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ABSTRACT 

 

Hazard Assessment of High-Nitrogen Explosive Compounds: A Novel In Vitro Multi-

Cellular Approach 

 

Tony Maurais, Master of Science in Public Health, 2016 

 

Thesis directed by:  LTC Christopher A. Gellasch, Ph.D., Assistant Professor and MSPH 

Program Director, Preventive Medicine and Biostatistics 

 

The energetic properties of high-nitrogen (high-N) content materials have 

increased the interest towards their development for use in insensitive munitions.  

However, the use of such compounds in the production of explosives is known to lead to 

an increased risk of adverse health effects in munition factory workers and the general 

population through various occupational and environmental exposure pathways.  While 

chemical hazard assessment with live animals has many advantages, the high cost of in 

vivo testing, in terms of resource consumption, animal usage, and time, only allows for 

the testing of a limited number of compounds.  Current in vitro systems are limited by 

screening cells in isolation, thereby potentially underestimating the cytotoxicity of 

metabolites.  In order to address these limitations, the objective of this research is to use a 

rapid and efficient in vitro model capable of assessing the toxicological impact of an 

insensitive munition of emerging importance, 2,4-dinitroanisole (DNAN), a high-N 

candidate for the replacement of the legacy munition 2,6-trinitrotoluene (TNT). 
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The Integrated discrete Multiple Organ Co-Culture (IdMOC) system allows for 

the co-culture of up to 6 discrete organ cell types; demonstrating cell-specific toxicity of 

parent compounds and of metabolites generated by other cells, such as the liver.  In this 

research, five human cell lines were used: kidney, liver, lung, heart and vascular 

endothelium.  TNT, with its well-documented toxicological research-base, served as a 

comparative model by which to assess the toxicity of the novel and lesser-described 

munition, DNAN.  Cytotoxicity was assessed for each chemical using cell viability 

characterizations, biomarkers for each cell type, and metabolic/functional pathway 

enrichment analysis from microarray-based global transcript expression analysis.  Protein 

- for all cell lines - and transcript expression - for kidney cells - profiles between cell 

mono- and co-cultures were compared in order to assess the influence of TNT 

metabolites and of the parent compound, thus contributing to the validation of the 

IdMOC system. 

Enriched pathways within kidney cells exposed in co-culture to TNT included 

pathways related to p53 signaling, cytochrome P450, biological oxidative stress 

mitigation, and glutathione metabolism, which are all reflective of the known toxicity of 

TNT metabolites, such as TNT hydroxylamino metabolites.  Following viability assays 

with the cell lines used in the IdMOC system, the toxicity of DNAN based on the lethal 

concentrations 50 (LC50s) was significantly lower for three cell lines (liver: 145 µM 

(TNT) vs 1,503 µM (DNAN); vascular endothelium: 261 µM vs 5,875 µM; heart: 176 

µM vs 7,015 µM).  Two-way ANOVA and principal component analysis showed very 

few differently expressed transcripts between mono- and co-cultures of kidney cells, 

which can be attributed to the detoxification capability of the latter.  Kidney cells 

exposed to 100 µM of DNAN in co-cultures led to a significantly lower number of 
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differently expressed transcripts (180) than the same concentration of TNT (3,074).  Both 

TNT and DNAN exposures resulted in enhanced p53 signaling pathway in kidney cells, 

but the mechanism of toxicity for DNAN is related to uncoupling of oxidative 

phosphorylation while TNT toxicity is related to DNA damage.  DNAN also led to the 

enrichment of pathways related to metabolism of amino acids, nitrogen metabolism and 

glutamine-glutamate metabolism.  This pathway enrichment reflects the known toxicity 

of DNAN metabolites, including dinitrophenol, and associated to proteinuria.  The 

increased expression of specific transcripts such as KCNJ2, coding for a potassium 

channel, is also in accordance with dinitrophenol metabolism and observed 

hyperkalaemia in workers exposed to this DNAN metabolite.   

Pathway enrichment within kidney cells exposed to TNT through the IdMOC 

system reflects the literature based in vivo toxicity of active toxicants generated from the 

metabolism of the model chemical, thus contributing to the validation of chemical hazard 

assessment in co-culture setting.  The same conclusion can be stated from co-cultures 

exposed to DNAN, which led to differences in enriched pathways reflecting 

dissimilarities in toxicity compared to TNT.  Based on the small proportion of differently 

expressed transcripts within kidney cells exposed to DNAN in co-cultures, the latter 

showed a lower potency than TNT, which is also supported by higher LC50s.  The 

IdMOC system has the potential to play an increasing role in the hazard assessment of 

high-N compounds in order to facilitate the safe development and use in insensitive 

munitions.  Future work necessary to further validate the IdMOC system includes 

microarray analysis with non-detoxifying cells exposed to TNT in co-cultures as well as 

the dosing of TNT metabolites within the culture media. 
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CHAPTER 1: INTRODUCTION 

 

BACKGROUND 

 The approaches that have been used in the past 50 to 80 years to quantitatively 

assess the health risks of chemical exposure have mainly focused on high-dose studies 

measuring the adverse outcomes in homogeneous animal populations.  This process 

represents a low-throughput approach relying on conservative extrapolations relating 

animal studies to human exposure to common low doses (18).  The high cost of in vivo 

testing, in terms of resource consumption, animal usage, and time, only allows for the 

testing of a limited number of compounds.  Depending on the chemical and its purpose, it 

has been estimated that up to 7,000 animals can be used for in vivo chemical assessment 

at a cost often reaching tens of millions of dollars during several years (170).  In order to 

overcome these limitations, government agencies are increasingly looking at new 

approaches to evaluate the safety of the relatively large number of chemicals in 

commerce and in the environment (86; 177).  In 2006, the European Union (EU) 

launched the Registration, Evaluation, Authorization and Restriction of Chemical 

substances (REACH) legislation that dramatically reorganized chemical safety 

regulations for the EU (193).  By embracing the precautionary principle, REACH shifts 

the burden of compliance from regulators to industry, requiring companies wishing to sell 

chemicals in the EU to demonstrate their safety through imbedded registration process 

(193).  Furthermore, the EU has enacted the Seventh Amendment to the Cosmetic 

Directive which promulgates the elimination of animal testing (158).  In response to the 

same concerns, the United States (U.S.), through the U.S. National Research Council 

(NRC), published a report in 2007 named: Toxicity Testing in the 21st Century: A Vision 
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and a Strategy (132).  In the report, NRC recommends the transformation of toxicity 

testing by reorienting the process towards the evaluation of the responses of toxicity 

pathways in well-designed in vitro assays using human cells (18; 132).  The NRC report 

identifies a number of emerging fields and techniques that are contributing to a better 

understanding of the biologic responses to chemicals in human tissues.  For instance, 

systems biology is a recent and powerful approach that uses computational models and 

laboratory data to describe and understand biologic systems as a whole and how they 

operate (132).   

These new technologic developments, combined with the lack of rapid and 

accurate methods for predicting the health hazards of new chemicals, led the Engineer 

Research and Development Center (ERDC) of the U.S. Army Corps of Engineers to 

develop mammalian cell-based, fish embryo assays and computational tools to rapidly 

assess potential health hazard effects of new military chemicals to mammals and the 

environment.  More specifically, the ERDC Rapid Hazard Assessment of Army 

Compounds (RHAAC) Project focuses on the assessment of high-Nitrogen (high-N) 

compounds as they are being developed for use as insensitive munitions (IM).  One 

objective of the RHAAC Project consists of developing a mammalian cell-based assay 

based on the Integrated discrete Multiple Organ Co-culture (IdMOC) system.   

The IdMOC system (Figure 1) represents a rapid screening system that allows for 

the co-culture of up to 6 discrete organ cell types that share the same media, offering the 

advantage of observing the effects due to compound metabolism.  This model, developed 

in 2004 by Li, Bode and Sakai (104), allows for the incorporation of a metabolic 

component for in vitro toxicity screening.  The system takes into account the following 
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properties of accurate in vitro experimental systems: xenobiotic metabolism by key 

organs; target cells representative of key organs; multiple organ interactions; and 

predictive endpoints (103).  In this approach, cells are cultured independently in short 

inner wells that are housed together in the same outer chamber.  By doing so, the cell 

types are connected by a shared medium that floods the outer chamber.  Soluble 

metabolites can then interact with all the different cell types.   

 

Figure 1. The Integrated discrete Multiple Organ Co-culture (IdMOC) system (144).   

By either testing the culture of selected cell lines individually in each well, or by 

overflowing the six-well chambers with culture media, one can use the IdMOC 

plate in a monoculture or co-culture setting. 

 

For instance, the system allows for the culture of hepatocytes in the presence of 

other organ-specific cell types, and, consequently, the effects of metabolism on cell-type 

specific toxicity, as well as for hepatotoxicity, can be evaluated for a chemical of interest 

(32).  When using the IdMOC system for toxicity assessment, one needs to consider the 

key organs affected by the chemical(s) of interest and choose the appropriate cell lines 

accordingly.  Once the key cell lines for the IdMOC system are selected, a validation is 

required using a model chemical for which the toxicity properties are well known.  In this 

regard, 2,4,6-trinitrotoluene (TNT), an energetic compound that has been used for a 
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century and a half, appears to be the ideal candidate for the validation of an IdMOC 

system in the assessment of high-N compounds. 

While the toxicity of TNT is well documented, there are several other high-N 

compounds used in insensitive munitions for which limited information about their 

potential harmful effects is available.  Among those, 2,4-dinitroanisole (DNAN) is of 

particular interest.  DNAN is an explosive nitroaromatic that is less shock sensitive than 

TNT and is therefore proposed as a TNT replacement for melt-cast formulations1 (44).  

The peer-reviewed scientific literature is relatively scarce concerning DNAN as opposed 

to TNT (54 results vs 1581 on PubMed as of April 2016).  From the 54 articles on 

DNAN, 46 articles were published in the last five years, which reflects the more recent 

synthesis and application for DNAN compared to the lengthy history for TNT.  

Consequently, the use of the IdMOC system represents a unique opportunity to learn 

more about the cytotoxicology of high-N compounds, such as DNAN, and on their 

potential adverse health effects.   

INSENSITIVE MUNITIONS AND HIGH-N COMPOUNDS 

 Most of the explosive compounds used by the military, including IM, consist of 

elements of carbon, hydrogen, oxygen and nitrogen.  Since the molecular nitrogen is at a 

lower state of internal energy than the oxides of nitrogen (NO, NO2, NO3, etc.), any 

nitrogen in the explosive composition will be given out as N2 if the combustion is 

complete.  The –NO2 and –ONO2 represent the major sources of oxygen in the energetic 

molecules, which are the main contributors to the detonation or combustion processes 

                                                           
1 Melt-cast formulation: explosive mixture created from the melting of different proportions of insensitive 

compounds and used to fill explosive (e.g. artillery) shells. 
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(10; 185).  This is the reason why most of high energetic materials are high-N 

compounds, mainly under the form of nitro-aromatic groups.  The high nitrogen content 

in the molecules increases the density and leads to the generation of large quantities of 

gas per gram.  The search for the promising high-energy materials during recent years has 

led to the discovery of numerous energetic compounds.  The exploitation of structure 

property relationships, combined to the use of computer models to predict the energetic 

properties, has led to the development of new materials with increased performance, 

reduced sensitivity to external stimuli and/or enhanced chemical and thermal stability 

(185).   

As part of this effort to minimize accidental detonations of munitions during 

military firing range training, the U.S. military is developing IM compounds that detonate 

only when intended.  However, the manufacturing, loading, assembling and packing of 

explosives into munitions for use in testing on training sites or the battlefield has been 

shown to contaminate terrestrial and aquatic sites, leading to an increased risk of adverse 

health effect of sensitive populations and species (113; 168).   

While there is a recognized lack of information on the possible toxicity effects 

and mechanisms of explosive compounds, the toxicity of nitro-aromatics is more 

documented than for other explosives.  The exposure of humans to nitro-aromatic 

explosives is accompanied by multiple toxic effects, which depend on the genetic or 

individual susceptibility, and by the workplace standards (43; 99; 127).  For instance, 

methemoglobinemia, reproductive toxicity, skin lesions and dermatitis have all been 

observed following exposure to nitro-aromatic compounds such as TNT (28; 43; 106).  

Cytotoxicity of several nitro-aromatic explosives is often accompanied by lipid 
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peroxidation, which suggests the involvement of oxidative stress resulting from the 

enzymatic redox cycling of anion-radicals of these explosive compounds (23; 127; 155; 

157).  Other cytotoxic mechanisms of nitro-aromatic explosives have been suggested as 

being involved in parallel to the oxidative stress.  For example, redox cycling of 

hydroxylamines, their binding to macromolecules, and the possibility of the generation of 

toxic hydroxylamines from amines (127; 198).  Despite numerous clinical and 

ecotoxicological reports, the exact biochemical mechanisms triggered by several nitro-

aromatic explosives are not well understood and further investigation is required.  An 

example of such high-N compounds with an incomplete toxicological profile is DNAN. 

2,4-DINITROANISOLE (DNAN) 

 The first recorded use of DNAN in an explosive military device was as a main 

charge ingredient in the warhead of some V-1 flying bombs during World War II.  

Interestingly, the main reason for the use of DNAN was not particularly because of any 

performance gains, but because of its availability when other materials such as TNT 

became increasingly scarce (50).  Indeed, TNT appears to have a higher performance 

than DNAN (by approximatively 10%).  However, the recent renewed interest for DNAN 

comes from two characteristics of this energetic compound.  First, it is less shock and 

temperature sensitive than TNT (Table 1).  Secondly, based on the United Nations 

classification system of dangerous goods (DG), DNAN is categorized in the class 4.1 

“Flammable Solid” and is subject to less stringent transportation requirements than TNT, 

classified as DG 1.1. material “Explosive with a mass explosion hazard” (35).  

Consequently, DNAN is proposed as a TNT replacement for melt-cast formulations (44).   

 



7 
 

 

Table 1. Physical properties of TNT and DNAN. 

Compound TNT DNAN 

DG Classification1 1.1 Explosive with a 

mass explosion hazard 

4.1 Flammable solid 

Detonation velocity (D)1 6.94 km/s 5.6 km/s 

Density (p)1 1.64 g/cm3 1.34 g/cm3 

Detonation pressure (P)1 29 GPa 7.02 GPa 

Melting Point1 80.8ºC 94.5ºC 

Friction sensitivity2,1 respectively 353 N 170 N 

Impact sensitivity3,1 respectively 88 cm 220 cm 

1. Values extracted from (148). 

2. Value extracted from (97). 

3. Value extracted from (154).   

While several standards organizations, such as the American Society for Testing 

and Materials (ASTM) International, provide guidance on how to progressively assess the 

environmental and human health impacts of new energetic compounds according to their 

respective stage of development, this process seems to have been considerably shortened 

for DNAN (83).  Undeniably, it is already widely used in several insensitive explosive 

formulations, such as IMX 101 (105 mm & 155mm Artillery HE), IMX 104 

(60/81/120mm Mortar), PAX 21 (60mm M720A1/M768 Mortars), PAX-41 (Spider 

Grenade), and PAX-48 (120mm HE-T), while little evidence has been gathered 

concerning DNAN toxicity (44; 154).  However, with DNAN being proposed as a TNT 

replacement for melt-cast formulations, research has been conducted to compare the 

performance and toxicity of both compounds (44).  For such comparison, one can expect 

DNAN to have similar acute and chronic toxic effects in human and ecological receptors 

than TNT since both chemicals are structurally similar.  Indeed, DNAN has been found to 

transform as easily as TNT under abiotic and biotic conditions to initially produce amino-
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reduced products (44; 133; 142; 143; 147).  Figure 2 shows the structure of both 

molecules. 

 

Figure 2. Chemical structures of the explosive compounds 2,4-Dinitroanisole (left) and 

2,4,6-Trinitrotoluene (right). 

 

The absorption of DNAN is low, with values as small as 0.002% from ingestion 

(77).  Like TNT, DNAN has a high elimination rate in living organisms, and therefore it 

is believed that an individual can experience harmful effects only if under constant 

exposure (113).  A recent study by Dodard et al. (44) suggests that DNAN is equally or 

less deleterious to organism health than TNT, depending on the species and toxicity test.  

Similar results have been obtained with Rana pipiens tadpoles which were found to be 

very sensitive to TNT, with a lowest-observed-effect-concentration (LOEC) three orders 

of magnitude lower than for DNAN (168).   However, one study showed that, for a single 

dose exposure, DNAN is more acutely toxic than TNT in an experiment with rats (45).  

Nonetheless, the same study also showed that the skin absorbance of DNAN is smaller 

than TNT (0.74 vs 1.14 µg/cm2-hr, respectively) and that no sign of toxic effects were 

observed at necropsy for an exposure to a DNAN aerosol at a concentration of 2900 

mg/m3. 



9 
 

 In mammals, DNAN is hydrolyzed into dinitrophenol (DNP), which is known to 

uncouple oxidative phosphorylation at high dose leading to acute toxicity and mortality 

(77).  Consequently, DNP is therefore believed to be the main cause of the toxicity of 

DNAN.  Even though the toxicity of DNP was identified in the 1930s, this compound has 

regained interest since its resurgence in the last decade as an unregulated diet aid or 

weight loss drug (77; 200).  Deadly results have been reported after self-administered 

high doses of DNP (67).  The compound can be found in urine of DNAN exposed 

mammals at much lower levels than blood, where it is found at a very high concentration 

(20-fold) compared to the original compound (77).  It is suggested that the metabolism of 

DNAN begins in the intestinal lumen or villi, where DNP - highly soluble - is then 

rapidly transported to the blood (77).  It is also suggested that DNP undergoes 

nitroreductase metabolism to 2-amino-4-nitrophenol or 4-amino-2-nitrophenol, and 

finally to 2,4-diaminophenol (77).  Studies with rats and monkeys showed widely 

different metabolic rates at similar doses depending on individual animals and species.  

Differences in metabolizing enzymes could explain these observations (77).   

Recently, it was found in a rodent study that DNAN causes a dose-dependent 

increase in extramedullary hematopoiesis in female rats (98).  A preliminary occupational 

exposure level (OEL) of 0.09 mg/m3 has been suggested, although it is undergoing an 

external peer review (182).  As a comparison, the threshold limit value for TNT is set at 

0.1 mg/m3 (skin designation) by the American Conference of Governmental Industrial 

Hygienists (ACGIH).  The small amount of evidence about DNAN toxicity as well as the 

application of uncertainty factors contributed in establishing a conservative OEL (45).    
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 Kennedy and his colleagues (87) studied the lethal concentration, 50% (LC50) in 

Pimephales promelas (fish) and 2 cladocerans (water fleas) (Ceriodaphnia dubia, 

Daphnia pulex).  The results showed a LC50 that ranged from 14.2 mg/L to 42 mg/L for 

acute (48h) exposure and depending on species.  Chronic exposure to DNAN resulted in 

LC50s of 10.0 mg/L (fish) and 13.7 to 24.2 mg/L (cladocerans).  A similar study by Liang 

et al. (107) investigated the inhibitory effects of DNAN and two of its metabolites (2-

methoxy-5-nitroaniline (MENA) and 2,4-diaminoanisole (DAAN)) toward various 

microbial targets.  The resulting LC50s ranged from 8-11 mg/L (A. fischeri) to 77 mg/L 

(aerobic heterotrophs).  Reduction of DNAN to MENA and DAAN resulted in partial 

detoxification.  It also has been shown that DNAN has an oral lethal dose, 50% (LD50) of 

200 mg/kg with rodents (77).  A study comparing DNAN and TNT toxicity towards Rana 

pipiens (leopard frog) tadpoles during a 96h exposure found a LC50 of 33 µM for TNT 

and 123 µM for DNAN (168). 

It is interesting to note that 2,4,6-trinitroanisole (TNAN), which only has one 

more nitro group than DNAN, has a low melting point of 68ºC, which represents a 

practical limitation.  Furthermore, TNAN produces skin eczemas and is considered 

physiologically unsafe (148).  Overall, while several studies on DNAN have focused on 

its ecotoxicological effects, little information is available concerning the 

cytotoxicological mechanisms of DNAN and its reduction products, underlying a need 

for further research.  

 As demonstrated in the current section, TNT has been used as a model chemical 

in several studies assessing DNAN toxicity.  Indeed, with toxic effects observed as early 

as 1919, TNT now has a well-understood toxicological profile (186).  Consequently, 
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TNT represents an excellent model chemical to validate the IdMOC system before it can 

be used to assess DNAN cytotoxicity. 

2,4,6-TRINITROTOLUENE (TNT) 

TNT: A Long-Known Toxicant 

 TNT is a yellow, odorless, solid compound that is made by combining toluene 

with a mixture of nitric acid and sulfuric acid.  TNT has been widely used in the military 

for several reasons related to its characteristics: low melting point (80.1-81.6 °C); 

stability; low sensitivity to impact, friction, and high temperature; and its safe methods of 

production and manufacture (184).  Consequently, TNT is found as an explosive in 

military shells, bombs, and grenades, in industrial uses, and in underwater blasting.  As 

such, TNT enters the environment in wastewater and solid wastes resulting from the 

manufacturing, processing and destruction of munitions.  Even though it is rapidly broken 

down into other chemical compounds in water and sediment, TNT has been found to 

accumulate in fish and plants (150).  During World War I alone, 117,000 cases of TNT 

poisoning and 475 deaths have been reported in U.S. munitions plants (176).  

TNT Toxicological Profile 

TNT Absorption 

Munition factory workers can be exposed to TNT via inhalation of dust and 

vapors, and through dermal absorption of dust.  Exposure to TNT vapors can occur when 

the compound is melted and poured into shells.  Exposure to TNT dusts can take place in 

several settings such as during tilling operations using TNT powder or during the loading 

of melt kettles.  The uptake of TNT through inhalation provides a low estimate of TNT 
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metabolites found in urine of exposed individuals and therefore dermal absorption 

contributes significantly to the total uptake in a munition factory environment (150).  

Oral absorption can also be significant if TNT is ingested, with approximately 60% of the 

initial dose being detected through metabolites in urine 24 hours after ingestion (the rest 

being mainly detected in feces) based on an in vivo study with rats, mice and dogs (150; 

181).   

TNT Distribution 

The small proportion of TNT metabolites remaining in tissues has been found to 

distribute among the blood, liver, kidney, spleen, lungs, brain, and skeletal muscle of 

dogs after a single oral dose (5 mg/Kg) (181).  A higher distribution of TNT metabolites 

was also found in the liver, skeletal muscle, and blood of rats, mice and rabbits.  Rats that 

received a 50 mg/kg of TNT by intratracheal administration showed the highest tissue 

concentration in body fat and the gastrointestinal tract (181).  Therefore, it is now known 

that TNT and its metabolites are lipid soluble (150).   

