

B.  C.  

 

Figure 51 ROS production measured in 16HBE14o- cells at 60 minutes for all tested 

compounds. A. 4-OPA; B. IPOH; C. 4-OPA + 4-AMCH; 

 

The obtained results point to a significantly higher sensitivity of 16HBE14o- cells to ROS 

formation, the amount of ROS formed under similar conditions being 2-fold that of A549 

cells. When cells are exposed to the different chemicals on their own, only IPOH presents 

a significant formation of ROS, while neither 4-OPA nor 4-AMCH seems to have an 

oxidative effect. Interestingly, however, the mixture of both compounds presents a slight 

formation of ROS which is nonetheless lower than that formed during exposure to IPOH. 

As an example, Figure 52 presents a comparison of ROS formation for both types of cell 

lines exposed to 500 µM of the different compounds during 24 hours. A similar behaviour 

was found for any other concentration tested or exposure times. 
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Figure 52 Determination of ROS production in 16HBE14o- and A549 cells exposed to 

tested compounds at 500 μM for 24 hours (n = 8 ± SD) 

 

The difference in ROS levels production detected in the two cell lines may have several 

causes, such as different esterase activity in the selected cell lines [425], different 

intracellular localization of fluorochromes [426], differences in the oxidative metabolism 

between the two cell lines [427], or higher glutathione levels in human lung 

adenocarcinoma cell line (A549) than in the normal human bronchial cell line  

(16HBE14o-). The low esterase activity has direct implications in detection of ROS since 

the non-fluorescent reagent DCFH-DA needs to be hydrolyzed to DCFH which is further 

oxidized to fluorescent dichlorofluorescin (DCF) by action of free radicals/oxidants [428]. It 

has been demonstrated that the esterase activity in tumour lung has lower values (0.71 ± 

0.09) than in normal lung (1.13 ± 0.19), due to the significant biochemical differences, but 

no specific data were found in the literature on the selected cell lines investigated in the 

present study. The results obtained by J.P. Robinson et al., indicated that monocytes and 

neutrophils stimulated with phorbol myristate acetate (PMA) induce a different increase of 

the fluorescence signal between the two cell lines, with a higher signal fluorescent ratio for 

neutrophils than monocytes (5 : 1). The main conclusion of his findings suggests that the 

differences in the oxidative mechanism of the two cell lines lead to an increased ROS level 

in neutrophils rather than in monocytes [429]. Numerous publications report that the 

intracellular glutathione levels in cancer cells are higher than in normal cells, which 

increase the resistance/defense of A549 in presence of free radicals [430, 431]. This 

approach can also explain the higher sensitivity of 16HBE14o- cells to ROS production 

than in A549 cells. In this regard, the intracellular glutathione amount of both selected cell 

lines was further investigated. 

The imbalance between reactive oxygen species (ROS) or reactive nitrogen species 

(RNS) and their elimination by enzymatic (e.g. superoxide dismutase etc.) or 

nonenzymatic (e.g. glutathione) antioxidants defines the oxidative stress process which 
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has been directly linked to cell death, many inflammatory diseases and cancer [432, 433]. 

In particular, RNS can indirectly induce modifications of proteins and lipids which can 

increase the risk of mutagenesis [272]. Therefore, the antioxidant protection reaction by 

glutathione was investigated by measuring the changes that occurred in the intracellular 

glutathione ratios of GSH / GSSH and GSH / GSNO.  

 

3.2.1.3 Oxidative stress in alveolar (A549) and bronchial (16HBE14o-) epithelial cells 

measured by glutathione content assay 

 

From the observed ROS generation induced by the tested compounds at various 

concentrations, three concentrations (1.5, 31.2 and 500 µM) were further selected to 

investigate their potential perturbation on the intracellular glutathione level for both 

alveolar and bronchial cell lines. The compounds concentrations were chosen based on 

their ROS potency formation: 500 µM corresponds to the highest ROS levels generated in 

the cells, 31.2 µM represents the concentration where a minimum ROS level was formed 

that is statistically different from the ROS levels measured in cells untreated, while 1.5 µM 

is the concentration where the ROS levels induced by the compounds were similar to 

those observed in cells untreated. 

Similarly to the results obtained for ROS formation, 16HBE14o- cells present a 

significantly higher sensitivity to GSSG and GSNO formation compared to A549 cells 

when exposed to IPOH, 4-OPA or 4-AMCH, either individually or to their mixtures. Thus, 

GSH / GSSG ratio in 16HBE14o- cells exposed for 2 and 24 hours to IPOH at 500 µM, 

showed a decrease of 33.2 % and 44.6 % respectively when compared to the GSH / 

GSSG ratio of untreated cells. On the other hand, IPOH induced changes in the GSH / 

GSSG ratio of A549 cells of a 31.6 % after 2 hours incubation and 45.1 % after 24 hours. 

In this case, however, both IPOH and 4-OPA seem to induce GSSG and GSNO formation 

in both cell lines. It is important to stress that the ratio determined in A549 cells exposed to 

all tested compounds of GSH / GSNO is higher than that of GSH / GSSG, while for 

16HBE14o- cells, GSH / GSSG ratio is higher than GSH / GSNO. These observations 

might be explained by the great ability of A549 cells to produce higher concentrations of 

nitric oxide (NO) than the 16HBE14o- cells when treated with the tested compounds. 

However, in order to prove this hypothesis, specific experiments where NO levels are 

determined should be carried out, but this was not considered as part of this study. As an 

example, the GSH / GSSG ratio calculated for 16HBE14o- cells exposed to IPOH at 500 

µM was approximately 33.2 % (after 2 hours incubation) and 44.6 % (after 24 hours 

incubation) higher than for unexposed cells, while the GSH / GSNO ratio was found to be 

20.0 % and 12.4 % after 2 and 24 hours, respectively. 
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Intracellular reduced glutathione content in alveolar epithelial cells (A549) were 34.75 ± 

0.3 nmole mg-1 protein (n = 8), which is within the concentration range of other published 

studies [434]. The intracellular glutathione content in bronchial epithelial cells  

(16HBE14o-) was 26.3 ± 1.1 nmole mg-1 protein. The GSH / GSSG and GSH / GSNO ratio 

may be used as a potential indicator of oxidative stress. This view is supported by several 

studies [435, 436] and it is based on the concept that the intracellular reduced glutathione 

is typically found as the most abundant state [437]. Owing to extensive studies on the 

GSH / GSSG ratio steady state level, it was found that a decrease in GSH/GSSG ratio to 

values of 10 : 1 and even 1 : 1 is an indicator of the oxidative stress [438, 439]. 

Figure 53 presents a comparison of GSSG / GSH (53 A) and GSNO / GSH (53 B) for 

A549 and 16HBE14o- cells exposed to 31.2 µM of the different chemicals for 2 and 24 

hours.  

A.  

B.  

Figure 53 A The fold change of GSSG / GSH ratio in both A549 (blue) and 16HBE14o- 

(red) cells exposed for 2 and 24 hours to the tested compounds compared to GSSG / 

GSH ratio of untreated cells (n = 3 ± SD) B. The fold change of GSNO / GSH ratio in both 
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A549 (blue) and 16HBE14o- (red) cells exposed for 2 and 24 hours to the tested 

compounds compared to GSNO / GSH ratio of untreated cells (n = 3 ± SD) 

 

The presence of oxidative stress at the cellular level, identified by an abundant ROS 

formation followed by reduced antioxidant defenses determined by the depletion of 

reduced glutathione, is also characterized by high production of pro-inflammatory 

cytokines. Data from several studies have identified that pro-inflammatory cytokines such 

as IL-6, TNF-alpha, IL-8 etc. are inducing ROS generation in various types of cells [465, 

470]. To evaluate whether there is a potential linkage between ROS formation and 

inflammation, various pro-inflammatory cytokines (IL-6, IL-8, TNF-alpha, IL-15, RANTES) 

were evaluated in the culture medium, 24 hours after the exposure of A549 and 

16HBE14o- cells to the tested chemicals. 

 

3.2.1.4 Inflammatory response in alveolar (A549) and bronchial (16HBE14o-) cells 

exposed to test compounds measured by cytokines/chemokines assay 

 

Based on toxic responses observed in previous experiments, three concentrations (1.5, 50 

and 500 µM) were further selected to investigate their potential inflammatory capacity in 

the alveolar and bronchial cell lines. No pro- or anti-inflammatory effects were observed in 

both types of cell lines (alveolar and bronchial) when those were exposed to the highest 

concentration of chemicals (500 µM). Therefore, only the results that were obtained by 

exposing the alveolar and bronchial cells to chemicals concentration of 1.5 and 50 µM are 

reported below. 

The results obtained when cells were incubated with IPOH show a concentration-

dependent effect as follows: at 1.5 µM, the release of IL-6 levels was 1.3 and 2.3-times 

higher for A549 and 16HBE14o- cells respectively, while at 50 µM, the amount of IL-6 

secreted by A549 cells was found to be 1.5 and for 16HBE14o- cells it increased up to 2.8 

higher when compared to the cytokine level determined in untreated cells. A similar 

behavior, in terms of concentration-dependent effect, was noticed for the IL-8 production 

in both cell types. However, the amount of this cytokine which plays a role in inflammation 

(e.g. pathogenesis of bronchiolitis) and wound healing was higher than the determined 

amounts of IL-6 identified to play a key role in the pathogenesis of asthma, chronic 

inflammation etc. [208]. For example, when cells were incubated with IPOH at 50 μM, the 

levels of IL-8 were found to be approximately 1.5 and 7.1-fold change higher than the 

levels measured in cell controls. 

A549 cells incubated with 4-OPA at a concentration of 1.5 µM of 4-OPA expressed up to 

1.4-fold higher levels of IL-6 (p < 0.01) and 1.3-fold higher levels of IL-8 (p < 0.01), while at 
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a concentration of 50 µM the fold change of IL-6 level was similar to that found at lower 

tested concentration (1.4-fold higher), p < 0.01, and slightly increased to 1.3-fold the 

secretion of IL-8 levels (p < 0.05), when compared to negative control (see Figure 54 A-

B). The total amount of cytokines is expressed as percent of total amount of cytokines 

released in the cells untreated (negative control). 
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Figure 54 Total production of various cytokines by human pulmonary alveolar epithelial 

cells after 24-hours stimulation with 4-OPA, IPOH, 4-AMCH at two concentrations [1.5 and 

50 µM] (n = 9 ± SD). A. IL-6 levels in A549 cells treated with test compounds at 

concentrations of 50 µM (left ) and 1.5 µM (right); B. IL-8 levels in A549 cells treated with 

test compounds at concentrations of 50 µM (left ) and 1.5 μM (right); 

 

The bronchial cells (16HBE14o-) incubated with 4-OPA at a concentration of 1.5 µM 

expressed up to 2.4-fold change higher levels of IL-6 (p < 0.01), 3.3-fold change higher 

levels of IL-8 (p < 0.05), while at a concentration of 50 µM of 4-OPA, the fold change in the 

cytokines levels were as follows: 80-fold change down-regulated levels of IL-6 (p < 0.01); 

61-fold change down-regulated levels of IL-8 (p < 0.05), when compared to negative 

control (see Figure 55 A-B). 

