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Elevated levels of antibodies against
xenobiotics in a subgroup of healthy subjects
Aristo Vojdania*, Datis Kharrazianb and Partha Sarathi Mukherjeec
ABSTRACT: In spite of numerous research efforts, the exact etiology of autoimmune diseases remains largely unknown. Genetics
and environmental factors, including xenobiotics, are believed to be involved in the induction of autoimmune disease. Some en-
vironmental chemicals, acting as haptens, can bind to a high-molecular-weight carrier protein such as human serum albumin
(HSA), causing the immune system to misidentify self-tissue as an invader and launch an immune response against it, leading
to autoimmunity. This study aimed to examine the percentage of blood samples from healthy donors in which chemical agents
mounted immune challenges and produced antibodies against HSA-bound chemicals. The levels of specific antibodies against 12
different chemicals bound to HSA were measured by ELISA in serum from 400 blood donors. We found that 10% (IgG) and 17%
(IgM) of tested individuals showed significant antibody elevation against aflatoxin-HSA adduct. The percentage of elevation
against the other 11 chemicals ranged from 8% to 22% (IgG) and 13% to 18% (IgM). Performance of serial dilution and inhibition
of the chemical–antibody reaction by specific antigens but not by non-specific antigens were indicative of the specificity of these
antibodies. Althoughwe lack information about chemical exposure in the tested individuals, detection of antibodies against var-
ious protein adducts may indicate chronic exposure to these chemical haptens in about 20% of the tested individuals. Currently
the pathological significance of these antibodies in human blood is still unclear, and this protein adduct formation could be one
of the mechanisms by which environmental chemicals induce autoimmune reactivity in a significant percentage of the popula-
tion. Copyright © 2014. The Authors. Journal of Applied Toxicology Published by John Wiley & Sons Ltd.
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Introduction
The list of chemical agents capable of producing or enhancing
autoimmune manifestations in an individual with a genetic
predisposition is constantly growing (Schiraldi and Monestier,
2009). These low-molecular-weight chemicals that do not
directly challenge the immune system are called ’haptens’, a
term derived from the Greek meaning ’to fasten‘ which was
coined by Landsteiner and Jacobs in 1936 (Landsteiner and
Jacobs, 1936). Haptenic chemicals must bind to large carrier
molecules such as proteins, lipoproteins, polysaccharides or
other large molecules in order to become antigenic. This immu-
nogenic capacity of chemicals depends proportionately on their
ability to bind covalently to a high-molecular-weight carrier
protein such as human serum albumin (HSA) under physiological
conditions (Pichler, 2002; Divkovic et al., 2005).

Reactive organic compoundsmost often bind covalently through
their electrophilic properties that react with protein nucleophilic
groups, such as the amino, hydroxyl and thiol groups (Roberts and
Lepoittevin, 1998). The binding of these compounds to different tis-
sues frequently leads to sensitization after their inhalation, ingestion,
or dermal contact. Examples of such reactive haptenic compounds
are formaldehyde, toluene diisocyanate, trimellitic anhydride,
phthalic anhydride, some benzene ring-containing compounds,
ethylene tetrachloride, ethylene oxide, penicillin and other drugs
(Griem et al., 1998). These organic haptens form covalent bonds
by binding to a single amino acid side chain.

Sensitizing heavy metal chemicals such asmercury, nickel or co-
balt react differently from organic compounds, oxidizing proteins
and forming protein metal chelate complexes by undergoing
multiple binding with several amino acid side chains of a pro-
tein. This interaction between metal ion and amino acids allows
J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. Journal of Applied
the electron-rich ligands to transfer part of their electron den-
sity to the positively charged metal ion in order to increase
the stability of the metal protein complexes (Griem et al., 1998).
Different groups of chemicals that elicit adverse immune

reactions are unable to bind to proteins when entering the body.
However, they can bind to various tissue proteins after conversion
to reactive metabolites by the hepatic or extrahepatic tissues or
cells. These types of chemicals are considered prohaptens, as a
pharmaco–toxicological phase is needed for their metabolic
conversion into haptens (Liberato et al., 1981; Krasteva et al.,
1993; Bourdi et al., 1994; Lecouer et al., 1994, 1996; Andersen
et al., 1995; Eliasson and Kenna, 1996; Griem et al., 1998; Merk,
1998). Dihydralazine, halothane and tienilic acid are examples of
prohaptens that are catalyzed by liver enzymes into reactive
metabolites. These haptenic metabolites immediately manage to
Toxicology Published by John Wiley & Sons Ltd.
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bind to proteins with which they come in contact, such as the
cytochrome P450 enzyme; this is the enzyme that catalyzes the
metabolism of these prohaptens into haptens. This binding of
chemical reactive metabolites to a self-tissue enzyme results in
the production of autoantibodies directed against the liver
enzyme, the chemicals and also the neo-antigen which is the
combination of the chemicals and the self-tissue enzyme
[Vojdani et al., 1992; Bourdi et al., 1994; Lecouer et al., 1994, 1996;
Eliasson and Kenna, 1996; Griem et al., 1998; Merk, 1998).

It does not always happen that the chemicals aremetabolized in
the liver and subsequently travel to distant extrahepatic sites such
as the lung, skin or bone marrow. With some chemicals, the reac-
tive metabolites are formed at the very site where the adverse im-
mune reaction to xenobiotics occurs. One example of an organ
with considerable metabolic and immunological capacity is the
skin, which is often involved in immune reaction to xenobiotics af-
ter dermal application. This metabolic conversion of prohapten to
hapten is done by dermal Langerhans cells which contain CYP1A
isoenzyme. For example, urushiol, a chemical from poison ivy
(Toxicodendron radicans) and poison oak (Toxicodendron
diversilobum), can be oxidized in the skin forming quinones first,
and then quinine adducts with proteins which can elicit specific
T-cell responses against the neo-antigen (Liberato et al., 1981;
Krasteva et al., 1993; Kalish et al., 1994).

