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Objectives Guinea pigs were used to determine whether immunization and challenge by toluene diisocyanate
(TDI) induce changes in the serum protein concentrations of the "acute-phase response" and whether TDI can form
adducts with serum proteins.
Methods Guinea pigs were immunized by weekly intradermal injections of TDI and challenged with TDI 7 days
after the 3rd injection. The animals were killed 6 hours after the challenge, and serum was analyzed for protein
characterization by gel electrophoresis and for specific antibodies to TDI by enzyme-linked immunosorbent assay
(ELISA) and Westein blotting.
Results The total serum protein concentration of the immunized TDI-challenged guinea pigs increased in
comparison with that of nonimmunized animals [75 (SE 0.7) versus 47.4 (SE 2.3) mglrnl; 1. Albumin and alpha,
and alpha, globulins increased significantly [respectively:65.8 (SE 0.2)%, 2.1 (SE 0.1)70and 7.2 (SE 0.1)70 versus
59 (SE 1.3)%, 1.3 (SE 0.1)% and 3.7 (SE 0.1)%], whereas beta, and beta, globulins decreased in the immunized
TDI-challenged guinea pigs [7.8 (SE 0.2)% and 0.8 (SE 0.2)% versus 15.8 (SE 0.7)% and 4.8 (SE 0.2)%]. The
gamma globulin concentrations did not change significantly. In the immunized TDI-challenged animals, albumin
was modified by TDI and ran faster on agarose gel electrophoresis than did albumin from nonimmunized guinea
pigs. In the ELISA, only immunized animals had high titers of TDI-specific antibodies (IgG and IgG,); by blotting,
the antibodies reacted against TDI, the TDI-BSA-conjugateand several TDI-conjugated guinea pig serum proteins,
but they did not react against any native or denaturated serum protein when unconjugated with TDI.
C O ~ C ~ U S These
~ O ~ Sfindings indicate that, in guinea pigs, immunization and challenge with TDI induces changes
in serum proteins of the "acute phase response" and TDI is adducted to serum proteins with different molecular
weights (eg, albumin).
Key terms adducts, inflammation,isocyanates,proteins.
Toluene diisocyanate (TDI), a potent low-molecularweight compound, is extensively used in the manufacture of polyurethane plastics and coatings (1). The high
degree of chemical reactivity of isocyanates that contributes to their industrial value may play a role in their toxicity. In fact, TDI is a highly reactive compound that, by
means of the reactive functional group -NCO-, modifies
mainly the sulfydryl and the hydroxyl groups in proteins
(2-4). Since TDI is a small molecule, it is likely that
TDI by itself is not antigenic, but it can act as a hapten
and induce cellular immune responses (5). Challenge
with airborne isocyanates causes a range of respiratory

disorders in humans (6) and hypersensitivity reactions in
animals (7); moreover, aromatic diisocyanates may give,
as hydrolysis products, aromatic amines that are potential human carcinogens (8). It is still unknown what happens in vivo after the inhalation of toluene diisocyanate
and which reactions occur between TDI and components
of the body, such as proteins and water. The characteristics of asthma induced by isocyanates suggest an immunologic mechanism, but only a small percentage of asthmatics has been shown to have specific im~nunoglobulin
(Ig) E antibodies (9). However, specific IgG antibodies
have been found in subjects with isocyanate-induced
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asthma (10). In addition the role of cellular inflammation in TDI-induced asthma has been demonstrated (1 1).
In sensitized subjects, exposure to TDI has caused a recruitment and activation of inflammatory cells in the airways, increased the circulating CD8+ T-cells and eosinophils 48-72 hours after exposure to TDI (12), and
increased eosinophils in the sputum of subjects with TDIinduced asthma (13). Cytotoxic cells seem to play a role
in TDI-induced asthma (14). These interacting cells,
when activated, may release a whole variety of inflammatory mediators, including cytokines, mainly of the
family of interleukin 1 (IL-I), interleukin 6 (IL-6), and
tumor necrosis factor (TNF). It is known that these cytokines elicit the set of reactions known as "acute phase
response", characterized by an increased liver synthesis
of plasma proteins, referred to collectively as "acute
phase proteins" (15). Very few studies have been conducted to evaluate the effect of the cascade of mediators
on the liver synthesis of serum proteins.
Previously, we developed an animal model of TDIinduced asthma in guinea pigs, and we found an inflammatory cellular response in both the central and peripheral airways of immunized animals challenged by TDI,
r i t h an increase of T-lymphocytes, mast cells, and eosinophils in the submucosa of the central airways (16). We
also found an inflammatory response in peripheral blood
that was characterized by an increase in metachromatic
cells 24 hours after the TDI-challenge and a late increase
in eosinophils 48 hours after the challenge.
In this study, we used guinea pigs to investigate
whether immunization and challenge with TDI could induce an inflammatory response 6 hours after challenge,
detectable by changes in the concentration of serum proteins, and a specific antibody response. Then, we characterized the binding of TDI to serum proteins by means
of the antibodies obtained against TDI.