B 

A 
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Figure 55 Evaluation of IL-6 and IL-8 release in the culture medium from 16HBE14o- cells 

exposed to individual compounds and their binary / ternary mixtures at 1.5 and 50 µM (n = 

3 ± SD). Error bars that are smaller than the symbol size are not visible. 

 

A comparison of IPOH and 4-OPA effects induced in both cells lines reveals that at low 

tested concentrations (1.5 µM), the A549 cells treated with IPOH, secreted statistically 

significant higher amounts of IL-6 and IL-8 than levels measured in A549. On the contrary, 

at high tested concentration (50 µM), the inflammatory effects of IPOH investigated by the 

measurements of IL-6 and IL-8 released from 16HBE14o- cells, were the opposite from 

the effects induced by 4-OPA. Under the same experimental conditions, IPOH drastically 

up-regulated the release of both IL-6 and IL-8 (2.8-fold change and 7.0-fold change 

respectively), while 4-OPA down-regulated IL-6 (80-fold change lower amounts) and IL-8 

(61-fold change lower amounts) when compared to the levels of IL-6 and IL-8 identified in 

cells untreated (see Figure 56). 

A 

B 
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Pro-inflammatory cytokines such as TNF-alpha and RANTES which are involved in the 

pathogenesis of asthma and in the lung allergic inflammation were also investigated [221]. 

The results showed that 4-OPA at 1.5 µM stimulated the secretion of TNF-alpha and 

RANTES up to 1.7-fold higher levels for both cytokines (p < 0.01). At a higher 

concentration, 50 µM of 4-OPA, both cytokines enhanced their amount released into 

culture medium of A549 cells as follows: 1.4-fold higher levels of TNF-alpha and 11-fold 

higher levels RANTES (p < 0.01). Exposure of 16HBE14o- cells to the same tested 

compounds, 4-OPA, produced higher TNF-alpha levels (2-fold change at 1.5 µM) but 

lower amounts of RANTES (1.3-fold change) when compared to the A549 cells. As 

presented in the figure below, bronchial cells secreted higher amounts of IL-6, IL-8 than 

A549 cells for all tested compounds at 1.5 µM while at 50 µM only IPOH was stimulating 

cells to secrete IL-6 and IL-8. 
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Figure 56 Total production of various pro-inflammatory cytokines (IL-6, IL-8, TNF-alpha) 

released by A549 and 16HBE14o- cells after 24-hours stimulation with 4-OPA and IPOH 

at 1.5 and 50 µM. Cells treated with medium (1 % FBS) are expressed as “neg 

ctrl”=negative control (IL-8=132 pg mL-1, IL-6=81 pg mL-1, TNF-α=12 pg mL-1) (n = 9 ± 

SD).  

 

There are similarities in the results obtained between the present study regarding the not 

significant release of IL-10 amount by the A549 cells and the not significant levels of IL-10 

measured in mice exposed to 3.4 mM of 4-OPA, which was tested on the mouse ear for 

dermal sensitisation [423]. 

Noting that there was a fall in some of the pro-inflammatory cytokines, anti-inflammatory 

mediators such as IL-10, IL-13 were investigated. Therefore, ratio trends of the pro-

inflammatory cytokines to anti-inflammatory cytokines were calculated for all tested 

compounds and compared as follows: IL-8 / IL-13, IL-8 / IL-10 TNF-alpha / IL-10, TNF-

alpha / IL-13, IL-15 / IL-10, IL-15 / IL-13, IL-6 / IL-10, IL-6 / IL-13. A ratio increase (more 
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than 1) of the pro-inflammatory versus anti-inflammatory cytokines mentioned above was 

considered to represent an inflammatory response, as dictated by the balance between 

pro and anti-inflammatory biomarkers [440]. 

Contrary to the previous experiments, A549 cells seem to be the most sensitive to such 

compounds, thus their stimulation with the tested compounds showed a response to a 

considerable broad range of cytokines. However, based on the calculated fold change of 

each pro-inflammatory and anti-inflammatory ratio mentioned above, the release of 

cytokines amount in A549 cells seems to be independent from the concentration of the 

tested compounds. 

Table 20 presents a selection of the most interesting fold change of the ratio of different 

pro-inflammatory cytokines (e.g. IL-8 or TNF alpha) and anti-inflammatory cytokines (e.g. 

IL-13 or IL-10) for the exposure of both cell lines to 50 µM of the individual tested 

compounds, in comparison to the corresponding basal ratio of non-exposed cells. 
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Table 20 Evaluation of the most representative fold change of pro-inflammatory cytokines 

and anti-inflammatory cytokines ratio for both alveolar (A549 cells) and bronchial (16HBE 

14o- cells) exposed to individual compounds at 50 µM for 24 hours 

Compounds Pro-inflam. Anti-inflam. 

Fold change 

A549 cells 

[50 μM] 

16HBE14o- 

cells 

[50 μM] 

IPOH 

IL-8 

IL-10 1.5 8.5 

IL-13 1.5 6.3 

TNF-alpha 

IL-10 2.9 2.1 

IL-13 2.9 1.6 

IL-6 

IL-10 2.8 1.8 

IL-13 2.8 1.4 

IL-15 

IL-10 1.5 --- 

IL-13 1.5 --- 

4-OPA 

IL-8 IL-10 1.3 --- 

TNF-alpha IL-10 1.4 --- 

IL-15 

IL-10 1.1 1.6 

IL-13 --- 2.1 

4-AMCH 

IL-8 

IL-10 1.2 --- 

IL-13 1.2 --- 

TNF-alpha 

IL-10 1.6 --- 

IL-13 1.6 --- 

IL-15 IL-13 1.3 --- 

 

As can be observed in the table above, a marked increase in the fold change of IL-8 

versus IL-10 respectively IL-13 was found in the bronchial cells exposed to IPOH 

compared with the fold-change ratio of same cytokines released by the A549 cells. In 
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contrast, both TNF-alpha / IL-10 and IL-6 / IL-10 fold changes were found to be at higher 

levels in A549 cells than in 16HBE14o- cells. Treatment of cells with 4-OPA indicates that 

the ratio of cytokines release was in favour of the pro-inflammatory cytokine IL-15 versus 

IL-10 for both selected cell lines. The secretion of IL-15 was considerably increased in the 

case of the simultaneous exposure to the mixtures 4-OPA + IPOH or 4-OPA + 4-AMCH 

(see Table 21) for bronchial cells. Such effect is however not observed if the concentration 

of the chemicals to which cells were exposed is lowered to 1.5 µM. 

The data on the fold-change ratio calculated for 4-AMCH show that none of the selected 

pro-inflammatory versus anti-inflammatory cytokines was secreted in bronchial cells. 

Moreover, there was no statistically significant changes in the ratio of pro versus anti-

inflammatory cytokines noted when bronchial cells were incubated with the tested 

compounds at 1.5 µM when compared to the negative control. 

When both cell lines were treated with the binary (4-OPA + IPOH, IPOH + 4-AMCH and 4-

OPA + 4-AMCH)  and ternary (4-OPA + IPOH + 4-AMCH) mixtures of the tested 

compounds, the most important effect observed was when cells were exposed to the 

ternary mixture 4-OPA + IPOH + 4-AMCH, whereas a strong pro-inflammatory activity was 

noted in bronchial cells which is indicated by the high fold-change values of IL-15 / IL-13 

(see Table 21). 
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Table 21 Evaluation of the most representative fold change of pro-inflammatory cytokines 

and anti-inflammatory cytokines ratio for both alveolar (A549 cells) and bronchial (16HBE 

14o- cells) exposed to the binary/ternary mixture of the tested compounds at 50 µM for 24 

hours 

Compounds 
Pro-

inflam. 

Anti-

inflam. 

Fold change 

A549 cells 

[50 μM] 

16HBE14o- 

cells 

[50 μM] 

Mix all 

 

IL-8 

IL-10 1.4 --- 

IL-13 1.4 --- 

TNF-alpha 

IL-10 1.9 --- 

IL-13 1.9 --- 

IL-15 

IL-10 1.6 8.1 

IL-13 1.6 129.4 

4-OPA+IPOH 

IL-6 IL-13 --- 9.5 

IL-15 IL-10 --- 2.5 

 IL-13 --- 1.1 

4-OPA+4-AMCH IL-15 IL-10 1.5 3.0 

  IL-13 --- 4.8 

IPOH+4-AMCH TNF-alpha 

IL-10 1.6 --- 

IL-13 --- 1.9 

 IL-8 IL-10 1.2 --- 

 IL-6 IL-13 --- 1.3 

 

The selection of the pro- and anti-inflammatory combination ratio was based on the 

cytokines characterisation presented in several publications. For example, TNF-alpha has 

been identified as a key element in various pulmonary diseases such as acute lung injury, 

asthma, chronic bronchitis [221, 223, 441]. In vivo studies found that high levels of TNF-

alpha causes necrosis in mice [442] or induces severe pro-inflammatory reactions [224]. 
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Due to its pro-oxidative actions, it has been observed both in vitro (on human pulmonary 

endothelial cells) as well as in vivo (transgenic mice) that TNF-alpha depletes cellular 

glutathione and stimulates the ROS formation [443] in human endothelial cells. Previous 

research has documented that TNF-alpha induces the synthesis of cytokines such as IL-6 

and IL-8. 

The existing literature on anti-inflammatory cytokines has suggested that the increased 

release of IL-10 (a potent anti-inflammatory cytokine) contributed to the reduction of TNF-

alpha release in alveolar cells [444] or decreased production of IL-6 in macrophage [445]. 

The main findings of this study suggest that the balance between pro-inflammatory and 

anti-inflammatory cytokines caused a relevant increase in the release of pro-inflammatory 

response. Taken together, the test compounds with a major impact on the inflammatory 

response were IPOH and the ternary mixture. A similar ratio behaviour was noted for the 

pro-inflammatory IL-8 versus different anti-inflammatory cytokines (e.g. IL-10 and IL-13) in 

A549 cells, while in 16HBE14o- cells the ratio of IL-8 / IL-10 higher than IL-8 / IL-13 was 

noticed. This indicates that IL-10 did not have a significant inhibitory effect on IL-8 

secretion compared to IL-13. However, this can be explained by the fact that IL-13 was 

demonstrated to have a dual role: as pro-inflammatory cytokine, which plays an important 

role in allergic disease, but it has also been recognized to have anti-inflammatory 

properties by suppressing cytotoxic and inflammatory functions of monocytes and 

macrophages [446] or by limiting the production of TNF-alpha-induced IL-8 in a whole 

blood assay [447]. When cells were treated with the ternary mixture, particularly an 

increase of IL-15 was noticed in bronchial cells. Data from several studies have identified 

that IL-15 is directly involved in inflammatory pulmonary disease such as chronic 

bronchitis, tuberculosis etc. [448]. 

 

3.2.1.5 Assessment of the metabolism activity in A549 cells exposed to the mixture of 4-

OPA+IPOH+4-AMCH 

 

Metabolomics analyses were carried out on A549 cells exposed to 4-OPA+IPOH+4-AMCH 

as a mixture prepared by taking into consideration their ratios [12 : 86 : 2] that were found 

in ambient air under certain conditions (e.g. presence of air fresheners) [168]. 