Monocytes, macrophages, resident Langerhans cells and
polymorphonuclear leukocytes are also involved in xenobiotic
metabolism. For example, phagocytic cells are involved in the
metabolism of procainamide, propylthiouracil and disodium
gold from prohaptens to haptens first, and then to hapten-
protein adducts in these cells. This hapten and hapten-adduct
formation in phagocytic cells elicits a systemic immune reaction
against these haptens as well as self-proteins such as nuclear
and nucleolar proteins of white blood cells (Kalish et al., 1994;
Goebel et al., 1995; Von Schmiedeberg et al., 1996).

Thus, small chemical molecules have the capacity to bind
directly to self-proteins or indirectly after hepatic or extrahepatic
conversion from prohaptens to haptens, generating hapten–
protein adducts. This neoantigen formation can result in a sys-
temic T-cell or antibody immune response against the haptens
and self-proteins (Kubicka-Muranyi et al., 1993).

As early as 1965 it was shown that IgM antibodies showed
considerably higher activity against various haptens other than
IgG (Onoue et al., 1965). Furthermore, in a 1983 study with mice
it was shown that repeated exposure to environmental stimulus
or DNP-protein conjugate results in a significantly high titer of
IgM anti-IgG production, but a much lower production of IgG
or IgA against IgG, in a condition characterized as rheumatoid
factor (RF) (Nemazee and Sato, 1983).

Haptenated proteins are known to be T-cell independent and
can stimulate antibody formation even in the absence of anti-
gen-presenting cells and help from T cells (Dintzis et al., 1989). In
response to soluble haptenated molecules, a maximum anti-
hapten IgM response occurs at an optimal molecular mass and
hapten density independent of the chemical characteristics and
molecular conformation of the carrier molecule (Dintzis et al.,
1989). In some cases, T cells and their cytokines have been found
to enhance a B-cell response to T-cell-independent antigens
(Nordin and Schreier, 1982; Alderson et al., 1987). Indeed,
researchers have reported that haptenated polymers bring up IgG
as well as IgM responses against the haptens (Sharon et al., 1975).

In mice receiving multiple injections of beta-glucuronidase-
PEG, IgG antibodies against the native protein and PEG
wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors. J
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(protein-independent) were produced with similar affinities against
the native protein and the conjugate. Anti-beta-glucuronidase
IgM antibodies were also produced which exhibit a high
affinity against the conjugate, but did not recognize the native
protein (Garay and Labaune, 2011).

Based on these mechanisms of action, the aim of this study
was to examine the frequency of IgG- and IgM-specific antibody
production against many haptenic chemicals with which the
general population comes in contact on a daily basis, and
subsequently to discuss the possible role these chemicals and
corresponding antibodies may play in various autoimmune reac-
tivities. As there was no information available regarding possible
chemical exposure in the healthy blood donors, the use of meth-
odologies described in this manuscript is highly recommended
in subjects with known exposure to chemicals and their compar-
ison to healthy control subjects.

Materials and Methods
Blood samples from 400 donors (200 males of different ethnicities
aged 18 to 65years old with a median age of 35.5 years and 200
females of different ethnicities aged 18 to 65 years old with a me-
dian age of 36.2 years) were purchased from Innovative Research
Inc. (Southfield, MI, USA). Blood samples were obtained from
healthy individuals who were qualified to donate blood based
on a health questionnaire provided by the Food and Drug Admin-
istration (FDA). Each individual at the time of blood draw also did
not exhibit any health complaints. Prior to shipping, each blood
sample was tested according to FDA guidelines for the detection
of hepatitis B surface antigen, antibodies to HIV, antibodies to
hepatitis C, HIV-1 RNA, hepatitis C RNA and syphilis. No informa-
tion was obtained about their home or work environment and
hence possible exposure to environmental chemicals.
Proteins and Chemicals

HSA, bovine serum albumin (BSA), hemoglobin, formaldehyde,
tolylene-2.4-diisocyanate, trimellitic anhydride, p-amino benzoic
acid, bisphenol-A, tetrabromobisphenol-A, isopropyl benzoic
acid, cyanoethyl benzoic acid, propyl, 4-hydroxy benzoic acid,
permethrin, mercury chloride, nickel sulfate, cobalt acetate, cad-
mium chloride, lead acetate and arsenic oxide were purchased
from Sigma Aldrich (St. Louis, MO, USA).
Preparation of Formaldehyde-Human Serum Albumin (F-HSA)

We chose HSA as a model protein as it is naturally abundant in
serum and found in most tissues; it is monomeric and its se-
quence and three-dimensional structure have been well defined;
and, it has been identified as a target of hapten binding in vivo
(Chipinda et al., 2011; Hettick and Siegel, 2011).