Materials and methods
Immunization and challenge by toluene diisocyanate
Male Dunkin Hartley guinea-pigs (Rodentia Laboratories, Torre Pallavicina, Italy), weight 300 to 350 grams,
were used. They received 3 weekly intradermal injections
of 50 yl of 100% TDI (2,4 and 2,6 isomers, ratio 80:20)
or saline into each of 2 dorsal sites (16). The injection of
100 yl of TDI was selected because this dose was able
to induce both antibody production (17) and pulmonary
sensitization in guinea pigs (16). Seven days after the 3rd
injection of TDI, 5 animals of the group of immunized
(N=10) and 5 of the group of nonimmunized animals
(N=10) were challenged with TDI in a glass chamber (30
1). The challenge was done as previously described (16).
All the immunized guinea pigs showed local irritation at
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the sites of the 2nd and 3rd injection of TDI. All the animals survived to immunization and were challenged with
TDI. They were killed 6 hours after the end of the TDIchallenge by an intraperitoneal injection of pentobarbital sodium (100 mglkg).

Preparation of serum, serum protein electrophoresis
and antibody titer
Blood samples were collected from the jugular vein immediately after the administration of the lethal dose of
pentobarbital sodium. Serum was collected to measure
the total amount of proteins, to characterize them, and to
measure the titer of TDI-specific antibodies. After 1 hour
at 37"C, blood was centrifuged for 20 minutes at 7000
revolutionslminute and about 1 ml of serum was obtained
from all the specimens.
The total protein concentrations were measured by the
method of Lowry et a1 (18). To characterize the serum
proteins, electrophoresis was performed on agarose hydragel 30b1-b2 SEBIAB, running on a Beckman Paragon Electrophoresis System, and on cellulose acetate
membranes, running on an automatized Olympus 620
System. Serum proteins were separated into albumin and
alpha,, alpha,, beta,, beta, and gamma globulins. The total serum protein concentrations were expressed in milligrams per milliliter, and the different fractions were expressed as the percentage of the total amount.
Total IgG and TDI-specific IgG, antibodies were
measured in the serum samples by enzyme-linked immunosorbent assay (ELISA). The ELISA titer was the highest serum dilution, yielding an absorbance value that was
twice as high as that of the control serum and at least 0.1
absorbance units.