TNT Metabolism 

The TNT molecule may undergo various biotransformations, mainly occurring in 

the liver, and include oxidation of the methyl group, conjugation, oxidation of the 

benzene ring and reduction of the nitro groups (150).  However, the toxic action of nitro-

aromatic compounds, including TNT, that is the most frequently observed is the 

enzymatic reduction of the nitro groups via a flavoenzyme-catalyzed redox cycling (127; 

156).  This single-electron reduction is induced by flavoenzymes dehydrogenases-

electron-transferases and results in the formation of nitro-radicals (156).  The reaction 

initiates the redox cycling of nitro-aromatics and, subsequently, oxidative stress (156).  
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The phase I enzymes involved in this reduction include the NADPH-cytochrome P450 

reductase (P-450R), which greatly contributes to the release of nitrite (162).  When the 

reduction occurs under hypoxic conditions, amines can be formed.  Hydroxylamine 

products can also be formed from the two-electron reduction of nitro-aromatics by DT-

diaphorase, and as side-products under aerobiosis (156).  TNT mono- and diamino 

metabolites have a lower cytotoxicity as compared to TNT and its hydroxylamine 

metabolites (156).  Figure 3 shows TNT and resulting metabolites from enzymatic 

reduction.   

 

 

Figure 3. TNT and metabolites derived from TNT enzymatic reduction.  

From left to right starting with the upper row: 2-hydroxylamino-4,6-

dinitrotoluene (2-NHOH-DNT), 4-hydroxylamino-2,6-dinitrotoluene (4-

NHOH-DNT), 2-amino-4,6-dinitrotoluene (2-NH2-DNT), 4-amino-2,6-

dinitrotoluene (4-NH2-DNT), and 2,4-diamino-6-nitrotoluene (2,4-(NH2)2-NT).  

Extracted from (156). 

The two most observed phase II enzymes involved in TNT biotransformation are 

uridine-diphosphate glucuronosyltransferase-1 (UDPGT-1) and glutathione-S-transferase 

(36).  The former catalyzes the glucuronidation of TNT metabolites by transferring 
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glucuronic acid from UDP-glucuronic acid leading to water-soluble glucuronides that 

have an increase rate of excretion from cells (159).  As for GST, it is responsible for the 

conjugation of electrophilic metabolites, playing an important role in protecting tissues 

from oxidative stress by decreasing the amount of reactive TNT intermediates (52).  An 

increase of both enzymes have been reported in TNT-exposed rainbow trout 

Oncorhynchus mykiss (46), European ell Anguilla anguilla (37), and rats (56; 206).   

The most accepted cytotoxic mechanism of TNT metabolites is the covalent 

binding of hydroxylamino-dinitrotoluenes and/or their nitroso reoxidation products to 

sulfhydryl proteins via an acid labile sulfonamide linkage (101; 111).  Bioactivation of 

hydroxylamines in the liver involves oxidation by nicotinamide adenine dinucleotide 

phosphate (NADPH)-dependent hepatic microsomal enzymes and in blood with 

oxyhemoglobin.  The covalent binding of hydroxylamines to sulfhydryl proteins is dose 

dependent and has been observed with globin, plasma proteins and proteins in the liver 

and kidney, resulting in a faster degradation and turn-over of the protein adducts (111).  

Interestingly, the binding of TNT metabolites is not observed as much in in vitro 

monocultures as in vivo since plasma proteins (mainly albumin) in systemic circulation 

are in close contact with liver cells, trapping active electrophilic metabolites produced in 

the liver more effectively.  In in vitro studies, not every liver cell line used is able to 

produce albumin (111).   

Hydroxylamino-dinitrotoluenes can also cause deoxyribonucleic acid (DNA) 

damage by undergoing the transition metal-catalyzed oxidative redox cycling, inducing 

direct damage to spermatozoa in sperm of Fisher rats (76; 156).  The same study 

demonstrated that the TNT metabolite 2-NHOH-DNT induced Cu(II)-mediated damage 
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to DNA fragments in vitro.  On the other hand, TNT itself did not alter DNA in vitro.  

The study also demonstrated that DNA damage is enhanced by NADH-mediated redox 

reactions leading to TNT metabolites, while catalase and bathocuproine inhibited DNA 

damage, suggesting the involvement of H2O2 and Cu(I).  The later suggests the formation 

of DNA-Cu(I)-hydroperoxo complex, which can act as a crypto hydroxyl radical leading 

to DNA damage (76).  Notwithstanding these results, the mechanism related to the 

dynamics between TNT induced reproductive toxicity and gene expression still remains 

unclear and needs to be further investigated (63).   

It is believed, as for most of the nitro-aromatic compounds, that TNT generates 

reactive oxygen that causes lipid peroxidation in the liver (127; 150).  One study has 

reported the formation of malondialdehyde (MDA) in lamb kidney fibroblast cells 

exposed for 24 hours to TNT and other nitrocompounds, a product of lipid peroxidation 

resulting from oxidative stress (23).  Molecules that are of particular susceptibility to 

peroxidation are polyunsaturated fatty acids since they possess multiple double bonds.  

As a product of lipid peroxidation, MDA is known for its interactions with nucleic acids 

and induction of mutations (194).    

With regard to TNT immunotoxicity, studies show that TNT induces 

splenomegaly in rats and mice and inhibits splenic macrophage phagocytosis (42; 102; 

123).  TNT and its metabolites have also been found to impair the immune functions of 

earthworms Eisenia fetida and to inhibit the growth and cytokine production of human 

peripheral blood mononuclear cells (16; 64).  It has been advanced that the net 

immunotoxicity of TNT and its metabolites to mammalian species increases with an 

increase in their electron-accepting potency according to the following order: TNT > 
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hydroxylamino metabolites of TNT > amino and diamino metabolites of TNT.  

Consequently, the suggested mechanism of action for TNT immunotoxicity is related to 

oxidative-stress (123).   

TNT Elimination 

Studies showed that TNT and its metabolites – the major one being 

aminodinitrotoluene (ADNT) – are primarily eliminated in the urine of Sprague-Dawley 

rats after administration of a single oral dose (181).  Hassman and Hassmanova (73) 

demonstrated that the levels of ADNT in 88 TNT factory workers increased rapidly 

during the workday and then declined within 24 hours to close to the levels at the 

beginning of the workday, suggesting rapid absorption and elimination.  The authors also 

demonstrated that TNT is metabolized completely and that no detectable amounts of 

unchanged compound are present in the urine. 

TNT LC50 

Several LC50s for TNT exposure of mammalian cells in in vitro conditions have 

been reported: 25 µM for fatal liver kinase (FLK) cells (24h exposure); 106 µM for 

Chinese hamster ovary KI cells (24h exposure); 17.6 µM for rat hepatoma H4IIE cells 

(24h exposure); 197 µM for Chinese hamster lung V79 cells (24h exposure); and 22 µM 

for human lymphoblast TK-6 cells (48h exposure) (128).   

TNT Induced Genetic Dysregulation 

TNT exposure leads to the dysregulation of several genes involved in many 

biological functions.  Deng et al. (2010) found more than 4500 transcripts significantly 

dysregulated by TNT in vivo and 300 TNT-dysregulated transcripts in vitro.  From the 

genes dysregulated by TNT both in vivo and in vitro, the biological functions affected by 
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this nitrotoluene included: cell cycle; carbohydrate metabolism; molecular transport; 

cellular growth and proliferation; cell death; DNA replication, recombination and repair; 

lipid metabolism; cellular assembly and organization; immune cell trafficking; and 

humoral immune response.  A similar study (63) conducted with earthworms exposed to 

TNT found more than 300 dysregulated genes involved in oxygen transport and iron 

homeostasis; blood coagulation and fibrinolysis; muscle contraction and cell motility; 

immune response; antioxidant response; calcium signaling; and protein degradation.  A 

study by Tchounwou et al. (176) investigated the cytotoxicity and the molecular 

mechanisms of TNT and DNTs via a mammalian gene profile (CAT-Tox) assay with 

human hepatic cells (HepG2).  CAT-Tox allows for the assessment of 13 specific stress 

gene promoters or response elements.  Their results indicated that HepG2 cells exposed 

to TNT lead to the activation of genes involved in phase I and phase II biotransformation, 

sequestration of heavy metals, cell cycle regulation, protein repair/sequestration and 

DNA repair (176).  The activation of stress genes by 2,4 and 2,6-DNTs, TNT byproducts, 

was significantly lower.  Table 2 summarizes the results of this study.   

Table 2. Activated stress genes promoter/response element by TNT (extracted from (176)). 

Promotor Name/Endogenous Gene Product Biologic Function 

CYP 1A1 Cytochrome-P450 1A1 Phase I biotransformation enzyme 

GST Ya Glutathion-S-transferase Ya subunit Phase II biotransformation enzyme 

HMTIIA MetallothioneinIIA Sequestration of heavy metals 

FOS c-fos Member of AP-1 transcription 

factor complex 

HSP70 70-kDa heat shock protein Protein chaperone – helps to refold 

or sequester damaged protein 

GADD153 153-kDa growth arrest and DNA 

damage protein 

Involves in cell cycle regulation and 

response to genotoxic agents 

GADD45 45-kDa growth arrest and DNA 

damage protein 

Involves in cell cycle regulation and 

response to genotoxic agents 

XRE Xenobiotic response element Binding site for Ah-receptor-planar 

aromatic hydrocarbon complexes 
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The same study also suggests that TNT and/or its metabolites bind to the 

cytoplasmic aryl hydrocarbons (ah) receptor, which is present not only in the liver but 

also in different tissues such as lung, skin, and kidney.  The ah receptor ligand complex 

then translocates to the nucleus and binds to XRE in the CYP1A1 gene, inducing its 

transcription.  The activation of cytochrome-P450 A1A (CYP 1A1) and of glutathione-S-

transferase Ya subunit (GST Ya) by TNT correlates with the capacity of the liver to 

detoxify active compounds.  The promoters c-fos and HMTIIA were also responsive to 

TNT.   The c-fos is an integral part of several nuclear proto-oncogenes including c-jun 

and is also known to be involved in DNA damage response. The stimulation of c-fos and 

HMTIIA is similar to the response induced by several toxic metals such as cadmium, 

zinc, copper, silver and arsenic.  The activation of HSP70 is thought to be the result of 

alterations in protein structure from decreased nonprotein thiol groups and formation of 

disulfide linkages between proteins.  Finally, the activation of GADD153 and GADD45 

promoters following exposure of HepG2 cells to TNT indicates potential damage at the 

genomic level.  Such damage can be associated to alterations in DNA sequence or to 

conformational changes in its helical structure.  A different study also demonstrated the 

carcinogenic effects of TNT where the expression of p53 tumor suppressor was observed 

in MCF-7 human breast cancer cells under the action of the TNT metabolite 2-NH2-DNT 

(12).   

TNT Impact on Energy Metabolism 

TNT and its metabolites, and more specifically their nitro groups, are also known 

to cause the oxidation of the hemoglobin heme iron, leading to the formation of 
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methemoglobin (i.e. methemoglobinemia2), decreasing oxygen delivery, and resulting in 

cyanosis (93; 119; 192).  The latter can impact energy metabolism by reducing oxidative 

phosphorylation (192).   

A recent study also suggests that 2,6-DNT impacts energy metabolism via 

dysregulation of glycolysis/gluconeogenesis (149).  More specifically, the decreased 

expression of phosphoenolpyruvate carboxykinase 1 (PCK1), aspartate aminotransferase 

(GOT1), and malate dehydrogenase 1(MDH1), in several tissues of avian species 

Northern bobwhite exposed to 2,6-DNT was consistent with a shift in equilibrium away 

from gluconeogenesis.  

Other studies indicate that the impacted energy metabolism by TNT and its 

metabolites, such as 2,4-DNT, is also caused by the dysregulation of peroxisome 

proliferator-activated receptor α (PPAR𝛼) dependent lipid metabolism (39; 149; 192; 

195; 197).  PPAR𝛼 is a ligand-activated transcriptional regulator involved in cellular 

fatty acid uptake, fatty acid activation, intracellular fatty acid transport, triglyceride 

storage, lipolysis, ketogenesis, and gluconeogenesis.  The decreased expression of 

PPAR𝛼 by 2,4-DNT has been functionally-connected to impaired energy metabolism, 

weight loss, and decreased exercise performance in mice (192).   

Human Exposure to TNT and Health Effects 

TNT exposure can be assessed through the detection of several metabolites in the 

urine and blood.  Such metabolites include hemoglobin adducts, derived from the 

covalent binding of TNT metabolites to blood and tissue proteins.  For instance, 2ADNT 

                                                           
2 The presence of a higher than normal level of ferric [Fe3+] rather than ferrous [Fe2+] 

haemoglobin, decreasing its ability to bind oxygen. 
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and 4ADNT have been isolated from hydrolyzed hemoglobin of Chinese workers in a 

munition factory (153).  TNT metabolites 2- and 4ADNT have also been detected in the 

urine of munition factory workers in Czech Republic and China (152; 188).  In some 

cases, the assessed level of exposure to TNT can then be used to estimate the risk of 

developing particular health outcomes, though the dose-response relationship of TNT in 

terms of health effects is still under investigation.  Such relationship between dose and 

exposure includes an increased prevalence of cataract and increased degree of lenticular 

damage in workers with an elevated blood level of hemoglobin adducts (112).  The 

biomarker hemoglobin adduct 4ADNT has also been associated with an increased risk of 

hepatomegaly and splenomegaly (152).  Yan et al. (199) have shown a 2.3 fold increased 

risk of death from cancer in workers of Chinese TNT factories compared with workers 

employed elsewhere, demonstrating the importance of hazard controls.  

The route (oral, respiratory or dermal) of exposure combined to the level of 

exposure to TNT determine the series of adverse health effects that exposed people can 

experience.  A first exposure to TNT and/or its byproducts can result in mild irritation on 

respiratory passages leading to nasal discomfort, sneezing, epistaxis, and rhinitis, as well 

as irritation of the skin (201).  The latter can develop into erythema and papular eruptions 

and eventually into desquamation and exfoliation (201).  Other symptoms of initial TNT 

intoxication are gastrointestinal disorders, including nausea, anorexia, and constipation 

(176; 183).   When absorbed in sufficient amounts through the skin or lungs, TNT and 

DNTs can lead to toxic jaundice, hepatitis, aplastic anemia (consequence of damages to 

the erythropoietic system), cataracts, menstrual disorders, neurological manifestations, 

and kidney damage (176).   As mentioned above, methemoglobinemia, reproductive 
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toxicity (decrease volume of semen and of percentage of motile spermatozoa), skin 

lesions and dermatitis have been observed in exposed workers or in laboratory from TNT 

exposure (28; 43; 106).  Furthermore, TNT is a known carcinogen and urinary tract, 

kidney, and liver tumors have been reported (21; 72; 99; 106; 127; 199).   

Consequently, TNT, with is known toxicological profile, to include the numerous 

activated genes by exposed human cells,  represents an excellent candidate for a model 

chemical capable of validating a system, such as the IdMOC system, expected to be used 

for the toxicity testing of high-N compounds.  

INTEGRATED DISCRETE MULTIPLE ORGAN CO-CULTURE (IdMOC) 

SYSTEM 

As mentioned earlier, there has been for the last decade a strong international 

interest from governmental agencies towards in vitro testing for chemical assessment in 

comparison to the low-throughput in vivo testing.  However, the complex physiology that 

influences toxicity in vivo is difficult to replicate in vitro, and research is required to 

develop models that will reduce the dependence on animal testing (14).  In this regard, 

recent microarray studies have shown that the gene expression profile from in vitro 

testing in liver slices treated with various compounds could accurately predict the toxicity 

and pathology observed in vivo (32; 38; 47).  Furthermore, this system is expected to 

replicate the binding of TNT electrophilic metabolites (and possibly of high-N 

metabolites) to plasma proteins by the incorporation of an albumin-producing liver cell 

line in the co-culture (111).   

While considering in vitro testing, an investigator needs to choose between 

primary cultures or established cell lines.  Human primary cultures are certainly the most 
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relevant system for in vitro screening with regards to species specificity and maintenance 

of the optimal genetic profiles and signaling pathways.  However, a major inconvenience 

of human primary cultures is the poor availability of human samples, leading to little 

control over the phenotypes selected for screening.  An alternative to primary cultures is 

immortalized human cell lines.  While the latter have the advantage of being easy to 

culture and the ability to increase screening throughput, there is a risk that they present 

altered signaling pathways, and in some cases their metabolism is changed (14).  

Several in vitro models have been developed to replicate as accurately as possible 

in vivo testing.  One of the most promising approaches is the IdMOC system.  As 

mentioned earlier, this model allows for the incorporation of a metabolic component for 

in vitro toxicity screening.    It can play a crucial role in both the improvement of our 

understanding of many biological processes, such as tissue repair, tissue regeneration and 

malignant spreading, and chemical assessment.  The system parameters, such as 

proliferation rates, can be estimated by calibrating a mathematical or computational 

model to the observed experimental data.  However, parameter estimates can be highly 

sensitive to the modeling framework and great care needs to be exercised when 

estimating the parameters of the IdMOC system (117). 

A recent study presented earlier investigating TNT with a monocultures system of 

hepatocytes found 341 transcripts differentially expressed in common among in vitro and 

in vivo assays (38).  The authors of the study analyzed the changes in gene expression 

using commercially available genome microarrays after total RNA extraction from 

samples of both in vitro and in vivo assays.  Consequently, it can be expected that the use 

of microarray analysis following the co-culture of cell lines from different organs using 
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the IdMOC system would allow, with the appropriate controls, for the assessment of the 

changes in gene-transcript expression caused by an exposure to TNT and DNAN.   

PUBLIC HEALTH SIGNIFICANCE 

High-N molecules give the military the opportunity of improving the performance 

and the intrinsic characteristics of IM compounds.  However, the latter have been found 

to be very soluble in water, raising environmental concerns about their fate and transport 

(175).  Recently, analysis following the use of the insensitive high explosive PAX-21, 

found in mortar rounds used by the U.S. and Canadian military, have shown traces of 

perchlorate residues capable of contaminating billions of liters of groundwater (189).  

This resulted in the prohibition of these rounds in order to avoid expensive future 

groundwater cleanup liabilities and reinforced the necessity of risk assessment of 

chemicals before their production and use.  In 1997, it was estimated that more than 

21,000 contaminated U.S. military sites existed in many countries; a considerable 

proportion of those sites being contaminated by explosives (173).  The U.S. Army 

estimated that 1.2 million tons of soil have been contaminated with explosives in the U.S. 

alone (74).  Considering the water solubility of many explosives, both civilian and 

military populations can be exposed to these compounds following manufacturing, 

loading, assembling and packing of explosives into munition items (140).  It is therefore 

of the utmost importance that the new high-N compounds being developed have their 

toxicity assessed and the safer candidates be selected. 

Furthermore, while the toxicity of traditional explosives such as TNT is well 

known, little evidence has been gathered with regards to the effects on human health of 

high-N compounds in general, including information on their cytotoxicity.  While 
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methemoglobinemia, reproductive toxicity, skin lesions and dermatitis have all been 

observed in humans exposed to different high-N compounds, the health effects vary in 

function of the nature of the compound (28; 43; 106).  Hence, a system capable of 

efficiently assessing the cytotoxicity of high-N compounds, when combined with 

pharmacodynamics, would allow for the estimation of the associated health effects to 

humans.  Among the toxicity components to be determined are the effects of high-N 

compounds on the level of production of biomarkers and on the level of expression of 

genes regulating biological functions; two aspects that the present Master of Science in 

Public Health (MSPH) project seeks to assess with regards to human cells exposed to 

DNAN. 

Previous work by ERDC and partners assessed the relevance of interspecies 

uncertainty factors in ecological risk assessment (190).  A 10-fold uncertainty factor is 

often applied to account for the fact that humans may be differently sensitive than the test 

animals from in vivo studies.  The authors compared the responses of zebrafish and 

fathead minnow to the high-N compound 1,3,5-trinitroperhydro-1,3,5-triazine (RDX).  

The results of the study showed a significant difference in responses to RDX between 

zebrafish and fathead minnows, indicating potential concerns concerning the use of pre-

established uncertainty factors based on results from a specific species.  A similar study 

also involving ERDC investigated the neurotoxic effects of RDX among multiple species 

and found that as evolutionary distance increases, common responses decrease with 

impacts on energy and metabolism dominating effects in the species that are the most 

basal in phylogenetic origin (59).  Therefore, a system using human cells in a co-culture 

setting would eliminate the need of using the interspecies uncertainty factor. 
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The above conclusions support developing a tool that would allow for the 

efficient assessment of chemical toxicity based on a model representative of human 

metabolism.  The IdMOC system offers the possibility of improving our understanding of 

chemical perturbations of pathways, including activation or inactivation of specific 

receptors, enzymes, or transport proteins (141).  In the current project, the collection of 

both media and cells from the co-culture allowed for the assessment of the level of 

production of biomarkers from high-N exposed human cells, and the evaluation of the 

gene expression profiles, respectively.  The results of such analysis, when processed by 

pharmacodynamics methods, will lead to a better understanding of the potential human 

health effects from an exposure to high-N compounds.  The IdMOC system can also 

serve as a cost-effective screening process of high-N chemicals prior to undertaking in 

vivo studies.  Ultimately, the system has the potential of improving efficiencies in hazard 

assessments and preventing exposures not only to high-N compounds, but potentially also 

to other natural and industrial contaminants. 

HYPOTHESIS 

Human cell types representative of multiple organs exposed to TNT and DNAN 

in co-culture:  (1) have unique responses relative to cell types exposed separately in 

monoculture and (2) have unique chemical-exposure specific gene-transcript expression 

profiles and resultant functional responses indicative of systemic toxicity and of the lower 

relative toxicity of DNAN compared to TNT.   

RESEARCH OBJECTIVES 

1) Assess the IdMOC system by comparing results against monoculture assays using 

TNT as model chemical where cell viability, novel assays measuring functional 
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biomarker proteins; and molecular pathway enrichment derived from global-

transcript expression assays are used as the primary data for hypothesis testing. 

2) Once validated, use the IdMOC system to characterize the toxicity, molecular 

pathway-level impacts and resultant functional impacts of DNAN. 
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CHAPTER 2: MATERIAL AND METHODS 

 

EXPERIMENTAL DESIGN 

All the experiments of this MSPH project were conducted in the cellular biology 

laboratory of ERDC in Vicksburg, MS, and as such the project was funded by ERDC as 

part of the RHAAC Project.   This project was composed of 6 preliminary experiments 

and of the final IdMOC experiment.  In this final experiment, the efficacy of the IdMOC 

system as a rapid hazard assessment tool was assessed using TNT as model chemical, 

while DNAN was also used to collect information about its cytotoxicity.   

Five cell lines were selected for the project: kidney: HK-2; liver: THLE-3; lung: 

NuLi-1; vascular endothelial cells: TeloHAEC; and cardiac muscle cells: AC10; all from 

ATCC®, Manassas, VA, USA.  The cell lines have all been created from normal tissues 

and express the related cell-type markers.  They also have preserved functions from their 

organ of origin.  The cell lines were chosen in order to allow for broad representation of 

organ systems to maximize coverage of toxicity screening.  As seen earlier, the literature 

indicates that TNT metabolites distribute in the liver, lungs and kidney while no TNT 

toxicity has been reported on vascular endothelial cells.  Consequently, a difference in the 

toxicity for these cell lines is expected, which would contribute to the validation of the 

IdMOC system for high-nitrogen compounds.   