F-HSA was prepared according to the method described by
Patterson et al. (1989). Briefly, 1mg of HSA in phosphate-
buffered saline (PBS), pH 7.4, each separately, was exposed to
1mg of formaldehyde. The mixture was incubated for 30min at
37 °C and then extensively dialyzed against PBS. The F-HSA was
sterilized with a 0.2-μm filter (Millipor Corp., Bedford, MA, USA).
Electrophoretic and immunoelectrophoretic comparison of HSA
with F-HSA was performed to determine conjugation occurrence.
Conjugation was evidenced by altered mobility of F-HSA, when
compared with HSA. Similar to formaldehyde, bisphenol-A and
tetrabromobisphenol-A were bound to HSA and tested.
J. Appl. Toxicol. 2014ournal of Applied Toxicology
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Preparation of Tolylene-2.4-Diisocyanate-Human Serum
Albumin (TDI-HSA)

This preparation was similar to the methods of Pezzini et al.
(1984). According to this method, 1 g of HSA was dissolved in
10ml of a buffer solution containing potassium chloride
(0.05mol 1–1), sodium borate (0.05mol 1–1), pH 9.4, and cooled
to 4 °C. Dioxane (10ml) containing 0.15ml of tolylene-2.4-
diisocyanate was then added dropwise while stirring over a period
of 3 h, followed by the addition of 2ml of ethanolamine, centrifu-
gation, dialysis filtration and lysophilization. Similar to F-HSA, the
conjugation was confirmed by electrophoresis and the determina-
tion of free amino groups present in the conjugate.
Preparation of Trimellitic Anhydride-Human Serum Albumin
(TMA-HSA)

To prepare these conjugates, 25mg of TMA was dissolved in
0.5ml of dioxane and added dropwise to 25mg of HSA,
dissolved in 5ml of cold 7% NaHCO3 in water. After stirring for
1 h at 4 °C, the conjugates were dialyzed against four changes
of 0.1M NaHCO3 and one change of buffer. Finally, the mixture
was filtered and kept at –20 °C until used (Pien et al., 1988).
Preparation of Benzene Ring-HSA (DNP-HSA) Conjugates

For this preparation, 40mg each of p-aminobenzoic acid, isopropyl
benzoic acid, cyanoethyl benzoic acid, or permethrin was
dissolved in 2ml of 1N HCl and cooled by immersion in an ice
bath. In parallel, 1 g of HSA was dissolved in boric acid 0.16M
sodium chloride [0.15M buffer pH9.0 (pH was raised with NaOH)].
The beaker containing the solution of albumins was surrounded
by an ice bath on a magnetic stirrer. The solution of diazonium salt
was added dropwise, with rapid stirring, to the cold protein
solution. After addition of each drop, the pH was readjusted to
9.0 to 9.5 with NaOH. After adding all the solution, the reaction
was allowed to continue with slow stirring for at least an hour with
further additions of NaOH solution, and maintenance of the pH at
the range of 9.0 to 9.5. Unreacted small molecules were removed
by extensive dialysis using a molecular cutoff of 8000 Dalton.
Similar to preparation of DNP-HSA, DNP was conjugated to BSA
as well as hemoglobin and used for specificity studies.
Preparation of Bisphenol-A, Tetrabromobisphenol-A,
Tetrachloroethylene, and Parabens-HSA Conjugates

For this preparation, 1 g of HSA was dissolved in 100ml of 0.01M
PBS, pH7.4, to which 40mg of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide HCl was added and kept on the stirrer for 10min.

In a separate tube, 100mg of N-hydroxysulfosuccinimide
sodium salt was dissolved in 10ml of distilled water and was
added dropwise to the mixture. Next, 100mg each of
bisphenol-A, tetrabromobisphenol-A, tetrachloroethylene or
propyl 4-hydroxybenzoate (parabens) was dissolved in 10ml of
0.01M PBS pH 7.4; each was separately added dropwise to the
protein mixture. The mixtures were kept for 1 h at room temper-
ature and then for 4 h at 4 °C. The unreacted small molecules
were removed by dialysis using a molecular cutoff of 8000.
Bisphenol-A was also bound to BSA and hemoglobin using
methodology similar to that used for specificity studies.
J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. J
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Binding of Mercury, Mixed Heavy Metals to HSA

For this preparation, 100mg of HSA was dissolved in 9mL of
buffer solution containing potassium chloride and sodium
borate 0.05ml l–1 and the pH was adjusted to 9.4 with 0.1 N
NaOH. Then 25mg of Thimerosal, mercury chloride or an-
other heavy metal was dissolved in 1ml of buffer and added
dropwise to the HSA solution. The reaction mixture was
stirred overnight, dialyzed against 0.1M PBS using tubing
with a cutoff of 8000 Dalton.
Conjugation of haptenic chemicals was confirmed by sodium

dodecyl sulfate (SDS) gel electrophoresis and a shift in the HSA band
(Vojdani et al., 2003). In addition, spectrographic analysis of the con-
jugate was undertaken. In all cases there was a marked increase in
absorption from 230 to 260 nM, which indicated that haptenic
chemicals became covalently linked to the HSA or protein carrier.
Detection of Chemical Antibodies by ELISA

HSA or various chemicals bound to HSA at a concentration of
1.0mgml–1 were diluted 1:100 in 0.1M carbonate-bicarbonate
buffer, pH 9.5, and 100μl were added to each well of a polysty-
rene flat-bottom ELISA plate. Plates were incubated overnight
at 4 °C and then washed three times with 200μl Tris-buffered sa-
line (TBS) containing 0.05% Tween 20, pH 7.4. The non-specific
binding of immunoglobulins was prevented by adding 2% BSA
in PBS, and incubated overnight at 4 °C.
Plates were washed as described above, and then serum

samples diluted 1:100 in 0.1M PBS Tween containing 2% BSA
were added to duplicate wells and incubated for 1 h at room
temperature. Plates were washed, and then alkaline phospha-
tase goat anti-human IgG or IgM F(ab’)2 fragments (KPI,
Gaithersburg, MD, USA) optimal dilution of 1:400-1:2000 in
1% HSA-TBS was added to each well; plates were incubated
for an additional 1 h at room temperature. After washing five
times with TBS-Tween buffer, the enzyme reaction was started
by adding 100 μl of paranitrophenylphosphate in 0.1ml of
diethanolamine buffer 1mgml–1 containing 1mM MgCl2 and
sodium azide, pH 9.8. The reaction was stopped 45min later
with 50 μl of 1 N NaOH. The optical density (OD) was read at
405 nm by means of a microtiter reader. To detect non-specific
binding, several control wells contained all reagents except
human serum, or wells were coated with HSA followed by
the addition of human serum and all other reagents to be used
for specificity of the antigen-antibody reaction.
Determination of Specificity of Chemical Antibody Assay

For the determination of the specificity of the antigen–
antibody reaction, serial dilutions of sera as well as inhibition
studies were conducted.