Studying the profile of metabolites requires, as a first step, information on the mixture’s 

concentration impact on cellular viability and its stability over time. Thus, the A549 cells 

were incubated with 5 concentrations of the mixture for 72 h, when the cell metabolism 

(viability) was measured by Presto blue assay. The dilution factor between mixtures was 

2. 
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For all tested concentrations, the results obtained showed that 10 % reduction in cellular 

viability was achieved when A549 cells were incubated with a mixture containing 

approximately 40 µM of 4-AMCH, 1535 µM of IPOH and 360 µM of 4-OPA (defined as 

high mixture), while around 1 % of cells lost their viability when treated with 10-times lower 

concentration of the mixture (defined as low mixture). 

A batch of analysis corresponding to 6 independent biological replicates: untreated 

(control) and treated A549 cells with both high and low mixture concentrations were used 

to detect the presence of the test compounds in both cellular medium and cellular extract 

as well as perturbation in the metabolic activity of the A549 treated cells for 72 h when 

compared to the control. 

 

Characterization of the compounds applied as a mixture to A549 cells 

The concentration of 4-OPA, IPOH, 4-AMCH prepared as high and low mixture 

concentration was determined into cell culture medium following cells exposure for 24 and 

72 h, by GC-FID and further confirmed by the TD-GC-MSD analysis. Measured 

concentrations over time are listed in the table below: 

 

Table 22 Quantification of 4-OPA, IPOH, 4-AMCH in the cell culture medium following cell 

exposure at two concentrations (high and low) over time (24 and 72 h) The symbol * refers 

to the limit of detection, while the symbol ** refers to the limit of quantification. Data are 

shown as mean ± SD. 

 Low mixture, [] at which 

1 % of cells were dead 

High mixture, [] at which 

10 % of cells were dead  

 24h 72h 24h 72h 

4-OPA [µg mL
-1

] < 0.88* < 0.88* < 2.93** < 0.88* 

4-AMCH [µg mL
-1

] 0.27 < 0.06* 0.37 < 0.06* 

IPOH [µg mL
-1

] < 0.45* < 0.45* 6.02 < 1.5** 

 

As presented in the table above, 4-OPA was detected as being close to the limit of 

quantification in the medium of cells exposed for 24 h at high mixture concentrations, while 

at low mixture concentrations, it was detected at trace levels (close to the limit of 

detection). After 72 h, 4-OPA was detected as being close to the limit of detection in the 

cellular medium at both low and high concentrations of the mixture. The data obtained for 
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4-AMCH indicated that after 24 h of cells exposed to the mixture, 4-AMCH was detected 

for both low and high concentrations, while after 72 h it was detected in the medium 

samples at trace level (close to the limit of detection). On the contrary, IPOH was identified 

close to the limit of detection in all incubation times tested at low concentrations but it was 

detected in all high concentration samples. 

In a parallel study, the mixture was incubated with the cell culture medium alone, where 

the concentrations of each compound were determined. The results showed that IPOH 

concentration measured into medium without cells was reduced 1.5-times after 72 hours 

compared to its initial concentration, while both 4-OPA and 4-AMCH were not detected 

after 72 h, probably due to their evaporation, binding to plastic culturing material, or 

protein binding contained in the cell culture medium (1 % FBS). 

Comparing the identified values of IPOH into the medium without cells with those found in 

the medium with cells, a decrease in its concentration was observed as being 

approximately 12-fold change after 24 h and 40-fold change after 72 h. After 24 h cell 

exposure to 4-OPA and 4-AMCH, a 3-fold change and 7-fold change respectively was 

observed when compared with their initial concentrations in the medium alone. During 

chromatogram evaluations, both from GC-FID and TD-GC-MSD analysis, the formation 

was noticed of unknown compounds or the increase in intensity of unidentified peaks 

during time, apparently related to the decrease of the IPOH concentration. This evaluation 

has been made only at a very preliminary stage and could be subject to further studies. 

The analysis of cellular extract indicated that 4-OPA was detected neither by the GC-FID 

technique nor by TD-GC-MSD in none of the exposure conditions (e.g. time and mixture 

concentrations), while 4-AMCH was detected in all samples by GC-FID at a level close to 

the limit of detection. Its presence was also confirmed by the Selected Ion Monitoring 

(SIM) of the TD-GC-MSD data. IPOH presented a similar behavior to the AMCH since it 

was detectable in all samples at a level close to the limit of detection and confirmed in the 

SIM evaluation of TD-GC-MSD data. 

 

Effects of the 4-OPA+IPOH+4-AMCH mixture on the metabolomic profile of A549 cells 

Samples were prepared and analyzed by LC and LTQ Orbitrap mass spectrometry, as 

described in the Materials and Methods chapter. The LC-Orbitrap MS is a multi-analyte 

detection technique that allows the simultaneous detection of thousands of metabolites in 

a single run. The untargeted approach is used to screen the metabolome of the cell 

system (or a sub-metabolome, in this case corresponding mainly to the metabolites 

extracted from the cytoplasmic compartment of the cell) and to measure the changes in 

the metabolome induced by exposure to a xenobiotic (individual chemical or chemical 

mixture) [449]. Relative changes that are measured correspond to de-regulated 
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metabolites (up- or down regulated). The untargeted metabolomic experiment included 6 

analytical batches corresponding to the 6 replicate studies (1 replicate = 1 measurement 

time, 3 exposure doses). 

As presented in Figure 57 A (raw plots of LC-MS chromatograms), a different 

chromatographic profile was observed in treated cells compared to the control (untreated 

cells). The peak intensity increased in a concentration-dependent manner. Datasets were 

then analysed using principal component analysis (PCA) to assess differences (de-

regulated metabolites) in the whole experiment in pairwise comparison of high and low 

exposure concentrations versus control. 

The PCA was used for dimensionality reduction of the system (or in other words to 

"simplify the system") by an orthogonal transformation of thousands of variables (m/z, RT, 

intensity values) that are possibly correlated into a new set of non-correlated variables 

called principal components (PC1 and PC2 are orthogonal variables). Within this 

approach, significant differences between groups (cells untreated and cells treated with 

low and high concentration) can be observed (the formation of clusters). Score plots of the 

principal component PC1 versus PC2 revealed a statistically significant separation of 

clusters from cells treated with a high mixture concentration (purple dots represented in 

the Figure 58) when compared to untreated cells (green dots represented in the Figure 

58). The metabolite profiling obtained for cells treated with low mixture concentration (red 

dots) was similar to those of cells untreated (see Figure 58). 

Each spot of the PCA plot corresponds to an observation or, in other words, to a single 

biological sample. In each of the three groups (control or cells untreated, low dose and 

high dose) 18 points were displayed on the PCA plot, meaning 6 biological replicates x 3 

technical replicates. This first step in data investigation would indicate that more work is 

needed to highlight the main differences between control and treated samples.
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Figure 57 A General view (RT = 0-15) of the LC-MS chromatograms obtained from A549 cellular medium after chemical exposure to 

the 4-OPA + 4-AMCH + IPOH mixture (negative control corresponds to untreated cells; low concentration corresponds to cells 

exposed to 25 µg mL-1; while high concentration corresponds to 260 µg mL-1 of the chemical mixture). 
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Negative Control 

 

Figure 57 B. Detailed cut view (RT = 7-12) referring to the chromatograms presented above (cut view for the negative control – 

untreatead cells) 
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Low concentration 

RT 10.94 min 

 

Figure 58 C. Detailed cut view (RT = 7-12) referring to the chromatograms presented above (cut view for the low concentration – 

cells treated with the mixture prepared at low concentration) 
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High concentration RT 10.94 min 

 

Figure 58 D. Detailed cut view (RT = 7-12) referring to the chromatograms presented above (cut view for the high concentration – 

cells treated with the mixture prepared at high concentration) 



 

140 

 

Figure 58 Score plot of PC1 versus PC2 from principal component analysis of cellular extract after A549 treatment for 72 h with the 

mixture (significance of dot colours: green corresponds to the negative control, red corresponds to the samples treated with low 

mixture concentration where 1 % of cells lost their viability, purple corresponds to the samples treated with high mixture 

concentration, where 10 % of cells lost their viability)
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The elaboration of LC-MS metabolomic data using the R/XCMS programme [450] is a very 

complex sequence of operations that includes 1) data pre-processing (peak finding, 

grouping and alignment), 2) data clean-up with elimination of technical outliers, chemical 

noise (contaminants), instrumental noise, and possible artefacts, 3) normalisation of the 

signal, 4) statistical analysis, and 5) tentative annotation of features/metabolite identification 

[449]. 

The basic output consists of a table of intensities for detected peaks in each sample with 

peaks labelled by m/z and rt values (where m/z is the mass-to-charge ratio and rt is the 

retention time in s). A univariate analysis, which is the simplest form of quantitative 

analysis, was carried out with the description of a single variable (in this case represented 

by the exposure dose) in terms of unit of analysis. A paired Student’s t-test was applied in 

the whole experiment in pairwise comparison of high and low exposure concentrations 

versus control. This is possible when working with an in vitro system where most of the 

parameters are under control (e.g. time, temperature, composition of the culture medium, 

chemical exposure etc.). Metabolites were considered to be differentially expressed if they 

showed a fold-change of at least 2 and a p value < 0.05 with the t-test. 

Further peak redundancy removal (de-isotoping and de-adduction) was carried out by the 

CAMERA open source package [451], identifying adducts and isotopes occurring from the 

parent molecular ions. The m/z features retained after statistical analysis were then 

submitted to database search for annotations. Public database annotations were performed 

with putative metabolites matching these queries. The Human Metabolome Data Base 

(HMDB, http://www.hmdb.ca) [452] was used for annotation, by matching the measured 

accurate masses ± 0.01 amu with theoretical ones. 

Reporting standards for metabolite annotation/identification are essential for data analysis. 

In 2007, the Metabolomics Standards Initiative (MSI) (http://msi-

workgroups.sourceforge.net) of the Metabolomics Society reached a general consensus on 

reporting standards in metabolomics [453]. These standards recommend that authors 

should report the level of identification for all metabolites based on a four-level system 

ranging from MSI level 1 (identified compounds), via levels 2 and 3 (putatively-annotated 

compounds and compound classes) to level 4 (unidentified or unclassified metabolites 

which nevertheless can be differentiated based upon spectral data). 

The system is currently under revision by the Metabolic Society to reassess current 

reporting standards. A first option would be to provide sub-levels within the four MSI levels 

which will provide greater distinctions within the existing level system. A second option is a 

quantitative scoring system [454, 455]. 

http://www.hmdb.ca/
http://msi-workgroups.sourceforge.net/
http://msi-workgroups.sourceforge.net/
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Going through the identification of all metabolites of interest is fastidious and time 

consuming. The identification challenge is immense and confident unambiguous 

assignments of observed metabolic features to a single compound are not always easy. 