Sodium dodecyl sulfate-polyac~ylamidegel
electrophoresis and Western blot
Sera were mixed in a 1:l ratio (volume/volume) with
Laemmli's sample buffer solution, boiled for 5 minutes,
and loaded in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), using 10% acrylamide gel,
with a ratio of acrylamide to N,N-methylenbisacrylamide
of 30:0.8, according to a slightly modified method of
Laemmli (19). Molecular weight markers (Sigma, Milan,
Italy) were concurrently loaded in gel electrophoresis,
and the gels were stained with Coomassie Blue. The protein concentrations in the samples were measured by the
method of Lowry et a1 (18). Proteins were transferred
from the gels to nitrocellulose membranes by electroblotting as described by Towbin et a1 (20). After the
transfer, the blots were cut into strips and incubated with
nonfat milk (10%) in buffer Tris-HC1 [composition in
millimoles: 50 tris(hydroxymethy1)aminomethane-hydrochloric acid (Tris-HCl), 2 calcium chloride (CaCl,), and
85 sodium chloride (NaC1) pH 8.0)] for 1 hour at room
temperature. Then, strips were incubated with immune
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serum anti-TDI (0.42 mglml) or with normal serum in
nonfat milk (10%) in buffer Tris-HC1 for 2 hours at room
temperature. After being washed for 20 minutes with
0.1% Tween-20 Tris-HC1 and 20 minutes with 10% nonfat milk Tris-HC1, the strips were incubated with a 1:1000
dilution of peroxidase-conjugated rabbit antiguinea pig
immunoglobulins (Dako, Italy). As a control, strips were
incubated without immune serum anti-TDI, but only with
antiguinea pig immunoglobulins. After being washed,
immunoreactive proteins were visualized by incubating
the strips with 100 mM Tris-HC1 and 10 mM imidazol
(pH 7.6), 10 y1 of hydrogen peroxide (H,O,), and 5 mg
of diaminobenzidin tetrahydrochloride dissolved in 1 ml
of methanol. When the bands were of the desired intensity, the strips were washed briefly in water.

Toluene diisocyanate conjugates
From the stock solution of TDI (2~10-~-2xlO-~M)
dissolved in dimethylsulfoxide (DMSO), 100 yl was mixed
with bovine serum albumin (BSA, 1 mglml) or guinea
pig serum for 1 hour at room temperature; then 50 y1 of
the conjugates TDI-BSA and TDI-guinea pig serum were
loaded in SDS-PAGE and tested on Western blotting
with antibodies against TDI as previously described.

0.7), 47.4 (SE 2.3) and 53.6 (SE 1.0) mglml, respectively, P<0.05]. For the immunized TDI-challenged guinea
pigs, there was a significant increase in the percentage
of albumin and alpha, and alpha, globulins and a significant decrease in the beta, and beta, globulins as
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Dot blot
TDI (50 pl) alone or conjugated with BSA (250 yg of
BSA dissolved in 1 ml of distilled water mixed with
DMSO and incubated with TDI 15 minutes at room temperature, being mixed from time to time) were absorbed
in native conditions on strips of nitrocellulose and then
incubated with primary and secondary antibody, as described for Western blotting.
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Statistical analysis
Values were expressed as means 1 the standard errors or
as geometric means (GM) and geometric standard errors
of the means (GSEM) when appropriate. Schaffe' test for
multiple ranges was used to assess respectively the significance of differences in the total protein concentrations
and the protein fractions between the nonimmunized and
immunized animals and between the immunized TDIchallenged and immunized unchallenged animals. Probability values of <0.05 were accepted as significant.
Figure 1. Albumin and globulins (%) in the 4 groups of guinea pigs

Results
Total amount of proteins and serum protein
electrophoresis
In the immunized guinea pigs challenged with TDI, the
concentration of total serum proteins was significantly
increased as compared with that of both the nonimmunized and immunized unchallenged animals 175.0 (SE

studied. Data are expressed as the means and standard errors of the
means; P<0.05. Albumin (%) was significanlty increased in TDIimmunized and TDI-challenged animals as compared with nonimmunized unchallenged and TDI-immunized unchallenged animals (*) and
significantly decreased in TDI-immunized unhcallenged animals as
compared with nonimmunized unchallenged animals (**). Alpha, and
alpha ,globulins (%) were significantly increased in TDI-immunized
and TDI-challenged animals as compared with nonimmunized unchallenged and TDI-immunized unchallenged animals (***). Beta, and
beta, globulins were significantly decreased in TDI-immunized and
TDI-challenged animals as compared with nonimrnunized unchallenged animals (*).
Scand J Work Environ Health 2000, vol26, no 2
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5
compared with the corresponding values of both the nonimmunized unchallenged and immunized unchallenged
guinea pigs (figure 1, see page 155). In the nonimmunized TDI-challenged guinea pigs, there was a small, but