A. Serial dilution

Different sera with high levels of IgG or IgM antibodies against
each of the 12 tested chemicals were diluted serially from 1:100
to 1:3200 and then applied to ELISA plates coated with specific
antigens. After completion of the ELISA procedure the recorded
ODs were converted to different curves.

B. Inhibition studies

Different sera, each with a very high titer of antibody
against a specific chemical, were used in inhibition studies.
ournal of Applied Toxicology
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In different test tubes, 1ml of 1:100 diluted serum sample was
pre-incubated with 100μl diluent containing 100μg of HSA,
formaldehyde-HSA, isocyanate-HSA, trimellitic anhydride-HSA,
p-aminobenzoic acid-HSA, bisphenol-A-HSA, tetrabromobisphenol-
A-HSA, mercury-HSA, or other chemicals. After mixing, the tubes
were kept for 1h in a 37 °C water bath followed by 4-h incubation
at 4 °C, and then centrifuged at 3000 g for 10min. The supernatant
was used for measuring antibody levels against the various
chemicals bound to HSA before and after absorptionwith different
haptens bound to HSA.

C. Measurement of antibodies against chemicals bound to different
carriers

Sera from 48 different subjects were tested simultaneously for
the presence of IgG antibody against DNP-HSA, DNP-BSA,
DNP-hemoglobin, BPA-HSA, BPA-BSA and BPA-hemoglobin.
Coefficients of Intra- and Inter-Assay Variation

Coefficients of intra-assay variation were calculated by running
five samples eight times within a single assay. Coefficients of
inter-assay variation were determined by measuring the same
samples in six consecutive assays. This replicate testing
established the validity of the ELISA assays, determined
the appropriate dilution with minimal background, and
detected serum IgG and IgM against different haptenic
chemicals. Coefficients of intra- and inter-assay variations
for IgG and IgM against all tested antigens and peptides
were less than 15%.
Statistical Analysis

First, to study the pairwise associations between the OD of IgG
antibody levels against the haptenic chemicals, we created a
scatterplot matrix. Similarly, we also created a scatterplot matrix
for visualizing the association between the IgM antibody levels
against those chemicals. Next, we carried out a two-way cluster
analysis of the Pearson’s correlation coefficients between all
pairs of the OD of the antibody levels (both IgG and IgM)
against those haptenic chemicals. These statistical analyses
were performed in the statistical software ‘R’ (http://www.r-
project.org/).

Results
To examine protein adduct and neoantigen formation owing to
exposure to very common chemicals, we measured antibodies
against various chemicals bound to HSA and compared them
with the level of antibodies produced against aflatoxin-HSA, to
which many people are exposed via the consumption of differ-
ent foods, including grains and plants (Wild et al., 1990).
Aflatoxin is a known hapten that binds to human tissue, causing
an autoimmune response. Levels for antibodies against the
specific 11 chemicals that are comparable to antibody levels
against aflatoxin would be a valid and significant indication of
the possible danger of an autoimmune response. Sera from
400 blood donors were measured for the simultaneous presence
of IgG and IgM antibodies against aflatoxin, formaldehyde,
isocyanate, trimellitic anhydride, benzene ring compounds,
bisphenol-A, tetrabromobisphenol-A, tetrachloroethylene,
parabens, pyrethroids, mercury and mixed heavy metals (nickel,
wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors. J
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cobalt, cadmium, lead and arsenic). Results expressed as OD at
405 nm in the form of scattergrams are shown in Figs. 1–3.
The OD of IgG antibody levels against aflatoxin ranged from
0–1.9 with a mean value of 0.50. At one standard deviation
(2SD) above the mean or OD of 0.92, 10% of the samples
exhibited IgG antibody against aflatoxin (Fig. 1A). For IgM anti-
bodies at the same dilution of serum both the mean value
and the percentage elevation above the mean were different
from IgG values. The mean OD of IgM anti-aflatoxin was 0.522
with an elevation of 17%. The percentage of elevation for IgG
and IgM combined was 7%.

In comparison to aflatoxin, levels of antibodies against
formaldehyde were from 0–3.0 OD with a mean of 0.44 for IgG
and 0–2.6 for IgM with a mean value of 0.53 (Fig. 1C and D). At
1SD above the mean the percentage elevation of antibodies
against formaldehyde IgG was 8%, and for IgM 13%. Regarding
tolylene-2.4-diisocyanate antibody, while the ODs varied from
0–3.4 for IgG and 0–2.4 for IgM, the percent elevation of IgG
was 8% whereas IgM was 14% (Fig. 1E and F).