Figure 4 represents the conceptual model of the IdMOC validation experiment.  

The details of the experiment are further presented at the end of this chapter.  Briefly, the 

experiment comprised a monocultures setting serving as control, and a co-culture setting 

using the IdMOC plates (In vitro ADMET Laboratories®, Columbia, MD, USA, 

Catalogue # 71035).  For each of these settings and for each cell line, the cells were 
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plated in the 96-well plates and incubated for 24 or 48 hours (depending on the cell line) 

at 37ºC until they reached confluence in their respective optimal media (each cell line 

growing in a specific medium).  Once confluence was reached, the cell media was 

replaced by the co-culture media and for each setting (mono and co-culture), cells were 

exposed to four concentrations of TNT.  Since TNT was first dissolved in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich®, St-Louis, MO, USA, Catalogue # D2650), the 

experiment included two controls: co-culture media with and without DMSO.  For the co-

culture setting, the media covered a set of 6 wells within a chamber, allowing for 

paracrine interactions.  The experiment included four replicates per condition.   

 

Figure 4. Conceptual model for the validation of the IdMOC system.  The cells lines used 

are from the kidney, liver, lung, vascular endothelium and heart muscle.   

 

Following the 24 hour exposure, cytotoxicity was assessed by two different 

means: 1) by determining the concentration in cell media of five pre-selected biomarkers, 

each protein being expected to be produced by one of the cell lines and for which the 

production is expected to be affected by toxicity; and 2) by collecting the cells for 

functional analysis using microarray-based global transcript expression analysis.  
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Following the validation of the IdMOC system using the model chemical TNT, the same 

system was used to assess the toxicity of DNAN.  Additionally, a comparative transcript 

expression analysis among TNT and DNAN was conducted using a two-way analysis of 

variance (ANOVA) including Benjamini-Hochberg multiple-test corrections for the 

statistical analysis.   

Before proceeding to the IdMOC experiment, several variables needed to be 

assessed: 

- the growth curve of the cell lines needed to be determined in order to ensure that 

the cells are used in the same stage of growth during the different exposures.   

Furthermore, the information obtained from the growth curves is useful for the 

regular culture of the cells.    

- the normal production of the biomarkers by the cells;  

- the number of cells to plate in a 96-well plate;   

- for each cell line, the quantity and quality of ribonucleic acid (RNA) obtained 

from a confluent 96-well plate well; 

- the effect of reference compounds on the production of the biomarkers; 

- TNT (and subsequently DNAN) solubility in the IdMOC system; 

- TNT (and DNAN) concentrations to use with the IdMOC system.  

The following sections describe in details the related material and methods used 

to assess these variables (through 6 preliminary experiments) and to accomplish the final 

IdMOC experiment. 
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PRELIMINARY EXPERIMENTS 

Cell Growth Analysis and Initial Assessment of Biomarkers 

Upon reception, the vials were thawed and the cells cultured according to the 

supplier’s protocols specific to each cell line (see Appendix A for the information on the 

related protocols).  Briefly, for each cell line, a 75 cm2 culture flask containing the 

recommended culture medium was placed in the incubator.  For the culture of the lung 

cells, flasks were pre-coated with a solution of human placental collagen IV (Sigma 

Aldrich, Catalogue # C7521); and for the culture of the liver cells, flasks were pre-coated 

with a solution of fibronectin/bovine collagen/bovine serum albumin (all components 

from Sigma Aldrich, Catalogue # F4759, C4243, and A2153 respectively).  Once thawed, 

the content of each vial was transferred to a centrifuge tube containing 9.0 mL of culture 

medium and centrifuged at approximately 1560 relative centrifugal force (RCF) for 5 to 7 

minutes.  The supernatant was then discarded and the cells were resuspended in fresh 

growth medium.  The vials were centrifuged again and the cell pellets were resuspended 

in 10 mL of culture medium.  The suspension was then added to the prepared culture 

vessel before being incubated at 37 ºC, 5% CO2, and 90% humidity in the incubator.   

 In order to estimate the growth rates of each cell line, the cells were then 

subcultured in 10 x 25 cm2 flasks.  The subculture of the cells was performed according 

to the manufacturer’s protocol.  Based on the same protocols, an inoculum from 1.0 x 104 

to 2.5 x 105 cells/cm2, depending on the cell line, was then cultured.  Each day for the 

next 10 days, the cells from one of the flasks were counted.  In order to do so, and unless 

indicated otherwise by the manufacturer’s protocols, 2.0 mL of 0.25% (w/v) trypsin - 

0.53 mM ethylenediaminetetraacetic acid (EDTA) solution (Life Technologies®, Grand 
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Island, NY, USA) was added to the flask.  This allowed the cells to detach from the 

surface of the flasks.  To stop trypsinization, 2.0 mL of 1% fetal bovine serum (FBS from 

Life Technologies®, Catalogue # 1600-044) in Dulbecco’s phosphate buffered saline 

were added and the cells were transferred to a 15 mL tube.  From the dilution, two 

quantities of 10 µL each were deposited on a hemocytometer and the cells were counted 

under an inverted microscope.  The averaged count was than multiplied by a factor of 104 

in order to have an estimate of the concentration of cells per mL of dilution.   

 From the curves obtained by plotting the number of cells per cm2 (Y axis) over 

the days after subculture (X axis), the population doubling time (PT) was calculated for 

each cell line.  The following equation was used: 

DT = T ln 2 / ln (Xe/Xb) 

Where:  T is the incubation time in any units; 

Xb is the cell number at the beginning of the incubation time; 

   Xe is the cell number at the end of the incubation time. 

It can be noted that cells grow at different rates in each of the different phases of growth 

cycle.  However, the growth during the exponential phase (log phase) is relatively 

constant and reproducible for a given set of conditions.  Therefore, the plotting of the 

growth curves allowed for the determination of the ideal number of cells per cm2 to 

inoculate at each passage (i.e. the number of cells corresponding to the middle of the 

exponential growth phase) as well as the related DT. 

 In order to determine the initial production of biomarkers by the cell lines, the 

supernatants of the cells from the flasks of the growth curve experiment were collected 
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during the first four days.  For each cell line, one protein that is expected to be 

particularly produced by the cell line (readily or once under stress) was selected: 

 Kidney: neutrophil gelatinase-associated lipocalin (NGAL); 

Liver: albumin; 

 Lung: surfactant-associated protein B-1 (SP-B); 

 Vascular endothelial cells: endothelin I; 

 Heart: cardiac troponin I. 

The description of these proteins is provided in the section concerning their 

response to reference compounds.  The detection of four of these proteins (NGAL (R&D 

Systems®, Minneapolis, MN, USA, Catalogue # DLCN20), SP-B (Biomatik USA®, 

LLC, Wilmington, DE, USA, Catalogue # EKU07525), endothelin I (Boster Biological 

Technology®, Pleasanton, CA, USA, Catalogue # EK0945), and cardiac troponin I 

(RayBiotech®, Atlanta, GA, USA, Catalogue # ELH-CTNI)) was conducted through 

sandwich enzyme-linked immunosorbent assay (ELISA).  The technique is relatively 

similar from one protein to another and an example is presented in Figure 5.   
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Figure 5. General principle of the sandwich enzyme-linked immunosorbent assay 

(ELISA). ELISA assay was used for the assessment of NGAL, SP-B, endothelin 

I and cardiac troponin I. 

For a protein of interest, the sample was added to a 96-well plate containing pre-

coated wells with a suitable capture antibody (Ab).  Depending on the concentration of 

the protein in the sample, the capture antibody bound to the protein.  A suitable biotin-

labeled detection antibody was then added, followed by a solution of streptavidin 

covalently conjugated to horseradish peroxidase (HRP) enzyme.  While the streptavidin 

binds to the biotin of the detection antibody, the HRP is readily available for its 

chromogenic substrate, tetramethylbenzidine (TMB), which is subsequently added.  

Between the adding of the different binding agents and substrate, the 96-well plate was 

rinsed 4 times with the wash solution recommended by each assay.  Finally, a stop 

solution (sulfuric acid) was added, changing the samples from blue to yellow, stabilizing 

the color development to enable accurate measurement of the intensity at, usually, 450 

nm using a spectrophotometer or plate reader.  The obtained results of absorbance are 
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proportional to the concentration of the protein of interest in the samples.  The use of 

standards allowed for the correlation of the absorbance values with the known 

concentrations of the standards.     

With regards to the determination of the concentrations of albumin, the Active 

Motif Albumin Blue Fluorescent Assay Kit (Active Motif®, Carlsbad, CA, USA, 

Catalogue # 15002) was used.  This assay uses a dye that directly reacts with albumin, 

leading to a fluorescence signal for which the intensity is proportional to the 

concentration of albumin.  First, 25 µl of the diluted samples was loaded on a standard 

96-well plate along a suitable range of standard dilutions.  Then, 150 µl of dye reagent 

working solution was added to each well, followed by a 5 minute incubation at room 

temperature with gentle shaking.  The fluorescence was then measured with the Tecan 

Safire® plate reader (MTX Lab Systems®, Vienna, VA, USA) at an excitation of 560 nm 

and an emission of 620 nm.  As per the ELISA assays, a standard curve was produced in 

order to determinate the albumin concentration of the samples. 

Determination of the Number of Cells Required per Well 

 In order to determine how many cells to plate to obtain a confluent monolayer 

after 24 hours in culture, different numbers of cells were incubated for 24 hours on a 96-

well plate.  For each cell line, 8 different quantities of cells were assessed: from 10,000 to 

80,000 with 10,000 increments.  For each quantity of cells, 6 replicates were prepared.  

Cell confluence was then assessed after the period of incubation by examination of the 

wells under inverted microscope.  Based on the results obtained, the number of cells 

required to reach confluence was further defined by repeating the same experiment with 

1,000 increments.  For each cell line, the initial number of cells that led to 100% 
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confluence after a 24 hour incubation period, or if necessary after a 48 h incubation 

period, was then used for the final IdMOC experiment. 

Co-culture Testing and RNA Quantification 

A media capable of supporting the co-culture of the selected cell lines for a 

maximum of 48 hours (at 37°C with 5% CO2) was pre-determined: Universal Primary 

Cell (UPC) Plating Media (In vitro ADMET Laboratories®, Catalogue # 81017).  In 

order to ensure that all cell lines were viable in this medium and that enough RNA would 

be provided for microarray analysis, the cells were plated in the co-culture medium in a 

96-well plate and incubated for 8, 24, 32 and 48 hours, with four replicates for each 

condition.  The different incubation times allowed to visually assess, under the inverted 

microscope, any cell impairment directly noticeable, and to test if the planned 24 hour 

incubation for the final IdMOC experiment would be sufficient to provide enough RNA.  

After the period of incubation, the cells were collected by removing the media, washing 

the cells with a solution of phosphate-buffered saline (PBS), and adding 100 ul of trypsin 

in order to detach the cells from the surface of the wells.  A solution of PBS with 1% FBS 

was then added to stop the activity of the trypsin and the cells were centrifuged at 1560 

RCF for 7 minutes.  The supernatant was then discarded and the cells were either flash 

frozen in liquid nitrogen before being stored at -80°C, or directly processed for RNA 

extraction.    

RNA from the cell samples was then extracted using the RNeasy Plus Universal 

kit from Qiagen® (Germantown, MD, USA, Catalogue # 73404) and quantified.  RNA 

extraction started by the addition of 300 µl of lysis buffer (RLT buffer).  The samples 

were vortexed before being centrifuged for a few seconds to bring the material down.  
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The lysis of the cells was completed using a pellet pestle.  Three hundred microliters of a 

solution of 70% ethanol was then added to the samples, before each sample being 

transferred to a filter tube with collector, the filter being selective to retaining RNA.  The 

tubes were then centrifuged at 9,000 RCF for 40 seconds and the liquid from the collector 

was discarded.  Three hundred and fifty microliters of wash buffer (RW1 buffer) was 

added to the samples before a centrifugation at 9,000 RCF for 40 seconds.  The liquid 

from the collecting tubes was discarded and 40 µl of a prepared deoxyribonuclease 

(DNase) buffer was added on top of the filters. The samples were then incubated at room 

temperature for 15 minutes.  Three hundred and fifty microliters of RW1 buffer was 

added to the samples and the tubes were centrifuged at 9,000 RCF for 40 seconds.  The 

liquid from the collecting tubes was discarded before the samples undergoing two other 

rounds of rinsing with 500 µl of wash buffer (RPE buffer) with a centrifugation at 9,000 

RCF for 40 seconds and finally 2 minutes.  The filters were transferred to new collecting 

tubes before being centrifuged at 16,500 RCF for 1 minute.  The filters were transferred 

to 1.5 mL Eppendorf tubes and 25 µl of RNase free water was added on top of the filters 

to collect RNA.  The samples were then centrifuged at 9,000 RCF for 1 minute before 

being put on ice.  RNA quantification was then undertaken using 1 µl of the samples with 

the NanoDrop-1000 spectrophotometer (Thermo Fisher Scientific Inc.) and the ND-1000 

v.3.7.1 software.      

Several variants of the above RNA extraction protocol have been tested in order 

to find the optimal conditions.  The use of the RNeasy Micro Kit from Qiagen® 

(Catalogue # 74004) allowed for the best yield of RNA.  While the protocol is similar, the 

kit includes micro-columns and an RNA carrier allowing the further concentration of the 
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RNA samples.    RNA carriers are molecules mimicking nucleic acid and increasing the 

concentration necessary to form aggregates that can be precipitated. 

Evaluation of Biomarkers Response to Stress 

Functional assays were conducted with each cell line in order to assess the 

response to reference compounds known to have an effect on the selected biomarkers 

(Table 3).  Cells of each cell lines were first incubated in their optimal medium for a 24 

hour period in order to reach confluence.  Each cell line was then exposed for 24 hours, 

in the UPC co-culture medium, to each of the five reference compounds for a total of six 

conditions including the appropriate control, with three replicates per condition (4).  The 

medium from each condition was then collected in order to proceed to the respective 

functional assay.  One-way ANOVA and pairwise comparisons were conducted on the 

results from the functional assays in order to determine significant changes among 

treatments.  The following paragraphs describe the compounds selected and the 

biomarker specific to each cell line. 

Table 3. Selected reference compounds and related biomarkers. 

Cell line Reference 

compound 

Biomarker Expected 

impairment 

References 

HK-2 (kidney) Cyclosporin A NGAL Increase (69; 80; 139; 

160; 163) 

THLE-1 (liver) Troglitazone Albumin Decrease (33; 57; 100; 

118; 207) 

NuLi-1 (lung) All-trans 

retinoic acid 

SP-B Increase (15; 22; 61) 

TeloHAEC 

(vasc. endo.) 

VEGF-121 Endothelin I Decrease (51; 75; 169) 

AC10 (heart) Daunorubicin Cardiac 

troponin I 

Increase (2; 122; 129; 

138; 161; 165) 
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HK-2 (Kidney): Cyclosporin A and Neutrophil Gelatinase-Associated Lipocalin 

Production 

Cyclosporin A (Sigma Life Science®, Catalogue # C3662) was selected as 

reference compound for HK-2 kidney cells.  Cyclosporin A is a nephrotoxic agent 

leading to vasoconstriction involving several mediators (prostaglandins, renal 

sympathetic nerves, dopamine, nitrogen monoxide, endothelin I) (163).  Primary kidney 

cells exposed in vitro to cyclosporin A have shown elevated levels of the nephrotoxicity 

biomarkers neutrophil gelatinase-associated lipocalin (NGAL) (80).  NGAL is produced 

and secreted by kidney tubule cells at low levels.  However, following an ischemic, 

septic, or nephrotoxic injury of the kidneys, the amount of NGAL produced and secreted 

into the urine and serum increases dramatically (139).  Consequently, NGAL has been 

suggested as a biomarker of acute kidney injury (69; 160).  

THLE-1 (Liver): Troglitazone and Albumin Production 

For the THLE-3 liver cells, troglitazone (Sigma-Aldrich®, Catalogue # T2573) 

was selected has reference compound.  Troglitazone is known to cause serious 

idiosyncratic hepatotoxicity.  The reactive metabolites of troglitazone covalently bind to 

cellular macromolecules but the role of these metabolites on troglitazone toxicity is 

controversial.  Nevertheless, mitochondrial dysfunctions, especially mitochondrial 

permeability transition, apoptosis and PPARγ-dependant steatosis have all been observed 

(118).  Furthermore, primary human hepatocytes exposed to troglitazone resulted in a 

decreased production of albumin.  Albumin constitutes up to 70% of the total plasma 

proteins and is produced by the liver.  Its main function is the regulation of the colloid 

osmotic pressure of the blood (53).  Hepatocyte cytotoxicity has been found to lead to 
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decreased levels of albumin, making it a potential biomarker of high-nitrogen induced 

toxicity (33; 57; 100; 207).   

NuLi-1 (Lung): All-Trans Retinoic Acid and Alveolar Surfactant-Associated Protein B 

Production 

For the NuLi lung cells, all-trans retinoic acid (Sigma Life Science®, Catalogue # 

R2625) was selected as reference compound.  All-trans retinoic acid (RA) is a metabolite 

of retinol (vitamin A), both playing a role in growth and differentiation of epithelial cells 

in several organ systems (61).  However, at high concentration, RA dramatically alters 

the developmental pattern of the lung, leading to growth structures similar to proximal 

airways and suppressing distal epithelial buds (22).  It has been shown that at high 

concentration, all-trans-RA decreases the accumulation of surfactant-associated protein 

(SP)-A and SP-C mRNA while it has an opposite dose-dependent stimulatory effect on 

SP-B mRNA in human lung adenocarcinoma cells (61).  Pulmonary surfactant, which 

role is to reduce alveolar surface tension, is a lipoprotein produced by alveolar type II 

epithelial cells and composed of approximately 90% lipid and 10% protein by weight.  

From the protein portion, four SPs have been identified to date: SP-A, SP-B, SP-C and 

SP-D (61).  The levels of SP-B, along with SP-A, have been shown to provide a non-

invasive tool to evaluate the integrity of the broncho-alveolar/blood barrier.  Induced 

toxicity on human lung cells often leads to a decrease expression of SP-B (13; 71). 

Consequently, the observed increase of SP-B in human lung adenocarcinoma cells can be 

the result of a conferred protection to all-trans RA since it has been shown that SP-B is 

critical to survival during acute lung injury (15). 
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TeloHAEC (Vascular Endothelium): Vascular Endothelial Growth Factor (VEGF)-121 

and Endothelin I Production 

Vascular endothelial growth factor (VEGF)-121 (Peprotech®, Rocky Hill, NJ, 

USA, Catalogue # 100-20A) was selected as reference compound for the TeloHAEC 

vascular endothelial cells.  VEGF is involved in endothelial homeostasis, controlling 

differentiation, mitogenicity and endothelial survival (51).  Loss of VEGF signaling is 

known to result in endothelial apoptosis.  VEGF is also implicated in pulmonary arterial 

hypertension, where increased levels of VEGF are observed (75).  It is suggested that 

VEGF may promote vascular health by decreasing endothelin I production in human 

microvascular endothelial cells (169).  The endothelium of blood vessels produces 

paracrine regulators, to include endothelin I, which directly promotes vasoconstriction, 

and bradykinin, which promotes vasodilatation.  Consequently, these two proteins play an 

important role in the control of blood flow and blood flow pressure (53).  Several studies 

have shown that exposure to pollutants and biologic agents (including ambient pollutant 

particles, interferon inducers and polycyclic aromatic hydrocarbons) enhances the release 

of endothelin I (29; 60; 81). 

AC10 (Heart): Daunorubicin and Cardiac Troponin I Production 

For the AC10 cells, daunorubicin (Sigma-Aldrich®, Catalogue # W 4013) was 

selected as reference compound.  Daunorubicin is an anthracycline discovered in the 

early 1960s and still used today as a component of chemotherapy protocols for acute 

myelogenous leukemia.  Nevertheless, at sufficient dose, daunorubicin is known for 

causing heart function impairments, to include a decrease in heart rate (165).  As part of 

its metabolic effects, daunorubicin increases the levels of cardiac troponin I and T in 
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rabbits (2).  Troponin is a complex of three proteins: troponin I (which inhibits the 

binding of the cross bridges to actin), troponin T (binding to tropomyosin), and troponin 

C (binding Ca2+).  Troponin, along with tropomyosin, regulates the attachment of cross 

bridges to actin, and so doing serves as a switch for muscle contraction and relaxation.  

Cardiac muscle, like skeletal muscle, contains the troponin complex.  Damage to 

myocardial cells, such as during myocardial infarction, leads to the release of cardiac 

troponin into the blood (53; 122; 161).  Therefore, cardiac troponin I is highly specific for 

myocardial necrosis and has been used as biomarker for the detection of drug- or biologic 

agent-induced cardiac toxicity (129; 138).   

Assessment of TNT and DNAN Loss to the Experimental Apparatus 

After a 24 hour incubation (37ºC, 5% CO2 / 95% air atmosphere) in an IdMOC 

chamber (unit composed of six wells), the remaining concentration of soluble TNT and 

DNAN in co-culture media was determined for an initial concentration of approximately 

500 nM.  For each chemical, two replicates were collected at time 0 h and time 24 h and 

sent for chemical analysis by research chemists of the ERDC Environmental Chemistry 

Branch.  The method of detection used was Environmental Protection Agency (EPA) 

method 8330 intended for trace analysis of explosives residues via a high performance 

liquid chromatography with a UV detector.    

 Following this first experiment, the resulting TNT degradation observed was 

further investigated by incubating a solution of 500 nM of TNT in co-culture media 

according to three conditions: 1) in amber glass tubes; 2) in clear class tubes; and 3) in 

IdMOC plates containing wells with a confluent layer of vascular endothelial cells.  The 

incubation times were 0, 1, 2, 6 and 24 hours.  The first and second conditions were set in 
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order to determine the influence of light on TNT degradation.  The third condition aimed 

at reflecting the final IdMOC experiment where the wells are covered with a confluent 

cell layer, limiting the possible binding of TNT to the plate material.  The vascular 

endothelial cells were selected since they are not expected to metabolize TNT.  For each 

condition at a specific incubation time, two replicates were assessed.  After each 

incubation period, the samples were transferred in amber glass tubes and stored at 4 °C 

until chemical analysis.  The latter was undertaken by the chemical analysis section of 

ERDC.  The EPA method 8330 was conducted to assess the concentration of TNT, but 

also of 2-Amino-4,6-DNT and of 4-Amino-2,6-DNT, two major degradation by-products 

of TNT.  The latter have been showed to form in various conditions, both aerobic (4-

amino-2,6-DNT only) and anaerobic, to include in serum bottles incubated in reduced 

conditions (82; 89).  Other degradation by-products were also analyzed and are 

represented in table 4 along with the conditions (aerobic/anaerobic) where they are met. 

Table 4. TNT degradation by-products analyzed.* 

*Extracted from (89). 

