[Environmental Health and Preventive Medicine 7, 1-6, April 2002]

Review Article

Review of the Occupational Exposure to Isocyanates:
Mechanisms of Action

Kazuko NAKASHIMA, Tatsuya TAKESHITA and Kanehisa MORIMOTO

Department of Social and Environmental Medicine, Course of Social Medicine, Osaka University Graduate School of Medicine, Osaka

Abstract

Polyurethanes are useful polymers in a large variety of technical and consumer products that are
generally made from diisocyanates and polyols or similar compounds. Toluene diisocyanate (TDI), 4,4’-
methylenediphenyl diisocyanate (MDI) and 1,6’-hexamethylene diisocyanate (HDI) are useful for polyure-
thane products. Isocyanates are reactive chemicals that can be handled without problems in manufacturing
or technical environments. In general, consumers may only have contact with these chemicals on rare occa-
sions. The objective of this study was to review the mechanisms of action of inhalation of isocyanates. This
paper describes, in summary, the potential occupational exposure to isocyanates, the chemistry and reactivity
of isocyanates, the results from genotoxicity studies, investigative toxicity studies, metabolism and results
from epidemiology studies on isocyanate-exposed workers. The overall conclusion is that because humans
are not exposed to high levels of respiratory isocyanate particles, concerns over the possible development of
lung tumors should not be relevant. There are many mechanisms of action induced by isocyanates, but those

entities are unclear. This is because these mechanisms act simultaneously and are complex.
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Introduction

Polyurethanes are useful polymers in a large variety of tech-
nical and consumer products that are generally made from diisocy-
anates and polyols or similar compounds. Toluene diisocyanate
(TDI), 4,4’-methylenediphenyl diisocyanate (MDI) and 1,6’-
hexamethylene diisocyanate (HDI) are useful for polyurethane
products such as foam plastic products and polyurethane resin.
Isocyanates are reactive chemicals that can be handled without
problems in manufacturing or technical environments.

Isocyanates are characterized by the N=C=0O group which
contains two double bonds and exhibits strong chemical reactivity.
The most relevant diisocyanates (toluene diisocyanate: TDI; 4,4’-
methylendiphenyl diisocyanate: MDI; 1,6’-hexamethylene diiso-
cyanate: HDI) are known as the main causes of sensitivity by low
molecular-weight chemicals, and as moderate irritants. Those
mechanisms are not clear, but they probably act as haptens. It is
known that isocyanates have cross-reactivity). Here, we review
the mechanisms of action of these diisocyanates?.

In many countries, including Japan, there are many examples
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where chemicals induce occupational symptoms that produce new
problems after their sensitization. These problems need to be iden-
tified. In other words, allergic health disorders following even a
little exposure to such chemicals plays a major role in problems of
working health.

Mechanisms of action after exposure

Animal studies

Animal inhalation studies with '“C-labeled MDI and TDI
demonstrated that these chemicals are mainly absorbed in the
upper airways™¥. They are found in the epithelium and at the
subepithelial level from the nose down to the terminal bronchioles.
Using good guinea-pig models displaying both immunologic and
respiratory hypersensitivity to TDI, TDI-adducts in respiratory
tissues can be detected with specific rabbit antiserum prepared to
TDI-keyhole limpet hemocyanin®®. In the previous studies”, at
least five TDI-adducted proteins were detected in the bronchoal-
veolar lavage fluid (BALF) of TDI-exposed guinea-pigs. The most
prominent adducted protein was serum albumin®. In addition to
airway tissues, blood is also a primary target of inhaled isocyan-
ates. Carbamoylated TDI-hemoglobin adducts as well as an aro-
matic nitroso adduct of hemoglobin in erythrocytes of guinea-pigs
were identified after TDI exposure”!?. A study by Kennedy et al.¥
in a rat *C-TDI exposure model showed that, in addition to the
airways and the gastrointestinal system, blood had the highest
level of detectable quantities of radioactivity, which increased
with exposure concentration. The radioactivity concentration in the
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bloodstream after exposure was linear with respect to dose and was
between 3 and 10% of the inhaled uptake. The majority (74-87%)
of the “C-labeled products associated with the blood was recov-
ered in plasma, and 97-100% of this existed in the form of biomo-
lecular conjugates. Acetylated MDI-hemoglobin adducts were
also detected in rats exposed to MDI'D. Incidentally, it is known
that TDI can be easily to be hydrolyzed, and changed to toluene
diamine (TDA), although Sabbioni et al.'” also concluded that con-
jugation is the predominant reaction after TDI exposure in rats, and
that TDA is not a primary in vivo reaction product under the condi-
tions they tested. In rats, hemoglobin (Hb) adducts were found to
correlate with the administered dose of either MDA (4,4'-methyl-
enedianiline) or MDI'3),

Human studies

In human studies, following inhalation of isocyanates, isocy-
anate-protein adducts can be detected. In one case report!?, a chal-
lenge test in the workplace was performed, and it was suggested
that isocyanate-adducts exist in pulmonary tissue after HDI expo-
sure. Therefore, adducts with blood proteins are suitable markers
for exposure and target-dose estimations'?. According to other
studies'®!'®, albumin is the major receptor molecule for 2,4- and
2,6-TDI in blood plasma of exposed workers. These diisocyanates
covalently bind to albumin. Thus, diisocyanate could be regarded
as a homofunctional agent capable of cross-linking different
polypeptide chains by intra- or intermolecular linkages. A study
on serum protein alterations following inhalation exposure to TDI
vapors demonstrated that human prealbumins undergo rapid
changes in patients after TDI exposure'®.

