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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 Western 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) mg/ml; ]. Albumin and alpha,
and alpha, globulins increased significantly [respectively: 65.8 (SE 0.2)%, 2.1 (SE 0.1)% and 7.2 (SE 0.1)% 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-conjugate and several TDI-conjugated guinea pig serum proteins,
but they did not react against any native or denaturated serum protein when unconjugated with TDL

Conclusions These findings 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-molecular-
weight compound, is extensively used in the manufac-
ture of polyurethane plastics and coatings (1). The high
degree of chemical reactivity of isocyanates that contrib-
utes to their industrial value may play a role in their tox-
icity. 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 poten-
tial human carcinogens (8). It is still unknown what hap-
pens 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 characteris-
tics of asthma induced by isocyanates suggest an immu-
nologic mechanism, but only a small percentage of asth-
matics has been shown to have specific immunoglobulin
(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 inflamma-
tion in TDI-induced asthma has been demonstrated (11).
In sensitized subjects, exposure to TDI has caused a re-
cruitment and activation of inflammatory cells in the air-
ways, increased the circulating CD8+ T-cells and eosi-
nophils 48—72 hours after exposure to TDI (12), and
increased eosinophils in the sputum of subjects with TDI-
induced 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 inflam-
matory mediators, including cytokines, mainly of the
family of interleukin 1 (IL-1), interleukin 6 (IL-6), and
tumor necrosis factor (TNF). It is known that these cy-
tokines 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 con-
ducted to evaluate the effect of the cascade of mediators
on the liver synthesis of serum proteins.

Previously, we developed an animal model of TDI-
induced asthma in guinea pigs, and we found an inflam-
matory cellular response in both the central and periph-
eral airways of immunized animals challenged by TDI,
with an increase of T-lymphocytes, mast cells, and eosi-
nophils 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 in-
duce an inflammatory response 6 hours after challenge,
detectable by changes in the concentration of serum pro-
teins, and a specific antibody response. Then, we char-
acterized the binding of TDI to serum proteins by means
of the antibodies obtained against TDI.

Materials and methods

Immunization and chaflenge by toluene diisocyanate

Male Dunkin Hartley guinea-pigs (Rodentia Laborato-
ries, Torre Pallavicina, Italy), weight 300 to 350 grams,
were used. They received 3 weekly intradermal injections
of 50 ul 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 pl 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 TDL, 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 an-
imals survived to immunization and were challenged with
TDI. They were killed 6 hours after the end of the TDI-
challenge by an intraperitoneal injection of pentobarbi-
tal sodium (100 mg/kg).

Preparation of serum, serum protein electrophoresis
and antibody titer

Blood samples were collected from the jugular vein im-
mediately 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
revolutions/minute and about 1 ml of serum was obtained
from all the specimens.

The total protein concentrations were measured by the
method of Lowry et al (18). To characterize the serum
proteins, electrophoresis was performed on agarose hy-
dragel 30b1—b2 SEBIA®, running on a Beckman Para-
gon 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 to-
tal serum protein concentrations were expressed in mil-
ligrams per milliliter, and the different fractions were ex-
pressed as the percentage of the total amount.

Total IgG and TDI-specific IgG,; antibodies were
measured in the serum samples by enzyme-linked immu-
nosorbent assay (ELISA). The ELISA titer was the high-
est 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 dodecy! sulfate-polyacrylamide gel
electrophoresis and Western blot

Sera were mixed in a 1:1 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 pro-
tein concentrations in the samples were measured by the
method of Lowry et al (18). Proteins were transferred
from the gels to nitrocellulose membranes by electro-
blotting as described by Towbin et al (20). After the
transfer, the blots were cut into strips and incubated with
nonfat milk (10%) in buffer Tris-HC] [composition in
millimoles: 50 tristhydroxymethyl)aminomethane-hydro-
chloric acid (Tris-HC1), 2 calcium chloride (CaCl,), and
85 sodium chloride (NaCl) pH 8.0)] for 1 hour at room
temperature. Then, strips were incubated with immune



serum anti-TDI (0.42 mg/ml) or with normal serum in
nonfat milk (10%) in buffer Tris-HCI for 2 hours at room
temperature. After being washed for 20 minutes with
0.1% Tween-20 Tris-HCI and 20 minutes with 10% non-
fat milk Tris-HC, the strips were incubated with a 1:1000
dilution of peroxidase-conjugated rabbit antiguinea pig
mmmunoglobulins (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-HCI and 10 mM imidazol
(pH 7.6), 10 pl of hydrogen peroxide (H,0,), and 5 mg
of diaminobenzidin tetrahydrochloride dissolved in 1 ml
of methanol. When the bands were of the desired inten-
sity, the strips were washed briefly in water.