TNT by-product analyzed 

Detected in 

aerobic conditions 

Detected in 

anaerobic conditions 

2-Amino-4,6-DNT  X 

4-Amino-2,6-DNT X X 

2-hydroxylamino-4,6-DNT  X 

4-hydroxylamino-2,6-DNT X X 

2,4-diamino-6-nitrotoluene X X 

4-hydroxytoluene  X 
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Range Finding Experiment 

For the range finding experiment, each cell line was individually exposed to nine 

concentrations of TNT and DNAN plus three controls.  The exposure concentrations for 

the individual TNT and DNAN exposure assays were 1 nM, 10 nM, 100 nM, 1 µM, 10 

µM, 100 µM, 1 mM, 10 mM, and 100 mM.  The high-N compounds were first dissolved 

in DMSO, so that the TNT and DNAN dilutions in co-culture media included a 

concentration of 1% DMSO.  The three controls included co-culture media with and 

without 1% DMSO, and co-culture media where 4% of polysorbate 20 (Tween 20 by 

Sigma-Aldrich®, Catalogue # P2287) was added 30 minutes prior to the end of the 

incubation period of 24 hours.  The latter was added in order to have a control simulating 

close to 0% survivability.  The orders of magnitude of the TNT concentrations were 

derived from previous studies showing a LD50 of approximately 450 µM for human 

neuroblastoma NG108 (7-h incubation) and 460 µM for human hepatocarcinoma HepG2 

(48-h incubation) (12; 176).  Test functional assays were then completed as per previous 

experiments (albumin, NGAL, SP-B, endothelin I and cardiac troponin I).   For each test, 

the default benchmark response rate of 10% was selected as point of departure (BMD10 

and its 95% lower confidence limit or BMDL10).  The lowest BMD10 was used as point of 

reference for dosing in the IdMOC system.  Additionally to the BMD10 and control, the 

three TNT and DNAN concentrations assessed that were just below the BMD10 were also 

selected for the IdMOC experiment. 

As a supplemental tool to determine the range of TNT and DNAN concentrations 

for the final IdMOC experiment, the survivability of the cells was assessed via Neutral 

Red Assay.   First, a desorbing solution was prepared containing 1% acetic acid, 50% 

ethanol, and 49% of distillated water.  Then 30 minutes before use, a co-culture medium 



44 
 

solution containing a concentration of 33 µg/mL of neutral red (Sigma-Aldrich®, 

Catalogue # N2889) was prepared.  The media was then sterilized using a 0.22µm 

syringe filter (Sigma-Aldrich®).  After the incubation period, the culture media was 

collected and the cells were rinsed with a solution of PBS.  Then, 250 µl of neutral red 

medium was added to each well and the cells were incubated for a 2 hour period at 37°C.  

The medium was then removed and the cells were rinsed with a solution of PBS before 

adding 100 µl of neutral red desorbing solution to each well.  The plates were then 

covered with a foil and incubated at room temperature for 45 minutes with rapid shaking.  

The absorbance of each well was then read on a plate reader at 540 nm emission.  Three 

replicates of blank wells containing no cells were used in order to control for neutral red 

binding to the plastic of the plates.   

LC50s were calculated for each pair of toxicant and cell line using a nonlinear (S-

shaped) regression model (164) with the following equation:  

viability (%) =  
100

1+𝑒𝑏(𝑐−µ)   

where: 

- b = the estimated parameter representing the curve elongation; 

- c = log of the molar concentration; and 

- µ = the estimated LC50. 

For each LC50, a 95% confidence interval was generated from the regression.  All LC50s 

and 95% confidence intervals were calculated in SPSS Statistics Software (Version 22, 

IBM®).  
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IdMOC EXPERIMENT 

Once the RNA yield obtained from cells in co-culture media was sufficient and 

the TNT dosing range determined, each cell line was placed in different wells on a 96-

well IdMOC plate in its respective media as per manufacturer instructions and for 24 

hours at 37°C with 5% CO2.  For cells requiring a collagen coated surface, individual 

wells had previously been coated with collagen/fibrinogen as needed.  After having 

confirmed that each cell line forms a confluent (80-95%) layer, individual media was 

replaced by the pre-determined co-culture media, covering the entire set of wells.  Plates 

were then incubated for an additional 24 hours while exposed to the five pre-determined 

TNT concentrations (including control).  Each treatment included four biological 

replicates.   

Following the incubation period, the media was harvested and functional assays 

specific to each selected biomarker were conducted.  One-way ANOVA and pairwise 

comparisons were conducted on the results from the functional assays in order to 

determine significant changes among treatments.  Cells were also harvested and stored at 

-80°C.  The samples from the kidney cells exposed to the two highest concentrations of 

toxicants were selected for further investigation via transcript expression analysis.  Once 

the RNA extracted was quantified, RNA quality was further analyzed using the Agilent 

RNA 6000 Nano Kit.  The kit comprises RNA 6000 Nano LabChips (Agilent 

Technologies) with an interconnected set of microchannels allowing for the separation of 

nucleic acid fragments based on their size as they progress through the chip 

electrophoretically.  First, the RNA from the ladder and samples was denatured for 2 

minutes at 70ºC and the vial was immediately cooled on ice.  The gel was then prepared 
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by pipetting 500 µl of RNA gel matrix into a spin filter.  The filter was centrifuged at 

1,500 RCF for 10 minutes and 65 µl of filtered gel was put in microcentrifuge tubes.  The 

gel-dye mix was then prepared by vortexing the RNA dye concentrate for 10 seconds and 

adding 1 µl of dye into a 65 µl aliquot of filtered gel previously prepared.  The solution 

was vortexed and centrifuged at 13,000 RCF for 10 minutes.  The gel-dye mix was 

loaded on a RNA chip by putting a new RNA chip on the chip priming station.  Nine 

microliters of gel-dye mix was pipetted into the chip at the three indicated wells.  Each 

time, the chip priming station was closed and the plunger pressed until it was held by the 

clip.  The clip was then released 30 seconds later and the plunger was pulled back.  

Following the loading of the gel-dye mix, 5 µl of RNA marker was loaded in all the 

receiving wells.  Finally, the ladder and samples were loaded by pipetting 1 µl of each in 

the respective wells, while 1 µl of RNA marker was loaded in each unused well.  The 

chip was then vortexed for 1 minute at 2400 RPM before being run in the Agilent 2100 

Bioanalyzer instrument (Agilent Technologies, Waldbronn, Germany) with RNA 6000 

Nano LabChips.  Only samples with RNA integrity numbers > 7 were used for the 

microarray hybridizations.  

MICROARRAY DATA ANALYSIS 

Microarray analysis complemented the experimental design, allowing for the 

assessment of changes in molecular and cell functionality.  Microarrays provide a 

snapshot of transcriptional activity in each biological sample.  By going further than the 

study of a single gene or small set of genes, microarrays facilitate the discovery of global 

transcript expression providing higher-order functional associations of genes to metabolic 

and genomic signaling networks.  It is therefore a valuable tool to identify the underlying 
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mechanisms of xenobiotic agents.  On the other hand, this technology produces a 

considerable amount of data which, in the past, were challenging to interpret.  

Fortunately, several computational tools have been developed in the last decade to greatly 

enhance the interpretation of microarray results.  Figure 6 indicates the steps conducted 

within microarray experiment workflow (167). 

Following the 24 hour incubation in co-culture and monocultures, the kidney cells 

were individually isolated and lysed for RNA extraction and analysis as described above.  

Total RNA was extracted from approximately 12 mg of cell pellet.  The samples that 

underwent microarray analysis are the kidney cells exposed to the highest two TNT and 

DNAN concentrations as well as the related DMSO+ controls. 

 

Figure 6. Overview of steps in a typical gene expression microarray experiment and 

application to the current project (modified from (167)). 

The Agilent LowInput QuickAmp Labelling Kit protocol (Agilent Technologies) 

was utilized for cRNA synthesis with microarray hybridizations following 

manufacturer’s recommendations.  Fifteen ng of total RNA was utilized for starting 
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material and 600 ng of Cy3 labelled cRNA was used for hybridizations.  An Agilent 

Surescan Microarray Scanner (G2505 C, Agilent Technologies Inc.) was used to scan 

microarrays at 3 μm resolution.  Data were extracted from microarray images using 

Agilent Feature Extraction software (Agilent Technologies).  Analysis of internal control 

spikes indicated that signal data was within the linear range of detection.   

Microarray data analysis was performed using GeneSpring version GX11.5 

(Agilent Technologies) where TNT and DNAN experiments were analyzed separately.  

Microarray data were first normalized to the 75th percentile within each array followed 

by median scaling among all exposures.  For each chemical, the effects of the two main 

experimental conditions, culture (mono- versus co-culture) and chemical exposure level 

(control, dose 1 and dose 2), were tested for effects on global-transcript expression using 

two-way ANOVA where p = 0.01, including Benjamini-Hochberg multiple test 

corrections.  Pairwise comparisons among experimental treatment levels were conducted 

using Welch unpaired unequal variance t-tests including a 1.5 fold cutoff.  Finally, 

principal component analysis (PCA) was performed to visualize summary-level trends in 

transcript expression among treatments. 

FUNCTIONAL INTERPRETATION 

To assist with the interpretation of the global transcript expression results, the 

database for annotation, visualization and integrated discovery (DAVID, version 6) was 

used to derive significant annotation clusters for gene-transcripts that had significant 

differential expression within each exposure (78).  DAVID is available for free online (1) 

and allows for the functional interpretation of large lists of genes derived from genomic 

studies.  It uses agglomeration algorithm to condense a list of genes into organized 
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classes called biological modules.  This bioinformatics resource helps in grouping 

functionally related genes into manageable biological modules facilitating the 

interpretation of genes in a network context.  To this end, DAVID features the Gene 

Functional Classification Tool which analyses the list of differentially expressed genes 

(DEGs) by 1) measuring the functional relationship of gene pairs via the similarity of 

their global annotation profiles derived from different annotation categories such as 

National Institute of Health (NIH) Genetic Association DB and NCBI OMIM; 2) using 

an agglomeration method to partition genes into functional gene groups; and 3) 

displaying the results in text and graphic modes (79).  DAVID is widely used and leads to 

the identification of genes playing important roles in the development of a disease or in a 

toxic response (196).  The identified genes can then serve as potential biomarkers.  

Additionally to identify significant differential expressions revealing toxicological 

pathways, microarray analysis results were compared with the results obtained from 

previous animal studies. 
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CHAPTER 3: RESULTS 

 

DETERMINATION OF CELL GROWTH RATE CHARACTERISTICS 

 Figure 7 indicates, for each cell line, the number of cells per square centimeter per 

number of days after inoculation.  Consequently, the slope of each graphic is 

representative of how rapidly a specific cell line is growing.  The doubling time, as 

described in the previous section, is indicated beside each cell line in the legend and 

fluctuates from 1.33 to 2.34 depending on the cell line.  While these doubling times are 

favorable to cell growth, it is also important to look at when the cells reach the peak of 

their growth rate (the steepest area of each growth curve).  For three of the cell lines 

(kidney, lung, vascular endothelial), this peak is reached one day after inoculation as 

indicated by the red markers.  The liver cells are the slowest growing cell line, reaching 

their growth rate peak six days after inoculation, which represented a limiting factor for 

this project.   

 

Figure 7. Number of cells per cm2 per number of days after inoculation.  The doubling 

times are indicated in the brackets beside each cell line in the legend.  The red 

markers represent the day the cell lines reached the peak of their growth rate. 
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DETERMINATION OF CELL INITIAL BIOMARKER PRODUCTION 

 Figures 8 to 12 show the production of the selected biomarkers by each cell line.  

Cell lines that are expected to produce each biomarker are indicated by a red frame.  The 

values were obtained from the media collected from the culture vessels of the growth 

curve experiment presented previously.  Consequently, this preliminary experiment had 

one replicate only.  While NGAL was expected to be produced mainly by the kidney 

cells, the lung cells were found to produce the protein at a higher level.  The liver cells 

were producing the highest amount of albumin, but the kidney, lung and cardiac muscle 

cells were also producing albumin at a lower level.  In all cases, the level of albumin 

decreased over time.  SP-B was produced, as expected, by the lung cells.  However, it 

was also produced by the liver cells, and at a higher level by the kidney cells.  It is 

important to mention though that as per the instruction manual for the SP-B ELISA kit, 

cross-reactivity with SP-B analogues may be possible.  Out of all the biomarker assays 

conducted, the endothelin I assay was the most conclusive.  Figure 11 shows that 

endothelin I was mainly produced by the vascular endothelial cells as expected.  Finally, 

cardiac troponin I production was observed with the cardiac muscle cells.  However, it 

appears that the liver cells and lung cells were also producing significant levels of cardiac 

troponin I.  Nonetheless, the level observed with the liver cells (on day 2) might be an 

outlier as no cardiac troponin I production was observed with the liver cells in subsequent 

assays.   



52 
 

 

Figure 8. NGAL production (ng) per million of cells.  Kidney cells were expected to 

produce the biomarker. 

 

Figure 9. Albumin production (µg) per million of cells.  Liver cells were expected to 

produce the biomarker. 
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Figure 10. SP-B production (ng) per million of cells.  The stars indicate where a change of 

media may have contributed to the observed decrease of protein production.  

Lung cells were expected to produce the biomarker. 

 

 

Figure 11. Endothelin I production (pg) per million of cells.  The stars indicate where a 

change of media may have contributed to the observed decrease of protein 

production.  Vascular endothelial cells were expected to produce the biomarker. 
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Figure 12. Cardiac troponin I production (pg) per million of cells.  The stars indicate 

where a change of media may have contributed to the observed decrease of 

protein production.  Heart cells were expected to produce the biomarker. 

 

DETERMINATION OF NUMBER OF CELLS TO PLATE 

Figure 13 shows, for each cell line, the number of cells required to reach 

confluence after a 24 hour (or 48 hour) incubation period in a well from a 96-well plate.  

While the number of cells is relatively similar for the kidney, liver, vascular endothelial 

cells, and cardiac muscle cells, only 24,000 lung cells are required due to their larger size.  

A 48 hour incubation was required for the cardiac muscle cells to reach confluence.  

While 24 hours were sufficient for 72,000 vascular endothelial cells to cover the surface 

of a well, a 48 hour incubation period was used in order to provide enough RNA to 

conduct potential future microarray analysis.      
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Figure 13. Number of cells to plate in order to reach confluence. 

 

DETERMINATION OF RNA EXTRACTION CONDITIONS 

Figure 14 shows the RNA yields obtained from three different RNA extractions 

with cells growth for 8, 24, and 48 hours in co-culture media.  The red line indicates the 

minimum RNA yield (10 ng/µl) required to proceed to microarrays.  The first RNA 

extraction was conducted using standard spin-columns and fresh cells from the 24 hour 

incubation in the co-culture media.   These conditions provided a sufficient RNA yield 

for only two of the cell lines (liver and heart) when considering the standing error, with 

practically no RNA yield obtained for the vascular endothelial cells. 
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Figure 14. RNA extraction yield of cells exposed to co-culture media in a 96 well plate.  

The red line denotes the minimum total RNA requirement for microarray 

analysis. 

The second extraction was conducted using micro-columns (RNeasy MinElute® 

Spin Columns) and fresh cells from the 48 hour incubation in co-culture media.  This 

time, a satisfactory RNA yield was obtained for four of the cell lines, with the vascular 

endothelial cells still providing too low a level of RNA.  The third extraction was 

conducted using cell samples that had been frozen in liquid nitrogen prior to being stored 

at -80°C.  The samples were obtained from cells incubated for 8 hours in co-culture 

medium.  The RNA yield was satisfactory for four of the cells lines while RNA yield was 

slightly better for the vascular endothelial cells.  The results of this third RNA extraction 

are nevertheless positive since the number of cells collected was lower than for the 

previous extraction considering the incubation time.  Consequently, in order to improve 

the RNA yield of the vascular endothelial cells, they were plated 48 hours before 

Required RNA 

concentration 

for microarrays 
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exposure to TNT/DNAN.  The method used for this third RNA extraction was selected 

for future experiments.   

 Table 5 shows the absorbance 260/280 ratio, as indicator of RNA quality, of the 

samples collected from the cell exposure to co-culture media.  The values represent the 

average of the absorbance ratios obtained for the four replicates of each condition using a 

NanoDrop Spectrophotometer.  A ratio of 2 or higher is considered as reflective of pure 

RNA.  A ratio lower than 2 is usually attributed to the presence of proteins, phenol or 

other contaminants that absorb at or near 280 nm.  A ratio equals to or higher than 2 was 

obtained for all the conditions, except for the extraction performed with the vascular 

endothelial cells from the 24 hour incubation and using the standard RNA extraction 

columns.  In this case, the poor value obtained can be attributed to the fact that almost no 

RNA had been extracted with those samples. 

Table 5. RNA quality of the samples collected from the cells exposed to co-culture media 

in 96-well plates.  The values were obtained from the Nanodrop measurements.   

 

Absorbance 260/280 ratio 

Period of 

incubation 
24h 48h 8h 

RNA 

extraction 

conditions 

Fresh samples with 

standard columns 

Fresh samples with 

micro-columns 

Frozen samples with 

micro-columns and 

RNA carrier 

Kidney 2.34 2.20 2.14 

Liver 2.00 2.28 2.50 

Lung 2.19 2.14 2.31 

Vasc. Endo. 1.17 2.50 2.20 

Heart 2.15 2.31 2.31 



58 
 

EVALUATION OF BIOMARKER RESPONSE TO STRESS 

In order to validate the selection of the cell lines for the IdMOC system, cells were 

exposed in monocultures to five different reference compounds (cyclosporin A, 

troglitazone, all-trans retinoic acid, VEGF-121, and daunorubicin) expected to 

significantly influence the production of the selected biomarkers (NGAL, albumin, SP-B, 

endothelin I, and cardiac troponin I).  However, SP-B and cardiac troponin ELISAs were 

not conducted due to logistical complications. 

Results from this experiment show no production of NGAL by liver, vascular 

endothelial cells and heart cells whether or not the cells were exposed to the reference 

compounds.  Figure 15 shows the concentration of NGAL in culture media of kidney 

cells exposed to the five reference compounds.  Pairwise comparison tests indicate that 

kidney cells exposed to VEGF-121, troglitazone and daunorubicin have a significant 

decreased production of NGAL.  Furthermore, kidney cells exposed to cyclosporin A 

show no production of NGAL.  Possible explanations about this unexpected result are 

provided in the discussion. 

Lung cells show a significant initial production of NGAL.  It can be noted that the 

NGAL ELISA kit used was tested by the manufacturer for human COX-2, human 

lipocalin-1 and human matrix metallopeptidase 9 (MMP-9), with negative results.  

Furthermore, lung cells have been shown to produce significant amount of NGAL in 

other studies (85).  Figure 16 shows the production of NGAL by lung cells exposed to the 

reference compounds.  Cyclosporin A is the only reference compound to significantly 

decrease the production of NGAL by lung cells.   
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Figure 15. NGAL concentration (pg/mL) in culture media of kidney cells exposed to 

reference compounds in monocultures setting.  Error bars represent 95% 

confidence interval.  

 

Figure 16. NGAL concentration (pg/mL) in culture media of lung cells exposed to 

reference compounds in monocultures setting.  Error bars represent 95% 

confidence interval.  

Figure 17 shows lung cells after a 24 hour exposure to the five reference 

compounds used in this project, and represents a simple observation more than a 
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monitored result.  Cyclosporin A (a known nephrotoxicant) and daunorubicin (known to 

cause myocardial necrosis) both affected the morphology of the lung cells as observed 

under inverted microscope.  These effects were also observed with the other cell lines, 

but were the most apparent with the lung cells.  The observed morphologic changes (from 

elongated to rounded) are closely similar to those of necrotic or apoptotic cells.   

 

Figure 17. Effects of the reference compounds on the lung cell morphology. 

 While all cell lines show an initial average production of albumin varying from 15 

to 20 mg/mL, no significant difference was observed in all cell lines exposed to the 

reference compounds.   
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 The averaged initial level of production of endothelin I by the vascular endothelial 

cells was 493 pg/mL, which is significantly higher than the initial average of endothelin I 

production by the other cell lines which fluctuates between 65 and 100 pg/mL.  

Furthermore, the production of endothelin I by kidney, liver, lung, and heart cells 

exposed to the reference compounds did not significantly change.  However, pairwise 

comparison tests show that vascular endothelial cells exposed to VEGF-121 have a 

significantly lower production of endothelin I (Figure 18).  The decreased production of 

endothelin I is even more significant in vascular endothelial cells exposed to cyclosporin 

A and daunorubicin.    

 

Figure 18. Endothelin I concentration (pg/mL) in culture media of vascular endothelial 

cells exposed to reference compounds in monocultures setting.  Error bars 

represent 95% confidence interval.  
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DETERMINATION OF TNT AND DNAN LOSS TO THE EXPERIMENTAL 

APPARATUS DURING STANDARD INCUBATION METHODS IN CO-

CULTURE MEDIUM 

 As seen in Figure 19, the concentration of TNT after 24 hours in co-culture 

medium in an IdMOC chamber significantly decreased (p = 0.005) from 539 nM to 467 

nM (13.5 %), while DNAN concentration was not significantly affected (decrease of 

1.8%, p = 0.312). 

  

Figure 19. Assessment of the impact of incubation on TNT and DNAN concentrations.   

TNT and DNAN concentrations at the beginning and at the end of a 24 hour 

incubation period in co-culture medium in an IdMOC chamber.  Error bars are 

standard deviations.   

In order to determine the cause of loss of soluble TNT, a second experiment was 

designed using 500 nM of TNT in co-culture media according to three conditions (2 
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chamber plated with vascular endothelial cells. The incubation times were 0, 1, 2, 6, and 

24 hours.  Figure 20 shows the concentration over incubation time of TNT and 4-amino-

2,6-DNT in the condition with the amber glass tubes.  Of all the TNT degradation by-

products analyzed, only 4-amino-2,6-DNT was detected for all the conditions.  A 

constant degradation of TNT over time was observed for the TNT media incubated in 

amber glass tubes.  Therefore, even in a low-light environment, TNT in co-culture media 

degrades gradually to reach 25% degradation after 24 hours.  The presence of 4-amino-

2,6-DNT was also noticed at time zero.  Consequently, TNT used in this project is not 

entirely pure and contains approximately 14% of 4-amino-2,6-DNT.  This is not 

surprising considering that weapon grade TNT was used in the current project for 

logistical reasons.  Figure 20 also shows that while the concentration of TNT decreases 

over time, the concentration of 4-amino-2,6-DNT remains constant, meaning that other 

undetected by-products are produced.   

 

Figure 20. TNT and 4-amino-2,6-DNT concentrations from a TNT/co-culture media 

solution in amber glass tubes in function of incubation time (h).   