Definitive (level 1) identification requires the comparison of two or more orthogonal 

properties (eg. RT, accurately measured m/z, fragmentation mass spectrum) of a chemical 

standard to the same properties observed for the metabolite of interest analysed under 

identical analytical conditions. 

The application of accurate measurement of m/z provides putative annotations (the top 5 

possibilities are considered). Starting from a peak list of ca. 4260 and ca. 2280 features 

(m/z, rt values) in the cell culture medium and cell extract, we could reduce to 3365 and 

1556 features after the clean-up step (eliminating noise, contaminants). The output is a 

short list of 798 and 214 statistically relevant de-regulated features affected by the 

exposure dose in the cell culture medium and cell extract, respectively. For metabolite 

identification the standard reporting system described by Sumner et al. has been used 

[453]. We reported level 2 (putatively annotated metabolites) identification. 

In order to better understand the obtained results for the toxicological response of the A549 

cells exposed to IPOH, 4-AMCH or 4-OPA, the possible metabolites for these functional 

groups were searched. 

On one hand, both free radicals and epoxides formed during the metabolism of xenobiotics 

can pose an oxidative stress on the cells, and thus higher ROS signals can be expected. 

On the other hand, aldehydes are known to have irritating properties, thus inducing the 

formation of pro-inflammatory cytokines/chemokines [456]. 

As can be observed in figure below, IPOH is capable of forming radical compounds, 

epoxides and aldehydes. Most probably, the observed oxidative stress and inflammatory 

response of cells exposed to IPOH arise from such metabolites. 



Results and Discussion 

143 

H

O

O Cleavage O

O

H

H

O

Cleavage

3-isopropenyl-6-oxo-heptanal

5.

O

OH

 -H2O6.

hydroxy pentene4 1,3 pentadiene

O

Reduction

Epoxidation

R

O
-

O

O

R
.

O

2 -
 ketopropylepoxide

1    Hydrolysis

OOH

OH

4,5 -
 dihydroxy - 2

 - pentanone

H2O

OOH

4 hydroxi 2

pentanone

OO
2,4 pentanedione

H2O

O

OH

5 hydroxy 2 pentanone

Oxidation

O

H

O

Oxidation

4 ketopentanal

O

O

OH

4 ketopentanoic acid

 

2-keto-4-pentene 

Figure 59 Cleavage reaction of 3-isopropenyl-6-oxo-heptanal leading to epoxides and 

aldehydes 

 

Radical reactions: Radicals can be recombined between them to form covalent bonds or 

add to the epoxide derived from oxidation of 2-keto-4-pentene (see Figure 60) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60 Possible pathways of cellular reaction of IPOH leading to formation of radicals, 

epoxides and aldehydes 
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Based on a series of possible pathways of cellular reaction of 4-OPA when added to the 

selected human cells, various aldehydes, acids and alcohols are theoretically formed. 

Interestingly, 4-oxopentanoic acid (annotation based on the human metabolome database) 

determined in the cellular extract of the A549 cells treated with the mixture of 4-OPA, IPOH 

and 4-AMCH was observed as one of the most abundant metabolites (33-fold change) 

when compared to the untreated cells. 

Most probably, the observed inflammatory response detected in A549 cells exposed to 4-

OPA by increased levels of IL-6 (e.g. 1.4-fold higher) might be a consequence of the 

various acids formed during the pathway cellular reaction of 4-OPA. This hypothesis (that 

acids formed might be responsible of the inflammatory reaction) is based on some cytotoxic 

results reported in the literature, where A549 cells treated with compounds carrying an 

COOH group, caused the release of cytokines such as IL-8, IL-6, biomarkers responsible 

for the inflammation [457]. 
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Figure 61 Possible pathways of cellular reaction of 4-OPA leading to the formation of 

aldehydes, acids, alcohols 
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The formation of peroxides during the cellular pathway reaction of 4-AMCH in A549 cells 

might explain the potential effect of 4-AMCH to induce the oxidative stress in A549 cells 

that was determined by the presence of high intracellular ROS levels when compared to 

untreated cells (see results on the determination of ROS). 

 

4-(2-hydroxyethyl)-1-methyl-1-cyclohexene 

4-acetyl-1-hydroxymethyl-1-cyclohexene 

4-acetyl-1-methyl-3-peroxyl-1-cyclohexene / 4-acetyl-1-methyl-5-peroxyl-1-cyclohexene 

Figure 62 Possible pathways of cellular reaction of 4-AMCH leading to the formation of 

peroxides, alcohols 

 

De-regulated metabolites present in the cell culture medium and the cellular extract were 

listed, and their m/z features retained were further filtered based on the mass calculated of 

the new compounds obtained from the oxidation, hydration and reduction reaction that can 

occur with each individual test compounds (see reactions in the figure above). As 

presented in Table 23, metabolites in the cell culture medium and extract at high mixture 
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concentration were selected as most abundant when compared to untreated cells and 

therefore annotated. 

 

Table 23 De-regulated metabolites present in the cellular medium and cellular extract 

[student t-test (p < 0.001) and annotation using the human metabolome database (HMDB)] 

m/z rt Cellular medium Cellular extract HMDB name 

  Fold-change Fold-change  

117 607.4 21 33 4-oxopentanoic acid 

119 297.2 --- 11.3 2,4-diaminobutanoic acid 

131 545.5 --- 2.7 --- 

153 656.5 18 6.2 Alpha-pinene-oxide 

171 669.2 12 4.7 (6E)-8-methylnon-6-enoic acid 

185 481.7 --- 48.9 3,5-dihydroxy-4-methoxybenzoic 

acid 

185 660.1 --- 45.2 --- 

199 649.2 57.6 --- Guaifenesin 

199 808.7 3.5 2.6 5-Dodecenoic acid 

201 223.3 2.4 6.0 Ecgonine methyl ester 



Results and Discussion 

148 

Table 24 Cellular location indicated in the human metabolome database (HMDB) of the 

most significant de-regulated metabolites which were found in the cellular medium and 

cellular extract 

HMDB name Cellular location 

  

4-oxopentanoic acid Cytoplasm 

2,4-diaminobutanoic acid Cytoplasm 

Alpha-pinene-oxide Cytoplasm; extracellular; 

membrane 

(6E)-8-methylnon-6-enoic acid Extracellular; membrane 

3,5-dihydroxy-4-methoxybenzoic 

acid 

Not available 

Guaifenesin Not available 

5-Dodecenoic acid Cytoplasm; extracellular; 

membrane 

Ecgonine methyl ester Endoplasmic reticulum 

 

Based on the consideration above, it is concluded that the mixture of 4-OPA, IPOH and 4-

AMCH prepared at two concentrations (low and high) separated by a factor of 10, leads to 

a different cytotoxic effect (e.g. approximately 10 % loss of cell viability when cells were 

treated with the most concentrated mixture). 
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3.2.2 Potential inflammatory capacity of d-limonene and 4-OPA, 4-AMCH, IPOH in human 

blood evaluated by In vitro Pyrogen test (IPT) 

 

Human fever reaction to chemicals was simulated in vitro by directly incubating the cryo-

preserved blood with test compounds at various concentrations. Following 18 hours of 

incubation, the IL-1 beta released into blood samples was measured by In vitro Pyrogen 

test (IPT). However, different parameters such as the maximum time required for the blood 

distribution into samples after its thawing, and the optimal time incubation of blood with test 

compounds were considered in order to guarantee optimal execution of the test. 

 

Influence of blood distribution over time on the inflammatory response level (IL-1 beta) 

To identify the optimal time required to distribute the cryo-preserved blood into the culture 

medium containing the test compounds, different concentrations of lipopolysaccharide from 

Escherichia coli strain O113:H10 (LPS O113:H10) - used as positive control (WHO 

reference standard for fever-inducing contaminant) - were added to blood at various 

intervals of time (from 5 to 15 minutes counted after thawing the blood that is taken from 

the liquid nitrogen).  

The IPT experiments were all run using the same lot of cryo-preserved blood, in order to 

avoid variability within different lots. 

As can be seen in Figure 63, the quantity of the IL-1 beta expressed as optical density is 

decreasing over the blood time distribution. This trend of time is maintained for all the LPS 

concentrations expressed as Endotoxin Units (EU), which were tested in the range of 0.125 

to 2 EU. Since time blood distribution is one of the sensitive parameters of this in vitro test, 

the time needed to distribute the blood over the samples was limited to 5 minutes for all the 

experiments. 
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Figure 63 Evaluation of time blood distribution on potential inflammatory capacity of 

various LPS concentrations [from 0.125 to 2 EU] added to blood (n=9 ± STD) 

 

Determination of optimal time for incubation of blood with LPS O113:H10 to produce 

maximum release of inflammatory response (IL-1 beta) 

The time course production of IL-1 beta release from cryo-preserved blood stimulated with 

three LPS concentrations was measured at 12, 15, 20 and 24 hours. The maximum release 

of IL-1 beta was observed at 15 hours after blood incubation with LPS within all 

concentrations tested (see Figure 64). 

 

 

Figure 64 Measurement of IL-1 beta release from blood incubated with LPS concentration 

in the range of 0.5-2 EU mL-1 investigated at various incubation times 
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Evaluation of potential inflammatory capacity of d-limonene and 4-OPA, 4-AMCH, IPOH in 

human blood 

The single and the combined cytotoxic effects of 4-OPA, IPOH and 4-AMCH on human cell 

blood viability were assessed by optical microscopy. The morphological appearance of 

blood cells show that for single compounds less than 10 % of blood cells were damaged in 

the concentration range of 100 to 500 µM, while the concentration of their mixture was 

tolerable (approximately 10 % reduction in blood cells) in the range of 10 and 100 µM. 

Therefore, taking into consideration the blood cell counts, for an appropriate comparison 

between the potential inflammatory capacity of individual compounds and their mixtures, 

the inflammatory capacity of mixtures was tested in blood in the range of 0 to 100 µM. 

 

 

Figure 65 IL-1 beta detected in human blood incubated with individual tested compounds 

at four concentrations (0-500 µM). Data represent mean ± SD, n=3 

 

As shown in Figure 65, human blood incubated with 4-OPA at 500 µM released a higher 

amount of IL-1 beta when compared to the other compounds tested. The total amount of IL-

1 beta induced into blood by 4-OPA at 500 µM is comparable to the potential inflammatory 

capacity of the LPS O113:H10 at a concentration of 25 pg mL-1. The highest tested 

concentration (500 µM) of IPOH and 4-AMCH produced 1.5-times and 2.8-times 

respectively lower levels of IL-1 beta when compared to 4-OPA at 500 µM. 

At 10 and100 µM, both 4-OPA and IPOH induced similar amounts of IL-1 beta release in 

blood. 

Human blood showed no significant production of IL-1 beta over the negative control levels 

at a concentration of 2 µM for all tested individual compounds. 