TDI-adduct formation with epithelial proteins suggests epithe-
lial injury and implies possible alteration in airway permeability,
cell signaling, and increased sensitivity to airway receptors.
Epithelial cells can produce cytokines and various pro-inflamma-
tory mediators that contribute to airway inflammation. The most
major finding of isocyanate-induced asthma is that, airway inflam-
mation is observed primarily with DAR (Dual asthmatic response)
and LAR (Late asthmatic response)!”!®. In the mucosa or submu-
cosa of asthma patients induced by isocyanates, histological find-
ings such as mucosal hypertorophy were similar, but inflammatory
cells such as CD25-positive cells or eosinophils increased. An
increase in mast cells could be seen only in the mucosa!”. These
inflammatory cells decreased after cessation of exposure!'®.

High concentrations of diisocyanates directly lead to lesions
of the lung or airway and even to disruption of the mucus layer,
which is the major site of mast cell- and eosinophil-related
mucosal inflammatory responses?.

Genotoxic, mutagenic and carcinogenic effects

Genotoxicity

Isocyanates (especially in diisocyanates) and some of their
metabolites, for example, diamines, can form macromolecular
adducts not only with proteins such as albumin or hemoglobin but
also with DNA'. Marczynski et al.**?) showed in vivo inhalation
of MDI or in vitro incubation with TDI induced double-strand
breaks (DSB) in white blood cells of exposed workers or in
isolated blood cells. Since purified DNA treated with TDI in
buffer did not induce DNA fragmentation, it has to be assumed
that DNA damage was due to diisocyanates metabolites obtained
after bioformation. It has to be considered that DSB and cross-

links on DNA lead to chromosomal damage and mutagenic
effects. In vitro results showed that TDI can induce degradation of
mitochondrial DNA and large DNA fragments, which results from
apoptosis, into small DNA fragments®®. In investigation of the
induction of DNA DSB by MDI in cultured human lung epithelial
cells (A549), the observed DSB were the consequence of extrage-
nomic damage in the course of cell death rather than of an interac-
tion with DNAZ, MDI produced only irregular clumping of chro-
matin (72 hr point), and induced smaller DNA fragments in a
time-dependent manner. Thus, it is suggested that DSB observed
in cells treated with MDI are unlikely to be the result of DNA
cross-link formation®®. In addition, in the study of Czuppon et
al.?», induction of anti-dsDNA autoantibodies were measured at
increased concentrations in sera of workers occupationally
exposed to diisocyanates.

Recently, the possibility has been raised of prenatal toxicity
of inhaled isocyanates. Therefore, in pregnant wister rats, an inha-
lation study using polymeric MDI was performed®. In that study,
exposure to 12 mg/m> of respirable polymeric MDI aerosol
resulted in maternal toxicity, including mortality of 2 of 25 dams.
However, there was no evidence of maternal or developmental
toxicity at 1 or 4 mg/m®. The no-observed adverse effect level
(NOAEL) for maternal and developmental toxicity was therefore
4 mg/m?. There were no treatment-related teratogenic effects at
any concentration evaluated®).

The diamine produced by hydrolyzed TDI and MDI, which
are TDA and MDA, respectively, induced cancer in rats*2®,
Therefore, the metabolic fate of TDI in vivo, particularly its hydro-
lytic conversion to TDA, is important with regard to the assess-
ment of risk for cancer. TDI and MDI were also found to induce
chromosome aberrations and sister-chromatid exchange (SCE)
after a 24 hr treatment in the absence of additional metabolic acti-
vation in human cultured lymphocytes®. SCE was also induced in
Chinese hamster ovary (CHO) cells by TDI*?.

Mutagenicity

TDI*Y and MDI*? are mutagenic. However, the findings®*—9,
especially using Ames test**=*3%, need consideration. While many
studies found positive Ames tests with MDI and TDI, these used
DMSO (dimethylsulfoxid) or other solvents to disperse the diiso-
cyanates into the medium. It was recently shown that MDI and
TDI rapidly degrade in aqueous systems with DMSO, and also in
the presence of the Ames test mixture®”, and generation of TDA in
the system probably accounts for the positive result. Due to the
low water solubility of these diisocyanates, and their protein reac-
tivity, it is not possible to properly test them in in vitro systems.
Although no activity in the mutation tests was detected with any
MDI isomer in the absence of S9, S9 irrespective of whether
DMSO or ethylenglycol dimethylether (EGDE) were used as vehi-
cles, no mutagenicity found when EGDE was used in the presence
of S9. In contrast, MDI is stable in EGDE and no mutagenic activity
was detectable in microbial systems®®. They also clearly demon-
strated that no mutagenic activity was detectable under conditions
where MDA was not produced.