For trimellitic anhydride the OD for IgG antibodies varied from
0.1–2.7 with a mean of 0.50; for IgM it was 0.122.4 with a mean
of 0.45. At 1SD above the mean 12% and 13% respectively of the
samples exhibited high levels of antibodies (Fig. 1G and H). Similar
calculations for antibodies against benzene ring compounds
showed that 8% and 15% of specimens showed significant eleva-
tions respectively in IgG and IgM antibodies (Fig. 2A and B).
Regarding the other chemicals, the percentage of elevation and
distribution of IgG and IgM antibodies against bisphenol-A are
shown in Fig. 2C and D, against tetrabromobisphenol-A in Fig. 2E
and F, against tetrachloroethylene in Fig. 2G and H, parabens in
Fig. 3A and B, mercury in Fig. 3C and D, mixed heavy metals in
Fig. 3E and F, and pyrethroids in Fig. 3G and H. The percentage
of elevation varied from 13% to 22% for IgG and from 14% to
18% for IgM
Serial Dilution and Inhibition by Specific and Non-Specific
Antigens

Data presented in Figs. 4–6 showed that in proportion to the
dilution of sera a significant decline in the ODs or antibody
(Ab) titers was observed. To demonstrate inhibition by specific
but not by non-specific antigens, Ab-positive samples were
evaluated in three different conditions. In the first tube, the
Ab-positive sample was diluted with the standard serum dilu-
ent containing BSA. In the second tube the patient sample
was also diluted with the same serum diluent but in which
the appropriate specific chemical had been bound to HSA. In
the third tube, the Ab-positive sample was diluted with serum
diluent but treated with HSA alone. After comparing the ODs
from each of the three tubes, the percentage of inhibition
was calculated. The data presented in Tables 1 and 2 show that
for IgG the percentage of inhibition by specific antigens was
between 67% and 83%, whereas with non-specific antigens it
was between 0% and 15% (P< 0.0001). The percentage of
inhibition for IgM with specific antigens was between 60%
and 79%, whereas with non-specific antigens it was 0–13%
(P< 0.0001).
Binding Haptens to Different Carrier Proteins

Results of IgG antibody measured against DNP and BPA bound
to different carrier proteins (HSA, BSA and hemoglobin) in
J. Appl. Toxicol. 2014ournal of Applied Toxicology
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duplicate wells are shown in Table 3. These measurements were
applied simultaneously to 48 different sera from healthy donors.
Only data from 20 different subjects with low, medium and high
levels of antibodies are presented.
Figure 1. Results for chemical antibodies expressed as optical density (OD) a
(C) Formaldehyde IgG. (D) Formaldehyde IgM. (E) Isocyanates IgG. (F) Isocyana
Anhydride IgM.

J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. J
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Statistical Analysis

Statistical analyses were performed to study the association
between the OD of the antibody levels against the haptenic
t 405 nm in the form of scattergrams. (A) Aflatoxin IgG. (B) Aflatoxin IgM.
tes IgM. (G) Trimellitic & Phthalic Anhydride IgG. (H) Trimellitic & Phthalic
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Figure 2. Results for chemical antibodies expressed as optical density (OD) at 405 nm in the form of scattergrams. (A) Benzenes IgG. (B) Benzenes IgM.
(C) Bisphenol-A IgG. (D) Bisphenol-A IgM. (E) Tetrabromobisphenol-A IgG. (F) Tetrabromobisphenol-A IgM. (G) Tetrachloroethylene IgG.
(H) Tetrachloroethylene IgM.

A. Vojdani et al.
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chemicals. The results of the analyses are shown in Figs. 6–8.
Figure 6 presents the scatterplots of the OD of the IgG antibody
levels against the haptenic chemicals. (M,N)-th box in Fig. 6 cor-
responds to the scatterplot of the variables shown in the M-th
and N-th diagonal box. For example, the (1,4)-th box in Fig. 6
presents the scatterplot of the variables in the first and fourth
diagonal box, i.e. aflatoxin IgG and trimellitic IgG. Similarly, we
Figure 3. Results for chemical antibodies expressed as optical density (OD) a
(C) Mercury IgG. (D) Mercury IgM. (E) Mixed Heavy Metals IgG. (F) Mixed Hea

J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. J
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interpret all scatterplots in Fig. 6. From these scatterplots we
see that some pairs of the IgG antibody levels are strongly
associated (e.g. benzenes IgG and bisphenol-A IgG) and some
pairs are not (e.g. bisphenol-A IgG and mercury IgG).
Figure 7 presents similar results about the OD of the IgM

antibody levels. In this figure, we see that almost all pairs of
the IgM antibody levels are somewhat associated. We performed
t 405 nm in the form of scattergrams. (A) Parabens IgG. (B) Parabens IgM.
vy Metals IgM. (G) Pyrethroids IgG. (H) Pyrethroids IgM.

ournal of Applied Toxicology
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Figure 4. Serial dilutions for chemical antibodies expressed as optical density (OD) at 405nm in the form of curves. (A) Aflatoxin IgG & IgM. (B) Formalde-
hyde IgG & IgM. (C) Isocyanates IgG & IgM. (D) Trimellitic Anhydride IgG & IgM. (E) Benzene Ring Compounds IgG & IgM. (F) Bisphenol-A IgG & IgM.

A. Vojdani et al.
a two-way cluster analysis of the Pearson’s correlation coeffi-
cients between all pairs of the OD of the antibody levels (both
IgG and IgM). Figure 8 presents the results. In Fig. 8, the darker
the color the stronger the correlation between the variables in
the corresponding row and column. In this figure, we see that
all IgG and IgM antibody levels are clustered out perfectly except
pyrethroids IgM. We also noted that most IgM antibody levels
are strongly correlated among each other, some IgG antibody
levels (e.g., bisphenol-A IgG and tetrachloroethylene IgG) are
strongly correlated among each other, but the correlations
among the IgG and IgM antibodies are weak in most pairs.
However, pyrethroid IgM is very weakly correlated with other
chemical IgM antibodies.