Toluene diisocyanate conjugates

From the stock solution of TDI (2x103—2x10-M) dis-
solved in dimethylsulfoxide (DMSO), 100 1Ll was mixed
with bovine serum albumin (BSA, 1 mg/ml) or guinea
pig serum for 1 hour at room temperature; then 50 ul 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.

Dot blot

TDI (50 pl) alone or conjugated with BSA (250 pg of
BSA dissolved in 1 ml of distilled water mixed with
DMSO and incubated with TDI 15 minutes at room tem-
perature, being mixed from time to time) were absorbed
in native conditions on strips of nitrocellulose and then
incubated with primary and secondary antibody, as de-
scribed for Western blotting.

Statistical analysis

Values were expressed as means =+ 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 sig-
nificance of differences in the total protein concentrations
and the protein fractions between the nonimmunized and
immunized animals and between the immunized TDI-
challenged and immunized unchallenged animals. Prob-
ability values of <0.05 were accepted as significant.

Results

Total amount of proteins and serum profein
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 nonimmu-
nized and immunized unchallenged animals [75.0 (SE
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0.7), 47.4 (SE 2.3) and 53.6 (SE 1.0) mg/ml, respective-
ly, 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 signif-
icant decrease in the beta, and beta, globulins as
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Figure 1. Albumin and globulins (%) in the 4 groups of guinea pigs
studied. Data are expressed as the means and standard errors of the
means; P<0.05. Albumin (%) was significanity increased in TDI-
immunized and TDI-challenged animals as compared with nonimmu-
nized 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 TD!-challenged animals as compared with nonimmunized unchal-
lenged and TDI-immunized unchallenged animals (***). Beta; and
heta, globulins were significantly decreased in TDI-immunized and
TDl-challenged animals as compared with nonimmunized unchal-
lenged animals (*).
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compared with the corresponding values of both the non-
immunized unchallenged and immunized unchallenged
guinea pigs (figure 1, see page 155). In the nonimmu-
nized TDI-challenged guinea pigs, there was a small, but

TDI

BSA

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, TDI-
BSA conjugate, and BSA alone were absorbed by nitroceliulose dot and
then reacted with guinea pig immune serum and secondary antibody
anti-guinea pig 1gG. In the left lane, itis 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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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 chal-
lenged guinea pigs. Faster albumin, presentin
the serum from immunized TDI-challenged
guinea pigs, is indicated by the arrow in lane
2. The areas of migration of serum proteins:
albumin, o, and o, globulins, B; and B, glob-
ulins, y globulins are indicated on both sites.

not significant increase in the alpha, and alpha, globu-
lins when they were compared with the TDI-unchal-
lenged guinea pigs. Conversely, the percentage of gam-
ma globulins did not change significantly in the immu-
nized 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)%, respective-
ly].

We also found that, in the immunized TDI-challenged
guinea pigs, albumin ran faster on agarose gel electro-
phoresis 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.

Imunoglobulin G and G, titers

Total IgG and IgG, antibodies specific for TDI were ob-
served 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), re-
spectively, in the TDI-challenged and unchallenged ani-
mals. There was no significant difference in the IgG and
IgG, titers between the TDI-challenged and unchallenged
animals.