Carcinogenicity

The class of carcinogenicity of MDI is 3°? according to
TARC, although HDI is not yet classified. However, TDI is carci-
nogenic in animals (the class of carcinogenicity is 2B)*", but it has
not been clarified whether occupational exposure to such chemicals
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is associated with an increased risk of cancer® in humans. This is
because positive results using experimental animals are only in
studies of administration by gavage. No treatment-related tumor
was observed after exposure of mice or rats to commercial TDI by
inhalation®V. Furthermore, there is no known case of occupational
cancer by TDI exposure. For this reason, it is interesting that few
epidemiological cancer studies did not lead to clear results**+.

Immunological mechanisms and clinical responses

Cell-mediated immune responses appear to play an important
role in the early pathogenesis of symptoms induced by isocyan-
ates. Activation of the specific immune response requires the
uptake of foreign antigens and their presentation to lymphocytes
by macrophages. The best antigen-presenting cells (APCs) in the
lungs are dendritic cells, forming a network between the epithelial
cells®. Effective APCs must endocytose potential antigens,
proteolytically digest them, and then associate the resulting
peptides with MHC (major histocompatibility complex) molecules
before transporting the MHC-antigen complex to the cell surface.
In the case of isocyanate, as well as most of the high molecular
weight allergens, only scant findings on antigen processing and
presentation are available**>, It is necessary to consider that the
extent of exposure to the allergen and the way in which that aller-
gen is processed and presented to T lymphocytes can have impor-
tant implications for the quality of the immune response induced,
and whether isocyanate activates monocytes or macrophages**4?.
For successful T cell activation, the interaction between the MHC-
peptide complex and T cell receptor (TCR) on T cells and the
expression of accessory molecules on APCs are required. Deter-
mination of the T cell receptor repertoire and HLA association
may be useful for the evaluation of disease susceptibility by these
two parameters*®*?). Bernstein et al.’” reported evidence that the
involvement of the TCR VJ repertoire expression increased the
expression VB1 and V5 after in vitro stimulation in patients who
were exposed to diisocyanate. Bignon et al.’", Balboni et al.”® and
Mapp et al.’® studied the HLA class II alleles’ contribution to
susceptibility or resistance to isocyanate-induced asthma in
exposed workers. They reported that allele DQB1*0503 and the
allele combination DQB1*0201/0301 were associated with
susceptibility to the disease. In contrast, alleles DQB1*¥0501 and
the DQA1*0101/DQB1*0501/DR1 haplotype were suggested to
confer protection to exposed but healthy control subjects. The
authors suggested that immune mechanisms are involved in isocy-
anate-induced asthma and that specific genetic factors may in-
crease or decrease the risk of disease development in exposed
workers. These findings were, however, neither confirmed by
Bernstein et al.>®, nor Rihs et al.>®.

When CD4" T cells (ThO) are activated by stimulation of
their antigen receptors (via MHC class II-peptide complex) and
accessory ligands, they begin to produce a number of soluble
factors (cytokines) which influence other cells*®. In addition, the T
cells proliferate, expanding the pool of antigen specific T cells
leading to enhanced responsiveness and immunological memory.
Differentiation of ThO to the Th1 or Th2 subtypes characterized by
their typical cytokine pattern depends on the nature of the antigen
(e.g., allergen or mycobacteria), cooperating cells (e.g., mast cells
or NK cells), and cytokines (IL-12 or IL-4). Allergenic antigens
and an IL-4-rich environment (provided by IL-4 secreted from
mast cells) encourage the development of the Th2 phenotype. Th2

cells are characterized by an enhanced production of 1L-4, IL-5,
IL-3, and GMCSF but little or not by IFNy>?. The Th2 subtype is
associated with IgE and eosinophilia and hence with allergy. In
experimented studies, in serum of mice exposed to diisocyanates
by inhalation not only total IgE but also specific IgE, IgG and IL-
2,4, 5, and IFNy were increased>®*. Inflammatory cell infiltrates
in bronchial biopsies of patients suffering from isocyanate induced
asthma include mast cells, eosinophils, and activated lymphocytes
(bearing the IL-2 receptor (CD25))%>%3, The presence of activated
lymphocytes and eosinophils in bronchial biopsies suggest that a T
lymphocyte eosinophil interaction may be important in asthma of
different origin, a hypothesis further supported by the finding of
the cells expressing IL-5 messenger RNA in bronchial biopsies of
asthmatics. IL-5 is in fact the most important eosinophil regulating
cytokine and its concentration in the airway mucosa of asthmatics
correlates with activation markers of T lymphocytes and
eosinophils®*%>. In further studies, Fabbri et al.® and Maestrelli et
al.**%9 determined whether specific in vivo stimulation of asthmatics
sensitized by TDI induced activation of T lymphocytes in bron-
chial mucosa and they characterized the phenotypes and cytokine
secretion profile. For this purpose, they generated T cell clones
from endobronchial biopsies. Most of the clones exhibited the
CDS8 phenotype®¢7. All of these CD8 clones produced IFNy and
44% of these produced IL-5, but only a small amount also secreted
IL-4. Additional results®*¢? suggest that the exposure to TDI
induces a transient increase in the number of cells storing IL-4 and
IL-5 in the bronchial mucosa®”.