Figure 2. Analysis of the migration of serum
proteins by agarose gel electrophoresis. Lane
1 = normal human serum proteins, lane 2 =
immunized and TDI-challenged guinea pigs,
lane 3 = immunized TDI-unchallenged guinea
pigs, lane 4 = nonimmunized-unchallenged
guinea pigs, lane 5 = nonimmunized-TDI challenged guinea pigs. Faster albumin, present in
the serum from immunized TDI-challenged
guinea pigs, is indicated by the arrow in lane
2. The areas of migration of serum proteins:
albumin, a, and a,globulins,
and P,globulins, y globulins are indicated on both sites.

P,

not significant increase in the alpha, and alpha, globulins when they were compared with the TDI-unchallenged guinea pigs. Conversely, the percentage of gamma globulins did not change significantly in the immunized TDI-challenged guinea pigs as compared with the
levels of the other 3 groups [16.3 (SE 0.3)%, 18.5 (SE
0.7)%, 15.5 (SE 1.1)% and 15.2 (SE 1.6)%, respectively].
We also found that, in the immunized TDI-challenged
guinea pigs, albumin ran faster on agarose gel electrophoresis as compared with the albumin of the other 3
groups (higher band on lane 2, figure 2). This finding was
confirmed by cellulose acetate electrophoresis.

lmunoglobulin G and G, titers
Total IgG and IgG, antibodies specific for TDI were observed only for the immunized guinea pigs. Total IgG
antibodies to TDI were found, 1:23.800 (1.90) and
1:27.950 (1.60), respectively, in the TDI-challenged and
unchallenged animals. The IgG, titers were 1:9.060
(1.38) and 1:8320 (2.75) (titers as GM and GSEM), respectively, in the TDI-challenged and unchallenged animals. There was no significant difference in the IgG and
IgG, titers between the TDI-challenged and unchallenged
animals.
Figure 3. Specificity of guinea-pig-immune serum against toluene
diisocyanate (TDI), conjugate of TDI and bovine serum albumin (BSA),
and BSA alone under native conditions by dot blot analysis. TDI, TDIBSA conjugate, and BSAalone were absorbed by nitrocellulose dot and
then reacted with guinea pig immune serum and secondary antibody
anti-guinea pig IgG. In the left lane, it is shown that guinea-pig-immune
serum reacted against TDI and TDI-BSA, but not against BSA alone, In
the right lane, it is shown (control experiments) that the secondary
antibody anti-guinea pig immunoglobulin G did not react with TDI,
TDI-BSA conjugate, or BSA alone.
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Dot blot, SDS-PAGE and Western blot analysis
Antibodies obtained against TDI recognized TDI-BSA,
a conjugate commonly used to immunize animals in models of TDI-induced asthma. In the dot blot, under native
conditions, the antibodies against TDI were able to recognize TDI alone, and TDI-BSA conjugates, but not
BSA alone (figures 3 and 4). On SDS-PAGE, when
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TDI-guinea pig serum conjugate was loaded and tested
with immune serum anti-TDI, several serum proteins
were labeled, mainly proteins with a molecular weight
around 116,66,59 and 29 kilodaltons (figure 5, lane 1).
In the experiments in which the guinea pig immune serum anti-TDI was saturated with guinea pig IgG, only
the reaction with the protein of molecular weight 116
kilodaltons persisted (figure 5 , lane 2). As a control,
when unconjugated guinea pig serum was loaded and
tested with immune guinea pig serum against TDI, no
reaction appeared (figure 5, lane 3).