Finally, further statistical analyses of the data were conducted
by comparing females with males and age groups of 18–40 to
41–65 years. We performed two sample t-tests for the equality
of the means of the two gender groups and two age groups
separately. We found that none of these differences were
wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors. J
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significant. When levels of IgG antibody against each chemical
were compared between females with males, the lowest P-value
of 0.07 was obtained in the case of mercury. All other P-values
were 0.1 or larger.
Discussion

The goal of this study was to measure the levels of IgG and IgM
antibodies against various chemicals bound to HSA in so-called
’healthy’ blood donors. We acknowledge the limitations of this
study regarding the lack of information on chemical exposure
of the donors of the purchased blood samples, which were clas-
sified as healthy. We hold to the validity of our results in relation
to the stated goal of our study. It was not within the parameters
of our study to test the effects of age and gender with variables
such as work environment. As such, we hope that the methodol-
ogies described in this manuscript will encourage other
J. Appl. Toxicol. 2014ournal of Applied Toxicology
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Figure 5. Serial dilutions for chemical antibodies expressed as optical density (OD) at 405nm in the form of curves. (A) Tetrabromobisphenol-A IgG & IgM.
(B) Tetrachloroethylene IgG & IgM. (C) Mercury Compounds IgG & IgM. (D) Mixed Heavy Metals IgG & IgM. (E) Parabens IgG & IgM. (F) Pyrethroids IgG & IgM.

Antibodies against xenobiotics
researchers to apply them to test groups with known exposure
to environmental chemicals and a detailed medical history.

The industrialization of modern life is such that residues of
industrial chemicals can now be detected in the air, soil, water
and food systems in the most remote regions of the world
(Loganathan and Kannan, 1994; Simonich and Hites, 1995;
Thornton et al., 2002). It has come to the point that all humans
are now exposed to synthetic pollutants in their food, drinking
water and in the air, as well as in the ordinary things they use
in everyday life (Environmental Protection Agency (US), 2000;
Wu and Schaum, 2000; Thornton et al., 2002). Thus, even individ-
uals regarded as nominally healthy have some measure, no mat-
ter how small, of exposure to environmental chemicals. Some of
these chemicals resist metabolism and excretion and therefore
accumulate in body tissues. A survey by the U.S. Environmental
Protection Agency on the extent of these chemicals in human
adipose tissue found some 700 contaminants that were
identified and considered likely to be exogenous (Onstot et al.,
J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. J
Published by John W
1987; Thornton et al., 2002). Even human breast milk has
been found to be contaminated with toxic chemicals such
as parabens, octylphenols, bisphenols, dioxins, furans,
dichlorophenylcloroethane (DDT), organochlorine cyclodienes,
semi-volatile organohalogens, heavy metals, pesticides, volatile
and other organic compounds including phthalates, as well as
the highly carcinogenic and immunosuppressive aflatoxins
(Jafarian-Dehkordi and Pourradi, 2013; Picone and Paolillo, 2013).
Aflatoxins have long been recognized as significant environmental
contaminants, and their metabolites react with cellular DNA and
proteins to form covalent adducts (IARC, 1993). The detection
and quantification of these adducts have been suggested as alter-
native methods to detect human exposure to these mycotoxins
(Muller, 1980; Wild et al., 1992; Rea et al., 2003). Therefore, we
wanted to investigate whether or not, as with aflatoxins, anti-
bodies against other chemicals such as bisphenol-A, parabens, py-
rethroids and others can be detected in the sera of blood donors.
Data presented in Figs. 1–3 show that at 1SD above the mean the
ournal of Applied Toxicology
iley & Sons Ltd.
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Figure 6. Scatterplot matrix of the optical density (OD) of the IgG antibody levels against the haptenic chemicals.

Table 1. Inhibition of IgG antibody by specific and non-specific antigens

Antigens Baseline OD OD and % inhibition by
specific antigen

OD and % inhibition by
non-specific antigen

Aflatoxin 3.1 0.54 (82.6) 2.9 (7)
Formaldehyde 1.9 0.62 (67) 1.62 (15)
Isocyanate 2.1 0.68 (68) 1.82 (13)
Trimellitic Anhydride 3.3 0.81 (75) 2.96 (10)
Benzene Ring Compounds 2.63 0.56 (79) 2.51 (5)
Bisphenol-A 3.57 0.72 (80) 3.62 (0)
Tetrabromobisphenol-A 2.82 0.53 (81) 2.74 (3)
Tetrachloroethylene 2.18 0.44 (80) 1.97 (10)
Mercury Compound 2.65 0.57 (79) 2.57 (3)
Mixed Heavy Metals 2.95 0.83 (72) 3.1 (0)
Parabens 3.3 0.89 (73) 3.1 (6)
Pyrethroids 2.8 0.78 (72) 2.52 (10)

OD, optical density.

A. Vojdani et al.
percentage of donors that showed elevation of antibodies against
aflatoxin was 10% for IgG and 17% for IgM. Similarly, the percent-
age of individuals who exhibited a significant elevation of anti-
bodies against the eleven other chemicals conjugated to HSA
were 8–22% for IgG and 13–18% for IgM. As was described in
the Materials and Methods, haptenated proteins induce mainly
wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors. J
Published by John W
IgM and some IgG or IgA antibody production in mice; however,
in this study we found three subgroups of indivduals, some of
whom produced hapten-specific IgG or IgM antibodies, whereas
others produced both IgG plus IgM antibody isotypes. This varia-
tion in individual immune reactivity against various haptenated
proteins deserves further investigation. Detection of antibodies
J. Appl. Toxicol. 2014ournal of Applied Toxicology
iley & Sons Ltd.