The error bars represent the standard deviations.     
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 Figure 21 shows the concentration of TNT and of 4-amino-2,6-DNT over 

incubation time for the co-culture media in clear tubes.  While the concentration of TNT 

remained constant, the concentration of 4-amino-2,6-DNT decreased over time, being 

degraded into other undetected by-product(s).  Therefore, light could have played a role 

in the degradation of this by-product in co-culture media.  However, the steady 

concentration of TNT can hardly be explained, considering that it decreased in a light-

controlled environment (amber tubes).  The TNT/DNAN solubility experiments having 

been designed to give a general idea of a potential limitation of this project, this 

observation can be reflective of the low confidence interval resulting from this 

experiment where only 2 replicates were used per condition.  In Figure 22, the initial 

amount of 4-amino-2,6-DNT in the co-culture media decreases more quickly in the 

IdMOC plate than in the clear glass tubes, suggesting a potential implication of the 

vascular endothelial cells in the degradation of this TNT by-product.  Overall, the results 

of the experiments assessing TNT concentration over a 24h incubation period suggest a 

TNT light-independent degradation and the presence of 4-amino-2,6-DNT and of its 

light-dependent degradation. 
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Figure 21. TNT and 4-amino-2,6-DNT concentrations from a TNT/co-culture media 

solution in clear glass tubes in function of incubation time (h).  The error bars 

represent the standard deviations.     

 

 

Figure 22. TNT and 4-amino-2,6-DNT concentrations from a TNT/co-culture media 

solution in IdMOC plates containing vascular endothelial cells in function of 

incubation time (h).  The error bars represent the standard deviations.   
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  DETERMINATION OF THE RANGE OF TNT/DNAN CONCENTRATIONS 

 Before collecting the cell media from the range finding experiment, it was noticed 

that the wells corresponding to the liver cells exposed to the highest TNT concentrations 

(1 mM, 10 mM and 100 mM) were darker than the other wells (Figure 23).  This 

observation was not correlated with the liver cells exposed to DNAN.  As described 

previously, the liver is highly involved in the detoxification of TNT, while its role in the 

detoxification of DNAN is less known. 

 

 

 

 

 

 

 

Figure 23. Picture of the plate containing the cell lines exposed to different 

concentrations of TNT and DMSO (control).  In the plate presented, cells 

were exposed to 1, 10 and 100 mM of TNT (plus DMSO+ control) for a 24 

hour incubation period as part of the range finding experiment.   

 

Figures 24 to 28 show the results of the cell viability tests completed on all five 

cell lines exposed to a concentration range of TNT and DNAN, from 1 nM to 100 mM.  

The results are presented in terms of cell mortality in order to reflect typical dose-

response curves.  The range finding experiment included two controls: DMSO+ and 

DMSO- since TNT and DNAN were first dissolved in DMSO.  The DMSO- controls 

were set as the zero mortality standards.  Consequently, depending on the condition, cell 
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mortality (%) can be negative or over 100% for conditions causing a variation of 

absorbance greater than the difference between the controls and the blanks.  Such 

variability can be explained by subtle differences in the number of cells platted or in the 

volume of reagents.   

At 1 mM, TNT toxicity is such that no cells survived for any of the cell lines.  

There is a strong decrease of survivability from 100 µM to 1 mM of TNT, with all cell 

lines passing from a viability above 65% to 0%.  Until this toxicity effect is reached, the 

lung cells (Figure 26) appear to be the least affected by TNT, while the liver cells (Figure 

25) are the most affected.  It can be noted that crystals had formed in the co-culture 

medium with the TNT and DNAN concentrations of 10 mM and 100 mM.  Consequently, 

for those conditions, the concentrations of soluble TNT is expected to be less than the 

total concentration.  Furthermore, for the concentrations of 100 mM of TNT and DNAN, 

the media included 10% DMSO in order to fully dissolve the related amount of chemical.  

Overall, the variability of the results, as depicted by the standard deviations, is relatively 

low.  As per Figure 25, DMSO appears to decrease the viability of the liver cells.  

However, cell viability increases to 80% with the first concentration of TNT (1 nM), and 

remains between 65% and 85% until the TNT concentration of 100 µM.  Due to 

variability between both experiments (TNT vs DNAN), the viability decrease of the liver 

cells when exposed to 1% DMSO during the range finding experiment with DNAN is not 

as distinct as the decrease obtained with the TNT range finding experiment, even though 

both conditions are identical and experiments were carried out at the exact same time 

with cells from the same culture vessels.   
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Compared to TNT, DNAN toxicity led to dose-response curves where effects 

were initiated at 10 mM rather than 1 mM for the lung and vascular endothelial cells 

(Figures 26 and 27).  Even though effects were initiated at 1 mM for the kidney, liver and 

heart cells, the initial response was weaker and gradual with DNAN as opposed to TNT 

(Figures 24, 25 and 28).  Even at 100 mM of DNAN, all cell lines were approximately 15 

to 20% viable.  Similarly to TNT, it can be noted that not all DNAN was at the soluble 

state at this concentration.   

 

Figure 24. Mortality (%) of the  kidney cells exposed to TNT/DNAN for 24 hours in co-

culture media.  The error bars represent the standard deviation. 
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Figure 25. Mortality (%) of the  liver cells exposed to TNT/DNAN for 24 hours in co-

culture media.  The error bars represent the standard deviation. 

 

 

Figure 26. Mortality (%) of the  lung cells exposed to TNT/DNAN for 24 hours in co-

culture media.  The error bars represent the standard deviation. 
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Figure 27. Mortality (%) of the  vascular endothelial cells exposed to TNT/DNAN for 24 

hours in co-culture media.  The error bars represent the standard deviation. 

 

 

Figure 28. Mortality (%) of the  heart cells exposed to TNT/DNAN for 24 hours in co-

culture media.  The error bars represent the standard deviation. 
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  For each cell line, a two-way ANOVA was conducted testing the effects of TNT 

and DNAN across equivalent dose ranges.  The results from this analysis demonstrated 

that both the toxicant used (TNT or DNAN) and the concentrations differently affected 

cell viability for all cell types tested (p < 0.001 for all conditions except for the effect of 

toxicants on vascular endothelial cell viability where p = 0.009).  Table 6 shows the 

calculated LC50s for each pair of toxicant and cell line with the 95% confidence interval.   

Table 6. Calculated LC50s of human cells exposed to TNT and DNAN. 

Toxicant Cell line LC50 (µM) 

95% Confidence interval* 

(µM) 

Lower bound Upper bound 

TNT 

Kidney 177 - + 

Liver 145 36 577 

Lung 151 - + 

Vasc. endo. 261 71 962 

Heart 176 15 2,051 

DNAN 

Kidney 8,472 5,093 14,060 

Liver 1,503 520 4,345 

Lung 14,622 7,870 27,164 

Vasc. endo. 5,875 2,559 13,521 

Heart 7,015 2,630 18,664 

* - sign indicates that the calculated lower bound is smaller than 10-50 µM; + sign indicates 

that the calculated upper bound is greater than 1050 µM. 

In order to better select the four concentrations of TNT and DNAN to use for the 

IdMOC experiment, the level of each biomarker was assessed for the samples collected 

from the hepatocytes of the range finding experiment.  The hepatocytes did not produce 

any significant amount of NGAL, SP-B, endothelin I and cardiac troponin I (results not 

shown).  As expected, the hepatocytes produced significant amount of albumin 

(Appendix B, Figure B1).  The analyzed samples for DNAN were from the 10 nM to 1 

mM concentrations, and for TNT from 1 nM to 100 µM due the higher toxicity of TNT.  
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No significant change in the production of albumin was observed.  Consequently, the 

selection of the chemical concentrations was based specifically on the results from the 

viability assay.  For TNT, the selected concentrations were 100 nM, 1 µM, 10 µM and 

100 µM; and for DNAN the selected concentrations were 1 µM, 10 µM, 100 µM and 1 

mM.   

LEVEL OF PRODUCTION OF BIOMARKERS BY HUMAN CELLS EXPOSED 

TO TNT AND DNAN 

 Following the IdMOC experiment, the concentrations of the five pre-selected 

biomarkers in the media collected from each condition were assessed. 

NGAL 

NGAL production by kidney cells decreased significantly (p < 0.001) with the 

increase of TNT concentration and is undetectable for a TNT exposure of 100 µM 

(Appendix B, Figure B2).    The average NGAL production of all cell lines exposed to 

TNT increased initially before decreasing close to undetectable levels at 100 µM of TNT.  

It can be noted that, other than the kidney cells, only lung cells produced a detectable 

level of NGAL.  NGAL concentration from culture media collected from the cell lines 

exposed to TNT in a co-culture setting did not change significantly with higher TNT 

concentrations as shown in Figure 29.   
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Figure 29. NGAL concentration (pg/mL) of culture media collected from the five cell 

lines exposed to TNT in a co-culture setting, and average NGAL 

concentrations (pg/mL) of all culture media collected from the five cell lines 

exposed to TNT in monoculture setting.  Error bars represent the 95% 

confidence interval.  Stars represent conditions for which there was a 

significant change compared to positive control (DMSO+). 

NGAL production by kidney cells exposed to DNAN significantly (p < 0.001) 

decreased at 100 µM and 1mM (Appendix B, Figure B3).  Similarly, the average NGAL 

production by all cell lines significantly (p < 0.001) decreased at the same two 

concentrations.  However, there was no significant change of NGAL concentration in 

culture media collected from the five cell lines exposed to DNAN in a co-culture setting 

(Appendix B, Figure B4). 

Albumin 

No significant change of albumin production was detected for liver cells exposed 

to TNT in monocultures (Appendix B, Figure B5).  However, the average albumin 

concentration found in culture media from all cells exposed to TNT in monoculture 

setting is significantly (p = 0.002) lower for the highest TNT concentration of 100 µM 
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than for the other TNT exposures and control (Figure 30).  No significant change in 

albumin levels was detected for the co-cultures exposed to TNT (Figure 30). 

 

Figure 30. Albumin concentration (µg/mL) of culture media collected from the five cell 

lines exposed to TNT in a co-culture setting, and average albumin 

concentrations (µg/mL) of all culture media collected from the five cell lines 

exposed to TNT in monoculture setting.  Error bars represent the 95% 

confidence interval.  Stars represent conditions for which there was a 

significant change compared to positive control (DMSO+). 

The albumin level of liver cells exposed to DNAN in monocultures significantly 

(p < 0.001) increased at the lowest DNAN concentration of 100 nM and did not 

significantly change thereafter with increasing DNAN concentrations (Appendix B, 

Figure B6).  The same trend was observed for the average albumin level of all cells 

exposed to DNAN in monocultures (p < 0.001).  However, there was no significant 

change in the albumin level of cells exposed to DNAN in co-culture (Figure 31).  
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Figure 31. Albumin concentration (µg/mL) of culture media collected from the five cell 

lines exposed to DNAN in a co-culture setting, and average albumin 

concentrations (µg/mL) of all culture media collected from the five cell lines 

exposed to DNAN in monoculture setting.  Error bars represent the 95% 

confidence interval.  Stars represent conditions for which there was a 

significant change compared to positive control (DMSO+). 

 

It can be noted that the level of production of albumin for most of the samples 

analyzed was over the highest concentration of the standard used (200 µg/mL), which 

represents a limitation in the interpretation of the results. 

Surfactant Protein B 

 While the level of SP-B produced by the lung cells did not significantly increased 

when cells were exposed to increasing concentrations of TNT (Appendix B, Figure B7), 

the overall SP-B average concentration for all monocultures increased at 1 µM and 100 
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endothelial cells, and to a lesser extent from the heart cells (results not shown).  The co-

cultures exposed to TNT did not lead to any significant change in SP-B production, 

except for a light increase for the 100 nM TNT exposure.   

 

Figure 32. SP-B concentration (ng/mL) of culture media collected from the five cell lines 

exposed to TNT in a co-culture setting, and average SP-B concentrations 

(ng/mL) of all culture media collected from the five cell lines exposed to TNT 

in monoculture setting.  Error bars represent the 95% confidence interval.  

Stars represent conditions for which there was a significant change compared 

to positive control (DMSO+). 

 

 SP-B concentration in culture media from all monocultures exposed to DNAN 

decreased significantly (p < 0.001) at the lowest DNAN concentration, and remained at 
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to DNAN, SP-B levels did not change significantly with increasing DNAN 

concentrations (Figure 33).   

 

Figure 33. SP-B concentration (ng/mL) of culture media collected from the five cell lines 

exposed to DNAN in a co-culture setting, and average SP-B concentrations 

(ng/mL) of all culture media collected from the five cell lines exposed to 

DNAN in monoculture setting.  Error bars represent the 95% confidence 

interval.  Stars represent conditions for which there was a significant change 

compared to positive control (DMSO+). 

 

 

Endothelin I 

 Compared to the DMSO+ controls, endothelin I production by vascular 

endothelial cells initially increased with exposure to increasing TNT concentrations 

before going back to its original value at the highest TNT concentration exposure 

(Appendix B, Figure B9; p = 0.001).  The same trend is observed for the average 

endothelin I production by all cell lines exposed to TNT (p < 0.001).  However, cells 
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exposed to increasing concentrations of TNT in co-culture produced an increasing level 

of endothelin I (Figure 34; p < 0.001). 

 

Figure 34. Endothelin I concentrations (pg/mL) in culture media collected from all five 

cell lines exposed to TNT in co-culture setting, and average endothelin I 

concentration from all culture media collected from the five cell lines exposed 

to TNT in monoculture setting.  Error bars represent the 95% confidence 

interval.  Stars represent conditions for which there was a significant change 

compared to positive control (DMSO+). 

  

 No significant change in the level of production of endothelin I was observed in 

vascular endothelial cells exposed to DNAN (Appendix B, Figure B10).  However, the 

average concentration of endothelin I in culture media from all cell lines exposed to 

DNAN initially increased with increasing DNAN concentrations before going back to its 

original value (p = 0.001).  The same observation can be made for cells exposed to 

DNAN in co-culture (Figure 35; p = 0.015). 
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Figure 35. Endothelin I concentrations (pg/mL) in culture media collected from all five 

cell lines exposed to DNAN in co-culture setting, and average endothelin I 

concentration from all culture media collected from the five cell lines exposed 

to DNAN in monoculture setting.  Error bars represent the 95% confidence 

interval.  Stars represent conditions for which there was a significant change 

compared to positive control (DMSO+). 

 

Cardiac Troponin I 

 Cardiac troponin I was not detected in any of the cultures (mono- and co-) 

exposed to TNT, including controls.  However, troponin production increased in 

monocultures exposed to increasing concentrations of DNAN (Figure 36; p < 0.001).  A 

troponin increase was observed with the heart cells exposed in monocultures to 10 µM 

DNAN (Figure 36, p < 0.001).  Cardiac troponin was not detected in any of the co-

cultures exposed to DNAN.   

0

100

200

300

400

500

600

700

800

DMSO- DMSO+ 1 µM 10 µM 100 µM 1 mM

En
d

o
th

el
in

 I 
C

o
n

ce
n

tr
at

io
n

 (
p

g/
m

L)

DNAN Conditions

Average concentrations of endothelin I (pg/mL) from 
media of human cells exposed to DNAN in mono- and co-

cultures

Co-cultures Monocultures



80 
 

 

Figure 36. Cardiac troponin concentrations (pg/mL) in culture media collected from all 

five cell lines exposed to DNAN in co-culture setting, and average cardiac 

troponin concentration from all culture media collected from the five cell lines 

exposed to DNAN in monoculture setting.  Error bars represent the 95% 

confidence interval.  Stars represent conditions for which there was a 

significant change compared to positive control (DMSO+). 

 

EFFECT OF TNT AND DNAN ON GLOBAL TRANSCRIPT EXPRESSION IN 

KIDNEY CELLS 

 Global transcript expression was investigated from both monocultures and 

IdMOC co-cultures for both DNAN and TNT exposures where the RNA from kidney 

cells was extracted from a total of 48 samples.  Specifically, for both TNT and DNAN, 

the experiments investigated the effect of the culture method which included 2 conditions 

(mono- and co-cultures) x 3 exposure levels (the DMSO+ controls and the 2 highest 

exposure concentrations for each chemical) x 4 replicates per condition.  It can be noted 
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that the microarray of one replicate from the controls of the co-cultures exposed to TNT 

was compromised and, therefore removed from the data analysis for a total of 47 

microarray samples.  PCA demonstrated that the concentration of TNT has a greater 

influence on the transcript expression profiles than the setting of the cultures (i.e. mono- 

versus co-).   

TNT - GLOBAL TRANSCRIPT EXPRESSION  

PCA was conducted as a means to provide a visual overview of the transcript 

expression results.  Given that the TNT treatment caused a far greater number of 

transcripts to have significant differential expression relative to the culture treatment, 

5,618 relative to 37 (of which 30 of the 37 were differentially expressed in-common 

among treatments), PCA was conducted based on transcripts significantly affected in the 

TNT treatment.   The PCA results (Figure 37) demonstrate clear separation of the TNT 

treatments (i.e. Control, 10µM and 100µM) regardless of the culture treatment (i.e. 

mono- versus co-culture) where 75.2% of the overall variation is described by the 3 

principle components. 
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Figure 37.  Three dimension principal component analysis representation for the targets 

differentially expressed in response to the exposure to TNT.  Individual data 

points within the plot represent each biological replicate where n = 4 for each 

treatment combination (i.e. monocultures x control, etc.). 

Transcripts differently expressed in common among the mono- and co-cultures 

are represented in Figures 38 (10 µM) and 39 (100 µM).  In both cases, the co-cultures 

led to more differently expressed transcripts than the monocultures.  Furthermore, a 

higher proportion of differently expressed transcripts in common between the mono- and 

co-cultures was observed at the highest TNT concentration.  Consequently, while more 

than one third of the enriched transcripts in the monocultures were also differentially 

expressed in the co-cultures at TNT concentration 10 µM, this proportion increased to 

77% at TNT concentration 100 µM.  Furthermore, the highest TNT concentration led to a 

larger number of differently expressed transcripts for both mono- and co-cultures.      
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Figure 38. Differently expressed transcripts in common within kidney cell monocultures 

and co-cultures exposed to TNT (10 µM). 

 

Figure 39. Differently expressed transcripts in common within kidney cell monocultures 

and co-cultures exposed to TNT (100 µM). 

 

Table 7 shows the statistically enriched pathways within kidney cells exposed to 

TNT detected by DAVID based on the Kyoto Encyclopedia of Genes and Genomes 
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(KEGG).  The p values presented in the table refer to a modified Fisher Exact Test used 

by DAVID to measure the level of pathway enrichment.  The smaller the p value is, the 

more associated to the related pathway a selected list of transcripts is.  The cut-off point 

used is a p value of 0.1.  The enriched pathways are presented from pathways with the 

smallest p values to pathways with the highest p values.  Also presented in Table 7 are 

the differently expressed transcripts (number and percentage) per enriched pathway. 

Table 7. Enriched KEGG pathways within kidney cells exposed to TNT in mono- and co-

cultures. 

Condition Enriched pathway 
 

Count % P Value 

Co-culture          
100 µM 

Systemic lupus erythematosus 30 1.6 1.5E-06 

Ribosome 26 1.3 1.2E-05 

p53 signaling pathway 17 0.9 0.004 

Metabolism of xenobiotics by cytochrome P450 14 0.7 0.019 

Glutathione metabolism 12 0.6 0.027 

Ascorbate and aldarate metabolism 6 0.3 0.041 

Proteasome 11 0.6 0.042 

Bladder cancer 10 0.5 0.051 

ECM-receptor interaction 16 0.8 0.062 

Focal adhesion 32 1.7 0.064 

ABC transporters 10 0.5 0.065 

Porphyrin and chlorophyll metabolism 8 0.4 0.084 

Arginine and proline metabolism 11 0.6 0.085 

Tryptophan metabolism 9 0.5 0.089 

Cysteine and methionine metabolism 8 0.4 0.095 

Monoculture          
100 µM 

Systemic lupus erythematosus 27 1.4 3.7E-05 

Proteasome 17 0.9 4.1E-05 

ECM-receptor interaction 20 1.0 0.003 

Ascorbate and aldarate metabolism 7 0.4 0.009 

p53 signaling pathway 15 0.8 0.022 

ABC transporters 11 0.6 0.026 

Porphyrin and chlorophyll metabolism 9 0.5 0.031 

Focal adhesion 33 1.7 0.036 

Metabolism of xenobiotics by cytochrome P450 13 0.7 0.040 

Endocytosis 30 1.5 0.050 
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Nicotinate and nicotinamide metabolism 7 0.4 0.051 

Circadian rhythm 5 0.3 0.054 

Pathways in cancer 48 2.4 0.068 

Glycerolipid metabolism 10 0.5 0.069 

MAPK signaling pathway 40 2.0 0.072 

Amyotrophic lateral sclerosis (ALS) 11 0.6 0.080 

Tryptophan metabolism 9 0.5 0.084 

Cysteine and methionine metabolism 8 0.4 0.091 

Co-culture          
10 µM 

Systemic lupus erythematosus 14 4.1 3.7E-07 

Metabolism of xenobiotics by cytochrome P450 7 2.1 0.003 

Arachidonic acid metabolism 6 1.8 0.010 

Steroid hormone biosynthesis 5 1.5 0.022 

Porphyrin and chlorophyll metabolism 4 1.2 0.041 

Pathogenic Escherichia coli infection 5 1.5 0.044 

TGF-beta signaling pathway 6 1.8 0.052 

Gap junction 6 1.8 0.057 

p53 signaling pathway 5 1.5 0.074 

Pancreatic cancer 5 1.5 0.087 

Monoculture          
10 µM 

Metabolism of xenobiotics by cytochrome P450 5 1.8 0.022 

Ascorbate and aldarate metabolism 3 1.1 0.036 

Steroid hormone biosynthesis 4 1.4 0.048 

 

Table 8 compares for each condition a selected list of statistically enriched 

pathways with the related differently expressed transcripts.  The selection was based on 

evidence from the literature involving the enrichment of the pathways following TNT 

exposure in in vivo and in vitro studies.  The enriched pathways were selected from the 

KEGG database, but also from the Reactome and BioCarta databases used by DAVID 

when determining the enrichment of pathways.  Among the pathways presented, there 

tended to be a higher number of differently expressed transcripts within the co-cultures 

exposed to TNT when compared to the exposed monocultures.   
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Table 8. Number of differently expressed transcripts within statistically enriched 

pathways observed in cultures exposed to TNT. 

 Mono (10 uM) Co (10 uM) Mono (100 uM) Co (100 uM) 

P53 2 5 15 17 

P450 5 7 13 14 

Biological Oxidative 
Stress 

4 8 19 22 

Glutathione 
Metabolism 

3 3 8 12 

Bladder Cancer 1 3 7 10 

Telomere 
maintenance 

0 12 21 22 

Metabolism of 
proteins 

3 4 11 36 

Metabolism of 
amino acids 

10 7 41 35 

Focal adhesion 2 3 33 32 

Apoptosis 1 3 33 27 

 

DNAN - GLOBAL TRANSCRIPT EXPRESSION 

 As was done for TNT, PCA was conducted as a means to provide a visual 

overview of the transcript expression results in the DNAN exposure experiment.  Given 

that the DNAN treatment caused a greater number of transcripts to have significant 

differential expression relative to the culture treatment, 969 relative to 199 (of which 72 

of the 199 were differentially expressed in-common among treatments), PCA was 

conducted based on transcripts significantly affected in the DNAN treatment.   The PCA 

results (Figure 40) demonstrate clear separation of the DNAN treatments (i.e. Control, 

10µM and 100µM) regardless of the culture treatment (i.e. mono- versus co-culture) 

where 75.8% of the overall variation is described by the 3 principle components.   
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Figure 40. Three dimension principal component analysis representation for the targets 

differentially expressed in response to the exposure to DNAN.   