Immune responses to isocyanates may induce several isocy-
anate-induced diseases, and cell or antibody-mediated responses.
The production of specific IgE and IgG antibodies®®® and the
predominance of CDS8 cells are features of different symptoms.
Therefore, symptomatic workers exposed to isocyanates are
mostly diagnosed as asthma at first.

In addition, there are several isolated case reports describing
isocyanate-induced hypersensitivity pneumonitis (HP). HP is
defined as airspace and wall alveolitis, or diffuse lung dysfunction
with epithelioid cell granuloma, or inflammatory incarnant inter-
stitial pneumonia caused by repeated inhalation of occupational
factor especially organic materials such as isocyanates’. Isocyan-
ate-HP is granulomatous inflammatory reaction in terminal airways,
alveoli and the surrounding interstitium. Extensive information on
the pathology of this disease was obtained by open lung biopsies
and by analysis of BALF. According to the pathogenesis, there are
several lines of evidence supporting the involvement of both type
II immunitity (IgG-dependent), which may lead to the formation
of immune complexes and the activation of the complement cas-
cade, and type IV immunity (cellular) mediated by antigen-
responsive T cells with conjugates of isocyanate and human serum
albumin. They can be detected in BALF’Y or peripheral blood™.
Although the individual pathogenic role of these responses is not
clear, it can be assumed that diagnosis parameters, such as specific
IgG antibodies and antigen-specific lymphocyte reactions, are
operative in this chronic interstitial lung disease™. Since isocyan-
ate-HP is one of the well-known diseases induced by isocyanate,
we also discuss the mechanisms of isocyanate-HP in another arti-
cle in detail™.

There are also various other diseases such as conjunctivitis,
dermatitis, and rhinitis””7”. Dermatitis is not lethal, which is
different from asthma or HP. The patient thinks that it is only a
rash, so it is probably overlooked whether the source is isocyan-
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ates or not. In Japan, there were two case reports of dermatitis
caused by TDI (gas, fluid)’®*”. Since knowledge about isocyan-
ates is widespread, people do not generally take unsafe actions
such as working with ungloved hands. In dermatitis or uruticaria,
isocyanates act as irritants and patients showed type IV allergy. On
the other hand, asthma shows type I allergy and HP shows both
type III and type IV allergies. Therefore, their mechanisms of
actions are suggested to be little different from that of asthma or
HP, from the immunological point of view. Even if findings are
not severe, such diseases appear to be early stages of severe
diseases such as asthma or HP. For example, car painters develop
dermatitis caused by paints that include isocyanates. Dermatitis
was recently recognised to be a risk index for isocyanate asthma®?,

Conclusions

The analysis of BALF cells or TBLB cells, and soluble medi-
ators (cytokine) from workers using isocyanates and the correla-
tion of inflammation with clinical parameters have provided new
insights into the pathogenesis of diseases induced by isocyanates.
Some features such as cells and cytokine proliferations are com-
paratively similar to other occupational allergic inflammations,
and other features are different. For example, in non-IgE-mediated
asthma, bronchial eosinophilia appears to be directly caused via
the local production of IL-5 (Th2 type) attracting, activating, and
increasing the survival of eosinophils. Inflammatory cells, (espe-
cially eosinophils) and T cells (CD4 and especially CD8 cells) and

References

1) Aul DJ, Bhaumik A, Kennedy AL, Brown WE, Lesage J, Malo
JL. Specific IgG response to monomeric and polymeric diphenyl-
methane diisocyanate conjugates in subjects with respiratory
reactions to isocyanates. J. Allergy Clin. Immunol. 1999; 103:
749-755.

2) Raulf-Heimsoth M, Baur X. Pathomechanisms and pathophysiol-
ogy of isocyanate-induced diseases-summary of present knowl-
edge. Am. J. Ind. Med. 1998; 34: 137-143.

3) Kennedy AL, Stock MF, Alarie Y, Brown WE. Uptake and distri-
bution of *C during and following inhalation exposure to radio-
active toluene diisocyanate. Toxicol. Appl. Pharmacol. 1989;
100: 286-292.

4) Kennedy AL, Wilson TR, Stock MF, Alarie Y, Brown WE. Distri-
bution and reactivity of inhaled C labeled toluene diisocyanate
(TDI) in rats. Arch. Toxicol. 1994; 68: 434—443.

5) Johnson M. The anti-inflammatory profile of fluticasone propi-
onate. Allergy 1995; 50: s11-14.