Dot blot, SDS-PAGE and Western blot analysis

Antibodies obtained against TDI recognized TDI-BSA,
a conjugate commonly used to immunize animals in mod-
els of TDI-induced asthma. In the dot blot, under native
conditions, the antibodies against TDI were able to rec-
ognize TDI alone, and TDI-BSA conjugates, but not
BSA alone (figures 3 and 4). On SDS-PAGE, when




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 se-
rum 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

This study showed that, in immunized guinea pigs, 6
hours after TDI-challenge, when the airway cell inflam-
matory infiltrate was maximal, there was also an “acute
phase response” characterized by a modification in the
concentration of serum proteins. Immunization and chal-
lenge with TDI caused an increase in the total serum pro-
tein concentration and the albumin and alpha globulin
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Figure 4. Specificity of guinea-pig-immune serum against TDI-BSA
conjugate under denaturated conditions by SDS-PAGE and Western
blot analysis. TDI (2x10 * M)-BSA conjugate (lane 1) and BSA alone
(lane 2) were separated by SDS-PAGE and transferred to nitrocellu-
lose. Guinea-pig-immune serum reacted against the TDI-BSA conju-
gate, 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-polyacry-
lamide gel electrophoresis)
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concentrations and a decrease in the beta globulins, with
no significant modification of the gamma globulins.
Within the spectrum of systemic reactions to inflam-
mation, alterations in metabolism and gene regulation in
the liver have been described (21, 22). IL-6-type cy-
tokines and IL-1-type cytokines act as primary stimula-
tors of the acute phase plasma proteins (APP)
gene-expression, while glucorticoids and growth factors
are modulators of cytokine action. The “acute phase re-
sponse” (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 in-
flammation. An increase in the alpha globulins and a de-
crease in the beta globulins are characteristic of the acute-
phase inflammatory response, when an injury is
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Figure 5. Specificity of guinea-pig-immune serum against TDI-guin-
ea-pig-serum conjugate and normal serum alone under denaturated
conditions by SDS-PAGE and Western blot analysis. TD! (2x10-* 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 anti-
TDI 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= sodiumdo-
decylsulfate-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 mobili-
ty, alpha globulins include alpha,-antitrypsin, alpha,-
macroglobulin and haptoglobin, beta globulins include
transferrin and complement (fraction C3), and, finally,
gamma globulins include immunoglobulins and C-reac-
tive proteins (24). Globulins are almost synthesized in
the liver with the exception of immunoglobulins, and it
has been found that their concentration changes dramat-
ically within hours of the beginning of injury (25). Ext-
rahepatic synthesis and altered catabolism seem to play
a less important role in increasing blood levels of the pro-
teins synthesized in the liver (25). The cells which com-
monly trigger the cascade of events during the acute-
phase inflammatory response are tissue alveolar macro-
phages and blood monocytes (23). Activated cells may
release a broad spectrum of mediators, such as inter-
leukin 1 (IL-1), 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 dis-
tally (23). Although able to stimulate directly the hepat-
ic synthesis of some acute phase proteins in vitro (26,
27), IL-1;, and TNF,,, probably control the liver re-
sponse indirectly (28) by enhancing the production of IL-
6 in fibroblasts and activating the release of corticoster-
oids 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-1-
type cytokines comes from our previous studies on sub-
jects with asthma induced by TDI (29). We found a per-
sistent activation of lymphocytes and a chronic expres-
sion of proinflammatory cytokines (ie, [L-1,,, and TN-
Fpa) 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 unchal-
lenged or nonimmunized TDI-challenged guinea pigs,
suggesting that the appearance of changes in serum pro-
teins seems to require both the immunization and chal-
lenge 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,-glob-
ulin haptoglobin (Hp) levels increased during exacerba-
tions 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 se-
rum 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, an-
imal studies have shown that, after vapor challenge to
14CT DI, 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 al-
pha 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 electrophoretical-
ly faster than that from nonimmunized guinea pigs. It is
possible that both of these changes are due to the cova-
lent binding of TDI to albumin (33, 34). Using dot blot,
we found that antibodies recognized both TDI and TDI-
albumin conjugates; these results may confirm the abili-
ty 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 ad-
ducts 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 mecha-
nism by which the highly reactive diisocyanates are trans-
ported 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 sensitiza-
tion 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 demon-
strated in subjects sensitized to the chemical (9, 10), 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 TDI-
induced modifications of albumin, findings confirming



the ability of TDI to form adducts with several serum
proteins. In this respect, further studies are needed to ver-
ify whether the changes in serum proteins are due to any
particular protein and whether these changes may be use-
ful in the monitoring of human TDI-induced asthma.
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