 Figures 41 and 42 present the commonly enriched gene-transcripts between the 

mono- and co-cultures exposed to 100 µM and 1 mM of DNAN respectively.  For these 

two concentrations, using the number of differently expressed transcripts from the 

monocultures as denominator, the proportion of transcripts differently expressed in 

common between mono- and co-cultures are 66% and 75%, respectively.   

 

Figure 41. Differently expressed transcripts in common within kidney cells exposed in 

co-cultures and monocultures to DNAN (100 µM). 

99 191 89 

Monocultures Co-cultures 
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Figure 42. Differently expressed transcripts in common within kidney cells exposed in 

co-cultures and monocultures to DNAN (1 mM). 

Table 9 shows the statistically enriched pathways within kidney cells exposed to 

DNAN and detected by DAVID based on KEGG.  The enriched pathways are presented 

from pathways with the smallest p values to the pathways with the highest p values.   

Table 10 compares for each condition a selected list of statistically enriched 

pathways with the related differently expressed transcripts.  The same literature-based 

selection process was used as for TNT exposures.  It can be noted that the apoptosis 

associated pathway was not detected as an enriched pathway by DAVID, but the related 

differently expressed transcripts are nevertheless presented for comparison with TNT 

exposure.   
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Table 9. Enriched KEGG pathways within kidney cells exposed to DNAN in mono- and 

co-cultures. 

Condition Term Count % PValue 

Co-culture                             
1 mM 

Cytokine-cytokine receptor interaction 14 3.5 0.010 

Nitrogen metabolism 4 1.0 0.017 

TGF-beta signaling pathway 7 1.8 0.018 

Alanine, aspartate and glutamate 
metabolism 4 1.0 0.038 

Graft-versus-host disease 4 1.0 0.067 

p53 signaling pathway 5 1.3 0.081 

D-Glutamine and D-glutamate metabolism 2 0.5 0.093 

Cell adhesion molecules (CAMs) 7 1.8 0.099 

Monoculture                             
1 mM 

Pantothenate and CoA biosynthesis 3 0.9 0.035 

Steroid hormone biosynthesis 4 1.2 0.062 

Antigen processing and presentation 5 1.4 0.082 

Purine metabolism 7 2.0 0.083 

Co-culture                             
100 µM 

Natural killer cell mediated cytotoxicity 7 3.3 0.006 

Leukocyte transendothelial migration 6 2.8 0.015 

Regulation of actin cytoskeleton 8 3.8 0.016 

Type II diabetes mellitus 4 1.9 0.020 

Apoptosis 5 2.3 0.022 

TGF-beta signaling pathway 5 2.3 0.022 

Cell adhesion molecules (CAMs) 6 2.8 0.023 

Hypertrophic cardiomyopathy (HCM) 4 1.9 0.088 

Monoculture                             
100 µM 

Cell adhesion molecules (CAMs) 8 3.493 0.004 

ECM-receptor interaction 6 2.620 0.009 

TGF-beta signaling pathway 6 2.620 0.010 

Regulation of actin cytoskeleton 9 3.930 0.015 

Focal adhesion 8 3.493 0.032 

Hypertrophic cardiomyopathy (HCM) 5 2.183 0.039 

Dilated cardiomyopathy 5 2.183 0.050 

 

 

 

 

 



90 
 

Table 10. Number of enriched genes per selected pathways observed in co-cultures 

exposed to DNAN. 

 Mono (100 
uM) 

Co (100 uM) Mono (1 mM) Co (1mM) 

P53 metabolism 2 0 1 5 

TGF-Beta signaling pathway 6 5 4 7 

Metabolism of amino acids 0 1 7 8 

Nitrogen metabolism 1 0 2 4 

Glutamine/glutamate 
metabolism 

0 0 1 2 

Integrin cell surface 
interactions 

9 6 2 5 

Cell adhesion molecules 
(CAMs) 

8 6 - 7 

Apoptosis* 3 5 2 3 

* Not statistically enriched pathway 

 While not included in any of the enriched pathways, two transcripts with a 

potential implication in DNAN toxicity had an increased expression: CHAC1 and KCNJ2 

(Table 11).  The former is coding for glutathione-specific gamma-

glutamylcyclotransferase, while KCNJ2 translation leads to member 2 of the potassium 

channel, inwardly rectifying subfamily J.   

Table 11. Differently expressed transcripts of particular interest within the cultures 

exposed to DNAN - CHAC1 and KCNJ2 – and their increased factor relative 

to controls.  

Transcript 

100 uM 1 mM 

Monocultures Co-cultures Monocultures Co-cultures 

CHAC1 1.60 ND* 6.71 2.23 

KCNJ2 ND* ND* 3.57 3.92 

*ND: Non-differently expressed transcript 
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TNT vs DNAN - GLOBAL TRANSCRIPT EXPRESSION IN KIDNEY CELLS 

 As gene expression changes often occur before the onset of toxicity (27), it is 

interesting to compare the number of differently expressed transcripts between exposures 

to TNT and DNAN.  First, the number of transcripts differently expressed in common 

among co-cultures exposed to 100 µM of TNT and 100 µM of DNAN is presented in 

Figure 43.  For a same concentration, TNT led to 11 times more differently expressed 

transcripts than DNAN. 

 

Figure 43. Differently expressed transcripts in common within kidney cells exposed in 

co-cultures to TNT (100 µM) and to DNAN (100 µM). 

 Such a result is not surprising considering the difference in potency between the 

two compounds observed during the range finding experiment (Table 6).  Since the 

observed potency for DNAN was approximately 10 times less than TNT for cell viability, 

the comparison between the highest concentrations assessed for each xenobiotic can 

provide a more informative comparison of each compound’s toxicity at concentrations 

leading to a similar potency.  Therefore, Figure 44 shows the number of transcripts 
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differently expressed in common among co-cultures exposed to 100 µM of TNT and 1 

mM of DNAN.  While the number of differently expressed transcripts within the co-

cultures exposed to 1 mM of DNAN almost doubled compared to the 100 µM DNAN 

exposure, it is still well below the number of differently expressed transcripts from the 

co-cultures exposed to 100 µM of TNT.  Furthermore, at 44 %, the proportion of 

commonly expressed transcripts between the two co-cultures remains similar.   

 

Figure 44. Differently expressed transcripts in common within kidney cells exposed in 

co-cultures to TNT (100 µM) and to DNAN (1 mM). 
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CHAPTER 4: DISCUSSION 

 

VALIDATION OF THE IdMOC SYSTEM 

Cell Culture Considerations 

 In a co-culture system using up to six cell lines such as the IdMOC system, it is 

highly likely that at least one of the cell lines will have a growing rate that is significantly 

slower than the other cell lines.  In the current project, this cell line was the THLE-3 

(liver) cells, which reached its growing rate peak only after six days following 

inoculation, making it difficult to have a constant supply of hepatocytes.  However, such 

limitation can be overcome by keeping a greater quantity of those cells in stock, which 

necessitates time upon starting the culture.  Therefore, such measure needs to be taken 

into consideration in any IdMOC project timeline.   

Another important consideration with regards to the IdMOC system is the 

determination of the number of cells to use per well.  For each cell line, the number of 

cells providing a confluent layer in a 96 well plate was determined.  While this number 

differs from one cell line to another, this allows to maximize the response to the toxicant 

and the yield of RNA for subsequent microarray analysis.  Furthermore, it also leads to a 

surface of tissue that is identical for each organ represented in the system.   

High-N Compound Solubility and Purity  

 The solubility of high-N compounds varies from one chemical to another and 

among other factors with temperature and salinity, influencing the accessibility of these 

compounds to cells.  While this solubility can be estimated using mathematical models, 

direct measurements remain the most accurate mean to assess it (90).  The above results 
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showed that TNT concentration decreased by approximately 13.5% (Figure 16) to 25% 

(Figures 17, 18 and 19) after a 24h incubation in co-culture media.  The level of soluble 

DNAN, however, was not affected.  In order to assess if the loss of soluble TNT over 

time was caused by TNT degradation, further investigation was conducted.  Among the 

known TNT degradation by-products tested, only 4-ADNT was detected, to include in the 

source product at about 14%.  Light was not a factor in the degradation of TNT (Figure 

21).  The solubility experiment conducted in an IdMOC plate with vascular endothelial 

cells did not lead to any significant conclusion because of results variability.  Heat and 

binding to the culture vessel surface could have contributed to the loss of soluble TNT 

(24; 31; 202).  When combining the impurity of the source compound with its natural 

degradation, a final concentration of approximately 64% to 74% of TNT originally 

calculated value can be expected.  Such TNT degradation needs to be taken into 

consideration when comparing results from TNT exposure to results from DNAN 

exposure.  Overall, these results show the importance of testing for the loss or chemical 

breakdown of every high-N compound being assessed with the IdMOC system.  Ideally, 

this testing should be conducted before the range finding experiment so that 

concentrations can be adjusted accordingly. 

Efficacy of Each Biomarker / Cell Line Pair for the Assessment of Cellular Stress 

NGAL / Kidney Cells 

The initial assessment of the cell lines led to the detection of NGAL in culture 

media from kidney cells and lung cells mainly (Figure 8).  Those results were later 

confirmed with the DMSO+ controls of the experiment with the reference compounds 

(Figures 15 and 16).  NGAL, also known as lipocalin-2, was originally identified as a 
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component of neutrophil granules (85).  Since then, most tissues have been shown to 

express NGAL, including kidney and lung. Therefore, it is highly likely that the obtained 

results are not caused by a lack of specificity of the ELISA assay, but rather because both 

HK-2 (kidney) and NULI-1 (lung) cells are producing the protein.   

Against expectations, cyclosporin A decreased the production of NGAL by both 

the kidney and lung cells.  While NGAL is a recognized in vivo biomarker of 

nephrotoxicity (160), a recent study assessing the potential of known in vivo biomarkers 

as in vitro biomarkers for the screening of drug-induced nephrotoxicity showed that 

traditional cytotoxicity assays and biomarker assays (to include NGAL) using HK-2 cells 

were both unsuitable for the prediction of nephrotoxicity (80).  The authors of the study 

demonstrated an upregulation of NGAL in HK-2 cells exposed to toxicants, but with only 

scattered significant dose-dependent responses.   Such a conclusion is further reinforced 

by the observed significant decrease of NGAL in HK-2 cells exposed to the toxicants 

daunorubucin and troglitazon.  With the HK-2 cell line being one of the only 

commercially available immortalized kidney cell line derived from normal human tissue, 

the use of primary kidney cells for the IdMOC system could represent a more suitable 

option, though being more resource intensive.  Another alternative could be the creation 

of other normal human cell lines from diverse genetic backgrounds.    

Albumin / Liver Cells 

The initial assessment of the cell lines led to the detection of albumin in culture 

media from the liver cells, but also to a lesser extent with all other cell lines, particularly 

from the lung and heart cells (Figure 9).  The detection of albumin in the culture media 

from the lung cells can be explained by its presence in the bronchial epithelial cell growth 
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kit that is supplementing the media.  The kit includes human serum albumin leading to a 

final concentration of 500 µg/mL.  This can explain why the albumin level from the lung 

cell culture media considerably decreased after 48 hours of incubation, the lung cells not 

replacing the albumin that is naturally degrading in the media.  While the liver represents 

the chief source of albumin, other tissues are known to produce small quantities.  As 

such, mRNA has previously been detected in kidney, though there is no evidence that this 

mRNA is translated (49).  There is also no evidence that cardiac muscle cells produce 

albumin.  Therefore, the albumin detected in the heart cell culture media is likely coming 

from the heat inactivated FBS used in the medium.  Even though heat inactivation of 

serum deactivates most labile proteins, some albumin can remain in the culture medium 

(116).  The albumin level detected in heart cell medium significantly decreased three 

days after inoculation as heart muscle cells do not produce albumin.   

A high level of albumin was detected in all samples analyzed from the experiment 

with the reference compounds.  In this experiment, the cells were exposed to the 

reference compounds in UPC plating media.  While there is little information provided 

with regards to the content of the UPC plating media, the manufacturer later confirmed 

that the media contain heat-inactivated bovine serum.  Consequently, the majority of the 

albumin detected in any sample containing UPC plating media, to include the IdMOC 

samples, is coming from the bovine serum contained in the media.  Therefore, other 

potential in vitro hepatotoxicity biomarkers should be used as an alternative to albumin, 

such as aldo-keto reductase 1C1, heterogeneous nuclear ribonucleoprotein D and 

glucose-regulated protein (178).  Since they are not secreted, the assessment of these 

biomarkers would need to be conducted through reverse transcription polymerase chain 
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reaction or as part of the microarrays.  Other potential liver-specific biomarkers are those 

found in hepatocyte-derived extracellular vesicles, such as carbamoyl phosphate 

synthetase 1, S-adenosyl methionine synthetase 1, and catechol-O-methyltransferase 

(151).  

SP-B / Lung Cells 

 SP-B was detected as expected in culture media from lung cells, but to a greater 

extent in culture media from kidney cells, and to a lesser extent in culture media from 

liver cells (Figure 10).  A possible explanation is cross reaction of the ELISA assay with 

other proteins, which is recognized as a possibility by the assay manufacturer.  For 

instance, surfactant proteins bind to toll-like receptors and the latter are not only 

expressed by lung cells, but also by kidney and liver cells (26; 114).  It is therefore 

possible that hepatocytes produce a protein that is similar to surfactant protein B.  

Nevertheless, this limitation of specificity is overcome by the having monocultures as 

controls during the IdMOC experiment.   

Endothelin I / Vascular Endothelial Cells 

 Endothelin I was initially detected mainly in culture media from vascular 

endothelial cells, with negligible levels observed from the other cell lines (Figure 11).  

However, while mainly produced by vascular endothelial cells, endothelin I can also be 

produced by various tissues and cells (96).  The latter was confirmed by the experiment 

with the reference compounds as endothelin I was detected in culture media from every 

cell line, with the vascular endothelial cells producing a minimum of five times the 

production of any other cell line (Figure 18).  The low production of endothelin I by 
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kidney, liver, lung and heart cells was not influenced by any of the reference compounds 

assessed.  However, cyclosporin A and daunorubicun, and to a lesser extent VEGF-121, 

decreased the production of endothelin I by vascular endothelial cells.  The latter is 

reflective of the role of VEGF-121.  This growth factor is thought to promote vascular 

health by decreasing endothelin I production in human microvascular endothelial cells 

(169).  The decrease of endothelin I by cyclosporin A does not reflect the literature.  It is 

suggested that cyclosporin A causes hypertension through the release of vascular 

constrictors, such as endothelin I, by vascular endothelial cells (146; 172; 205).  The 

observed decrease of endothelin I by vascular endothelial cells exposed to daunorubicin 

is also contradicting with the literature.  Daunorubicin and doxorubicin, two structurally 

related anti-neoplastic drugs, are known for their potential cardiac toxicity (174).  

Doxorubicin increases the plasma level of endothelin I in humans (19).   

Cardiac Troponin I / Heart Muscle Cells 

The initial assessment of the cell lines shows a production of cardiac troponin I by 

heart cells (Figure 12).  However, the ELISA assay used also detected troponins 

produced by the liver and lung cells, and to a lesser extent by the vascular endothelial and 

kidney cells, suggesting cross-reactivity.  While cardiac troponin I is mainly produced by 

heart muscle cells, other non-muscle tissues can also produce significant amounts, such 

as the liver and the brain as observed in a study with chicken (65).  Furthermore, while 

normal lung cells do not produce cardiac troponin I, non-small cell lung cancer tissues 

have been shown to produce the protein in significant amount (25).  Even though the lung 

cell line used in the current project comes from normal tissue, the immortalization of the 
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cell line combined to the observation of chromosomal abnormalities by the manufacturer 

can explain the level of cardiac troponin I produced by the NULI-1 cells. 

Summary of the Assessment of the Biomarkers of Cellular Stress 

 Table 12 summarizes the results obtained from the monocultures exposed to the 

reference compounds.  The table indicates for each pair of reference compound and target 

cell, whether or not the reference compound led to the expected effect on the biomarker 

production.   

Table 12. Assessment of the cell lines response to reference compounds.   

Reference Compound 

(Target Cell)  

Biomarker (Expected 

Production Change) 

Was the expected 

change in biomarker 

production observed? 

Cyclosporin A (Kidney) NGAL (Increase) No 

Troglitazone (Liver) Albumin (Decrease) No 

VEGF-121 (Vasc. endo.) Endothelin I (Decrease) Yes 

 

As we can see, only endothelin I showed a response to stress corresponding to the 

expected change based on the literature.  Therefore, the combination cell-biomarker for 

the selected kidney and liver cells are not ideal for the assessment of cellular stress.  

Moreover, cross-reactivity of the ELISA assays could have highly contributed to the 

unexpected results.  This is taken into consideration in the discussion about the assessed 

biomarkers from the cultures exposed to TNT and DNAN.  

TNT Toxicity Based on the Biomarkers of Cellular Stress 

Initial assessment of the cell lines shows that each selected biomarker of cellular 

stress, except endothelin I, is not specific to a single cell line, thus showing the 
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importance of having appropriate monocultures serving as controls.  By having controls 

in monocultures when conducting an IdMOC experiment, any difference observed in the 

production of the biomarkers in co-culture can be better evaluated and the potential cause 

identified.  When comparing the average concentrations of a biomarker in media from 

monocultures versus co-cultures, one needs to take into consideration that cells are twice 

more diluted in co-culture than in monoculture.  Therefore, the trend observed within 

each condition can be compared to each other, but not the direct values. 

NGAL 

Similarly to the decreased production of NGAL by kidney and lung cells exposed 

to cyclosporin A, NGAL production by these two cell lines in monocultures was 

significantly lower at the highest TNT concentrations compared to the controls as 

assessed by pairwise comparisons (Figure 29).  Such results support the conclusion of the 

above study with regards to the poor reliability of HK-2 cells for the prediction of 

nephrotoxicity (80).  Nevertheless, NGAL is not significantly produced by any cell line 

exposed to TNT in co-culture which is a notable difference with the results obtained from 

the monocultures.  This could be caused by the detoxification of TNT in the co-cultures 

by the liver cells.   

Albumin 

Based on the literature, albumin levels decrease for hepatocytes exposed to 

toxicants (33; 57; 100; 207).  Such decrease of albumin was observed from all 

monocultures exposed to increasing TNT concentrations (Figure 30).  However, no 

change in albumin level was observed for human cells exposed to TNT in co-culture.  
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These results suggest a lower TNT toxicity for cells in co-culture settings.  The fact that 

no change in albumin level was observed in co-culture could also have been caused by 

the cells being more diluted and the presence of albumin in the UPC plating media.   

SP-B  

 The increase of SP-B in culture media from three of the cell lines exposed to TNT 

is consistent with the hypothesis that cross-reactivity occurred during the ELISA assay.  

While surfactant protein B is only produced in lung tissues, the saposin-like protein 

family to which it belongs is composed of 200 members with several proteins being 

found in lysosomes (191).  Furthermore, saposin-like proteins share some key structural 

features, such as hydrophobic amino acid distribution and a pattern of three intra-

molecular disulphide bridges formed by six cysteines (126; 134).  As TNT concentrations 

increase, apoptosis triggers the release of the content of lysosomes, including the saposin-

like proteins (134).  Therefore, besides the toll-like receptors ligands mentioned above, 

saposin-like proteins could be an additional source of cross-reactivity when cells are 

exposed to TNT.  This would be consistent with the decreased TNT toxicity in co-culture 

settings, since the level of SP-B (and possible analogues) remained constant (Figure 32).  

While no cell viability testing was done with the cells from the co-cultures, this could be 

done in the future in order to compare with the results obtained from the monocultures.  

Considering the above results, either a different SP-B ELISA kit or a different lung cell 

toxicity biomarker could be selected.  A potential candidate for lung cell toxicity is the 

glycoprotein Krebs von den Lungen-6 (KL-6) (124).  The fact that, in co-cultures, no 

change in SP-B concentration was observed between the highest concentration of TNT 

and the controls is consistent with the detoxification role of hepatocytes.  
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Endothelin I 

The production of endothelin I initially increased in monocultures exposed to the 

lowest concentrations of TNT, particularly for vascular endothelial cells (Figure 34).  

However, as the concentrations of TNT increased, the level of endothelin decreased close 

to its original value.  These results suggest a possible feedback control mechanism once a 

certain concentration of endothelin I is reached.  Such mechanism has been suggested by 

Giraldo and his colleagues and involves the activating transcription factor 3 (Atf3) and 

early growth response 1 (Egr1) factor (62).  Furthermore, cardiac hypertrophy and 

dysfunction stimulated by sustained pressure overload of Sprague-Dawley male rats’ 

hearts led to the observation of an initial increase of endothelin I before decreasing 

continuously from day 8 of pressure overload (166).  A negative feedback loop 

mechanism could also be responsible for the decreased level of endothelin I caused by 

cyclosporin A and daunorubicin (131).  However, this dose-response relationship was not 

observed in co-cultures exposed to TNT as endothelin I concentration increased with 

increasing concentrations of TNT, even at the highest TNT concentration.  A possible 

explanation is that the high detoxifying metabolic capacity of the co-cultured liver cells 

could suffice to cell survival, keeping the endothelin I negative feedback loop inactivated.   

Cardiac Troponin I 

  No significant production of cardiac troponin was detected in any cultures (mono 

and co-) exposed to TNT, including controls.  This is contradictory to the initial 

assessment of cardiac troponin production by the five cell lines.  Considering that the 

controls in monocultures exposed to TNT and those from monocultures exposed to 

DNAN were the same, and that in only one of these controls was cardiac troponin 
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observed, a low replicability of the ELISA assay could be the cause.  Even though all 

samples were processed at the same time, each ELISA plate only allows for the 

assessment of 96 samples, which led to use more than one plate for the analysis of the 

samples from the IdMOC experiment.  In the case of cardiac troponin, some noticeable 

change in detected troponin was observed from one plate to another.  This reliability 

issue can be added to the possibility of cross-reactivity that was addressed above.   

Summary of TNT Effects on Biomarkers 

Table 13 summarizes the above discussion and shows, for each selected 

biomarker of cytotoxic stress, whether or not TNT toxicity was observed.  Overall, 

endothelin I appears to be the most effective biomarker of cytotoxic stress for the IdMOC 

system.   The fact that no significant change in SP-B was observed in culture media of 

lung cells exposed to TNT can be partially explained by the high variance of the related 

controls.  Consequently, SP-B has the potential to be an effective biomarker for IdMOC 

experiments should an assay with no cross-reactivity be found.     

Table 13. Toxicity of TNT as assessed by the detection of biomarkers.   