6) Karol MH, Jin R, Lantz, RC. Immunohistochemical detection of
toluene diisocyanate (TDI) adducts in pulmonary tissue of guinea
pigs following inhalation exposure. Inhal. Toxicol. 1997; 9: 63—
83.

7) Jin R, Day BW, Karol MH. Toluene diisocyanate protein adducts
in the bronchoalveolar lavage of guinea pigs exposed to vapors of
the chemical. Chem. Res. Toxicol. 1993; 6: 906-912.

8) Sepai O, Schutze D, Heinrich U, Henschler D, Sabbioni G.
Hemoglobin adducts and urine metabolites of 4,4’-methylendi-
aniline after 4,4’-methylendiphenyl diisocyanate exposure of rats.
Chem. Biol. Interact 1995; 97: 185-198.

9) Day BW, Jin R, Karol M. /n vivo and in vitro reactions of toluene
diisocyanate isomers with guinea pig hemoglobin. Chem. Res.

their interaction and cooperation appear to be important. It has to
be considered that the degrees of exposure to allergen processed
and presented to T cells may have important implications for the
quality of the immune response induced. It is important to evaluate
the exposure-response relations between diisocyanates and the
induction of sensitization and elicitation of the relevant immuno-
logical processes.

In this paper, the potential exposure to isocyanates, the chem-
istry and reactivity of isocyanates, results from genotoxicity,
investigative toxicity studies, metabolism and results from epide-
miological studies on isocyanates exposed workers are described.
The overall conclusion is that because humans are not exposed to
high levels of respiratory isocyanate particles, concerns over the
possible development of lung tumors should not be relevant. There
are many mechanisms of action induced by isocyanates, but those
entities are unclear. This is because these mechanisms act simulta-
neously and are complex.

In general, basic research on immunology, molecular, and
cellular biology together with detailed clinical examinations have
help clarify the future of worker health.

Acknowledgements

The authors are in great dept to III (International Isocyanate
Institute) for collecting information. We also thank to Dr. K.
Tanaka of Kyoto Industrial Health Association for assistance of
collecting information.

Toxicol. 1996; 9: 568-573.

10) Day BW, Jin R. Formation, solvolysis, and transcarbamylation
reactions of bis (S-glutathionyl) adducts of 2,4- and 2,6-diisocy-
anate toluene. Chem. Res. Toxicol. 1997; 10: 424—-431.

11) Sabbioni G, Hartley R, Henschler D, Hollrigl-Rosta A, Schneider
S. Isocyanate-specific hemoglobin adduct in rats exposed to 4,4’-
methylenediphenyl diisocyanate. Chem. Res. Toxicol. 2000; 13:
82-89.

12) Bailey E, Brooks AG, Bird I, Farmer PB, Street B. Monitoring
exposure to 4,4’-methylendianiline by the gas chromatography-
mass spectrometry determination of adducts to hemoglobin. Anal.
Biochem. 1990; 190: 175-181.

13) Sepai O, Henshler D, Sabbioni G. Albumin adducts, hemoblobin
adducts and urinary metabolites in workers exposed to 4,4’-meth-
ylendiphenyl diisocyanate. Carcinogenesis 1995; 16: 2583-2587.

14) Redlich CA, Karol MH, Graham C, Homer RJ, Holm CT, Wirth
JA, Cullen MR. Airway isocyanate-adducts in asthma induced by
exposure to hexamethylene diisocyanate. Scand. J. Work Envi-
ron. Health 1997; 23: 227-231.

15) Lind P, Dalene M, Lindstrom V, Grubb A, Skarping G. Albumin
adducts in plasma from workers exposed to toluene diisocyanate.
Analyst 1997; 122: 151-154.

16) Czuppon AB, Marczynski B, Baur X. Detection of protein
changes in serum of workers following inhalation exposure to
toluene diisocyanate vapors. Toxicol. Ind. Health 1992; 8: 407—
413.

17) Saetta M, Maestrelli P, Di Stefano A, De Marzo N, Milani GF,
Pivirotto F, Mapp CE, Fabbri LM. Effect of cessation of exposure
to toluene diisocyanate (TDI) on bronchial mucosa of subjects
with TDI-induced asthma. Am. Rev. Respir. Dis. 1992; 145: 169—



Mechanisms of Action after [socyanate Exposure

174.

18) Saetta MA, Di Stefano, Maestrelli PN, De Marzo, Milani GF,
Pivirotto F, Mapp CE, Fabbri LM. Airway mucosal inflammation
in occupational asthma induced by toluene diisocyanate. Am.
Rev. Respir. Dis. 1992; 145: 160—168.

19) Vock EH, Hoymann HG, Heinrich U, Lutz WK. 3?P-Postlabeling
of a DNA adduct derived from 4,4’-methylendianiline in the
olfactory epithelium of rats exposed by inhalation to 4,4’-methyl-
endiphenyl diisocyanate. Carcinogenesis 1996; 17: 1069—1073.