On the other hand, no IL-1 beta was released in the tested concentration range of 0 to 100 

µM, after 15 hours of blood incubated with binary (4-OPA + IPOH, 4-OPA + 4-AMCH and 

IPOH + 4-AMCH) or ternary mixtures (4-OPA + IPOH + 4-AMCH). 
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Nevertheless, according to literature, the threshold value of an endotoxin to induce fever is 

0.5 EU. According to the inflammatory comparative results between the tested compounds, 

4-OPA indicated the most potential inflammatory capacity in human blood. Added at a 

concentration of 500 µM showed a higher IL-1 beta signal (3.1-fold)  than the signal of IL-1 

beta obtained to the other tested chemicals (IPOH – 2.7-fold, and 4-AMCH – 1.7), based on 

the comparison with the unexposed blood. However, total amount of IL-1 beta released by 

the human blood exposed to 4-OPA was lower than the total amount of IL-1 beta induced 

by 0.5 EU (50 pg mL-1) of LPS O113:H10, which is a well-known fever inductor [458]. 

 

3.3 In vitro studies with human lung cells exposed to d-limonene and the mixture of 

4-OPA, IPOH, 4-AMCH in presence/absence of ozone via Air-Liquid interface 

(CULTEX system) 

 

3.3.1 Assessment of cytotoxic effects induced by d-limonene, ozone and d-limonene/ozone 

gas mixtures on human lung cells 

 

3.3.1.1 CULTEX exposure to d-limonene and ozone as individual compounds with A549 

and THP-1 cells 

 

To evaluate the potential cytotoxic effects of a chemical mixture (e.g. d-limonene – ozone 

mixture) on the pulmonary cultured cells, d-limonene and ozone were initially studied as 

individual compounds. 

In order to assure that the concentration of compounds is reproducible between various 

exposure experiments, before and after each in vitro exposure runs, the target 

concentration of the test compounds was verified as follows:  active sampling GC-MSD 

analysis for the quantification of d-limonene and for the determination of ozone and nitric 

dioxide values it was used an Ozone and NO/NO2/NOx analysers (see Table 25). 

http://www.google.it/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CDQQFjAA&url=http%3A%2F%2Fwww.birmingham.ac.uk%2Ffacilities%2Fenvironmental-health%2Fabout%2Fgas-analysers.aspx&ei=T_1uVPWUFYiGywPtqIH4CQ&usg=AFQjCNEjZVbDcz_NOjfRIXrV3lNYfgXNcA&sig2=7VEj1a6_xDtYgKyCZ0m6Dg&bvm=bv.80185997,d.d2s
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Table 25 Concentrations of d-limonene, ozone and NO2 (positive control) used to expose 

A549 cells in CULTEX exposure module coupled to the environmental test chamber. Target 

concentrations and chamber initial concentrations (measured in the chamber) during cell 

exposure are reported. 

 µg m
-3

 Run 1 Run 2 Run 3 Target 

[µg m
-3

] 

Target 

[ppmv] 

Positive 

control 

NO2  11200 11200 11200 11200 6 

NO2  22500 22500 22500 22500 12 

Initial 

Chamber 

concentrations 

d-Limonene alone 250 240 240 200 0.02 

d-Limonene alone 5900 5700 5800 5000 0.5 

d-Limonene alone 15200 15100 15000 10000 2.5 

Ozone alone  137 137 139 137 0.07 

 

Dose-dependency of potential cytotoxic effects of d-limonene atmospheres covering the 

range from 0 to 15000 µg m-3 (aprox. 2.5 ppmv) prepared at two relative humidity levels (50 

and 80 % RH) was studied in human epithelial alveolar cells (A549). During each exposure, 

three   transwell replicates of A549 cells were treated in parallel in the CULTEX system 

(under air-lifted conditions) with the target pollutants (d-limonene or ozone) at 2 mL min-1 

flow for 1 and 2 hours. After the indicated exposure times, cells were receiving fresh culture 

medium (with 1 % FBS) to both the apical and basal side, and were left to recover in the 

incubator until the assessment of the selected endpoints (e.g. recovery for 24 hours when 

cell viability, inflammatory response were evaluated while in case of glutathione assay, 

cells were immediately analysed after exposure). 

As observed in Figure 66 A (measurement of cellular viability after exposure to d-limonene 

done by Scepter pipette) and Figure 66 B (cellular viability measured after exposure to 

ozone by Scepter pipette) there is a slight variation between the outcomes, but none of the 

exposure conditions applied induce a statistically significant biological response when 

compared to the control experiments, where cells were exposed only to humid Clean / Zero 

Air (e.g. p value was 0.11 for A549 cells exposed for 1 hour to 15000 µg m-3 of d-limonene). 

No statistically significant cytokines release (no data shown) or variations in glutathione 

content (see Figure 67) were observed when cells were exposed to d-limonene or ozone 

alone. The use of LPS (10 ng mL-1) as positive control to induce cytokine secretion (IL-6 = 
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170 ± 8.05 pg mL-1, IL-8 = 1000 ± 7.3 pg mL-1, MCP-1 = 673 ± 0.55 pg mL-1) confirmed the 

suitability of the cell cultures to produce cytokines. 

On the contrary to the data obtained when cells were exposed to d-limonene and ozone, 

exposure of the A549 cells to the positive control gas NO2 (6 and 12 ppmv) showed 

significant loss of cell viability (around of 15 % at 6 ppmv and 50 % at 12 ppmv), LDH 

release (LDH activity measured in cellular medium had an increase of 4 % ± 1.2 compared 

to the control samples) and oxidative stress (GSNO / GSH ratio of A549 cells exposed for 1 

hour to 12 ppmv NO2 compared to the ratio of GSNO / GSH of the control biological 

samples increased more than 9-fold and 1,5-fold for the GSSG / GSH ratio), as can be 

observed in the graphs below. A higher formation of S-nitroso-glutathione with longer 

exposure time was observed when cells were exposed to 12 ppmv NO2 for 2 hours (GSNO 

/ GSH ratio of A549 cells exposed for 2 hours to 12 ppmv NO2 compared to the ratio of 

GSNO / GSH of the control biological samples increased more than 21-fold and 2-fold for 

the GSSG / GSH ratio), which confirmed the technical validity of the exposure setup. The 

results obtained within this study regarding the toxic effect of NO2 are in accordance with 

previous studies [459], which showed that at 10 ppmv NO2, cell viability of A549 cells was 

reduced to less than 50 %. 

 

A 
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Figure 66 Cellular viability results obtained after exposure of A549 cells in CULTEX for 1 

and 2 hours to gas atmospheres containing A. d-limonene alone at various concentrations 

250 µg m-3 (approx. 0.02 ppmv), 5800 µg m-3 (approx. 0.5 ppmv) and 15000 µg m-3 (approx. 

2.5 ppmv), relative humidity (RH)=80 % B. d-limonene alone at various concentrations 250 

µg m-3 (approx. 0.02 ppmv), 5800 µg m-3 (approx. 0.5 ppmv) and 15000 µg m-3 (approx. 2.5 

ppmv), relative humidity (RH)=50 % C. ozone alone 137 µg m-3 ( approx. 0.07 ppmv), 

RH=50 %. Mean (± STD) of at least three independent runs are presented. Carrier control 

(humid Clean/Zero air), negative (incubator) and positive (NO2) controls are also included in 

the figures. 

B 

C 



Results and Discussion 

156 

 

Figure 67 Glutathione levels in A549 cells after exposure to d-limonene atmospheres 

(0.02, 0.5 and 2.5 ppmv). Positive control NO2 (12 ppmv) and negative controls (clean air 

and incubator) are shown. The results are expressed as GSH, GSSG and GSNO 

equivalents, corrected for protein content. Mean (± STD) of three independent runs are 

presented. 

 

The same series of exposure experiments have been carried out also for the differentiated 

THP-1 macrophage cell line (data not shown). However, even at the lowest d-limonene test 

concentration 250 µg m-3  (approx. 0.02 ppmv) and exposure to ozone alone, no significant 

decrease in cell viability or increase in cytokines and glutathione levels was determined. 

 

3.3.1.2 CULTEX exposure to d-limonene-ozone mixture with A549 and THP-1 cells 

 

After testing d-limonene and ozone separately, a defined mixture of initial 250 µg m-3 d-

limonene and 137 µg m-3 ozone (d-limonene-ozone ratio of 2:1) was also generated in the 

0.45 m3 environmental chamber, and initial compounds and reactions products were 

measured (see Table 26). 

Before exposing the selected human lung cells to the d-limonene-ozone mixture, the 

reaction was allowed to proceed until the levels of key ozone initiated reaction products 

were stable (chemical reaction in the phase of steady state). 

The cytotoxic effects of the mixture on the human lung cells were evaluated by applying the 

same endpoints as mentioned above. 

The outcomes from both type of cells exposed to d-limonene-ozone mixture were 

compared to the results obtained with cells exposed to both positive (NO2) and negative 

(Clean / Zero Air and Incubator). Within these experimental conditions, the results obtained 

for both selected cell lines: alveolar (A549) and macrophages (THP-1) exposed to d-

limonene-ozone mixture did not show a statistically significant increase in  lactate 
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dehydrogenase (LDH) released into cellular medium when compared to controls (see 

Figure 68). 

 

Figure 68 Membrane damage measured in A549 cells after exposure in CULTEX for 1 and 

2 hours to gas atmospheres containing only ozone (0.07 ppmv) and its mixture with 0.02 

ppmv of d-limonene. Mean (± STD) of at least three independent runs are presented. 

Negative (black and light purple colors) and positive controls (red color) are shown. 

 

Furthermore, no significant elevation in cytokines and intracellular glutathione levels nor 

loss of cellular viability were observed after 24 hours post exposure of both cell lines (A549 

and THP-1) following exposure to d-limonene-ozone mixture when compared to Clean / 

Zero Air. 

 

3.3.1.3 Chemical characterisation of generated atmosphere of d-limonene-ozone mixture 

and verification of target concentration of test compounds 

 

The table below contains the target concentration of d-limonene and ozone as a mixture, 

showing that the generated atmospheres were well stabilized and reproducible between 

various exposure experiments. The table also contains the determined concentrations of 

the key secondary reaction products formed during d-limonene-ozone reaction. 



Results and Discussion 

158 

Table 26 Concentrations of d-limonene and ozone used to expose A549 and THP-1 cells in 

CULTEX exposure module coupled to their mixture generated in the 0.45 m3 environmental 

test chamber. Target concentrations, chamber initial concentrations (measured in the 

chamber) and actual chamber concentrations during cell exposure are reported. 

 

Chemicals 

Run 1 

µg m
-3

 

Run 2 

µg m
-3

 

Run 3 

µg m
-3

 

Total amount [µg] 

delivered to cells 

1 hour 2 hours 

Chamber 

concentrations 

during cell 

exposure 

d-Limonene  230 220 210   

Ozone  134 128 131   

Formaldehyde  8.21 8.64 8.47 1.04 x 10
-3

 2.07 x 10
-3

 

Acetaldehyde 1.58 1.56 1.84 0.22 x 10
-3

 0.44 x 10
-3

 

Acetone  2.46 1.86 2.64 0.32 x 10
-3

 0.63 x 10
-3

 

IPOH  7.58 -- 9.91 1.19 x 10
-3 

2.38 x 10
-3

 

4-AMCH  0.96 --- 1.17 0.14 x 10
-3

 0.28 x 10
-3

 

4-OPA  0.85 -- 0.66 0.08 x 10
-3

 0.15 x 10
-3

 

6-MHO  -- -- 2.80 0.34 x 10
-3

 0.67 x 10
-3

 

 

A series of in vitro exposure experiments to various concentrations of d-limonene, and a 

mixture of d-limonene-ozone has been carried out by using an air-lifted exposure module 

(CULTEX) along with the well-known A549 human lung cell line. Experiments with chemical 

concentrations expected in indoor environments have been included. Gas atmospheres 

have been generated, delivered to the CULTEX exposure system and the actual 

concentrations of substances have been measured. Cells were exposed for 1 and 2 hours 

for each condition (e.g. different relative humidities, time exposure etc.). A series of end 

points were measured (cell viability, membrane damage, cytokine secretion, oxidative 

stress) to assess potential lower airway effects. Positive (NO2 and LPS) and negative 

controls (zero air and incubator) have been included in the study. 