Table 2. Inhibition of IgM antibody by specific and non-specific antigens

Antigens Baseline OD OD and % inhibition
by specific antigen

OD and % inhibition by
non-specific antigen

Aflatoxin 2.76 0.59 (79) 2.81 (0)
Formaldehyde 2.91 0.78 (73) 2.75 (5)
Isocyanate 2.15 0.63 (71) 1.96 (9)
Trimellitic Anhydride 3.1 0.88 (72) 2.97 (4)
Benzene Ring Compounds 3.4 1.23 (64) 3.16 (7)
Bisphenol-A 1.93 0.49 (75) 2.1 (0)
Tetrabromobisphenol-A 1.68 .57 (76) 1.55 (8)
Tetrachloroethylene 3.3 .98 (70) 2.95 (11)
Mercury Compound 2.81 .95 (66) 2.71 (4)
Mixed Heavy Metals 3.45 1.26 (63) 3.1 (10)
Parabens 1.67 .66 (60) 1.72 (0)
Pyrethroids 2.49 .72 (71) 2.16 (13)

OD, optical density.

Table 3. IgG antibodies against bisphenol-A (BPA) and dinitrophenol (DNP) as haptens bound to three different carrier proteins
[human serum albumin (HSA), bovine serum albumin (BSA) and hemoglobin] expressed as optical density (OD) at 405 nm, run in
duplicate

Sample
number

BPA Sample
number

DNP

BPA-HSA BPA-BSA BPA-HEM DNP-HSA DNP-BSA DNP-HEM

1 0.2, 0.21 0.3, 0.28 0.36. 0.41 1 0.31, 0.31 0.36, 0.4 0.38, 0.41
2 0.19, 0.18 0.25, 0.3 0.31, 0.35 2 0.35, 0.38 0.4, 0.38 0.36, 0.39
3 0.25, 0.27 0.28, 0.28 0.29, 0.32 3 0.43, 0.46 0.44, 0.47 0.53, 0.55
4 0.75, 0.78 0.88, 0.99 1.1, 1.0 4 0.7, 0.74 0.79, 0.87 0.81, 0.76
5 1.0, 1.0 1.0, 1.1 1.4, 1.3 5 0.85, 0.98 0.9, 1.0 1.2, 1.4
6 1.0, 1.1 1.2, 1.2 1.6, 1.8 6 1.0, 1.0 1.2, 1.1 1.5, 1.3
7 1.5, 1.5 1.8, 1.7 1.9, 1.7 7 1.0, 1.0 1.1, 1.0 1.3, 1.4
8 1.9, 1.8 2.0, 2.2 2.4, 2.2 8 1.0, 1.1 1.2, 1.2 1.5, 1.7
9 1.9, 2.0 2.0, 2.0 2.7, 2.8 9 1.5, 1.6 1.6, 1.7 1.9, 2.1
10 2.7, 2.7 2.7, 2.6 3.1, 3.2 10 1.9, 2.1 2.3, 2.2 2.4, 2.6

Antibodies against xenobiotics
against these chemical adducts is an indication not only of expo-
sure but of neo-antigen formation with tissue macromolecules
(Garner, 1985). Figure 6 shows that there are strong associations
between some pairs of the IgG antibody levels, whereas Fig. 7
shows that most pairs of the IgM antibody levels are strongly
associated. Figure 8 shows that most IgM antibody levels are
strongly correlated with each other, some IgG antibody levels
(e.g. bisphenol-A IgG and benzene with tetrabromobisphenol-A
IgG) are strongly correlated with each other, but the correlations
among the IgG and IgM antibodies are weak in most pairs. The
strength of the correlation between various pairs of IgG or IgM an-
tibody levels may be related to the chemical structures of these
compounds, the nature of the exposure, and/or the body burden
(Perger and Szadkowski, 1994). For instance, by comparing the
chemical structure of pyrethroids with those of other compounds,
a notable difference can be seen. Thismay explain the relativelyweak
clustering of pyrethroid antibodies with other compounds bound
to HSA. Another reason could be the inter-individual variations in
the hepatic metabolism and body burden of pyrethroids.

Figure 9 sets out the commonly accepted schematic represen-
tation for the process of metabolism or detoxification of
J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. J
Published by John W
chemicals, excretion or adduct formation between haptenic
chemicals and macromolecules. In this regard there is significant
inter-individual variation in the effectiveness of the body’s de-
fensive responses and detoxification of chemicals (Perera, 1996).
The rate of metabolism of chemicals or macromolecular reac-

tion depends on a variety of factors: genetics, gender, age, nutri-
tional status, health or disease can all affect the rate at which the
reaction takes place (Garner, 1985). Based on this mechanism of
action, many organic chemical carcinogens have been found to
bind to cellular macromolecules after administration to animals.
Consequently, measuring levels of these macromolecule ad-
ducts has been used as a risk assessment procedure in animal
models (Sanborn et al., 1998). However, it is obviously inconceiv-
able to inject large doses of radiolabeled compounds into
human beings and then remove their tissues and organs to mea-
sure macromolecular binding levels. Therefore, the best choice
would be to measure antibodies against macromolecule adducts
in human blood, which is what was done in this study.
Starting around 25 years ago, it had been demonstrated

that antibodies against albumin conjugates of formaldehyde,
tolylene-2.4-diisocyanate, trimellitic anhydride and benzene ring
ournal of Applied Toxicology
iley & Sons Ltd.
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Figure 7. Scatterplot matrix of the optical density (OD) of the IgM antibody levels against the haptenic chemicals.