20) Marczynski B, Czuppon AB, Marek W, Baur X. Indication of
DNA strand breaks in human white blood cells after in vitro
exposure to toluene diisocyanate (TDI). Toxicol. Ind. Health
1992; 8: 157-169.

21) Marczynski B, Czuppon AB, Hoffarth HP, Marek W, Baur X.
DNA damage in human white blood cells after inhalative expo-
sure to methylendiphenyl diisocyanate (MDI)-Case report. Toxi-
col. Lett. 1992; 60: 131-138.

22) Marczynski B, Czuppon AB, Schreiber GH, Marek W, Baur X.
DNA double-strand breaks and apoptosis after in vitro exposure
to toluene diisocyanate. Toxicol. In Vitro 1993; 7: 531-535.

23) Vock EH, Vamvakas S, Gahlmann R, Lutz WK. Investigation of
the induction of DNA double strand breaks by methylenediphenyl-
4,4’-diisocyanate in cultured human lung epithelial cells. Toxicol.
Sci. 1998; 46: 83-89.

24) Czuppon AB, Marczynski B, Scheer E, Hartmann R, Baur, X.
Increased incidence of anti-dsDNA autoantibody concentration in
sera of workers occupationally exposed to diisocyanates. Toxicol.
Lett. 1993; 66: 29-34.

25) Gamer AO, Hellwig J, Doe JE, Tyl RW. Prenatal toxicity of
inhaled polymeric methylenediphenyl diisocyanate (MDI) aero-
sols in pregnant Wister rats. Toxicol. Sci. 2000; 54: 431-440.

26) Ito N, Hiasa Y, Konishi Y, Marugami M. The deveropment of
carcinoma in liver of rats treated with m-toluylenediamine and
the synergistic and antagonistic effects with other chemicals.
Cancer. Res. 1969; 29: 1137-1145.

27) Schoental R. Carcinogenic and chronic effects of 4,4’-diamino-
diphenylmethane, an epoxyresin hardener. Nature 1968; 219:
1162-1163.

28) Doe JE, Hoffmann HD. Toluene diisocyanate: an assessment of
carcinogenic risk following oral and inhalation exposure. Toxicol.
Ind. Health 1995; 11: 13-32.

29) Maki-Paakkanen J, Norppa H. Chromosome aberrations and
sister-chromatid exchanges induced by technical grade toluene
diisocyanate and methylenediphenyl diisocyanate in cultured
human lymphocytes. Toxicol. Lett. 1987; 36: 37—43.

30) Gulati DK, Witt K, Anderson E, Zeiger E, Shelby MD. Chromo-
some aberration and sister chromatid exchange tests in Chinese
hamster ovary cells in vitro III: Results with 27 chemicals.
Environ. Mol. Mutagen. 1989; 13: 133-193.

31) The International Agency for Research on Cancer (IARC). Toluene
diisocyanate. IARC Monogr. Eval. Carcinog. Risks Hum. 1999;
71 Pt 2: 865-879.

32) The International Agency for Research on Cancer (IARC). 4,4’-
Methylenediphenyl diisocyanate and polymeric 4,4’-methylene-
diphenyl diisocyanate. IARC Monogr. Eval. Carcinog. Risks
Hum. 1999; 71 Pt 3: 1049-1058.

33) Anderson D, Styles JA. The bacterial mutation test. Six tests for
carcinogenicity. Br. J. Cancer. 1978; 37: 924-930.

34) Andersen M, Binderup ML, Kiel P, Larsen H, Maxild J.
Mutagenic action of isocyanates used in the production of poly-
urethanes. Scand. J. Work Environ. Health 1980; 6: 221-226.

35) Foureman P, Mason JM, Valencia R, Zimmering S. Chemical

mutagenesis testing in Drosophila. X. Results of 70 coded chemi-

cals tested for National Toxicology Program. Environ. Mol.

Mutagen. 1994; 23: 208-227.

Shimizu H, Suzuki Y, Takemura N, Goto S, Matsushima H. The

results of microbial mutation test for forty-three industrial chemi-

cals. Jpn. J. Ind. Health 1985; 27: 400—419.

Herbold B, Haas P, Seel K, Walber U. Studies on the effect of the

solvents dimethylsulfoxide and ethyleneglycoldimethylether on

the mutagenicity of four types of diisocyanates in Salmonella/

microsome test. Mutat. Res. 1998; 412: 167-175.

38) Seel K, Walber U, Herbold B. Chemical behavior of seven
aromatic diisocyanates (toluenediisocyanates and diphenyl-
methanediisocyanates) under in vitro conditions in relationship to
their results in the Salmonella/microsome test. Mutat. Res. 1999;
438: 109-123.

39) Baur X, Marek W, Ammon J, Czuppon AB, Marczynski B, Raulf-
Heimsoth M, Roemmelt H, Fruhmann G. Respiratory and other
hazards of isocyanate. Int. Arch. Occup. Environ. Health 1994;
66: 141-152.