Target d-limonene concentrations covered a broad range including low - relevant to indoor 

environments - and high concentrations (0.02, 0.5 and 2.5 ppmv). Average concentrations 

of d-limonene 0 - 175.7 µg m-3 have been measured during the AIRMEX project and 

reported in Geiss et al. [460]. Therefore, a defined mixture of 0.02 ppmv of d-limonene and 

70 ppbv of ozone was generated; initial substances and reactions products were 
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measured. Before cell exposure, the reaction was allowed to proceed until the occurrence 

of key ozone initiated reaction products was stable. 

Based on the selected measured endpoints, the exposure experiments performed in this 

study with d-limonene, ozone alone and d-limonene-ozone mixture did not produce 

cytotoxic effects on the cellular viability, nor did they induce inflammation or oxidative stress 

of A549 and differentiated THP-1 macrophage cells as compared to the control 

experiments. Since the formation of the secondary reaction products has been described to 

be highly dependent on the relative humidity at which the reaction takes place [461], the 

effect of the humidity was evaluated by exposing the cells to the reaction mixture obtained 

at both 50 and 80 % Relative Humidity (RH). Even if lower humidity levels (e.g. 20 %) have 

been observed to considerably increase the reaction yield [462], in the present study cells 

were not exposed to such a low relative humidity value due to the risk of affecting the 

cellular viability by the relative humidity itself. 

In a recently published study, where the in vitro toxicological analysis of limonene-ozone 

mixture was carried out in A549 cells, it was found that at the same limonene:ozone ratio (5 

: 1) but at various concentrations, the toxicological outcomes induced by the limonene-

ozone reaction on A549 cells was different. A significant decrease in the secretion of MCP-

1 and increase of IL-8 was produced when cells were exposed to 111 mg m-3 (20 ppmv ) of 

limonene in presence of 4 ppmv of ozone after 1 and 4 hours respectively, while no 

changes in IL-8 production were identified when A549 cells were exposed to 2.8 mg m-3 

(500 ppbv) of limonene in presence of 0.196 mg m-3 (100 ppbv) of ozone. Based on 

Anderson’s findings, different approaches in the experimental set-up were applied within 

this study. First of all, no synchronisation of A549 cell culture was considered in the present 

research, since this procedure does not reflect the real status of cells within the human 

body. Additionally, the serum-free medium could alter the cellular responses [463]. 

Cytotoxic effects of a different d-limonene-ozone ratio were tested on A549 cells and 

differentiated THP-1 cells, selecting d-limonene and ozone concentrations that were 

measured in real world settings. The selection of A549 cells was considered as a reference 

point for comparison with Anderson’s studies, while macrophage differentiated THP-1 cells 

were chosen, since they are in direct contact with A549 cells in the human body, and aid in 

removing toxic compounds. However, more biological endpoints than in the Anderson study 

such as membrane damage and the anti-oxidant defence mechanism (variation of 

intracellular glutathione levels) were carried out. Additionally, the characterisation of the 

generated atmosphere was reported here, giving an idea of the secondary reaction product 

concentrations formed during d-limonene-ozone reaction when using a d-limonene : ozone 

ratio of 2:1. 
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3.3.2 Assessment of cytotoxic effects of the mixture of 4-OPA, 4-AMCH, IPOH in presence 

and absence of ozone on human lung cells (A549 and 16HBE14o-) 

 

Due to the unavailability of commercially prepared gas cylinders containing the test 

chemicals as gas phase, an in-house preparation/volatilisation of the chemicals as gas 

phase was achieved in Tedlar bags. Thereafter, the human lung cells exposed to the gas 

mixture of 4-OPA, IPOH, 4-AMCH directly at the air/liquid interface was possible by 

adapting the in vitro CULTEX system to two Tedlar bags: one refilled with the chemical 

mixture and the other one refilled with Clean/Zero Air. 

The chemical’s concentration used in this in vitro exposure experiments was selected 

based on the chemicals ratio previously determined in a real world setting, where after the 

use of a cleaning kitchen products, IPOH was found to be the most predominant chemical 

(~86 %), followed by 4-OPA (~13 %) and 4-AMCH (~1 %). 

Considering the presence of ozone in indoor environments (e.g. various types of electronic 

equipment), the mixture of 4-OPA, IPOH and 4-AMCH was tested both in presence and in 

the absence of ozone. 

Thereafter, the human lung cells – alveolar (A549) and bronchial (16HBE14o-) – exposure 

to the gas mixture of 4-OPA, IPOH, 4-AMCH directly at the air/liquid interface was made 

possible by adapting the in vitro CULTEX system to two Tedlar bags: one filled with the 

chemical mixture and the other one was filled with Zero Air (called also Clean air), when 

cells were exposed to the mixture of 4-OPA, IPOH, 4-AMCH in absence of ozone. In the 

case of cells exposed to the mixture in presence of ozone, the reference Tedlar bag was 

filled with Clean / Zero Air containing ozone. 

 

Verification of target concentration of test compounds 

Table 27 A and B shows the total amount of the individual d-limonene ozonolysis products, 

4-OPA, 4-AMCH and IPOH to which cells were exposed at 2 mL min-1 during 1 and 2 

hours. As indicated by the ozone analyzer, the ozone concentration detected before 

running the in vitro exposure had a starting value between 50 to 60 ppbv, while post in vitro 

exposure the ozone concentration was between 20 to 30 ppbv. 
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Table 27 Total amount [µg] of target chemicals IPOH, 4-OPA and 4-AMCH  in absence 

(Table 27 A) and presence (Table 27 B) of ozone which was delivered to both A549 and 

16HBE14o- cells exposed within CULTEX for 1 and 2 hours (n = 3 ± SD). The data 

presented in this table were not corrected according to the results obtained with the 

recovery tests regarding the target chemicals. 

A. 

Mixture in absence of ozone (Tedlar bag) 

Chemicals 

Concentration 

µg m
-3

 

Total amount [µg] delivered 

to cells 

Run 1 Run 2 Run 3 1 hour 2 hours 

IPOH  27.500 27.000 27.500 3.3 ± 0.03 6.6 

4-AMCH  333 333 340 0.04 ± 

0.0006 

0.08 

4-OPA  4100 3900 4100 0.49 ± 0.01 1 

 

B. 

Mixture in presence of ozone (Tedlar bag) 

Chemicals 

Concentration 

µg m
-3

 

Total amount [µg] delivered 

to cells 

Run 1 Run 2 Run 3 1 hour 2 hours 

IPOH  47.500 48.100 47.200 5.7 ± 0.05 11.4 

4-OPA 6667 6500 6700 0.8 ± 0.01 1.6 

4-AMCH 833 833 800 0.1 ± 0.002 0.2 

 

Based on the fact that a 70 kg adult is assumed to inhale 20 m3 of air per day [170], and 

considering the total amount of chemicals to which cells were exposed for 1 and 2 hours, 

the in vivo time necessary for an adult to inhale the same quantity of chemicals to which 

cells were exposed was predicted (by calculation). Therefore, when cells are exposed for 1 

or 2 hours to the chemicals amount mentioned above, an adult inhales approximately the 

same quantity in 15 or 30 minutes. 
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Recovery tests of 4-OPA, IPOH, 4-AMCH 

As presented in Table 28, outcomes showed a good recovery for 4-OPA and 4-AMCH, 

91.5 % respectively 82.5 %, while a slight sink effect has been observed for the chemical 

compound IPOH, which showed only a value of 55.9 % for the recovery test. 

 

Table 28 Recovery values obtained from Tenax tubes collected from the inlet line (the gas 

atmosphere was immediately sampled before being distributed to the human cells). 

Compounds Target concentration [ug L
-1

] 
Recovery % (samples 

front) 

4-OPA 6.8 91.5 ± 10.8 

4-AMCH 1.6 82.5 ± 0.5 

IPOH 43.7 55.9 ± 4.1 

 

In order to understand the slight sink phenomenon observed in case of IPOH, future work 

should also include tests on film type (polyethylene terephthalate), film reactivity etc. 

Cytotoxic effects induced by the mixture of the test compounds in absence of ozone, on 

both cell lines, were first measured in terms of loss of cell viability. The effects of the 

mixture on cellular viability were expressed as a percentage of cellular viability compared to 

the cells exposed to Clean air. Cell viability was significantly reduced in a time-dependent 

manner after exposure of bronchial cells (16HBE14o-) as follows: After 1 hour exposure of 

human bronchial cells to the mixture, significant cell viability reduction was observed of 

around 8 % (7.9 ± 1.08), with a p value less than 0.05. A longer exposure (2 hours) of the 

bronchial cells to the mixture resulted in a higher reduction of cell viability to less than 20 % 

(20.23 ± 1.25) compared to cells exposed to clean air (control), with a p value less than 

0.01. On the contrary, the exposure of alveolar cells (A549) to the same mixture showed no 

significant difference versus control (see Figure 69 A-B). 
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Figure 69 Evaluation of cellular viability of pulmonary cells exposed to the mixture of 4-

OPA + IPOH + 4-AMCH for 1 and 2 hours. A. 16HBE14o- cells; B. A549 cells (n = 9 ±SD, 

significance of t-test, * p < 0.05, ** p < 0.01)) 

 

The effects of the mixture of 4-OPA + IPOH + 4-AMCH in presence of ozone produce 

slightly different results compared to the cytotoxic effects of the mixture alone. 

As shown in Figure 69, the cellular viability of bronchial cells was alterated only after 2 

hours of exposure (20.6 % ± 0.21), while the mixture in presence of ozone had no effect on 

the cellular viability of A549 (Figure 70 A-B). 

 

A 

B 
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Figure 70 Evaluation of cellular viability of pulmonary cells exposed for 1 and 2 hours to 

the mixture of 4-OPA + IPOH + 4-AMCH in presence of ozone. A. 16HBE14o- cells; B. 

A549 cells. The effects of (n=9 ± SD, significance of t-test, ** p < 0.01)) 

 

Different cytokines such as IL-6, IL-8, TNF-alpha, RANTES, IL-15, IL-4 were selected 

since they play a key role in the development of the allergic inflammatory responses at the 

pulmonary level [67]. 

Figure 71 shows the percentage of the selected cytokines released 24 hours after both 

type of cells (A549 and 16HBE14o-) were exposed to the mixture of 4-OPA + IPOH + 4-

AMCH in presence and in absence of ozone. 