Discussion

concentrations and a decrease in the beta globulins, with
no significant modification of the gamma globulins.
Within the spectrum of systemic reactions to inflammation, alterations in metabolism and gene regulation in
the liver have been described (21, 22). IL-6-type cytokines and IL-1-type cytokines act as primary stimulators of the acute phase plasma proteins (APP)
gene-expression, while glucorticoids and growth factors
are modulators of cytokine action. The "acute phase response" (APR) has a protective and homeostatic role in
the host response. However, it is unknown which events
convert the normal acute phase response to chronic inflammation. An increase in the alpha globulins and a decrease in the beta globulins are characteristic of the acutephase inflammatory response, when an injury is

This study showed that, in immunized guinea pigs, 6
hours after TDI-challenge, when the airway cell inflammatory infiltrate was maximal, there was also an "acute
phase response" characterized by a modification in the
concentration of serum proteins. Immunization and challenge with TDI caused an increase in the total serum protein concentration and the albumin and alpha globulin

1

1

2

Figure 4. Specificity of guinea-pig-immune serum against TDI-BSA
conjugate under denaturated conditions by SDS-PAGE and Western
blot analysis. TDI (2x10 -4 M)-BSA conjugate (lane 1) and BSA alone
(lane 2) were separated by SDS-PAGE and transferred to nitrocellulose. Guinea-pig-immune serum reacted against the TDI-BSA conjugate, but not against BSA alone. Standard molecular weights (in
kilodaltons) are shown on the left. (TDI =toluene diisocyanate; BSA =
bovine serum albumin; SDS-PAGE = sodiumdodecylsulfate-polyacrylamide gel electrophoresis)