Biomarker  

(Target Cell) 

TNT Toxicity on 

Target Cell 

TNT Toxicity in 

Co-Culture 

Possible cross-

reactivity 

observed 

NGAL (kidney) No No Yes 

Albumin (liver) No No Inconclusive 

SP-B (lung) No No Yes 

Endothelin I (vasc. 

endo.) 
Yes Yes No 

Cardiac troponin I 

(heart) 
No No Yes 
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Effects of TNT on Global Transcript Expression  

At the highest TNT concentration (100 µM), kidney cells in mono- and co-

cultures had 7 and 8 times, respectively, more differently expressed transcripts than 

within the cultures exposed at the lowest concentration (10 µM).  This could be attributed 

to sublethal effects on cells near the concentration threshold where mortality was induced 

(Figure 24).  Enrichment analysis indicated the activation of several pathways in response 

to the high concentration of TNT, including p53 signaling pathway and biological 

oxidation.    

Enriched pathways that had, at the highest TNT concentration, more differently 

expressed transcripts within the co-cultures versus the monocultures include: 

- p53 signaling pathway, which is involved in DNA repair and apoptosis; 

- Metabolism of xenobiotics by cytochrome P450, a phase I enzyme family; 

- Biological oxidative stress mitigation pathway; 

- Glutathione metabolism, which includes the glutathione S-transferase, a phase II 

enzyme known to be involved in TNT detoxification; 

- Bladder cancer associated pathway; 

- Telomere maintenance pathway, which is essential to prevent genomic instability 

such as genomic copy addition, deletion, mutation, and translocation; and 

- Pathways associated to metabolism of proteins and ribosomes. 

The transcription factor p53 acts on damaged DNA and stalls cell division in 

order to either contribute to repairing DNA or, if the damages are high, to promoting 

apoptosis (30).  The results obtained with the IdMOC system are reflective of a study that 
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showed that 2A-DNT, one of the most common TNT metabolites, leads to accumulation 

of p53 proteins in MCF-7 human breast cancer cells (12).  Furthermore, the TNT 

metabolites hydroxilamino-dinitrotoluenes are known to lead to DNA damage (76).  

Consequently, the enrichment of the p53 pathway in the IdMOC system could be 

explained by the TNT metabolites from the hepatocytes.  The difference between mono- 

and co-cultures in p53 enrichment is more noticeable at the lowest TNT concentration.  

This could be due to the saturation of the cells by TNT at highest concentration, leading 

to the activation of proapoptotic signaling pathways.  This hypothesis is supported by the 

observation, in the mono- and co-cultures exposed to 100 µM of TNT, of change in 

expression of 3 transcripts coding for BCL2 binding component 3, tumor protein p53 

inducible protein 3, and scotin, all from the p53 pathway and involved in apoptosis.  

None of these transcripts were differently expressed in the mono- and co-cultures 

exposed to the lowest TNT concentration.  Furthermore, as demonstrated previously from 

the range finding experiment, no cells survived above the concentration of 1 mM.  It can 

therefore be advanced that the cells were preparing for apoptosis at 100 µM of TNT.     

 The observed enrichment of the P450 pathway in co-cultures exposed to TNT is 

consistent with the implication of the amino- and hydroxylamino metabolites of TNT as 

substrates for the single-electron transferring NADPH:P-450 reductase described 

previously (156).  The increase of this reductase has also been observed in vivo (37), and 

has been correlated with a decrease in CYPA1 activities.  The latter is further reinforced 

by the observed decrease of the phase I CYP1A catalytic activities in European eels 

exposed to TNT (179).  From our results, a closer look at the 14 enriched genes of the 

cytochrome P450 pathway indicates that 12 of the genes had decreased expression, 
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including the two cytochromes P450 CYP1B1 and CYP2C18.  Furthermore, at the 

highest TNT concentration (100 µM), NADPH:P450 reductase transcript expression 

increased by a factor of 3.6 in the co-culture versus 2.7 in the monoculture.   

 DAVID also identified significant enrichment within the biological oxidative 

stress mitigation pathway where 22 differently expressed transcripts were observed 

within the co-cultures exposed to the highest TNT concentration.  And, similarly to P450 

and p53 enriched pathways, the difference between the mono- and co-cultures is greater 

within the lowest TNT concentration.  These results are in line with the literature and the 

known oxidative stress caused by TNT metabolites (156).   Furthermore, a study 

demonstrated the production of hydrogen peroxide in mitochondria of kidneys from 

monkeys exposed to TNT (92).  One important pathway involved in oxidative stress and 

detoxification response towards nitro-aromatics is NRF-2-mediated oxidative stress 

response pathway.  NRF2 is a transcription factor leading to reduce toxicity and reduced 

carcinogenesis (39).  However, for both concentrations of TNT, the number of differently 

expressed transcripts within this enriched pathway was the same for both mono- and co-

cultures.  

 The results also indicated significant enrichment of the glutathione metabolism 

associated pathway, which is consistent with the TNT biotransformation by the phase II 

enzyme glutathione-S-transferase.  Among the 12 differently expressed transcripts was 

microsomal glutathione-S-transferase 1, which had a four-fold increase in expression 

within the co-cultures exposed to 100 µM TNT.  Such increase was observed in an in 

vivo study with European eels (Anguilla anguilla) exposed to TNT (37).  In a different in 

vivo study with rainbow trout (Oncorhynchus mykiss), the increase of glutathione S-
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transferase activity in TNT treated fish was correlated with an increase in glutathione 

reductase as well (46).  Gene-transcript expression for the latter was increased by 3.1-fold 

in the co-cultures, as opposed to 2.3-fold increase in the monocultures.  However, while 

the microsomal glutathione-S-transferase 1 transcript had increased expression within the 

co-cultures exposed to 100 µM TNT, three non-microsomal glutathione-S-transferase 

transcripts had decreased expression: GSTZ1, GSTO2 and GSTK1.    

 Another enriched pathway in TNT exposed co-cultures is associated to bladder 

cancer.  As discussed in the introduction, TNT is a known carcinogen (199).  Even 

though liver cancer is the malignancy the most associated to the level of exposure to 

TNT, risks of developing other cancers have also been reported.  As such, 21.8 % of 

female Fisher-344 rats fed with 50 mg/kg/day of TNT developed urinary bladder 

carcinomas (150).  This was further supported by the observation of renal and urinary 

bladder hyperplasia in the treated animals.  The 10 differently expressed transcripts 

associated to bladder cancer and detected by DAVID are related to cell cycle.  Among 

those is CDKN2A, encoding for p14ARF, which had decreased expression in our co-

culture exposed to the highest TNT concentration.  Inactivation of the CDKN2A is 

known to be an early event in transitional cell carcinoma in bladder cancer (17).  The 

decreased expression of CDKN2A was not observed in the monocultures.   

 The microarray data analysis identified telomere maintenance as an enriched 

function from co-cultures exposed to 100 µM TNT.  A closer look determined that from 

the 22 genes identified in this case, 20 of them are part of histone clusters and all had 

decreased expression.  Several natural and industrial toxicants, including heavy metals 

and ethanol, are known to decrease the level of expression of genes encoding for histones 
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(41).  In some instances, this decrease was associated with carcinogenesis (41).  The only 

transcript having increased expression within the enriched telomere maintenance function 

was the telomeric repeat binding factor 2, for which an overexpression has been 

correlated to lung, liver and gastric tumors (58; 137).  From the 22 differently expressed 

transcripts involved in telomere maintenance and identified from the co-cultures exposed 

to 100 µM TNT, 16 of them were also differently expressed within the monocultures 

exposed to 100 µM TNT, none for the monocultures exposed to 10 µM TNT, and 8 for 

the co-cultures exposed to 10 µM.   

 As mentioned in the introduction, the liver and more specifically cytochrome 

P450, is responsible for the bioactivation of hydroxylamines which are then binding to 

sulfhydryl proteins (152).  While on one hand hydroxylamino-metabolites can lead to a 

faster degradation of protein adducts, on the other hand oxidative stress causes the down-

regulation of translation and protein synthesis (187).  The co-cultures exposed to 100 µM 

of TNT led to 36 differently expressed transcripts directly involved in protein 

metabolism.  Among those, 25 that coded for ribosomal proteins had decreased 

expression.  Consequently, taking into account the observed enrichment of the oxidative 

stress related genes, the results from TNT-exposed cells within the IdMOC system 

corroborate the repression of protein translation under such oxidative stress. 

 Among the most enriched pathways within both mono- and co-cultures exposed 

to TNT was the focal adhesion pathway.  This is another observation that is reflective of 

the literature with regards to TNT toxicity based on in vivo studies.  Indeed, a recent 

study looking at the mechanistic impacts of 2A-DNT (a TNT metabolite) exposure in 

Northern Bobwhite found that the most highly enriched pathway from the kidney tissues 
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from the exposed female subjects was involved in signal molecules/interactions (68).  

Among the differently expressed transcripts were 6 transcripts involved in collagen 

metabolism which all had a decreased expression within the pathway.  Interestingly, the 

enriched focal adhesion pathway from the co-cultures exposed to the highest TNT 

concentration contained 3 differently expressed transcripts related to collagen metabolism 

which also had a decreased expression:  COL4A1, COL4A2 and COL5A1.  Within the 

present study, from these 3 transcripts only COL4A1 and COL4A2 were differently 

expressed within the monocultures exposed to the highest TNT concentration.  They had 

a decreased expression but to a lesser extent than within the co-cultures.  The same study 

also found that the most enriched pathway from the kidney of the male subjects exposed 

to 2-ADNT was involved in amino acid metabolism.  The enrichment of the latter was 

also observed within both mono- and co-cultures exposed to TNT.  

 The different signs of toxicity observed through the enriched pathways within the 

kidney cells exposed in co-culture to TNT can also be compared against a study that 

observed morphological effects on the kidney and nephrotoxicity caused by TNT 

exposure.  Western fence lizard (Sceloporus occidentalis) gavaged with 45 mg/kg/day of 

TNT for 60 days had a 170% increase in kidney size relative to controls (120).  

Furthermore, significant incidence of renal tubular degeneration, characterized by 

vacuolation, cellular swelling, increased eosinophilia, and tubular necrosis, were also 

observed along with renal mineralization.  In a study where adult male bullfrogs were fed 

with TNT; 2,4-DNT and 2,6-DNT, kidney necrosis was also observed within the three 

exposure groups (135).  These morphological and histopathological observations are in 

line with the different enriched pathways found within kidney cells exposed to TNT in 
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the current study.  As such, the transcription factor p53 has been found to be a mediator 

of transcriptional responses to ischemia-reperfusion kidney injury (55) and to accumulate 

in injured renal tubular cells (95).  Oxidative stress is also strongly associated to renal 

injury by damaging molecular components of the kidney (180), potentially leading to cell 

necrosis (204).  Furthermore, acetyl-histone H3 decreases in injured kidneys from septic 

mice and is correlated to increased expression of histone deacetylase 5 (HDAC5), which 

was also observed in the current project within kidney cells exposed to TNT in co-culture 

(20).  With regards to acute kidney injury biomarkers, GST has served as a predicting 

indicator for renal replacement therapy in acute tubular necrosis patients (121).   

 Taken all together, the above observations provide evidence of the increased 

predictive value of the IdMOC system as opposed to monocultures in the assessment of 

high-nitrogen compounds’ toxicity.  The higher number of differently expressed 

transcripts, supported by a smaller p value for pathway enrichment, within kidney cells 

exposed to TNT in co-cultures versus monocultures for pathways related to p53 

signaling, xenobiotic metabolism by cytochrome P450, ribosome, glutathione metabolism 

and bladder cancer, shows the impact of TNT metabolites on cell response to stress.  

Consequently, the cell-specific toxicity of parent compounds and of metabolites 

generated by other cells within the IdMOC system is contributing to the improved 

representation of human metabolism of xenobiotics.  However, focal adhesion associated 

pathway was more enriched in monocultures than co-cultures.  Microarray data analysis 

from cells not highly involved in the metabolism of xenobiotics and used in the IdMOC 

system could lead to an increased difference in terms of enriched pathways between co-
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cultures and monocultures in favor of the former.  However, literature would provide 

only scarce information about TNT effects on the related tissues.  

EFFECTS OF DNAN ON GLOBAL TRANSCRIPT EXPRESSION 

Statistically enriched pathways within kidney cells exposed to DNAN included 

pathways related to cytokine-cytokine receptor interaction; nitrogen metabolism; TGF-β 

signaling; glutamate metabolism; p53 signaling; metabolism of amino acids, cell 

adhesion; pantothenate and co-enzyme A biosynthesis; steroid hormone biosynthesis; 

antigen processing and presentation; and purine metabolism.  Among those, five had, at 

the highest DNAN concentration, more differently expressed transcripts within the co-

cultures versus the monocultures and are related to: 

- p53 signaling; 

- TGF-β signaling, which is involved in several cellular functions, such as 

differentiation, apoptosis and extracellular matrix production; 

- Metabolism of amino acids; 

- Nitrogen metabolism; and 

- Glutamine-glutamate metabolism. 

From these five pathways, only TGF-β signaling associated pathway was enriched 

at the lowest DNAN concentration within both mono- and co-cultures.  Overall, the 

lowest DNAN concentration led to different enriched pathways compared to the highest 

concentration, including pathways related to natural killer cell mediated cytotoxicity, 

leucocyte transendothelial migration and regulation of actin cytoskeleton.  The following 

discussion focuses on the five pathways that were more enriched within kidney cells 
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exposed to the highest concentration of DNAN in co-cultures and for which literature 

provided etiological insight. 

The enrichment of the p53 pathway in the co-cultures exposed to 1 mM of DNAN 

is consistent with the known inhibition of p53 degradation by dinitrophenol, the primary 

DNAN metabolite (66).   

 Tumor growth factor (TGF) beta signaling pathway had a higher number of 

transcripts that had increased expression in the co-culture compared to the monocultures 

exposed to the highest DNAN concentration.  The principal metabolite of DNAN, DNP, 

while under the form of 2,4-dinitrophenol glycine has been found to increase the level of 

detectable TGF-β from t-cell-derived antigen-binding molecules isolated from a toluene-

sensitive patient (88).  TGF-β family is involved in several cellular functions, such as 

differentiation, apoptosis and extracellular matrix production (3).  Dysregulation of TGF-

β has long been associated with various liver diseases (203) as well as cancer (108).  In 

the latter, TGF- β can either suppress tumorigenesis or promote it depending, among 

others, on the stage of the cancer.   

 The enrichment of pathways involved in amino acid metabolism within the co-

cultures exposed to 1 mM of DNAN may contribute to explaining a recent study where 

rats treated with 2,4-dinitrophenol showed an increased metabolism of tyrosine, lysine 

and phenylalanine (109).  Another recent study that looked at the effect of dinitrophenol 

on kidney metabolism of male Sprague-Dawley rats showed an increase of proteinuria in 

treated animals, which is reflective of chronic kidney malfunction (54).  More 

specifically, the authors of the study demonstrated that dinitrophenol led to increased 

kidney oxygen consumption possibly causing intrarenal hypoxia which resulted in 
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proteinuria.  Among the 8 differently expressed transcripts related to amino acid 

metabolism in co-cultures exposed to 1 mM of DNAN, four had increased expression and 

coded for solute carrier (SLC) family members: one (member 12) from the SLC family 6, 

and three (members 5, 11 and 10) from the SLC family 7.  The transcript coding for 

member 5 of the SLC family 7 (SLC7A5) leads to a subunit that is part of the cell surface 

antigen CD98, which can be found on both epithelial membranes of kidney proximal 

tubule  (115).  This transporter participates in the recovery of amino acids from the 

primary filtrate.  Therefore, the increase of amino acids may have contributed to the 

elevated expression of the transcripts coding for SLC families 6 and 7.  The monocultures 

exposed to 1 mM of DNAN led to only 3 of the 4 SLC identified transcripts, which had 

significantly increased expression, but to a lesser extent than in the co-cultures. 

 The co-cultures exposed to the highest concentration of DNAN had enrichment of 

nitrogen metabolism associated pathway, within which four transcripts were differently 

expressed.  Among those was asparagine synthetase which catalyzes the conversion of L-

aspartate and L-glutamine into L-asparagine and L-glutamate (11).  The observed 

increase of asparagine synthetase transcript may be due to the acceleration of 

phenylalanine metabolism by the presence of dinitrophenol, which basic process leads to 

the formation of phenyl-acetylglutamine (109).  The enrichment of the asparagine 

synthetase was not observed in the monocultures.   

 Interestingly, while the increased expression of transcripts coding for asparagine 

synthetase was observed in co-cultures exposed to 1 mM of DNAN, decreased expression 

of glutamate dehydrogenases 1 and 2 (GLUD1 and GLUD2) transcripts was also noticed.  

Glutamate dehydrogenase catalyzes the oxidative deamination of L-glutamate to 2-
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oxoglutarate (105).  While low concentrations of dinitrophenol is known to increase the 

deamination of glutamate in rat liver mitochondria, concentrations above 0.2 mM have 

been found to lead to the inhibition of the reaction (145).  This correlates our observation 

with regards to the decreased expression of GLUD1 and GLUD2 in co-cultures exposed 

to 1 mM of DNAN.  Only the decreased expression of GLUD2 was observed in the 

monoculture exposed to 1 mM of DNAN. 

 The co-cultures exposed to DNAN had an increased expression of the 

glutathione-specific gamma-glutamylcyclotransferase 1 transcript (CHAC1), which is a 

mammalian proapoptic protein catalyzing the cleavage of glutathione (94).  The latter is 

known to have a reduced production in justaglomerular cells treated in vitro with 

dinitrophenol (70).  In this study, when compared with the effects of the resulting reactive 

oxygen species, apoptosis in the treated cells was rather correlated with the rapid change 

of intracellular glutathione.  This is consistent with the observed enriched pathways of the 

present project, as no pathway directly related to oxidative stress mitigation was enriched 

within the cultures exposed to DNAN.  CHAC1 had also an increased expression in the 

monocultures exposed to the highest concentration of DNAN.  It is worth noting that 

CHAC1 was not differently expressed in the co-cultures exposed to TNT.    

The transcript of potassium channel inwardly rectifying subfamily J, member 2 

(KCNJ2) had increased expression in the mono- and co-cultures exposed to the highest 

concentration of DNAN.  This observation supports a study that showed that potassium 

accumulates in rabbit kidney provided with oral administration of dinitrophenol (125).  In 

the study, the accumulation of potassium was found proportional to the dinitrophenol 

concentration, which could explain why KCNJ2 was not differently expressed at the 
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lowest DNAN concentration within both mono- and co-cultures.  The accumulation of 

potassium caused by dinitrophenol was recently associated with hyperkalaemia, which 

contributed to the xenobiotic toxicity (84).  Interestingly, KCNJ2 had a slight decreased 

expression within the co-cultures exposed to the highest TNT concentration.    

In a study where Sprague-Dawley SPF rats where fed with 80 mg/kg/day of 

dinitrophenol for 28 days, the exposed group showed an increased mass of the kidneys 

and mineralization of the corticomedullary junction (91).  Minor cortical tubular necrosis 

has also been observed in rats treated with 20 mg/day of dinitrophenol (4).  The toxicity 

effects observed in the current project through enriched pathways within kidney cells 

exposed to DNAN in co-cultures support the known nephrotoxicity of dinitrophenol, 

more specifically based on the enrichment of three pathways related to p53 signaling, 

TGF-β signaling, and amino acid metabolism.  As mentioned previously, the 

transcription factor p53 is a mediator of transcriptional responses to ischemia-reperfusion 

kidney injury (55) and accumulates in injured renal tubular cells (95).  TGF-β has 

multifunctional effects on kidney.  On one hand, TGF-β can promote renal fibrosis, and 

on the other hand it can confer some protective effects, including the inhibition of 

inflammation and induction of autophagy (171).  The increased expression of transcripts 

coding for solute carrier proteins within the enriched pathway related to amino acid 

metabolism is consistent with the key role of these proteins in drug handling and 

nephrotoxicity (130).  Solute carrier proteins have been shown to handle environmental 

toxins, potentially contributing to nephrotoxicity by exposing renal tubules to toxic 

metabolites (5; 40; 48).    
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EFFECTS COMPARISON FOR TNT AND DNAN 

DNAN LC50 versus TNT LC50 

Range finding experiments that need to be conducted for each high-N compound 

being assessed by the IdMOC system also provide a unique opportunity to compare the 

LC50s obtained for each toxicant.  The LC50s calculated from TNT exposures are, for 

each cell line, at least one log scale less than those calculated for DNAN exposures, 

though only the differences for the liver, vascular endothelial and heart cells were 

significant.  This difference demonstrates the importance of conducting a range finding 

experiment in order to better identify the scale of toxicant concentrations to assess with 

the IdMOC system.  The resulting viability curve for DNAN showed a slope that is 

gradual, versus the abrupt slope obtained with TNT.  Consequently, the dose-response 

curve for DNAN covers a broader range of concentrations as opposed to TNT.  The 

observed differences in LC50 between DNAN and TNT is reflective of the literature, 

particularly of a recent in vivo study comparing both compounds (168).  The authors 

showed that LC50 for leopard frogs exposed to DNAN for 96 hours (123 µM) was close 

to 4 times higher than the value obtained from TNT exposure (33 µM).   

For both TNT and DNAN exposures, the liver cells have the lowest concentration 

threshold to elicit mortality.  It is well documented that the liver is the primary organ 

metabolizing TNT.  Hepatocytes are responsible for the bioactivation, from TNT 

metabolism, of hydroxylamines, which increase protein turn-over and oxidative stress 

(150).  A study by Liu et al. (1992)  showed that the binding of TNT metabolites was not 

observed as much in in vitro monocultures as in vivo because of plasma proteins (mainly 

albumin) in systemic circulation being in close contact with liver cells, trapping active 
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electrophilic metabolites produced in the liver more effectively.  However, the IdMOC 

system used here involved THLE-3 (liver) cells producing albumin.  Furthermore, the 

UPC plating media contains albumin as demonstrated by the functional assays.   As for 

DNAN, it is suggested that the metabolism of this compound starts, when ingested, in the 

lumen or villi where it is converted into dinitrophenol, possibly by P450 (77).  Since 

hepatocytes, but also kidney cells, are producing P450, it is highly likely that these cells 

contributed to the conversion of DNAN into dinitrophenol within the IdMOC system 

(110).  However, relative to the liver, the kidney is 60% as efficient in metabolizing 

dinitrophenol, which could explain the observed elevated cell mortality of hepatocytes 

exposed to DNAN (136). 

No studies that looked at LC50s from human cells exposed to DNAN in an in vitro 

setting were found.  The LC50s obtained in the current project and varying from 1,503 to 

14,622 µM are at least 7 times higher than those observed in a previous in vivo study with 

Pimephales promelas (fish) and 2 cladocerans (i.e. water fleas: Ceriodaphnia dubia and 

Daphnia pulex), which were varying from 71.6 to 211.7 µM for an acute (48h) exposure 

(87).  Another study also demonstrated DNAN microbial toxicity with LC50s varying 

from 40-55 µM (A. fischeri) to 388 µM (aerobic heterotrophs) (107).  A study by Donard 

and colleagues (44) showed that DNAN, in water, decreases green algae 

Pseudokirchneriella subcapitata growth with a half maximal effective concentration 

(EC50) of 20 µM, and bacteria Vibrio fischert bioluminescence (EC50 = 303 µM).  