40) Hagmar L, Welinder H, Mikoczy Z. Cancer incidence and mortal-
ity in the Swedish polyurethane foam manufacturing industry. Br.
J. Ind. Med. 1993; 50: 537-543.

41) Hagmar L, Stromberg U, Welinder H, Mikoczy Z. Incidence of
cancer and exposure to toluene diisocyanate and methylene
diphenyldiisocyanate: A cohort based case referent study in the
polyurethane foam manufacturing industry. Br. J. Ind. Med. 1993;
50: 1003-1007.

42) Sorohan T, Pope D. Mortality and cancer mortality of production
workers in the United Kingdom flexible polyurethane foam
industry. Br. J. Ind. Med. 1993; 50: 528-536.

43) Frew AJ. The immunology of respiratory allergies. Toxicol. Lett.
1996; 86: 65-72.

44) Blaikie L, Morrow T, Wilson AP, Hext P, Hartop PJ, Rattray NJ,
Woodcock D, Botham PA. A two-centre study for the evaluation
and validation of an animal model for the assessment of the
potential of small molecular weight chemicals to cause respira-
tory allergy. Toxicology 1995; 96: 37-50.

45) Ban M, Hettich D, Goutet M, Bonnet P. TDI inhalation in guinea-
pigs involves migration of dendritic cells. Toxicol. Lett. 1997; 93:
185-194.

46) Hesbert A, Ban M, Bonnet P, Bottin MC, Lemonnier M, De
Ceaurriz J. Interdependence of polymophonuclear neutrophils
and macrophages stained for N-acetyl-B-glucosaminidase in
lavage effluents from toluene diisocyanate exposed rat lungs.
Toxicol. Lett. 1991; 56: 53-59.

47) Labow RS, Meek E, Santerre JP. Differential synthesis of choles-
terol esterase by monocyte-derived macrophages cultured on poly
(ether or ester)-based poly (urethane)s. J. Biomed. Mater. Res.
1998; 39: 469—477.

48) Young RP, Barker RD, Pile KD, Cockson OCM, Newman Taylor
JA. The association of HLA-DR3 with specific IgE to inhaled
acid anhydrides. Am. J. Respir. Crit. Care. Med. 1995; 151: 219—
221.

49) Sandford A, Weir T, Pare P. The genetics of asthma. Am. J.
Respir. Crit. Care. Med. 1996; 153: 1749-1765.

50) Bernstein JA, Munson J, Lummus ZL, Balakrishnan K, Leikauf
G. T-cell receptor VP gene segment expression in diisocyanate-
induced occupational asthma. J. Allergy. Clin. Immunol. 1997,
99: 245-250.

51) Bignon JS, Aron Y, Ju LY, Kopferschmit MC, Garnier R, Mapp
CE, Fabbri LM, Pauli G, Lockhart A, Charron D, Swierezewski
E. HLA class II alleles in isocyanate-induced asthma. Am. J.

36

~

37

~



Mechanisms of Action after [socyanate Exposure

Respir. Crit. Care. Med. 1994; 149: 71-75.

52) Balboni A, Baricordi OR, Fabbri LM, Gandini E, Ciaccia A,
Mapp CE. Association between toluene diisocyanate-induced
asthma and DQB1 markers: a possible role for aspartic acid at
position 57. Eur. Respir. J. 1996; 9: 207-210.

53) Mapp CE, Balboni A, Baricordi R, Fabbri LM. Human leukocyte
antigen associations in occupational asthma induced by isocyan-
ates. Am. J. Respir. Crit. Care. Med. 1997; 156: s139-143.

54) Bernstein JA. Overview of diisocyanate occupational asthma.
Toxicology 1996; 111: 181-189.

55) Rihs HP, Barbalho Krolls T, Huber H, Baur X. No evidence for
the influence of HLA class II alleles in isocyanate-induced
asthma. Am. J. Ind. Med. 1997; 32: 1-6.

56) Robinson DS, Hamid Q, Bentley AM, Ying S, Kay AB, Durham
SR. Activation of CD4" T cells, increased Th2-type cytokine
mRNA expression, and eosinophil recruitment in bronchoalveo-
lar lavage after allergen inhalation challenge in patients with
atopic asthma. J. Allergy Clin. Immunol. 1993; 92: 313-324.

57) Romagnani S. Biology of human Thl and Th2 cells. J. Clin.
Immunol. 1995; 15: 121-129.

58) Dearman RJ, Basketter DA, Kimber I. Variable effects chemical
allergens on serum IgE concentration in mice. Preliminary evalu-
ation of a novel approach to the identification of respiratory sensi-
tizers. J. Appl. Toxicol. 1992; 12: 317-323.

59) Dearman RJ, Spence LM, Kimber I. Characterization of murine
immune responses to allergic diisocyanate. Toxicol. Appl. Phar-
macol. 1992; 112: 190-197.

60) Dearman RJ, Basketter DA, Kimber I. Characterization of chemi-
cal allergens as a function of divergent cytokine secretion profiles
induced in mice. Toxicol. Appl. Pharmacol. 1996; 138: 308-316.