2

3

Figure 5. Specificity of guinea-pig-immune serum against TDI-guinea-pig-serum conjugate and normal serum alone under denaturated
conditions by SDS-PAGE and Western blot analysis. TDI
M)guinea-pig-serum conjugate and normal guinea-pig serum alone were
separated by SDS-PAGE, transferred to nitrocellulose, and tested with
antibodies against TDI. When the TDI-guinea-pig-serum conjugate
was tested with immune serum anti-TDI, several serum proteins were
labeled, mainly proteins with molecular weights around 116, 66, 59
and 29 kilodaltons (lane 1). When the guinea-pig-immune serum antiTDI was previously saturated with guinea pig immunoglobulin G, the
reaction with the protein with a molecular weight of 116 kilodaltons
was the only one which persisted (lane 2). When unconjugated
guinea-pig serum was tested (control experiments), no reaction
appeared (lane 3). Standard molecular weights (in kilodaltons) are
shown on the left. (TDI= toluene diisocyanate; SDS-PAGE= sodiumdodecylsulfate-polyacrylamide gel electrophoresis)
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localized in one organ. It is possible that the action of
TDI on the airways may determine the release of soluble
mediators that mobilize the metabolic response of the
whole organism (23). In terms of electrophoretic mobility, alpha globulins include alpha,-antitrypsin, alpha,macroglobulin and haptoglobin, beta globulins include
transfenin and complement (fraction C3), and, finally,
gamma globulins include immunoglobulins and C-reactive proteins (24). Globulins are almost synthesized in
the liver with the exception of immunoglobulins, and it
has been found that their concentration changes dramatically within hours of the beginning of injury (25). Extrahepatic synthesis and altered catabolism seem to play
a less important role in increasing blood levels of the proteins synthesized in the liver (25). The cells which commonly trigger the cascade of events during the acutephase inflammatory response are tissue alveolar macrophages and blood monocytes (23). Activated cells may
release a broad spectrum of mediators, such as interleukin 1 (IL-I), interleukin 6 (IL-6), and tumor necrosis
factor (TNF) families, which appear to be important to
the induction of the liver synthesis of globulins and also
appear to act as "alarm cytokines" both locally and distally (23). Although able to stimulate directly the hepatic synthesis of some acute phase proteins in vitro (26,
27), IL-I,,,, and TNF,,,,, probably control the liver response indirectly (28) by enhancing the production of IL6 in fibroblasts and activating the release of corticosteroids via the hypothalamus-pituitary-adrenal axis. Then,
the increase in alpha globulins and the decrease in beta
globulins in the serum of immunized TDI-challenged
guinea pigs may reflect the inflammatory process in the
airways 6 hours after the challenge, and the influx of
eosinophils, mast cells, and T lymphocytes may initiate
the cascade of mediators. Evidence for a role of IL-1type cytokines comes from our previous studies on subjects with asthma induced by TDI (29). We found a persistent activation of lymphocytes and a chronic expression of proinflammatory cytokines (ie, IL-I,,,, and TNFa,,,,) in the bronchial mucosa of TDI-asthmatics when
they were compared with controls. This study has shown
that the protein changes occurred only in immunized
TDI-challenged animals, but not in immunized unchallenged or nonimmunized TDI-challenged guinea pigs,
suggesting that the appearance of changes in serum proteins seems to require both the immunization and challenge with the sensitizing agent (TDI). We do not know
whether this response was specific for TDI or not. In fact,
other studies have shown that, for example, alpha,-globulin haptoglobin (Hp) levels increased during exacerbations of asthma (30), such as in ankylosing spondylitis
(31) and contact sensitivity (32), a finding suggesting that
Hp levels are more likely to be nonspecific markers of
inflammation. We believe that the effect of TDI on serum proteins was mediated by the inflammatory cells
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recruited and activated in the airways, but we cannot
exclude a direct effect of TDI on the synthetic activity
of the liver cells, although it seems unlikely. In fact, animal studies have shown that, after vapor challenge to
14CTDI,a detectable amount of radioactivity can also be
found in the liver and in the bile, even if in an amount
much lower than in the airways (8). We did not measure
single proteins electrophoretically. Further studies will
be necessary to verify which single protein increases or
decreases in relation to the inflammatory action of TDI
on the airways. The increase in the concentration of alpha globulins and the decrease in the concentration of
beta globulins in the peripheral blood of guinea pigs may
reflect the inflammation occurring in the airways at the
same time.
In immunized TDI-challenged animals, the amount
of albumin increased and albumin ran electrophoretically faster than that from nonimmunized guinea pigs. It is
possible that both of these changes are due to the covalent binding of TDI to albumin (33, 34). Using dot blot,
we found that antibodies recognized both TDI and TDIalbumin conjugates; these results may confirm the ability of TDI to act as a hapten to many other proteins. TDI
was also able to bind other serum proteins, in agreement
with the findings of other studies with guinea pigs (35).
These isocyanate adducts to proteins and peptides have
been recently studied. In humans, albumin adducts were
present in plasma, whereas, in guinea pigs, albumin adducts were localized in alveolar macrophages, in airway
epithelial cells (36), and in bronchoalveolar lavage fluid
(BAL) (35), whereas hemoglobin adducts were identified
in BAL and in peripheral erythrocytes (37). The mechanism by which the highly reactive diisocyanates are transported across the epithelial layer of the respiratory tract,
into the blood, and through the erythrocyte membranes
to react with hemoglobin is unknown. In vitro, it has been
shown that TDI readily forms bis(S-glutathionyl) adducts
under physiological conditions (38). All these studies
have demonstrated that isocyanates are readily transferred
from serum adducts to nucleophilic sites of proteins on
cellular membranes. Further experiments are necessary
to investigate the role of TDI adducts in the sensitization and the immunogenic processes.
We did not find any difference in the amount of total
gamma globulins, but there was an increase of IgG
against TDI in the immunized animals. The presence of
specific immunoglobulins against TDI has been demonstrated in subjects sensitized to the chemical (9, lo), but
the role of these specific antibodies against TDI is still
unclear.
In conclusion, the present study of the "acute phase
response" in immunized and TDI-challenged guinea pigs
demonstrated a significant increase in serum proteins of
the acute-phase inflammatory response and TDIinduced modifications of albumin, findings confirming
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the ability of TDI to form adducts with several serum
proteins. In this respect, further studies are needed to verify whether the changes in serum proteins are due to any
particular protein and whether these changes may be useful in the monitoring of human TDI-induced asthma.
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