A 

B 
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Figure 71 Determination of IL-6, IL-8, TNF-alpha, RANTES, IL-15, IL-4 release in the 

medium of A549 and 16HBE14o- cells exposed to the mixture of 4-OPA + IPOH + 4-AMCH 

in absence and in presence of ozone (noted in the figure as Air+MIX + O3). 
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The results are expressed as the percentage ± SD of each cytokine released into the 

culture medium compared to control cells. Each experiment was repeated at least three 

times and each exposure condition had three replicates. 

A significant increase of IL-6 level was observed only for the alveolar cells exposed to the 

mixture of 4-OPA + IPOH + 4-AMCH. After 1 hour exposure, IL-6 released in the medium of 

A549 cells showed a minimum of 1.5-fold increase, while after 2 hours exposure, the IL-6 

levels increased 2 times more than those found in the controls. The addition of ozone to the 

mixture determined a significant decrease in the level of IL-6 compared to the mixture 

alone. A549 cells exposed to the mixture in presence of ozone showed just a 1.2-fold 

increase after 1 hour and 1.4-fold after 2 hours. However, both exposure conditions 

(mixture alone and mixture in presence of ozone) produced a statistically significant amount 

of IL-6 in A549 cells (p < 0.05). In contrast, the bronchial cells had an opposite effect. A 

significant decrease in IL-6 level was observed only after 2 hours exposure of 16HBE14o- 

to the mixture alone (1.3-fold ± 0.2) since after 1 hour exposure no statistically significant 

amount of IL-6 was secreted compared to control. In the case of cells exposed to the 

mixture with ozone, the exposure time effect showed a decreasing trend in IL-6 as follows: 

1.7-fold and 8.2-fold decrease after 1, respectively 2 hours. 

Quantification of IL-8 levels released in culture medium of A549 cells exposed to mixture in 

presence/absence of ozone, gave higher levels of IL-8 compared with those produced by 

cells exposed to Clean air. As shown in Figure 71, the amount of secreted IL-8 was 1.14-

times higher when cells were exposed for 1 hour. A time dependent effect was observed 

also here since after 2 hours exposure, a statistically significant amount of IL-8 was 

released (from 1.14-fold to approximately 1.25-fold) with a value less than 0.05. Regarding 

the IL-8 amount secreted by bronchial cells, only after 1 hour’s exposure to the mixture 

alone, the IL-8 level was increased to 1.2-times compared to control. A pronounced 

decrease in IL-8 was found when 16HBE14o- cells were exposed for 2 hours to the mixture 

in presence of ozone (8.2-fold ± 10.2). A similar trend, as in the case of IL-6 release, was 

obtained for IL-8, when cells were exposed for 1 and 2 hours to the mixture with ozone. 

However, the concentrations of these interleukines were different: IL-6 was found to be 

approximately 319.5 pg mL -1  ± 10.3 and 69.65 pg mL -1 ± 10.2 (1 and 2 hours to mixture 

with ozone); while IL-8 was 1419.5 pg mL -1 ± 0.78 and 206.5 pg mL -1 ± 3.36 (1 and 2 

hours to mixture with ozone). Both IL-6 and IL-8 are often described in the literature as 

being involved in the inflammatory process at the lung level [208, 464]. Earlier studies have 

shown a correlation between elevated IL-8 and IL-6 when A549 was exposed to 4-OPA 

alone at air/liquid interface. After 4-hours of exposure of A549 cells to a concentration of 

61 420 µg m-3 (15 ppmv) of 4-OPA induced a 32-fold change in IL-6 and 14-fold change in 

http://www.iovs.org/content/51/2/1151.long#F4
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IL-8 levels. Other in vitro studies carried out for 4-OPA suggest that its potential toxicity 

could lead to skin and lip dryness [165]. In reviewing the literature, no data was found on 

the association of cytokines released induced by the mixture of 4-OPA + IPOH + 4-AMCH 

in presence / absence of ozone in human pulmonary cells. 

It is interesting to note that a statistically significant increase of TNF-alpha (aprox. 1.5-fold 

change) was determined in bronchial cells exposed to the mixture alone for 2 hours. These 

results could be associated with the results obtained with cellular viability assay, indicating 

that the increased release of TNF-alpha could induce cell death (apoptosis) in the bronchial 

cells. The results showed a decreased tendency when cells were exposed to mixture with 

ozone. The increases of TNF-alpha levels were not significant in A549 cells when 

compared to control in any of the exposure conditions. Data from different studies have 

demonstrated that TNF-alpha has pro-inflammatory and pro-oxidative actions [224]. 

Research carried out in transgenic mice has identified that TNF-alpha depleted cellular 

glutathione levels [224]. Additionally, it has been revealed in both in vitro and in vivo studies 

that TNF-alpha induced oxidative stress in cells by generating subcellular ROS formation 

followed by the activation of pro-inflammatory molecules [465]. Recent studies indicate that 

TNF-alpha treatment in neuronal cells induced cell death (apoptosis) [466]. 

The results showed that IL-15 levels in both alveolar and bronchial cells are slightly 

increasing after 1 hour exposure of cells to the mixture alone (1.2-fold change) while the 

amount of IL-15 is decreasing in a time-dependent manner when both type of cells were 

exposed to the mixture in presence of ozone and in the case of alveolar cells exposed for 2 

hours to the mixture alone. It has been demonstrated that the overexpression of IL-15 in 

peritoneal adherent cells from mice inhibited apoptosis [467]. Contrary to the above 

mentioned study, the IL-15 levels were drastically decreasing (21-fold change for A549 

cells exposed to the mixture for 2 hours and 77- and 53-fold change when A549 cells were 

exposed to the mixture in presence of ozone for 1 and 2 hours respectively). A down-

regulation of IL-15 was observed in 16HBE14o- cells after their exposure only to the 

mixture in presence of ozone (72-and 38-fold change after 1 and 2 hours exposure). These 

findings might be a sign of cellular apoptosis, but further studies are needed to confirm this 

hypothesis. 

The last chart of Figure 71 shows an inhibition of IL-4 level in a time-dependent manner in 

bronchial cells exposed to mixture in presence/absence of ozone. Alveolar cells produced 

higher amounts of IL-4 only after 1 hour exposure to the mixture alone (approximately 1,8-

fold), while after 2 hours no statistically significant effect on IL-4 release was noticed. A 

similar decreased tendency in IL-4 amount was obtained for both alveolar and bronchial 

cells after 1 hour exposure to the mixture with ozone. According to literature, IL-4 plays an 
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important role in the pathogenesis of allergic asthma [468] and it was also shown that at 

concentrations of 8040 pg mL -1 it induces apoptosis in A549 cells [469]. However, the 

concentrations found within this study, where A549 cells were exposed to the mixture 

alone, were lower (1.64 pg mL -1) compared to the data literature and as indicated in the 

study above did not alter the cellular viability. 

The difference between the A549 and 16HBE14o- cells to increase or inhibit the secretion 

of different selected cytokines could be explained by the fact that the A549 cell has a 

malignant phenotype (being a carcinoma cell line) while the phenotype of 16HBE14o- cells 

is similar to the normal bronchial epithelial cells. 

The present study considered the relationship between oxidative stress and inflammation 

[470], therefore the oxidative stress was investigated by the quantification of intracellular 

glutathione content in both bronchial (16HBE14o-) and alveolar (A549) cells exposed to 

mixture in presence/absence of ozone. 

Bronchial cells (16HBE14o-) exposed to the mixture of 4-OPA + IPOH + 4-AMCH showed a 

time-dependent marked decrease in GSH / GSSG ratio, as follows: 13.4 (decrease of 8 %, 

after 1 hour) and 12.6 (decrease of 13.7 %, after 2 hours), compared to 14.6 for GSH / 

GSSG ratio of untreated cells, while the GSH / GSNO ratio corresponded to 7.2 (after 1 

hour) and 12 (after 2 hours) in relation to the GSH / GSSG and GSH / GSNO ratio of cells 

exposed to clean air. 

Exposure of bronchial cells to the mixture in presence of ozone also caused a decrease in 

the GSH/GSSG ratio: 12.8 (decrease of 12.3 % after 1 hour) and 12.2 (decrease of 16.5 %, 

after 2 hours exposure), with fold-changes statistically different on time-exposure (p < 

0.05). In addition, a lower fold-change in the ratio of GSH / GSSG followed by an 

augmented fold change in the ratio of GSH / GSNO was noticed when compared to the fold 

change observed in cells exposed to the mixture alone (p < 0.05). 

Exposure of alveolar cells (A549 cells) to mixture in presence or absence of ozone did not 

lead to statistically significant changes in the intracellular reduced/oxidised (GSH / GSSG) 

and reduced/nitroso (GSH / GSNO) gluthathione species ratios when compared to control 

values (cell exposed to clean air with/without ozone). 

In this study, the potential oxidative stress impact of 4-OPA + IPOH + 4-AMCH in 

presence/absence of ozone on both bronchial (16HBE14o-) and alveolar (A549) cell lines 

was evaluated by measuring the intracellular levels of reduced, oxidised and nitroso- 

glutathione forms. These findings are significant as they suggest that bronchial cells 

exposed to both mixture alone and mixture with ozone, significantly decrease the GSH 

levels leading to the formation of GSSG and GSNO. No significant reduction in GSH levels 

was found in the alveolar cells post-exposure to mixture in presence or absence of ozone. 



Results and Discussion 

170 

This is the first study which investigates the toxicological effects of 4-OPA, IPOH, 4-AMCH 

as a mixture in presence and absence of ozone on human pulmonary cell lines. Previously, 

only one in vivo study has been carried out, where the respiratory effects of 4-OPA, IPOH, 

4-AMCH, as individual compounds, were investigated in a head out mouse bioassay [423]. 

Based on the different parameters investigated, such as time of brake (TB), time of 

inspiration / expiration (TI / TE) and mild expiratory flow rate, the authors reported that 

IPOH might be classified as a sensory irritant as observed by the elongation of TB, and 

with an estimated no observed (adverse) effect level (NO(A)EL) of around 1.6 ppmv, while 

for 4-AMCH, the NOEL for sensory irritation was established to be around 13 ppmv. Mice 

exposed to 4-OPA presented a complex cascade of effects such as airflow limitation, 

sensory and pulmonary irritation, with an estimate for sensory irritation of around 3.4 ppmv. 

Moreover, based on the sensory irritation thresholds determined in mice, the authors 

considered an assessment factor of 2 to calculate the NOAEL in humans by extrapolating 

the lowest-observed (adverse) effect level experimentally determined in mice. Thus, the 

calculated human reference values of IPOH, 4-AMCH and 4-OPA was found to be 1100 µg 

m-3 (0.16 ppmv), 7350 µg m-3 (1.3 ppmv) and 5320 µg m-3 (1.3 ppmv) respectively. In 

conclusion, the authors highlight the need for indoor/ambient exposure data, especially for 

IPOH and 4-OPA, since measurements of these compounds in offices have not been 

reported. 