61) Dearman RJ, Moussavi A, Kemeny DM, Kimber I. Contribution
of CD4" and CD8" T lymphocyte subsets to the cytokine secretion
patterns induced in mice during sensitization to contact and respi-
ratory chemical allergens. Immunol. 1996; 89: 502-510.

62) Finoto S, Fabbri LM, Rado V, Mapp CE, Maestrelli P. Increase in
numbers of CD8 positive lymphocytes and eosinophils in periph-
eral blood of subjects with late asthmatic reactions induced by
toluene diisocyanate. Br. J. Ind. Med. 1991; 48: 116-121.

63) Walker C, Bode E, Boer L, Hansel T, Blaser K, Virchow J Jr.
Allergic and nonallergic asthmatics have distinct patterns of T-
cell activation and cytokine production in peripheral blood and
bronchoalveolar lavage. Am. Rev. Respir. Dis. 1992; 148: 109—
115.

64) Maestrelli P, Occari P, Turato G, Papiris SA, Di Stefano A, Mapp
CE, Milani GF, Fabbri LM, Saetta M. Expression of interleukin
(IL)-4 and IL-5 proteins in asthma induced by toluene diisocyan-
ate (TDI). Clin. Exp. Allergy 1997; 27: 1292-1298.

65) Maestrelli P, Saetta M, Mapp CE, Fabbri LM. Mechanisms of
occupational asthma. Clin. Exp. Allergy 1997; 27: 47-54.

66) Fabbri LM, Maestrelli P, Saetta M, Mapp CE. Mechanisms of
occupational asthma. Clin. Exp. Allergy 1994; 24: 628-635.

67) Maestrelli P, Del prete GF, De Carli M, D’Elios MM, Saetta M,
Di Stefano A, Mapp CE, Romagnani S, Fabbri LM. CD-8 T-cells
clones producing interleukin-5 and interferon-gamma in bron-
chial mucosa of patients with asthma induced by toluene-diisocy-
anate. Scand. J. Work Environ. Health 1994; 20: 376-381.

68) Satoh T, Kramarik JA, Tollerud DJ, Karol MH. A murine model
for assessing the respiratory hypersensitivity potential of chemi-
cal allergens. Toxicol. Lett. 1995; 78: 57-66.

69) Orloff KG, Batts Osborne D, Kilgus T, Metcalf S, Cooper M.
Antibodies to toluene diisocyanate in an environmentally exposed
population. Environ. Health Perspect. 1998; 106: 665—666.

70) Nagai S. Pathogenesis of hypersensitivity pneumonitis. Igaku No
Ayumi 1992; 162: 736739 [in Japanese].

71) Yoshizawa Y, Ohtsuka M, Noguchi K, Uchida Y, Suko M,
Hasegawa S. Hypersensitivity pneumonitis induced by toluene
diisocyanate: sequelae of continuous exposure. Ann. Intern. Med.
1989; 110: 31-34.

72) Baur X, Chen Z, Flagge A, Posch A, Raulf-Heimsoth M. EAST
and CAP specifity for the evaluation of IgE and IgG antibodies to
diisocyanate-HAS conjugates. Int. Arch. Allergy Immunol. 1996;
110: 332-338.

73) Baur X. Hypersensitivity pneumonitis (extrinsic allergic alveolitis)
induced by isocyanates. J. Allergy Clin. Immunol. 1995; 95:
1004-1010.

74) Nakashima K, Takeshita T, Morimoto K. Occupational hypersen-
sitivity pneumonitis due to isocyanates: Mechanisms of action
and case reports in Japan. Industrial. Health 2001; 39: 269-279.

75) Thompson T, Belsito DV. Allergic contact dermatitis from a di-
isocyanate in wool processing. Contact Dermatitis. 1997; 37: 239.

76) Desrosiers M, Nguyen B, Ghezzo H, Leblanc C, Malo JL. Nasal
response in subjects undergoing challenges by inhaling occupa-
tional agents causing asthma through the nose and mouth. Allergy
1998; 53: 840-848.

77) Nosko M, Altunkova I, Baltadjieva D, Liapin M, Bocheva S, Tanev
M. Immune mechanisms of the occupational sensitization with
methylen-dyphenyl diisocyanate (MDI). Cent. Eur. J. Public.
Health 1998: 199-201.

78) Nishimura T, Tani T. On the skin manifestation caused by tolu-
ene-diisocyanate (TDI). Hifu To Hinyou 1964; 26: 56—63 [in
Japanese].

79) Miki T, Shima S, Tachikawa S, Yoshida T, Ito T, Kudo T. Health
hazards in workers of small scale polyurethane production
factory. Sangyo Igaku. 1986; 28: 128—129 [in Japanese].

80) Liu Y, Sparer J, Woskie SR, Cullen MR, Chung JS, Holm CT,
Redlich CA. Quantitative assessment of isocyanate skin exposure
in auto body shops: A pilot study. Am. J. Ind. Med. 2000; 37:
264-274.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