A. Vojdani et al.
compounds were found in individuals with long-term exposure
to these chemicals (Thrasher et al., 1987, 1989, 1990; Wisnewski
et al., 2004; Wisnewski, 2007). In a later study in our own lab
(Vojdani et al., 1992) we demonstrated immune alteration and
production of antibodies against various low-molecular-weight
chemicals in 289 patients with a medical history of exposure
for over 10 years to a mixture of chemicals through inhalation
and skin contact with no protective devices. We concluded that
the detection of IgG and/or IgM antibodies against formalde-
hyde, trimellitic anhydride, phthalic anhydride and benzene ring
compounds is an indication of chronic exposure to these chem-
ical haptens. Antibodies can be exclusively specific for their anti-
gens and for many years have been used in clinical chemistry to
measure low concentrations of analyzed substances in human
body fluid. This specificity of antibodies detected against the
12 different chemicals used in this study was demonstrated by
conducting serial dilution of serum and inhibition studies using
specific and non-specific antigens (Figs. 1 and 2; Tables 1–3).
The best demonstration of specificity for these chemical anti-
bodies detected in the blood of healthy subjects was the decline
in antibody titer in proportion to the dilution of sera and a signif-
icant inhibition in antibody level by chemicals bound to HSA but
not by HSA or BSA alone. Furthermore, the binding of two differ-
ent haptens (DNP and BPA) to three different carriers such as
HSA, BSA and hemoglobin and the resultant demonstration of
similar immune reactivity against two different haptens bound
wileyonlinelibrary.com/journal/jat Copyright © 2014. The Authors. J
Published by John W
to various carriers is a further indication of antibody specificity
against the hapten but not the carrier proteins (Table 3). As we
indicated earlier (Vojdani et al., 1992), the pathological signifi-
cance of these antibodies in human blood is still unclear. How-
ever, as the underlying mechanisms by which xenobiotics and
their neo-antigen formation induce allergic and autoimmune
reactions have been discussed in many research and review
articles (Griem et al., 1998; McFadden et al., 2009; Wisnewski
et al., 2010; Chipinda et al., 2011), the chemical reactivity kinetic
studies suggest that the rate of protein binding and neo-antigen
formation is the major determinant of allergic and autoimmune
reactivities (Wild et al., 1990; Anitha et al., 2011). Indeed, based
on this mechanism of action, exposure to various xenobiotics in-
cluding heavy metals, organic solvents, halogenated aromatics,
hydrocarbons, cosmetics, pesticides, drugs and others have
been associated with autoimmune diseases (Shoenfeld and
Isenberg, 1989; Pollard et al., 1997, 2005, 2010; Sanborn et al.,
1998; Layland et al., 2004; Chen and Mikecz, 2005; Amital et al.,
2006; Guzzi et al., 2008; Wang et al., 2008; Schiraldi and
Monestier, 2009; Selmi and Gershwin, 2009; Reeves et al.,
2009; Selmi et al., 2011; Barragan-Martinez et al., 2012; Pollard,
2012; Leung et al., 2013; Perricone et al., 2013). The titles of
some of these articles, such as ’How can a chemical element
elicit complex immunopathology? Lessons from mercury-
induced autoimmunity‘ by Schiraldi and Monestier (2009), and
’Organic solvents as risk factors for autoimmune diseases‘ by
J. Appl. Toxicol. 2014ournal of Applied Toxicology
iley & Sons Ltd.



Figure 9. Simplified schematic for the metabolism of chemical compounds.

Figure 8. Two-way cluster analysis of the Pearson’s correlation coefficients between all pairs of the optical density (OD) of the antibody levels (both
IgG and IgM).

Antibodies against xenobiotics
Barragan-Martinez et al., (2012), or ’Toxicology of autoimmune
diseases‘ by Pollard et al., (2010) are the best indication of
progress made since our 1987 publication (Thrasher et al., 1987).

In spite of this elucidation of the mechanism of action of
chemicals and their association with autoimmune reactivities,
little is known about the reactivity of the above-mentioned
chemicals and many others that, at very low doses, are known
to be endocrine disruptors (Kavlock et al., 1996; Sax, 2010; Yang
et al., 2011) to which the population at large are exposed on a
daily basis. In fact, according to the 2003-2004 National Health
and Nutrition Examination Survey conducted by the Centers for
Disease Control and Prevention (CDC, 2004), detectable levels of
BPA were found in 93% of 2517 urine samples from tested
subjects 6 years and older. We still know little about metabolites
and the body burden of many chemicals in humans, particularly
in children, women and ethnic groups who are more exposed
J. Appl. Toxicol. 2014 Copyright © 2014. The Authors. J
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to many haptenic chemicals (Perera, 1996). For this reason, in
this study an attempt was made to measure the degree of
neo-antigen formation by these chemicals based on the
specific antibodies produced against the chemicals bound to
carrier proteins. This could be one of the mechanisms by which
chemical as environmental triggers induce autoimmune reac-
tivities that could be followed by autoimmune disease.
In spite of numerous research efforts, the etiology of autoim-

mune disease remains largely unknown. The current hypothesis
states that autoimmunity results from the impact of environ-
mental factors such as chemicals, infections and genetic back-
ground (Selmi et al., 2012).
We hope that the results of this study will encourage fur-

ther research of an expanded nature with subjects that have
more detailed information, such as confirmed history of
chemical exposure and work environments as well as age
ournal of Applied Toxicology
iley & Sons Ltd.
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and gender. As antibodies appear in the blood many years
before the onset of autoimmune disease (Vojdani, 2008),
the methodology described here for the detection of anti-
bodies against chemical adducts in so-called healthy blood
donors can be extended in the future to groups at high risk
for autoimmune diseases; these methods can be used to guide
these susceptible individuals toward lifestyles or protocols that
involve avoiding exposure to the chemicals discussed in this
manuscript, thus decreasing their risks of developing autoim-
mune disorders. More effort and resources need to be applied
towards this research in connecting the level of macromolecular
adducts and related antibodies formed against them to the
risk of autoimmune disease, which afflicts 7–10% of the
world population (National Institutes of Health, 2005). In
addition, the method described should enable scientists to
assess the levels of antibodies to these chemicals in chemi-
cally exposed individuals, and to learn the importance of
chemicals in the etiology of autoimmune disorders, particu-
larly in a subgroup of individuals who are more susceptible
to autoimmune diseases.
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