Therefore, the LC50s obtained in the current project are considerably higher than those 

previously observed in vivo. 



118 
 

The observed LC50s for human cells exposed to TNT for 24 hours, varying between 

145 µM and 261 µM, are reflective of previous in vitro studies where values from 17.6 µM 

to 197 µM were obtained for diverse mammalian cells exposed to TNT for 24 hours (128).  

Furthermore, compared to DNAN, the observed LC50s for TNT are closer to those observed 

in in vivo studies, such as the 33 µM mentioned above for leopard frogs exposed to TNT 

(168).  The results presented in the current project suggest that a factor of approximately 4 

to 200 needs to be applied in order to have an estimate of the ecotoxicological EC50 of 

high-N compounds.  The assessment of other high-N compounds with the IdMOC system 

could provide more resolution regarding the effects comparisons between IdMOC and in 

vivo studies.   

Biomarkers of Cellular Stress 

NGAL 

Similarly to TNT exposure, NGAL production by kidney and liver cells exposed 

to DNAN in monocultures was significantly lower at the highest DNAN concentrations 

compared to the controls as assessed by pairwise comparisons.  NGAL was detected in 

co-cultures of cells exposed to DNAN, but increasing concentrations of the toxicant did 

not influence NGAL production.  Consequently, such observation could be explained by 

the detoxification role of hepatocytes present in the IdMOC system, reinforcing the 

importance of toxicity testing in a co-culture setting.         

Albumin 

No decrease in albumin production was observed for cells exposed to DNAN in 

monoculture settings, which may be the result of the previously mentioned factors 
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affecting the detection of potential change in albumin levels.  Nonetheless, this result is 

compatible with the expected lower toxicity of DNAN compared to TNT, for which a 

decrease of albumin was observed in monocultures.  No change in albumin level was 

observed for human cells exposed to DNAN in co-culture.   

SP-B 

 The decrease of SP-B (and possible analogues) in mono- and co-cultures exposed 

to DNAN, compared to the observed increase within monocultures exposed to TNT, is 

consistent with the expected lower toxicity of the former.  Indeed, with DNAN leading to 

a lower activation of apoptosis, lysosomes are not releasing the saposin-like proteins.  

Again, a cell viability test could further support such hypothesis.  

Endothelin I 

 For both monocultures and co-cultures exposed to DNAN, a significant increase 

in endothelin I production was only observed at 10 µM, but did not come from the 

vascular endothelial cells.  This response reflects the same trend observed for the 

monocultures exposed to TNT and supports the possible involvement of the feedback 

loop mechanism mentioned previously.  However, the changes in endothelin I production 

from monocultures and co-cultures exposed to DNAN were not as evident as for TNT.  

Again, this lighter response is reflective of the expected lower toxicity of DNAN 

compared to TNT.   

Cardiac Troponin I 

While no significant production of cardiac troponin was observed with cultures 

(mono- and co-) exposed to TNT, troponin increased in monocultures exposed to 
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increasing DNAN concentrations.  This increase of cardiac troponin is consistent with the 

expected response from heart cells to a toxic stress.  Furthermore, the fact that no 

troponin was detected in the co-cultures reflects the potential involvement of hepatocytes 

in detoxification.  

Summary of DNAN Effects on Biomarkers 

Table 14 summarizes the above discussion and shows, for each selected 

biomarker of cytotoxic stress, whether or not DNAN toxicity was observed.  As we can 

see, cytotoxicity on biomarker producing cells was only observed with heart cells 

(through cardiac troponin).  Considering the information that can be found in the 

literature with regards to DNAN toxicity, this is the first time that such stress response is 

reported.  Compared to TNT, for which toxicity was only observed through the increase 

of endothelin I in mono- and co-cultures, DNAN did not cause an increase in endothelin I 

in monocultures.  However, as for TNT, DNAN caused an increase in endothelin I levels 

in co-cultures, though lighter.  

Table 14. Toxicity of DNAN as assessed by the detection of biomarkers.   

Biomarker (Target Cell) Toxicity on Target Cell Toxicity in Co-Culture 

NGAL (kidney) No No 

Albumin (liver) No No 

SP-B (lung) No No 

Endothelin I (vasc. endo.) No Yes 

Cardiac troponin I (heart) Yes No 
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DNAN Toxicity versus TNT Toxicity Based on Transcript Expression Profiles 

For a concentration of 100 µM, TNT led to approximately 11 times more 

differently expressed transcripts than DNAN within the co-cultures.  Even when 

comparing the highest concentration of TNT (100 µM) with the highest assessed 

concentration of DNAN (1 mM), each at exposure concentrations just prior to 

observations of decreased cell viability, TNT still led to 6 times more differently 

expressed transcripts within the co-cultures.  This may be reflective of DNAN’s lower 

potency and potentially more diverse adverse impacts in the TNT exposure given the 

diverse effects described in the Introduction.  As transcript expression changes reflect 

underlying mechanism of toxicity, this work has made mechanistic connections to known 

adverse effects of TNT and has provided literature-backed hypotheses describing the 

potential mechanisms of action for DNAN.   

TNT and DNAN led to similarities but also differences among enriched pathways 

within co-cultures exposed to each xenobiotic.  Concerning the similarities, both 

compounds led to the enrichment of the p53 signaling pathway.  Nevertheless, the five 

differently expressed transcripts within the enriched pathway resulting from the co-

cultures exposed to DNAN were different than those from the exposure to TNT.  

Furthermore, TNT and DNAN led to two enriched pathways in common though the co-

cultures did not had a higher enrichment than the monocultures: pathways related to 

amino acid metabolism and apoptosis.  DNAN and TNT led to 2 transcripts differently 

expressed in common related to apoptosis: tumor necrosis factor (TNF) and proteasome 

activator subunit 1 (PSME1).  A similar observation was made for the amino acid 

metabolism associated pathway, with 3 differently expressed transcripts in common: 
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PSME1, and members 5 and 11 of the solute carrier family 7.  In all cases, the transcripts 

had a greater magnitude of differential expression within the co-cultures exposed to the 

highest TNT concentration.  Consequently, not only the difference in transcript 

expression profiles between TNT and DNAN is reflected by the number of differently 

expressed transcripts, but also in terms of intensity. 
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CHAPTER 5: CONCLUSIONS 

 

SUMMARY AND HYPOTHESIS DRIVEN CONCLUSIONS 

The purpose of this project was to assess the toxicity of DNAN, as the latter is 

expected to replace TNT in many insensitive munitions.  In order to do so, the IdMOC 

system, a recently developed assessment tool relying on the capability of an in vitro 

organ system to effectively represent human metabolism of xenobiotics, was used.  

Through TNT as a model chemical, the system offered a unique opportunity to compare 

both compounds’ toxicity.  Moreover, the project allowed for contributing in the 

development of an efficient and rapid tool for high-N hazard assessment capitalizing on 

multiple organ metabolism and organ-specific response.  As national and international 

regulation towards the use of in vivo studies in chemical hazard assessment becomes 

stricter, the demand for practical alternatives will increase.   

Five cell lines from different tissues were used in order to represent an organ 

system.  Following the assessment of the system variables, including cell growth rate, 

biomarker production, RNA yield, cell response to stress and chemical degradation, a 

range finding experiment led to the selection of 4 concentrations of TNT and DNAN to 

be assessed through the IdMOC system.  This selection of concentrations was based on 

their low impact on cell mortality and on their potential to lead to differently expressed 

transcripts within the exposed cells.  The IdMOC experiment was then conducted where 

cells were exposed in mono- and co-cultures to TNT and DNAN with the appropriate 

controls.  The culture media was harvested for the assessment of the biomarkers while the 

kidney cells were used for microarray analysis following RNA extraction.  A two-way 
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ANOVA (p = 0.01) with Benjamini-Hochberg multiple-testing correction including a 1.5 

fold-change cutoff led to the identification of differently expressed transcripts.  Finally, a 

principal component analysis helped determining the influence of the xenobiotic 

concentrations and of the culture setting on the expression of the transcripts. 

The results obtained in this project support the hypothesis that human cell types 

representative of multiple organs exposed to TNT and DNAN in co-culture have unique 

responses relative to monocultures, thus contributing to the validation of the IdMOC 

system as a chemical hazard assessment tool.  TNT toxicity, based on endothelin I 

specific feedback loop mechanism, was lower within co-cultures as opposed to 

monocultures.  This could be attributed to the detoxification role of hepatocytes within 

the IdMOC system.  In both culture settings, the number of differently expressed 

transcripts was relatively similar for both concentrations assessed.  Nonetheless, the co-

cultures presented had more significant statistical enriched or KEGG pathways which 

contained a higher number of differently expressed transcripts.  At the highest TNT 

concentration, the most enriched pathways were related to p53 signaling pathway, 

metabolism of xenobiotics by P450, ribosome, glutathione, and bladder cancer.  Based on 

evidence from the literature, the observed increased activities of the p53 signaling 

pathway, of the oxidative stress mitigation pathway, of glutathione-S-transferase and of 

glutathione reductase were correlated with the action of TNT metabolites, particularly 

hydroxylamino-dinitrotoluenes.  Similarly, the decreased expression of differently 

expressed transcripts within the pathways related to cytochrome P450 metabolism and 

protein metabolism was also correlated with TNT metabolites.  Moreover, the enrichment 

of the pathway related to bladder cancer reflects in vivo observations of TNT toxicity and 
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the associated status of TNT as carcinogen impacting the urinary tract.  Taken together, 

these observations are not only in line with the known mechanisms of action of TNT and 

TNT metabolites, but also reflect an improved detection of transcript expression for 

genes involved in xenobiotic metabolism by the IdMOC system as opposed to 

monocultures.  Nevertheless, the principal component analysis showed that TNT 

exposure was the primary driver to differential expression relative to culturing method 

(mono- versus co-cultures).  This can be explained by the increased expression, within 

kidney cells exposed to TNT in co-cultures and in monocultures, of the transcripts coding 

for the TNT metabolizing enzymes NADPH:P450 reductase (phase I) and microsomal-S-

transferase 1 (phase II).  Consequently, TNT was metabolized in both mono- and co-

cultures.  

DNAN toxicity was mainly observed by microarray data analysis considering the 

poor reliability of the functional assays.  The global transcript expression profiles 

obtained support the hypothesis that human cell types representative of multiple organs 

exposed to TNT and DNAN in co-culture have unique chemical-exposure specific gene-

transcript expression profiles indicative of systemic toxicity and of the lower relative 

toxicity of DNAN compared to TNT.  The number of differently expressed transcripts 

was higher in the co-cultures exposed to 1 mM of DNAN compared to the monocultures, 

indicating a possible greater toxicity within the co-culture.  Based on evidence from the 

literature, the most statistically significant enriched pathways were those related to p53 

signaling, TGF-β signaling, amino acids metabolism, nitrogen metabolism and 

glutamine-glutamate metabolism, within the co-cultures exposed to DNAN.  They were 

all correlated with dinitrophenol, the major metabolite of DNAN.  Furthermore, the 
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increase expression of CHAC1 and KCNJ2 transcripts was also consistent with cell 

exposure to dinitrophenol.  Compared to TNT, DNAN showed a lower toxic potency for 

cell viability.  Indeed, the range finding experiment led to LC50s for DNAN that were 

significantly higher for three cell lines (liver, vascular endothelial, and heart cells).  

Furthermore, kidney cells exposed in co-culture to DNAN had a number of differently 

expressed transcripts that was well below the one from the exposure to a same 

concentration of TNT.  Even for a DNAN concentration (1 mM) 10 times higher than 

TNT concentration, the former led to less differently expressed transcripts.  Similarities 

observed between DNAN and TNT toxicities include the enrichment of pathways related 

to p53 signaling, amino acid metabolism and apoptosis.  However, the intensity of the 

changes in the expression of the transcripts was greater within cells exposed to TNT.     

LIMITATIONS 

While the IdMOC system offers several advantages compared to in vivo toxicity 

testing, including rapidity of the assessment and the use of less resources, some 

limitations are worth noting.  The metabolism of toxicants within the IdMOC system 

shows differences from human metabolism.  First, while the vascular endothelial and 

liver cells are among the first cells to be exposed to an ingested xenobiotic (because of 

the first pass effect) and to potentially metabolize it, all cell lines of the IdMOC system 

are equally exposed to the toxicant.  Secondly, immortalized cells can be metabolically 

less competent than their in vivo counterparts or primary cells.  While the use of primary 

cells could be considered for the IdMOC system, the scarcity of suitable human tissue 

samples would make impractical the conduct of regular toxicity testing involving all five 

tissues of the system.  Therefore, immortalized cells represent the optimal option for an 
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eventual wide use of the IdMOC system.  Furthermore, the solubility and degradation of 

high-N compounds in culture media need to be considered when comparing results from 

one toxicant to another.  In the current project, TNT is expected to have an even higher 

toxicity than what was observed since soluble TNT decreased significantly in culture 

media after a 24h incubation.  Also, the purity of the toxicant can impact the significance 

of in vitro toxicity testing. 

Endothelin I was the only selected biomarker to provide an expected response to 

cellular stress.  Therefore, the selected biomarkers were not necessarily reflective of 

cellular stress, and the assessment of TNT and DNAN toxicity was mainly based on the 

microarray results and on the range finding experiment.  Particular aspects of the IdMOC 

system may have impacted the detection of the biomarkers of cellular stress, starting with 

the media-to-cell ratio which is twice as much within the co-cultures as within the 

monocultures, leading to a more diluted cytokine production within the former.  This 2-

fold dilution factor cannot be decreased as a maximum of media is used in the 

monocultures, and a minimum of media is used in the co-cultures.  Also, secondary cell 

lines have a decreased capacity to produce biomarkers compared to the source tissues.  

Finally, cross-reactivity within the ELISA assays is highly likely to have contributed to 

the unexpected results. 

FUTURE WORK 

The IdMOC system used in this project represents a unique opportunity for 

assessing the toxicity of the multitude of high-N compounds developed recently.  Future 

work is required in order to fully take advantage of the IdMOC system for such purpose: 
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1) The dosing of TNT metabolites within mono- and co-culture media from kidney 

cells exposed to TNT would support the conclusions made with regards to TNT 

toxicity.  As the kidney cells used within the IdMOC system expressed transcripts 

coding for phase I and Phase II enzymes metabolizing TNT, metabolites of the 

latter should be found within both mono- and co-cultures.  Such dosing could 

become part of every IdMOC experiment. 

2) Microarray analysis of cells not directly involved in the metabolism of 

xenobiotics, such as lung or cardiac muscle cells, could better demonstrate the 

increased representation of human metabolism by the IdMOC system as opposed 

to monocultures. 

3) The system can be further validated with traditional explosive compounds used in 

insensitive munitions, such as RDX and HMX.  Such experimentation, besides the 

IdMOC experiment, would include the testing for loss of soluble chemical and the 

range finding experiment.   

4) The integration of the system with the other components of the RHAAC project – 

the ecological hazard assay and the computational toxicokinetics/toxicodynamics 

predictive models – will lead to a hazard assessment tool more representative of 

human metabolism of high-N compounds.   

5) In parallel to the above efforts, another range finding experiment using TNT 

concentrations covering a narrower range than the current project (i.e. between 

100 µM and 1 mM) could provide more precise LC50s.   

 As demonstrated in the current project with the IdMOC system, DNAN, with a 

lower potency than TNT, represents a more suitable option for melt cast formulations of 
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insensitive munitions.  But the capacity of the system to assess chemical hazards is not 

limited to high-N compounds only.  As chemical hazard assessment using in vivo 

techniques has led so far to the establishment of only a few hundred occupational 

exposure limits by national agencies, there is definitely room for a more efficient 

alternative.  The IdMOC system could be part of the solution especially for initial hazard 

screening.  However, several barriers lay ahead before the system becomes profitable, 

and they are not only physical.  As John Maynard Keynes (1883-1946) once said: “The 

difficulty lies, not in the new ideas, but in escaping from the old ones.” 
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APPENDIX A: IdMOC SYSTEM CELL LINES 

KIDNEY - HK-2 (ATCC CRL-2190):  Human epithelial cells isolated from the 

cortex/proximal tubule of a normal kidney and immortalized by transduction with human 

papilloma virus 16 (HPV-16) (6). 

Medium: Keratinocyte Serum Free Medium (Gibco™ from Thermo Fisher Scientific ®) 

with the supplied kit (catalog number 17005-042) which provides for a final 

concentration of 0.05 mg/mL of bovine pituitary extract (BPE) and 5 ng/mL of EGF.   

 

LIVER - THLE-3 (ATCC CRL-11233): Human epithelial cells isolated from the left 

lobe of the liver of a healthy adult and immortalized using SV40 large T antigen (9).  

Medium: Bronchial Epithelial Cell Growth Medium (BEGM) from Lonza/Clonetics 

Corporation, Walkersville, MD, USA, supplemented by the BEGM Bullet kit, CC3170 

(Lonza/Clonetics®).  Additionally to the kit, 5 ng/mL of epithelial growth factor (EGF) 

(Sigma®), 70 ng/mL of o-phosphoethanolamine (Sigma®), and 10% of heat-inactivated 

fetal bovine serum are added. 

Flask Coating: At least 16 hours before use, the flasks were coated with a mixture of 

0.01 mg/mL fibronectin (Sigma®), 0.03 mg/mL bovine collagen type 1 (Sigma®) and 

0.01 mg/mL fraction V bovine serum albumin (BSA) (Sigma® A2153).  The freshly 

coated vessels were incubated at 37ºC until use.   
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LUNG - NULI-1 (ATCC CRL-4011): Human epithelial-like cells isolated from the 

normal lung of an adult subject and immortalized by dual retroviral infection with HPV-

16/E7-LXSN (7). 

Medium: Airway Epithelial Cell Basal Medium (ATCC® PCS-300-030) and Bronchial 

Epithelial Cell Growth Kit (ATCC PCS-300-040) additives. 

Flask Coating: At least 18 hours before use, the flasks were coated with a 60 µg/mL 

solution of Human Placental Collagen Type IV (Sigma®) in Dulbecco’s Phosphate 

Buffered Saline.  Prior to use, the flasks were then rinsed twice with Dulbecco’s 

Phosphate Buffered Saline. 

 

CARDIAC MUSCLE - AC10 (ATCC PTA-1501): Immortalized human 

undifferentiated cardiomyocyte cell line (34). 

Medium: Ham’s F12 Nutrient mixture (Gibco™) with 12.5% heat-inactivated FBS 

(LifeTechnologies®). 

 

VASCULAR ENDOTHELIUM - TeloHAEC (ATCC CRL-4052): Human endothelial 

cell line cloned from the aorta of a healthy subject and immortalized by stably expressing 

human telomerase catalytic subunit hTERT (8).   

Medium: Vascular Cell Basal Medium (ATCC PCS-100-030), supplemented with 

Vascular Endothelial Cell Growth Kit-VEGF (ATCC PCS-100-041). 
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APPENDIX B: SUPPLEMENTARY FIGURES 

 

Figure B1. Level of albumin production of hepatocytes exposed to TNT and DNAN. 

The tested conditions were during a 24 hour incubation in co-culture medium.  

The error bars represent the respective standard deviations. 

 
 

Figure B2. NGAL concentrations (pg/mL) of culture media from kidney cells exposed to 

TNT and average concentrations (pg/mL) of all culture media collected from 

the five cell lines exposed to TNT in monoculture setting.  Error bars 

represent the 95% confidence interval.  Stars represent conditions for which 

there was a significant change compared to positive control (DMSO+). 
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Figure B3. NGAL concentrations (pg/mL) of culture media from human cells exposed to 

DNAN in mono- and co-cultures. Error bars represent the 95% confidence 

interval.  Stars represent conditions for which there was a significant change 

compared to positive control (DMSO+). 

 

 

Figure B4. NGAL concentrations (pg/mL) of culture media from human cells exposed to 

DNAN in mono- and co-cultures. Error bars represent the 95% confidence 

interval.  Stars represent conditions for which there was a significant change 

compared to positive control (DMSO+). 

0

500

1000

1500

2000

2500

DMSO- DMSO+ 1 µM 10 µM 100 µM 1 mM

N
G

A
L 

C
o

n
ce

n
tr

at
io

n
 (

p
g/

m
L)

DNAN Condition

NGAL Concentrations (pg/mL) from media of kidney cells 
exposed to DNAN and average concentrations from all 

monocultures

Kidney Average conc. from all monocultures

0

200

400

600

800

1000

DMSO- DMSO+ 1 µM 10 µM 100 µM 1 mMN
G

A
L 

C
o

n
ce

n
tr

at
io

n
 (

p
g/

m
L)

DNAN Condition

Average concentrations of NGAL (pg/mL) produced by 
human cells exposed to DNAN in mono- and co-cultures

Co-cultures monocultures



152 
 

 

Figure B5. Albumin concentrations (µg/mL) of culture media from liver cells exposed to 

TNT and average concentrations (µg/mL) of all culture media collected from 

the five cell lines exposed to TNT in monoculture setting.  Error bars 

represent the 95% confidence interval.  Stars represent conditions for which 

there was a significant change compared to positive control (DMSO+). 

 

Figure B6. Albumin concentrations (µg/mL) of culture media from liver cells exposed to 

DNAN and average concentrations (µg/mL) of all culture media collected 

from the five cell lines exposed to DNAN in monoculture setting.  Error bars 

represent the 95% confidence interval.  Stars represent conditions for which 

there was a significant change compared to positive control (DMSO+). 
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Figure B7. SP-B concentrations (ng/mL) of culture media from lung cells exposed to 

TNT and average concentrations (ng/mL) of all culture media collected from 

the five cell lines exposed to TNT in monoculture setting.  Error bars 

represent the 95% confidence interval.  Stars represent conditions for which 

there was a significant change compared to positive control (DMSO+). 

 

 
 

Figure B8. SP-B concentrations (ng/mL) of culture media from lung cells exposed to 

DNAN and average concentrations (ng/mL) of all culture media collected 

from the five cell lines exposed to DNAN in monoculture setting.  Error bars 

represent the 95% confidence interval.  Stars represent conditions for which 

there was a significant change compared to positive control (DMSO+). 
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Figure B9. Endothelin I concentrations (pg/mL) of culture media from vascular 

endothelial cells exposed to TNT and average concentrations (pg/mL) of all 

culture media collected from the five cell lines exposed to TNT in 

monoculture setting.  Error bars represent the 95% confidence interval.  Stars 

represent conditions for which there was a significant change compared to 

positive control (DMSO+). 

 

 

Figure B10. Endothelin I concentrations (pg/mL) of culture media from vascular 

endothelial cells exposed to DNAN and average concentrations (pg/mL) of 

all culture media collected from the five cell lines exposed to DNAN in 

monoculture setting.  Error bars represent the 95% confidence interval.  Stars 

represent conditions for which there was a significant change compared to 

positive control (DMSO+). 
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