The present study differs from the head out mouse bioassay in that: i) biological effects 

were investigated at two specific target lung sites: bronchial and alveolar region; ii) each 

cell line selected (A549 and 16HBE14o-) was analysed under controlled conditions; iii) both 

cell lines were exposed to the mixture of 4-OPA + IPOH + 4-AMCH in presence / absence 

of ozone within environmental relevant concentration levels. Based on the total amount of 

each compound that an adult could inhale per day (8 hours), and according to the 4-OPA, 

IPOH, 4-AMCH ratios identified in real world settings, human lung cells were exposed to 

the air/liquid interface within CULTEX for 1 and 2 hours. This time exposure corresponds to 

the total amount of chemicals that humans could inhale within 30 minutes (when cells were 

exposed to chemicals for 1 hour) and 1 hour (when cells were exposed to chemicals for 2 

hours). 

Although the toxicological effects of individual tested compounds have been studied in vivo, 

as mentioned in the above study, much less is known about their potential toxicity in the 

human lung. There have been a few studies in which the biological effects (in terms of 

inflammation potency) of 4-OPA on A549 cells was assessed by the use of an air/liquid in 

vitro device [164], but in vitro exposure-related biological effects for the mixture of the 

selected d-limonene ozonolysis is lacking. 
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The originality of the current study lays in the demonstration that the mixture of the tested 

compounds both in presence/absence of ozone induces a marked decrease in cell viability, 

statistically significant secretion of various pro-inflammatory cytokines and perturbation of 

the anti-oxidant mechanism defense in both human pulmonary cell lines. However, the 

cytotoxic effects observed in bronchial cells suggest that the mixture of these compounds 

has a great impact on the airway epithelium of the bronchi rather than on the airway 

epithelium of the alveoli.
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4. CONCLUSION 

 

For the present thesis, state-of-the-art experimental methods have been applied, new 

methods are developed and optimized to investigate in vitro cytotoxic effects on selected 

human lung cells: bronchial (16HBE14o- cells); alveolar (A549 cells) and activated 

macrophages (THP-1) and human cryopreserved blood after exposure to the common 

indoor air pollutants d-limonene, ozone and their reaction products 4-oxopentanal (4-

OPA), 3-isopropenyl-6-oxoheptanal (IPOH) and 4-acetyl-1-methyl-1-cyclohexene (4-

AMCH) as individual compounds and mixtures. 

When tested on human bronchial and alveolar cell lines by direct dilution into the cell 

culture medium, d-limonene alone did not induce any alterations in the cell functions 

concerning cell viability (e.g. measurement of lysosome damage), inflammatory response 

(e.g. variation in pro-inflammatory cytokines secretion such as IL-6, IL-8) or oxidative 

stress (e.g. variation of intracellular reactive oxygen/nitrogen species (ROS / RNS) and 

intracellular glutathione levels). On the contrary, 4-OPA and IPOH, AMCH tested 

individually or as mixtures caused a wide range of cytotoxic effects such as: (1) damage of 

lysosomes observed in both bronchial and alveolar cells; (2) induction of higher levels of 

intracellular reactive oxygen/nitrogen species, especially in bronchial cells exposed to 

IPOH; (3) perturbation of the anti-oxidative defense balance between reduced glutathione 

form (GSH) and nitroso- glutathione form (GSNO) or oxidative glutathione form (GSSG), 

especially in alveolar cells when exposed to IPOH and in bronchial cells when exposed to 

both IPOH and 4-OPA; (4) induction of pro-inflammatory cytokines (e.g. IL-6, IL-8) which 

was predominant in bronchial cells than in alveolar cells when exposed to 4-OPA and 

IPOH. 

Among the tested compounds, IPOH has proven to have the strongest potency for 

induction of ROS/RNS (e.g. the formation of ROS/RNS in bronchial cells exposed to 500 

µM of IPOH was approximately 2-times higher when compared to the ROS / RNS levels 

measured in bronchial cells exposed to 4-OPA and 5-times higher than the ROS / RNS 

levels measured in bronchial cells exposed to 4-AMCH) and for induction of the cytokines 

IL-6 and IL-8 whereas 4-OPA demonstrated the strongest cell viability destruction with a 

LC50 at 1.6 mM (compared to 3.5 mM for IPOH and at least 5.8 mM for 4-AMCH). 

Exposure of bronchial cells to high concentrations levels (50 µM) of 4-OPA showed a 

down-regulation of IL-6 (80-fold change) and IL-8 (61-fold change) when compared to 

untreated cells. On the other hand, IPOH (50 µM) induced an increase of both IL-6 and IL-

8 secretion in bronchial cells (2.8-fold change and 7.0-fold change respectively), which 

indicates that the deleterious effect of IPOH is higher in the bronchial cells than in the 
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alveolar cells. Concerning the inflammatory effects of 4-AMCH on bronchial cells, only at 

lower tested concentration (1.5 µM), both IL-6 and IL-8 levels were up-regulated (2-fold 

change higher than the cells untreated), while at higher concentration (50 µM) the effects 

observed were the opposite (e.g. both IL-6 and IL-8 were 5-times down-regulated). 

The fast screening metabolomics analysis carried out on alveolar (A549) cells exposed to 

the mixture of IPOH, 4-OPA and 4-AMCH showed a significant perturbation on their 

survival cellular processes (p < 0.5). The biological effects observed (e.g. 10% loss of the 

cellular viability when compared to untreated cells) are the consequence of cell treatments 

with the selected mixture and probably the formation of their related metabolites present in 

both cellular medium and cellular extracts. 

After exposing the alveolar (A549) and the activated macrophages (THP-1) cells to a 

mixture of d-limonene (0.02, 0.5 and 2.5 ppmv) and ozone (70 ppbv) alone as well as d-

limonene-ozone mixture at realistic concentrations (e.g. 0.02 ppmv and 70 ppbv) in the 

gas phase, the results indicated that no statistically significant differences in cell viability, 

inflammation and intracellular glutathione content occurred, neither in alveolar (A549) nor 

in the activated macrophage (THP-1) cell lines, when compared to cells exposed to clean 

air, used as control. Under these experimental conditions, when alveolar and 

macrophages cell lines were exposed for 1 and 2 hours to d-limonene and ozone mixture, 

it can be concluded that the d-limonene-ozone mixture at realistic concentration levels 

cannot be considered as a potential health concern when in contact with the human 

alveolar compartment or with the macrophages. 

From research that was performed with the liquid/liquid exposure method and by 

comparing both the human pulmonary cell lines used (bronchial and alveolar), it can be 

concluded that: 

-the bronchial cells showed a more sensitive reaction than the alveolar cells in terms of 

loss of cell viability, when comparing their lowest observable effect concentration (LOEC) 

which causes statistically significant loss of cellular viability from the untreated cells (e.g. 

LOEC observed for bronchial cells exposed to IPOH was approximately 0.5 mM, while for 

alveolar cells it was approximately 1 mM); 

-it appears that in the bronchial cell line, the formation of intracellular reactive 

oxygen/nitrogen species (ROS / RNS) is 2-times higher than in alveolar cell line after their 

exposure to the targeted chemicals; 

-a 3.3-fold change of oxidative- glutathione form was measured in bronchial cells exposed 

to IPOH when compared to the levels found in alveolar cells; 

-early toxicity such as inflammation measured by various types of cytokines was identified 

to be greater in bronchial cells than in alveolar cells (e.g. levels of IL-6 were found to be 2 
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times higher in 16HBE14o- than in A549 cells treated with a mixture of compounds [1.5 

µM]). 

The possible cytotoxic effects of a gas mixture of IPOH, 4-OPA and 4-AMCH on human 

bronchial and alveolar cell lines were evaluated in both presence and absence of ozone. 

From the outcome of this investigation, it can be concluded that the mixture prepared at 

concentration ratios based on a realistic scenario (e.g. concentrations relevant indoors: 

IPOH [16 µg m-3], 4-OPA [2.5 µg m-3], 4-AMCH [0.2 µg m-3]) was found to cause a time-

dependent effect on bronchial cellular viability (e.g. around 8 % loss of cell viability after 

cells were exposed to this mixture in absence of ozone for 1 hour and approximately 20 % 

when cells were exposed for 2 hours to both experimental conditions: the mixture with and 

without ozone); in alveolar cells, after their exposure to the mixture in absence of ozone, a 

statistically significant increase in IL-8 (e.g. 1.3-fold change after 2 hours exposure, p < 

0.05) and IL-6 levels (e.g. 2-fold change after 2 hours exposure, p < 0.01) which indicates 

an inflammatory potential; and in bronchial cells exposed to the mixture in absence of 

ozone, a time-dependent decrease of GSH/GSSG ratio [e.g. 13.4 (after 1 hour) and 12.2 

(after 2 hours)], correlated with the capacity of the mixture to induce oxidative stress. 

Based on the Air-Liquid exposure outcomes, major conclusions regarding the comparison 

of bronchial and alveolar cells are as follows: 

-no significant difference on cell viability of A549 cells exposed to the gas mixture was 

noticed when compared to the untreated cells, while bronchial cells lost 20% of cellular 

viability, indicating that bronchial cells are more sensitive than the alveolar cells, in terms 

of cellular viability; 

-concerning the IL-6, a biomarker predicting Chronic Obstructive Pulmonary Disease 

(COPD), an increase of IL-6 levels was determined (1.5-fold change) in alveolar cells 

exposed to the gas mixture, while in the case of bronchial cells no statistically significant 

amount of IL-6 was determined when compared to control (cells exposed to clean air); 

-on the other hand, a 1.5-fold change increase in secretion of TNF-alpha (a biomarker that 

plays a role in apoptosis induction) was measured only in bronchial cells exposed for 2 

hours to the gas mixture, while the TNF-alpha levels in alveolar cells were not statistically 

different from the control. 

Results of the experiments carried out with human cryopreserved blood incubated with d-

limonene at its highest soluble concentration in the cell culture medium (100 µM) did not 

show any increase of interleukin-1 beta (IL-1 beta) activity, known as a cytokine biomarker 

for human inflammatory capacity (e.g. fever induction). Similar findings were demonstrated 

for 4-OPA IPOH and 4-AMCH at a concentration of 2 µM. On the contrary, at higher 

concentrations (up to 500 µM) the three tested d-limonene ozonolysis products induced a 

concentration-dependent increase of IL-1 beta.
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5. Outlook 

 

Following the results obtained, further studies on this issue would be of interest, as 

follows: 

The application of new methodologies such as metabolomics and proteomics could be of 

benefit to gain knowledge about possible pathological processes that the selected d-

limonene ozonolysis products IPOH, 4-OPA and 4-AMCH can induce at the molecular 

level.  

Similarly to the present work, other common abundant terpenes present in consumer 

products (e.g. linalool) would be of interest to be tested not only as a single compound but 

also in combination with strong oxidants present in the environment such as ozone that 

might lead to formation of toxicologically relevant products. 

Additionally, it would be interesting to monitor the concentration of IPOH, 4-OPA and 4-

AMCH formed during normal use of a wide range of consumer products (e.g. air 

fresheners, detergents etc.) in order to evaluate their accumulation in indoor spaces and 

the potential health effects in humans after exposure.
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